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THE INFRARED SPECTRA OF CARBOHYDRATES

ABSTRACT

_ In seekingimproved methods for analyzingnitrate esters of carbo- :

‘hydraigs, includingnitfocellulose; whicharehslpful inpropellant composi- N

, tions and for identifying decomposition products; the ‘possibility-of using i
AN infrared spectroscopy for this purpose was investigated. The spectra of Co
S o mumber of carbohydrates and their derivatives were obtained. The !

changes in the infrared spectra thataccompany the thermal decomposition

and the burning at low pressure of nitrocellulose are shown. The inter-

pretation of these spectra is in agreement with information obtained by

chemical méthods.
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R BALLISTIC RESEARCH LABORATORIES
THE INFRARED SPECTRA OF CARBOHYDRATES A A

The relatively slow decomposition which nitrocellulose undergoes at temperatures of about 100°C B
and the burning of nitroceliulose at low pressures have engaged the attention of this laboratory for some
time. In each of these problems considerable difficulty has been experienced ih devising analytical pro-
cedures to measure the chemical changes that ensue. Since infrared spectroscopy has been found to be a
valuable analytical tool.in other fields of chemistry, an attempt has been made to appraise its usefulness =
for studying sugars and cellulose derivatives. Although this report is concerned with problems of analysis

. A

and identification, information relating to the molecular structure of the compounds studied can also be
-obtained.

The spectra of a large number of carbohydrates and their derivatives have been obtained with.a
Baird infra-red spectrometer. In most cases the substances were purified by re~crystallization until the
nmelting point was constant. Substances which did not crystallize were measured by squeezing the viscous
liquid between two rock salt or silver chloride plates. The technique used to prepare the samples of the

crystalline subéuances #as to dissolve them in a solvent such as watér or methanol, and to put about 2 ml

T

of the solution on a silver chloride window and evaporate to d¥yness in a vactum ovén. Samples prepared

‘in this manner freguehtly give curves containing very broad and poorly resolved bands, Much sharper and

better resolved bands were obtained when the solid sample was finely ground in mineral oil by rubbing with
a muller on a ground glass plate. A comparisofi of the curves obtained by these two methods of preparing

‘ theé sample is shown it Curve 1. The migera,l oil has strong C<H bands at about 3.5 and 7 microns, but in
the regions more interesting to the carboydrate chémist, around 6 and beyond 7.2 microns it is quite trans-
parent, Each curve is marked with a symbol which indicates how the sample was prepared; "g" indicates
that it was ground in mineral oil and "e" indicates that it was evaporated on the window from solution. The
letter in brackets indicates the solvent used: W - water C - chloroform, A - metharol, and F - pyridine. ' i
Each curve is numbered and the 1ndex for the curves is given in Table IL. Curve 2 of gluchHse is typical of
the sugar spectrum. There is a very strong band at about 3.1 microns due to the O-H stretching frequency, o
and in the regich of 9 to 10 microns there are several closely spaced bands ‘which are probably due to C-C

and. C-0 vibrations. The effect of various functional groups which-the carbohydrate chemist frequently en-

Vel counters upon the spectium is illustrated in the next four curves, Glucurcnic acid, Curve 3, shows a very XE
stidrg band at 5.6 to 5.8 thicrons; which 18 due to the C-0 of the carboxyl group- Closer examination shows s

-that-this is actually two-bands and it may be-that the 5.6 band is due to a lactone carbonyl ahd that the 5.8

: band is due'to the- carbonyl in & iree, ¢ xy1 group.. muca“;'tr_iaqétgdfe';. Curve-4; has no free hydroxyls,

‘hencéthe O-H ‘band-at 3.1+ micronS‘ is missing The carbonyl band due fo-thé aceétate groups againvshows up
strongly- and.a Aew ba_._nd_-at 6.05- miCrons gppears, Wwhich: is. due o the rle,thymlenewgrc_)up. The Strong | band-at -

8-10.8,2 nilcrons is chaFacteristic of ésters. The oxidation of many sugars with periodate resilts ina

