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GENERAL INTRODUCTION 

Interpretation of numerous X-ray studies has shown 

that cellulose consista 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, auch as tenacity 

and flexibility, the adsorption of liquida and gases and on 

the ability of the fibers to swell in liquida, their measure­

ment is of considerable interest. A chemical analogy of tha 

strictly physical definition, divides the fiber into accessible 

and inaccessible regions, the accessible portion being defined 

as that into which the reagent can penetrate. Since the amount 

o~ accessible material may be inereased by swelling or deoreased 

by crystallization depending on the nature of the reaction, the 

estimates from various reactions usually dif~er. Nor will the 

amorphous region necessarily coineide with the accessible, the 

one being arrived at by a truly physical measurement, the other 

resulting from the iaposition of a chemical reaction upon an 

already complex physical system. 

~is concept of accessibility, however, continues to 

arouse wide interest sinee the processing of cellulosic mater­

ials, of major importance to most countries, necessarily depends 

upon the chemical behavior of the fibers, rather than on their 

ultimate x-ray pattern. 



r 

II 

The first part of the present researcih consista of 

a study of the amount of various celluloses accessible to oxi­

dation by a non-swelling solution of Ohromium trioxide used 

under strictly standardized conditions. The affects on acoessi­

bility of solvent exehange from water to organic liquida like 

benzene, of drying from benzene, and of slight mechanical pres­

sure have been noted, and the acouracy of the method greatly 

improved. A technique for determining the true dry weight of 

a benzene-wet sa.ple without prior drying has made it possible 

to deter.mine the accessibilities of three types of swollen 

linters. These accessibilities have then been compared with 

those round by another non-swelling method involving the methyl-

ation of samples previously impregnated with a solution ot 

thallous ethylate in benzene. 

The second part of the work was devoted to a more 

detailed study of the superfieial methylation produced by 

thallous ethylate followed by dimethyl sulphate in benzene. 

In spite of severe technioal difficulties caused by degradation 

during methylation and by oooluded thallium salts, some informa­

tion was obtained ooncerning the distribution of methoxyl groups 

within the glucose units, ~nd 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) perfor.m 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 unit of cellulose was well esta-

blished as a linear polymer of anhydroglucopyranose units in 

which an o:xygen bridge of the "-configuration joined together the 

1 and 4 carbon atoms of adjacent hexose units. Such a thread 

molecule is reproduced in Fig. 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 which 

is aldahydic in Character. It follows that as the length of the 

chain increases, the determination of these end groups becomes 

progressively more difficult (5)(6). Staudinger has defined 

cellulose as embracing the higher members of a whole range of 

polymerie homologues of which glucose representa 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 is 



2. 

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 Hauser and 
n 

Jorgensen (7 }. 

Fig. 1, however, tells little about the spatial eon­

figuration of the cellulose molecule. This aspect is reviewed 

in considerable detail by Hermans (3) and is based prtmarily on 

geometrie considerations. The similarity of the hexose repeat­

ing unit containing 5 earbon and l lactonic oxygen atom to eyelo­

hexane allows the unit to take two limiting structures, an "ara­

chair" for.œ and a "bath" form, in both the a-configuration 

( starch) and the 13-configuration (cellulose). The "arm chair" 

torm is rigid and beat exemplifies the linear Charaeter of cel­

lulose for when each second unit is rotated througn 180° on ita 

longitudinal axis, the glucosidic oxygen bridge being retained in 

a relatively strain-free position, the polymer then extends uni-

laterally. The consequences of these deductions are indieated 

in Fig. 3 (3) which representa the cellobiose unit. The nuclear 

atoms of the ring are now distributed in two parallel planes and 

make up a band approximately 9 A0 in width and 4.5 A0 in thiek­

ness. A noteworthy feature, however, is that all the hydroxyl 

groups project from the aides of the band and form two hydro­

philic races, whiJ.e the hydrogen atoms projecting above and 

below the planes provide hydrophobie regions. A second polymer 

chain, on approach, will then have definite stimuli tor 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, stareh in 

the a-configuration can best be visualized using the "bath" 

form. T.his conformation would allow the molecule to assume a 

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". T.he idealized ver­

sion in Fig. 3 must be refined further before spatial dimen­

sions in agreement with X-ray data {p. 8 ) are possible. To 

provide a strain-free glucosidic link and the proper unit 

length, the chain must be buckled in its vertical aspect only 

or have a moderate zig-zag in both the vertical and horizontal 

planes. In the latter case, the ring planes for.m an angle ot 

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 A0 ) between the hydroxyl groups and the lactonic and glu­

cosidic 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 itselt, thus adding to the rigidity and 

insolubility of the Ohain. 

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 suen samples are called native cellulose or cellu-



FIG. 3 Nuclear frame of a cellobiose unit. 

FIG. 4 Plan view of a Stuart•s model 
of the eellulose Chain with 
probable intramoleoular hydrogen 
bonds. 

s. 
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lose I. The familiar monoclinic unit eell, a crystallograpnic 

representation of the smallest unit which can produce the known 

X-ray diffraction pattern, is illustrated in Fig. 5. Its para­

matera enclose four anhydroglucose units, mounted on digonal 

screw axes of alternating polarity. This crystallographic b 

axis definea the length of the unit cell, that of a oellobiose 

unit, and practically coincides with the fiber axis in well­

oriented celluloses such as ramie fiber. In this direction the 

glucose units extend to the full polymer length and are held to­

gether with a coTalent bonding energy of approximately 50 Kcal:,. 

per mole, giving to the cellulose its tensile 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 ot 

breadth, is in tact the effective width of an anhydroglucose 

unit. In this plane the oxygen atoms of adjacent~glucose units 

are closer together (2.5 A0 ) than would be expeeted it Van der 

Waal' s forces alone were opera ting. Hydrogen bonds of 15 KcàiJ..~ 

per glucose unit are therefore postulated. T.he 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 A0 ) and the binding forces are probably sole­

ly of the oohesiTe or Van der Waal•s t1Pe• Cellulose theretore 

assumes the composite properties of a Chain and a layer lattiee. 

T.he dimensions of this unit cell, derived by Meyer and coworkers 

on the basis of Haworth•s model of eellobiose, are: ~ = 84°; 

a = 8.35 A0 ; b = 10.3 A0 ; c = 7.9 A0 • More recent figures given 

by Kiessig for the unitcell of ramie fiber were ~ = 84.5 °; 
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/ 

FIG. 5 Unit cell of cellulose. 



a. 

a = 8.17A 0
; b = 10.31 A0 ; c = 7.84 A0 (8). The results arrived 

at by the X-ray diffraction teChnique (9)(10)(11) 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 is essent1ally 

orthorhombic, whereas the pattern reveals a monoclinic lattice. 

To 1ntroduce a crystalline feature capable of maintaining the 

distortion to the monoclinic habit, Peirce postulates Chelate 

bonding between hydroxyl groups in one of the four glucose units 

in eaeh cell. 

!ha Fine Structure of Cellulose 

~e polymer thread and the unit cell are the detined 

individuals on which the macrostructure of cellulose, such as 

eonstitutes at least 98~ of the purified cotton fiber, is based. 

This macrostructure is differantiated by measurements of a 

physical nature, sueh as moisture absorption, heat of wetting, 

density and X-ray diffraction, into crystalline and amorphous 

regions. The proportion of eaeh depends on the type of cellu­

lose and the method by whiCh it is determined, as can be seen 

in Table I. 

T.he crystalline region is frequently defined aa that 

fraction which gives rise to a coherent X-ray diffraction pat­

tern. S1nce a depth of 10 to 20 layera of oriented poly.mers 



TABLE I 

PERCENTAGE OF CRYSTALLINE MATERIA.L 
IN VARIOUS CELLULCSEs(l3) 

Method of Determining 
Crystallinit:y 

X-ray analysis 
Sorption isother.ms 
Density determination 
Recrystallization of 

amorphous cellulose 

Type of Cellulose 
Native 
Cotton Pulps Regenerated 

70 t 2 
68 
60 

••• 

• • • 
• • • 

50 

• • • 

39 t 3 
35 
25 

35 

9. 

must be present to give a well defined diffraction pattern, it 

follows that in those regions that produoe the diffuse back­

ground on the film, the macromolecules are in greater disarray. 

Mark (14) in his discussion of fiber struèture, reviews the 

different interpretations of these and other data with their 

pictorial representations. The micelle theory (ciroa 1927) in 

which cellulose was built up of brick-like crystallites, having 

voids between, into which gases and liquida could penetrate, 

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

In this theory the crystallites are no longer discreet indivi­

«uals with definite bounds but become those ill-defined regions 

in which sutfieient long macromolecules are orientated to a maxi-

mum degree. These points are brougnt out in Fig. 6 wh1Ch Campbell 

(16) has used to show that the total area in cellulose available 

for adsorption and wetting is very great when compared to the 

exter.nal surface of the fiber. Here the macromolecules are in 



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 eaoh other by 
bran ching. 

10. 



11. 

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 Fig. 7 by Frey-Wyssling (18). 

Crzstalline Regions 

At intervals througoout the cellulose structure the 

tbree-diaensional arrangement of the glucose anhydride unit 

is repeated in such a mannar as to build up localities suffici­

ently large to give coherent X-ray diffraction patterns. It is 

assumed that the crystallites are not all of the same length or 

of unifor.m cross-section, that the crystalline-amorphous inter­

face is not sharp, and that a fraction of the crystallites may 

protrude in the for.m of fringes into the amorphous region. 

Amorphous Regions 

The amorphous regions extend between the crystallites 

and act as a "grundmasse" for them. The cellulose chains are 

more or lesa randomly kinked and in a state of more or less 

random orientation. In 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 eompletely random orientation. 

It is interesting to note that svedberg (19) has 
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isolated crystalline particles of cellulose having the same 

dimensions (500 A0 in length by 50 to lOO A0 in width) as the 

minimum figures found by X-rays (20) for the crystallites in 

situ. Svedberg believes 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 lOO and after acid hydrolysis most of 

the cellulose was found in the range 100-200. It is evident 

that a poly.mer Chain having a degree of polymerization of 3000 

or 15000 A0 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, h~ 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 



TABLE II 

SCATTERING AND APPROXIMATE IDENTITY 
PERIOD FOR DIFFERENT FIBERS 

Mercerized 
Ramie Viscose Cotton 

Maximum scattering angle 1°18' 1091 51• 
Smallest period (in A0 ) 34 38 51.5 
Average period (in A0 ) 68 73 95 

Cotton 

361 
73 
14.6 

a system of longitudinal microscopie and submicroscopic faults 

per.meating the structures from primary wall to lumen, whiCh 

are accessible to colloidal dyestuffs. This aspect bas been 

studied in great detail by Frey-Wyssling who deposited gold 

and silver metal in the interstices and then subjected the 

fibers to X-ray measurements. He concludes tbat the larger 

capillaries are about 2500 A0 in length and have a maximum 

diameter of 400 A0 (22). The finer capillaries, having a 

diameter of about lOO A0 (23), are assumed to be holospace• 

between and parallel to the fibril bundles. 

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 bave been removed by ginning, are ter.med cotton 

linters. Their morphological structure, reviewed by Hock (24) 

and Hermans (25) consista of a thin outer membrane, called the 

primary wall, of secondary walls and the central Channel or 



14. 

lumen. In the primary wall the cellulose macromolecules are 

probably in crosswise arrangement and occlude pectic materials 

and waxes. This tougn unreactive skin {26) is not able to 

swell and when the secondary wall cellulose is mercerized 

will strip back or burst the skin to give "balloons" and 

"dumb bella". Sehramek and Stenzel (27) who removed this cu­

ticle from spruce summerwood traCheids by cautious treatment 

with sodium hydroxide and carbon disulphide, have been able 

to unroll spirally a portion or the aecondary wall Whirih had 

longitudinal but no lateral fibrillar structure. In cotton 

the riber windings are in the outside seoondary wall and may 

have a S or a Z configuration whiCh can reverse its direction 

S&Teral t~es along the fiber lengthe The main portion Of the 

secondary wall consista of day and nigb.t growth rings in which 

the cellulose macromolecules are oriented at approx~ately 45° 

to the fiber axis. No decision has yet been reaehed as to 

whether or not a definite supermoleeular unit is responsible 

for the microseopically observable fibrous structure of the 

secondary wall cellulose. Morehead (28) has disintegrated 

these fibrils, using ultrasonic vibration, and by electron mi­

croscopy demonstrated the existence of minute ribrillae but 

gave no average dimensions. T.he resulta or Kinsinger and Hock 

{29) are representative of a great volume or work on tbese ti­

brillae. Using the metallic Shadow casting technique, they ob­

tained electron pbotamierographs of beaten natural fibers, in 

which the tibrils have diameters ranging from 90 to 400 A 0 snd 

showed a periodic variation at intervals of about 150A0 along 
( 
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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 Alkali on Cellulose 

Of the many double compounds known to be formed when 

an allen 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 sodium 

cellulose. The work of Sissan and Saner {32} carried out un­

der the same conditions, pre~ents a simpler picture. 

The changes taking place in the a c plane of the lat­

tice under the action of alkali 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 for.med. When freed of alkali 

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 termed "water cellulose" since each glucose 

unit corresponds to 4 moles of water of which one is contained 



FIG. 7 Diagram of micellar 
texture of cellulose 
fi bers. 

JI 

FIG. 8 Diagrammatic representation of the entire 
structure of the cellulose fiber. 
I Cellulose chain M = 300 x 106:1 

II Cellulose lattice M = lOO x 106:1 
III Micellar structure M = 10 x 106:1 

IV Fibril M = 105:1 
V Flax fiber M = 104:1 

1-' 
()) 

• 
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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 ahowed further.œore that this 

labile structure loses water readily on standing. Hermans and 

Weidinger (35) later round 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

for.med to cellulose hydrate I (with one-third mole of water 

per glucose unit) slowly on standing in water at room tempera­

tur~ and rapidly by boiling in water for a short period (36). 

Careful drying of the hydrate yields cellulose II whiCh on con­

tact with moist air re~e~Œto the hydrate I for.m. T.he formation 

or two hydrates can be visualized as involving a stretehing of 

the cell dimensions perpendicular to the 101 plane (top lett to 

lower right in any unit cell in Fig. 9) with a separation ot 

the hydroxyl groups of adjacent Chains. The increases in the 

unit oell 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 is 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 reaction 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 inoreased with a deorease 1n temperature. The great­

est weight increase recorded for a moist cotton linters speci­

men was 1800%, at their lowest temperature (5°) and at 10% 



-a-

Cellulos~ I (native) 
a = 8.35! 
c = 7. g.l{ 
b = 84° 

Alkali cellulose I 
à= 12.8 
c = 13.2 
B = 40° 

Cellulose II 
(hydrate cellulose) 
a = 8.14 
c = 9.14 
B = 62° 

Cellulose hydrate 
a = 10.0 
c = 9.8 
B = 52° 

FIG. 9 Diagram of lattice types 

18. 
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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 cellobiose unit. The swelling and solubility of many 

types of cellulose in 10% caustic soda was comprehensively 

studied by Eiserihut (39). The selected values in Table III 

show that swelling is considerable, that the solubility of 

each specimen is highest at the lowest temperature and that 

a quite different temperature-solubility increment exista for 

the various types of cellulose. 

TABLE III 

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

Cotton linters 
Spruce sulphite pulp 
Viscose staple from linters 

Swelling 
( %) 

45 
45 
80 

Solubilit'1 in 
10% caustic 

0.7 
13.6 
0.9 

1.5 
19. 
7.5 

3.1 
22. 
56. 

(a) degree of polymerization approximately 775 

From auch data and from the many studies of sorption 

isotherms, differentia! 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 ) ( c:t 41 ) • 
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1} When cellulose I (native cellulose) is exposed to water, 

an essentially topoehemical reaction first occurs. The crys-

tal lattice remains intact while the hydrate I is for.med 

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 is 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 hydrate 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 suffieient to expand the lattice to the hy­

drate II dimensions. 

3} When the crystallites have bsen expanded previously by 

drastic treatment auCh as low temperature mereerization or xan­

thation, water can be substituted in the unstable lattiee at 

low temperature. The lattiee will then be bydrate II while in 

the amorphous regions the fully hydrated cellulose chains·are 

"dissolved" in the absorbed water. 

The Density of Cellulose 
in Various Modifications 

Closely related to the topic just discussed, is the 

measurement of that volume in a visible fiber whieh is actually 

occupied by cellulose, or in practice, the determination of the 
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density. Accurate microscopie measurements showed that the 

density of the cell walls of cotton should be 1.15 (42) 1 

whereas in 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 

spaces in the fiber structure. 

The variation in the density of cellulose as deter­

mined by different methods, which ls 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 
Materia1 Helium Toluene Water 

Cotton 1.567 1.550 1.6095 
Mercerized cotton 1.550 1. 536 1.6066 
Viscose rayon 1.548 1.543 1. 6084 

Heptane 

1.540 
••• 

1. 516 

Hermans, Hermans and Vermass (46) commented that the 

macroscopic concepts of density eannot be app1ied in a11 cases 

to systems such as cellulose, where the "pores" decrease in 
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aize from microseopically-observable holes to spaees of the same 

order of magnitude as the molecules of the buoyancy medium. Ot 

the limiting ease they state (41): "The problem may be compared 

to that whieh would arise if one wished to estimate the density 

of a pile of spheres by means of a medium consisting of amaller 

spheres, knowing only the weight of the smaller spberea inclu­

ded in the unit of volume. The resulta depend upon the relatiTe 

dimensions of the two kinda of apheres and ia governed by the 

rules of spherieal paeking. If the spheres constituting the 

medium are small enough to penetrate ~ into the voids between 

the larger spheres, it will moreover be round that the density 

of the pile of spheres is suddenly far greater" (as is the case 

with water) "than when sueh penetration cannot take place" (as 

in the case with polar liquida). In developing and supporting 

their case with numeroua other experimental data, they are able 

to explain the variations in densitiea round in the different 

buoyaney media and conclude that the most desirable information 

is given by non-polar liquida auch as benzene. 

They also point out that when the percentage of 

amorphous material in the cellulose bas been increased as by 

swelling, the apparent denaity will be higher than the true 

density since the greater penetration of the medium into the 

amorphous portions is concomitant with a deerease in the ap­

parent specifie 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 availabilit~ of th• cellulose to 

Chemical ·reagents, while the latter are based on physieal mea­

surements and mathematical analysis. The "accessible" fraction 

is not neeessarily identieal with the "amorphous" fraction but 

will be similar, sinee in the more loosel~ packed, randomly dis­

tributed amorphous regions, penetration and diffusion of rea­

gents will be raster than in erystalline loealities. The cri­

tieal regions, to which are due the discrepancies in these 

values, are probably the mieellar fringes where the crystallites 

taper off into leaflets of lower order of erystallinity. The 

leaflet macromolecules, held together by Van der Waal•s forces 

and hydrogen bonds, mignt then behave as inaccessible material 

in the initial stages of ehemieal reactions, yet will not eon­

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 their extensive surfaces, 

and therefore be accessible. 

It is to be expected that celluloses of different 

origin will vary in the degree and kind of order throughout 

the fiber. Furthermore, the cellulose fiber ahould be eonsi­

dered to be a system in a state of physico-ohemieal equilibriua, 

whose propertiea can be ehanged, possibly in ways not yet re­

dueed to precise measureaent, by the addition or subtraetion of 

any for.m 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 diseussed. The result of drastic 

mechanieal action auch as grinding or beating is well known. 

Cellulose is detibrillated by ultrasonic vibration (49) and 

destroyed after sutficient exposure in the electron microscope 

(50). After probable degradation by sunlight in the mature boll 

(51, 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 exehange, 

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

It does not seem probable that accurate differentia­

tion of the sesments of a single macromolecule into two distinct 

states can be made, nor that the absolute structure !a .!!:E! of 

the cellulose speciaen 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 empirioal quantity whieh will refleet the 

physico-chemical 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 general for.m of sueh a 

rate curve, shown in Fig. 10 indicates the initial tast reac­

tion which is attributed to readily accessible material, and 

the later more linear portion which resulta from a slower at­

tack on the non-accessible regions. 
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FIG. 10 Ideal Reaction-Rate Curve in 
the Measurament of Cellulose Ac­
cessibility. 

25. 

Chemieally, cellulose behaves like an alcoho+ and a 

glyeoside. Attack on the glucosidic link, as by the hydroly­

tic oxidation method introduced by Niekerson (54) alters the 

structure markedly, sinee 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 whieh the 

reaeti vi ti es of the primary and secondaey hydroxyl groups are 

similar, or by the formic acid method (58) whieh is based on 

the higb.er reac ti vi ty of the primary hydroxyl group. The ef­

fect of solvant should also be noted, sinee the molecular di-

mansions of the reaetant or its solvant carrier may be a limit-

ing factor, while in aqueous or other swelling media, the ac-
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eessibility values tend to be higb owing to the increase or the 

accessible fraction during the reaction. The periodate oxidation 

teChnique (59) will also give a value ror aocessibility based on 

eleavage or glycol groups in the desorganized regions, while the 

action or anromium trioxide (60) is probably more complex. 

Althougn experimental details have not been disclosed, 

the ror.mic acid determination of accessibility reported by Tarkow 

and Stamm (61 of. 58) is or muan interest. This method is based 

on the ability of formic acid, in excess and under rigid condi­

tions, to react only with the primary hydroxyl groups of poly­

arihydroglucoses. When the residual mixture w~s heated under re­

flux with an excess of aoetic anhydride, one mole of carbon mon­

oxide was evolved per mole or formio acid remaining after the es­

terification. When the initial ror.mic acid content for a series 

of glucose solution was plotted against the experimental value 

for combined for.mic acid, a curve was obtained that became hori­

zontal when the formation of glucose difor.mate was complete, 

only the 4 and 6 hydroxyl groups having rea~ted. Similar eurves 

were plotted for various cellulosic materials, the horizontal por­

tion of the curve in eaeh case giving a value for combined ror.mie 

acid that was lower than the figure of 28.7% round for starah 

(calculated for starah monofo~ate as per cent by weignt of 

original material 28.4%). Tbe aecessibilities listed in Table V 

column 2, which were caleulated using the starCh value of 28.7 

as equivalent to lOO% accessibility, are then the percentages 

of primary hydroxyl groups and therefore the anhydroglucose units, 
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units, available for reaction with the small highly reactive 

molecule of for.mic acid. T.he author {58) states that this acid 

does not hydrolyse alpha methyl glucoside (and by analogy will 

not cleave the cellulose macromolecule and thus allow reerys­

tallization) but, however, swells cellulose appreciably more 

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

TABLE V 

ACCESSIBILITY OF VARIOUS CELLULOSES 
IN SWELLING SYSTEMS . 

Formie Aoid Mois ture Regain 
Sample (rer. 58) (ref. 62) 

Cotton 28 44 
Wood pulp 35 - 47 53 
Mereerized cotton 52 
Mercerized wood pulp • • 69 
Fiber G(a) 65 72 
High tenacity rayon 77 87 

(a) A rayon of the higb. tenaci ty type. 

D20 Exehange 
(rer. 55) 

44 
55 

74 
67 
86 

good agreement with the data from moisture regain and deuterium 

exChange during which the cellulose undergoes inter.micellar 

swelling to approximately the same degree. Fi!~ ll:tal,ten rroa 

Tarkow (58) shows that the aecessibility value was independant 

of the moisture content of the s~e cellulose and that there 

was a linear relationship between the for.mic aeid accessibility 

and per cent moisture absorption for a given series or celluloses, 



which passed through the origin of the plot. 

A similar linear relationship between the accessibili­

ties of cellulose samples and their ability to abaorb water vapour 

bad been noted by Howamon {62). This author standardized the 

equilibrium moisture regain method as tollows: 

(1) Samples (1 g.) of cellulose were heated tor 5 hours 

at 105°C., cooled and weighed in small weighing bottles. 

(2) They were then oonditioned at 58% relative humidity 

and 75° F. for the time required to give con~tant weight. 

(3) The difference between this weight and the dry weigb.t 

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 acoessibility of eadh 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 5 Table VI, was 

deter.mined by the procedure of Her.mans (64). 

The moisture regain was theretore related to accessibl~ 

lity in an empirical mannar only. The resulta are in accord with 

modern concepts of sorption, whereb.J the initial strong sorption 



or water by cellulose is eaused by hydrogen bonding or the 

water molecules to the accessible hydro.xyl groups, which may 
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be situated in the "amorphous" region and on the surrace 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 FI BERS ( 62 ) 

Sample 

Cotton 
Wood pulp 
Mereerized wood pulp 
Fiber G 
Textile rayon 
High tenacity rayon 

Mois ture 
Regain 

( 587f R.H. ) 

6.70 
8.05 

10.45 
11.00 
12.00 
13.25 

Sorption Accessi-
Ratio bilit:r 

1.00 44 
1.20 53 
1.56 69 
1.64 72 
1.79 79 
1.98 87 

Density 
(20°C.) 

