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EXTRACTION OF CHARACTERISTIC 
BANDS OF SUGARS BY 

MULTIDIMENSIONAL ANALYSIS OF 
THEIR INFRARED SPECTRA. 
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ABSTRACT. 

Collected Mid-IR Attenuated Total Reflectance (ATR) spectra of various 
sugars were assessed by multidimensional statistical analysis. Through 
Principal Component Analysis (PCA) of collected spectra of  various pure 
10% sugar solutions and from the spectroscopic representation of the 
factorial axes, characteristic frequencies of monosaccharides and 
oligosaccharides were directly and automatically obtained within a few  
seconds. Monosugars are characterised by a hollow at 998 cm-' and by a 
single unique major peak (1049 cm") in the 1075 - 1030 cm-' region 
while oligosaccharides showed three characteristic bands in the same 
region, the major peak is shifted to  1033 cm-'. Owing to  the glycosidic 
link vibrational motion, oligosaccharides are also characterised by a band 
at 998 cm-'. Spectroscopic representation of the axes issued of data 
from both sugar families (mixture of mono and oligosaccharides) is an 
average of the two  individual spectral patterns. Predictive measures of 
concentrations of sugar solutions were performed by principal component 
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524 CADET AND OFFMANN 

regression (PCR) of  the factorial coordinates and prediction equations 
were obtained. The predicted concentrations of standard 10% pure sugar 
solutions averaged 10.069% and 9.909% for monosugars and 
oligosugars respectively and a concentration of 10.01 5% from the mixed 
set of data was obtained. The ability of these factorial coordinates to  
predict quantitative variable are good with correlation coefficients ranging 
from 97.4% to  99.9%. 

INTRODUCTION. 

Infrared spectroscopy is a very useful technique for the identification and 
characterization of molecules. Furthermore Near Infrared Reflectance is 
widely used as a tool for quantitative analysis of many food components 
(Norris., 1978, Osborne et a/ . ,  1982). The recent advent of  Mid Infrared 
Fourier transform spectroscopy (F.t.i.r) has provided valuable information 
through data processing of digitized spectra (Koenig.; 1981) and has 
allowed the study of biomolecules in aqueous solutions. 
However complex spectra make interpretation difficult. Through 
multidimensional statistical analysis these problems may be overcome 
(Bertrand er a/.,  1988, Devaux er a/. ,  1988, Cadet era / . ,  1991). 
Analysis of  sugar solutions by Infrared spectroscopy have been 
extensively reported (Kuhn., 1950, Barker et a/ . ,  1956, Back er a/ . ,  
1983). Some workers have tried to  find characteristic wavelengths t o  
predict sugar content (Henry., 1985, Mills et al., 1986). This method 
based on isobestic points determination, needs a careful and lengthy 
visual examination of a series of sugar spectra. 
Recently w e  have reported to use a combination of infrared spectroscopy 
and multidimensional statistical analysis for the analysis of sucrose 
solutions (Cadet er a/., 1991) and for enzymatic studies (Cadet er a/ . ,  
1995). 
The present study was undertaken in a scope of developping a quick and 
reliable method for the characterization and quantitative analysis of sugar 
families by using Mid-Infrared Attenuated Total Reflectance spectra 
potentialities combined with computer based multidimensional statistical 
analysis. No visual examinations of individual spectra is hence required by 
this method. 

MATERIALS AND METHOD. 

All D-oses used were of highest grade available and were purchased from 
Sigma. 
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ATR SPECTRA OF SUGARS 525 

Mid-Infrared Attenuated Total Reflectance Spectra. 

Mid-Fourier Transform Infrared (Mid-FTIR) spectra were collected on a 
Michelson-1 00 Fourier transform spectrophotometer. Attenuated total 
reflectance spectra were obtained with a Specac Overhead ATR system. 
The crystal of the reflectance element is made from zinc selenide, a 
material that is quite inert t o  water; it is quite rapidly cleaned between 
samples by being sprayed with water and then dried with filter paper. 
The data were recorded from 800 t o  1250 cm-1 in 4-cm increments at 
log(l/R), in which R is the ratio of the reflected intensity for the 
background to that of the sample. Although the ATR experiment does 
involve the reflection of the radiation within a crystal, the interaction of 
the radiation with the sample is the transmittance of radiation through 
the sample; this depth of penetration is wavelength dependent, but it is 
passing through a finite layer of  the sample. For this reason, plots can 
read according to  absorbance (or transmittance). The combination of four 
scans resulted in an average spectrum. The intensity the spectra was 
low; the highest peaks had log(l/R) values less than 0.6 on baseline 
spectra. 

