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High polymers, such as cellulose, are polymolecular, 

i.e., their component molecules exhibit a usually widely 

varying molecular weight. Being non-uniform, they are in­

finitely variable and the molecular weight distribution may 

vary from sample to sample of one and the same high polymer. 

Although of the same average molecular weight and chemical 

constitution, two polymerie specimens might accordingly show 

quite different properties depending on their particular 

molecular weight distribution, which will affect its behavior 

both in the solid and the dissolved state. 

Determination of the molecular-weight distribution of 

high polymers therefore gives valuable information concern­

ing many important properties of such materials, and it is 

thus highly important that methods be available for ascertain­

ing this distribution. Such an evaluation of the polymolecul­

arity could conceivably be carried out by any one of a number 

of methods, for example by comparison between osmotic and 

viscometric molecular weights, by ultracentrifugal techniques, 

by light-scattering , chromatographie adsorption, ultrafil­

tration, dielectric dispersion, electron microscopy, etc. 

In the case of cellulose, most results have so far been 

obtained by application of solubility methods, which are 

based on the fact that the solubility of a polymer molecule 

increases exponentially with decreasing molecular weight. 
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Various techniques have been employed in this connection 

such as fractional precipitation and solution, summative 

methods and precipitation titration. The solubility of a 

polymer depends, however, not only on its molecular weight 

but also, and generally to a much higher degree, upon its 

chemical constitution. Direct fractionation of cellulose 

has proven difficult because of its instability in solutions, 

all of which are either strongly basic or acidic in nature. 

Derivatives such as the acetate or nitrate are more suitable 

in this respect and at least the latter can easily be pre­

pared from any cellulose without accompanying degradation. 

Nitrates have also been more widely used for molecular 

weight and polymolecularity studies than any other cellulose 

derivative. Unfortunately, complete substitution is very 

difficult to achieve in this case without simultaneous de­

polymerization. 

All partially substituted derivatives of cellulose are 

more or less non-uniform as far as the distribution of the 

substituents is concerned, i.e., sorne chain molecules are 

likely to contain more substituent groups than others. This 

fact will influence their solubility behavior and if such a 

material is fractionated by a solubility method, separation 

will occur according to both the length and the chemical 

nature of the chain molecules. 

Recent investigations have shown that such a dual 

fractionation does indeed take place when cellulose nitrates 
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are fractionated. It was the object of the present study to 

ascertain the extent of this undesirable influence of the 

chemical non-uniformity of the cellulose derivative on the 

results obtained by subjecting it to accepted fractionation 

procedures. For comparative purposes, a completely substi-

tuted, undegraded trinitrate was essential, and the first part 

of the present investigation hence had to be devoted to devel-

oping a method for preparing such a compound i~ • In the 

second part, comparative fractionations could then be carried 

out by different procedures. 

-~ "Pub1ished in Svensk Papperstidn • .2.§., 281 (19.5.5). 



HISTORICAL I1~ROLUCTION 

The literature on fractionation of l1igh polymers has 

been adequately reviewed by Cragg and Hammerschlag (l) and 

will therefore not be discussed here. Conrad (2) has rec-

ently swamarized the literature on the polymolecularity of 

cellulose and cellulose derivatives up to and including the 

year 1952 and the following brief review will accordingly 

deal only with the more important contributions particularly 

pertinent to the present researcb. Less comprehensive re-

views have also been presented by Sihtola (3), Wannow (4) 

and Broughton (5). 

Fractionation of cellulose nitrate was for a long time 

almost invariably carried out by the solution method, i.e., 

the derivative was successively extracted in the solid state 

with solvent-nonsolvent mixtures of increasing solution cap-

acity. This procedure seems especially to have been favored 

in the case of wood cellulose as witnessed by the large num-

ber of investigations in the field, e.g., those of Schieber 

(6), Atchison (7), Mitchell (8) and Heuser and coworkers (9) 

to mention only a few. 

The last major investigation in which the solution method 

was used was reported in 1950 by Heuser (9), and in the same 

" year Jorgensen (10) published an important comparative study 

of the solution and precipitation procedures as applied to 

" cellulose nitrates (cf. Heuser and Jorgensen, 11). It was 
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shown conclusively that the precipitation method, which in-

volves gradual precipitation of a solution of the nitrate 

wi th a sui table nonsolvent, was widely SU:fB ri or to the solu-

tion process. The latter was, as could be expected, consid-

erably influenced not only by the physical and chemical 

properties of the chain molecules but also by their location 

in the fiber. 
Il 

Jorgensen could show that the material first 

removed during fractional solution consisted of short-chain 

material located on the surface of the microfibrils of the 

cellulose, after which similar material within the more dis-

ordered regions was dissolved. With beginning swelling 

shorter chains inside the microfibril became accessible and 

was leached out until, during the final stages, chains of 

all different sizes were extracted. The main result of this 

complicated process was a molecular weight distribution that 

was largely an artifact and which especially failed to account 

for the polymolecularity of the high-molecular weight region. 

Fractional precipitation, particularly when applied in two 

stages instead of one, gave satisfactory results, which were 

also closely reproducible. 
Il 

Since Jorgensen's comprehensive studies, all fraction-

ations of cellulose or cellulose derivatives for evaluating 

the polymolecularity of these products have been performed 

by the precipitation method, acetone usually being chosen 

as the solvent and water or a hydrocarbon such as hexane as 

the nonsolvent. In those cases, however, where chief interest 
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has been centered on the location of the various chains 

within the fibrillar cellulose framework or where variations 

in chemical constitution have been investigated, the solu­

tion procedure has still found extensive use, e.g., in 

studies on the methylation (12) and carboxymethylation (13) 

of cellulose or on the formation and properties of cellulose 

nitrates (14, 15). 

Most earlier investigations on the fractional precipi­

tation of cellulose nitrates dealt with rather low-molecular 

weight products. Wannow and Thormann (16), for example, 

studied a hydrolyzed cotton cellulose and concluded that 

identical results were obtained irrespective of whether a 

refractionation of the primary fractions was carried out or 

not. A similar conclusion was drawn by Roseveare and Poore 

(17), who worked with a rayon cellulose. Timell and Jahn 

(18) tried to ascert~n the reproducibility of a two-stage 

precipitation method by subjecting a sample of cotton linters 

to a triplicate fractionation. Two series of the data ob­

tained checked very well but the third did not. More diffi­

culties were encountered by Timell (19) when dealing with 

high-molecular weight celluloses such as ramie nitrates. 

These materiels were found to be rather unstable in acetone 

solution, resulting in a degradation that was more severe 

the longer the period of contact between the polymer and the 

solvent. When the intrinsic viscosity of the fractions was 

estimated it was found necessary to account for the influence 
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of the rate of shear on the former, chain-length distribu­

tions that were too narrow otherwise being obtained. The 

necessity of repeated refractionation for obtaining reason­

ably sharp fractions was also stressed. In a later investi­

gation it was actually shawn (20) that even 11 refraction­

ations failed to produce a uniform material. Recently 

Meffroy-Biget (21) devised a fractionation procedure aimed 

at overcoming a part of these difficulties. 

Few data are available concerning the influence of the 

chemical non-uniformity of cellulose derivatives on their 

behavior when subjected to either fractional solution or 

precipitation. Earlier studies (22, 23, 24) indicated that 

the nitrogen content of the fractions àid not remain constant. 

Smith (14) recently studied the chemical uniformity of various 

technical cellulose nitrates by a fractional solution proce­

dure and found that nitrate substitution decreased with 

decreasing average D.P. of the fractions. A similar trend 

was noticed by Timell (20) when fractionally precipitating 

ni trated cotton linters. lïiiller and Timell ( 15) studied the 

distribution of nitrate groups in various nitrates from 

cotton linters, prepared bath in rate-controlled reactions 

and under equilibrium conditions. The products were separated 

into a number of fractions by a successive extraction that 

was continued until the fibers began to swell. The first 

material to be removed, which was also that of lowest molec­

ular weight, contained less nitrate groups than the remainder 



and the nitrate substitution as a rule increased with in­

creasing D.P. This non-uniformity was less pronounced in 

specimens prepared under equilibrium as compared to those 
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made under rate-controlled conditions but persisted even at 

high degrees of substitution. The authors tentatively sug­

gested that the accessible and short-chain portions of the 

fibrils had been less highly nitrated because of the ability 

of the nitric acid molecules to enter the crystalline portions. 

Another interpretation of the same phenomenon was offered by 

Smith (14), who postulated a preferential hydrolysis and 

denitration within the highly organized localities. As a 

non-degrading acid mixture had been used in the former invest­

igation, this explanation could not, however, apply generally. 

