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Generalized 2D correlation spectroscopy is a well-established technique that provides 
considerable utility and benefit in various spectroscopic studies of polymers. Some of the important 
features of generalized 2D correlation spectra are simplification of complex spectra consisting of 
many overlapped peaks, enhancement of spectral resolution by spreading peaks along the second 
dimension, unambiguous assignments through the correlation of bands selectively coupled by various 
interaction mechanisms, and determination of the sequence of the spectral peak emergence. 
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1. INTRODUCTION 

Two dimensional (2D) correlation spectroscopy was applied first of all in 
NMR spectroscopy. In the field of NMR, 2D correlation spectroscopy is obtained 
by using double Fourier transformation for a set of time domain data collected in 
the relaxation of nuclei under multiple-pulse excitation. The last 20 years this analytical 
method was applied also to vibrational spectroscopy. The reason lies on the difference 
between the time scales of relaxation of spin and vibration. The relaxation time of 
molecular vibration (picosecond range) is many orders of magnitude shorter than 
the typical spin relaxation time (microsecond range or even longer). The ordinary 
spectrometer cannot excite molecular vibration and detect its relaxation signal in 
such a short time. Thus, 2D correlation spectroscopy cannot be obtained for molecular 
vibrational spectroscopy as it is obtained for NMR by using multiple-pulse 
excitation [20]. 
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The first 2D vibrational correlation spectra were obtained in experiments 
with IR spectroscopy, when mechanical perturbations were added to the samples 
and IR vibrational spectra associated with perturbations were probed in the 
relaxation. Since the relaxation time caused by perturbation is much shorter than 
that of molecular vibration, the signals in the relaxation process can be easily 
measured with a conventional spectrometer by using time resolved technique. 
Based on it, 2D infrared correlation spectra were introduced and gained an increasing 
importance. The early attempts at 2D correlation spectroscopy were heavily 
influenced by the approaches in NMR, where only time-dependent changes in 
spectral signals are considered.  

The concept of generalized 2D correlation spectroscopy was proposed in 
1993, in a more general application form [21]. Generalized 2D correlation 
spectroscopy is the extension of theory of 2D correlation spectroscopy, which was 
mainly reflected in two facets. First, it is the extension of perturbation modes. The 
perturbations are not limited to those varying sinusoidally and can vary arbitrarily. 
Furthermore, any physical or chemical variables, such as optical, magnetic and 
thermal perturbations or pressure, concentration, and pH value can be considered as 
perturbations. Secondly, generalized 2D correlation spectroscopy is the extension of 
other types of spectroscopy, such as Raman, X-ray, ultraviolet, fluorescence and 
infrared ones. Generalized 2D correlation analysis can be also developed between 
different types of spectroscopy [21, 23]. 

2. THE GENERALIZED TWO-DIMENSIONAL CORRELATION SPECTROSCOPY 

2D correlation spectroscopy is obtained by extracting the information contained 
in the spectra in two dimensions, which is the function of two dependent spectral 
variables. The basic concept used to build a 2D correlation spectrum is the analysis 
of dynamic spectrum, i.e., the spectral analysis in the frequency domain of the 
spectral characteristics that change in the time domain due to external perturbations. 
These perturbations may be of diverse nature, i.e. temperature [12, 31, 35, 45], 
pressure [42], concentration [36, 37], pH [19, 47] or others.  

The 2D correlation spectroscopy comprises, basically, two types of correlation 
spectra, the synchronous (Φ(ν1, ν2)) and asynchronous (Ψ(ν1, ν2)) ones.  