Mathematical treatments. 

Mathematical treatments were performed on a Compaq personal 
computer with software written in "C" language and developped in our 
laboratory. Multidimensional statistical analyses, such as principal 
component analyses (PCA), describe variation in multidimensional data by 
few  synthetic variables. These synthetic variables are linear combination 
of all the original variables and have the advantage of having no 
correlation with each other. Simpler descriptions of data sets are thus 
obtained with minimal loss of information. These treatments were used 
for morphological analysis of spectra (le Nouvel, 1981) and for graphical 
representation of spectra similarity (Devaux et a/., 1988). 

PCA was applied to the spectra from 800 to 1250 cm-1 (wi th 235 data 
points used as principal variables). Spectra were centered prior to PCA 
according to : 

where Xii = centered data ; A, = spectral data (log 1/R) of spectrum i 
and wavelength j; Ai = mean value of spectral data at wavelength j for 
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526 CADET AND OFFMANN 

every spectrum; Ai = mean value of spectral of spectrum i for every 
wavelength; and A = average mean of all spectral data in the collection. 

Principal component regression (PCR) was used to establish a prediction 
equation. PCR is basically a multilinear regression applied t o  scores 
assessed by PCA (Lefebvre., 1983, Lebart e l  a/., 1977). Interest in the 
introduction of scores according to  their predictive ability had already 
been shown (Dagnelie, 1975, Bertrand et a/.,  1987). 

Concentrations are predicted according to : 

where C is the column vector of predicted concentrations, X is the 
centered matrix of spectral data, V is the matrix of latent vectors of PCA, 
and R is the column vector of  the regression coefficients of the prediction 
equations. n, k, p are respectively the number of  samples; the number of 
wavelengths; the  number of significant principal components. The dot 
product V . R is a vector, the  components of which may be interpreted in 
terms of absorption bands. Plotting the components against the 
corresponding wavelengths gives a ’spectral pattern’. Peaks correspond 
to  absorption bands which are characteristic of the measured chemical 
constituents. Hollows indicate that when the concentration increases, the 
corresponding absorption bands will decrease (Bertrand et a/.,  1988). 

Spectra of pure 10% (g/lOO ml) sugar solutions were grouped in three 
calibration sets according to the class of sugar they belong ; the 
monosaccharide family, the oligosaccharide family and a third calibration 
set (M/OCALIB) grouped data from these t w o  families (table 1). 
Two  verification sets were constituted from spectra of pure 10% (g/lOO 
ml) sugar solutions according to the class of sugars defined above (table 
1); the monosaccharide and the oligosaccharide verification sets (table 1 ). 

Two  verification sets were constituted from spectra of pure 10% (91100 
ml) sugar solutions according to the class of  sugars defined above 
(table 1 ); the monosaccharide and the oligosaccharide verification sets 
(table 1). 

RESULTS AND DISCUSSION. 

Mid-IR ATR spectra of various pure sugar solutions a t  a concentration of 
10% (91100 ml) were collected and are shown in figures l a  to  l e .  For 
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ATR SPECTRA OF SUGARS 527 

Calibration sets 
Monosaccharide Oligosaccharide 

family family 
mannose maltose 

xylose melilobiose 
sorbitol sucrose 
adonitol raffinose 

arabinose water 

Table 1. Sugars constituting the calibration sets and verification sets. 
MlOCALlB was a mixture of  the t w o  calibration families. 

~~ 

Verification sets 
Monosaccharide Oligosaccharide 

family family 
xylitol lactose 

galactose cellobiose 
fructose 
mannitol 

sorbose I I I glucose I I 

each of the three calibration sets, the collected spectra of  the various 
sugars were introduced in a principal component analysis (PCA). A 
collection of spectra forms a hypervolume in an n-dimensional space. The 
description of this volume using the spectral data may not be the most 
simple mathematical way to  characterise the set of spectra. As infrared 
data are highly correlated, there is a large redundancy of  information 
which can be eliminated by the creation of a more suitable system of 
axes. PCA allows the creation of such a system of axes not correlated 
with each other, called 'principal components', which are linear 
combination of the original ones. The relationship between chemical and 
spectral data is established by multilinear regression between chemical 
values, sugar concentration in the present case, as the predictive variable 
and spectral data, principal component, as the predictive one. 

