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The 1 r spectra of D-glucose and cellulose ohgosacchandes up to cellopentaose 
have been compared with those of cellulose at various temperatures between that of 

hqurd nitrogen and -250” Srgmficant changes ID. frequency and mtensrty of the 
bands at -34OOcm-’ were observed The a,s7scm-1/aZ9c,0cm-1 ratlo for each 
carbohydrate studied decreased gradually as the temperature was increased above 
ambrent The change of the band mtensrtres at 1429 and 893 cm- ’ with temperature 
was also mvesttgated The observed spectral changes are assumed to be associated 
with changes of hydrogen bondmg 

INTRODUCTION 

The preparation of ohgosacchandes from cellulose has been studied by several 
groups of workers Wolfrom et al ’ obtamed ohgosacchandes, from cello&rose to 
celloheptaose, by chromatography of cellulose acetolysates followed by deacetylatlon 
Mtller et ai ’ prepared ohgosaccharides from acid hydrolysates of cellulose by 
ethanol-water gradient eIutron from steanc acid-treated mrxtures of charcoal and 
Cehte We have used the latter method because It was more convenient for the 
preparation of large quantrties of ohgosacchandes 

There have been several I r studies on cellulose, and agmficant mformatron 
on crystal structure and hydrogen bonds has been obtained Nelson and O’Connor3*4 
mvestzgated the 1 r spectra of cellulose I, II, and III, and amorphous cellulose m the 
regron 850-1500 cm- ‘, and proposed the ratro of peak mtensrtres at 1372 and 
2900 cm- 1 as an Index of crystalltnlty McCall et al 5 studied the changes in fre- 
quencres and mtensrhes of the I r spectra of Valoma ventrzcosa cellulose and iydro- 
cellulose I and II at room and hqurd-mtrogen temperatures, and suggested that the 
spectral changes occurrmg m the OH-stretchmg region on coohng were assocrated 
wrth hydrogen-bondmg effects 
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Mxchel16 obtamed the I r spectra of celloblose, cellotnose, and cellotetraose 
at 22” and - 180”, and suggested that the h&er ohgosacchandes m&t have some 
disorder m their crystalhmty, as there was httle improvement m the spectrum of 
cellotetraose on coohng However, a systematic study of cellulose ohgosacchandes of 
higher molecular we&t has not been reported titherto and we now record data on 
these compounds m relation to the effect of temperature on changes of spectral 
propeties 

EXPERIMENTAL 

Materrals - The acetates of cellulose ohgosacchandes, prepared from 
cellulose by acetolyas2, were deacetylated, and the resultmg ohgosacchandes were 
fractionated accordmg to their molecular weights by ethanol-water gradlent elutlon 
from a column of charcoal-Cehte pretreated with 2 5% steanc acid The amounts of 
ohgosacchandes m the eluates were determmed by the orcmol-sulphunc acid reaction 
(absorbance at 550 nm) Each oIigosacchande was characterized by molecular 
weight and spec&c rotation, and putied by rechromatography 

Whatman cellulose powder for chromatography, anhydrous D-glucose, and 
celloblose were used as standards for 1 r spectra 

Methods - I r spectra were obtained urlth a Perkm-Elmer Model 180 gratmg 
spectrophotometer by usmg the potassmm bromide pellet techmque A Hltachl 
IRH3 vertxcal, heatable cell was used to obtam the hgh sample-temperatures 
Temperature was momtored with an Alumel-Chrome1 thermocouple m the sample 
holder, and controlled at vanous temperatures between room temperature and 
-250” by a Hltaclu IRC-2 temperature controller deslgned for operaaon with the 
IRH-3 vanable-temperature umt Temperatures m the range ambient to hquld 
mtrogen were obtained by using a cryostat wbch consisted of an alummmm outer- 
Jacket with KRSS (TlBr-TiI) wmdows and a heatable sample-holder with a re- 
fngerant reservoir The system was evacuated to - 16 x lo- 6 mmHg Temperature 
was morutored by means of a platmum sensor and controlled by a Sclentic Instru- 
ment Inc cryogemc temperature-controller Model No 361OA. A sub-heater was 
used and controlled by a shde transformer. 