In order to apply 2D correlation spectroscopy, the dynamic spectra must be 
first calculated. Considering a time-dependent fluctuation of the spectral intensity 
y(v, t) observed for a period of time between T1 and T2, the dynamic spectrum is 
defined as 
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where ( )y ν  is the reference spectrum. 
The reference spectrum can be arbitrarily selected, but usually it is set as a 

time-averaged spectrum. Then, the dynamic spectrum measured in the time domain 
has to be converted through the Fourier transform into the frequency domain 
according to  
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where Re
1 ( )Y ω  and Im

1 ( )Y ω  are the real and imaginary components of the Fourier 

transform of signal 1( , )y tν . Fourier frequency ω represents the frequency component 
of the time-dependent variation of the signal. Similarly, the conjugate of Fourier 
transform of dynamic spectra is 
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The 2D correlation intensity between the 1( , )y tν  and 2( , )y tν  signals can be 
calculated using the equation 
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where the real and imaginary components of X(v1, v2), Φ (v1, v2) and Ψ (v1, v2) are 
the synchronous and asynchronous correlation spectral intensities generated from 
the corresponding dynamic spectra. 

The time variable can be replaced by other physical or chemical variables. 
This 2D correlation spectroscopy calculation method through Fourier transform is 
complex, especially if there are a large number of dynamic spectra. In this case, the 
Fourier transform of the signal will be a huge load for the calculation.  

Another method, more frequently used in the calculation of 2D correlation 
spectroscopy, is the Hilbert transform method, which is more simple and efficient 
than Fourier transform method, and also offers a specific physical meaning.  

Using the Hilbert transform method, and if the discrete set of data is 
represented in term of a matrix, the synchronous spectrum can be obtained through 
the dot product of a mean-centered spectral matrix of the dynamic spectrum vector 

( )y ν  
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The corresponding asynchronous correlation spectra can be calculated 
according to 
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where N is the Hilbert–Noda matrix [22]. 
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Basically the synchronous spectrum contains information on the in phase 
changes that occur while the asynchronous spectrum supplies information about 
spectral variances that are out-phased. A synchronous spectrum displays overall 
variance of the data and can easily sort out non-overlapped bands. However, if the 
bands overlap, the asynchronous spectrum is of greater value to analyze complex 
1D spectra of different systems. 

3. DATA SIMULATION 

One of the major obstacles to the widespread use of 2D correlation technique 
is the apparent difficulty in the interpretation of the complex features appearing on 
2D spectral maps.  

In the case of extensive band overlapping, certain misleading results could be 
generated from the 2D correlation map by evidencing a wrong number of auto- and 
cross-peaks. Many researchers use data pre-treatment for the proper working of 2D 
correlation analysis in order to solve the peak overlap problem. Interpretation of 
2D spectra can be greatly assisted by the use of simulated data with some known 
dynamic patterns [32], too. Generally, the contours of the IR spectral bands have 
Gaussian shape types. The equation which describes these types of contour is 

2
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2 cx x
w

cy y e
−

−
=  

where yc is the maximum value of the function (band intensity), xc is the value on 
the x axis corresponding to yc (band position), w is band width. 
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The band intensity, position and width can be modified by external perturbations. 
These modifications can be evidenced by plotting 2D correlation spectra of Gauss 
functions. For data simulation an isolated single band, with the yc=1 a.u., xc= 1500 cm−1 

and w=200 cm−1 parameters was used. 
If as a result of the external perturbation the band position is linearly shifted 

along the spectral axis to higher wavenumbers from 1500 cm−1 to 1550 cm−1, the 
synchronous spectrum shows the characteristic four-way symmetric “four-leaf-clever” 
cluster pattern, comprising two auto-peaks at 1450 and 1600 cm−1 and two negative 
cross-peaks at Φ(1600, 1450) cm−1 and Φ(1450, 1600) cm−1. The center of the cluster 
is located near the spectral coordinate corresponding to the peak maximum position 
of the average spectrum. The asynchronous spectrum shows the characteristic 
pattern known as the “butterfly” pattern. The cluster consists of a pair of elongated 
cross-peaks of opposed signs located very close to the diagonal line of the 2D 
spectrum. This butterfly pattern is a very distinct and easily recognized indicator for 
the existence of a shift in the band position. If the elongated cross-peak above the 
diagonal line is negative and that below the diagonal line is positive, the band 
position is shifted to higher wavenumbers. Opposite signs of the cross-peaks indicate 
the opposite direction of band shifts. 