¢ledvage of the carbon chain and the newly formed primary carbon atoms appear as.aldéhyde groups. Curve
Y 5 is for the-oxidation product of alpha methyl glicoside, which has the structure CHZOH-CH(CHO)"-O_-
CHOCH3(CHO) and it shows the band due to the C -0 of the aldehyde group at about 6.2 microns. The nitrate

bands show up very clearly in Curve 6 at 5.9, 7.7, and 11.8 microns, The assignment of these bands to 1) :

the various functiongl groups has been done empirically and is the result of the study of a large number of
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‘cCurves,.. 'I‘he treatment «of this Subject by Barnes and. co-WOrkers( ) ‘has been: extremely ‘helpful,
Below about 8 microns the stmicturally isomeric ‘sugars: show ‘the:same absorption bands, hence
we have omiitted this portion of the spectrurn in the subsequent curves. The differences.between these closé-~

Iy related compounds appear beyond 8 microns..

An examination of the curves shows that each compound has its own characteristic set .of absorption
bands and, except in one Special case which will be discussed shortly, no two curves are identical. In some
cases the bands are not as.strong and do not show up as clearly as might be desired; This is generally due
to a large amount of scattering_;of the incident light by the crystals of the sample, which results in a lack
of contrast between the light which is absorbed and that which is transmitted. In the glycoside series the
difference between the anomeric forms shows up very nicely. Thus the-alpha methyl glucoside can be
readily distinguished from the beta methyl glucoside (Curves 36 and 37), ahd in the methyl galactosides the
alpha is again different from the beta compound (Curves 34 and 35), In the seriés of esters there is an
interesting group of compounds consisting of the alpha acetates of glucose, cellobiose, cellotriose, and
cellotetrose. In this polymeéric homologous series {Curves 38 - 41), the monomer, the dimer and the trimer

can be distinguished from each-cther. However, between the trimer and the tetramer there is very littleé

difference, and between the tetramer and pentamer, which is not shown, there is fio distinguishable differ-
ence., Apparently it is impéssible 1o resolve the broad bands of the tri= and higher saccharides with our
spectrometer, and any difference in detail which may exist between these spectra is invisible. The differ-
ence between the sﬁectra of anomeric forms is again Seen from a ¢omparison of the curves for the alpha
and beta forms 'of glu¢ose pentaacetate (Curves 38 and 42) and for the two forms of methyl glucoside tetra-
acetate (Cutves 43 ang 44).

For mono- and di-saccharides, and for their derivatives, infra-red spectra may serve as a very
useful tool for the determination of the presence of various functional groups for establishing the identity
of the compound and for determining the presence of irpuritiés. It has the advantage over other physical
measaremeats such as melting point or optical rotation in that the spectrum is unique for each:compound.
-Only a small sample is required, 15 mg, for evaporatéd films, and somewhat more for grinding in mineéral
oil, and the ‘sampie may be recovered. For this method to be useful for identification purposes'it.is heces-

| sary that the worker haveé at his disposal as complete a cdllection of curves of pure sugars as possible, and
it is with this in mind that:the acco'nipanyfmg curves were reproduced. The spectrum of any sugar is
strongly inﬂuenced by the introduction of substituents. A comparison of the'spectra of aseries of deriva-
fives. of 4 given sugar reveals no band orarrangement of bands which is charactensuc of thewparticular

sigar, Fortids reason-it hagnot beonfo "deesslble. 16 !dent*fv Ibfiiiﬁl.lt‘ Sugar bya.comparison of its

- spectrum withthat .of the. "or_nespondmg_imsubstitutea sugar, hor-does’ it seem likely that a polyséécharide

‘cafl ‘be idéntified by c,:c;znpar;,sqn-o_f its spectnum w.itht_h_e spectra, -0f.the mqnosaccharides.of wh_ic”h.jt is: composed;
Curves 73 'to 79 give the §pectra of various-cellulose derivatives, The bands in the Short wave-

1ehgth end of thé spectrum characteristic of the varicus functional groups Show up very nicely ‘bit the bands

corresponding to the C-C and C-0 frequéhciés in the region of about 9 ~ 10 microns are very

‘broad, as was the case with the tetrasaccharide discussed above, Curve 73 fo¥ nitrocellilose shows a