RESULTS AND DISCUSSION 

Change of the absorptrons at ~3470 cm- ‘. - The absorption band at 
-3400 cm-l m cellulose, assqped to OH-stretchmg vxbration by Hqgxxzs et aI.‘, 1s 

associated with hydrogen bondmg Zhbankov’ suggested that intermolecular 
hydrogen bonds (3109-3450 cm- ‘) would be more sensitive to change m temperature 
than mtramolecular hydrogen bonds (3350-3560 cm- ‘) 

Fig 1 shows 1 r spectra m the regron 25oo-4ooo cm- ’ for cellulose, D-glucose, 
and the ohgosacchandes up to cellopentaose obtained at - 178”, 28”, and 147”. The 
presence of adsorbed water m cellulose 1s clearly mdxated by the band at 1640 cm- ’ ; 
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thrs band 1s not overlapped by the spectrum of cellulose due to planar deformatron 
vrbratrons of the water molecule’, and its mtensrty is therefore related to morsture 
content The band at 1640 cm- ’ varushed almost completely when KBr pehets 
contarmng cellulose and cellulose ohgosacchandes were heated in a rutrogen atmo- 
sphere above 147” Therefore, i r spectra obtamed at 147” are for anhydrous mater&s 

(a) -178* 

4ooo 35@0 3000 2500 

Frequency (cm41 

CC) 147O 

Fig 1 I r spectra (2500-4000 cm-‘) of ohgosacchandes 1, n-glucose, 2, celIoblose, 3, cellotnose, 
4, ccllotetraose, 5, cellopentaose, C, cellulose 

Fig 1 shows that change of temperature of the samples affects the spectra ln 

the regron mvestrgated and may cause consrderable overlappmg of the bands due to 
the mtra- and Inter-molecular hydrogen bonds For D-glucose, a smgle, strong band 
centered at 3340 cm- ’ at - 178” shrfted to 3390 cm- ’ at 147” The bands for cello- 
brose that were promment at 3150, 3270, 3365, and 3415 cm- 1 at - 178” had 
broadened and were observed at 3365 and 3420 cm-l at 28” and shrfted further to 
3420 and 3480 cm-’ at 147”. The bands at 3150 and 3270 cm-l observed at - 178O 
drsappeared wrth mcreasmg temperature and appeared only as shotrIders at 28” For 
cellotriose, a strong, smgle band centered at 3370 cm-l at - 178” smfted to 3400 cm- l 
at 28” and to 3420 cm- 1 at 147” Three bands observed in cehotetraose at 3360,3445, 
and 3485 cm- ’ at - 178” drd not shrft much with mcreasmg temperature However, 
only one band centered at 3420 cm- 1 was observed at 205”. A angle, strong band 
sumlar to that shown by cellotnose was observed for cellopentaose at 3400 cm- 1 at 
- 178” and shrfted to 3410 cm- ’ at 28” and to 3430 cm- ’ at 147”. The bands at 
3340 and 3400 cm- r for cellulose at - 178” shrfted to 3410 and 3445 cm- 1 at 28” and 
became one broad band centered at 3370 cm- ’ at 147” 

The bands at -3400 cm- ’ for cellobrose, cellotetraose, and cellulose were 
better resolved upon coohng, whereas the sphtting of the bands for cellotrrose and 
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cellopentaose was not promment However, significant changes 111 frequency and 
intensity of the adsorptions for each of the compounds mvestrgated occurred with 
change of temperarure Frgs 2 and 3 show the effect of temperature on the frequencies 
of the bands at 3400 cm- 1 ; these bands m cellulose ohgosacchandes and cellulose 
shifted to higher frequencies on elevatmg the temperature This IS a common tendency 
of OH-stretchmg bands associated with hydrogen bondmg The shifts of these bands 
to lower frequencies on coolmg may be caused by hmdrance of the motion of their 