1.544 
1.541 
1.534 
1.525 
1.522 
1.509 

The deuterium exchange determination or aecessibility 

is founded on the report by Champetier and Viallard (65) that 

deuterium oxide would replace the hydrogen atoms of all hydro.xyl 

groups in cellulose with deuterium after a sufficiently long 

ttme. In the initial experimenta 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-



ty of the liquid was determin~d by pycnometer. The liquid 

was then returned to the test tube. This procedure was repeated 

hourly and the resulta shown in Fig. 12 were obtained. The 

initial 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 hydrogena on hydroxyl groups to be exchanged. The 

following possibilities were presented. 

( 1) All primary hydro.xyl groups ex change mu ch ras ter than 

secondary hydro.xyl groups and are therefore used up first. The 

extrapolation should then intersect the ordinate at 33% exChange. 

{2) All hydro.xyl groups in the disordered localitiea are 

exchanged raster than all hydro.xyl groups inside the micelle. 

The experimental value would then be a measure of the amount of 

eaaily accessible material. 

(3) It ia 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 hydro.xyl 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 eliœinate exchange of deuterium 

wi th the mois ture of the air during experimenta 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 !11 that will react with deuterium. A similar 

horizontal plane was noted in 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 distinction 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

lity 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 ethers. 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 



TABLE VII 

ACCESSIBILITIES BY DEUTERIUM EXCHANGE 
AND NICKERSON DEGRADATION(63) 

Sample 

Cotton 
Cotton linterB 
Wood pulp, beeCh 

• • 1 pine 
• " , hemlock 

"cordura(" )rayon 
Fiber G a 
Textile rayon 

Accessibility 
<%> 

41-46 
61 
54 
55 
55 
86 
67 
68 

• • • 
5 

12 
10 

9 
30 
15 
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 vacuum 

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 subsidenee of 

rate rather than a noticeable superimposition of two reactions, 

one fast and one slow. They were consequently barder to inter-

pret and various methods were devised for overcoming this diffi-

culty, each being a comparison of saœe function of the cellulose 

curve such as its slope, or area subtended at eaeh time, with 

that of a glucose control. Nickerson and Haberle interpreted 

their curves as showing 3 rather distinct 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 mesamorphic region, in whiCh the material was semi­

crys talline, made up a turther 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 a decrease in moisture regain, pointing to losa of the 

avidly hygroscopie localities. In the later stages neither 

viscosity nor moisture regain changed markedly. There was a fur­

thar siœilarity in the hydroeelluloses since the viscosities in­

dieated 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 aecessibility round by this 

method, given in Table VII, show the affect of reerystallization 

on the availability of the anhydroglueose units as noted by 

Howsmen (62) and others. Her.mans (72) found that when viscose 

rayon was boiled in 2.5 N sulphuric acid, the crystallinity as 

measured by X-ray inereased from an initial value of about 40% 

to the final value of about 50% within 30 minutes. The same er­

reet was noted when rayon was mercerized but has not yet been 

explained (73). Conrad and Scroggie (66) used a modified ferric 

chloride - hydrochloric acid 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 

aceessibility values for pulps of lower alpha-cellulose content 

and containing non-cellulosie oarbohydrates (Table VIII) are 

hlgh. (c.f. Niokerson, 67); mercerization and drying of linters 

through solvant 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) 

Cellulose 

Pulp from BeeCh wood 
Pulp from Southern Pine 
High alpha content pulp 
Cotton linters 
Cotton, mercerized 
Cotton, solvent exchanged 

Alpha Cellulose 
<%> 

89 
93 
95 
99 
• • 
• • 

Accessibility 
( %> 

11.5 
10.5 
7.5 
5.3 

14.5 
7.5 

The purely oxidative reagent, periodic 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 solution of potassium metaperiodate 

acidified with sulphuric aeid to pH < 1, showed an initial fast 

reaction and a subsequent zero order reaction, that could be 
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readily extrapolated arter 24 hours. The initial fast reaction 

was attributed to the rapid conversion of the glycol groups in 

the accessible domain to aldehyde groups, but the resulting 

dialdehyde cellulose underwent a slow further oxidation by the 

excess periodic acid. 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 arter 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 confir.med 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 pointed out that recrystallization bad prob­

ably taken place, since periodate aecessibilities given in Table 

IX were similar to the Nickerson aecessibilities in Table VII. 

T.he high aecessibilities of materials dried from homopolar sol­

vents, in relation to direct drying from water, was also empha­

sized. 

When native cellulose is ~ersed in aqueous solutions, 

the ~orphous portions are hydrated and inter.mieellar swelling 

takes place. Liquid ammonia, on the other hand, like caustic 

soda of mercerizing strength, causes intramicellar swelling. 

The ammonia cellulose for.med can exehange eaCh hydrogen atom 

on the hydroxyl groups through the cellulose structure with 

atoms of metallie sodium. Timell (77) using a laborious and 

rigidly controlled teChnique, round that the rate of exehange 



TABLE IX 

ACCESSIBILI~ OF VARIOUS CELLULOSES 
ESTIMATED BY PERIODATE OXIDATION 

37. 

Accessibility 
<%> 

Material 

Cotton linters 
Viscose rayon 
Sul phi te pulp.: 

a-content, 94% 
a-content, 90~ 
a•content, 88% 

Regenerated cellulose: 
dried from water 
dried fro~ water -

acetone - benzene 

Goldfinger et al. 
{ref. 59) 

6.0 

7.0 

Timell 
(ref. 76) 

6.2 
18.0 

7.0 
8.6 
9.5 

s.o 

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 deriTed 

from suCh reactions cannot deseribe 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-

tail the aize of the crystallites, the degree of lateral order 
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in the transition regions, and to soma extent, the magnitude 

and reactivity of the original amorphous region. The infer-

enees about the original structure that can be drawn from surib 
n data are discussed in an excellent paper by Jorgensen {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 a 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 

against time. In other studies the hydrolysis was stopped after 

increasing time intervals and the unhydrolysed material recov­

ered for moisture regain and viscosity determinations, giving 

curves typified by Fig. 13. When the fibers were swollen in 

water, only cotton linters hydrolysed to the ltmiting degree 

of poly.merization of 130 to 140 in 4 hours. For wood pu1ps 

this point, given by the horizontal portion of curves in Fig. 

13, was reaehed on1y 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. pu1p. The difficulty in reaChing this 

low D.P. for pulp, as contrasted with linters, shows that the 

super.molecular arrangement between the crystallites cannot be 

the same. The differences are summarized up pictorially in 

Fig. 14 by modifying Hermans' concept (69). The intercrys-



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

lysed. As the swelling prior to hydrolysis is increased until 

10% caustic soda is used, the limit 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 fissurëd 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 

strùcture of the cellulose. The thallation-methylation and 

chromium trioxide teChniques have been used in this research 

and will be discussed in détail. 

The thallation-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 liquide 
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and the solution reacts quantitatively or nearly so with some 

fructosides in alcoholic solution {81). Cellulose in an or­

ganic solution containing excess thallous ethylate forma the 

thallous cellulosate 

Cell-OH + TlOC2fl5 

whieh, when heated with an exeess of methyl iodide or sulphate 

is converted to a partially methylated cellulose, having a 

Cell-OTl + CH3I Cell-OCH3 + Tl! 

metho.xyl group in each hydro.xyl 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 patterns 

obtained from a mercerized ramie fiber before and after thalla­

tion were almost identical, and because thallation of finely 

powdered sucrose was small. The thallous cellulosate obtained 

after reaeting mercerized ramie fiber in ether, 0.1 N in 

thallous ethylate, decomposed oatalytically and the thallium 

content was variable. After methylation, however, average 

methoxyl values of 1.70% were obtained whioh, when corrected 

for ether occluded even atter 19 hours drying at 98° in vacuo, 

were redueed 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 oon­

taining material was removed when the superficially methylated 



fibers were extracted with water. 

This method was then applied by Assaf, Haas and 

Purves (56) for the measurement of the accessible material 
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(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)• To avoid changes in the specimen 

over a period of time, triplicata samples were treated with 

0.1 N thallous ethylate in a variety of solvants 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 Fig. 16 result from plotting the molecular 

volume of the solvant against the respective methoxyl percent­

age, which is the left-hand ordinate. The right-hand ordinate 

expresses this methoxyl scale in ter.ms of hydroxyl groups sub­

stituted. Since the percentage of methoxyl , X, in the par­

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 

lOOX/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 norm~l ethers the relationship is linear. 

It was suggested that the absolute 11 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 lo-16 am2 (82). One gram of cellulose as 

a continuou8 unimoleeular film would then have an area of 

52 x lo-16 x 6.02 x 1023/162 or 1.87 x 107 em~ 

The second non-swelling reaction system was also for.mu­

lated and adapted to the measurement of accessibility by Purves 

and co-workers. In 1943, Gladding and Purves (83) round that a 

solution of Chromium trioxide in acetic acid and acetic anhy­

dride (4 vols. to 1 vol.) did not oxidize powdered starCh at 20°C 

hardly oxidized dry unswollen cotton linters but rapidly oxi­

dized dry swollen linters. The oxycellulose from previously 

swollen samples when recovered had a blue tinge ind1cat1ng the 

presence of trivalent cllromium. When lesa than 0.3 atom of oxy­

gen had been eonsumed per glucose unit by the cellulose, a quan­

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

THALLOUS ETHYLATE ACCESSIBILITIES FOR 
VARIOUS CELLULOSES(83) 

Cellulose 
Accessibility 

<%> 
Colloidal surface 

( ca2 x 104/g. } 

unswollen lintefs 
Unswoll~n ramie a) 
Linterst b) 
Linters(b) 
Linters (b) 
Linters(b) 
Linters, regenerated(a,b) 
Ramie (a,b) 

(a) Values taken from (76). 

0.4 
0.25 

22. 
17. 

9. 
27. 
33. 
18. 

(b) Swollen in caustic soda and dried through 
sol vent e.xchange 

8 
5 

420 
330 
170 
520 

60 
360 

of oxtdation however, this product was a powder and the yield 

was slightly low, indicating considerable degradation. Appro.x-

imately twi•e as many earbonyl as carboxylie aeid groups were 

formed and the rate of oxidation plot showed an initial fast 

and later slow reaction, indicating that the oxidation was li­

mited eBsentially to the amorphous region. 

This o.xidation was adopted by Glegg (80), working in 

this laboratory, to the measurement of accessibility. When 

small samples of cellulose were e.xamined at 20°C., the rate 

curve could be readily extrapolated to zero time to give the 

accessibility as moles of chromium trio.xide per arihydroglucose 

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



46. 

the thallous ethylate accessibilities of the same samples. 

TABLE XI 

COMPARATIVE ACCESSIBILITIES OF VARIOUS CELLULOSES {60) 

Accessibility 
( %> 

Cotton Linters 

I(a) 
II(a) 

III{a) 
rv<a>, 3.80% water removed 
v<(a))' 11.60% water removed 

VI a 1 7.78% water removed from II 
VII unswollen 

Moles Cr03 
Consumed per 
Glucose Unit 

0.31 
0.58 
0.53 
0.20 
o. os 
0.31 
0.003 

(a) Swollen in caustic 1 neutralized with ~cetio 
acid, solvent-exchanged, vacuum dried. 

Fraction 
Accessible 
to TlOEt 

0.34 
0.38 
0.40 
0.35 
0.05 
0.33 
0.005 

The chromium trioxide accessibility was found to be independant 

of the concentration of the oxidizing reagent but higbly depend­

ent on the pre-history of the cellulose. Batches having the 

same accessibility were not prepared and samples whiCh when 

dried, were exposed to moisture 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 attained 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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n 
The Jorgensen Accessibility used in the present research, is 

defined "as the atoms of oxygen consumed per anhydroglucose 

unit when small (0.5- l 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.". n Using this measurement, Jorgensen found the 

following accessibilities: cellulose hydrate II, 1.65; cellu­

lose hydrate I, 1.21; cellulose II, 0.61; native cotton lin-

ters, 0.24. 

The Distribution of Substituents 
in a partially Methylated Cel­
lulose 

In the later st$ges of the present research, the problem 

of the distribution of methoxyl groups in a superficially methyl­

ated cellulose, 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 detail 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 real­

dues with the methods of Traube and co-workers (85) for deter­

mining the amounts of mono-, di- 1 tri- and unsubstituted real­

dues. He thus obtained the complete distributions for a num-

ber of cellulose ethers. A mathematical analysis of the kine­

tics of such reactions had already been made by Spurlin {86) 
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and the experimental was compared with 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 resta on the quanti­

tative separation, isolation and identification of each glucose 

and substituted glucose component of the cellulose structure. 

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 and 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. 



•1. 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. 

49.· 

The corresponding mixture of ethyl glucopyranosides 

was oxidized with periodate and bad 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." 

"2. The rate at whieh the ethyl cellulose 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 until the esteri­

fication was complete. Samp+es, removed ~t 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 aurve showed 

a fairly rapid reaction with the 0.151 mole of hydroxyl group 

in the second position, with a Yery slow tosylation of 0.245 

mole in the third position 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 deter.mining free primary hydrox~ 

yl groups and also the amoWlt of free glycol uni ts. Knowing the 

total alkoxyl substitution by standard determinations and the 

primary hydroxyl substitution, the sum {H) of the free hydroxy-1 

groups in the second and third positions was known. It was .fur­

thar shown tha t if the aellulos e had be en 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 Ohanoe 

of the hydroxyl group in the other position reacting, the prob­

ability 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 units WhiCh were ehecked against those found by 

periodate oxidation. (Table XII). 
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TABLE XII 

COMPOSITION OF SOME CELLULOSE ETHERs(93)(94) 

Substitution Unsubstituted 
~molesl 2 1 3 Gl;y:col 

Sam- Substi- Prl- Second-
ple tuent Total ~ ary Found H2/4 H-1 _!iLg 

A. Ethyl 2.48 0.88 1.60 o.o1 0.04 0 0.20 
B Me thyl 1.85 0.51 1.34 0.32 0.11 0 0.33 
c Me thyl 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 
E Ethyl 1.20 0.36 0.84 0.52 0.34 0.16 0.58 
F Ethy1 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, indicating 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 H2j4, or was very uni­

form. Although sample A, like B, C, E and F had been prepared 

heterogeneously by heating alkali cellulose in 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 enougb 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 iodine 

while the esters of the secondary hydroxyls remained unaf­

fected. This fact was used by Cramer and Purves (91) with cel­

lulose acetates and Mahoney and Purves {92){93) with cellulose 

ethers, as an aid in estimating the distribution of substitu­

tion on the different hydroxyl groups. In their earlier work, 

these investigators esterified ether A in Table XII with 12.5 

molar equivalents of tosyl chloride dissolved in·pyridine over 

a period of 4 months at room temperature. At intervals, por­

tions of the gel were eut away and the etho~l and sulphur con­

tents of the dry, purified solid were deter.œined. After the 

partly tosylated samples had been heated in aeetonyl 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 resulta 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 lesa 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 lOO and 200 hours of 
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esterification and round a ~stematie 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 affect of various factors particularly time, on the progress 

of tosylation and iodination, when the general procedure of 

Mahoney and Purves was followed. 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 a rapid reaction which was complete after 3 to 4 hours~ 

followed by a slow reaction which became linear arter 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 displacament of tosyl by Chlorine, 

due to the influence of pyridine hydroehloride, 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. In 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 iodine content could not be ex­

plained by the replacement of ehlorine alone and was due to 

replacement of tosyl groups in the secondary hydroxyl positions. 

FUrthermore, the authors found that althougb. esters with a low 

toayl 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 althougn 

traces of free iodine were occluded in the samples isolated ar­

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 resulta. They coneluded that the 

method of tosylation and iodination 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 confir.med the 

general findings of Purves and collaborators. 

Timell (97) carried out similar investigations on 

cellulose ethers, particularly on a propyl cellulose having 

1.67 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 higner than the known 

primary hydroxyl content. The curves could be correlated with 

the amounts of specifie hydroxyl groups only by mathematical 

analysis, similar to that of Mahoney and Purves (92). To de­

termine the affect 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., eontained 0.46 tosyl group per glucose unit, the 

second, after S days at the same temperature, contained 0.75 



55. 

tosyl group. When the first tosyl ester was iodinated in 

acetone containing sodium iodide at 120°, the iodine was con­

sistently 0.29 atom (known 0.30) tor from 1 to 10 hours of 

heating but decreased thereatter. The 2-hour iodination of 

Purves and co-workers theretore appeared suitable for ethers 

having low tosyl contents. In contrast, the hignly tosylated 

material gave a value of 0.33 atom introduced atter 15 minutes' 

condensation and increased thereatter. 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 sutti­

cient to explain the more than theoretical iodine values and 

Timell supported Malm, Tanghe and Laird in the susceptibilit7 

of higbly tosylated secondary hydroxyl groups to iodination. 

He concluded that in a detennination ot the prima~ hydroxyl 

constituent of a cellulose ether, short esterification periods, 

consistent with quanti ta ti ve tosylation of the primary hydroJcy"l 

group,were desirable and should be followed by an iodination 

limited to 2 hours at 120°. 
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Preparation ot Solventa 

Abaolute M!thanol 

Oammeroial methanol was dried by the method of Lund 

and Bjerrum (lOO) using magnesium turninga in exoesa. The 

methanol was diatilled from the solid reaidue of magnesiua 

hydroxide and magnesium methylate. 

!beolute Ethanol 

Abaolute induatrial ethyl alcdhol (95%} waa dehy~ated 

by the above procedure (lOO). 

Qhlorotorm 

Teahnical grade Qhloroform was distilled and the 

fraction dietilling at 61-62° waa atored tor short periods on• 

ly in brown bottlea. 

Aphzdrous Aoet19 Ao1d 

Glacial aoetio aoid was dried aooording to Hutah1naon 

and Chandler (101) uaing ohro•iua trioxide. The mixture waa 

heated under reflux for • hours and the fraotion diatilling at 

lle• oolleoted. 

Aoetio !nhzdride 

Commercial grade acet1o anhydride wae distilled and 

the traction ooming over at 138.5-l•o• was aooepted and atored. 
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Anhydrous 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 with water and shaken several 

times with concentrated sulphuric acid until the acid layer 

was almost colorless. After neutralizing with saturated sodium 

bicarbonate solution and washing with water, the benzene was 

left in contact with calcium 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 Viebock and Schwappack appara-

tus were used in deter.mining 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 Wolfram (103) was used in the 

receivers in preference to a 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 o. 2 g. of purified red phosphorus or 2. 5 ml. of re­

distilled phenol had been heated by themselves at reflux tem-



perature for 20 min. Under these conditions, no blank was ob­

tained when phenol was used. While red phosphorus gave a 

blank of 0.12 ml. of 0.04 N thiosulphate, it was quite satis­

factory under optimum conditions. Six determinations were then 

possible when 10 mg. samples ~eighed to 0.01 mg. were used. 

Test for Thallium 

The presence or absence of thallium was deter.mined 

by the following semi-micro test (104). To 4 drops of the solu­

tion, acidified with 2 drops of 10% sulpnuric acid, was added 

an exeess of fresh 10% potassium iodide. The formation of a 

yellow precipitate insoluble in 0.1 N thiosulphate indicated 

the presence of thallium. The limit of sensitivity for the 

test was given as 1 mg. per lOO ml. of solution. 

The micro determination of thallium present in var­

lous cellulosic fractions by the combustion method (105) was 

not possible. No constant weight could be obtained since the 

thallium vaporized at the required temperature. 

Determination of Iodine 

The procedure described by Mahoney and Purves was 

used (92). Samples (0.05 g.) contained in lOO ml. distilling 

flasks were soaked in 25 ml. of warm ethanol for 10 minutes 

before l g. of reagent grade potassium hydroxide pellets was 

added. During the subsequent one hour reflux period, the 

solution was swirled occasionally to wash the aides of the 

flask. The brown solution was then diluted to lOO ml., poured 
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into a 500 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 iodide was added and the liberated iodine ti-

trated with 0.04 N thiosulphate. 

Per cent iodine • V x N x 126.9 x lOO 
1000 x 6 x sample wt. 

where V was the volume in ml. 

and N the nor.mality of the thiosulphate. 

Estimation of Reducing Power 

The procedure of Shaffer and Somogyi (107) was used 

in this determination. On each day, duplicata estimations 

were made with distilled water for the blanka, with a standard 

glucose solution containing approximately 1.0 mg. per 5 ml. and 

wi th the unknown. The reducing power of the unknown was estima­

ted as glucose, using the volumes of 0.05 N thiosulphate re­

quired in the final iodametric titration. 

Reducing power of unlmown (mg. glucose) • 

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

Use of Ion Exdhange Resins 

x mg. glucose in 5 ml 

Amberlite Ion exchange resins IR-120-AG (a sulphonie 

• 



so. 

acid type) and IRA-410 (a strong base type) were gifts of 

Rohm and Haas Co., Philadelphia. T.hese resins did not absorb 

methylated sugars {108) and were used to remove inorganic salta, 

principally of thallium, from the soluble methylated cellulose 

fraction and the methyl glucoside derived therefrom. Columns 

{18" x 2" diameter) containing three-quarters of a pound ot 

these resine were regenerated and eXhausted 5 times with al­

ter.nate use of 10% hydrochloric acid and 10% sodium hydroxide. 

The regenerated column was then washed with dietilled water un­

til the effluent was neutral to litmus, before the contaminated 

fraction in aqueous solution was passed 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 eoneentrate 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 

manner 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. Sinee the regeneration 

of the sulphonic acid type column with hydroChloric acid li­

berated the very slightly soluble thallous chloride, the eolumn 

was never freed eompletely of thallium salta whieh moved fur-

thar down the column on eaeh successive run. 
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Preparation of Cellulose Samples 

Extraction of Cotton Linters 

Hign-grade cotton linters, a gift of the Hercules 

Powder Co., through the courtesy of Dr. Spurlin, were supplied 

with these specifications: cook number 05708, Mareh 4, 1948; 

viscosity: 440 sec. in 2.5 g. conc.; soda soluble content: 

less than 2%; ash content: 0.3; eolor: 0.2. These linters, 

used by other investigators (17)(109)(110) in this laboratory, 

were freed from fats and other soluble tmpurities by extraet­

ing 40 g. lots in a 2 liter Soxhlet apparatus with constant 

boiling 2:1 benzene-ethanol for 48 hours. After drying in 

air for several days under protection from dust, the linters 

were stored in air-tight containers. 

Moisture Content of Dewaxed Linters 

The procedure for obtaining the precise bone dry 

weignt of cellulose for the determination of moisture content 

and densitiea was as tollows. ~druplicate saaples of approx­

imately 0.8 g. were placed in previously tared, oven dried 

weighing vials (8.5 em. x 1.5 ca.) having female eovers. At­

ter the vials were weighed 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 reaoved from the oven and placed in a desiccator over 

phosphorus pentoxide to cool. When cool the lids were litted 

slightly, allowing the wire segments to drop out, and the lids 
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were then seated fi~ly 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 weighings did not vary by more than 

0.00029, the samples were eonsidered bone-dry. A total drying 

ttme of 30 hours fulfilled this condition. T.he moisture con­

tents of the different lots varied between 2.7 and 6.0%. 

Preparation of Alkali 
for Mereerization 

A 35% solution was made up by dissolving 483 g. of 

Nichols reagent-grade sodium hydroxide in 700 ml. of previous­

ly 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 througn 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 neeessary the 

caustic strength was adjusted so that the final solution al­

ways contained 116-123 g. of sodium hydroxide per liter. This 

10-ll% solution was stored in a paraffin lined bottle at -7°0. 

Alkali Soluble Content 
of Cotton Linters 

The eells illustrated in Fig. 17 were used to find 

the percentage of cotton linters soluble in 10-11% alkali at 

0-3°0. One gram samples were weigned into four tared cells 

with glass wool plugs and sintered glass disks protecting the 
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outlet B. The cella 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 alkali 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 !a vacuo at 105° to constant weight (48 hours). 

Table XIII gives the details and the reproducibility of the 

estima tien. 

TABLE XIII 

ALKALI SOLUBILITY OF COTTON LINTERS 

Cellulose Content 

Sample Be fore After 
Sample Weigb.t(a) Swelling(b) Swelling(e) Soluble 

No. ( g.) (g.) ( g.) <%> 

1 1.0431 0.9905 0.9727 1.80 
2 1.0178 0.9665 0.9485 1.86 
3 1.0585 1.0052 0.9865 1.86 
4 o. 9959 0.9457 0.9292 1.74 

Average 1.82 

(a) Air-dry weight of linters 
(b) Column 2 Ddnus moisture content of 5.04~ 
(e) Dried ~ vacuo at 105°C. to constant weigb.t. 