One of the most important contributions in this connec­

tien has been made by Rosenthal and vVhite (25), who studied 

the fractionation of cellulose acetate. These investigators 

were able to show that the nature of the solvent-nonsolvent 

system used for fractionation sometimes strongly influenced 

the results obtained. A system of acetone-aqueous ethanol, 

for example, was found to be especially more sensitive than 

others to variations in acetyl content of the material. 

Other systems effected fractionation more according to the 

chain-length and by a proper combination of two widely dif­

ferent solvent combinations the authors were able to effect 

a so-called "cross-fractionation". In this way fractions 

with narrow acetate and D.P. distributions could be produced. 



In earlier investigations the nitrogen content of the 

fractions obtained from cellulose nitrates were seldom if 

ever determined. Only gradually was it realized that the 

intrinsic viscosity of cellulose nitrates must depend not 
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only on the molecular weight but also on the degree of sub­

stitution of the material. Intrinsic viscosity, which is 

now usually given in dl/g, is a measure of the effective 

hydrodynamic volume of the molecular coil in solution. It 

has been conclusively shown (26) that in acetone or similar 

solutions of cellulose nitrate only the nitrate groups are 

solvated. The degree of solvation is therefore directly 

related to the degree of substitution, and the latter accord­

ingly is one of the factors determining the volume and thus 

the viscosity of the chain molecule in solution. One of the 

first to realize the importance of this was Wannow (27) but 

it was not until 1953, when Lindsley and Frank (28) developed 

a quantitative relationship, that it became possible to re­

calculate the intrinsi c viscosity for any nitrate substitution. 

The increase in viscosity is particularly pronounced at high 

degrees of substitution, the maximum level being attained at 

the theoretical trisubstitution. 

Using the equation of Lindsley and Frank, fimell (20) 

could show that failure to correct the viscometrically deter­

mined degrees of polymerization of f ractions obtained in a 

one-stage precipitation of a ce llulose ni trate led to a chain­

length distribution that was more narrow than the true one. 
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Similarly, even more pronounced differences were noticed in 

a subsequent study on the polymolecularity of a white spruce 

cellulose (29). In spite of recent statements to the con­

trary (30) it appears necessary therefore to apply the 

equation of Lindsley and B1rank when measuring the D.P. of 

cellulose nitrates by viscometric means. An indication of 

the interest this question has recently aroused can be seen 

in the fact that since the above equation was developed, 

three other investigations have appeared dealing with the 

same subject (31, 32, 33). 

Application of a correction to the viscosity values is 

not enough, of course, to eliminate the dual influence on 

the fractionation referred to above. This can be achieved 

only by working with a completely substituted derivative and 

although the importance of this has been pointed out, no such 

fractionation seems ever to have been undertaken. In a sug-

gested standard method for evaluating the polymolecularity 

of celluloses, Mitchell (34) recommended the use of a one-

stage fractional precipitation of cellulose nitrates by 

gradual addition of water to its acetone solution. The 

effect of the average nitrate substitution was not mentioned 

but it was specifically stated that the nitrogen content of 

the material to be investigated must not be below 13.6%. 

The method selected by Mitchell, which is well known and 

" essentially the same as that used by Jorgensen (10) and many 

other investigators, was also the one chosen for the present 
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study, although in a few cases acetone-hexane was also used 

as the solvent-nonsolvent system. 



BXP~RIMEl~AL PriOCEDUrtES 

The cotton linters used throughout the present work were 

of an acetate-grade quality, and had been obtained through 

the courtesy of Hercules Powder Company, Wilmington, Delaware. 

'l'his material was the same as that used previously by Timel l 

(20) and by Miller and Timell (15). It had an average D.P. 

of 1,700 and exhibited a Gaussian chain-length distribution. 

The untreated cotton used was of a raw Coastland variety 

with an average D.P. of 4,700 (35) and the ramie was a com­

mercial sample which had been kier-boiled and bleached. All 

materials were extracted with benzene-ethanol (2:1) and air­

dried. 

The nitrating mixture of Alexander and Mitchell (36) 

was prepared from purified, 90% fuming nitric acid and re­

agent grade phosphorus pentoxide. Its composition was 64% 

nitric acid, 26% phosphoric acid, and 10% phosphorus pentox­

ide. Anhydrous, lOO% nitric acid was prepared from the 

decolorized fuming acid by distillation from sulfuric acid 

in an a l l - g lass appar atus. Nitrogen pentoxide was dist i l l ed 

from a mixture of lOO% nitric acid and reagent grade phos­

phorus pentoxide under vacuum at a temperature ranging from 

20°C to 30°C. The boron trifluoride was of a commercia l 

quality, about 99% pure, supplie d f rom a cylinder. All 
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solvents and reagents used were of a reagent quality with 

the exception that technical acetone was used for fraction-

ations. 

For stabilization of the cellulose nitrates by methanol 

extraction the Soxhlet apparatus was used as suggested by 

Roseveare and Poore (17); the alcoholic vapor entered the 

top of the condenser, thus was cooled so that the condensate 

was at approximately room temperature by the time it reached 

the sample. 

The viscometer was of the Cannon-Fenske type, with a 

capillary radius of approximately 0.02 cm and an efflux vol­

ume of 3 ml. Semi-micro Kjeldahl analyses were carried out, 

using a micro balance for weighing samples to lo-5 g; 30 ml 

flasks for digestion, and an all-glass still for collection 

of the liberated ammonia. 

~ŒTHODS 

Nitrations With the Standard Mixture 

The well-known nitration procedure of Alexander and 

Mitchell (36), which~ also the suggested standard method 

of the American Chemical Society (34), is generally assumed 

to convert cellulose into the nitrate derivative without any 

appreciable degradation (37, 38, 39, 40, 41; cf. 42, 43). 

The nitrating mixture was prepared by adding phosphorus 

pentoxide to purified fuming nitric acid to achieve the 



desired composition. Nitration was carried out using a 

weight ratio of acid mixture to cellulose of 100:1, and the 

reactions were allowed to proceed, with occasional shaking, 

for periods of four to five hours, at 0°C. The nitrate was 

separated from the excess acid by filtration, drowned in 

distilled water at 0°C, washed with 4 to 6 1 of distilled 

water, and stabilized by boiling in three portions of 50% 

aqueous methanol, each for five minutes. Drying was accom­

plished by heating at 55°C in vacuo, for one to two hours, 

and standing at room temperature for one to two days in a 

vacuum desiccator. The products thus obtained usually aver­

aged 13.90 to 14.00% nitrogen. 

Determination of Nitrogen Content 

All nitrogen determinations were carried out by a semi­

micro Kjeldahl procedure as described in detail by Timell and 

Purves (12) although with some modifications. Methyl purple 

was the preferred indicator and all values were referred to 

a sample of potassium nitrate which had been recrystallized 

twice from ethanol and separately analyzed by the nitron 

method (44). The accuracy was ;- 0.02%. The Dumas and the 

Du Pont nitrometer procedures were also tried but found to 

be inferior to the Kjeldahl method, which also required less 

amounts of material, usually only 10-20 mg. 

Data from one series of analyses are given in Table I. 
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TABLE I 

Nitrogen content as determined by the semi-micro Kjeldahl 
procedure of five cellulose nitrates, prepared separately 
but under identical conditions by means of the 43:32:25 mix­
ture. 

Sam:Qle No. Nitrogen Content 1 ~ 

1 14.08, 14.09 
2 14.10' 14.1~ 

~ 
14.12, 14.1 
14.12, 14-15 
14.16, 14.18 

Determination of Degree of Polymerization 

Degrees of polymerization were throughout estimated vis­

cometrically. Reduced viscosities were measured at 25°C in 

the Cannon-Fenske viscometer with acetone as the solvent and 

flow times adjusted to 350-550 sec. Extrapolation to zero 

concentration was carried out with Huggins' equation <45) 

Y") sp / C 

1 + K 1 Y? sp 

where K1 was assumed to equal 0.35. The intrinsic viscosity 

values thus obtained were adjusted to a theoretical trisub­

stitution with the aid of the equations developed by Lindsley 

and Frank ( 28): 
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log~],. = log f(x) (14.15-x) B u ] 
f (x)· = ru ( 1-~ • x 

1 .01 lOO 2 

['(JT - i. v. at trisubstitution -

x = nitrogen content in % 

B = 0.114 

The corrected intrinsic viscosities were finally converted 

ta corresponding degrees of polymerization according ta the 

relationship of Newman, Loeb and Conrad (46): 

D. P. = K (yt] 

The value of the constant K in the equation had been deter-

mined by the above investigators to be 80 3 for ethyl 

acetate solutions of cellulose nitrares contmning an aver­

age of 13.60% nitrogen. The corresponding v~ue for acetone 

solutions was approximately 100 (8, cf. 10); this when cor­

rected according to Lindsley and Frank (28) gave another 

constant, K1 , which equalled 84.0 in the relationship 

D.P. = 
Due to the relatively low average molecular weight of the 

nitrates no correction had to be applied for shear rate in-

fluence <47). 
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Various Analytical Procedures 

Analyses for phosphorus in the nitrated celluloses 

were carried out according to the method described by 

Niederl and Niederl (48) and also by the colorimetrie pro­

cedure of ~Fontaine (49). Both methods fai led to indicate 

the presence of m. y phosphorus in the s amples. 