 
     a                 b              c 

    
          d                e 

Fig. 1. Simulated models for a band position shifts to the higher wavenumber direction: Gauss 
contour (a) and corresponding synchronous (b, d) and asynchronous spectra (c, e). 
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When as a result of the external perturbation the width of the band linearly 
varies from 200 cm−1 to 250 cm−1 (Fig. 2a), the synchronous spectrum shows a 
four-way symmetric “four-leaf-clever” cluster pattern, too. The auto-peaks are 
located at 1400 and 1600 cm−1 and two positive cross-peaks at Φ(1600, 1400) cm−1 
and Φ(1400, 1600) cm−1 can be observed. The asynchronous spectrum shows the 
eight-way cross-like cluster pattern, comprising four positive and four negative 
cross-peaks. This pattern looks like a “moon flower”. As in the previous case, if 
the width of the band decreases the sign of the cross-peaks in the asynchronous 
spectrum has an opposite sign. 

 
a              b              c 

    
          d              e 

Fig. 2. Simulated models for a band width shifts: Gauss contour (a) and corresponding synchronous 
(b, d) and asynchronous spectra (c, e). 

In most cases, more than one parameter is influenced by the external perturbation. 
Another situation considered is the one in which the peak height increases linearly 
from 1 to 1.25 a.u. and the band width increases from 200 to 250 cm−1. The 
synchronous spectrum shows a symmetric pattern, consisting of two auto-peaks 
and two positive cross-peaks. These peaks are overlapped, but an empty space is 
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formed between them. The asynchronous spectrum consists in four positive cross-
peaks and four negative cross-peaks. In this case, the pattern resembles a “moon 
flower”, too. The difference consists in the fact that the petals of the flower are 
coupled two by two. The same synchronous and asynchronous spectra are obtained 
when the peak height and width decrease.  

 
a             b               c 

    
           d               e 

Fig. 3. Simulated models for a band width and height increasing: Gauss contour (a) and 
corresponding synchronous (b, d) and asynchronous spectra (c, e). 

The pattern of synchronous and asynchronous spectra changes when the band 
width decreases from 200 to 150 cm−1. In this case the synchronous spectrum 
shows a characteristic four-way cluster pattern, consisting in a dominant central 
auto-peak surrounded by two less intense auto-peaks and four negative cross-peaks. 
The asynchronous spectrum shows the four-way symmetric cross-like cluster 
pattern, containing two positive and two negative cross-peaks. The symmetry axes 
of the 2D peaks clusters are aligned with the spectral axes of the 2D correlation 
spectra, and thus the pairs are formed between the cross-peaks in either vertical or 
horizontal direction. 
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   a           b             c 

    

        d              e 

Fig. 4. Simulated models for a band width decreasing and height increasing: Gauss contour (a) and 
corresponding synchronous (b, d) and asynchronous spectra (c, e). 

If as a result of an external perturbation the peak height linearly increases 
from 1 to 1.25 a.u. and band position shifts from 1500 to 1550 cm−1, the cluster 
pattern in the synchronous spectrum is no longer four-way symmetric, and one 
auto-peak becomes disproportionately large as compared to the other. Such a 
pattern is sometimes referred to as the “angel” pattern with cross-peak wings. The 
asynchronous spectrum are also distorted from the standard butterfly pattern. The 
elongated asynchronous cross-peaks near the diagonal are now distributed closer to 
the stronger auto-peak side. The pair of the main cross-peaks looks almost as they 
would represent two distinct bands. This case can be easily confused with the two 
overlapped bands. If the band position is shifted to lower wavenumbers and band 
intensity increases, the synchronous and asynchronous spectra represent reverse 
images in respect to the secondary diagonal line. In addition, the sign of the cross-
peaks in asynchronous spectra are inverted. 
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a            b              c 

    
           d               e 

Fig. 5. Simulated models for a band position shift to higher wavenumbers and height increasing: 
Gauss contour (a) and corresponding synchronous (b, d) and asynchronous spectra (c, e). 

The presence of multiple correlation peaks in about all asynchronous spectra 
may give an erroneous impression that there may be multiple hidden bands 
involved in the formation of such clusters. In reality, only a single band is involved. 
Whenever such a pattern is observed, one may assume that there is a possibility of 
a single band shift. 

