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Effect of Changes in Crystalline Structure on the Infrared 
Absorption Spectrum of Cellulose1 

Florence H. Forziati and John W. Rowen 

The absorpt ion spectra of native , merceri zed , a nd amorph ous cell uloses a re recorded 
fo r t he region from 2 to 16 microns. Cell ulose having t he X-ray diffra ction patte rn of the 
native, or type I , crystal latt ice is represented in t h is st udy by bacte ri a l cellulose, cotton 
fi bers, Valoni a cell wall , an d t he resid ue from t he hydrolys is of cotton linters . Cell ulose 
havin g t he X -ray d iffraction pattern of t he merceri zed , or type II, cry stal lattice is repre
se nted by rege nerated cellulose, t he residue from t he metha nolys is of mer ceri zcd cot.ton 
l inters, an d merceri zed bacterial cell ulose. Amorphous cell ulose ' \"as o bt ained by milli ng 
t he resid ue from t he hydrolys is of cotton lin ters in a v ibrato ry ba ll mi ll. 

T he spectra of t he type I cellu loses showed sha rpcr and tTl.ore clearly defin ed absorp t ion 
bands than the spectra of t he t yp e II celluloses . The most st riking differences were found 
in t he 7- to 8- a nd 9- to 10-micron regions . In the former region of t he spectrum of 
type I cellul oses, defini te absorp tion maxim a of nearl y equal int ensity \Yere fou nd at appro x
imately 7.0, 7.3, 7.4, a nd 7.5 m icr ons. In t he spectrum of type II cell uloses, t he maximum 
a t 7. 4 mi crons was lac kin g, while the a bsorption at 7.3 mi crons \\" as considera bly more in
tense t han t hat a t 7.0 and 7.5 mi cr ons. Observat ions in t he 7- to 8-mi cron region of t he 
spectrum of t he amorphous cellul ose were prevented by t he usc of a suspendin g medium 
t hat a bsorbed in t hat region. In t he 9- to 10-micron region , defini te a bsorp t ion maxima \\"ere 
found at approx imately 9.0, 9.4, and 9. 6 microns wi t h t he type I cell uloses. \Vhen ce llulose I 
was converted into cellulose II or a morphous ce llulose, t hese maxima mer ged int o a sin gle 
br oad band . Conversion of cellulose I in to cellulose II or a morphous cellulose a lso resul ted 
in an increase in t he in tens ity of t he absorpt ion at 11 .2 microns. Although factors other 
t han decrease in type I cryst allini ty may co nt ribu te to t hese cha nges in absorption char
acteris t ics, t he changes may prove usefu l in evaluat in g cha nges in crystalline st ru cture of 
cellulose . 

• A report of work done under cooperative agreement with t he U ni ted States Department of Agr iculture and aut hor
zed by the Research and Marketing Act. 'rhe work is being supervised by the Sonthern Regional Research Laboratory 
of the Bureau of Agricultural a nd Industr ial Chemistry. 

I. Introduction 

Absorption bands associated wi th crystal structure 
are frequently found in the infrared sp ectra of crys
talline substances [1 , 2, 3].2 Accordingly, the possi
bility that native cellulose (type I crys tal lattice) , 
mercerized cellulose (type II crystal lat tice), and 
amorphous cellulose might differ in spectral charac
teristics was considered during preliminary work on 
the infrared absorp tion of cellulose. A comparison of 
the spectra of regenerated cellulose films and mineral
oil slurries of cotton ground in a Wiley mill to pass a 
200-mesh screen , cot ton that had been completely 
converted to th e amorphous form by milling in the 
vibratory ball mill [4], and mercerized cotton ground 
in a Wiley mill to pass a 200-mesh screen failed to 
r eveal any significan t differences. Therefore, it was 
assumed that the crystalline and amorphous forms 
of cellulose wer e iden tical with respect to infrared 
absorp tion. Later observations on the infrared ab
sorption of a variety of celluloses, however , led to 
fur ther considera t ion of this point and to the conclu
sion that cellulose I shows certain spectral character
istics no t shown by cellulose II and amorphoLls cellu
lose. These ch aracteristics and the observations 
that led to their recogni tion are discussed in this 
paper. 