The carboxyl content of the purified cotton linters was 

estimated by the silver o- nitrophenolate procedure of Sookne 

and Harris (50). The data obtained suggested the presence of 

.only 0. 025 meq. per gram of carboxyl groups. 

Nitration With Gaseous Nitrogen Pentoxide 

The method of Vollmert (51) was used, involving direct 

distillation of nitrogen pentoxide from a mixture of nitric 

acid and phosphorus pentoxide. The apparatus consisted of 

two connected flasks as described by the above investigator, 

and distillation from one to the other was carried out for 

24 hours by immersing one in a freezing mixture, and keeping 

the other at a temperature ranging from -soc to +17oc. Pur­

ified cellulose, 500 mg, either cotton linters or kier-boiled 

ramie, was thus nitrated using 10 ml of lOO% colorless nitric 

acid and 15 g of phosphorus pentoxide. After washing with 

8 1 of distilled water at 0°C, stabilization of the product 

was effected by boiling in three successive portions of 

aqueous 50% methanol, each for five minutes. 



Nitration With a Solution of Nitrogen Pentoxide in Carbon 

Tetrachloride 
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The method of Dalmon, Chedin and Brissaud (52) was used. 

Sanples of cellulose, 250 mg, were added to 30 ml of a 12.5% 
solution of nitrogen pentoxide in carbon tetrachloride and 

the reaction was allowed to proceed at +5°C for various 

lengths of time. In one experiment, 2% phosphorus pentoxide 

was also added to the carbon tetrachloride solution. 

Various Nitrations 

The mixture of Alexander and Mitchell was used in sev­

eral experiments with admtional reagents incorporated. In 

one series of experimenta 2 to 15% of nitrogen pentoxide was 

added, and in another 15 to 20% of the same compound was 

used together with an anhydrous nitric acid containing 10% 

of phosphorus pentoxide. 

In a third series of nitrations boron trifluoride was 

introduced in amounts ranging from 6 to 20% into the nitrat­

ing mixture of Alexander and Mitchell. All reactions were 

allowed to proceed for four hours at +5°C and isolations of 

the products were carried out as described above. None of 

the various procedures gave a completely substituted compound. 

Nitration With Mixtures of Nitric Acid, Acetic Acid and 

Acetic Anhydride 

Three different nitration mixtures were investigated, 
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including two developed by Bouchonnet et al (53) and by 

Roseveare and Poore, respectively. The composition of these 

mixtures was in proportion by weight of nitric acid, acetic 

acid and acetic anhydride 50:25:25 and 52:38:10, respectively. 

In addition to these, a third mixture was also tested, con­

taining the above reagents in a ratio of 43:32:25. The 

first mixture was prepared from lOO%, anhydrous nitric acid, 

reagent grade acetic acid and acetic anhydride, whereas 90% 

fuming nitric acid was used for the other two. 

In a typical experiment, acetic anhydride, lOO ml (108 g) 

was slowly added to 67 ml (lOO g) of 90~ purified nitric acid 

at a temperature of -20 to -30°C. 'l'o 40 ml of this mixture 

250 mg of air-dried cotton linters was added at the same 

temperature and the reaction mixture was immediately trans­

ferred to an ice-bath where it was kept with occasional shak­

ing for three hours. The nitrated material was poured into 

2 1 of ice-water and washed repeatedly on a sintered-glass 

filter funnel with cold distilled water until neutral. 

Stabilization was effected by extraction with cold methanol 

over-night in a Sohxlet extractor. Alternative methods of 

stabilization included extraction with cold water, b oiling 

with 50% aqueous methanol or repeated washing with cold water. 

The nature of the stabilization procedure was found to have 

no influence on the final nitrogen content of the product. 



20 

Preparation of Cellulose Nitrates for Subsequent Fractionations 

For preparation of a series of cellulose nitrates of the 

same degree of polymerization but varying in average nitrogen 

content from 13.5 up to and including the trinitrate, two 

different methods were applied. 

The trinitrate was prepared as outlined above with the 

43:32:25 mixture of nitric acid, acetic acid and acetic an­

hydride. All other specimens were obtained with the aid of 

the acid mixture of Alexander and Mitchell, either alone or 

diluted with successive amounts of 85% phosphoric acid as des­

cribed by Lindsley and Frank (28) and by Timell (54). The 

reaction time was in all cases four hours at 0°C and the pro­

ducts were purified and stabilized as described previously. 

Eight different cellulose nitrates were obtained in this way 

averaging 13.52, 13.64, 13.70, 13.76, 13.82, 13.86, 13.94 and 

14.14%, respectively, all of which exhibited the same, or 

nearly the same, degre e of polymerization. 

Practional Precipitations With the System Acetone-Water 

Cellulose nitrate, 1.5 g, was dissolved in 1,000 ml of 

92% aqueous acetone with the aid of a Waring Blendor. Frac­

tionation was effected at a constant temperature of 

25 ± 0.05°C with constant stirring by gradually removing the 

solvent with a slow current of air. When a suitable amount 

of material had precipitated as judged from the intensity of 

the opalescence, the current of air was stopped and the two 
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phases allowed to come to equilibrium over a period of ten 

minutes. The precipitate was separated from the solution 

by c entrifuging, converted into a fibrous form by addition 

of methanol, dried and weighed. The clear, supernatent sol­

ution was used for collecting &~other fraction in the same 

manner. '.l'~e last two fractions were obtai ned by concentra t­

ing the solution to half of its final volume and to dryness, 

respectively. Usually, a total number of 12 to 15 fractions 

were isolated in this way. 

All of the aoove preparations were subjected once to 

this type of fractionation except the trinitrate which was 

fractionated in duplicate. 

Analyses for nitrate substitution and intrinsic viscosity 

(degree of polymerization) were carried out as described above. 

Fractionation With the System Acetone-Hexane 

Cellulose nitrate, 1.5 g, was dissolved in 300 ml of 

acetone to which the same volume of hexane was added at once. 

Fractionation was effected by gradual addition of further 

quantities of hexane except for the last fraction which was 

obtained by evaporation to dryness. The number of fractions 

obtainable in this manner was usually 7 to 8 , al l of which 

were weighed and analyzed as before. 



HESULTS 

Preparation of Cellulose Trinitrate 

Although the preparation of an undegraded cellulose 

trinitrate had not been achieved by the time the present 

study was initiated, several investigators had reported the 

formation of completely substituted products of unknown 

degree of polymerization. Dalmon (55), using nitrogen 

pentoxide in the vapor phase, obtained a product with a 

content of 14.1276 nitrogen and Dalmon, Chédin and Brissaud 

(52), who applied the same reagent dissolved in carbon tetra­

chloride, were able to prepare a nitrate containing the 

theoretical amount of nitrogen corresponding to trisubstitu­

tion, namely 14.14%. 
In the present attempt to prepare an undegraded cellu­

lose tri nitra te, ni trogen pentoxide, which is an e xtreme ly 

powerful nitrating agent, particularly for oligosaccharides, 

was accordingly first employed. Vollmert (51), trying to 

prepare a nitrated pectin, devised a method involving direct 

distillation of a mixture of nitrogen pentoxide and nitric 

acid formed by heating a mixture of nitric acid and phos­

phorus pentoxide, onto the polysaccharide. Application of 

this technique gave the results summarized in Table II, from 

which it is i~~ediately seen that considerable degradation 

occurred, which was not entirely unexpected, and that the 

nitrogen level attai ned was not higher than that attained by 
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the standard method of Alexander and Mitchell. 

TABLE II 

Vapor phase nitration (Vollmert) compared with the nitration 
of Alexander and Mitchell. 

Material 

Hydrolyzed Ramie 
Hydro1yzed Ramie 
Hydrolyzed Linters 
Hydro1yzed Linters 

Method 

A & M 
Vo1lmert 
A & M 
Vo11mert 

770 
610 

1100 
600 

Nitrogen, % 

When the procedure of Da1mon, Chédin and Brissaud was 

used, invo1ving the nitration with 12.5% solution of nitro-

gen pentoxide in carbon tetrachloride, similar results were 

noticed, as may be seen from Table III. Trisubstitution was 

not achieved; and a continuously progressing depolymerization 

evidently occurred, indications for which had already been 

obtained previously by Jullander (40). 

TABLE I II 

Nitration of purified linters at 5°C with a 12.5?b solution 
of nitrogen pentoxide in carbon tetrachloride. 