The models of synchronous and asynchronous spectra are very useful to 
assess the modifications appearing in the infrared spectra of complex materials or 
following the action of different external perturbations, by comparing the 2D 
correlation spectra with these models. 

4. 2D IR CORRELATION SPECTROSCOPY IN WOOD CHARACTERIZATION 

Due to its unique and useful properties, wood has remained an important 
substance throughout history. It is recyclable, renewable, and biodegradable. Many 
species are shock resistant, bendable, and stable (although all wood changes 
dimensions as it loses or gains moisture). Wood can be treated to resist decay, and 
with proper construction techniques and stains or paint wood buildings can last 
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hundreds of years. Today, wood is used in tools, paper, buildings, bridges, guardrails, 
railroad ties, posts, poles, mulches, furniture, packaging, and thousands of other 
products [1, 46]. 

However, wood is a complex material formed mainly of three components – 
cellulose, lignin and hemicelluloses. In addition to these polymeric components, 
wood may contain extractives in more or less large amounts including several classes 
of organic compounds like sugars, flavonoids, tannins, terpenes, fats or waxes [8]. 

The main components of woody cell walls are degraded to different extents 
by various groups of organisms. Both the so-called soft rot and brown rot fungi, 
belonging to the Ascomycetes and Basidiomycetes, respectively, decompose  
mainly the polysaccharides. A third group, also Basidiomycetes and known as 
white rot fungi, attacks both lignin and polysaccharides either simultaneously or 
successively. 

Wood is also a good light absorber. Among the constituent polymers, lignin 
is an excellent light absorber leading to the formation of free radicals. These ones 
react with oxygen to produce chromophoric carbonyl and carboxyl groups, which 
are responsible for color changes [3, 8].  

The characterization of wood is a complex procedure involving several steps 
wherein wood components are isolated or degraded to monomeric fragments. 
These procedures destroy the wood matrix and require large sample sizes and long 
analysis time [4]. Fourier transformed infrared (FT-IR) spectroscopy has been used 
as a simple technique for obtaining rapid information on the structure of wood 
constituents and chemical changes taking place in wood due to various degradations/ 
modifications. Contrary to conventional chemical analysis, this technique requires 
small sample sizes and short analysis time [2]. Even if it is a rapid technique it still 
has some disadvantages when very small differences do exist between the samples 
or when a correlation between different degradation factors and wood structure is 
required to be establish. For this, a powerful, rapid and new very sensitive method 
can be used. Usually, the 2D correlation IR spectroscopy enhances the spectral 
resolution and yields new information – not acquired through conventional IR and 
its derivative spectra.  

This method was used for different types of samples and for natural polymers, 
too. To give only a few examples, Popescu et al. [33, 34, 36], Pi et al. [25] and 
Watanabe et al. [45] studied specific interactions in polymers and polymer blends, 
Shinzawa et al. [40] studied finely ground microcrystalline cellulose, Labbé et al. 
[15] analyzed pine wood with varying amount of cellulose contents, Watanabe et al. 
[44] studied the transition of cellulose crystals, Huang et al. [9] studied bamboo 
fibers. Popescu et al. [26, 27] used 2D IR to compare eucalyptus wood chips, brown 
stock pulp, and chlorite-bleached pulp samples, and to evaluate the degradation 
stages in naturally aged lime wood. Stevanic et al. [43] used dynamic 2D IR to 
study interactions of wood polymers such as cellulose, lignin, protein, pectin and 
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xyloglucan. Li et al. studied ginseng from different regions [17, 18, 48], while 
Hinterstoisser et al. [6] and Hishikawa et al. [7] used this method for cellulose 
characterization. 