structural elements, mdlcatmg increased mtermolecular bonding Relatively large 

shifts of the bands centered at 3340 cm- ’ for D-glucose, 3370 cm- ’ for cello&rose, 
and 3400 cm- ’ for cellopentaose suggest that these bands are associated urlth 
intermolecular hydrogen bonds For celloblose, the band at 3365 cm-l IS considered 
to be due to the mtermolecular bondmg because of its relatively large shift, the band 
at 3415 cm- ’ shifted very slightly For cellotetraose, the band at 3360 cm- ’ seems 
to be associated with intermolecular hydrogen bondmg, mdgmg from its relatively 
large shift with temperature On the other hand, the bands at 3445 and 3485 cm-’ 
were httle affected by change m temperature, suggesting that they are due to mtra- 
molecularly hydrogen-bonded OH groups The bands for mtermolecular hydrogen 
bonds for D-glucose, cellotriose, and cellopentaose shifted to a larger extent than those 
for cellobiose and cellotetraose Tlus fact mdlcates a greater mobihty of the structural 
eIements of the former compounds, and a crystal structure of cellobiose and cello- 
tetraose that IS more stable to change rn temperature A rotation about the glucosidic 
hnkage, givmg a “bent” or “bent and twisted” alignment of adJacent “anhydro- 
glucose” units, may exist m cellotetraose because of the sharpness of the mtra- 
molecular-bonding bands at 3445 and 3485 cm- ’ Thus, although a slrmlar rotation 
about the glucosrlc lmkage would be expected for cellopentaose, mtramolecular- 
bonding bands were not clearly observed The spectrum at -3400 cm-l for cello- 
pentaose was srmllar to that for cellotrrose, suggestmg smulanues m conformation 
and ahgnment of hydrogen bonds 

Fig 4 shows the effect of changes m temperature on the relative mtensmes of 
the bands at -3400 cm-’ The relative mtensity, which is defined as the ratro of the 
mtensity of this band to that of a smtable band m the same spectrum, is not s~gm- 
iicantly affected by concentration m the pellet and variation m scattered hght The 
absorptivity of the band at -2900 cm- ’ was much less affected than thet of other 
bands by change m temperature Therefore, the relatrve mtensrty IS expressed as 
a xcm- 1/a2900cm-1, where x refers to the bands at 3340 cm- ’ for D-glucose, 3365 cm- ’ 
for cellobiose, 3370 cm- ’ for cellotriose, 3360 cm- ’ for cellotetraose, 3400 cm-’ 
for cellopentaose, and 3340 and 3400 cm-’ for ceIIuIose observed at - 178”. The 
mtensity of each band was calculated by the “ base-lme” method” 

The relative mtenslty of the bands at - 3400 cm- 1 decreases with mcreasmg 
temperature Thus tendency is commonly observed for OH-stretchmg vlbratlons 
associated with hydrogen bonds and indicates a decrease in intermolecular hydrogen 
bondmg Fig 4 shows that the decrease of relative intensity is considerably larger for 
cellotnose and cellopentaose than for cellobiose, cellotetraose, and cellulose, especially 



I R SPECTRA OF CELLULOSE OLIGOSACCHARIIXS 153 

3460 I 

5 I 
E 
u I- n 

33001 1 I , , I 

-200 -120 -40 40 120 200 

Temperature (degrees) 

Fig 2 Effect of temperature on the frequencies of the bands at ~3400 cm-’ D-ghICOSC (-Cl--), 

cellotnose (-A--), and cellopentaose (-a-) 
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Fig 3 Effect of temperature on the frequencxes of the bands at -3400 cm-’ celloblose (-+) 
cellotetraose (-A-), and celhdose (- x -) 
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Fig 4 Effect of temperature on the relatwe mtensltles of the bands at ~3400 cm-’ celIob,ose 
(-@-, x= 3365 cm-‘), cellotnose (-A-, x = 3370 cm-‘), cellotetraose (-A-, x = 3360 cm-‘), 
celfopentaose (-•-, x = 3400 cm- I), and cellulose (- x -, x = 3340 cm- ‘) 



154 H HATAKEYAhfA, C NAGASAKI, T. YURUGI 

m the h&-temperature region Increasmg thermal vrbrattons and consequent 
rearrangement of the structural elements could be a factor contnbutmg to the decrease 
in mtensrty wrth mcreasmg temperature. 