Time, hr 

7 
8 
9 

22 

Nitrogen, % 
18.4 
16.7 
15.7 
12.2 



A portion of the nitric acid in the standard nitrating 

mixture of nitric acid, phosphoric acid and phosphorus 

pentoxide is probably present in the form of nitrogen pent-

oxide; it therefore was thought to be of interest to invest­

igate how this compound would affect the extent of nitration. 

Various quantities of nitrogen pentoxide, ranging from 2 to 

15% by weight, were accordingly added to the above nitration 

mixture and the reaction allowed to proceed for four hours 

0 at 5 C. The results reported in Table IV indicate that, 

although no degradation occurred, the nitrate substitution 

was independent of the amount of nitrogen pentoxide present 

and only slightly higher than those generally noted with 

the original mixture. Elimination of the phosphoric acid 

component by using lOO% nitric acid containing 10% of phos-

phorus pentoxide and varying quantities of nitrogen pentoxide, 

lowered rather than increased the nitration level, as is seen 

in Table V. The same was evidently the case, as is evident 

from Table VI, when boron trifluoride was incorporated in 

the standard nitration mixture in an attempt to facilitate 

the formation of the nitronium ion ( No2 + ). 
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TABLE IV 

Nitration for four hours at 5°C with the nitrating mixture 
of Alexander and Mitchell, containing additional amounts of 
nitrogen pentoxide. 

Additiona1 N20~, % Nitrogen 2 % D.P. 

2 1,.89 1690 

~ 1 .oo 1680 
13.98 1660 

8 14.0~ 16 0 
10 13.8 1710 
15 14.00 1620 

TABLE V 

Nitration for four hours at 5°C with lOO% nitric acid con­
taining 10;6 by weight of phosphorus pentoxide and various 
amounts of nitrogen pentoxide. 

15 
20 
25 

Nitrogen, % 

TABLE VI 

D.P. 

1710 
1820 
1780 

Effect of the addition of various amounts of boron trifluor­
ide to the nitrating mixture of Alexander and Mitchell. 

BF3, % Nitrogen 2 % D.P. 

0 13.86 1680 
6 13.95 1700 

10 13.9~ 
15 13.8 
20 13.91 1700 
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At this point it was shown in separate experimenta that 

the impossibility of obtaining a trinitrate was due neither 

to the presence of carboxyl groups in the original cellulose, 

nor to the introduction of phosphate groups in the nitrate 

derivative, very few of such groups being detected by sensi­

tive analytical techniques. 

It was apparent from the above that nitrogen pentoxide, 

used either alone or in the standard acid mixture, was not 

capable of producing the desired result. Therefore, attention 

was directed toward other nitrating agents. Bouchonnet, 

Trombe and Petitpas (53) have been able to prepare nitrates 

from cotton containing 14.04 to 14.08% nitrogen by using a 

mixture of nitric acid, acetic acid, and acetic anhydride, 

in the proportion 50:25:25. Exhaustive extraction with 

methanol increased the nitrogen content to 14.12%, and also, 

in sorne cases to 14.15%. With ramie, lower degrees of sub­

stitution were noticed. Mixtures of nitric acid and acetic 

anhydride have been studied by Chedin and his co-workers. 

Raman spectra (56) indicated the following equilibris to be 

valid at -10°C: 

With an excess of acetic anhydride the only products formed 

were acetic acid and acetyl nitrate but with an excess of 
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nitric acid, nitrogen pentoxide (as No2 + and No3- ) was also 

present. Addition of acetic acid to this nitration mixture 

appears to increase its swelling power, lower substituted 

products being obtained without it (57). Pure acetyl nitrate 

itself, which is an extremely powerful nitrating agent, 

effects very little nitration when applied directly to cellu­

lose, but this has been shown to be due entirely to poor 

penetration of the unswollen fiber (57, 58, 59) and can be 

overcome by proper pretreatment. 

Three nitration mixtures of the type referred to above 

were tested in the present study. The first was identical 

with that used previously by Alexander and Mitchell (36) and, 

later, by Roseveare and Poore (17). The viscosity value ob­

tained by the former investigators suggested little degrada­

tion but the nitrogen content reported by the latter was only 

13.8%. The second mixture was that employed by Bouchonnet, 

Trombe and Petitpas and the third was one originating in the 

present investigation and having the advantage of being easily 

prepared from co~~ercially available fuming nitric acid. A 

summary of the composition of and the results obtained with 

the three nitration mixtures when applied to purified cotton 

linters is given in Table VII. All mixtures apparently gave 

nitrates of high nitrogen substitution but, unlike the first 

and the third, the second one appeared to have caused sorne 

degradation. This result was corroborated by the data in 

Table VIII, which indicated a definite degradative effect, 
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probably caused by the gradual decomposition of the unstable 

reagent. The third mixture, which affected the highest 

degree of nitration, seemed to be suferior to the second as 

far as stability was concerned. Application of this nitrat­

ing mixture for three hours at 0°C to three celluloses from 

different sources gave the result s summarized in Table IX. 

The purified cotton linters and the ramie were bath nitrated 

to the theoretical trisubstitution and both bad exactly the 

same D.P. as had been obtained earlier with the standard 

mixture. There exists no rigid proof that cellulose is not 

degraded by the latter nitration mixture, but the very fact 

that two so different nitration procedures as those applied 

here resulted in products exhibiting the same molecular weight 

would seem to constitute a good indirect proof that no degrad­

ation occurred in either case. A similar conclusion was also 

reached by Harland (41) who, after the present investigation 

was terminated, reported the preparation of undegraded cellu­

lose trinitrates from rayon by the use of a similar nitration 

mixture. The results obtained also indicated the correctness 

of the relationship between intrinsic viscosity and nitrate 

substitution recently developed by Lindsley and Frank (28). 

The untreated cotton, finally, was not quite as highly 

nitrated as the other two specimens and was also severely 

degraded. Duplicate experiments gave similar results but 

no further attempts were made to elucidate this phenomenon. 
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TABLE VII 

Nitration at -5 to 0°C for seven hours with three nitration 
mixtures containing nitric acid, acetic acid and acetic an­
hydride. 

Nitration Mixture 
Weight, % 

52:38:10 
$0:25:25 
43:32:25 

Ni trogen, 2~ 

TABLE VIII 

D.P. 

1730 
l' 00 
1~80 

Nitration at 0°C with a 50:25:25 nitration mixture according 
to Bouchonnet and coworkers. 

Time 2 br Ni trogen 2 % D.P. 

' 
14.10 1660 
J.4.16 lt20 5-5 14-.17 1 30 

6.5 14.07 1400 

TABLE IX 

Nitration of three celluloses of different origin at 0°C for 
three hours with the 43:32:25 nitrating mixture; and compar­
ison with the nitration according to Alexander and Mitchell. 

D.P. D.P. 
Material Ni trogen 2 ~ (A & M) (b!:3:32:2~l 

Untreated Raw Cotton 14.10 4720 3700 
Purified Cotton Linters 14.14 1680 1680 
Purified Ramie 14.13 2050 2050 
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According to Bouchonnet, Trombe and Petitpas (53), the 

nitrogen content for trisubstitution was reached only after 

extraction of the crude nitrates with methanol. This exper-

ience was not encountered in the present study. In a specifie 

case, a sanple prepared by the 43:32:25 nitration mixture and 

containing 14.10% nitrogen was extracted with cold methanol 

for 24 hours. The nitration content after extraction was 

substantially the same, namely 14.11%, and only 0.6% of the 

material was removed. The latter had a nitrogen content of 

16.5%. Application of various stabilization procedures also 

had no noticeab1e effect on the degree of substitution as is 

evident from Table X, and all nitrates were accordingly 

henceforth stabilized by extraction with methanol. 

TABLE X 

Effect of stabilization procedure on nitrogen content. 

Treatment 

Extraction with cold methanol 
Extraction with cold water 
Boiling with 50% aqueous methanol 
Repeated washing with co1d water 

Time 

14 hr. 
14 hr. 
10 min. 
3 da. 

Nitrogen, % 

14·13 
1.4.12 
1.4.17 
14.14 

Unlike the nitration mixture of Harland (41) mentioned 

above, the mixture used here nitrated cellulose only slowly, 

as may be seen from Table XI, valid for cotton linters and 

0°C. After the first 15 minutes the reaction proceeded only 

slowly, and trisubstitution was reached only after three hours 
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at this temperature. Complete solubility in acetone or ethyl 

acetate was not achieved until a nitrogen content of 14.0% 

had been at tai ned. Corresponding nitrates prepared by the 

standard procedure, on the other hand, became soluble at a 

nitrogen level of 13.0 to 13.5% (60). 

TABLE XI 

Nitration at 0°C with a ~J:J2:2~ nitration mixture. 

Time 1 hr Ni trogen 1 t1a D.P. 