Huang et al. [11] evaluated the differences between three hard to distinguish 
wood species (Dalbergia odorifera T. Chen, Pterocarpus santalinus L.F. and 
Pterocarpus soyauxii). They established the existing differences by using Fourier 
transform infrared spectroscopy (FT-IR), second derivative IR spectra and two-
dimensional infrared (2D-IR) correlation spectroscopy. The differences between 
woods were clearly seen in the 2D correlation spectra. The authors combined the 
information of bands in FT-IR spectra and auto-peaks in 2D IR spectra. In the 
1300–1800 cm–1 region, D. odorifera has five auto-peaks, P. santalinus four auto-
peaks, while P. soyauxii has only two auto-peaks. This comparative method can 
clearly reveal the differences of categories and amounts of chemical constituents in 
different woods. At the same time, Huang et al. [10] identified the poplar and 
Eucalyptus through the Fourier transform infrared spectroscopy (FT-IR) combined 
with two-dimensional correlation spectroscopy (2D IR). 

Two-dimensional IR correlation spectroscopy can be also used to evaluate 
the chemical changes occuring when wood is subjected to different degradation 
factors, such as soft rot fungi or/and UV light, temperature and humidity. To 
identify and evaluate the occuring chemical changes, 2D IR correlation spectra 
generated from the exposure time dependent infrared spectra of the soft rot decayed 
wood and photodegraded wood were obtained. The correlation spectra clearly 
show the presence of synchronous and asynchronous correlation peaks among 
different modes of molecular vibrations. In practice, when 2D IR correlation 
analyses are performed it is usually more convenient to scan only a part of the 
correlation map to pick up a useful local feature of the correlation intensity profile 
rather than displaying the entire spectral region.  

Biodegradation of lime wood with Trichoderma viride 

Lime wood sheets were exposed to T. viride fungus for periods up to 84 days. 
The average mass loss of wood samples at the end of the exposure was 14.3 wt%. 
The fungus action induced a continuous decrease of sample mass, of 0.05 wt %/day 
during the first 34–35 days, and was five times faster (0.24 wt%/day) in the next 
period of 50 days.  

FT-IR spectroscopy combined with 2D IR correlation spectroscopy allowed 
the evaluation of the qualitative and quantitative changes in carbohydrate components 
in wood decayed by soft-rots, providing detailed information about the modifications 
induced by fungi decay. In 2D IR correlation spectra, the most important 
differences were observed in the 1800–1195 cm−1 region and these were evaluated 
for two time intervals, of 0–35 days and 35–84 days (taking in account the different 
slopes of the mass loss curves) [28].  
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In the synchronous 2D IR correlation spectrum of the exposure time range 
(0–35 days) (Fig. 6a), six auto-peaks at Φ(1728, 1728) > 0, Φ(1641, 1641) > 0, 
Φ(1460, 1460) > 0, Φ(1427, 1427) > 0, Φ(1375, 1375) > 0 and Φ(1255, 1255) > 0 
and the corresponding positive cross-peaks were observed, implying that the bands 
at 1728, 1641, 1460, 1427, 1375 and 1255 cm−1 show changes during exposure time. 

  
a                   b 

Fig. 6. Synchronous (a) and asynchronous (b) 2D-correlation spectra in the 1800–1195 cm−1 region 
issued from the exposure time-dependent IR spectra. Biodegradation with T. viride,  

time range of 0–35 days. 

The asynchronous 2D IR correlation spectrum resulting from the exposure 
time-dependent IR spectral variations in the time range of 0–35 days (Fig. 6b) 
shows ten bands at 1741, 1725, 1641, 1597, 1554, 1460, 1427, 1379, 1350 and 
1255 cm−1. Positive cross-peaks at Ψ(1641, 1597) > 0, Ψ(1641, 1462) > 0, Ψ(1641, 
1427) > 0, Ψ(1641, 1379) > 0, Ψ(1641, 1255) > 0, Ψ(1554, 1460) > 0, Ψ(1554, 
1427) > 0, Ψ(1554, 1375) > 0, Ψ(1554, 1255) > 0, Ψ(1350, 1255) > 0, and negative 
cross-peaks at Ψ(1741, 1725) < 0, Ψ(1741, 1641) < 0, Ψ(1741, 1554) < 0, Ψ(1741, 
1460) < 0, Ψ(1741, 1427) < 0, Ψ(1741, 1379) < 0, Ψ(1741, 1255) < 0, Ψ(1641, 
1554) < 0, were identified. Based on the fundamental rule of an asynchronous 
spectrum, the spectral intensity change at 1641 cm−1 occurs before those at 1741, 
1725, 1597, 1554, 1460, 1427, 1379, 1350 and 1255 cm−1. 