Fig 5 shows the relatron between the relatrve intensity of the bands at 
-3400 cm-l and the number of D-glucose resrdues The relative rntensrty for 
D-glucose IS extremely large compared wrth that for each of the ohgosacchandes As 
the molecular we&t Increases, the relative mtensrty approaches the value for cellulose, 
although a study of ohgosaccharrdes of moderately large d p wrll be necessary to 
clarrfy whether thrs change m spectral propertres IS contmuous However, the fore- 
gomg data mdrcate that mtermolecular hydrogen bondmg m cellulose ohgosac- 
chandes tends to decrease wrth mcreasrng number of “anhydrolucose” umts 

2o-2 
Number of o-glucose restdues 

Fg 5 ReIatlon between the relatwe mtenslaes of the bands at ~3400 cm-l and the number of 
D&.uxxe residues - 170” (-0-), 28” (-A-), 147” (-a-), C, cellulose 

Chnges m absorptrons m the regzon 8GG-1500 cm- ’ - The regron SW- 
1500 cm-l contains many characteristic absorptron bands. The spectra of cellotrtose 

and cellopentaose showed smulantres m thrs regron, chrefly m the resolutron and 
intensity of the bands at 1372, 1335, 1315, and 1225cm-‘, which are assigned as 
follows’ Il. 1375 cm-l C-H bendmg, 1335 cm-’ O-H in-plane bending; 1315 cm-l 
CHz waggmg, 1225 cm- ’ possibly O-H in-plane bending The ratio of the intensity 
of the band at 1372 cm- ’ to that of the band at 2900 cm- ’ has been proposed as an 
index of crystalhmty for cellulosic materials4 Changes m the bands at 1429 and 
893 cm- l may also be related to the superstructure of cellulose and shculd not be 
neglected. 

The band at 1375 cm- ’ m cr-D-glucose was assrgnedZ2 to the CH-bendmg 
mode with some OH-bending contrrbutron The ratro of the band mtensitres at 1372 
and 2900 cm-‘, suggested3S4 as an index of crystalhnity of cellulose, has been apphed 
to cellulose I and II and also to preparatrons contanung a rmxed lathce 
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The crystal lattrce of a compound IS deformed by heatmg, and completely 
drsappears above the meltmg temperature Even below the meltmg temperature, 
increased thermal vrbratrons may cause rearrangement of the superstructure wrth 
consequent changes in the I r. spectrum Therefore, the band at 1372 cm’ r was 
mvestrgated as an indrcator of molecular matron wrthm, or the deformation of, the 
crystal Iattrce of carbohydrates 

The appropnate bands for D-glucose are usually observed’ 2 at 1360, 1369, and 
1378 cm-‘. However, the band at 1360 cm-’ was not promment at - 178” The 
bands at 1359 cm- ’ for cellobrose, 1370 and 1384 cm-l for cellotnose, 1364 and 
1376 cm- ’ for cellotetraose, and 1375 cm- ’ for cellopentaose were promment at 
- 178”. The band at 1372 cm-’ was well-resolved m the spectra of cellobrose, 
cellotetraose, and cellulose, but m those of cellotnose and cellopentaose it was much 
less mtense and centered at - 1370 cm- ‘. 