0.25 9-87 
0.50 11.01 
1 12.66 
1.75 13.86 

1680 2 14.05 

~ 
J.4.12 1650 
J.4.15 16oo 
J.4.13 1640 

0 1590 
8 14.12 1500 

10 14.12 1~0 

~~ - 1 0 
14.10 1470 

~~ 
14-.16 1180 
14.14 1160 

1100 
120 14.13 1090 

Al1 these facts suggested a reaction governed by the 

rate of diffusion of the reagents from the surface into the 

interior of the cellulose fibrils, caused primarily by the 

1imited swe11ing ability of the nitrating mixture. A re-

action of this type would be expected to produce a product 

with good so1ubility properties only at a very high degree 
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of conversion when even the hydrogen bonds holding the chain 

molecules in the middle of the microfibril together had been 

broken. The data in Table X show that the degree of substi­

tution remained, within the limits of experimental errors, 

unchanged throughout the time the esterification was followed 

but that the degree of polymerization decreased after the 

firs t four t o fi ve hours. 

Fractionations 

For the subsequent study of the influence of the average 

degree of substitution and thus also the chemical non-uniform­

ity on the results obtained when fractionally precipitating 

cellulose nitrates, a series of such smples had to be pre­

pared, varying in nitrogen content but of the same average 

degree of polymerization. It was shown above t hat a trisub­

stituted cellulose could be made without simultaneous degrad­

ation by using a nitric acid, acet ic acid, acetic anhydride 

mixture . 'l'his r e agent , howevor , v.rs.s n ot suit ab l e for pre­

paring lower substituteQ products as these apparently would 

have only limited solub i lity in acetone. Recourse was there­

f ore to be had to sorne other procedure and fortunately such 

a method was readily available , having recently been developed 

by Lindsley and Frank (28). These investigators found that 

addition of vari ous amounts of 85~b phosphoric ac id to the 

mix ture of Alexander and Mitche ll greatly reduce d the nitrat ­

ing power of the latter and made it possible to obtain products 
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of intermediate degrees of substitution, the lower the more 

phosphoric acid was added. This result was somewhat later 

corroborated by Timell (60), who also confirmed the non­

degrading action of the mixtures reported by the above workers. 

A series of eight cellulose nitrates ranging in nitrogen 

content from 13.52 to 14.14% was prepared by the above methods. 

Their intrinsic viscosities, when corrected for their various 

nitrate substitutions, indicated the same average degree of 

polymerization for them all, thus again showing the correct­

ness of the equation of Lindsley and Frank (28). 

The cellulose nitrates were subdivided into approximately 

15 fractions, essentially according to the suggested standard 

method of the American Chemical Society as described by 

Mitchell (34). Two different solvent-nonsolvent systems were 

used, however, namely, acetone-water and acetone-hexane. 

Approximately ,l5 fractions could be isolated by the former 

and 7-8 by the later technique. To improve fractionation 

efficiency, concentrations were throughout kept between 0.15 

and 0 .20~&. In the former case the nitrates were dis sol ved 

in 92% aqueous acetone and precipitation effected by slow 

removal of the acetone; in the latter fractions were isolated 

by gradual addition of hexane. Much larger quantities of 

this precipitant were necessary as compared to the other 

system because of its inferior ability to remove the solvated 

acetone molecules from the nitrate groups in the chain mole­

cules. 
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All eight of the above-mentioned specimens were fraction­

ated using water as the precipitant. Duplicate fractionations 

were carried out with the trinitrate in an attempt to check 

the reproducibility of the procedure. Five samples, includ­

ing the trinitrate, were subjected to a similar fractionation 

involving hexane as the nonsolvent. The fractions were 

analyzed for nitrogen contents and intrinsic viscosities and 

the latter adjusted to the trinitrate level and converted to 

degrees of polymerization. The averaee nitrogen content of 

the fractions was calculated and compared to the original 

one. Similarly, weight average degrees of polymerization 

were also computed and compared to the original, viscosity­

average value for each specimen, weight- and viscosity-average 

molecular weights being identical in the case of cellulose 

nitrates. 

All numerical data obtained are summarized in Tables 

XII-XXV. Integral weight distribution curves were constructed 

according to the directions of Mitchell (34) and Hermans (61), 

the procedure employed being that originally suggested by 

Schulz (62). The results are presented in Figs. 1-14. A 

summary of the nitrogen contents and degrees of polymerization 

of all samples finally is given in Table XXVI. 



TABLE XII 

F'ractionation of cellulose nitrate sample No. 1, containing 13 • .52% N, acetone-water 
s stem. 

Fraction Weight, Nitrogen, [rt]' d1/g (t'l]T, d1/g 
Weighted Weighted 

No. % . -- fa D.P. D.P. Nitrogen 

1 6.8 13.43 22 • .5 28.~ 2,90 163 0.91 
2 13.6 13.49 23.3 28. 2 20 329 1.8~ 

' 
1_5.2 13.43 22.3 28.7 2420 368 2.0 
7.3 13.f..5 22.9 27.7 2330 170 o.é9 

~ 6.1 13.!.!-.5 20.0 2.5.0 2100 128 o. 2 
6·6 13.t8 16.6 19.9 1670 160 1.30 

7 .o 13. 8 16.0 19.8 1670 lOO 0.81 
8 6·9 13.48 10.4 12.6 1060 10.5 1.3~ 
9 -4 13 • .5.5 11.9 14 • .5 1220 78 0.8 

10 6.7 13 • .52 11.3 14.0 1180 79 0.90 
11 9.0 12.30 _5.1 9.2 770 69 1.11 
12 3·4 11.32 3·.5 8.6 720 ~ 0.]8 

1774 13.29 

VJ 
\J1. 



'l'ABLE XII I 

Fractionation of cellulose nitrate samp1e No. 2, contai ning 13. 64% N, acetone - water 
s stem. 

Fraction Wei~ht, Nitrogen, [~] , d1/g [~]T, d1/ g 
We ighted We ighted 

No. % D. P. D. P. Nitrogen 
--

1 12.1 13-~8 24 ·3 30 .1 2430 306 1.63 
2 8 .6 13. 0 24 .0 28 .6 2 00 206 1 . 17 
3 9-7 13.54 23.4 28 .2 2370 230 1.~1 
4 10.3 13.67 21.0 24 .4 2 050 211 1. 1 

~ 10.1 13.6~ 1é.8 23.2 1é50 197 1.38 
5·4 13.5 i~:é 

22.4 1 80 101 0 .73 
7 9-9 13.65 18.5 1450 153 1.5~ 
8 8.0 13.66 1 ·9 17.3 1 50 116 1. 1 
9 8.1 13.65 11.7 13.7 1150 93 1 . 10 

10 11.5 13.~7 9 .8 12.1 1020 1~b 1 . 55 
11 6.3 12 . 0 3.2 4 ·9 410 0 . 80 

1756 13 . 77 

\..V 
0' 



TABLE XIV 

Fractionation of cellulose nitrate sample No. 3, containing 13.70% N, acetone-water 
s~stem. 

Fraction Wei~ht, Ni trogen, [r)] [QJT dl/g 
Weighted Weighted 

No. d dl/g D.P. D.P. Nitrogen ;o 
-- --

1 6.5 13.58 24.4 2~.3 2460 160 0.88 
2 11.7 13.b0 23.2 2 .9 2260 262 1.60 

~ 
4·5 13. 7 22.6 26.4 2220 100 o.62 

10.1 13.75 22.5 25.4 2130 215 1.39 
14.~ 13.88 20.8 22.7 1910 275 2.00 

6 12. 13.80 1g.8 17.7 1490 188 1.7~ 
7 9.1 13.79 1 .6 16.~ 1380 126 1.2 
8 8.6 13.72 13.7 lg. 1330 114 1.18 
9 8.0 13.69 12.4 1 ·4 1210 ~l 

1.10 
10 8.6 13.~9 6.1 7 ., 630 1.20 
11 5. 11. 0 3·5 7. 620 --.J.2. 0.66 

1628 13.63 

Lv 
-.] 



TABlE XV 

Fractionation of cellulose nitrate sample No. 4, contai ning 13. 76~"b N, acetone-water 
s stem. 