(I}Barnes et al., infra-red Spectroscopy, Reinhold Publishing Co, (1944)
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) ‘weak Q=H band at 3 microns dué to the fact: that the cellulose is:not completely nitrated, a C-H 'band at. 3:45
and nitrate bands at 6.0, 'Z 8, 12, 13,3 and 14.3 raicrons. Cellulose was oxidized with NO2 to: polyglucuromc

.acid which.wds then nitratéd. Cunve 74 shows the spectrum of this nitrated polyglucuroni¢-acid wh1ch has.

the new band due to the T=0 of the carboxyl group at 5.75 microns. A commercial sample of methyl cellu-
lose is shown in Curve 75. It too shows a band of 5.7 microns indicating the presence of carboxyl groups

which must have been formed by oxidation of the cellulose in the manufacturing process. In the curve for
cellulose-6-trityl ether the aromatic C-H band appears at 3.3 microns, and several bands due to benzene

rings at 6.3, 6.65 and in the region ¢f 13 and 14 microns can be seen,

A comparison of the infrared spectra of nitrocellulose and two of its decomposition products is
shown in Fig. 1. When nitrocellulose i$ heated at about 130 C a slow decomposition takes place and after' _
about a day the material shows a new absorption band at about 5.7 microns which is due to the presence -
of the carbexyl group. This is the same band that appears in the polyglucuronic acid which is obtained
wllen cellylese is: t:;x’1di,;ze_d-~-with.NO2 (see Curve 7&\ It is also apparent that the ratio of the intensities
of the OH to CH bands at about 3 and 3.5 microns respéctively is greater in the heated material than in
the original which indicates that new OH groups were forimeéd or that CH groups have disappeared. The
white solid decomposition product that is obtained when nitrocellulose is burned at a préssure of about
1’ min shows aninfraired curie which has even stronger OH and C=0 bands than the heated material and
which has a new band at about 6.2 microns. This band is tentatively assigned o the C=0 of an aldehyde
group. AS previously stated, such groups are produced in carbohydrates by oxidation with periodic
acid, however the physical propértiés of the product obtained froin the oxidation of céllulose with. this rea-
gent are such that no satisfactory infrared curve could be ‘obtained. The evidence that this band is dué to the
¢afbonyl group was obtained by oxidizing alpha methyl glucoside with periodic acid to give a compound con-
tafning aldehyde groups and showing e new band at 6,2 microns (see Curve 5). These findings are in agree-
ment with the resulis cbtained by chemical methods by Professor Wolfrom and coworkers ‘at Ohio State
University. '

To detetrmine the possibility of using the infra-red spectrum for the quantitative determination of a

functional group. - in this case the nitrate group - we obtained the curves for several different fitrocel-

luloses of known nitrate corntent. Using the eguation for Beer’s law, -

log [/I=kecd
'wnere L ana "’*are the inignsities oz the 'm'Ci dent az ad transmitted Jight, respec ve'ly., "‘:’?is'_t'he e;':tmctjo,n :cc:

efﬂcient, cis the concentratmn, and d the thickness of the sample, weé attempted to see itk is constant
Since (o} has ‘been. determlned by Aan 1ndependent method -d Sanbé measured and log Io/ I can ‘bé obtained
from the: he;gl;t of tl;e abso;ptign ‘band-thé equition can be solved for k. If kis Igno.Wn for & -glven absorption
band; and has been found to bé éonstarit, then wé can q.se-tl_;lis value of k for the ahalysis of an unknown and
s6lve the. equation for ¢. To secure good accuracy the absorption band should be of such strength that 30

to 70 pércent of the light is absorbed. The nitrate band at 6 microns is so strong that even for very thin
films it showed,almost completé absorption. The O-H bard at 3 microns is much weaker and more satis-

factory for our purpose; furthermore, it has the advantage that for highly nitrated cellulgses small differ-
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' :: én¢ésin nitrate coritent are accompanied by relatwely large differences in percent of CH. Knowmg the OH
N _content; the nitrate*content can-of coursetbe readily: calculated F11m.> of such-thickness-as t6. givé-the OH 2 S

band an absorption of about 50 percent were used, Tt was found that the value of k was-not .Constant and éne