Preparation of the 
Cellulose Modifications 

The swelling of the dewaxed, air-dried cotton linters 

in alkali was accomplished by the procedure of Richter and 

Glidden (37). The swollen fibers were then washed free of al­

kali with ice water (111). The simple, convenient apparatus 

used consisted of a vertical Pyrex tube of 10 cm. diameter and 

50 ~. length tapering at the base to a large bore stop-eock. 

A BuChner filter plate seated on a bed of fine Pyrex glass wool 

served as a screen to prevent losa of fine partiales, this fil­

tering system being tared before insertion. To facilitate the 

withdrawal of liquid 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 grama 

of the dewaxed air dired cotton linters of known aoisture oon-

tent was placed on the filter plate and one liter of ice cold 

10-11~ (always over 10~ when the moisture content of the fi­

bers was taken into account) caustic solution added. By oeea­

sional stirring of both the ioe bath and the gel-like mixture, 

the system was kept at 0-3° for 2 1/2 hours. A water pump 

vacuum was then applied to the suction 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 produet, it was essential that the removal 

of caustic be gradual and that the maas be kept in suspension 

by stirring on each addition of ice water. During the next 

three washings with liter portions of iee water, approximately 
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one liter o~ solution was removed a~ter a 15 minute soaking 

period, leaving adequate liquid in contact with the whitening 

fibers. The cellulose was freed of alkali in this manner, the 

seventh effluent usually being neutral to litmus •. The material 

was then de-ashed by soaking in 10% lee cold acetic acid for 

20 minutes and again washed with ice water till neutral. The 

product obtained was termed Cellulose Hydrate II in accordance 

with Her.mans• nomenclature (35). 

Cellulose Hydrate I was prepared by boiling the Hy­

drate II tor 30 minutes in the final neutral water. 

The preparation of water-swollen linters consisted 

of soaking the dewaxed, air-dried linters in lee water (0-3°) 

for 2 1/2 hours. The tibers were then de-ashed and washed 

till free of acetic aeid at this temperature. 

SolYent-Exehange Process 

The process of solvent-exChange, essentially that used 

by Gladding and Purves (83) followed ~ediately arter the 

swelling of the linters, and was carried out in the mercerization 

apparatus. The lee water was drawn off (without however prolong­

ing the suction so that the fiber surfaces be~• dry), one liter 

of lee cold 50% acetic aeid was added and the mixture stirred. 

Atter 20 minutes the liquid was withdrawn, a fresh liter of eold 

anhydrous acetic acid was added and the cooling bath removed. 

T.he exchange was continued until the effluent acetic acid, 

atter a one hour contact perio~had the same retractive index 
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as anhydrous aoetio aoid. The saœe procedure was followed in 

the second stage, using oold aDhydrous, thiophene-free benzene. 

Usually 8 litera of aoetio aoid and a similar quantity of ben­

zene was used. To out down the preparation or large quantitiea 

of anhydrous solvants a oounter-current principle was adopted. 

The second and subsequent portions of solvant on eaeh stage 

were labelled and stored for another run, tn whieh only a single 

fresh portion of each solvent at the end of eaoh stage was re­

quired. 

When oarefully treated the cellulose in benzene was 

almost transparent, the appearance of white clumps indicating 

inoomplete solvent-exchange at the first stage. Methanol oould 

be substituted ror acetie acid but was not used when the prod­

uct was to be analysed ror methoxyl content. 

The unmatted benzene-wet material above the porous 

plate in the apparatus was then quickly transrerred to glass 

containers with ground glass stoppera and the vessels filled 

with anhydrous benzene. The weight or cellulose in storage 

was then round by air drying the previously tared filter diak 

and glass wool screen, deducting the we1ght or trapped cellu­

lose from the we1gnt 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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acetie acid by the above procedure is indicated by the ract that 

aliquote or the aupernatant benzene from 5 batches of cellulose 

hydrate II, one of hydrate I and one of water-swollen eellulos•, 

all_had the same retractive index as anhydrous benzene after 

storage of one year. 

The Oxidation of Cellulose 

Oxidation of the Solvant 
by Chromium Trioxide 

Gladding and Purves (83) used chromium trioxide dis-

solved in a mixture consisting of 4 vols. of anhydrous acetic 

aeid to 1 vol. of redistilled acetic anhydride. To study the 

stability of this system, a 200 ml. glass stoppered volumetrie 

flask, containing a known weight of Chromiua trioxide and ther­

mostated at 20 t 0.1°, was filled to the mark with the solvent. 

Atter all solid had dissolved, 5 ml. aliquote of the somewhat 

red solution were ramoved and titrated iodometrically with 

0.1069 N sodium thiosulphate solution, and the amount of Chrom­

ium trioxide reduced then ealculated. The details of two runs 

are given in Tables XIV and XV. 



TABLE XIV 

RATE OF REDUCTIOH OF CHROMIUM TRIOXIDE BY SOLVENT 

Time 
(hours) 

0 
1 

22.5 
28.5 
48 

Cr03 Reduced 
Thiosulphaf•> 

ConaUBled a Difference 
(ml.) (ml.) m. moles 

7.ll(b) •••• • • • • 
7.10 0.01 0.014 
6.86 0.25 0.36 
6.78 0.33 0.47 
6.58 0.53 0.76 

(a) Normali ty = 0.1069 
(b) Initial concentration of Cr03 

was 1.01 g. per 200 ml. 

TABLE XY 

m. moles 
per hour 

...... 
0.014 
0.016 
0.016 
0.016 

RATE OF REDUCTION OF CHROMIUM TRIOXIDE BY SOLVENT 

Time 
(hours) 

0 
5 
6 

23 
48 

167 
191 

cr03 reduced 
Thiosulphaf•> 

Consuaed a Dii'ference 
{ml.) {ml.) m. moles 

13.76(b) •••• • • • • 
13.71 0.05 0.076 
13.60 0.16 0.23 
13.36 0.40 0.57 
12.94 0.82 1.17 
11.08 2.68 3.82 
10.65 3.11 4.43 

(a) Nor.mality = 0.1069 
(b) Initial concentration of Cr03 

was 1.96 g. per 200 ml. 

m. moles 
per hour 

••••• 
0.014 
0.038 
0.025 
0.024 
0.023 
0.023 

68~ 
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E~~eet o~ Benzene on the Oxidizing Medium 

To elucidate the affect 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 chromiuœ trioxide mixture at 20 ± 0.1°. Aliquots 

of 5 ml. were removed from the solution at 20° at intervals 

and titrated iodometrically with 0.1 N thiosulphate. 

TABLE XVI 

REDUCING EFFECT OF BENZENE ON CHROMIUM TRIOXIDE 

Time 
(hours) 

0 
1.5 
3 
4.5 

22.5 
28.5 
48 

Cr03 reduced 
Thiosulphafe) 

Cons'WI1ed a Di~~erence 
(ml.) (ml.) m. moles 

7.ll(b) •••• •••• 
6.97 0.14 0.20 
6.88 0.23 0.30 
6.85 0.26 0.37 
6.41 0.70 1.00 
6.34 0.77 1.10 
6.00 1.11 1.53 

(a) Normality = 0.1069 
(b) Initial concentration of Cr03 was 

1.01 g. per 200 ml. 

m. moles 
per hour 

• • • • • 
0.13 
0.11 
0.082 
0.045 
0.039 
0.033 



Chromium Trioxide 
Oxidation of Cellulose 

70. 

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 weigb.ing 

bottle. The water was then removed by applying suction to a 

1 1/4" diameter filter stick and replaced with 4:1 acetic acid -

acetie anhydride after 3 hours. Sample IV (collapsed cellu­

lose hydrate II) had been dried!! vacuo over paraffin and 

phosphorus pentoxide after mercerization and solvent-exehange 

in the prescribed manner. In this case the preparation for 

oxidation consisted of soaking the sample overnight in anhydrous 

acetic acid followed by solvent-exchange with 4:1 acetic acid -

acetic 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. Aliquote of 5 ml. were 

withdrawn at intervals and titrated iodometrically with 0.1 N 

thiosulphate. 

The resulta are presented in Tables XVII, XVIII, XIX, 

xx. Columns 1 and 2 are self explanatory. The figures in col­

umn 3 were obtained by multiplying the corresponding figure in 

column 2 by the number of aliquote remaining in the flask at 

that ttme. Column • (the total amount of chromium trioxide re­

duced) resulted from the summation of the corresponding figure 



71. 

in 3 and the moles of chromium trioxide reduced to that time 

in all preceeding aliquots. Column 5 1 Table XVII, was de­

rived from eolumn 4 by dedueting the moles of chromium trioxide 

reduced b~ the acetic acid - aeetic 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 redueed in 4 and 5 into 

atoms of oxygen absorbed per anhydroglueose unit. 

If 1.87 x 10-3 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 
0.4000 

the factor 3/2 being determined by the equation 

x 162 x ~ 

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

the affect of solvent on the oxidant. 
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TABLE XVII 

CHROMIUM TRIOXIDE OXIDATION OF 
UNSWOLLEN COTTON LINTERS ( I } 

Chromium Trioxide Reduced 
By 

AccessT-
bili~ d} 

Moles prr Moles at Total Cellu-
Time Aliquot c} time "t• Moles lose(a) Un-

(hours) x lo-5 x lo-3 · x lo-3 x lo-3 corr. Con. 

o<b > • • • • • • • • • • • • • ••• •••• •••• 
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.oo 2.33 0.861 0.912 0.896 0.46 0.45 
1.25 2.54 0.906 0.980 0.968 0.50 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 1.13 1.10 0.57 0.56 

3.75 3.01 0.873 1.14 1.12 o. 58 0.57 
4.25 3.05 0.854. 1.15 1.14 0.59 o.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 6.05 6.94 4.87 3.53 2.47 

{a) Solution contained 0.5036 g. of dewaxed~ air-dried 
cotton linters (O. 4790 g. cellulose). 

{b) Initial CrO~ concentration was 1.25 g. per 205 ml. 

(c) 
or 2.61 g. ro3 per gram or cellulose. 
Aliquote of 5 ml. titrated with 0.1144 N thiosul-
phate. 

(d) Atoms of oxygen per glucose unit 
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Time 

o{a) 
10 mins. 
20 " 

30 " 
45 " 
60 " 
90 " 

17.5 hrs. 
19 " 
20.5 " 
42 " 

43 
45 
69 

121 

" " 
" " 

TABLE XIX 

CHROMIUM TRIOXIDE OXIDATION 
OF NOVOCELL PULP (III) 

Chromiua Trioxide Reduced 

Moles per 
aliquot(b) 

x lo-5 

• • • • • 
1.39 
2.17 

2.82 
3.85 
3.78 
4.38 

14.0 
14.4 
15.0 
24.0 

24.6 
25.1 
28.1 
33.8 

Moles at 
time littt 

x lo-3 

••••• 
0.556 
0.847 

1.07 
1.42 
1.36 
1.53 

4.76 
4.74 
4.79 
7.43 

7.39 
7.28 
8.44 
9.12 

Total 
moles 
x lo-3 

• •••• 
0.556 
0.862 

1.11 
1.48 
1.46 
1.67 

4.94 
5.06 
5.26 
8.05 

8.25 
8.38 
9.80 

10.99 

74. 

Aeeess1-) 
bility{C 

Uncorrected 

• • • • 
0.33 
0.50 

0.65 
0.86 
0.85 
0.98 

2.89 
2.96 
3.08 
4.71 

4.8a 
4.90 
5.74 
6.42 

(a) Solution contained 1.425 g. of Cr03 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 Cr03 per 
gram of cellulose. 

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

(c) Atoms of ox.rgen per glucose unit. 
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TABLE XX 

CHROMIUM TRIOXIDE OXIDATION OF 
· SWOLLEN, DRIED COTTON LINTERS (III) 

Ohromiua Trioxide Reduced 
Accesst-

Moles Pfr Moles at Total bilitl c) 
Aliquot b) 'l'ime "t" Moles 

Tbae x lo-5 x 1o-3 x lo-3 Uncorrected 

o(a) • • • • •••• • ••• •••• 
5 mins. 1.32 0.588 0.528 0.28 

15 " 3.04 1.18 1.19 0.62 
30 " 4.23 1.62 1.67 0.87 

45 tt 5,65 2.09 2.18 1.14 
60 " 5.84 2.11 2.26 1.18 
90 " 7.06 2.47 2.67 1.39 

2 hrs. 7.88 2.68 2.95 1.54 
3 " 10.10 3.33 3.78 1.97 
4 " 10.51 3.36 3.82 1.99 

20 " 18.78 5.82 6.38 3.33 
44 .. 26.58 7.97 8.72 4.55 

116 " 35.94 10.42 11.43 5.96 

(a) Initial solution eontained 1.610 g. of OrO~ 
and o. 4659 g. of swollen, solvent-exchange 
vacuum dried cotton linters, i. e. 1 3. 45 g. 
or Cr03 per gram or cellulose. 

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

(c) Atams of oxygen per glucose unit. 
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n 
Jorgensen Aeoessibility 
Measurement 

" The Jorgensen modification (84) of Glegg•s aooessi-

bility measurement {80) oonsisted of tinding, in terms of 

atoms of oxygen required per anhydrogluoose unit, the amount 

of oxidant oonsumed by the cellulose in 30 minutes at 20°0. 

In the present procedure, 7.5 g. of the slowly soluble 

Chromium trioxide was dissolved overnight in one liter of a 

mixture of anhydrous aoetic aoid and redistilled acetic an­

hydride (4 vols. to 1 vol.). A 200 ml. volumetrie flask was· 

then tilled to the mark with solution at 20 ± 0.1° and three 

5 ml. aliquots were removed and titrated iodometrically with 

0.1 N thiosulphate, just betore the introduction of the sam-

ple. 

Prior preparation of the cellulose (approximately 

0.5 g.) consisted of solvent-exehanging dr7 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 immersed in benzene, were solvent-

exehanged through anhydrous aoetic acid (2 hours) to the final 

solvant. The tilter stick and weighing bottle already de­

scribed fo~ these manipulations and for removing the excess 

liquid 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 partieles in the weighing bottle were waahed 

into the oxidizing medium with 4:1 acetic acid - acetic anhy­

dride sufficient to make the total volume up to ZOO ml. The 

flask contents were shaken vigorously at short intervals and 

after 30 minutes at 20 t 0.1°, three 5 ml. aliquote of the 

now dark colored solution were withdrawn and titrated. 

When it beeame obvious that pushing the swollen fi­

bers and the glass wool plug down the narrow neck of the 

volumetrie flask exerted sufficient compression to lower the 

accessibility of the sample, the procedure was somewhat œodi­

tied. Atter three 5 ml. aliquote had been withdrawn to give 

the initial oxidizing strength, the remaining liquid was 

poured into a 250 ml. wide mouthed glass-stoppered tlask. 

The moist sample, displaeing from 2-4 ml. of solution, was 

then dropped into the oxidizing solution and the residual ti­

bers in the weighing bottle washed into the tlask 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 waa 

oxidized. Triplicata 5 ml. aliquote of the original oxidizing 

solution consumed 12.63, 12.67, 12.70 or an average of 12.67 ml. 

ot 0.09 N thiosulphate. Its strength, when cellulose and waah­

ings were added was 12.67 x 37/40 or 11.72 ml. Atter the oxi­

dation the final three aliquote were equivalent to 11.15, 11.06 

11.14 or an average of 11.12 ml. Henee 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 = o.so x 0.0900 x 40 = o 0072 . ; 
1000 x 3 

the atome of oxygen required per anhydroglucose unit = 
162 3 

0.0072 x -------- x --- = 0.30. 
0.5952 2 

In a general formula the accessibility was given by 

V x N x 3.24 
w where V was the reduction in oxidant per 5 ml. 

aliquot in ter.ms of thiosulphate, the nor.mality of which was N 

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

is equivalent to 40 x 162 x 3 • The accessibility Talues, 
1000 x 3 x 2 

presented in Tables XXI and XXII, show that the method has con-

siderable precision. 



TABLE XXI 

CHROMIUM TRIOXIDE ACCESSIBILITIES 
OF VARIOUS CELLULOSE MODIFICATIONS 

Benzene Calçd 

79. 

Sample 
No. 

wt. in 
ben­

soene(a) 
( g.) 

Densi-
ty ~ 

Wt.~b) Thiosu.l­
in Air phate{c) 

( g. ) (ml. ) 
Accessi­
bility(d) 

Water-swelled cellulose (Expt. 400) 

1 
2 
3 

0.1317 0.8872 21.5 0.3004 
0.1207 0.8872 21.5 0.2774 
0.1166 0.8871 21.6 0.2660 

0.16 
0.11 
o.o8 

0.18 
0.13 
0.10 

av. = 0.14 t'0.04 

Cellulose Hydrate I (Expt. 368} 

1 0.2163 0.8767 22.0 0.4712 1.41 0.983 
2 0.2427 0.8767 22.0 0.5285 1.55 0.976 
3 0.2036 0.8767 22.0 0.4436 1.29 0.967 
4 0.2554 0.8763 22.3 0.5552 1.66 0.991 

av. = 0.979 ± 0.012 

Cellulose Hzdrate II 'E~t. 354l 

(a) 

(b) 

(c) 

(d) 

1 
2 
3 
4 
5 

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.B 0.4271 2.09 1.65 
0.2069 0.8765 22.2 0.4502 2.19 1.64 
0.1729 0.8765 22.2 0.3762 1.86 1.66 

av. = 1.67 t 0.04 

Weight of vial end sample in benzene {about 8 g.) minus 
weight of vial in benzene. 
Assuming the density: Expt. 400 - 1.562; Expt. 368 - 1.621; 
E.xpt. 354 - 1. 623. 
Normality: Expt. 400 - 0.1025; Expt. 368 - 0.1025; Expt. 
354 - 0.1045. 
Atoms of oxygen per glucose unit after oxidation at 20° 
for 30 minutes. 



Sample 
No. 

TABLE XXII 

CHROMIUM TRIOXIDE ACCESSIBILITIES 
OF VARIOUS CELLULOSE MODIFICATIONS 

Wt. in 
Ben­
zene(a} 

( g.) 

Benzene 

Denei-
tz °C. 

Cal cd~ 
wt.(bJ fhioeul­
in Air phate(c) 

{ g.) {ml.} 

Cellulose Hydrate II {Expt• ~80) 

1 
2 
3 

0.1294 0.8755 2~.1 0.2812 
0.1374 0.8755 22.9 0.2987 
0.1601 0.8755 22.9 0.3480 

1.47 
1.55 
1.86 

Accessi­
bility(d) 

1.73 
1.71 
1.76 

av. • 1.73 ± 0.03 

Cellulose Hydrate II (Expt. 410) 

1 
2 
3 

0.2042 0.8767 22.0 0.4516 
0.1999 0.8767 22.0 0.4422 
0.1962 0.8773 21.4 0.4345 

Cellulose Hydrate II {Expt. 430) 

1 
2 
3 

0.1004 0.8765 22.2 0.2133 
0.1140 0.8771 21.6 0.2424 
0.1474 0.8771 21.6 0.3134 

Cellulose Hydrate II (Expt. 450) 

1 
2 
3 
4 

0.1266 0.8775 21.2 0.2766 
0.1389 0.8775 21.2 0.3035 
0.1308 0.8775 21.2 0.2858 
0.1167 0.8775 21.2 0.2550 

Cellulose Hydrate II (Expt. 460) 

0.1308 0.8782. 20.5 0.2851 

1.39 
1.28 
1.25 

1.04 
0.98 
0.97 

av. = 1.00 ± 0.04 

0.20 
0.28 
0.30 

0.32 
0.40 
0.33 

av. = 0.35 ± o.os 

0.67 
0.77 
0.73 
0.30 

0.82 
0.85 
0.86 
o.4o(d) -

av. = o.84 ± 0.01 

1.65 1.95 

80. 

• • • • • • 



Sample 
No. 

TABLE XXII ( Cont' d) 

CHROMIUM TRIOXIDE ACCESSIBILITIES 
OF VARIOUS CELLULOSE MODIFICATIONS 

wt. in 
Ben­
zene(a) 

( g.) 

Benzene 

Densi-
ty ~ 

Cal9d, 
wt. ( b' 
in Air 

( g.) 

Thiosul­
phatelc) 

(ml.) 

Cellulose Hydra~e II (Expt. 470) 

0.1179 0.8729 25.5 0.2551 1.37 

Accessi­
bilitz(d) 

1.81 

(a) Weigot of vial and sample in benzene (about 8 g.) 
minus weignt of vial in benzene. 

81. 

(b) Assuming the density: Expt. 380- 1.622; Expt.410-
1.600; Expt. 430 - 1.656; Expt. 450 - 1.6181 Expt. 
460 - 1.623; Expt. 470 - 1.623. 

(c) 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 DeterJB1nation 
or Total Cellulose 

The procedur8 of Launer (112) was assessed using unmer-

eerized linters and the oxycellulose recovered arter oxidation 

with chromium trioxide. The sample (0.3 g.) was dissolved in 

75 ml. of 12 molar sulphuric acid and 25 ml. or potassium di­

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

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

heated at 140-150°0. for 10 minutes, cooled and made up to 500 ml. 

A11quot• of 25 ml. were thsn titrated iodometrically with 0.1 H 



thiosulphate. The equivalent weight or the anhydroglucose unit 

was taken as 162.1 sine• CSH1o05 + 6 02 6 C02, + 5 H20, 
24 

so that one ml. of dichromate oxidized 0.0124 g. or cellulose. 

If 21.96 ml. were consumed in the oxidation of 0.3 g. of cellu-

lose then the saœple eontained 21.96 x 0.0124 x lOO = 90.8% 
0.3 

cellulose. 

Representative resulta from the oxidation of cotton 

linters are reproduoed in Table XXIII. 

Sample 
Weigb.t 

0.2981 
0.2920 
0.2834 

0.2830 
0.3594 
0.3054 

TABLE XXIII 

LAUNER OXIDATION OF DEWAXED, 
AIR-DRIED COTTON LINTERS 

Launer 
Moi sture Cellulose 

<%> <%> 

4.88 94.05 
4.88 95.06 
4.88 95.51 

4.88 94.89 
4.41 95.20 
4.88 93.65 

Re co very 
<%> 

98.93 
99.94 

100.39 

99.77 
99.61 
98.53 

The possibility 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 investigated. After the acoessibility 

e:stimation 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 tibers were then dried and subjeoted to the 

potassium diehromate oxidation, using appropriate amounts of 

reagents. The resulta given in Table XXIV include the amount 

of cellulose oxidized by Chromium trioxide • 

Sample 
llo. 

1 
2 
3 

4 
5 
6 

TABLE XXIV 

ESTIMATION OF CELLULOSE BY OHROMIUM TRIOXIDE 
ABD LAUNER OXIDATIONS 

Weigb.t of Total Cellulose Weight Acoessi- Oxidized bi Oxidized(o) 
(a) bilit,. Cellulose 
( g.) (b) Or.~(~) !20r2<>, ( g.) 

0.5172 1.01 0.0436 0.4197 0.4633 
0.3671 1.16 0.0356 0.2902 0.3258 
0.5670 1.10 0.0520 0.4471 0.4991 

0.4174 1.19 0.0413 0.3187 0.3600 
0.4704 1.28 0.0502 0.3881 0.4383 
o. 4753 1.44 0.0573 0.3731 0.4304 

(a) Oorreoted tor moisture content and alkali 
solubles after swelling. 

(b) 

Weight 
Aooounted 

for 
(}() 

89.5 
88.7 
88.2 

86.4 
92.2 
90.6 

Atoms of oxygen per glucose unit atter 30 
minutes of Chromium trioxide oxidation at 20°0. 

(o) Total of eolumns 4 and 5. 

(d) Cale. on basis ot 12 atoms of oxygen required to 
oxidize one glucose unit. 



Determination of the Densities of 
Various Cellulose Modifications in 
Benzene 

BI Fyenometer 

84. 

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 air which were difficult to displaee. Later 

it was known that procedure of pushing the fibers througn the 

pycnometer orifice would have collapsed the structure. When 

applied to samples of a single cellulose hydrate II (Expt. 354) 

densities ranging from 1.38 to 1.71 were obtained. 