The locatron of thrs band was scarcely affected by changes m temperature, and 
Frg 6 shows the effect of temperature on the relatrve mtensrty The aI3 ,tcm-S/ 
a2900cm-i ratro for each carbohydrate stmhed decreased gradually above ambrent 
temperature Ramrah and Gormg’ 3, from a study of the thermal behavror of glucose, 
cellobrose, cellulose, and o+ber carbohydrates by drlatometry, proposed that the 
transitron between 19 and 33” was caused by the breakage of weak hydrogen-bonds 
The band at 1372 cm-l, assrgned to the CH-bendmg mode wrth some OH-bending 
cont.rrbutrons12, should reflect changes m conformation due to the greater freedom 
of movement of OH consequent on the breakmg of hydrogen bonds 
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Ag 6 Effect of temperature on the relatwe mtensltles of the bands at --1372 cm-‘. D-glucose 

(-a--), ceilobrose (-@-), cellotrlose (- A-), cellotetraose (-A-), cellopentaose (-_O-), and 
cellulose (- X -) 

The band at 1429 cm- ’ for cellulose IS generally assigned to the CH,-bendmg 
motron7S14*15 and corresponds to the bands at 1415 cm-’ for D-glucose, 1426 cm-l 
for cellobiose, 1410 cm-’ for cellotnose, 1417 cm-’ for cellotetraose, 1415 cm-l 
for cellopentaose, and 1428 cm- 1 for cellulose at - 178” 
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O’Connor et al l6 proposed the ratto of absorptivrties at 1429 and 893 cm- ’ 
as an mdex of crystallrmty for native cellulose Nelson and O’Connor3, observmg 
the similarity of the band at 1429 cm-’ for amorphous cellulose and for hrghly 
crystalhne cellulose II, proposed the formatton of the stencally most-favourable 
conformation, which would probably be that found m celluIose II and would be 
stabilized by mtramolecular hydrogen bonds even 111 the amorphous state. They 
concluded that the band at 1429 cm- * 1s associated with the environment of the C-6 
group, e g , the formation (or breakmg) of an intramolecular hydrogen bond 

mvolvmg O-6 
As shown m Fig 7, the ratio a1429cm-1/as93cm-1 for cellulose decreased 

gradually with increasing temperature, changmg abruptly at - 180” The latter 
temperature IS m good agreement wrth that reported’ 7 for the glass transttton 

Accordingly, the glass transttlon III cellulose may be dependent upon, or concurrent 
with, the rearrangement of mtramolecnlar hydrogen bonds, at least m the amorphous 
parts 
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FIN 7 Effect of temperature on the relatwe mtenuty of the band at 1429 cm- ’ for cellulose 

The a 1429cm-1/as93_-L ratio could not be apphed to observe changes around 
positron 6 of other obgosacchandes, since the absorptivity at 893 cm- 1 for carbo- 
hydrates changes considerably with temperature 

It has been concluded7*r4 that the band at 893 cm- 1 for cellulose is probably due 
to a vibrational mode mvolvmg C-l and the four atoms attached thereto. Nelson 

and O’Connor3 suggested that this band should reflect changes m molecular con- 
formatton due to rotatton about the mterglycosidic hnkages The correspondmg 
bands for D-glucose (893 and 914 cm- ‘) and cellobrose (888 and 894 cm-‘) were 
spht mto two parts, but appeared at 893 cm-l for cellotnose, 892 cm- ’ for cello- 
tetraose, 894 cm- 1 for cellopentaose, and 893 cm- ’ for cellulose at - 178”. Thus, 
the location of this band was not greatly dependent upon the number of “anhydro- 
glucose n units If this band reflects the changes in conformation due to rotation about 
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the mterglycosldlc lmkage, then, among the senes of cellulose ohgosacchandes, a 

pronounced difference m molecular conformation should not exist 

Fig 8 shows the changes of the band mtenslo urlth temperature; the absorptivity 
m cellulose Increases shghtly urlth Increase m temperature, but mamtams an almost 
constant value up to 240”, the upper lirmt used m this expenment Therefore, It IS 
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Fig 8 Effect of temperature on the mtenslties (base-line absorbances) of the bands at ~893 cm-’ 
for n-glucose (-O-), celloblose (-+--), cellotnose (-A-), cellotetraose (-A-), cello- 
pentaose (-a-_), and cellulose (- X -) 