PR

of the reasons for the lac.- of constancy is the difficulty of accurately measuring ‘t.h'e‘ﬁlm thickness,. d,
especially sincé the films are genérally not of uniform thickness. To circumvent this difficulty we used
the ratio of the OH 4nd CH bands, I we write the Béer’s law equation for the OH band and for the CH band

- | (log I/T) OH oy @ .

v Ir
(log I/ L

St g o 4

7 aE

(]Dg I /I I) OH

= k* e k¥ = :
| | _ | ,,1—77—1og T /Teg k* ooy Where k* =K /kopy Cop ppp

| : v and if we divide the equationfor the OH band by the equation for the CH band, we gét.a new equation I in ¥

which the d’s cancdl, and which can be simplified to give equation III'if we assume that c .. is 'L_ndependenf

of the nitrate contént which is probably not too bad an assumption since the number of--CISI;.Igonds per mole:: .
| 7 cule is ~independent~of tr 2 nuinber of nitrate groups. The scattered radiation was corrected for by taking as the
i - -value of I not 100 b1+ the pércéent of light transmitted at a wavelength at which the nitrocellulose has no

| B BV absorptxon band, namely 2.7 mlcrOns The mtroce]lulose films were made by evaporation of ethyl acetaté }
solutions., To remove the solvent completely the films were dried for 48 hours in a vacuum oveén at 50° C; I
however, thé curves showed 2 stropg band at 5.7 microg';'s, indicating that solvent was still present. By
soaking the films for several hours in ether or in water and then drying again, the curves obtained no longer
showed: the carbonyl band. It is quite possible that the ether-and the water areé 4lso retained by the film but
they are not readily detected from the inhfra-red curves. I was found that soaking thé film in hexane and
drying did not result in the reroval of the éthyl aceétate. The results from eight different samples are given
in Table I. These films were soaked in ether. The variationin K* which afnounts to about 8 percent is pro-
bably due to the variation in the amount of solvent retained by the films. The nitrate group can be deter-
o ' mined guite conveniently by chemical methods, but for groups which cannot bé détermined convenienily by -
e ' chemical methods the spectroscopic method may be advantageous.
- SUMMARY

The infrared spectra of a number of carbohydrates and derivatives thereof have been obtained.

S v
3 RN~

Ak Bt

Anomjeric and- epimeric forms dre readily dirtinguishable. Functional groups are-éasily recognized ‘The

>
o,

‘appearace- ot hiew jz;;‘;gt_i‘cﬁai gjfi"'pe rom:.the thermaL dec¢omposition. and the aburnmg at low kpressure of

nitroce]lx.lose s-démbnstrated; A method for the: quantltatlve dete‘rminatlon of nitrate, grouns in nitrocel-

lulose‘has‘beemdeveloped ’ L o - o C T
The“author is ihdebted to Professor M: L Wolfrom, of Ohjo-Staté Umversity, for supp? ying most of

the :sugar samiplés, and to the DuPont €émpany for the nxtz;ogell11.10se saniples,

. KA

ester P. Kuhn
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‘: . Determination of Extinction Coefficient = S
2 5
- 1og_(IO./I)OH h
k47 7 - - E) i
Sample %N  # OH groups (L/Dape (/D 10g(T /D) 5pr  Log(l /1)~ 1—'(7'7“%-1" ) k* 3
= per glucose Unit 0 oo O 'CH o' "OR s o YCH ‘ £
- ? 5 1087  1.065 79/19.5 79/25 607 500 il 113 ]
S 9 1.35 . 935 ° 80.5/22 80.5/25  .562 505 111 1.05
3 11.88 77 82/33  82/26 .398 © 490 - 814 1.07 X
3 4 11.96 .75 86/34.4 86/27.8 .394 © 490 .805 1.07
- 6 12,60 .555 75/42.5 75/31.5 .267 .433 617 1.11 ’“‘
10 - 12,66 .53 88/64.3 88/52 .137 .228 603 113 3
2 13.4 .28 83/68  83/42.2 .086 - .292 .294 1.05 é
13.4 .28 78.5/60 78.5/3L.5  .117 .396 .295 1.05 .
: it
i
%
N
5
:
P
2
1
g
¢ g
¢ H 7
gl.
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TABLE II