BI Hydrostatie Balance 

The densities were finally deter.mined in benzene by 

the procedure used by Her.mans for the deter.mination of the den­

sity 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 books, one for attaehment to the knife edge stirrup, 

the other to provide a means of suspension of the object to be. 

weighed. A lOO 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-ineh space 

beneath the counterbalanoe. The baskets in whioh the fibrous 

samples were weigned were tared 90 x 15 mm. glass vials having 

ground-glass female oovers. These vials were suspended from 

the eounterbalanc• by a single strand of NiChrome wire, th• 



lower section of whiah formed a tight circle to hold the vial. 

The vial, without cover, was then ~ersed in benzene, weighed 

and the temperature of the benzene read to the nearest O.l°C. 

The vial and wire were then unhooked and suspended in other 

benzene eontaining 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 

cellulose 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 weignings, the vial weigot then be­

came inaecurate and the sample had to be discarded. In order 

to overcome the laek of a constant temperature room, in later 

experimenta, one vial was calibrated and used in all weighings. 

However this procedure also led to noticeable error since 

small partiales of cellulose adhered in subsequent transfer to 

the second vial in whieh 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 plaeed in a vaouum 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 

• 



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 lOO mLbeaker 

holding 4 vials. The annular gap was then packed quite tigntly 

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 cotton. 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 fir.mly into place. The vials and the uncolored and 

presumably uncontaminated fibers were then weigned. 

The density of the cellulose was then calculated from 

the equation 

= 

where = density of the cellulose, 

db = density of the benzene, 

~ = bone dry weigb.t of the sample 

and G2 = weigb.t of the sample in benzene. 



Detailed examples of the method are in Table XXV, 

XXVI and XXVII. 

87. 

Conversely, sinee ~ = , if the density 
de - db 

of the cellulose was known, the cellulose content of samples 

wet with benzene could be deter.mined without subjecting the 

fiber to drying proeesses, by weighing the sample in benzene. 
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TABLE X:X:V 

DENSITIES OF VARIOUS CELLULOSE MODIFICATIONS IN BENZENE 

Sample 
No. 

Weight 1n 
Benzene(a) 

( g. ) 

Benzene 

Den­
~ sit:y 

Water-swelled eellulose (Expt. 400) 

l 0.2697 24.3 0.8742 
2 0.2500 24.0 0.8745 
3 0.1085 20.5 0.8785 
4 0.1468 20.5 0.8785 
5 0 .. 1297 20.5 0.8785 
6 0.1542 20.5 0.8785 

Cellulose Hydrate I (E:xpt. 368) 

l 0.3242 23.3 o. 8753 
2 0.2670 21.7 0.8770 
3 0.1888 20.0 0.8788 
4 0.2168 21.8 0.8769 
5 0.2053 21.9 0.8768 
6 0.2704 20.0 0.8788 

Cellulose Hydrate II (E.xpt. 354} 

1 0.1918 22.8 0.8758 
a 0.1808 22.8 0.8758 
3 0.2121 22.8 0.8758 
4 0.1514 22.2 0.8765 
5 0.1697 20.0 0.8788 
6 0.1399 22.6 0.8760 

Dry 
Weight(b) 

( g. ) 

o. 6135 
0.5671 
0.2477 
0.3363 
0.2962 
0.3521 

av. 

0.7066 
0.5991 
0.4113 
0.4727 
0.4463 
0.5899 

av. 

0.4163 
0.3900 
0.4605 
0.3295 
0.3702 
0.3062 

av. 

Density 
(calcd.) 

1.560 
1.564 
1.562 
1.559 
1.563 
1.563 

= 1.562 * o.oo3(c) 

1.618 
1.619 
1.625 
1.620 
1.622 
1.623 

= 1.621 t o.oo4(d) 

1.524 
1.632 
1.624 
1.622 
1.623 
1.613 

= 1.623 ± o.olo(e) 

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

(b) Dried for 30 hours at 105° and l mm. of pressure. 
(c) Other determinations: 1.574; 1.578; 1.595 (all disearded). 
(d) Other determinations: 1.613; 1.630; 1.620; 1.627 
(e) Other deter.minations: 1.623; 1.623; 1.653. (last discarded). 
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TABLE XXVI 

DENSITIES OF VA.RIOUS CELLULOSE MODIFICATIONS IN BENZENE 

Benzene 
Weigb.t in Dry 

Sample Benz•ne(a) Den- Weigbt(b) Density 
No. ( g.) oc, sit:r ( g.) (ealcd.) 

Cellulose Hydrate II (Expt, 380) 

1 0.1246 19.8 0.8791 0,2'725 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 t 0.007 

Cellulose Hydrate II (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 21.1 0.8776 0.4179 1.594 
4 0.1843 21.5 0.8772 0.4071 1.603 

av. = 1.600 t o.oo7(c) 

Cellulose Hydrate II {Expt, 430) 

1 0.1753 21,5 0.8772 0.3769 1.646 
2 0.1414 21.6 0.8771 0.3005 1.656 
3 0.1509 21.6 0.8771 0.3195 1.662 
4 0.1580 21,'7 0.87'70 0.3346 1.662 

av. = 1.656 t 0.010 

Cellulose Hydrate II {Expt. 450) 

1 0.1833 21.8 0.8769 0,3987 1.623 
2 0.2036 21.6 0.8771 0.44Z7 1.621 
3 0,2360 21.5 0.8772 0.51'71 1.614 
4 0.1988 21.6 0.8771 o. 4351 1.615 

av. = 1.618 t 0,004 

(a) Weigbt of vial and sample in benzene (about 8 g.) 
minus weigbt of vial in benzene, 

(b) Dried for 30 hours at 105° and 1 mm. pressure. 
(c) Other determinations: 1.607; 1.598; 1.605, 
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TABLE XXVII 

DENSITIES OF VARIOUS CELLULOSE MODIFICATIONS IN BENZENE 

Benzene 
Weigb.t fn Dry 

Sample Benzene a) Den- Weigb.t .. Denaity 
No. (g.) oc. sity ( g. ) (cal cd.) 

Cellulose Hldrate II ~Eaœt. 380l 

1 0.1251 22.7 0.8759 o.2829(a) 1.570 
2 0.1629 22.7 0.8759 0.3667(&) 1.576 
3 0.2123 22.7 0.8759 0.4782(&~ 1.575 
4 0.1484 22.7 0.8759 0.3354(a 1.571 

av. -· 1. 573 :t o. 003 

Cellulose Hzdrate II ~E~t. 410l 

1 0.1966 22.7 0.8759 0.4458(&) 1.567 
2 0.1884 22.2 0.8764 0.4246(&) 1-.576 
3 0.2127 22.6 0.8761 0.4795~&~ 1.575 
4 0.2003 22.7 0.8759 0.4504 a 1.577 

1.574 * 0.007 

Cellulose Hzdrate II ~E!Et• 410l UnErotected 

1 0.1884 22.5 0.8761 0.4166(b) 1.599 
2 0.2026 22.7 0.8759 o. 4527~b ~ 1.585 
3 0.1966 22.7 0.8759 0.4458 b 1.567 
4 0.1884 22.2 0.8764 o. 4246( b) 1.576 

av. = 1.582 :t 0.017 

(a) Samples dried to constant weigb.t at 65° and 1 mm. 
pressure under protection from contaaination. 

(b) Samples dried to constant weigb.t at 105° and 1 ~ 
pressure witb.out protection from contamination. 



Methylation of Cellulose 

Preparation of Thallous 
Ethylate Solution 

91. 

The method of Assar, Haas and Purves (56) was modified 

slightly. The 500 ml. Erlenmeyer flask used in this procedure 

had a side ar.m with stop-cock and was completel7 covered with 

black electrician•s tape to prevent access of light. The 

24/40 top opening was stoppered with a ground glass joint hav­

ing a bubbling tube whiah extended to the bottom of the flask. 

The joints were lubricated with Dow Corning silicone grease to 

prevent "treezing" under the action of the strong alkali. To 

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

sliced thallium metal from whirih most of the oxide layer had 

been removed by scraping. After adding 250 ml. of absolute 

ethanol, the bubbler was tied fir.mly in position and a rubber 

balloon, filled with oxygen, fitted tigbtly 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

cook opened and the thallous ethylate solution expelled into a 

500 ml. brown bottle covered with black tape. The last tew ~. 

sometimes contained a brown sludge and were disearded. The 

thallous ethylate - ethanol solution was then chilled overnignt 

at -5°C. during Wh1Ch tt.e 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 bad been prepared. This solution 

was now added to the thallous ethylate crystals, chilled and 

the cycle continued until a considerable quantity of crystal­

lina thallous ethylate was on hand. After the crystals had 

been drained from ethanol as well as possible they were dis­

solved in arihydrous benzene and the strength of the solution 

found by titration with standard aeid. The concentration was 

then adjusted to about 0.5 N by dilution with anhydrous benzene. 

After approximately 15 ~cles the accumulated contamination in 

the mother liq~ors 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 

Triplicata small samples (0.05 - 0.2 g.) of the 

swollen cellulose stabilized in benzene were weigbed on the 

hydrostatic balance and quantitatively transferred to the s•ll 

porous eups used by Assat, Haas and Purves (56) in similar ex­

perimenta. The cella, taped to preTent access of light and each 

containing three cups (see Fig. 15) were then filled with o.5N 

thallous ethylate in benzene. A.fter standing in the dark for 

24 hours at room temperature the depleted solution was sucked 

off througn the stopcock (3) and replaeed with frean o.s N 

thallous ethylate. When a turther 48 hours had elapsed the 

solution was withdrawn as before and the thallated cellulQse 

washed with 5 volumes of anhydrous benzene at one hour intervals 
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with a minimum e.xposure to light and with a sparing use of the 

water pump. The &amples were then prepared for methylation by 

adding to eaCb cell 15 ml. of benzene containing a large excess 

(3 ml.) of freahly distilled methyl iodide. T.he large ground 

glass stopper of each cell was then replaced with a standard 

taper reflux condenser titted with a calcium Chloride drying 

tube. After elosing the stopcocks, the cella were immersed in 

a water bath maintained at 70° 1 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 iodide solution removed. After 4 waShings with benzene 

at one hour intervals the eells,filled with benzene, were 

heated at 70° for one hour to leach out the last traces of 

methyl iodide, 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 weight. The contents of eaCh eup were then trans­

ferred to stoppered vials, the enerusted cups weighed and the 

weignt of methylated cellulose and the thallous iodide conta­

minant obtained. Duplicata samples from eaCh vial were then 

removed and the methoxyl content determined using the factor 

Initial weigb.t ot cellulose .x Weight of metho:xyl sample 
Total weight of methylated material 

to gi ve the cellulosic content of each sample for the metb.o.xyl 

analysis. Resulta showed a high degree of reproducibility, all 

being in the range ! 2~ of average values; and it was not neces-



sary to perfor.m all six analyses' in most cases. The resulta 

of these determinations are given in Tables XXVII and XXIX. 

Evaluation of Methyl Chloride 
as a Methylating Agent 

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

thallous etbylate in benzene was added to a clean large thick 

walled Pyrex bomb of the Carius type, taped to exclude lignt. 

After eooling the tube in a dry ice chlorofor.m bath, approxi­

mately S 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 anowed 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°C. 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 lid ot 

the same diameter which had similar grooves. The extemal ver-

tical face of the eylinder was provided with threading onto 

which the outer U-shaped cover was screwed to its limit. The 

dome of this outer cover was pierced with a heavy threaded 

bolt, which, when tightened, exerted considerable pressure on 

the inner lid and thus made the grooved seal gas-tight. To 

the glass liner, of 80 m[. eapaeity, 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 
in Benzene Cal cd. 

dry At ter 
Weight Weigb.t(a) TlOEt-Mei 

eup (g.) ~ _(g.) --- _(&J 

Water-Swelled Cellulose (Expt. 400) 

Bot tom 0.0752 22.2 0.1714 0.4843 

Middle 0.0493 22.2 0.1123 0.3262 

Top 0.0412 22.2 0.0939 0.2817 

Cellulose Hydrate I (Expt. 368) 

Bot tom 0.0627 22.3 0.1365 0.6000 

Middle 0.0358 22.3 0.0780 0.3575 

Top 0.0536 22.3 0.1167 0.5222 

Sample for OCH3 

Weight 
( g. ) 

0.0162 
0.0149 
0.0241 
0.0187 
0.0201 
0.0177 

0.0367 
0.0400 
0.0242 
0.0332 
0.0314 
0.0318 

Cel lu-
lose( b) 
_(mg. J 

5.74 
5.27 
8.31 
6.48 
6.70 
5.90 

oœ3 (c) 

( ~) 

8.98 
•••• 
9.10 
• • • • 
9.00 
9.10 -

+ av. = 9.04 - 0.06 

8.35 14.9 
9.11 14.6 
5.28 14.8 
7.24 14.9 
7.01 14.6 
7.10 ~ 

av. = 14.7 :t o.2 

•••••••• co 
01 • 



TABLE XXVIII (Cont•d) 

THALLATION-METHYLATION OF VARIOUS CELLULOSE MODIFICATIONS 

Sample Sample ror OŒ3 
in Benzene Cal cd. 

dry Mt er Ce11f- oœ3< e) Weight Weight(a) TlOEt-Mei Weight lose b) 
Cup _ {g~J- ~ _(&1 -- __ .l& ) __ (g. j __ (:tn_g.)_ - - __ _(_~) 

Bot tom 0.0515 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 

Top 
0.0212 4.48 16.9 

0.0282 22.3 0.0613 0.2968 0.0232 4.79 16.3 
0.0208 4.29 17.1 

av. • 17.1 * o.s 

(a) Caleulated using the density or benzene at temperature of weighing, 
the respective cellulose density: 400 - 1.562; 368 - 1.621; 354 -
1.623 and data in Column 2. 

(b) Ca1aulated from Columns 5 and 6. 

(a) Thiosulphate in final titration was 0.03356 N. 

co 
en 
SD 



TABLE XXIX 

THALLATION-METHYLATION OF VARIOUS CELLULOSE MODIFICATIONS 

Sample Sample for OŒ3 
in Benzene Ca1cd. 

dry After Cel lu-
o~(c) Weigbt Weigbt(a) TlOEt-Mei Weight lose(b) 

eup. (g~J ~ ~L~~- _ _l&) ___ (_g.L (mg.}~ 1_-

Cellulose Hydrate II (Expt. 380) 

Bot tom 0.0:32" 22.3 0.0705 0.3588 0.0269 5.28 17.5 
0.0327 6.42 17.3 

Middle 0.0390 22.3 0.0849 0.4286 0.0332 6.58 17.9 
0.0318 6.30 17.6 

Top 0.0473 22.2 0.1030 o. 5314 0.0313 6.07 17.6 
0.0188 3.64 17.7 -

av. = 17.6 ± 0.3 

Cellulose Hydrate II {Exet. 410) 

Bot tom 0.0554 21.2 0.1227 0.5199 0.0350 8.26 16.9 
0.0335 7.90 17.2 

Middle 0.0567 21.2 0.1256 0.5162 0.0447 10.9 16.5 
0.0325 7.90 16.4 

Top 0.0665 21.0 0.1473 0.5978 0.0509 12.5 16.2 
0.0501 12.3 16.3 -

av. • 16.6 ± 0.6 co 
()) 

• 

• • • • 
~ . ...; __:_ ~· ·~· · __ ._, 
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TABLE XXIX ( Oont'd) 

THALLATION-METHYLATION OF VARIOUS CELLULOSE MODIFICATIONS 

Sample 
in Benzene 

oc. -

Cal cd. 
dry 

Weight(a) 
( g.) 

After 
TlOEt-Mei 

(g.) 

Sample for OOH3 

Weight 
L&l 

OellV:­
loselb) 

(mg.) 

oOH3 (o) 

_(%} 

Cellulose Hydrate II {Expt. 430) 

Bot tom 0.0328 22.2 

0.0467 22.2 

0.0697 

0.0992 

0.2860 0.0152 
0.0182 
0.0231 
0.0227 
0.0196 
0.0209 

3.71 
4.44 
5.49 
5.39 
4.16 
4.44 

12.1 
11.8 
13.0 
11.2 
14.2 
14.3 

Middle 0.4177 

0.5122 Top 0.0512 22.2 0.1088 

av. = 12.8 t 1.6 

(a) Oalculated 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 Oolumn 2. 

(b) Oaloulated tram Columns 5 and 6. 

(c) Thiosulphate in :final titration was 0.03356 N. 

co 
0) 
JI:! 
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were then eooled 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 a 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 b~ 

dissolving 5 g. of thallous sulphate in 10 ml. of 10% sulphuric 

aeid and adding excess of 20% potassium iodide solution. The 

dense orange precipitate was reoovered, washed and dried. 

A 1.2534 g. sample was added to 0.5430 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 diluted at 475 ml. and heate.d under reflux for 48 hours. 

T.he solution was then neutralized with barium carbonate and 

filtered. A 5 ml. aliquot showed the solution to have a 

Shaffer-Somogyi alkaline copper reduoing power equivalent to 

0.1062 g. of glucose. From the remaining 510 ml. of solution, 

0.4588 g. of clear syrup (MeO, 8.07, 8.04%) was obtained by 

evaporation and drying. This syrup was equivalent to a recovery 

of 85.4% on a weight basis but to only 65% on a methoxyl basie. 
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Large-Seale Thallation 
and Methyla ti on (Fis. 21) 

The 250 ml. separatory funnel and the 725 ml. reaction 

chamber of the apparatus (Fig. 18) used in these experimenta 

were covered with black tape to exclude light during the thalla­

tion. Into the reaction vessel, whiCh would hold approximately 

20 g. of swollen cellulose without paeking, 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 througn stopcock D by 

passing in dry nitrogen under pressure through stopcock D with 

B closed. Stopcock D was then cloaed, 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 suo­

tion at c. After standing in the dark for 24 hours at room 

temperature in the olosed system, two 5 ml. aliquote of the 

depleted liquor were withdrawn from the central region of the 

fibrous mass and titrated. The residual nor.mality of 0.25 

indieated the reaction of 0.14 mole of thallous ethylate with 

the cellulose. The partially exhausted solution was expressed 

under dry nitrogen and replaoed with 450 ml. of 0.45 N (0.20 

mole) concentration. After a turther 10 hours at room tempera• 

ture, the titration of aliquote showed the solution to be 0.41 N. 

The maximum eonsumption of thallous ethylate was therefore 0.16 

mole. The slightly yellow fibers, now occupying approximately 

two-thirds of their original volume, were washed with four 

450 ml. volumes of atihydrous benzene at 30 minute intervals. 
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T.he more concentrated liquors were atored in the cold 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 whiah had a calcium chloride tube 

proteoting the top opening. The mixture was heated at reflux 

on a water bath for 90 minutes, cooled to room temperature and 

the benzeri~, containing the exeess dimethyl sulphate, was then 

sueked into a large filter flask. The partially methylated 

cellulose was now impregnated with white thallium salta, the 

space occupied had decreased eonsiderably but mueh of the fi­

brous character was retained. T.hese white solide were washed 

with four 450 ml. portions of anhydrous benzene and dried !e 

vaeuo overnight over phosphorus pentoxide and paraffin chips 

at room temperature. The dry weight was •7.0 g. 

In an almost identical experiment 18.3 g. (0.113 mole) 

of cellulose hydrate II (Expt. 470) having an accessibility of 

1.81 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 5Z 

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

for 90 minutes. After removal of the benzene solubles, 70.7 g. ot 

vacuum dried degraded white powder was obtained. 

In the subsequent proeessing 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 ror experimental 

details. Essential data for 470 will appear in brackets. 

Benzene Soluble Fraction 'l'o the 2. 5 li ters ot s omewha t 

brown benzene solution was added a alurry 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 ot 

exeess barium carbonate. The solids were then removed by fil­

tration and discarded. The filtrate was extraeted with six 

lOO ml. volumes of redistilled Chlorofor.m but with considerable 

diffioulty since mixing of the phases produced a rather stable 

m11ky emulsion that was not broken by heat, cold, electrolytes 

or by the addition of SOllle other solvents. 'l'he emulsion when.· 

centrifuged, however, at 3000 r.p.m., divided into three layars. 

The clear, Chlorofor.m layer was pipetted off and retained and 

the operation repeated 4 times. cautious vacuum distillation 

of the middle jelly-1ike 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 su1phate contain­

ing a little thallium methylsulphate. 

The Chlorofor.m soluble material was recovered atter 

distillation of the solvent, as a 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 inorganic salts by passage througn 

..1 
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Amberlite ion exehange resins IR 120 and IRA 410. The neutral 

effluent was evaporated in a tared lOO ml. round bottom flask 

and dried to constant weight at 60° under 2 mm. The yield ot 

0.5715 g. of clear, friable thallium-free solid (MeO 37.101 37.10) 

was distributed in the proportion of the original material 

(Expt. 460 1 0.168 g.; Expt. 470, 0.404 g.). 

Benzene Insoluble Material The 47.0 g. of benzene extraeted, 

dried solids (Expt. 470, 70.7 g.) were re-extracted with arihy­

drous methanol in a 250 ml. SoXhlet extractor. The readily 

soluble acidic extractives were neutralized at once by 5 g. ot 

solid barium carbonate whieh was present in the distilling flask. 

Since the heavy precipitate caused severe bumping, the contents 

of the flask were replaced with fresh anhydrous methanol after 

one hour. Atter 24 hours• extraction, the contents of the ex­

traction thimble were dried ~ vaeuo at room temperature to a 

constant weight of 8.31 g. (Expt. 470, 16.98 g.). The methoxyl 

content of the white mixture or fibers and powder was 17.21 

16~7% (Expt. 4701 9.12 1 8.95%). 

Methanol Soluble Fraction• 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 discarded. The neutral filtrate was 

then extracted with six lOO ml. volumes of chloroform but with 

considerable difficulty. On agitation an emulsion was formed, 

that was completely stable tor 48 hours and was not broken by 



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 Chlorofor.m layer was withdrawn by pipette and counter 

extracted with water. The Chlorofor.m soluble materials, re­

covered as a white flecked syrup by evaporation were then dried 

to constant weight at 60° !a vacuo. This syrup (0.1378 g.} 

contained mueh thallium and was united with similar extracts 

from E~t. 470 (0.4336 g.}. 

The residual contents ot the centrifuge tubes and the 

aqueous washings of the ehlorofor.m extract were united and freed 

of chlorofor.m 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 approx~ately 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 considerable amount of White solids, was dried to constant 

weight ln vacuo at 60° atter 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-exahange columns until neutral 

and free from thallium. Ai' ter evaporation of the wa ter and dry­

ing of the residue to constant weight at 60° !! vacuo, 1.2568 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 ter.med 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 

ma te rial charred and frothed on drying in the vacuum oven and 

the remains weighed 39.62 g.). 

When the thallium-containing solids had been dissolved 

in water, freed of inorganic salta by ion-exchange, the organic 

matter was isolated and dried to a colorless, transparent, tougb 

film (2.3015 g.) having a methoxyl content of 29.43, 29.41%. 

Methanol Insoluble Material A weigh.ed amount of the white 

semi-fibrous powder (8.31 g.) was plaeed 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 in 4 litera 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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this was replaeed with fresh distilled water at the end of eaan 

12 hour period. After 84 hours of dialysis, no positive test for 

thallium was obtained on aliquota both from the dialyaate and 

from the solution within the sac. After a further 24 hours ot 

dialyaia, the contenta of the sac were filtered through a tared 

aintered glass funnel with little di.fficulty. The insoluble 

portion was washed wall with water and dried at 105° and 2 ~ 

pressure to constant weight. The product (7.58 g.) was a 

translucent, tibrous almoat unbreakable diak 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 lOO ml. flask with the aid of a gentle jet of compressed 

air. After drying to constant weight at 60° under high vacuum, 

a tough, transparent thallium-free film (0.5444 g.), having a 

methoxyl content of 26.18, 26.60% was obtained. 

The highly colloidal material remaining in the sac 

arter the dialysis in Expt. 470 (16.98 g.) was extremely diffi­

cult to .filter but was divided into 1.4692 g. of water soluble 

friable tibers containing 15.74, 15.77% methoxyl, and a water 

insoluble fraction weigning 9.42 g. (methoxyl 12.30, 12.32%) 

whieh could be crushed in a mortar. 

The eombined dialysate {32 litera) was evaporated 

quickly over a Meeker burner with the help of air jets. The 

incrustation of white thallium salt8 was waahed before trans-
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ferring the concentrate to a tared lOO ml. flask for further 

concentration at 60°. The product remaining after drying ~ 

vaouo at 60° was a moist colorless gel, weighing o.562li., 

whieh contained thallium. This 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 conoentrated in 

a tared flask and dried at 60° !a vacuo to a tenaoious gel 

weighing 1.3217 g. and witn a metho~l content of 23.80, 24.78%. 