Fraction Wei&ht, Nitrogen, [Yl] [~]T dl/g 
Weighted Weighted 

No. /'o cl dl/g D.P. D.P. 1Utrogen --- - ,/0 

1 2.8 13.52 24.9 30·4 2550 71 0.38 
2 8.8 13.54 2~.8 31.2 2620 231 1.16 

~ 
7·7 13.80 2 • 7 2l.6 2320 179 1.0 

11.8 1J.l2 22.8 2 .o 2180 257 1.62 
8.7 13. 9 22.3 25.9 2180 190 1.16 

6 15.0 13.74 19 ·3 21.8 1830 27~ 2.0 
7 9·9 13.79 16.0 1l.9 1~00 14 1.37 
8 9.1 13.59 14.2 1 ·9 1 20 130 1.24 
9 5-3 13.53 J.4.o 16.9 1420 ~~ 0.72 

10 6.8 13.60 12.7 15.1 1270 0.92 
11 5.J 13.51 10.8 13.2 1110 

'~ 
0.72 

12 6.4 12.35 5.1 9.1 760 0.79 
13 2.4 9.01 1.6 8.2 690 _11 0.22 

1766 13.48 

\..o.> 
CD 



TABLE XVI 

Fractionation of cellulose nitrate sample No. 5, containing 13.82% N, acetone-water 
s:::t:stem. 

Fraction Wei~ht, Nitrogen, [rl] [t{1T dl/g 
Weighted Weighted 

No. /0 % dl/g D.P. D.P. Nitrogen 
--

l 4·l 13.43 24.2 30.5 2560 120 0.63 
2 7· 13.59 25.5 30.6 2570 195 1.03 

' 
8.3 13.62 2,.9 30.6 2570 215 1.13 
8.0 13.80 2 ·4 27.3 2290 18b 1.01 

6 6.8 l3.él 23.9 2,.6 21.50 i~5 0.95 
8.1 13. 3 22.1 2 • 3 2030 1.12 

7 5.6 13.é2 20.4 21.8 1830 102 0.78 
8 7.6 13. 7 1l.l 18.5 15~0 118 1.05 
9 9·~ 13.83 1 • 7 18.3 1[ 0 145 1.30 

10 8. 13.67 14.8 17.2 1 50 125 1.18 
11 6.0 13.58 12.7 15.2 1280 77 0.82 
12 10.9 13.50 8.2 10.1 850 ~6 1.47 
13 8.4 9·35 1.9 8 .6 720 0.79 -

1744 13.26 

\..ù 
--0 



TABLB XVII 

Fractionation of cellulose nitrate sample No. 6, containing 13.86% N, acetone-water 
s stem. 

Fraction Wei~ht, Uitrogen, Qll dl/g rn1T dl/g 
Weighted Weighted 

No. o1 D.P. D.P. Nitrogen j O 

--
1 ~-7 13.55 25.2 J0.4 2550 94 0.50 
2 ·1 13.65 26.2 30.7 2580 173 0.92 

~ 
6.1 13.72 24.6 28.0 23t0 ilib 0.84 
6.2 13.75 24.7 2b.9 23 0 0.8,5 

~ 5-3 13.79 23.5 2 .2 2200 117 0.73 
6.6 13.82 23.0 2,5., 2140 ~4 0.91 

7 12.9 1J.88 21.6 23. 1970 1.79 
8 6.8 13.82 19.3 21.4 1800 122 0.94 
9 8.3 13.89 16.9 18.2 1530 127 1.1~ 

10 6.1 13.82 17.~ 1~-3 1Ô20 99 o.8 
11 6.~ 13.7~ 14. 1 ·9 1420 89 0.87 
12 13.5 13.5 16.1 1350 100 1.00 
13 b:2 13-~ 6•7 11.9 1000 62 0.8~ 
14 7.2 13. .5 8.1 680 49 0.2 
15 4.2 6. 2 1.0 9.2 770 _E 0.97 

1748 13.43 

-g 



TABW XVIII 

Fractionation of cellulose nitrate sample No. 7, containing 13.94% N, acetone-water 
s stem. 

Fraction Wei~ht, Nitr~gen, 

[~1 [Yl]T 
Weighted Weighted 

No. c.'f'.• dl/g d1/g D.P. D.P. Nitrogen ;o ;o 
--

1 6.9 13.83 2b.5 30.2 2540 175 0.96 
2 5-3 1~-98 2 .2 27.6 2320 123 0.74 

~ 7.6 1 .02 23.3 24.2 2030 155 1.07 
8.6 14.02 22.5 23.4 lé70 170 1.21 

~ 10.0 14.04 21.2 22.0 1 40 184 1.40 
10.7 13.97 19-4 20.6 1730 185 1.46 

7 11.2 13.94 17.3 18.5 1560 175 1.5 
8 8.5 13.é0 18.3 19.7 1660 141 1.19 
9 10.3 13. 1 16.1 17.9 1500 154 1.39 

10 6.7 13.50 15.0 18.4 1550 10 0.93 
11 6.0 13.32 10.2 13.3 1110 67 0.80 
12 5.5 13.07 6.5 9.1 760 42 0.72 
13 2.7 8.33 0.9 5-7 480 13 0.23 -

1689 13.69 

..p­..... 



'rABLE XIX 

Fractionation of cellulose nitrate sample No. 9, containing 14.14% N, acetone-water 
system. 

Fraction Weight, Nitrogen, [rl] [~]T dl/g 
Weighted Weighted 

No. ':!. % dl/g D.P. D.P. Nitrogen ,o 
-

l 13.2 14.03 28.5 29.3 2460 325 1.85 
2 10.9 14.02 26.1 26.9 2260 2~6 1.53 

~ 9.0 J.4.10 23.8 24.2 2030 l 3 1.27 
9.2 14.12 22.4 22.6 1900 175 1.~o 

~ 10.0 14.1~ 20.5 20.5 1720 172 l. 1 
6.9 14.1 lé.l 16.1 1600 llO 0.98 

7 7.1 14.09 l .o l ·3 1540 106 1.00 
8 9·3 14.05 15.6 16.0 1350 12 1.31 
9 l•2 14.06 13.8 14.2 1200 86 1.01 

10 
6:% 

14.01 9·3 9·7 810 ~ 0.97 
11 14.03 7·7 7.9 660 0.93 
12 3·7 10.80 1.7 4.9 410 --12 o.~o 

1647 13.96 

+ (\) 



TABLE XX 

Fractionation of cellulose nitrate sample No. 9, containing 14 .14% N, acetone-water 
system, duo1icate of fractionation. Table XIX. 

Fraction Wei~ht, Nitrogen, [r)] [tllr d1/g 
Wei ghted We ighte d 

No. ,r, 1o d1/g D. P. D.P. Nitroge n 0 

-
1 8.0 13.99 28.2 2%.6 2490 199 1.12 
2 10.4 14.04 25.4 2 ·~ 2220 231 1.46 

i 10.5 14.oK 23.9 24 . 2060 216 1 . 48 
8.8 14.0 22.0 22.8 1920 169 1 .24 

10.7 14 .11 21.4 21.6 1820 195 1.51 
7.8 14.12 20.0 20.2 1b00 133 1.10 

7 12.0 14.12 19.4 19.6 1 50 198 1.70 
8 7·.5 14.10 17.3 17 .6 1480 111 1. 06 
9 9·7 14.07 13.8 J.4 .1 1180 

1~~ 1. 37 
10 8 .4 13. 97 8 .5 6 ·0 760 1. 17 
11 6.2 13.05 4 .8 .9 .580 0 . 81 

1667 14.02 

+ \.;..) 



TABLE XXI 

Fractionation of cellulose nitrate smaple No. l, containing 13.52% N, acetone-hexane 
system. 

l<,raction Weié;;ht, Nitrogen, [r)1 [rl]'l' dl/g 
Weighted Weighted 

No. .•'f dl/g D.P. D.P. lHtrogen Jo /o 
-

1 12.9 13.34 20. 0 25 . 8 2170 280 1.72 
2 13.2 13.~ 22.2 28.4 2390 31~ 1. 76 
3 7.2 13. 21.5 27.1 2280 16 0. 97 
4 19.3 13.51 20.2 24.6 2070 400 2. 61 

~ 19.3 13.K6 17.5 21.0 1760 3~0 2.62 
10.9 13. 9 14.2 17 • .5 1470 1 0 1.47 

7 6.7 13.~3 9·5 12.0 1010 68 0.90 
8 10.5 12. 2 5.6 9.1 760 80 1.32 -

1807 13.37 

$= 



TABLE XXII 

Fractionation of cellulose nitrate sample No. 5, containing 13.82% N, acetone-hexane 
system. 

:F'raction Wei~ht, lHtrogen, 
[r)l (")]T dl/g 

Weighted Weighted 
No. ;~ dl/g D.P. D.P. Nitrogen 

--
1 12.2 13.76 21.4 24.2 2030 248 1.68 
2 12.9 13.74 24.3 27-7 2330 300 1.77 

~ 7-9 13.72 23.5 27.0 2270 179 1.08 
8.1 13.65 23.6 2l.6 2320 188 1.11 

~ 6.8 13.60 22.0 2 .2 2200 T 0.92 
15.1 13.72 23.8 27.4 2300 3 7 2. 08 

7 16.6 13. 87 17.3 18.7 1570 2 0 2.30 
8 12.9 13.87 11.2 12.1 1020 131 ~ 9 7·5 12.04 6.8 13.3 1120 ___illt 0 

1887 13.53 

~ 



TABiili XXIII 

Fractionation of cellulose nitrate sample No. 6, containing 13.86% N, acetone-hexane 
s stem. 