appropnate ’ 6 to use this band intens@ as the internal standard for the crystalhmty 
Index a 1St9cm-1/as93cm-1 However, the absorptivity of the band at -893 cm- ’ for 
glucose and cellulose ohgosacchandes decreased rapidly above a certam temperature 
that 1s specific to each compound If this band IS due to a vIbratIona mode mvolvmg 
C-1 and the attached four atoms and its mtenslty IS affected by the changes m 
hydrogen bondmg3 ’ 14, then the abrupt decrease of this band mtenslty must reflect 
the changes m hydrogen bondmg around positron 1 It IS also possible that rotation 
of the “anhydroglucose” umts about the glucosldlc hnkage In cellulose ohgosac- 
chandes occurs more easily than in cellulose 

It IS concluded that the marked change m defimtlon m the 1 r spectra on 
changmg temperature reflects the effect of hydrogen bonding on the change of 
superstructure In cellulose ohgosacchandes and cellulose The slgmficant &Ezct of 
change m temperature on the frequency and lntenslty of the bands at -3400 cm- ’ 
may be due to changes m mtra- and inter-molecular hydrogen bondmg The decrease 
in the ratlo a1372cm-l/a2900cm- I at temperatures above amblent for the carbo- 
hydrates studled may reflect changes m conformation due to greater freedom of 
movement of OH groups which might be produced by the breakmg of a par&cular 
type of hydrogen bond The effect of temperature on the band mtens&es at 1429 
and 893 cm-’ may be associated with hydrogen bonding mvolvmg posItions 1 and 6 



158 R HATAKEYAhU, C NAGASAKI, T YURUGI 

1 M. L. Wo-LFROM AND J C DACONS, J. Am Chem Sot ,74 (1952) 5331-5333 
2 G. L MILLER, 3 DEAN, AND R BLUM, Arch Blochem Wophys, 91 (1960) 21-26 
3 M L. NEWN AND R. T. O’CONNOR, J App?. PoZym Scr ) 8 (1964) 1311-1324. 
4 Nf L NELSON AND K T O’CONNOR, J Appl Polym Sex, 8 (1964) 1325-1341 
5 E R %iKa.L, Fd N MaiIiIs, Y w TKWF, AND R T. O’CQNNaR, ‘4&d Sp.e.%-Lwsr_, 25 (J971) 

196-200 
6 A J MICHELI, Aust J Chem , 23 (1970) 833-838 
7 I% G HIGGINS, C M STEWAIW, AND K. J HARRINGTON, j Pofym SCI ,51 (1961) 59-84 
8 R. G ZHB~CNKOV, J Polym Set, Part C, 16 (1969) 4629-4643 
9 hi. v. SHABLYGIK, 0 A NXITINA, S A SOKOLOVA, AND N V MIKHAILOV, Polymer SCZ USSR, 

Englrrir Trand ) 14 (1972) 2644-2648 
10 H. H~TAKEYAMA, 3 NAKANO, A HATANO, AND N MIGITA, (1969) 1724-1728 
11 R H MARCHJZSSAULT ANB C. Y LIANG, $ Pofym Scr ,43 (1960) 71-84 
12 P D VASKO, J BLACKWELL, AND J L KOENIG, Curbohyd Res ,23 (1972) 407416 
13 M V. RAMIAH AND D A 1 GORING, J PoZym SCI , Part C, 11 (1965) 27-48 
14 C Y LUNG AND R H MARCHESSAULT, J Polym Scr ,39 (1959) 269-278 
1s 3 %ACKWEU, P D VaKO, AND J L E(OENXG, J Appl Phys ,41 (1970) 4375-4379 
16 R T- O’CONNOR, E P DUPRE, AND D MITCHAM, Text. Res J, 28 (1958) 382-392 
17 E L BACK AND E! 1 E DIDRIKSSON, Sv Pupperstrdn ,72 (1969) 687-694 