Thus, the following sequence of spectral intensity changes was obtained: 

1640 > 1255, 1350 > 1375 > 1427 > 1460 > 1597 > 1554 > 1725 > 1741 cm−1 

This sequence means that the moment of absorbed O–H is changing first, 
followed by the C–O linkages in hemicelluloses (xyloglucan) and C–H linkages in 
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cellulose and hemicelluloses and then by C=O linkages in non-conjugated ketones, 
carboxyl groups and acetyl groups in hemicelluloses (xyloglucan) and C=O 
linkages of various groups from carbohydrates. 

 
a     b 

Fig. 7. Synchronous (a) and asynchronous (b) 2D correlation spectra in the 1800–1195 cm−1 region 
issued from the exposure time-dependent IR spectra.  

Biodegradation with T. viride, time range of 35–84 days. 

In the synchronous 2D IR correlation spectrum of the second exposure time 
range of 35–84 days (Fig. 7a), seven auto-peaks at Φ(1745, 1745) > 0, Φ(1649, 
1649) > 0, Φ(1481, 1481) > 0, Φ(1462, 1462) > 0, Φ(1427, 1427) > 0, Φ(1381, 
1381) > 0 and Φ(1251, 1251) > 0 and the corresponding positive and negative 
cross-peaks were observed, implying that the bands at 1745, 1649, 1481, 1462, 
1427, 1381 and 1251 cm−1 show changes during this exposure time. 

The asynchronous 2D IR correlation spectrum (Fig. 7b) shows ten bands at 
1745, 1725, 1649, 1597, 1481, 1462, 1427, 1381, 1334 and 1251 cm−1. Positive 
cross-peaks at Ψ(1745, 1649) > 0, Ψ(1745, 1597) > 0, Ψ(1481, 1462) > 0, Ψ(1481, 
1427) > 0, Ψ(1481, 1381) > 0, Ψ(1481, 1334) > 0, Ψ(1481, 1251) > 0, Ψ(1427, 
1251) > 0, Ψ(1381, 1334) > 0, Ψ(1381, 1251) > 0, Ψ(1334, 1251) > 0 and negative 
cross-peaks at Ψ(1745, 1462) < 0, Ψ(1745, 1427) < 0, Ψ(1745, 1381) < 0, Ψ(1745, 
1334) < 0, Ψ(1745, 1251) < 0, Ψ(1649, 1597) < 0, Ψ(1649, 1462) < 0, Ψ(1649, 
1427) < 0, Ψ(1649, 1381) < 0, Ψ(1649, 1334) < 0, Ψ(1649, 1251) < 0, Ψ(1462, 
1381) < 0, Ψ(1427, 1381) < 0 were identified. Based on the fundamental rule of an 
asynchronous spectrum, the following sequence of spectral intensity changes was 
obtained: 

1649 > 1481> 1381 > 1334 > 1427, 1462 > 1597 > 1251 > 1725 > 1741 > 1597 cm−1 
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This sequence means that the moment of absorbed O–H is changing first, 
followed by the C–H linkages in cellulose and hemicelluloses and then by the C–O 
linkages of acetyl groups in hemicelluloses, C=O linkages in non-conjugated ketones, 
carboxyl groups and acetyl groups in hemicelluloses (xyloglucan) and then by the 
C=O bonds of various groups from carbohydrates. It is known that T. viride is 
removing only carbohydrates, so that the modification of these bands results only 
from hemicelluloses and cellulose removal. 