, Figures in brackets indicate t he literatnre references at the end of this pa per. 

II. Materials and Methods 

The cellulosic materials used in this study were re
generated cellulose films, bacterial cellulose films, 
Empire cotton fib ers , the cell wall of the unicellular 
alga, Valonia ventricosa,3 and the residues from the 
hydrolysis and methanolysis [5] of purified and mer
cerized cot ton linters,4 respectively. The regen
erated films were ob tained by deacetylat ion of cellu
lose acetate [6] . The films of bacterial cellulose were 
produced by the growth of Acetobactel' xylinum 5 on a 
medium, recommended by Aschner [7], that con
tained 4 percen t of sucrose. The films were har
ves ted at intervals of 2 or 3 days, washed in water , 
and freed from nitrogenous material by storage in 
S-percent sodilIDl hy droxide for 3 to 4 days. In 
order to prevent oxida tion of the cellulose, this treat
ment was carried out in an a tmosphere of nitrogen . 
The purified films were washed, allowed to stand in 
O. S-percen t acetic acid for 30 min, and washed until 
neu tral to li tmus. They were dried 011 chromium
pla ted or glass plates , then loosened at the edge with 
a razor blade and carefully stripped from the plate. 

3 'rhe authors are indebted to ·Wa'lda K . Farr of t he Celanese Corp. of America 
for the Valonia ,'entTicosa. 
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• Richard E. Reeves of t he Sou t hern R egional Research L aboratory of t he U. S. 
Dellartment of Agricul ture kind ly supplied the res idues from the b)'d rolysis anel 
metbanolysis of purified and mercerized cotton linters. 

, Cultures of A cetobaeler xylinu7n wero given us by G. A. Greathouse and H . G. 
Shirk of the Nat ional Research Council. 



Th e coLLon was purified b~T the procedure recom
mencied by the So utbem Regional R esearch Labora
to ry of Lbe U. S. Department of Agriculture [] . A 
mat of parallel fib ers several fib ers in thickness was 
prepared, euL Lo the appropriate size, and mounted 
ciry in a liquid-type absorption cell equipped wi th 
rock al t windows separated by a silver spacer 50 J.L 
thick , and having two screw cap closures. In order 
Lo reduce scattering of radiant energy, infrared trans
mi LLing liquids such as carbon disulfide, carbon tetra
chloride, and mineral oil were placed in the cell when 
absorption m easurements were made. Volatile 
liquids were r emoved from the cell with a stream of 
ail', while liquids such as mineral oil were washed out 
with a volatile liquid. By followin g this procedure, 
it was possible to use the same mat of fibers with a 
se ries of liquids. 

La rge sections were cut from the cell walls of 
Valonia ventricosa that had been preserved for sev
eral years in 70-percent aleohol containing 1.4 per
cent of formalin. The fragments of wall were wasbed 
wi th water , then mounted and dri ed on the silver 
chloride window of an absorption cell. A second 
window was used to hold the dried fragments in posi
tion during the ab orp tion meas urements. 

Samples of bacterial cellulo e and of Lhe resid ue 
from the hydrolysis of purified cotton fibers were 
mercerized for 10 min. with 25-percent sodiwn hy
droxide at 25° to 2 0 C, conditions lvithin the range 
shown by Sisson and Saner [9] to give complete mer
cerization of cotton. 

Ab orption m easurements were made' on mineral
oil slurri es of th e cellulose powders, that is, the residue 
from the methanolysis of mercerized cotton lin ters 
and tllC residue from the hydroly is of purificd cotton 
lin ters both before and after mercerizat ion and af ter 
milling in the vibratory ball mill [4]. Th e slurries 
were prepared by thoroughly mulling 50 mg of sample 
in 0.25 ml of mineral oil between we ighted ground 
glass plates. Two ab orption cells were used with 
each slurry. One contained a layer of slurry of 
capillary thickness; the other a layer approximately 
25J.L thick. 

The spectra were obtained wi th a double beam 
automatic-recording Baird spectropho tometer [10] 
equipp ed with a sodium choloride prism. The per
formance of the ins trument was ch ecked frequently 
against a polystyrene fi lm of known pectral char
acteristics. No attempt was mad e to compensate 
for the absorption of suspending media . Conse
quently , in those cases in which a suspending mediLlm 
was u ed , the regions of the spectrum in which the 
medium absorbs are obscured. Dotted lines are used 
in the figures to represent these regions. 