This was distributed between Expt. 460, 0.4900 g., and Expt. 470 1 

0.8317 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 {1.2 g.} were sealed 

in Pyrex tubes each eontaining 25 ml. of 1.37% hydrogen ehloride 

in anhydrous methanol. The tubes were inserted in small steel 

bomba with a oushion of methanol and were rotated for 7 daya at 

128° in a special constant temperature bath (117}. The undis­

solved material remaining arter this treatment was recovered 

and washed with methanol in tared sintered glass .t'ilter eupa. 

The dry mass eonsisted of undegraded fibers mixed with an appre­

ciable amount of brown thallium salta. (Methoxyl content, Expt. 

460, 5.32, 5.34%; E.xpt. 470,. 4.56, 4.37~). 
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The brown methanol fil~~ate was passed th~ough ion 

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

thallium free. When concentrated and dried at room temperature 

~ vacuo over phosphorus pentoxide a 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 

E!Et• 460 

Weigb.t Metho:xyl Methoxyl 
( g.) ( %> ( g.) 

Methanolysis product: insoluble 0.8602 5.33 0.046 
soluble 1.4069 34.52 0.485 

Total recove17 2.2671 0.531 

Methyl cellulose sample 2.3836 16.39 0.391 

Ex:et. 470 

Weigb.t MethoX7l Methoxyl 
( g. ) {%) ( g.) 

Methanolysis product: insoluble 1. 7418 4.46 0.078 
soluble 1.3914 34.30 0.478 

Total re co veey 3.1332 0.556 

Methyl cellulose sample 3.7022 12.31 0.456 
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Tosylation of Methylated Celluloses 

The tosylation of the partially methjlated cellulose 

fraction from Expts. 460 and 470 and of the methylated methyl 

glucosides from their water insoluble fractions was carried 

out by a modification of the procedure of Mahoney and Purves 

(92). Small samples (0.15- 0.50 g.) of these dissimilar 

products were dissolved or swollen in anhydrous pyridine 

(2 ml. per 0.1 g.) at room temperature until the most insoluble 

specimen no longer seemed to swell. p-Toluene sulphonyl ohlor­

ide (tosyl ehloride), purified to the correct melting point by 

two recrystallizations from ether, in a ratio of 12.5 moles 

per mole of free hydro:xyl group in the sample, was dissolved 

in anhydrous pyridine (2 ml. per g. of tosyl Chloride). The 

tosyl ehloride solution was then added to the sample at appro:z:­

imately 5°C. These solutions were then allowed to stand for 

12 hours at 22 t 1°, those containing undissolved material being 

continually tumbled during this period. The brown solution• 

were then "drowned" in 300 ml. of ioe eold water oontaining 10% 

of acetone and were allowed to stand for a minimum time of one 

hour. 

The solubility of the product decreased with deerease 

in the metho.xyl c~ntent of the original material: the higbly 

methylated samples giving solutions, those of intermediate 

methoxyl content giving unfiltrable gums, while those contain­

ing the least methoxyl produced filtrable solids. Depending on 

its Qharacteristics, the product was then isolated by extraction, 
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filtration, or a combination of these techniques, and analysed 

for methoxyl content. The solids were recovered in tared sin­

tered glass filter crucibles, were washed with acetone-water 

and dried to constant weight. In extractions the aqueous solu­

tion was shaken with four 75 ml. volumes of benzene. The ben­

zene extract was then washed twice with 50 ml. of 10% hydro­

chloric acid, twice with 50 ml. of saturated sodium bicarbonate 

solution and with water. The aqueous solution was then re­

saturated with Chlorofor.m, hydrochloric acid, and bicarbonate 

in the same mannar. The eombined benzene and ehloroform ex­

tracts were evaporated and the residues dried at room tempera­

ture over phosphorus pentoxide !a vacuo 

Iodination of Tosylated Products 

The iodination of the tosylated products was earried 

out by the procedure of Mahoney and Purves (92) with acetonyl 

acetone as the solvent for the sodium iodide with the exception 

of the methyl methylglucoside in which acetone was used (95). 

To 0.2-0.5 g. samples was added 25 ml. of a solution 

of 250 ml. of redistilled acetonyl acetone containing 10 g. of 

sodium iodide. After heating the mixture for 2 hours at 117°, 

the brown liquid was poured into 200 ml. of ice cold water­

acetone (10-1). The solubilities of the iodinated products were 

similar to those of the parent tosylated methyl celluloses and 

the isolation was completed in the same mannar. The removal of 

acetonyl acetone products that had to be recovered by extraction 



llO. 

was at 80° and 2 mm. pressure and gave brown syrups. The methyl 

methylglucosides iodinated in acetone were extracted with ben-

zene and chlororor.m and were also back-extracted with 1 N sodium 

thiosulphate. All products were then analysed for methoxyl 

content and iodine content. 

Periodate Oxidations of partly 
Methylated Celluloses 

The various fractions from Expts. 460 and 470 and of 

the methylated me thyl glucosides from their non dialysable, wa ter 

insoluble constituants were oxidized with periodate according 

to Mahoney and Purves (92). Small samples (0.05-0.15 g.) were 

weighed into 50 ml. volumetrie flasks and dissolved or swollen 

with 5 ml. of distilled water. After 24 hours the flasks were 

filled with a solution of 0.05 M sodium paraperiodate containing 

22.2 ml. of acetic acid per liter (i.e., pH 4) and maintained 

at 21 * 1° during the reaction period. At intervals, 5 ml. 

aliquots of the solution and the blank were removed and titrated 

with 0.01 N sodium arsenite as originated by Fleury and Lange and 

described by Jackson (118). This titration depended on the fact 

that at 20° and pH 9, the periodate ion, but not the iodate ion 

formed in the oxidation, was capable of oxidizing arsenite to 

ars ena te. 

I0,4 + As0;3 

When excess of arsenite was added, titration of the unoxidized ex­

cess with standard iodine made it possible to calculate the amount 

of periodate remaining at any time. In a typical experiment, an 

0.0665 g. sample of methyl cellulose of substitution 2.32, corre-

···' 
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sponding to 0.342 millimole of base molecular weight 194.5, was 

oxidized with 45 ml. of 0.05 M periodate in presence of 5 ml. 

ot water, under the same conditions as a blank solution contain­

ing 45 ml. of periodate and 5 ml. of water. After 60 hours an 

excess (i.e., about 50 ml.) of 0.01 N arsenite solution was added 

to a 5 ml. aliquot. The arsenite equivalent of the periodate 

aliquot was round to be 44.64 ml. by titrating with 0.01 N 

iodine. Similarly an aliquot of the blank periodate solution 

was equivalent to 46.15 ml. of 0.01 N arsenite. The difference 

(46.15- 44.64) of 1.51 ml. oorresponded to the periodate that 

had been reduced by the sample in that time. This amount was 

1 51 x 02°1 x 10 or 0.075 millimole for the entire sample, oorre­

sponding to 0.075 or 0.22 mole per mole of methylated cellulose. 
0.342 

The resulta of these oxidations are summarized in Tables XXXI, 

XXXII, XXXIII. 



TABLE XXXI 

OXIDATION OF PARTLY METHYLATED 
CELLULOSES WITH PERIODATE 

112. 

Methyl Cellulose Oxidation 

m. moles Base 
~ Mol. wt. m. moles Hours KI04 

Benzene Soluble Fraction 

2.32 194.5 0.0665 0.342 60 
84 

108 
156 
204 

Methanol Soluble Extractable Fraction 

190.5 0.1009 0.529 60 
84 

108 
156 
204 

Methanol Soluble Non-extractable Fraction 

1.77 186.8 0.0975 0.522 60 
84 

108 
156 
204 

Dialisate Fraction 

1.43 182.0 o.o850 0.467 60 
84 

108 
156 

0.075 
0.066 
0.065 
0.059 
0.063 

0.104 
0.102 
0.101 
0.104 
0.102 

0.082 
0.075 
0.072 
0.074 
o.o67 

1.49 
1.49 
1.48 
1.48 

Moles KI04 
per :mole 

0.219 
0.193 
0.190 
0.173 
0.184 

0.197 
0.193 
0.191 
0.197 
0.193 

0.157 
0.143 
0.143 
0.143 
0.128 

3.19 
3.19 
3.18 
3.18 



TABLE XXXII 

OXIDA TI ON OF P ARTLY MEIJRYLA TED 
CELLULOSES WI~ PERIODATE 

Methyl Cellulose Oxidation 

113. 

Base 
D. S. Mol. Wt. 

M. Moles Moles KI04 
g. M. Moles Hours KI04 per mole 

Non-dialysable, water soluble fraction 
(Expt. 460) 

1.57 183.9 0.0587 0.319 60 
84 

108 
156 
204 

Non-dialysable, 
(Expt. 460) 

water insoluble fraction 

0.94 175.1 0.0956 0.546 60 
84 

108 
156 
204 

Non-dialysable, 
~E!Et• 470l 

water soluble fraction 

o.89 174.4 0.1241 0.712 60 
84 

108 
156 
204 

Non-dialysable, 
(Expt. 470) 

water insoluble fraction 

0.69 171.7 0.1686 0.982 60 
84 

108 
156 
204 

0.158 
0.161 
0.159 
0.151 
0.156 

0.115 
0.132 
0.146 
0.174 
0.222 

0.255 
0.274 
0.265 
0.280 
0.288 

0.200 
0.235 
0.265 
0.300 
0.384 

0.445 
0.504 
0.496 
0.473 
0.489 

0.217 
0.242 
0.267 
0.318 
0.406 

0.358 
0.385 
0.372 
0.393 
0.404 

0.204 
0.239 
0.270 
0.306 
0.391 



TABLE XXXIII 

OXIDATION OF THE METHYL METHYLGLUCOSIDES WITH PERIODATE 

Methyl Methylg1ucoside 

Base 
~ Mol. wt. g. M. Moles 

From Non-dialysable Water Insoluble 
Fraction (Expt. 460) 

2.38 213.3 0.0995 0.469 

From Non-dialysable Water Insoluble 
Fraction (E:xpt. 470) 

2.19 210.7 0.0989 0.468 

Chain Length Distribution of a 
Partly Methylated Cellulose 

Oxidation 

M. Moles 
Hours KI04 

60 0.418 
84 0.427 

108 0.433 
156 0.452 
204 0.481 

60 0.475 
84 0.507 

108 0.470 
156 0,485 
204 0.504 

Moles KI04 
per Mole 

0.895 
0.914 
o. 928· 
0.967 
1.03 

1.01 
1.08 
1".00 
1.03 
1.07 

In the following investigation of the non-dialysable, 

water insoluble fraction from Expt. 460 1 the nitration, frao­

tionation and viscosity determinations with the derived curves 

were completed by Timell, then at Syracuse University and only 

the methoxyl determinations and the calculations based thereon 

were contributed by the writer. 
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Timell ~irst ground the hard horny methyl cellulose 

until it passed througb. a 40-mesh sereen. A~ter 3 days deying 

~ vacuo over phosphorus pentoxide at room temperature, the 

powder weighed 4.437 g. and had a methoxyl content o~ 16.38, 

16. 40. 

A sample (3.191 g.) was nitrated as described by 

Timell and Purves (119) in a mixture of phosphoric anhydride • 

phosphoric aeid - nitrie aeid (10:26:74}, prepared aeeording to 

the directions of Alexander and MitChell (120). When the almost 

clear solution, produced by 5 hours• nitration at approximately 

15°0. was poured into a saturated sodium chlaride - water solu­

tion at -6 °0. , the me thyl cellulose nitra te preeipi ta ted and 

was reeovered on a tared Pyrex glass ~ilter tunnel in whiah it 

was stabilized and dried (121}. The dry material (4.437 g. or 

yield of 139% by weight) had a methoxyl content of 8.28%. The 

methyl cellulose nitrate, 4.004 g., was dissolved in 200 ml. or 

acetone in a 500 ml. Erlenmeyer ~lask, fitted with a rubber 

stopper through whieh a stir.rer and a burette entered. Dissolu­

tion took place rapidly, indicating the very low D.P. o~ the 

sample. A slight haze persisted, and the insoluble material was 

ramoved by the centri~uge before the fractionation was started. 

It amounted to 35.3 mg. The real amount fractionated waa there­

by reduced by 35.3 mg. to 3.969 g. The fractionation which 

divided the methyl cellulose nitrated into 12 tractions was 

car.ried out as described by Timell and Purves (119). The total 

weight of the fractions, 3.765 g. correaponding to a yield of 
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95~ was a reasonable value. Timell then determined the viscosity 

of each sample in acetone, using an Ostwald viscometer whieh 

required 194 seconds for the efflux of the pure solvent. The 

kinetic correction of only 0.75%, ca1culated according to 

Schultz was always applied. The intrinsic viscosity was calcula­

ted from experimental data with the help of Huggin's equation 

and with the value {0.41) for k' found earlier by Timell and 

Purves {122) to be valid for methylated cellulose nitrates. 

For converting the intrinsic viscosity values to degree of 

polymerization, the formula D.P. = k [11] was used, in whioh 

kwas a constant amounting to about 100 for cellulose nitration 

in acetone at 25°C. These data appear in Table XXXIV while 

Table XXXV gives the data for the construction of integral 

weight - distribution curve (Fig. 24). Table XXXVI includea 

the methoxyl contents of the various fractions and their methox.yl 

degree of substitution calculated on the basis of a total substi­

tution of 2.90, whiOh value was obtained by Timell and Purves (123} 

quite consistently when methyl cellulos• was nitrated by thia 

procedure. 



TABLE XXXIV 

FRAGTIONATION OF METHYLATED CELLULOSE NITRATE 

Fraction Weight 
No.(a) (mg.) 

1 86.1 
2 355.5 
3 299.7 
4 445.3 

5 500.7 
6 370.2 
7 303.3 
8 407.2 

9 194.9 
10 217.9 
11 122.6 
12 461.1 

Total 3, 764.5 

Original 
Sample 

Mg. in 
lOO ml. 
Acetone 

43.6 
46.4 
51.3 
44.8 

55.4 
47.3 
47.2 
45.0 

73.2 
80.2 

100.4 
100.0 

65.8 

Time [Tl} 
(sec) 1lsp corr. 

239.5 0.2397 5.04 
216.5 0.1170 2.42 
213.6 0.1031 1.94 
206.8 0.0680 1.49 

205.1 0.0592 1.05 
202.3 0.0447 0.94 
201.2 0.0390 o.e2 
198.5 0.0251 0.56 

200.3 0.0344 0.47 
200.0 0.0328 0.41 
197.2 0.0184 0.18 
194.7 0.0055 0.06 

Average 1.09 

207.3 0.0706 1.05 

(a) The fractions are numbered from 1 to 12 
in the order in wh1Ch they were precipi­
tated, i.e., the most soluble fraction 
is number 12. 
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TABLE "XXXV 

DATA FOR INTEGRAL CHAIN LENGTH DISTRIBUTION CURVE 

Fractfo) 
No. a p~ n 2 P.6 n p 

1 12.23 12.23 6 
2 3.28 15.51 18 
3 5.78 21.29 41 

4 5.20 26.49 47 
5 10.78 37.27 56 
6 8.07 45.34 82 

7 9.83 55.17 94 
8 13.29 68.46 105 
9 11.83 80.29 149 

10 7.98 88.27 194 
11 9.44 97.71 242 
12 2.29 100.0 504 

(a) The order of numbering is the re­
verse of Table XXXIV. Here, num­
ber 1 is the most soluble fraction. 
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TABLE XXXVI 

VARIATION OF METHOXYL SUBSTITUTION WITH CHAIN LENGTH 
OF NON-DIALYSABLE 1 WATER INSOLUBLE FRACTION (EXPT. 460) 

Fraction Weight Methoxyl Methoxy1 Metho~l 
No. (mg.) (%) (mg.) n.s.(b ~ 

1 86.1 2.38, 2.41 2.07 0.22 504 
2 355.5 3.45, 3.47 12.28 0.32 242 
3 299.7 3.97, 3.99 11.94 0.36 194 

4 445.3 4. 42, 4.37 19.65 0.40 149 
5 500.7 5.51, 5.51 27.75 0.49 105 
6 370.2 5.87, 5.88 21.72 0.52 94 

7 303.3 7,04, 7.04 21.28 0.62 82 
8 407.2 8.72, 8.69 35.41 0.75 56 
9 194.9 9.85~ 9.81 19.15 0.85 47 

10 217.9 12.28, 12.35 26.84 1.03 41 
11 122.6 16.01, 15.98 19.60 1.30 18 
12 461.1 19.48, 19.50 89.90 1.54 6 

Total 
Recovery 3,764.5 307.59 

Original 
331.2(a) Sample 3,969.0 8.35 0.72 105 

(a)· With proportionate losa of weight in eaCh frac-
tion, 3,764.5 mg. should give 314.0 mg. methoxyl, 
therefore, 98% of methoxyl groups were accounted 
for. 

(b) Calculated on basis of total substitution of 2.90. 



RESULTS AID DIIOUSSIOM 

~· Preparation ot Qelluloae 
ot .IJ!9!!h Bip Aooea a1b1~;&!7 

llO. 

A'tent1on waa at tirat eontined to the prepa!"a.t1on 

in larger quanti t,.. ( 20 g. ) or a oelluloae tha t had hip ancl, 

1t poaeible, reproduoible aooeas1b1lity aa measured by oxida• 

'tion with ohro:aillll trioxide. Glegg (10) haà tound ~- whu. 

1 to fi g. ot obroailDD \riox1d.e 1 41aao1Yed in -&Jl aoetio acid -

aoetic anhydride waa in contact with 1 to 2 g. or ••lluloae at 

so•, the orldatio:n rate ourve becuae linear in about one hour 

and ooul.d be extrapola ted ba ok to sero tilDe qui te l&tilf&8MJI'i• 

ly after 3 hours to giTe values of aoceaa1bil1ty in ter.aa ot 

:mol el or ehrolllium tr-1ox1de reduoed pe7 gluooae unit. i'he1e 

n.luea agr•ed w1 thin t 10~ for aa.aplea of the a ame oell uloae 

and ranged from 0~01 tor drf ootton l1ntera to 0.7 tor awollen 

aamplea dlt1ed boa bensene. 'l'he awollen aaaples had been aer­

oerized in 1~ oauatio aoda at 0·5•o. tor 1 houra, neu\N.l1sed 

w1\h aoetio aeid, aolTent ex~ged 1nto bensene and 4rie4 trœ. 

bensene in vacuo. Xea;ya (17) notioed that ai!l1lar prepan\iol\1 _......,........, .. 
or oelluloae at111 oonta1aa8 ~anaene (0.61~). 

t1oat1on or ~· Glegg method ••an' 'that the :50 minute intercaep" 

ot the ~ate ourve was aocepted •• lhe aooeaa1b111t7 T&lue. ra-

" Jorgensen round 

the reproduoibility or the inte~oept aethod to be within t 6' 

w1 th~ . undried a&lllplea. 
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There were two known factors that might affect the 

position or slope of the oxidation rate curve and hence the in­

tercept or extrapolated value of accessibility; the firat being 

the slow reduction of chromium trioxide by the aoetic acid -

acetic anhydride noted by Gladding and Purves (83); and the 

second the unknown affect of banzene in the samples. The affect 

of the solvant on chromium trioxide is given in Tables XIV and 

XV and in Plots I and II in Fig. 19, whiah show that the rate 

of reduction was dependent on, and almost directly proportional 

to, the concentration of Chromium trioxide for 48 hours at least. 

Plot I shows that when 1.01 g. (10.1 m. moles) of chromium 

trioxide was dissolved in 200 ml. of acetic acid - aeetic an­

hydride (4 vols. to 1 vol.) at 20°0., the rate of reduction 

was 0.016 m. moles per hour. FOr Plot II, 1n which the initial 

concentration was almost doubled (19.6 m. moles) 0.024 m. mole of 

the ohromium trioxide was reduced per hour. Since the rate was 

the same at all times, the imposition of this reaction on the 

cellulose oxidation increases the slope of the later linear por­

tion of ths cellulose oxidation curve but not its extrapolated 

value. This inference is illustrated in Fig. 20 where Plot I 

was experimental and Ia was obtained by deducting the moles of 

chromium trioxide reduced by the solvent from the total reduc­

tion. ~is correction was determined at any time by the initial 

concentration of chromium trioxide and was given by Fig. 19. The 

value at the 30 minute intereept was high by a non-deteetable 

amount, being only 0.007 m. mole of ohromium trioxide, equivalent 

to approximately 0.005 ml. of 0.1 N thiosulphate. Oxidation of 
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solvant had therefore no appreciable affect on accessibility 

values. When 5 ml. (55 m. moles) of anhydrous, thiopbene-free, 

reagent grade benzene was introduced into 195 ml. of the oxi­

dizing solution containing 1.01 g. (10.1 m. moles) of chromium 

trioxide, the data given in Table XVI andPlot III of Fig. 19 

were obtained. It was evident that some traction of the benzene 

reduced 0.5 m. mole of chromium trioxide in approximately 15 

hours, after which time the linear portion was practieally 

parallel to Plot I. This result would be expected, for Plot I 

referred to the same initial concentration of chroDium trioxide 

but benzene was absent. The linear portions of the aceessibility 

plots for linters having some residual benzene occluded would 

therefore be higher than, and parallel to, the true position. 

Calculation showed that the amount of displacement that oould 

be expected was negligible. A swollen sample weigbing 2 g. and 

containing 2~ of benzene (about o. 5 m. mole) would redu ce only 

0.004 m. mole of ehromium trioxide in 15 hours because of the 

benzene content. This amount would not be detected. 

In another preltminary study, some cellulose sample• 

were oxidized with chromium trioxide solution for 120 hours to 

observe the general trend of the over-all oxidation. T.bese data, 

oolleeted in Tables XVII to XX, are reproduced in Fig. 20. Plots 

I and II were obtained when dry cotton linters were oxidized 

with 2.61 g. and 3.81 g. of ehromium trioxide per gram of cellu­

lose respectively. Although the accessibility of the linters 

did not appear to be independent of the concentration of oxidant 
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n 
as Glegg maintained (80) 1 Jorgensen aecessibilities of 0.39 

and 0.43 were within ± 5% of the mean yalue of 0.41. n Jorgensen 

(126) gave a value of 0.24 for cotton linters atter swelling 

in water for 12 hours, while Glegg (80) found that unswollen 

linters dried througn aolvent-exchange consumed 0.005 atom of 

oxygen per glucose unit. The average value of 0.41 tor linters 

might be eompared with an intereept value of 0.65 for a puri­

fied wood pulp (Table XIX or Plot III) and for 0.87 for a swollen, 

dried sample of linters (Table XX and Plot IV). The pulp, while 

having somewhat more aeeessibility than the dry linters, bad lesa 

than the swollen linters. As the oxidation continued, however, 

the pulp was oxidized at a considerably faster rate than the 

swollen linters and consumed more oxidant, although the initial 

concentration of both samples was 3.43 g. of ohromium trioxide 

per gram of cellulose. " These resulta are in accord with Jor-

gensen (78), who considered the crystallites of pulp to be more 

"trayed" than the crystallites of linters and henee to be more 

subject to continued attack. 

" The Jorgensen measurement was used from this time on, 

as the standard test of accessibility, its particular advantage 

over the method used by Glegg being that it gave the required 

information in only 30 minutes by iodometric titrations at the 

beginning and end of the oxidation. This statement of course 

neglects the time of 2 to 12 hours spent in solvent-exchanging 

the samples into the oxidizing solvant for either method. As 

J3rgensen pointed out, the rapid oxidation in the accessible 
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portion was nearly complete atter 30 minutes and the correspond-

ing accessibility values would be nearly correct. In addition, 

" Jorgensen had shown that cellulose hydrate II had an accessibility 

of 1.55 to 1.72 for preparations from cotton, cotton linters and 

spruce holocellulose, all reproducible well within * 5%. This 

value was considerably higher than that for the most accessible 

cellulose prepared by Glegg {0.97). 