.b'raction Weight, Nitrogen, 
[YJ.l dl/g [Q1T dl/g 

Weighted vv'e i ghted 
No. of % D.P. D.P. Nitrogen ,7o 

- -
l 9.8 13.66 19.9 23.2 19.50 191 1.34 
2 9.8 13.66 20.0 23.6 1980 194 1.3~ 
3 ll.t 13.6 21 • .5 2_5.2 2120 240 1._5 

~ 12. 13.72 22.2 25.5 2140 270 1.73 
25.0 13.7~ 23.8 27.0 2270 568 3·4 3 

ô 12.2 13.9 17.0 18.2 1530 187 1. 70 
7 10.2 13.83 12.6 1t.s 1220 124 1.41 
8 9-0 13 • .57 13.8 l .5 1390 ~ 1.22 

1899 13.73 

~ 



TABLE XXIV 

Fractionation of cellulose nitrate sample No. 7, containing 13.94% N, acetone-hexane 
system. 

Fraction Weight, Nitr ogen, [r'!1 [rl]T d1/g 
Weighted Weighted 

No. % % dl/g D. p • D.P. Nitrogen 1 

1 6.8 13 • .54 21.0 2.5.4 2130 145 0 . 62 
2 10.3 1).63 22.4 26.4 2220 229 1 . 8 
3 21.~ 13.70 23.7 27.2 2290 488 2.92 

~ 17. 13.88 22.9 24.7 2080 362 2. 42 
21.0 13-94 19.l 21.1 1770 372 2.9~ 

6 8.~ 1J.90 13. 14 .7 12%0 103 1 . 1 
7 9· lJ.87 13.9 15.2 12 0 120 1.30 
8 5.5 9.71 2.4 9·7 820 _!±.2 o.s~:~. 

1864 13. 87 

+ 
-.J 



rrABLE XY..V 

Fractionation of cellulose nitrate sample No. 8, contai ning 14.141~ N, acetone-hexane 
s stem. 

Fraction Wei~ht, Nitrogen, 
[r"l1 [r'"}],. d1/g 

Weighted Weighte d 
No. % dl/g D.P. D.P. Nitrogen 

1 15.0 1~·94 24.2 25.9 2180 ~27 2. 06 
2 16.8 1 .ot 27.2 28 .3 2380 00 2.3 

' 
22.0 14.1 2.5.0 25.0 2100 462 3.16 
18.3 J.4.13 19.8 19.8 1660 306 2 • .59 g 13.8 14.10 13.2 13-~ 1120 1.5.5 1. 9~ 8.8 14. 08 10.2 10. 870 77 1.2 

7 .5·3 12 • .52 .5.7 9· 810 __lb1 0.6 
1770 14.0.5 

..p­
()) 
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Fig. 8. Acetone-water system. Samp1e No. 9a, containing 14.14% 
nitrogen . 
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DISCUSSION 

The conversion of highly purified celluloses into 

nitrate derivatives exhibiting a maximum degree of sub­

stitution and a degree of polymerization identical with that 

of the orig inal material is evidently possible by means of 

the particular nitric acid, acetic acid, acetic anhydride 

mixture used in the present investigation. Untreated cellu­

lose materials such as raw cotton do not appear to be amen­

able to this treatment nor can products such as wood meal be 

successfully nitrated in this way, as is apparent from the 

study of Brissaud and Ronssin (lJ). Even a nitrating agent 

with a much greater swelling action such as the mixture of 

Alexander and Mitchell requires prolonged time of contact 

to effect a complet e penetration of untreate d wood meal 

(10, 29, 64, 65). The present mixture would accordingly 

seem very little suited for these specifie purposes. 

While accordingly limited in application, the nitrating 

mixture should prove useful in those instances where pure 

celluloses are studied. The dangerous nature of reagents 

of this type has probably been much exaggerated in the past. 

Provided it is made up and applied at a l ower t emperature, 

prefe rably not above 0°C, this mixture, when used fresh, 

does not seem to involve any special hazards. The prepar­

ation of t his mixture is both more convenient and more rapid 

than that of the standard mixture and it also eliminates the 
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possibility of any formation of cross-links through phosphate 

groups. 

The possible influence of the chemical non-uniformity 

of cellulose nitrates on the results obtained by fraction­

atlan of these derivatives has often been mentioned in pre­

vious studies (14, 19, 20, 31). Such an influence is to be 

expected because of the fact that even high-substituted cel­

lulose nitrates seldom if ever possess a distribution of 

substituent groups that is exactly uniform, that is, the same 

as that predicted from statistical considerations (66, 67, 68). 

Such a non-uniformity was found by Cherubin (69) and Smith 

(14), but was particularly evident from the resu~ s obtained 

by Miller and Timell (15) referred to above. It is apparent 

from the last-mentioned investigation that when fractionating 

a cellulose nitrate one should expect the high molecular 

weight fractions to contain more, and the low molecular weight 

ones less nitrate groups than the average. Such a trend has 

indeed often been observed, e.g., by Brown and Purves (2~, by 

Smith (l4) and by Timell {20). 

The inherent properties of the cellulose nitrate are not 

the only factors, however, that will determine the course of 

the fractionation, the nature of the solvent-nonsolvent sys­

tem applied also being of importance. In the case of the 

system acetone-water, for example, the solubility of the 

highly substituted chain molecules decreases with increasing 

water content at a more rapid rate than is the case with 



less nitrated molecules, which are more compatible with the 

water because of their larger content of hydroxyl groups. 

With water as the precipitant, the first fractions would 

accordingly be expected to exhibit a higher average degree 

of substitution than the later ones and in this case the 

effect of the system will be acting in the same direction 

as the inherent properties of the polymer. 

When using acetone-hexane, the conditions will be 

different. In this case the highly substituted chains, upon 

the addition of hexane, would be expected to remain longest 

in solution due to their hydrophobie character, whereas 

these chains that contain least nitrate and accordingly most 

hydroxyl groups should be precipitated first. Here, obvious­

ly the effect of the solvent-nonsolvent system will be direct­

ly opposite to that of the polymer, the first fractions aver­

aging less nitrate groups than the later ones. 

Beside s these factors, others will also be operative, 

such as for example the "reverse-arder precipitation" first 

studied by Morey and Tamblyn (70, 71) and the "tail-effect" 

recently discussed by Scott (72). The former involves pre­

cipitation of a low-molecular weight fraction before a higher 

one and is probably due to end-group effects. The second 

phenomenon, which is more often encountered, is a result of 

the thermodynamic conditions g overning all fractionations 

based on solubility methods, resulting in formation of frac­

tions of increasing instead of decreasing molecular weight 
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during the initial stages of the fractional precipitation. 

This is due to the inclusion of larger quantities of low­

molecular weight material within the first, very high mole­

cular weight fractions than in the later ones, and is caused 

by the highly swollen state in which these fractions are 

obtained. Fractionation theories, the more important ones 

of which have been summarized by Cragg and Hammerschlag (1), 

by Morey and Tamblyn (70, 71) and by Scott (72), make it 

clear that complete separation of long and short-chain 

material cannet be achieved in only one step, but only 

gradually is approached as the number of fractionation 

stages is increased. The presence of shorter chains besides 

the remainder of the material in all fractions obtained on 

precipitation, but especially in the very first ones, is 

therefore not an effect of mechanical coprecipitation but 

a phenomenon inherent in the fractionation itself and there­

fore impossible to avoid. 

It is evident from what has been discussed above that 

there are many factors tending to complicate the fractional 

precipitation of cellulose nitrates. Sorne of these are 

apparent from the results obtained here. In most cases, 

as is s een from Tables XII-XXV, the first f raction exhibited 

a lower degree of polymerization than the next following 

ones, a result of the above-mentioned 11 tail-effect 11 • The 

low-mole cular weight material included in t hi s f irst fraction 

had a low nitrate substitution and the average nitrogen 
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content of the entire material was therefore also lower 

than that of the following ones. With this exception, the 

nitrate substitution decreased with decreasing molecular 

weights in all cases where water was used as precipitant, 

which was in agreement with the results obtained previously 

by Timell (20). The last fraction invariably exhibited a 

very low ni trogen content, usually 9-10~~. This material 

represented, as had been shown previously by iviiller and 

Timell (15), the most accessible, short-chain portion of 

the cellulose microfibrils. 