X-ray diffraction patterns obtained with a Geiger 
co unter spectrometer with co p p e r radiation. 
, = l.54050 A, were used to iden tify the crystal 
lattice of the samples. 

III. Results and Discussion 
I 

In figure 1 are shown the infrared absorption 
spectra of foUl' samples of cellulose showing the 
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X-ray cI i:!traction paLLem of cellulo e I (native 
cellulose) and two samples showing Lhe X-ray diffrac
tion paLtem of cellulose II (mercerized cellulose). 
The former group consists of a fi lm of bacterial 
cellulose, layers of parallel coLLon fLb ers, fragments 
of the cell wall of the unicellular alga, Valonia 
ventricosa, and the residue from Lh hydrolysi of 
cotton linters. The samples showing Lhe X-ray 
diffraction pattern of cellulose II arc a fUm of 
regenerated cellulose and the residue from the meLh
anolysis of mercerized cotton linters. 

A comparison of the spectra of bacterial (F621 ) 
and regenerated (F591 ) cellulose films shows Lhat 
the absorption bands of bacterial cellulose are, in 
general, sharper and more clearly defined Lhan the 
corresponding bands of regenerated cellulose. The 
difference between the two spectra is most striking 
in the 7- to 8- and 9- to 10-J.L regions. In the former 
region of the spectrum of bacterial cellulose, defini te 
absorption maxima of nearly equal intensity arc 
found at approximately 7.0, 7.3, 7.4, and 7.5 J.L. In 
the spectrum of regenerated cellulose, the ma).·imum 
at 7.4 J.L is missing, wh ile the absorption at 7.3 J.L is 
considerably more inten e than that at 7.0 and 
7.5 1'-. In the 9- to 10-J.L region, definite absorpLion 
maxima occur in the spectrum of bacterial cellulose 
at approximat.ely 9.0,9.4, and 9.6 J.L. A single broad 
band showing poorly defined shoulders at essentially 
these same wavelengths is found in the spectrum of 
regenerated cellulose. The spectra also differ with 
respect to the intensity of the absorp tion band at 
11.2 J.L. Examination of a large numb er of spectro
grams obtained wi th the t wo types of films showed 
thi band to be less intense in the spectrum of 
bacterial cellulose. 

The spectrograms obtained wiLh layers of parallel 
cotton fibers (F 354, F357) and with fragmenLs of the 
cell wall of Valonia (F309 ) are inferior to those 
ob tained wi th bacterial celhuose. N everthcless, 
these spectra show clearly the same characteristics 
between 7.0 and 7.5 J.L as the spectrum of bacterial 
cellulose. A defini te band at approximately 9.0 J.L 
is also eviden t. B ecause of excessive scatternig, 
observations at longer wavelengths were of no value. 

Both hydrolysis and alcoholysis attack the amor
phous regions of cellulose, thereby lowering the 
degree of polymerization and increasing the degree 
of crystallinity of the residual cellulose [11 , 5]. 
Such deer'eases in degree of polymerization as are 
indicated by the cuprammonium fluidities of these 
r esidues would not be expected to result in ch anges 
in infrared absorption. Accordingly, the spectr a of 
the residues obtained by such tr eatment of cotton 
linters (F444A) and m ercerized cotton linters (F257) 
may be considered to be essentially the spectra of 
cellulose I and cellulose II , respectively. Un
fortunately , the absorption of the mineral oil in 
which these r esidues were suspended for infrared 
absorption measurements obscures th l', 7- to .8-J.L 
region of the spectrum. In the 9- to 10-J.L reglOn, 
three absorption maxima are found in the spectrum 
of the residue from the hydrolysis of cotton lin ters. 
The location of these maxima is essentially the same 

J 



WAVE NUMBERS. CM- I 

5000 3000 2000 1500 1300 1100 1000 900 800 700 6 

F621 

.. .----- '. 

/ F354.F357 

F309 

F444A 

2.0 16.0 

WAVELENGTH • MICRONS 

FIG U R E 1. Infra/'ed absorption spectra. 