JIridex of Absorption Gurtes,

Curve Compound’

_No,

1
2

3

10
1
12
13

14

‘16
17
18
19
26
21
22
23
24
25
26
27
28

29

D-Mannose
D-Glucose
D-Glucuronic Acid

D-Glueal 3, 4, 8-Triacetate

Methexy formyl methyl 1- formyl 2- hyroxy ethyl ether

Sucrose Octanitrate
D-Ribose
L-Arabinose
D-Xylose
DaGalactose
alpha D-Glucose
L-Sarbosé
L-Rharmnose
L-Fucose
Maltose -
Mellibiose H,o

Cellobiose

Trehalose

D-Lactose

Raffinose

Erythritcl—

Xylitol

Mannitol

Sorbi:ol

Fucitol

{~Inositol

Duleitol

Arabino Lactone = 5

D-Glucono delta-Lactone

Methy! alpha Methyl D-Galattutonoside

‘Alpha D-Gluconol.éptoriolactanie

Mgthyl-beta D-Xyloside

Metliyl' beta D-Galagtoside

Metkj;‘rl alph2 D-Glucoside
Methy1 beta-D-Glucosidée
alpha D-Gluéose Pentaacetate
alpha Cellobiose Octaacetate

alpha Cellotriose Undecaactetate

0
[

Curve Corapound

41
42
43
4
4%
46
47
8
]
50
51
52
53
54
55
56
57
58
59
63
61
62
63
64
85
66
67
66
69
70
71

o
o

3
. .

75
%
7
76
79

Wralts
AIEaT

alpha Cellotetraose Quatradecaacetate
beta D-Glucose Pentaacetate

Methyl alpha D-Glucoside Tetraacetate
Methyl beta D~Glucoside Tetraacetate
Methyl beta D Galactoside Tetraacetate
Levoglucosan Triacetate

Alpha L-Arablinose Tetraacetate

Sorbitol Hexaacetate

Mannitol Hexaacetate

3-Methyl D-Glucose Tetraaceéat;e

Lactose Octaacetate

D-Galactose Pimethylacetal Pentaacetate
D-Galactose Diet-hylme.rgagtal Pentaacetate
L-Rhamnose Diethylmercaptal Tetradgetate
D-Glucose Diethylmercaptal Pentabenzoate
3-Methyl Glucose Tetrabenzoate

3-Methyl D~Glucose

2, 3, 4, 6-Tetramethyl D-Galactose

2, 3, 4, 6-Tetramethyl D=Glucose

2,-3, 4, 6-Tétramélhyl' D-Mannose

Methyl tetramethyl D-Glucoslde

Methyl tetramethyl alpha O-Mannoside
Methyl 2, 3, 6-lriethyl beta D-Glucoside
Levoglucosan

D-Galactose Crime
D-MannoSe Oxime

L-Rhamnose Diethylmercaptal
D-Galactose Diethylmercaptal
Diacetone D-Glucose
Monoacetore D-Glucose

D-Glucosamine Hydrochloride

sAotd.

“Afitroceilulose - LTl ey
‘Cellylose Oxldized withi;NO, jand Nitrated.
‘Methyl Cellulgse

Cellilosk Acétate
Trityl Cellulose
!

6-Trityl 2, 3-Diphenylurethane Cellulose

8-Trityl Cellulose Acztate
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Wave Numbers in cm
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Wave Numbers in cm

00
[ .}

8

+— —t—

Lot

12.0

11.0

¥
=

o]

-]

I S N O

p 1|

L

2.0

1200

i~

1100

J il L

T —

120

110

9.0

Wave Length in Microns

ar

EERgErT e




19

BALLISTIC RESEARCH LABORATORIES

Wave Numbers in cm
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Wave Numbers in cm
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Wave Numbers in cm
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Wave Numbers in cm
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Wave Nunibers in em
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Wave Numbers in- cm S N
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Wave Numbers in cm
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Wave Numbers in cm
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‘Wave Numbers in cm
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Wave Numbers in cm
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Wave Numbers in cm
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Wave Numbers in cm
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Wave Numbers in cm
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