The word "reproducible• has been emphasized, since it 

representa a very elusive Characteristic in cellulose. This re-

mark can beat be illustrated by the work of Assar, Haas and 

Purves (56) and Glegg (80) 1 since in each case cotton linters 

were swollen by the method of RiChter and Glidden (37), the 

caustic soda being neutralized with acetic acid at 0 to 5°C. 

and the neutral fibers solvent-exehanged to benzene. The linters 

were then dried by removal of the benzene under vacuum. Assaf, 

Haas and Purves had from 3 to 27% of accessible material as de­

termined by thallous ethylate, while Glegg round his samples to 

contain 30 to 40%. Brown {109) pointed out that the accessibili• 

ty was highly dependent on the method of removal of caustio from 

the swollen fibers, noting that Glegg neutralized the cellulose -

eaustic soda slurry directly with aeetic aeid and got higbly ac­

cessible material, while Assar, Haas and Purves obtained less 

available material when they diluted the alkali and washed the 

swollen cellulose before de-ashing with aeetic acid. In none 

of these cases was it claimed that several specimens of cellu­

lose had been prepared with the same aecessibility. 
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The figure of 1.65 atoms of oxygen per glucose unit 
n 

for cellulose hydrate II from cotton linters, quoted by Jorgen-

sen, eould then represent a maximum value. The other lower values 

obtained by other workers would merely indieate the various states 

of collapse which the dynamic cellulose structure passed througn 

as the drying conditions were varied somewhat in time, pressure 

or temperature. That collapse had taken place was pointed out 

by many writers, but the original expanded state of the fibers 

had never been measured. With the objective, then, of preparing 

" swollen cotton linters, with a reproducible Jorgensen accessibi-

lity of 1.65, the conditions of mercerization, etc., were stand­

ardized as strictly as was feasible. The cotton linters had 

been used previously by other workers in this laboratory, in-

" cluding Brown (109), Keays (17), Jorgensen (84) and Timell (llO). 

Timell found the average viscosity degree of polymerization to 

be between 1580 and 1720. 

After the linters had been dewaxed by extraction with 

2:1 benzene-ethanol, they were air dried and placed in an air 

tight container from which batches were removed as required. 

Every portion taken from the same container was considered to 

have the same moisture content, whirih varied from 2.7 to 6% for 

the different preparations. Although the moisture determinations 

were carried out with great care in manipulation and weighing 

before and at intervals during the drying at 105° and ill vacuo, 

the resulta were frequently erratic. Consequently it was sorne­

times necessary to repeat the determination several times 



128. 

before acceptable resulta were obtained. In the more recent 

work on the determination of the density of swollen cellulose 

which required a similar drying procedure, many disturbing 

and fluctuating resulta were obta1ned initially. The samples 

were finally protected by a double filtering system of cotton 

batting, so that when the vacuum was released, the gases flow­

ing into the samples were cleansed of the volatile contaminants 

in the oven. The resulta were then very consistent and it is 

suggested that moisture determinations under the same conditions 

would be reproducible and precise. 

During this research, 12 batches of swollen cellulose 

each containing approximately 20 g. of cotton linters, plus nu­

merous small samples, were prepared. In each case the merceriza­

tion was carried out at 3°C. with a maximum temperature varia­

tion of t 2° during 2. 5 hours. The concentration of· alkali was 

consistently between 116 g. and 123 g. of sodi~ hydroxide per 

liter of solution. These conditions were known to give maximum 

swelling (37). The alkali was then washed from the cellulose 

by repeated periods of soaking in ice cold water, the temperature 

at all times being between the 3 t 2° limit, the sample being 

hereby converted into the cellulose hydrate II state (34)(35). 

It was found that when the alkali concentration was diminished 

too rapidly in the initial stages of washing, or if the maas was 

insufficiently stirred during this period, the almost colorlesa 

gel tended to separate into lumps. These lumps could not be dis­

persed by stirring at later stages and the final product oontained 



many hard white pellets which would create a difrusion problem 

in later studies. With care, the fibers obtained were fairly 

well separated. Under these swelling conditions 1.82% of the 

cotton linters was soluble in the alkaline solution (Table XIII). 

This figure was in the range of solubility given in the speci­

fications of the linters i.e., less than 2%, and would be pre­

dicted from the work of Eisenhut given in Table III. Keays (17) 

reported that between 1.51 and 1.75% of these linters was soluble 

under the foregoing conditions. 

Atter the cellulose hydrate II had been de-ashed with 

ice cold 10% acetic acid and washed to neutrality again, it 

was, on occasion, converted to hydrate I by boiling for a short 

time in the final wash water (124). All preparations were then 

carefully solvent-exchanged at as low a temperature as possible, 

through anhydrous aeetio acid to anhydrous benzene. The exChange 

was continued at eaCh stage until the refractive index of the 

liquid that had been in contact with the linters had regained 

its original value. This procedure was simple and quite satis-

factory. The refractive index of the benzene, in contact with 

masses of solvent-exchanged celluloses, did not vary during a 

year of storage, an indication that all mobile water or acetic 

acid had been removed. 

The Effect of Drying on 
the Accessibility of Cellulose 

" The Jorgensen method was used to delineate the etfeet 

of drying on the accessibility of cellulose, partieularly the 



effect of slow ~emoval of benzene from samples swollen and 

solvent-exchanged into benzene. Table XXXVII summarizes the 

resulta for a cellulose hydrate II. The fibers were drained 

and samples of the benzene wet materia1 were p1aced in a 

desiccator over phospho~us pentoxide and paraffin shavings. 

Sa.mp1e 
lfo. 

1 
2 
3 

4 
5 
6 

(a) 

(b) 

(c) 

(d) 

TABLE XXXVII 

EFFECT OF SLOW REMO V AL OF BENZENE ON 
THE ACCESSIBILI'l'Y OF CELLULOSE HYDRATE II 

D!21nSi Thiosul-
Weight 

mmia) 
phate(b) A.ccessi-

( g.) months (ml.) bi1ity(c) -
0.4659 6 200 ••• o.87(d) 
0.4804 8.5 115 1.03 0.62 
o. 4838 8.5 115 1.18 0.71 

0.5725 8.5 115 1.38 0.71 
0.5809 12 60 0.36 0.19 
0.5919 12 60 0.69 0.34 

Over P205 in desiccator at pressure of mercury 
noted. ' 

Difference between initial and final titration 
of 5 ml. aliquots in terms of 0.090 N thiosul-
phate. 

By Cro3 in 30 minutes at 20°0. as atoms of oxy-
gen per glucose unit. 

From Ta ble XX. 
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The desiccator was then stored whi1e evacuated slightly, and ap­

proximately each week the vacuum was slight1y increased. The 

last two samples, rrom which benzene had been removed at 60 mm. 

pressure, had lost about half their measured original accessibi­

lity. Table XXXVIII gives the erfect of more rapid removal of 

the benzene from a partially ool1apsed cellulose hydrate II. A 

portion of a large preparation in benzene, of accessibility 1.0, 

was quickly drained and placed in a desiccator over phosphorus 

pentoxide and paraffin chips, and dried at water pump pressure 

with a calcium chloride drying tube in the line for 96 hours, 

and for a further 48 hours under Hy-vac pressure. At intervals 

four samples were removed, two for accessibility measurement 

and two for drying at 2 mm. pressure and 65°0. to determine 

their solvant content. Table XXXVIII reveals the large decrease 

in accessibility ocoasioned by the removal of benzene and explains 

the lack of reproducibility in samples prepared in this mannar 

by other workers. 



TABLE XXXVI II 

EFFECT OF MORE RAPID REMOVAL OF BENZENE OB 
ACCESSIBILITY OF CELLULOSE HYDRATE II 

Drying Data Aceessibility Data 

Benzene(a) 
Weig1lt 

132. 

Weigb.t 
( g. ) <%> 

Corr.(d) T.hio(b) Accessi-
{ g. ) ( g. ) (ml. ) bi li ty ( c) 

Never dried(e) 1.04, 0.97 

Dried at 20° ror 24 hours 

o. 6897 2.89 0.4310 o. 4:187 0.37 0.30 
0.6767 2.80 0.5288 0.5137 0.59 0.39 

Dried at 20° for 48 hours 

0.5900 1.83 0.6111 0.6000 0.48 0.27 
0.4855 1.81 0.4210 0.4133 0.25 0.21 

Dried at 20° for 144 hours 

0.4271 1.80 0.3813 0.3744 0.19 0.17 
0.2881 0.2829 0.11 0.13 

(a) .After further drying t'or 24 hours at 65° and 2 mm. 
pressure. Weigb.t Changed by 0.0001 g. or less ar­
ter further 24 hours. 

(b) Nor.mality = 0.1045. 

(c) Cro3 tor 30 min. at 20° as atoms or oxygen per glu­
cose unit. 

(d) By· subtraeting benzene content given in column 2. 

( e) From Table XXII, Expt. 410. 
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Table XXXIX is included to show the negligible accessi­

bility of samples, swollen to the cellulose hydrate II for.m and 

then dried directly from water at 105° and 2 mm. pressure. This 

treatment obliterated the accessible surface completely in four 

instances while two samples still retained some accessibility 

(0.76). 

Samp1e 
No. 

1 
2 
3 
4 
5 
6 

(a) 

{b) 

(c} 

TABLE XXXIX 

EFFECT OF DRASTI C REMOV AL OF WATER ON 
ACCESSIBILITY OF SWOLLEN CELLULOSE 

Thiosyl-
Weigb.t(a) phate b) Aecessi-. 

( g. ) (ml.. ) bi1ity( e) 

0.4372 0.98 0.76 
0.4123 0.88 0.76 
0.3995 o.oo o.oo 
0.6627 0.01 o.oo 
0.9905 o.oo o.oo 
0.9665 0.05 o.oo 

After drying at 105° at 2mm. to constant 
weigh.t. 

Thiosulphate nor.mality = 0.1042. 

" Jorgensen accessibility 



The Effect of Solvent-ExChange and 
Storage in Benzene on the Accessibility 
of Cellulose Hydrate II 

The cella illustrated in Fig. 15 were extre.mely use­

ful in these amall scale experimenta, since the mercerization 

and solvent-exchange operations were readily carried out by 
' proper manipulation of the stopcocks. Initially a small Pyrex 

glass wool plug was inserted at the base of the cylinder to 

retain fine particles of cellulose. Both the cellulose and 

glass wool plug were placed in the narrow neck of the volume­

tric flask and were pushed into the oxidizing solution for mea-

" surement of the Jorgensen accessibility. The resulta are given 

in Table XL. All samples of dewaxed, air dried cotton linters 

were mercerized and washed as already described to give cellu­

lose hydrate II. Samples 1 and 2 were exchanged tram water, 

through acetic acid to the 4:1 acetic acid - acetic anhydride 

mixture iœmediately. Samples 3 and 4 were exchanged through 

acetic acid to benzene. When the refractive index of the ben-

zene effluents became constant, they were immediately exchanged 

back through acetic acid to the oxidizing solvent. Samples 5 

and 6, 7 and 8 were solvent-exchanged through acetic acid to 

benzene until the refraetive index was constant and remained in 

benzene for 2 days and 14 days, respectively before the accessi-

bility was measured. 

The resulta ahowed that neither solvent-exchange nor 

storage in benzene was effective in reducing the aceessibility. 

It was noted later tbat the accessibility of a cellulose hydrate II 



TABLE XL 

THE EFFECT OF SOLVENT-EXaHANGE AND STORAGE IN BENZENE 
ON THE ACCESSIBILITY OF CELLULOSE HYDRATE II 

sam:ele 'I'hiosul-
Weight ce114-o~e phate Aecessr-

Number ( g.) ( g.) a (ml.) bility b) 

No Solvent-Exchange 

1 o. 5142 0.4794 1.91 1.45 
2~ 0.5092 0.4748 1.53 1.17 

Solvent-Exchanged into Benzene 

3 0.5588 0.5209 2.09 1.46 
4 0.4959. 0.4623 1.70 1.33 

Solvent-Exehanged into Benzene 
and Stored for 2 Dazs 

5 0.5045 0.4704 1.77 1.28 
6 0.5098 0.4753 2.02 1.46 

So1vent-Exchanged into Benzene 
and Stored 14 Days 

7 0.4465 0.4162 1.75 1.43 
8 0.4629 0.4316 1.83 1.44 

~ 

(a} Column 2 minus 5.04% moisture and 1.82% alkali 
soluble. 

(b} " By the Jorgensen method. 
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stored in benzene tor 16 months had not changed from the original 

value. However, when the hydrate II is kept in water at roam tem­

perature, the crystal lattice slowly changes to the cellulose hy­

drate I torm (36). The replacement of the polar water molecule with 

the homopolar benzene certainly stabilizes the cellulose hydrate II 
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lattice although just how is not known, since it is hard to 

visualize the benzene (molecular volume of 89) replacing the 

water molecule (molecular volume of 18) in the lattice. On 

the ether hand, if water remains in the cellulose hydrate II 

lattice after solvent-exchange into benzene, one must imagine 

that the benzene molecules in the accessible regions act as 

props to keep the lattice in its expanded form. The benzene 

is possibly oriented in layera along the hydrophobie faces 

and in this manner separates the fringes of crystallites into 

layer s. 

The Effect of Manual Pressure on the 
Accessibility of Cellulose Hydrate II 

In one series of experimenta more than 30 separate 

small samples were individually swollen, solvent-exehanged 

and oxidized. While the values obtained were between 1.01 

and 1.46 the precision was poor and it seemed probable that 

same slight variation in the preparation of the sample was 

responsible. This point was cheoked by weighing 6 samples of 

a large cellulose hydrate II preparation in benzene (Expt. 

354) by means of the hydrostatic balance. The contents of 

each sample vial were emptied into a large weighing bottle 

and the vial washed free of residual fibers with anhydrous 

aoetic acid. The fibers were then solvent-exchanged through 

acetic acid to acetic acid - acetic anhydride and the aocessi­

bilities were completed in the usual fashion using the 200 ml. 

volumetrie flask in the reaction. The prepared samples were 
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placed on a glass wool plug at the base of the narrow neck and 

were pushed into the reaction mixture at zero time. Sample • lodged 

in the neck and considerable pressure was applied in forcing the 

sample into the reaction mixture. Althougn the reaction mixture 

was shaken vigorously from time to ttme, the accessibility of 

sample 4 was noticeably lesa than those of aamples 1, 2 and 3 

(Table XLI). Sample 5 was then introdueed into the oxidizing 

mixture with no pressure on the fibers, and sample 6 was deli-. 
berately lodged in the flask neck. The aecessibilities flue-

tuated between 1.81 and 1.43 when the samples were introduced 

normally; when the samples were deliberately eompressed, the 

aecessibility fell almost 50% from 1.81 to about 1.00. These 

resulta show quite conclusively the sensitivity of the cellu­

lose hydrate II structure to collapse under even mild pressure. 

At this point the procedure for measuring aecessibili­

ty was modified by substituting a wide mouthed flask for the 

volumetrie flask. The values obtained hereafter (see Tables 

XXI and XXII) were highly reprodueible; five determinations 

giving 1.67 ± 0.04 atom of oxygen per glucose unit for the cel-

lulose used in the preeeding compression etudies. 

The Use of the Hydrostatie Balance 

As was stated at the beginning of this discussion, 

the first stage of this researeh was to prepare a large batCh 

of cellulose of known high accessibility. It was shown that 

the procedure of drying cellulose hydrate II from benzene made 

a large portion of the cellulose structure inaccessible to the 



TABLE XLI 

EFFECT OF PRESSURE ON THE ACCESSIBILITY 
OF CELLULOSE HYDRATE II 

Weight in 
Sample Benzene(a) 
No. ( g. ) 

Benzene 
Den­

~ sity 

Cal cd. 
Weight(b) ~io­
in air sulphate 

( g. ) (ml.) 

Samples measured without deliberate compression 

1 
2 
3 
5 

0.2592 
0.2184: 
0.1971 
0.2171 

21.0 0.8777 
21. 1 . o. 8776 
21.3 0.8774 
21.2 0.8775 

0.5646 
0.4757 
0.4288 
0.4729 

Samples measured after compression 

4: 
6 

0.2658 
0.2309 

21.2 0.8775 0.5790 
19.5 0.8791 0.5036 

2.39 
2.48 
1.98 
2.54 

1.57 
1.54 

138. 

A,ccessi­
bility(e) 

1.43 
1.74 
1.56 
1.81 

0.92 
1.03 

(a) Weight of vial and sample in benzene (about 7.5 g.) 
minus weight of vial in benzene. 

(b) Assuming density of cellulose was 1.623. 
(Table XXI, Expt. 354). 

(c) Atter oxidation· wi~ Cr03 for 30 minutes 
at 20°. Thiosulphate normality = 0.104:5 N. 
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Chromium trioxide reagent, while on the other hand, the acces-

sibility could be retained indefinitely if the cellulose hydrate 

II was ma~ntained in a benzene-wet condition. It therefore ap­

peared desirable to determine aecessibilities on samples that 

had never been dried, and to overeome the problem of accurately 

determining the true dry weight of suCh a sample after withdrawal 

from a mueh larger quantity of a benzene-wet preparation. The 

assumption that the accessibility would be, e.g. 1.65, by analogy 

with a small sample prepared in a seemingly identical fashion 

did not seem warranted. 

Investigation showed that cotton linters could be es-

timated almost quantitatively (Table XXIII) by oxidation with 

potassium dichromate according to the procedure of Launer (112)., 

" Samples of cellulose hydrate II were subjected to the Jorgensen 

accessibility measurement, and the residual solide were removed 

by filtration. These solide were then oxidized by the Launer 

method, and the total oonsumption of oxidant in both oxidations 

accepted as a measure of the dry weight of the cellulose. Table 

XXIV Shows that approximately 10% of the cellulose was unaccounted 

for. Gladding and Purves {83) noted that at higb levels of 

oxidation with Chromium trioxide, a portion of the cellulose 

was not recovered. It therefore was likely that about lü% of 

the oxycellulose was soluble. This method of estimating cellu-

losa therefore could not be used. 

The problem was solved by extending the use of the hy­

drostatic balance, as applied by Hermans {114) to determine the 



density of cellulose fibers in water, to measure their weight 

in benzene, having first found the density of that particular 

modification in benzene. To determine the density, four to six 

samples were weighed by the hydrostatic method given in the Ex­

perimental Section, these operations taking lesa than one hour 

per sample. The benzene was then removed under mild vacuum and 

the samples were dried in a Cenco vacuum oven at 105°0. and 1 to 

2 mm. pressure till constant weight was attained. Knowing the 

boné dry weight of cellulose (Gl), the weight of the same sample 

in benzene (G2) and the density of the benzene (db) in whieh the 

sample was weighed, the density (de) of the particular sample was 

given by 

= • 

Once the density was known, the samples to be used 

in accessibility measurements could be weighed on the hydro­

statie balance and the weight in benzene converted to the weight 

of cellulose in the sample 1 since 

GJ. = 
de - db • 

The resulta given in Tables XXV and XXVI Show that the 

method used was very precise. The values obtained with seven 

different cellulose preparations were in all cases within 

! 0.7% of their average value. Water-swollen cellulose had a 

density of 1.562; cellulose hydrate I, 1.621; and the beat value 

for cellulose hydrate II was 1.623 (Expts. 354 and 380). These 

values are compared in Table XLII with average values of densi-



ties reported in the literature from experimenta using differ-

ent buoyancy media. 

TABLE XLII 

DENSITIES OF CELLULOSE MODIFICATIONS 
IN VARIOUS BUOYANCY MEDIA 

Buo:;yaney Medium 

Cotton Helium Benzene 

Native 1. 56 (a) 1.55(b) 

Mereerized 1.55(a) 1.53( c) 

Cellulose Hydrate I •••• •••• 

Cellulose Hydrate II • • • • •••• 

(a) From Davidson (45). 
(b) Hermans (124). 
(c) Stamm and Seborg (125). 

water 

l.6l(a) 

1.6l(a) 

• • • • 
1. 64(b) 

Benzene 
After 

Sol vent-
ex change 

1.56 

• • • • 
1.62, 

1.62 

These figures show that the density in benzene of the 

water-swollen cellulose used in the present research agrees well 

with determinations in helium or benzene. The densities of cel-

lulose hydrate I and II in benzene lie between the densities de­

ter.mined in water for native cotton and cellulose hydrate II. 

Possibly the most noteworthy observation is the rather large 

spread (1.56 to 1.62) in the densities of native cotton and 
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cellulose hydrate II, deter.mined in benzene arter solvant-ex­

change, in contrast with a variation or 1.61 to 1.64 when weighed 

in water. Qualitatively this diserepancy means that a small 

amount or additional water ean fill spaees in the ~ellulose when 

the latter changes rrom native to cellulose hydrate II, but 

that these same Changes allow the benzene molecule to enter in 

considerable quantity. Table XXVII shows the range or values 

obtained when the benzene was not completely removed, or when 

the ribera became contaminated during drying. The cellulose hy­

drate II (Expts. 380 and 410) with densities of 1.622 and 1.600, 

gave values or 1.573 and 1.574 when the benzene was removed at 

65° under 1 mm. pressure until constant weignt was reached. In 

these two cases reproducibility was good. When the ribera 

were not protected during drying at 105° !a vacuo, erratie 

values as typified by Table XXVII Cellulose Hydrate II (Unpro­

tected) were obtained, ranging from 1.576 to 1.599 for saœplss 

carried througn the drying procedure together. 

The Chromium Trioxide Aooess1-
b111ty of Varioua Celluloses 

Once reliable density figures for the various cellu­

lose preparations stabilized in benzene were obtained, further 

small samples were withdrawn from the large masses were weighed 

on the hydrostatic balance and subjected to oxidation with 

chromium trioxide. Great care was taken in handling the fibers 

so that collapse due to rougn treatment could be eliminated. 

The J3rgensen accessibilities (Tables XXI and XXII) were most 

gratifying and eonfir.med the reliability of the weighing pro-



cedure and the reproducibility of the oxidation. The range o~ 

error of t 0.04 atom of oxygen per glucose unit was equivalent 

to * 1 drop of 0.1 N sodium thiosulphate in the final titration 

and gave promise of even better resulta when lower concentra-

tions of thiosulphate were used. 

n 
The Jorgensen accessibility values obtained in the re-

search are presented in Table XLIII. 

" Jorgensen himself working on the same cotton linters, 

round that 0.24 1 1.21 and 1.65 were consistent estimations for 

cotton linters, cellulose hydrate I and cellulose hydrate II 

respectively (84). " Jorgensen stated the accessibilities as 

"moles chromium trioxide per glucose unit" and these values 

have been converted to "atoms oxygen" and appear in braekets. 

There is reason to believe (127) that J8rgensen•s units were 

actually "atoms of oxygen" so that the unconver~ed values al-

so are listed in Table XLIII. Beeause of this element of 

• doubt no comparison could be made exeept that in both the Jor-

gensen series and the present work, the accessibility increased 

from cotton linters to cellulose hydrate I to cellulose hydrate 

II. For reasons that will be discussed later, only preparations 

354, 380 1 460 and 470 were eonsidered to be cellulose hydrate II 

and even these varied from 1.67 to 1.951 indicating variations 

in structure in these hydrates II which might have occurred dur­

ing swelling. Althougo Richter and Glidden (37) and others (38) 

{39) contended that maximum swelling of cellulose occurred at 

approximately 5°0. with 10 to 11% caustic (120 g. per liter). 
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TABLE XLIII 

'!HE DENSITY A.ND ACCES.SIBILITIES 
OF VARIOUS CELLULOSE MODIFICATIONS 

E.xpt. 
No. 

Den­
sity(a) 

Cr03 
Aocessibility 

A toms Oxyg_en 
per G. u. { b) ( %> ( 0) 

Water SWollen Cellulose 

~0 1.562 
Jorgensen 

Cellulose Hydrate I 

388 1.621 
Jorgensen 

Cellulose Hydrate II 

3§4 1. 623 
J3rgensen 

380 
410 
430 

450 
460 
470 

1.622 
1.600 
1.656 

1.618 
1.623(f) 
1.623(f) 

0.14 
0.24 (0.36) 

0.98 
1.21 (1.82) 

1.67 
1.65 (2.48) 

1.73 
1.00 
0.35 

0.84 
1.95 
1.81 

1.2 

8.2 

13.9 

14.4 
8.3 
2.9 

7.0 
16.2 
15.1 

Thallous Etbylate 
Aooessibility 

14.7 

17.1 

17.6 
16.6 
12.8 

2l.O(g) 

15.7 

25.6 

29.8 

30.7 
28.9 
22.3 

46.1 

(a) 
(c) 
(d) 
(e) 
(f) 
( g) 

From Tables XXV and XXVI. (b) From Tables XXI and Xlii. 
Calculated on basis of 12 atoms of oxygen = lOO~ aceessibilit~. 
From Tables XXVII and XXIX. 
Caleulated on basis of 57.4% methoxyl s lOO% aecessibilit~. 
Density assumed on basis of 354 and 380. 
From Table XLVI; methoxyl content based on weight of methyl­

ated sample; 45.6% MeO = lOO% aceessibility on this basis. 
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Saito (128) claimed that the concentration for maximum swelling 

at 0° was 30 to 40 g. of sodi~ hydroxide per liter. Dilution 

then, as occurred when the 10% alkali was washed out of the cel­

lulose, would expand the fiber still further and t4e accessibi­

lity of the end product would be dependent on the rate at whiah 

the caustic had been removed, as well as on the temperature. 