Principal component regression allows the establishment of prediction 
equations. In our case as the number of samples is relatively limited three 
prediction equations the were achieved using the highest number of axes 
so as to obtain the best prediction equations. Spectral patterns were 
assessed in order to  identify the spectral regions playing a decisive part in 
the predictions. The patterns were linear combinations of eigenvectors 
extracted from PCA. These vectors give a spectroscopic representation 
of the factorial axes and are powerful tools for interpretation of IR 
spectra. I t  is very difficult t o  find characteristic wavelengths from MIR 
spectra. In a family of  spectra, the spectral pattern corresponding to  the 
vectors allows direct identification of characteristic absorption bands that 
are the most representative of the family. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



CADET AND OFFMANN 528 

Figure l a .  Mid-Infrared ATR spectra of pure 10% (g/lOO ml) solutions of 
rnannose, xylose, sorbitol and sorbose. 

Figure 1 b. Mid-Infrared ATR spectra of pure 10% (g/lOO mi) solutions of 
adonitol, glucose, arabinose and of pure water. 
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ATR SPECTRA OF SUGARS 529 

Figure Ic. Mid-Infrared ATR spectra of pure 10% (g/lOO ml) solutions of 
maltose, raffinose, melilobiose and sucrose. 

Figure I d .  Mid-Infrared ATR spectra of pure 10% (g1100 ml) solutions of 
rnannitol, fructose, galactose and xylitol. 
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r. h 0 5031 
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Figure l e .  Mid-Infrared ATR spectra of pure 10% (g / lOO ml) solutions of 
lactose and cellobiose. 

0 2181 

Characterisation of sugar families. 

- 

r--, I 

Spectral patterns of the principal components are shown in figure 2 (axis 
2 for monosaccharides, axis 1 for oligosaccarides and axis 1 for 
M/OCALIB with correlation coefficients of 64%, 93% and 61 % 
respectively). The monosaccharide and oligosaccharide families have 
distinct spectral patterns. 

Oligosaccharides are characterized by a peak at 998 crn’’ owing t o  the 
presence of glycosidic links. This band was reported t o  disappear during 
enzymatic hydrolysis of sucrose and was assigned to  the vibrational 
motion of the disaccharide link (Cadet et al., 1995). On the contrary a 
hollow is observed with the monosugars family at this frequency. In the 
1075-1030 cm-’ region only a major peak (1049 cm-’) is observed with 
the monosaccharide family while three distinct peaks are obtained with 
the oligosaccharide family spectral pattern with the major peak being 
centered at 1033 cm-’. This shift in the frequencies of the major peaks 
can be explained by the difference in the chemical environment 
surrounding the atoms concerned with this vibrational band. Similar shifts 
are observed with the minor peaks that are common to both families ; the 
11 13-1 108 cm-’ bands and the C-0  and C-C stretching bands at 11 52- 
1 145 cm.’ (Back et al., 1984). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



ATR SPECTRA OF SUGARS 53 1 

Figure 2. Spectroscopic representation of principal component extracted 
from the monosaccharides (1 1, oligosaccharides(2) and the 
monosaccharide/oligosaccharide (MIOCALIB) calibration sets (3). 

As for the M/OCALIB calibration set (figure 21, the spectral representation 
of  the principal component is an average of the t w o  spectral patterns 
obtained with the two  families separately ; the major peaks were 
averaged to 1042 cm”. The 1150 cm-’, 1113 cm-’, 
1074 cm-’ and 989 cm” bands that are common t o  both families are well 
featured in the M/OCALIB spectral pattern. However the band associated 
with the glycosidic link (998 cm-’) is completely masked by the hollow at 
998 cm-’ observed in the spectral pattern of  the monosaccharide family. 
Hence characterization of oligosaccharides by reflectance measurements 
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532 CADET AND OFFMANN 

monosaccharide family 

Table 2. Influence of the number of regression terms in PCA prediction 
equation on the predictive aptitude. 