With hexane as precipitant the effects on the frac­

tionation of the properties of the nitrate itself and the 

fractionating system were opposite as was mentioned pre­

viously. In this case the trend in nitrogen content of the 

fractions was theref ore less clear. Disregarding the first 

fraction, there was, however, usually a gradual increase in 

nitrate substitution with decreasing molecular weight, a 

phenomenon that was caused by the lower solubility in the 

acetone-hexane system of the lower substituted chain mole­

cules. At the end of the fractionation the influence of the 

nitrate ciistribution of the derivative became predominant, 

and within the later f ractions there was a gradual decrease 

in nitrogen content with decreasing degree of polymerization. 

It was rather signif icant that the final fraction, although 

not quite as low in nitrogen content as the corresponding 

ones obtained with water, still was considerably less 
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substituted than any of the others. 

If, among the curves obtained with acetone-water, the 

two pertaining to the trinitrate are considered, it is 

evident that the chain-length distributions indicated in 

these two cases are practically identical, thus showing the 

excellent reproducibility of the fractionation method. In 

this respect the present investigation thus corroborates 

the results of Mitchell (34). The S-shaped integral curve 

follows the experimental points very closely, which is pro­

bably partly due to the fact that fractions of approximately 

the same size were isolated throughout these two experiments 

in accordance with the reco~~endations of Doty and Spurlin 

(73). The frequency weight distribution corresponding to 

the integral one shows a Gaussian (and according ly symmet­

rical) chain-leng th distribution, extending f rom an approx­

imate lower D.P. limit of 500 up to an upper one of 2,600. 

The weight average degree of polymerization after 

fractionation was 1,650 and 1, 670, respectively, indicating 

that no depolymerization occurred during the fractionation. 

The average nitrogen content, however, was only 13.96 and 

14.02%. It is evident from the summary presented in 

Table XXVI that the average nitrogen content of the nitrates , 

which throughout was estimated on material recovered after 

viscosity determinations, was somewhat lower after than 

before fractionation. The weight average degree s of poly­

merization after fractionation were generally somewhat 



higher, on the other hand, than the original value of 1,700, 

especially in those cases where hexane was used as the pre-

cipitant. If the nitrate substitution of the material used 

for estimating the intrinsic viscosity were higher than 

that which was analyzed for nitrogen, a too high correction 

factor would be applied to the viscosity, thus resulting in 

too high D.P. values. It seems clear, therefore, that al-

though a part of the denitration took place during t he 

fractionation, another part undoubtedly occurred during, or 

after, the . viscosity measurements. 

TABLE: XXV I 

Silllli~ary of nitrogen contents and degrees of polymerization 
of cellulose nitrates No. 1-9. 

Sample 
No. 

Nitrogen, % 
Be fore 

Fr actionation 

Acetone-Water System 

1 
2 

~ 
6 
7 
9 

13.52 
13.64 
13.70 
13.76 
13.82 
13.86 
13.94 
14.J.4 

Acet one - Hexane System 

1 

6 
7 
8 

13.52 
13.82 
13. 86 
13.94 
14.14 

Nitrogen, % 
After 

Fractionation 

13.29 
13.77 
13.63 
13.48 
13.26 
13.4.3 
13.69 
14.02 

13.37 
1J.53 
13.73 
13.87 
14.05 

D.P. 
After 

Fractionation 

1775 
1755 
1630 
1765 
1745 
1750 
1690 
1670 

1800 
1890 
1900 
1865 
1770 
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A comparison between the seven curves obtained for the 

partially substituted nitrates with that valid for the tri­

nitrate reveals the rather surprising fact that all of them 

show the same chain-length distribution, both the position 

and the character of the integral curves being almost the 

same throughout. The experimental points are more scattered 

for the lower substituted specimens and especially for that 

containing 13.52% nitrogen but this was not entirely unex­

pected in view of the greater chemical non-uniformity of 

these samples. The main significance of the results seems 

to be that the influence of the average nitrate substitution 

on the results obtained on fractional precipitation of cel­

lulose nitrates is considerably less than has hitherto been 

assumed, at least as long as a one-stage procedure such as 

that recommended by the American Chemical Society (34) is 

applied. From what was mentioned previously it is evident 

that the nitrogen content must have sorne effect on the frac­

tionation of a polymer such as cellulose nitrate. The ab­

sence of any such influence therefore probably also indicates 

the rather crude nature of the fractionation procedure. 

In sorne cases, namely those pertaining to samples No. 1, 

3, 4, 5 and 6, there is a definite indication of a second 

inflection prior to the main one, corresponding to a second 

maximum in the frequency distribution. The fact that no 

indication of this second maximum was to be found in the 

curves obtained with the two highest-substituted specimens 
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strongly suggested that the second maximum was an artifact, 

caused by the greater chemical non-uniformity of the lower­

substituted products. Similar phenomena have been encountered 

elsewhere (64, 65) and show that caution should always be 

exerted when interpreting results from fractionations of 

non-uniform high polymers. Such a care has also been urged 

recently by Doty and Spurlin (73) but seems to have been 

completely neglected in most previous studies on the chain­

length distribution of cellulose. 

If the results obtained with acetone-hexane are con­

sidered, it is apparent that they were very similar to those 

noted with acetone-water. The integral curves for the part­

ially-substituted specimens were similar to that obtained 

with the trinitrate and all of them gave the same distribu­

tion as the nine previous ones. As was referred to above, 

the two solvent-nonsolvent systems differed mainly in the 

way the nitrates were fractionated chemically. This influ­

ence was found to be negligible when water was used and the 

same results accordingly should be expected with either of 

the two solvent systems, as was indeed found to be the case. 

Generally, acetone-hexane appeared to give a less satisfact­

ory separation than did acetone-water; nor did it allow 

isolation of as many fractions as the latter. These facts, 

together with the greater experimental difficulties involved, 

especially in recovering the fractions, would make the 

decision of Mitchell (34) to give preference to water as 



the precipitant in the suggested standard method, seem a 

very wise one. 

72 

Summarizing, it might be stated that, provided the 

average nitrogen content is not below 13.5%, the influence 

of the latter on the results obtained in applying a one­

stage fractional precipitation to cellulose nitrates is 

negligible. Better and more easily interpreted data, how­

ever, are usually observed with high-substituted derivatives 

and such products should therefore be employed whenever 

possible. 



SUMMARY AND CLAIMS TO ORIGD'l"AL RBSBARCH 

1. Nitration of cotton linters with nitrogen pentoxide in 

either nitric acid or carbon tetrachloride did not produce 

a trinitrate and was accompanied by appreciable depolymer­

ization. 

2. Addition of nitrogen pentoxide or boron trifluoride to 

the standard nitrating mixture composed of nitric acid, 

phosphoric acid and phosphorus pentoxide did not increase 

the nitration level. 

3· Nitration of purified cellulose with a mixture of 

nitric acid, acetic acid and acetic anhydride in a weight 

proportion of 43:32:25 produced a completely-substituted 

cellulose containing the theoretical maximum amount of 

nitrogen, 14.14%, with no degradation. An alcoholic extrac­

tion was found to be unnecessary in the stabilization stage. 

4· The solubility properties of the nitrates prepared by 

the above procedure were not as favorable as those of 

nitrates made with the standard mixture, thus indicating 

the very heterogeneous nature of the esterification in the 

former case. 

The above part of this study has been published in Svensk 

Pappe r st i dning ~~ 281 (1955). 
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5. As evidenced by the fractional precipitation in duplicate 

of the cellulose trinitrate, excellent reproducibility was 

obtained by use of the suggested standard method. 

6. Using a system of acetone and water, eight samples of 

cellulose nitrates, the nitrogen contents of which ranged 

from 13.52 to 14.1L~7;, were fractionated by the precipitation 

technique. The nitrate substitution of the fractions de­

creased with decreasing degree of polymerization. All 

integral weight distribution curves agreed not only among 

themselves but also with that found for the trinitrate. 

The average degree of substitution, and thus the chemical 

uniformity, accordingly had a negligible effect on the 

fractionation results. 

7. Fractional precipitation of five of the nitrates in a 

system of acetone and hexane yielded data very similar to 

those obtained with acetone and water. The results were 

thus independent of the solvent-precipitant system used. 

Acetone-water was, however, the preferr·ed solvent-nonsolvent 

system. 

8. Evidence for a second inflection point was present in 

the integral distribution curves of the samples of lower 

nitration level. Since this phenomenon was not noticed with 

the more highly-substituted samples, this additional in­

flection was judged to be an artifact, caused by the chemi­

cal non-uniformity of the samples. 
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9. Summarizing, it was evident that any cellulose nitrate 

of approximately the same degree of polymerization as that 

used in the present study could be used for fractionation 

purposes if the nitrogen content was above 13.5%. Separa­

tion as well as reproducibility improved considerably, how­

ever, with increasing nitrate substitution and reached a 

maximum at the trinitrate level. 

The material which is summarized in points 5 through 9 has 

been published in Svensk Papperstidning 52, 73 (1956). 
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