Dotted lines are sbown in regions obscured by absorption of tbe suspending menium. F 591, regeneraten cellulose film ; F621 , bacterial cellulose film ; F3M, F357, 
layers of para!!el cotton fi bers in carbo:> disulfide from 2 to l R microns, in carbon tetracbloride from 6 to 16 microns; F 309, fragments of cell wall of Valonia ventrisoca : 
F444A, residue from bydrolysis of cotton lint~rs in mineral·oil slurry; F257, residue from methanolysis of mercerized cotton linters ill mineral·oil slurry. 

as that of the maxima in the spectrum of bacterial 
cellulose. The spectl'um of the residue from the 
methanolysis of mercerized linters shows a single 
broad band in this region. The spectra of the 
residues from cotton linters (F444A) and mercerized 
cotton linters (F257) resemble, respectively, those of 
bacterial and regenerated cellulose with respect to 
the intensity of the absorption band at 1l.2Jl.. 

Cellulose I is converted by mercerization to 
cellulose II, and by vibratory ball milling to amor
phous cellulose. Hence, the effect of these treat
ments on the infrared absorption of bacterial cellu
lose and the residue from the hydrolysis of cotton 
linters is of interest. In figure 2, spectra obtained 
from mercerized bacterial cellulose and from the 
mercerized residue from the hydrolysis of cotton 
linters are presented. Also included in this figure 
are spectra that show the effect of milling in the 
vibratory ball mill for 15 min. and 1 hour on the 
residue from the hydrolysis of cotton linters. As 
expected, the spectrum of the mercerized bacterial 
cellulose (F456) closely resembles that of regenerated 

cellulose (fig. 1, F591). The spectra of the mineral
oil slurries of the mercer ized (F462) and vibratory 
ball-milled samples (F536, F559) of the residue 
from the hydroloysis of cotton linters, like those of 
m ercerized bacterial cellulose, regenerated cellulose, 
and the r esidue from the methanolysis of mercer
ize~ linters show a single broad band in the 9- to 10-1-' 
reglOn. 

The foregoing observations suggest that resolution 
into absorption maxima at approximately 9.0, 9.4 , 
and 9.61-' is peculiar to celluloses that show the 
X-ray diffraction pattern of cellulose 1. Conversion 
of cellulose I into cellulose II or into amorphous 
cellulose spreads these maxima into a region of gen
eral absorption with poorly defined shoulders at these 
wavelengths.6 The presence of a single broad band 
in the 9- to 1O-Jl. region, however, is not proof of the 
absence of cellulose 1. Thus, cotton that has been 
milled in the Wiley mill to pass a 200-mesh screen 
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6 During the couese of this work , it was learned tha t Stanley C. Burket r12] and 
Ricbard M . Badger of the Californh Institute of Technology had observed t hese 
same maxima in the spectrum of cellulose rrom the marine animal, Cinna intu li
n alis. Tbey also found that mercerization resul ted in decreased resolution . 
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FIGURE 2. Infmred absorption spectra. 

, Dotted lines are shown in regions obs.cured by absorption of t he sll spendin ~ medium. F456, merceri zed bacterial cellulose; F462, merceri zed residue from 
h ydrolysIs of cotton Illiters III mlneral'oll slurry; 1'53(1, res idue from hydrolysis o[ cotton lin ters after milling in vibratory ball mill [or 15 m iuu tes in mineral·oil 
slu rry; F559, residue [rom bydrolysis of cotton liuters after m;iling in vibratory ball 01;]] fo r 1 bour in mineral·oil slurry. 

gives tho X-ray diffraction pattern of cellulose I but 
fails to show the three distinct absorption maxima 
in the 9- to 10-.u r egion. Whether the failme to seCUl'e 
resolu t ion is attributable to the amorphou material 
in the milled sample [13] or to some othor factor i 
no t known. The fact that better resolution is ob
tained with bacterial cellulo e films than with min
eral-oil slurries of the residue of the h ydroly is of 
cotton linters indicates that the sharpness of the 
bands in the 9- to 10-J..L region is not determined 
solcly by the proportion of cellulose I present. 
N evel'theless, the possibility of using ch anges in the 
9- to 10-J..L region of the absorption spectnun of 
cellulose as a meaSUl'e of change in the degree of 
crystallinity (type I ) merits fUl'ther investigation. 