oligosaccharide family 

Number 
of terms 

Latest correlation Latest 
introduced coefficient introduced 

PCA PCA 

1 2 0,6404 1 

correlation 
coefficient 

2 
3 
4 
5 

0,9359 
0,9835 
0,9995 

1 

3 0,8883 4 
6 0,9643 3 
1 0,9894 2 
7 0,9997 

MlOCALlB calibration set 

Latest correlation 
introduced coefficient 

variable 
0,6141 
0,8587 
0,9103 
0,9533 
0,9742 

of the glycosidic links in a mixture of oligo and monosaccharides would 
greatly depend on the relative importance of the oligosaccharide in the 
sugar solution. 

Predictions by using PCR on spectra. 

Correlation between the factorial coordinates and the characteristic 
parameters of samples have been calculated (table 2) ; they give a direct 
estimation of the factorial coordinate aptitude to predict a quantitative 
variable. Regressions on these factorial coordinates (PCR) established 
prediction equations. For the three calibration sets, correlation 
coefficients were better than 95% when four or more terms are 
introduced in PCA. 

Three prediction equations were established by PCR with the three 
calibration sets. Spectral data of the verification sets were entered in 
these three equations in order to predict sugar content. Tables 3a, 3b 
and 3c show results obtained with reflectance measurements and 
prediction equations. The overall results are significantly better than 
those obtained by Henry et a/., (1985) and Mills et a/., (1986) with the 
isobestic points method. Hence no visual examination of each spectrum 
was necessary in order to  find characteristic wavelengths that could be 
used for predicting sugar contents. Mean values obtained are close to  the 
reference 10% value ( 1  0.069% and 10.01 5 %  for monosaccharides and 
M/OCALIB respectively) except for the oligosaccharide verification set 
where only t w o  individuals were studied (mean = 9.741 %). 
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Sugar 
xylitol 

galactose 
fructose 
mannitol 

533 

reference (%) predicted (%) 
10 8,239 
10 9,909 
10 1 1,070 
10 1 1,058 

mean 10,069 
SO 1,336 

mean error 6.9 1 E-02 

Table 3a. Predicted concentrations of 10 % (gl100 ml) 
monosugar solutions. Prediction equation was established by 

PCR on the spectra of the monosaccharide calibration set. 

Sugar 
lactose 

cellobiose 

reference (%) predicted (%) 
10 9,078 
10 10,404 

mean 9,74 1 
SD 0,938 

mean error -2,59E-0 1 

Table 3b. Predicted concentrations of 10 % l g l l 0 0  ml) 
oligosaccharide solutions. Prediction equation was established 
by PCR on the spectra of the oligosaccharide calibration set. 

Table 3c. Predicted concentrations of 10 % (g/lOO rnl) sugar 
solutions. Prediction equation was established by PCR on the 

spectra of the MlOCALlB calibration set. 
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534 CADET AND OFFMANN 

The worst predicted values are with xylitol (tables 3a and 3c) and with 
cellobiose (table 3c). Predictions based on the prediction equations 
established from the corresponding sugar family calibration sets showed 
better results with galactose (9.909%) and cellobiose (1 0.404%) than 
with the equation established from the combined M/OCALIB set. 
However better predictions are obtained with the latter calibration set for 
lactose (10.21 1 %), fructose (10.932%) and mannitol (9.1 99%). 

Conclusion. 

The methods and software used allows the combination of the statistical 
and spectroscopic approaches for the study of  collected spectra. 
Muldimensional statistical analysis points out in few seconds dominant 
phenomenons and their relative importance from a set data. Sugar 
classes can be characterized by this approach. Monosaccharides family 
are essentially characterised by a hollow at 998 cm-' and a major peak at 
1049 cm-'. There is a shift in the bands that feature oligosaccharides 
when compared to monosaccharides. The glycosidic vibrational motion 
band is also well featured (998 cm") as reported in a previous paper. It 
appears that prediction equations established by the method described in 
this paper offers a good alternative to  the isobestic ponts method for 
quantitative determination of sugar solutions as successfully described 
for sucrose content in cane juice (Cadet et a/., 1991). Furthermore the 
overwhole procedure need no more than a few seconds for PCR and 
prediction and need no visual examination of whole sets of  spectra. 
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