The accessibilities, herein reported, seem to indieate that cel­

lulose hydrate II is an indistinct stage of the "solution" of 

the dynamie cellulose structure in water, rather than a definite 

state, even while definite stoichiometric relationships exist in 

the crystallite. For this reason the writer prefera to consi­

der 12 atoms of oxygen per glucose as representative of lOO% ac­

eeasibility rather than 1.65 whiah JSrgensen postulated at lOO% 

aecessibility i.e., cellulose hydrate II was a definite state 

of maximum accessibility. The per cent accessibility data in 

Table XLIII Column 4 were in accordance with the equation 

OsH1005 + 6 02 --- 6 C02 + 5 H20 

and were similar to values obtained by the Niekerson hydrolytie -

oxidation method (Table VII). By analogy and by reason of the 

heterogeneous action of the ehromium trioxide, it is reasonable 

to assume that glueosidic bonds were cleaved with subsequent re­

crystallization in the mesomorphic regions. 

Accessibilities by the 
Thallous Ethylate Method 

The cellulose preparations from Experimenta 354 to 430, 

of known density in benzene and of known reactivity to chromium 



146. 

trioxide were further charaeterized by thallation and methyla­

tion. Triplicata samples (0.1 g.) of eaCh batCh, always wet 

with benzene, were weighed on the hydrostatic balance, with 

great care since the wet weight in benzene amounted to only 

0.05 g. on a balance reading to tenths of a milligram. The 

samples were then transferred to porous cups and placed in the 

thallation apparatus (Fig. 15) in which they were exposed to 

the 0.4 N thallous ethylate for varying lengths of time. When 

the depleted thallous ethylate was withdrawn after one hour 

and replaced with fresh thallous ethylate for a further one hour, 

the methoxyl contents obtained after methylation with methyl 

iodide, were erratic. For example, the variation was from 6.5 

to 12.6% methoxyl for the same preparation. When the initial 

thallation period was extended to 24 hours and the second thalla­

tion to 48 hours, the resulta were notably better (Tables XXVIII 

and XXIX). It appeared, therefore, that diffusion of the 

thallous ethylate into the interstices of the fibers was the 

rate controlling step. Assar, Haas and Purves (56) and later 

Glegg (80) were able to avoid this difficulty, since they thal­

lated swollen samples that had been thoroughly dried from ben-
. 
zene under vacuum. These workers plaeed the dry samples in th• 

thallation apparatus, evacuated the syst6m and allowed the thal­

lous etbflate to be drawn in under vacuum, aiding the penetration 

of the reagent into the fibers. This technique may partly ex­

plain the fact that Gleggrs methoxy values were from 30 to 40%, 

whereas in the present series the range was 20 to 30%, with one 

notable exception (Table XLIII, Experiment 460). Apart from 
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Experiment 430 the metho.xyl values found in the triplica te 

estimations were reproducible to ± 5%. The methoxyl percent­

age of the water-swollen cellulose and the cellulose hydrate II 

(Expt. 354), 9.0 and 17.1%, were close to those, 9.8 and 17.8%, 

found by Reeves and Thompson (129) for moisture conditioned, 

unmercerized cotton and for mercerized cotton, respectively. 

These authors, however, earried out their superficial methyla­

tions with 7 treatments with 0.5 M to 0.9 M solutions of diazo­

methane in ether. 

A study of the data collected in Table XLIII shows 

that there was no correlation between the density and the ac­

cessibility of the cellulose. The accessibility of each cellu­

lose was in the same rough order by ei ther the chromium tri­

oxide or the tballous ethylate method. Glegg using these two 

measurements tound no definite correlation. While the order of 

accessibilities was roughly the same by both methods, there was 

a marked difference in the magnitudes. When, for example, 

water-swollen cellulose was compared with cellulose hydrate II 

(354) the change by the chromium trioxide method was from 1.2 

to 13.9% or by a factor of about twelve; by the thallous ethyl­

ate method the change was lesa than two-fold, from 15.7 to 

29.8%. A possible explanation tor these differences would 

relate the moleeular volumes of the solvants and reactants to 

the ~riation in moleeular dimensions within the fiber in chan­

ging from the water-swollen to the hydrate II form. The ben­

zene, having a molecular volume (M. V.) of 84, carried the thal-
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lous ethylate molecule (M.V., 69) to 15% of the hydroxyl groups 

in the water-swelled cellulose; in the hydrate II for.m a further 

15% were contacted. The chromium trioxide (M.V., 69) however 

was dissolved in acetic anhydride (M.V., 94) and acetic acid, 

whieh because of a tendency to dimerize would have a maximum 

molecular volume of 104 (i.e. twice the molecular weight divi­

ded by the density). The acetic acid was only able to carry the 

Chromium trioxide (or chromium ion) to 1.7% of the oxidizable 

positions, but in the hydrate II for.m contacted twelve times 

the number. It would seem, therefore, that the dimensions of 

space in the accessible region were critical between 80 and lOO 

as molecular volumes. In contrast, however, Assaf Haas and 

Purves found that benzene carried thallous ethylate to a% of 

the hydroxyl groups while ether, with a molecular volume of 104, 

carried the thallous ethylate to 10%. 

The Experiment numbers in column 1 of Table XLIII are 

in chronological sequence. Each representa the processing ot 

approximately 20 g. of cotton linters to one of three cellulose 

modifications which were finally stabilized by solvent-exchange 

and were stored in benzene. As each batch was prepared, small 

samples were removed for density determinations. The density 

being known, further small samples were oxidized with chromium 

" trioxide to ascertain ~hether or not the Jorgensen accessibility 

was suffioiently high (1.6 to 1.7) to warrant the thallation and 

methylation of the remainder. The resulta for Expts. 410, 430 

and 450 showed that these batches could not be used; the accessi-



149. 

bilities ranged from 0.35 to 1.00; the densities varied from 

1.600 to the extremely high value of 1.656 1 whereas the usual 

value was 1.623. Subsequent treatment of small samples with 

thallous ethylate and methyl iodide showed that their accessi­

bilities by this method had also decreased. Since the proce­

dures by whiah cellulose hydrate II had been prepared and mea-

sured had not been varied, these resulta were very surprising. 

A systematic attempt to disoover the cause of the 

difficulty led to the conclusion that the JSrgensen procedure 

was not at fault, since the oxidation of preparation 354, pre­

pared more than 16 months before, showed the accessibility of 

1.67 to be unehanged. Since the anhydrous acetic acid had 

solidified during the solvent-exchange of some of these samples, 

it was possible that the growth of the crystals had affeeted 

the structure of the cellulose. Four small (0.4 g.) samples 

of dewaxed, air-dried cotton linters were therefore proeessed 

as described in the Experimental Section for the preparation 

of cellulose hydrate II. Two of these samples were from the 

same lot as Expt. 450 and two were donated by Mr. G. Moulds. 

During solvent-exohange, the acetic acid in contact with one 

sample of each pair was allowed to freeze. These two samples 

" gave Jorgensen accessibilities of 0.93 and 0.86 1 while the un-

frozen samples gave similar values (0.90 and 0.75). These low 

accessibilities were therefore not due to distortion of the 

cellulose structure on solidification of the acetic acid. 

Since the pairs of samples had been thoroughly dewaxed by 



different workers, the similar low aecessibilities were not like­

ly to have been caused by failure to complete this operation, 

and by a variable and partial "water-proofing" of the fibers 

against the swelling action of the alkali. 

The mercsrizing solution, although of the correct con­

centration when used (116 to 123 g. per liter) and containing 

no sodium carbonate, had been stored since the beginning of the 

researeh as 35% eaustic soda in a large soft-glass bottle that 

had been carefully lined with paraffin wax. When a fresh solu­

tion of 35% alkali was made up, linters mercerized under the 

conditions required for the formation of cellulose hydrate II 

had the desired aeeessibility of 1.67 atoms of oxygen absorbed 

per glucose unit. 

It thus appeared likely that some change had occurred 

in the caustic soda during prolonged standing, and that this 

change was possibly, although not probably, an accumulation 

of sodium silicate. Uhfortunately, this hypothesis was not 

tested at the time by analysing the residual alkali and cellu-

lose samples for silica. It was, however, quite clear that the 

" Jorgensen estimation was very sensitive to obscure changes whieh 

took place within the fiber, and gave values whose variation in 

magnitude eould not be ignored. The variation in the thallous 

ethylate accessibilities were of a much smaller order. 



Methylation of the Accessible 
Fraction of Cellulose Hydrate II 

Unlike most methods of deter.mining accessibility, 

which are based on the extrapolation and interpretation of re-

action rate plots, the method of Purves and coworkers (56)(79) 

involves the preparation of a superficially methylated cellulose 

and the determination of its methoxyl content. Since the excess 

thallous ethylate used is dissolved in a non-swelling carrier 

liquid 1 the colloidal state of the sample should not be greatly 

altered during the measurement. The method involves only the 

assumptions that all hydroxyl groups accessible to the carrier 

liquid become completely thallated, and that the subsequent 

methylation converts the same hydroxyl groups, and no others, 

completely to methyl ethers. It therefore seemed reasonable 

to assume that the distribution of these methoxyl groups along 

the cellulose macromolecules and within the individual glucose 

residues would throw much lignt on the nature of the accessible 

portion of the original cellulose. 

The next stage in this research was accordingly to 

methylate by the thallous ethylate procedure approximately 20 g. 

of highly accessible cellulose hydrate II, and to recover the 

methylated cellulose quantitatively and free from impurity (Fig. 

21). The considerable quantities of thallous ethylate required 

were prepared by modifying slightly the procedure of Assar, 

Haas and Purves (56} to afford additional precautions against 

decomposition by agents like moisture, light and carbon disul-
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phide. When the proper precautions were taken, 500 ml. of 

stock solutions of 0.5 N thallous ethylate in benzene were 

successfully kept in the cold as water-white liquida for long 

periods. An investigation of the methylating agents showed 

that methyl chloride did not reaet quantitatively with the 

thallous ethylate in sealed ve•sels under the vapour pressure 

of methyl chloride, either at room temperature for 15 days or 

at 70° for 24 hours. Exeess methyl iodide, on the other hand, 

reacted very readily, when thallous cellulosate was heated at 

70° in benzene but the partly methylated cellulose was impreg­

nated with the very insoluble, orange thallous iodide. When 

such a preparation was hydrolysed in 72% sulphuric acid, ae­

cording to the procedure of Monier-Williams (115}, the yield 

of purified syrup was 85% on a weight basis but only 65% on 

a methoxyl basis. It followed that under the conditions of 

hydrolysis some hydrogen iodide had been produced from the 

thallous iodide with subsequent demethylation. For these rea­

sons and because of the higher solubility of thallous sulphate, 

dimethyl sulphate was used as the methylating agent. 

The thallatian and methylation reactions were carried 

out very sïmply with the aid of the apparatus illustrated in 

Fig. 18. Cellulose hydrate II (10 to 20 g.) of known accessi­

bility and wet with benzene was transferred to this apparatus 

with minimum exposure of the fibres. After carrying out the 

thallations with two treatments with 500 ml. of 0.5 N thallous 

ethylate in benzene, the exoess was removed and the slightly 
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yellow ribers, now occupying approximately two thirds or their 

original volume, were washed with benzene. Methylation was prompt­

ly carried out with a solution of dimethyl sulphate in 450 ml. of 

benzene, care being taken to keep the amount (two moles per mole 

of hydroxyl group in the original cellulose) always sufficient to 

replace all the thallium occluded in or reacted with the cellulo­

se. This excess of dimethyl sulphate, used to assure complete 

methylation, caused degradation of the fibers when the mixture was 

heated at reflux. The mass of fibers now had a ehalky appear-

ance and had settled still further. After withdrawing the soma­

times slightly brown dimethyl sulphate solution, the heavy white 

solids were washed with benzene several times to remove all tra­

ces of dimethyl sulphate. These solutions were retained sinee they 

contained the "Benzene-Soluble Fraction" of the methylated cellu­

lose. After drying in vacuo over.night, the solide were extracted 

with anhydrous methanol for 24 hours to remove the "Methanol-Solu­

ble Fraction". After drying again to constant weight, the more or 

less fibrous white powder was dialysed against distilled water 

until there was no deteetable amount or thallium ion in an aliquot 

removed from the dialysis sac •. The recovery of solid material is 

given in Table XLIV. The data show that when the reflux period 

was reduced from 3 to 1.5 hours, the reeovery of thallium-free 

methylated cellulose from the dialysis sac was almost doubled. 

Exeluding Expt. 430 which was prepared with stored alkali and 

known to be very different in reacti~~~ the figures show that 

better recovery ran parallel to the higher accessibility probably 

because more thallous cellulosate involved more methylatian and 

lesa dimethyl sulphate remained to degrade the fibers. The most 



Expt. 
No. 

354( c) 

380( c) 

430( d) 

46o(d) 

47o(d) 

(a) 
("b) 
( c ) 

( d) 
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TABLE XLIV 

EXTRACTION OF iRE CRUDE ME'fHYL CELLULOSE 

Insoluble 
We1gnt of Material Methylated 

Reeovered atter Cellulose 

Cellu- CsH6 Me OH 
wt. {b > lose Accesst- Extn. E.xtn. Dialysis 

(g.) bilitz a) ( g. ) ( g.) ( g.) <%> 

18.4 1.67 •••• • ••• 5.9 32 

22.5 1.73 69.9 20.2 9.4 42 

14.6 0.35 61.4 16.0 10.9 75 

10.8 1.95 47.0 8.3 8.1 75 

18.3 1.81 70.7 17.0 10.9 60 

By Cr03 method. See Tables XXI and XXII. 
Percentage of original cellulose in dialysis sac. 
Refluxed with dimethyl sulphate (2 moles per mole 
hydro~l) for 3 hours. 
Refluxed with dimethyl sulphate (2 moles per mole. 
hydroxYl) for 1 1/2 hours. 

KeO 
.(&_ 

s. 5 

5.3 

11.8 

17.0 

12.7 

noticeable point, however, was the large mass of solids remaining 

on the fibers after the benzene extraction (column 4) but whieh 

were removed in the subsequent extraction with methanol. This 

salt, thallous methyl sulphate, was removed in the first minutes 

of extraction with methanol. The remaining thallous sulphate 

was only slightly soluble in hot methanol but in one case (ef. 

Table XLIV Expt. 460 Cols. 5 and 6) was almost completely removed 

when extracted for the standard 24 hour period. In general, about 



156. 

5 times as much thallous methyl sulphate as thallous sulphate 

was formed. In a separate experiment, 0.021 mole of dimethyl 

sulphate was heated under reflux in benzene for 24 hours witb 

0.044 mole of thallous ethylate. After this time only 0.023 

mole of thallous ethylate had been consumed indicating the 

formation of about (0.023-0.021) 0.002 mole of thallous sul­

phate and 0.021 mole of thalloua methyl sulphate. 

The low recoveries listed in Table XLIV indicated 

the amount of degraded partly methylated cellulose that was solu­

ble in the benzene or methanol, or was dialysable. This amount 

was, however, very small in comparison with the large amounts 

of thallium salts and the separation of the methyl cellulose 

proved to be a difficult and unsatisfactory process. 

The "Benzene Soluble Fraction" contained most of the 

residual dimethyl sulphate together with small amounts of thal­

lous methyl sulphate and highly methylated cellulose. In the 

early attempts to isolate the organic constituent, the strongly 

acidic character of dimethyl sulphate was not fully appreciated. 

After neutralization of the benzene solution with barium hydroxide 

at room temperature, the mixture on evaporation yielded a Obarred 

mass. When the bènzene was removed at 40° under vacuum from an 

aqueous suspension containing solid barium carbonate, the di­

methyl sulphate waa converted to barium methyl aulphate and the 

solution remained neutral as the water was distilled. Towardl 

the end of this evaporation, whiOb was accompanied by generous 

frothing, the residue blackened slightly. In the final proce-
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dure a slurry of barium carbonate in water was added to the 

solution, the benzene was distilled at 40° under vacuum, the 

aqueous mixture was heated under reflux to destroy last traces 

of dimethyl sulphate and the solids were removed by filtration 

and discarded. Attempts at extracting the methyl cellulose 

from this aqueous concentrate with ehlorofor.m provided the 

writer with exceptionally stable emulsions which could not be 

broken. By centrifuging the emulsion at 3000 R.P.M., a small 

amount of clear Chlorofor.m layer was formed and removed by pi­

pette. The remaining jelly-like layer and aqueous phase were 

then re-extracted. The chlorofor.m soluble material was recovered 

as a clear honey-colored syrup containing sorne thallium (Table 

XLV). 

The procedure with the "Methanol-Soluble Fraction• 

was identical with the final procedure for the "Benzene-Soluble 

Fraction" except that thallium methyl sulphate was present in 

the former rather than the barium analogue. The properties of 

the solutions containing the alkali methyl sulphates were similar, 

however, in their ability to give tenacious foams in aqueous so­

lutions and suspensions with chloroform. The chlorofor.m extract, 

reeovered by centrifuging the suspension, was distilled and yielded 

small quantities of syrup containing much thallium (Table XLV). 

In a further attempt to isolate the methyl cellulose whiCh waa 

believed to be present in the "methanol-Soluble Fraction" the 

mixture remaining in the centrifuge cups after removal of the 

chloroform layer, was freed of chloroform. The aqueous concen-
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trate was then continuously extracted with butanol at 62° for 

36 hours. When the butanol extract was distilled a mass of 

thallium salts embedded in a syrup resulted (Table XLV). 

At this time, samples of Amberlite Resins IR-120-AG 

(a sulphonic acid type) and IRA-410 (a strong base) were re­

ceived through the courtesy of Rohm and Haas, Co., Philadelphia. 

Yorston (108) had found that only small quantities, at most, 

of methylated sugars were absorbed by these resins when solu­

tions of the sugars containing inorganic salta were de-ionized. 

Since the "Benzene-Soluble Fractions" from Expts. 460 and 470 

were small in quantity and were similar in methoxyl content, 

they were united and their aqueous solution was freed of thalli­

um salta by passage through columns of the Amberlite base and 

acid exchange resins in turn, regenerating the columns with acid 

or alkali, and recycling the solutions until all thallium had 

been removed and the effluent was neutral. The liquor was then 

distilled and the methylated cellulose was obtained in a clear, 

solid form. The resulta of treating each of the fractions con­

taining methyl cellulose in the manner desoribed is given in 

Table XLV. 

The syrup isolated by extracting the "Methanol-Soluble 

Fraction" with ohloroform and butanol was called the Methanol­

Soluble Extractable Fraction and was purified by ion exohange 

technique. The residual aqueous portion, containing the Non­

Extractable Fraction was now taken to dryness to find the total 

weight of solids. These solids were redissolved and passed 



TA.BLE XLV 

DATA ON THE ISOLATION OF SOLUBLE 
ME'l'HYL CELLULOSE BY ION EXCHANGE (a) 

Fraction (b) 

Benzene soluble fraction 

Methanol soluble fraction 

E.xpt. 460 
Expt. 470 

Extracted with chloroform from water 
Expt. 460 
Expt. 470 

Extracted with butanol from water 

Before 
Ion Exchange 

Weigb.t 
( g.) 

0.181(( c) 
o. 439 d) 

0.620 

0.138 
0.434 

0.572 

Expt. 460 5.32 
E:xpt. 470 6.78 

12.10 

159. 

After 
Ion E:xchange 

Weigb.t 
( g. ) 

MeO 
.w_ 

0.572 37.1 

Total extraotable fraction 

Non extractable E:xpt. 460 27.43 

12.67 1.257 33.1 

2.302 29.4 

Dialysis Product 
Dialysable Expt. 460 

Expt. 470 
0.562 
0.956 

1.518 

(a) Amberlite ion exchange resins IR-120, IRA-410. 

1.322 23.8 

(b) From original weight of cellulose of 10.8 g. (Expt. 
460) and 18.3 g. (Expt. 470). 

{c) OCH3 1 36.5% {d) OGH3, 36.1% 
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through. the columns IR-120 and IRA-410 until thallium-free and 

neutral. This aqueous fraction eontained the great proportion 

of the methanol-soluble material, both inorganic and organic, 

removed in the original extraction. Unfortuna tely,, this non­

extractable portion of the Methanol Soluble Fraction of Expt. 470, 

after processing still contained acidic material and was charred 

when dried at 60° in vaeuo. 

The benzene-extracted, methanol-extracted solid from 

Expt. 460, a semi-fibrous powder containing thallous sulphate 

swelled and dissolved somewhat in distilled water to give a 

heterogeneous cloudy suspension. After being dialysed, the 

dialysate, approximately 32 liters, was concentrated and finally 

dried. The combined dialysates from the parallel Expt. 460 

and 470 (Table XLV} were then passed through. the ion-exchange 

columns and the effluents evaporated to give a clear tenacious 

gel. Meanwhile the contents of the dialysis sac had been 

separated into a water-soluble and a water-insoluble component 

by means of a sintered glass filter. These fractions were then 

dried. 

In retrospect, the ion-exchange resine IR-120 and 

IRA-410, could have been used to recover the benzene- and 

methanol-soluble methylated cellulose fractions without any 

prior processing, since these resins are not soluble in organio 

solvants. Since the thallium salts of the mineral acids were 

sparingly soluble (l to 5~} {130} the thallium removed from the 

Amberlite resin IR-120 during regeneration with 10% hydrochlorio 
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acid was deposited around the granules of resin. As the column 

was regenerated and exhausted the thallous chloride moved down 

the column. It would appear, therefore that the effluent li­

quid from IR-120 should be checked closely when thallium is 

being removed. In the case of the dialysate, although the final 

effluent was neutral, the syrup reported here as pure was later 

round to contain thallium. The peculiar resulta obtained when 

this fraction was tosylated and iodinated, and also when oxi­

dized with periodate, were probably connected with this impurity. 

Table XLVI summarizes the data on the various fraction• 

of partly methylated cellulose obtained in Expts. 460 and 470. 

In Expt. 460 the methylated cellulose was recovered in 96.8% 

yield, 11.55 g. of material having an average methoxyl percent­

age of 21.01 being produced from 10.8 g. of cellulose. The trac­

tions c, D and E of Expt. 460 totaled 10.34 (87%) so that the 

error introduced by allocating the weight of purified methyl 

cellulose (fractions A, B and H) in proportion to the weights 

of original samples (Table XLV) cannet be great. 

It is immediately evident from Table XLVI that a frac­

tionation of the methylated cellulose according to the degree of 

substitution had taken place, since the n.s. decreased from 2.32 

tor-Fraction A to 0.94 or 0.69 for the non-dialysable, water­

insoluble fractions (E and G). A fractionation according to as­

cending chain length also occurred, since the material isolated 

in Expt. 460 Changed from Fraction A, a friable powder, througn 

films of increasing toughness (those from Fractions C and D could 



TABLE XLVI 

FRACTIONS RECOVERED AFTER LARGE SCALE THALLATION­
METHYLATION EXPERIMENTS 

Fraction 

E;pts. 460 + 470 

A 
B 
c(b > 

H 

Benzene soluble 
Methanol soluble, 
Methanol soluble, 

tractable 
Dialysa te 

extra etable 
non-ex-

Expt. 460 

D 
E 

I 

Non dialysable, water soluble 
Non dialysable, water in­

soluble 
Methyl methylglucosides 

Expt. 470 

F 
G 

J 

Non dialysable, water soluble 
Non dialysable, water in­

soluble 
Methyl methylglueosides 

Yield(a) 
( ~) 

1.9 
4.3 

21.3 
4.5 

5.0 

69.3 
•••• 

a.o 
51.5 
•••• 

MeO 
~ 

37.10 
33.11 

29.42 
24.29 

26.39 

16.60 
34.52 

15.75 

12.31 
32.30 

!b..fu.. 

2.32 
2.04 

1.77 
1.43 

Appearance 

Fine clear powder 
Fine elear powder 

Colorless tough film 
Colorless tenacious gel 

1.57 Very tough film 

0.94 Horney fibrous mass 
2.37 Oolorless syrup 

0.89 

0.69 
2.19 

White powder 

Friable mass 
Oolorless syrup 

(a} 

(b) 

As pereentage of original cellulose (Expt. 460 = 10.8 g.; Expte470 = 18.3 g.) 
The combined weight of methyl cellulose fractions from Expt. 460 was 11.55 g. 
Expt. 460 only. 

..... 
0'1 
l\l) 

• 
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not be orushed but oould be torn) to the f'ibroua herny mas a :re­

oovered as the water-inaoluble portion (Fraction E). In Expt. 

470 where the etteative concentration or dimethyl sulphate waa 

higher than t:or Expt •. 460 1 the ohain length ot the t:r-aotiona 

was &h1fted toward lower degreee of polymerizationJ Fraetiona 

F and G being a glass-11ke solid and a white maas, reapeotively, 

eaah of whiCh oould be pulveriaed quite readily. 