Because of the absorption of the mineral oil used in 
the infrared absorption meaSUl'ements on cellulose 
powders, observations in the 7- to 8-J..L r egion were 
limited to films and cot ton fib ers. These observa
t ions indicate, however , that mercerization and 
r egeneration of cellulose result in a change in the 
intensity of the absorption at approximately 7.3 and 
7.4J..L, as well as in a general broadening of absorption 
bands. 

Some of the absorption bands observed with native 
cellulose have not been previously reported in the 
li teratme. Accordingly, a complete list of th e bands 
found in infrared absorption spectra of bacterial 
cellulose films is shown in table 1. Suggestions as to 
t he identity of the bands are also included in the 
table. These suggestions are based on published 
interpretations of spectra of other compounds. 

~1 3:i75-50--4 

TABLE 1. I nfrared absorption spectrum of bacterial cellulose 

'Vavo- 'Vavc length number Intensity T en tative assignmen ts Related reference 

- ---------1·--------1-------1 
~ cm-1 

3.01 3,320 
3. 48 2,870 
6.09 1,640 

Strong. __ . OR stretchin g .... ____ . [15] 
Medium __ CR stretching .... ____ . [15j 16] 

____ . do ____ ROR bending (ad· [17 
. sorbed water). 

6.95 1, 440 
7.30 1,370 

____ . do..... RCR deformation ___ . [15, 18, 19, 20] 
____ . do ..... ______ . ________________ . ________ . __ .. ______ __ 

7. 45 1,340 
7.55 1, 325 

____ . do..... CR bending __________ [15, l6] ____ . do ______________________________________________ __ 
7.78 1,285 Weak .. __ . __ . ____________________ . __ ________________ __ 
7.99 1,250 ____ . do..... CR rocking in ring .. __ [21] 
8. 10 1,235 ____ .do ..... _______________________ . ______________ .. __ __ 
8.30 1, 205 
8.55 1, 170 
8. 95 1, 115 
9.38 1, 065 
9. 60 1, 045 
9.80 1, 040 

____ . do ..... CO stretching .. ______ . 115] 
Strollg ____ R in g frequency ______ . 6,14,21,22, 23J 

____ . d o.. ... COC __ .. ______________ 19] 
____ . do ..... OR bend.ing . c ________ 15j 18, 19,21] 
____ . do ..... C·OR sttctchlll g .. __ __ 19 Wea k .. __ . __________________ .. ___ . __________________ __ 

9. 95 1, 005 ____ . do .. __ . __________________ .. ___ ... ________ .. ______ __ 
11. 20 894 ____ . do .. __ . _______________________ . ______ • ___________ __ 

IV. Conclusions 

The r esults indicate that conversion of cellulose I 
into cellulose II or amorphous cellulose produces a 
decrease in the sharpness and definition of the in
frared absorption spectrum, as well as changes io. the 
intensity of absorption at certain wavelengths. Cel
lulose I is characterized by absorption maxima of 
nearly equal intensity at approximately 7.0, 7.3 , 7.4, 
and 7.5 J..L , whereas cellulose II shows maxima at 
7.0, 7.3, and 7.5 J..L . Of these maxima, that at 7.3 J..L 
is considerably more intense than those at 7.0 and 
7 .5 j.J.. No observations were made in this region of 
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the spectrum of amorphous cellulose. With cellu
lose I, clearly defined absorption maxima are found 
at approximately 9.0, 9.4, and 9.6).1.. On conver
sion to cellulose II, these maxima merge into a 
single broad band with poorly defined shoulders at 
these wavelengths. Conversion to cellulose II or 
amorphous cellulose also results in an increase in the 
intensity of the absorption at 11.2 M. 

The authors express their appreciation to Earle 
K. Plyler for many helpful suggestions, Howard E. 
Swanson for the X-ray diffraction measurements, 
Sanford B. Newman and Emil Borysko for prepara
tion of the bacterial cellulose, and Walter K. Stone 
for technical assistance. 
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