A oompariaon of the data on the water-Insoluble tr-ao­

tions (Table XLIV) 1nd1eated that the more seTere hydrolyaia con­

ditions aerved to ahear away tne more highly methylated ohain 

segments from the orystalli tes; the mil de at conditions uaed 

(Expt. -'60) giving a 75% yield of material oontaining 17% aetbo2:7l, 

while the most draatic hydrolyais (Expt. 354) left a ree1due 

amounting to i2% of the original we1ght but containing onl7 5. 5. 

methoxyl groups. If the hydrolraie of the glucosidio linkages 

took plaoe at:ter the thallium aloonolate had been converted 'o 

methoxyl groups, the effeot of the recryetallization nor.mall7 

encountered {cf. Niokerson) dur1ng chain cleavage waa eliminated. 

The Water-Inaoluble Fraction of the highly degraded methyl oel• 

lulose then repremented the cryatallites remaining in the f'ib•r 

atter swelling to the eellulose hyd~ate II state. Studiea of 
. 

ohain length distribution by electron microscopy and other aethoda 

would g1ve aame idea of their diœenaions. 

to p. 165. 
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The Distribution of Methoxyl Groups 
in the Superficially Methylated Cellulose 

The final phase of this research was devoted to study-

ing the distribution of the methoxyl groups, with which the ac­

cessible hydroxyl groups of the cellulose hydrate II had been 

"tagged". Initial plans contemplated quantitative recovery and 

identification of each glucose and methylated glucose residue, 

obtained by the methanolysis (116) or hydrolysis (115) of the su-

perficially methylated cellulose. The paper chromatographie 

technique of Jones et al (98)(99)(131) which required only small 

amounts of material was to have played a major role in the pro­

posed separations. A sample of water-insoluble methylated ~el­

lulose, purified by dialysis, was hydrolysed with 72% sulphuric 

acid by the procedure of Monier-Williams (115). The clear 

methyl glucose syrups recovered still contained thallium. Drops 

of an aqueous solution of the syrup were placed on Whatman No. 1 

filter paper and developed with a butanol-water system. Dupli-

cate strips were dried and sprayed with ammoniacal silver ni-

trate, and aniline phthalate in glacial acetic acid (132). Al­

though the spot for the glucose control was quite apparent ar­

ter either spray, only faint coloration appeared for the methyl 

glucose spots. It was concluded that the ubiquitous thallium 

salta were causing gross interference and this method of separa-

tion was discarded. The result, however, would probably have 

been more encouraging if obtained after, instead of before, the 

discovery that thallium eontaminants were readily removed from 

the soluble fractions by the Amberlite exchange resins. 



Methanolysis, by the method of Irvine and Hirst (116) 

gave the first indication that the dialysis was not able to re­

move the last traces of thallium salt, presumably sulphate, from 

the Water-Insoluble, Non Dialysable Fraction. When 1.2 g. sam­

pies were heated for 7 days at 128° in anhydrous methanol oon­

taining 1.37% of hydrogen chloride, a considerable amount of ma­

terial remained undissolved (of. 57, 90). The solids consisted 

of white fibers and brown thallium salta. The occlusion of 

these thallium salts would seem to indicate that during the 

methylation, the cleavage of glucosidic links had per.mitted some 

recrystallization of the cellulose, with imprisonment of the 

thallium compounds. The regions in which the thallium was 

trapped were apparently not re-opened by swelling during the sub­

sequent dialysis for 84 hours in water at room temperature. 

The second approach to discovering the distribution 

of the methoxyl groups was by the tosylation-iodination teCh­

nique. The selection of reaction conditions was considered cri­

tical, since the samples to be esterified ranged in their degree 

of methoxyl substitution from 2.3 down to 0.7 mole per glucose 

unit. Both Malm, Tanghe and Laird ( 96) and Timell {57) pointed 

out the risks of over-tosylation with subsequent over-iodination, 

when deter.mining free primary hydroxyl groups in alkyl celluloses 

of low substitution. Their resulta, together with those of 

Hackett and Downing (133) on the tosylation of the free 3-hydroxy 

group in diacetone galactose, led to the decision to employ the 

pyridine-tosyl chloride-free hhdroxyl ratio given by Mahoney and 
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Purves {92) for 12 hours at room temperature. 

Previous workers seem to have tosylated either simple 

compounds auch as sugars or alcohols (and to have isolated the 

ester by extraction) {95} or celluloses having a fairly hign 

degree of polymerization in which case the product was collected 

on a filter. In the present series the variations in the physi­

cal properties of the tosylates were considerable, ranging from 

highly methylated short-chain material, that was totally soluble, 

through oils and gums, to longer chain fractions of low methoxyl 

content and high crystallinity which were insoluble. The data 

for these tosylations are given in Table XLVII and Table XLVIII, 

together with the iodination data and the method of isolation 

{whether by extraction, filtration or a cambination of both) whieh 

was the same for both reactions. The recovery of materials, 

based on methoxyl content before and after tosylation, varied be­

tween 80 and lOO%, and in each case the weight of tosylated sub­

stance exceeded the original sample weignt. It was strangely 

high for Fraction H, the dialysate, presumably because of the 

conversion of oecluded thallium salts to the p-toluenesulphonate, 

but re-extraction with chlorofor.m and benzene failed to decrease 

the apparent yield. 

The toaylated methyl celluloses were then iodinated 

by the procedure of Mahoney and Purves {92) in which the speci­

men was heated for 2 hours at approximately 115° in acetonyl­

acetone containing an excess of sodium iodide. The solution was 

then poured into ice eold water and the iodinated products were 



TABLE XLVII 

DATA FOR TOSYLATION AND IODINATION 

Fraction 

A (a) - B(ab) c{ab) D (b) E (b) 

Original Methoxyl Substitution 2.32 2.04 1.77 1.57 0.94 

Tosylation 

Sample weigb.t ( g. ) 0.1469 0.2840 0.4304 0.1985 0~4610 
Mathoxy1 content (%) 37.10 33.11 29.42 26.39 16.39 
Amount recovered (g.) 0.2174 0.3788 0.5483 0.3165 0.6542 
Methoxy1 content (%) 23.79 22.18 20.77 14.95 10.71 
Methoxy1 recovery (%) 94.8 89.4 89.7 90.4 92.7 

Iodination 

Samp1e weigbt ( g.) 0.1954 0.2438 0.2805 0.1.944 0.3046 
Amount recovered (g.) 0.2327 0.2711 0.2461 0;1410 0.2701 
Methoxyl content (%) 15.72 9.98 21.90 16.73 11.97 
Methoxy1 recovery (%) 79.4 50.2 93.0 81.2 99.0 
Iodine content (~) 6.75 5.27 19.70 23.53 15.77 

Primary Hydroxy1 Groups 0.244 0.263 0.388 0.538 0.301 

Ratio Primary to Secondary OCH3 0.48 0.57 0.53 0.41 2.9 

.... 
(a) Tosy1ates isolated by extraction with chloroform and benzene. m 

'a> 
(b) Tosy1ates isolated on a fi1ter. • 



TABLE XLVIII 

DATA FOR TOSYLATION AND IODINATION 

Original Methoxy1 Substitution 

Tosylation 

Sample weight (g.) 
Metho:xy1 content (~) 
Amount recovered (g.) 
Metho:xyl content ( ?&> 
Methoxy1 recovery (%) 

Iodination 

Samp1e weight (g.) 
Amount recovered (~.) 
Methoxyl content {%) 
Methoxy1 recovery (%) 
Iodine content (%) 

Primapr Hydroeyl Groups 

Ratio Primary to Seoondary OCH3 

0.89 

o. 4098 
15.75 
1.3269 
4.51 

92.7 

0.3369 
0.1458 
5.65 

54.2 
11.09 

0.425 

1.9 

0.69 

0.5768 
12.31 

1. 4179 
5.04 

100.0 

0.3105 
0.2003 
6.58 

86.5 
9.83 

0.248 

Fraction 

H (a) 

1.43 

0.2952 
24.29 
1.2534 
5.51 

96.5 

0.4665 
0.4634 
0.64 

11.5 
25.10 

13.65 

••• 

2.37 

0.3105 
34.52 

0.7080 
12.60 
83.2 

0.6627 
0.4227 

15.89 
80.6 
18.62 

0.679 

0.30 

(a) Tosy1ates iso1ated by extraction with chloroform and benzene. 
(b) Tosylates iso1ated on fi1ter. 

J (a) 

2.19 

0.2302 
32.30 
0.4491 

13.22 
79.8 

0.4148 
0.4356 

12.31 
97.9 
13.98 

0.608 

0.49 
~ 
()) 
<0 • 

:;.o.-
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recovered by repeating the filtration or extraction procedures 

successfully used on the parent tosyl compound. For undeter­

mined reasons, the methoxyl recoveries from Fractions B, F and 

H were only 50, 54 and 11.5% respectively. The percentage or 

iodine in the rather red residues was then deter.mined (92). 

During the iodination, the iodine should replace only the tosyl 

group at the primary hydroxyl position, and the resulting iodo­

celluloses should be colorless. Malm, Tanghe and Laird (96) 

investigated the amount of free iodine present in their samples 

and stated that the resulta were hardly influenced by soaking 

the fibers in sodium thiosulphate solution. Neither Timell or 

Mahoney and Purves took this precaution. In the present case, 

only the partly tosylated methyl glucosides were washed with 

thiosulphate solution before the iodine determination and all 

the brown oolor disappeared. Although all samples should have 

been treated in the same mannar, it was not likely that the 

omission of this precaution seriously invalidated the iodine con­

tents found. 

When x, y and z represented the average substitution 

of methoxyl, tosyl and iodine, respectively, in the cellulose 

derivative, the base mo1ecular weight was 

111 + 45 x + 171 y + 127 z + 17(3 - x - y - z) and its content 

of methoxyl groups and iodine atoms was 31 x and 127 z, respect­

ively. By manipulating simu1taneous equations connecting the 

above relationships with the par cent analyses it was readily 
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shown that 

z = 31 x x % iodine in sample 
127 x % methoxyl in sample 

and hence the mole substitution (z) of iodine and the amount of 

unsubstituted primary hydroxyl group per glucose residu& eould 

be calculated. The values for the various methyl celluloses are 

given in Tables XLVII and XLVIII. 

When the moles of free primary hydro.xyl groups were 

known, subtraction from uni ty gave the number of primary hydroxyl 

positions that presumably were methylated. Subtraction of the 

latter quantity from the total methoxyl substitution of the 

original methyl cellulose then revealed the total substitution 

in the two secondary positions. Thus from the first column of 

Table XLVII, (1 - 0.244) or 0.756 primary and (2.32 - 0.756) or 

1.564 secondary methoxyl groups were present. The ratios of 

the primary to the secondary substitutions, in this case 

0.756/1.564 or 0.48, are recorded in the bottom linas of the 

Tables. When it is ramembered that there are two secondary 

for each primary position and that the ratio corresponding to 

random substitution would be 0.38, it is at once evident that 

methylation in the primary position was favoured in almost all 

fractions, and was almost or completely restricted to the pri-

mary positions in the non-dialysable water insoluble fibroua 

fractions E and G. 

As the total substitution increased in the more solu-
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ble fractions, the methylation of the secondary hydroxyl groups 

became more significant. Since the mixtures I and J of partly 

methylated methyl glucosides were prepared from the methylated 

cellulose fractions E and G their ratios of primary to secondar,y 

alkylation should be identical to those of the fractions from 

which they were prepared after allowance was made for the extra 

substitution of unity introduced by the glycosidic methoxyl 

group. The ratio of 0.30 found for I was obviously low, perhapa 

because the recovery of methoxyl groups in the iodination was 

only 80.6~. The result of 0.44 for Fraction J, with a recovery 

of 97.9%, was more satisfactory. Comparison of the ratio of 

1.9 from Fraction F (Expt. 470, recovery 54.2%) with the value 

0.41 from the similar fraction D (Expt. 460, recovery 81.2%) 

suggests that material highly methylated in the secondary posi­

tions ha·d been lost in the former case. The absurd result of 

13.65 moles of primary hydroxyl group recorded for the dialysable 

fraction (H) probably reflected its gross contamination with 

thallium salts. The above defects in the experimental data 

precluded any attempt to interpret the resulta on a quantita­

tive basis. 

To gain information about the distribution of the 

methoxyl groups along the cellulose macromolecules, "the unsub­

stituted 2,3-glycol groups in the various fractions were estima­

ted by the method of Mahoney and Purves (92). Small samples 

were oxidized with aqueous sodium paraperiodate at pH 4 and the 

consumption of periodic acid was followed by titrating the resi-
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dual periodate with sodium arsenite. These operations were 

carried out under stringently controlled conditions and since 

only the later horizontal portions of the oxidation rate plots 

were desired, titrations were made only after 60, 84, 108, 

156 and 204 hours. The experimenta given in Tables XXXI, XXXII 

and XXXIII are summarized in Figures 22 and 23 and the final 

count of glycol groups is recorded in Column 5 of Table XLIX. 

Since one glucose residue could have only one unsubstituted 

glycol unit at most, the value of 3.19 found for the "dialysate" 

fraction H was impossibly high and was rejected. This was the 

fraction contaminated with thallium salta, whiCh presumably 

were oxidized by the periodate to the thallic condition. 

As Mahoney and Purves (92) explained, if H moles of 

unsubstituted hydroxyl group were distributed between the second 

and third positions of a cellulose derivative in a purely ran­

dom way, the chance of a given glucose residue having both posi­

tions unsubstituted (i.e., containing a glycol grouping) had a 

maximum value of H2j4; if the introduction of a substituent in 

one of the two positions prevented the substitution of the 

other, the chance was H - l; and if the unsubstituted hydroxyl 

groups concentrated in localized groups along the macromolecule, 

the ahanee of a glycol unit was H/2. Columns 6, 7 and 8 of 

Table XLIX recorded the ahanees calculated from the observed 

secondary substitution given in column 4. Comparison of the 

glycol units found (column 5) with the calculated probabilities 

shows that the glucose residues in the methyl cellulose A were 
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TABLE XLIX 

DISTRIBUTION OF HYDROXYL GROUPS IN ETHERS A - H 

Moles Hydroxyl Groups(a) Moles Glycol Groups 

Second-
Ether Total Prima;ry ary (b) Found H2/4 H - 1 ~ 

A 0.68 0.24 0.44 0.19 0.05 o.oo 0.22 
B 0.96 0.26 0.70 0.19 0.12 o.oo 0.35 
c 1.23 Q.39 0.84 0.14 0.18 o.oo 0.42 
D 1.43 o. 54 0.89 0.49 0.20 o.oo 0.45 

E 2.06 0.30 1.76 0.16 0.77 0.76 o.88 
F 2.11 0.43 1.68 0.34 0.71 0.68 0.84 
G 2.31 0.25 2.06 0.15 1.06 1.06 1.03 
H 1.57 13.65 • • • • 3.19 • • • • • • • • •••• 

(a) Moles per glucose residue. 
(b} Total secondary hydroxyl (H) .found by total 

minus primary. 

for the most part entirely substituted, or unsubstituted1 in 

the secondary positions. In this fraction, as well as in the 

water soluble but non dialysable fraction D, the resulta sug­

gested chain segments highly substituted in what had been the 

amorphous region and nearly unsubstituted where they had been 

shielded from thallation. Fraction c, in contrast, was substi­

tuted to a lower degree but with random arrangement along the 

Chain, while fraction B occupied an intermediate position. Frac­

tions E, F, G, which were of low substitution and of a higher 

degree of polymerization, apparently resisted complete penetra­

tion by the periodate solution and their glycol counts were low. 
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There was no doubt about the unreliability of the estimation 

in the case of sample G which retained the theoretical maximum 

number of two secondary alcohol groups, and therefore one mole 

of glycol instead of the 0.15 mole found. 

The glycol contents of the partly methylated methyl 

glycosides I and J (Fig. 23) could not be interpreted on the 

same basis as those of the ether fractions, because the gly­

cosides always contained an extra free hydroxyl group in the 

fourth position. When this was taken into account, the values 

of 0.85 for fraction I and of 1.0 for fraction J did not appear 

unreasonable, although the continuing slow oxidation of the 

latter fraction remained unexplained. 

The Chain Length Distribution of a 
Partly Methylated Cellulose Fraction E 

The author's erstwhile Colleague, Timell (134) was 

kind enough to include the non dialysable, water insoluble 

methylated cellulose E from Expt. 460 in his study of the chain 

length distribution of superficially methylated cellulose (llO). 

The study involved nitrating the sample without degradation, 

fractional precipitation of the nitrated methyl cellulose and 

the deter.mination of the intrinsic viscosity of each subtraction. 

These data, given in Tables XXXIV and XXXV, also in Fig. 24, are 

presented in this thesis as a matter of record but should not be 

considered as a contribution by the author. Timell found that 

the chain length of Fraction E varied from 6 to 504 glucose 
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units, with an average D.P. of approximately lOO. Although the 

increasing solubility of the other fractions from Expt. 460 

migbt be attributed to their inereasing methoxyl content, their 

other physical charaeteristics (Table XLVI) also pointed to a 

progressive decrease in average ahain length. The drastic hy­

drolytic action of the dimethyl sulphate during methylation of 

the thallous cellulosate became ve17 obvious in ligb.t of the 

faet that the average chain lengtb of the original cotton lin­

ters was approximately 1650. 

Timell also noted that about l~ of the nitrated methyl 

cellulose was insoluble in acetone. When the sub-fraetions fr0m 

Timell•s Chain length distribution studies arriTed in the au­

thor• s hands this :material was :round to be 1. 21% of thalliua 

salta, and it was possible to correct the methoxyl content of 

the original sample from 16.39 to the true value of 16.60%. 

The author then round the metho:xyl contents of the twelve sub­

fractions supplied by Timell, these data being given in Table 

XXXVI. Since the sum of the methoxyl contents in these frac­

tions amounted to 307.6 mg., while the original amount was 

314.0 mg., 98% was accounted for and the accuracy of the 

methox.yl determination verified. 

By using 2.90 as the total substitution of methoxyl 

and nitrate groups per glucose unit, which was usual as Timell 

and Purves had Shown previously (123), it was possible to cal­

culate from the observed pereentage of methoxyl, the methoxyl 

substitution of each of Timell•s twelve subfractions (Table 
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XXXVI). This subst1 tution inoreased from o. 22 for the longe at 

chain having a D.P. of 5041 to 1.54 for the chains of D.P. 6, 

the Short-chain subfractions making up by far the biggest frac­

tion. These resulta, plotted in Fig. 25 were in qualitative 

agreement with the findings of Timell and Purves (110) tb.at 

the accessible fraction of alkali cellulose superficially 

methylated with dimethyl sulphate in benzene contained highly 

methylated short-chain constituants. 

The general trendsof the Chain length study of Frae­

tion E were not inconsistant with the view that it retained 

some of the crystalline charaoter of the original swollen 

linters. Since the interior of auch crystallites would be 

little affected by degradation or superficial methylation, the 

average methoxyl content decreased as the degree of polymeriza­

tion rose (Fig. 25). The rapid change in slope between D.P. 

80 to 120 indicated that most of the cr,rstallites were of 

that length, which was previously suggested by Svedberg (19) 

and by X•ray data {20). If the data in Table XXXVI are accu­

rate, a chain passing through a single crystallite having a 

length of lOO glucose uni ta would have an average methoxyl 

substitution of 0.5 or would contain 50 methoxyl groups. If 

the ends of the Chain are assumed to be totally substituted, 

about 84 glucose units will remain unsubstituted in the in­

terior of the crys talli te. 
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SUMMARY AND CLAIMS TO ORIGINAL RESEARŒ 

1. Three previously known modifications of dewaxed 

cotton linters were prepared under quite similar conditions. 

Linters that had been swollen to a maximum in 10 to 11% so-

dium hydroxide solution at 0 to S°C., washed free of alkali 

with ice water, de-ashed and solvent-exchanged near zero 

through anhydrous acetic acid to anhydrous benzene, were ter.med 

"cellulose hydrate II". When the linters, mercerized and de­

aahed under the same conditions, were boiled for 30 minutes in 

the final neutral water and then solvent-exchanged, the prod­

uct was called "cellulose hydrate I". Cotton linters, swollen 

in distilled water at 0 to S°C. for 2.S hours, de-ashed and 

solvent-exchanged into anhydrous benzene, was termed "water­

swollen cellulose"• 

2. 
Il The Jorgensen accessibility, defined as the atoms 

of oxygen eongwmed per anhydroglucose unit When cellulose was 

oxidized with chromium trioxide dissolved in acetic acid -

aoetic anhydride (4 vol. to 1 vol.) at 20° for 30 minutes, was 

used as the standard measurement of the accessibility of the 

celluloses. 

3. Using cellulose hydrate II, it was show.n for the 

first time that drying from benzene under slight vacumn at room 

temperature for one year decreased the aceessibility from 0.87 

to approximately 0.25; drying from benzene under water pump 
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vacuum at room temperature caused a decrease from 1.00 to 0.15 

in 144 hours. The fact that drying directly from water under 

1 mm. pressure at 105° reduoed the accessibility almost to zero 
7, 

was confirmed. 

Cellulose hydrate II was round for the first time 

to retain its original aecessibility during solven~exchange 

and, when stored in anhydrous benzene, retained the initial ac­

cessibility even after one year. 

5. Cellulose hydrate II was found for thè first time 

to be very sensitive to pressure, mild compression decreasing 

the accessibility from approximately 1.7 to approx~ately 1.0. 

6. The densities of the cellulose modifications in ben-

zene, deter.mined by means of a hydrostatic balance, were shown 

for the first time to be: water swollen cellulose, 1.56; cellu­

lose hydrate I, 1.62; cellulose hydrate II, 1.62. This deter­

mination gave precision of greater than 1%, but the densities of 

the different cellulose hydrate II preparations varied from 

1.600 to 1.656 under certain conditions of preparation. 

The density of the cellulose modification being 

know.n, further small samples of the various preparations were 

weighed on the hydrostatic balance, to give the weight of cel­

lulose in a sample wet with benzene, without the necessity of 

prior drying. When the specimens were weigned in this manner 

" and compression was avoided, the Jo~gensen accessibilities of 
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all preparations were highly reproducible, the limiting factor 

being the conditions of a final iodometric titration. Previous 

values found for water swollen cellulose, cellulose hydrate I 

and cellulose hydrate II were revised to 0.14, 0.98 and from 

1.67 to 1.95 atams of ox.ygen per glucose unit respectively. 

8. The accessibilities of almost all preparations, 

expressed as per cent of the total hydroxyl groups methylated, 

were also estimated by the thallous ethylate procedure. Sam­

ples weighed on the hydros ta tic balance had higbly reproducible 

methoxyl contents. The accessibilities of water swollen cel­

lulose, cellulose hydrate I and uncontaminated cellulose hy­

drate II were 15.7, 25.6 and from 29.8 to 46.1% by this method. 

No accurate correlation existed between the chromium t rioxide 

and the thallous ethylate accessibilities. 

9. Batches of cellulose hydrate II, weighing from 10 

to 20 g., were methylated superficial1y by means of thallous 

ethylate and dimethyl sulphate. The product was recovered in 

six fractions, varying in methoxyl content from 37.1 to 16.6%, 

each of which was contaminated with large quantities of thallium 

salts. Four of these fractions were recovered free from thallium 

by the use of dia1ysis and ion-exchange technique. The recovery 

of the methylated fractions was 96.8% of the theoretical yield. 

10. The distribution of the methoxyl groups in each of 

the partly methylated cellulose fractions was studied by the 

tosylation-iodination procedures, with the result that a pre-



ferred methylation of the primary hydro~l groups in most frac­

tions of the supertioially methylated cellulose was detected. 

Oxidation of the least methylated fractions with aqueous potassi­

um periodate ~ve untrustworthy resulta for their content of 

unsubstituted 2,3 glycol groups, but the resulta for two more 

highly methylated, shorter Chain fractions suggested that most 

of the 2,3 positions were either oomp1etely methy1ated, or not 

at al1. 

11. In collaboration with Dr. T.E. Timel1 the Chain-

length distribution of one of the least degraded, least methylated 

fractions, still non dialysable and water insoluble, was deter­

mined. The methoxyl substitution of the sub-fractions inereased 

from 0.22 to 1.54 as their ohain length deoreased from 504 to 6. 

12. Although unexpeotedly severe degradation during 

the methylation with dimethyl sulphate, great diffiolllty in 

eliminating thallium salts from the products and amall amounts 

of the individual fractions impai~edthe quantitative aspecta 

of the work reported under 10 and 11, their general trend was 

not inconsistant with what is known of the fine structure of cel­

lulose. 
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