Following the interpretation of the 2D correlation spectra, the results show 
that the formation of oxidized structures takes place at the beginning of the 
biodegradation process. This is evidenced by the variation of the intensity of the 
bands assigned to C=O vibrations in cellulose and hemicelluloses. After 35 days of 
exposure to fungi, the oxidation products are yielded with a higher rate due to the 
weakened structure of the wood. T. viride fungus is a producer of a cellulolytic enzyme 
system which forms a synergistic complex of endoglucanases (endo-1,4-β-glucanases), 
hydrolyzing internal bonds and opening free chain ends for cellobiohydrolases 
(exo-1,4-β-glucanases) to cleave off cellobiose units (reducing and non-reducing 
ends), which are then broken down to glucose by β-glucosidase [24]. The endo-β-
glucanases and cellobiohydrolases synergistically hydrolyze cellulose into smaller 
cellooligosaccharides, mainly cellobiose, whereas β-glucosidase hydrolyzes aryl- and 
alkyl-glucosides, cellobiose and cellodextrins. 

At the same time, the hemicelluloses xylan backbone is degraded by the 
ectoenzyme endo-1,4-β-xylanase within the xylose chain (endohydrolysis) to xylo-
oligomers, xylobiose and xylose. Intracellular and/or membrane-bound xylan  
1,4-β-xylosidase removes successively D-xylose residues from the non-reducing 
chain ends of small oligosaccharides. 

The side groups are splited by some accessory enzymes, such as xylan  
α-1,2-glucuronidase that hydrolyzes the α-D-1,2-(4-O-methyl)glucuronosyl links,  
α-arabinosidase that attacks the arabinose side groups in arabinoxylans, while 
acetylesterase removes the acetyl groups [39]. The molecules are first degraded by 
ectoenzymes (extracellular enzymes) into smaller fragments, which are then meta-
bolized by intracellular enzymes to energy and fungal biomass. Independently, the 
exoenzymes attack the end of the macromolecular substrate, while the endoenzymes 
splits within the molecule. Finally, small molecules or fragments containing carboxyl, 
hydroxyl or carbonyl groups are formed, these ones being lost or remaining in 
wood structure. 

Biodegradation of lime wood with Chaetomium globosum 

Lime wood sheets were exposed to C. globosum fungus for a period up to 
133 days. The fungus action was observed through the continuous decrease of sample 
mass, of 0.49 wt%/day in the first 70 days and of 0.29 wt%/day in the next period 
of 63 days. The average mass loss of lime wood blocks after 133 days of exposure 
to C. globosum was of 50.4%. 
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Exposure time-dependent IR spectra of biodegraded lime wood combined 
with 2D correlation analysis and their second derivative analysis can provide 
detailed information on the modifications induced by fungus decay [29]. 2D correlation 
spectra provided the possibility to explore the structural changes in wood due to a 
variety of oxidoreductions, some of which resulting in the cleavage of the poly-
saccharide chain, and demethoxylation of lignin. 

2D IR correlation spectra generated from the exposure time-dependent infrared 
spectra of the C. globosum decayed lime wood were obtained in the 1850 – 1195 cm−1 

region for two time domains of 0–70 days, and 70–133 days, respectively (taking 
into account the different slope of the mass loss curve) [29]. Correlation spectra, in 
this region, clearly show the presence of synchronous and asynchronous correlation 
peaks among different modes of molecular vibrations.  

In the synchronous 2D correlation IR spectrum of the exposure time range of 
0–70 days (Fig. 8a), seven auto-peaks at Φ(1738, 1738) > 0, Φ(1674, 1674) > 0, 
Φ(1618, 1618) > 0, Φ(1575, 1575) > 0, Φ(1373, 1373) > 0, Φ(1327, 1327) > 0 and 
Φ(1246, 1246) > 0 and the corresponding positive and negative cross-peaks were 
identified.  

 
a     b 

Fig. 8. Synchronous (a) and asynchronous (b) 2D-correlation spectra in the 1800–1195 cm−1 region 
issued from the exposure time-dependent IR spectra.  

Biodegradation with C. globosum, time range of 0–70 days. 

In the correlation maps two speciffic paterns were observed: the first one in 
the 1780–1700 cm−1 region, which represents the intensity and width decreases of 
the 1738 cm−1 band, and the second one, evidenced in the 1300–1200 cm−1 region, 
implying the variation of the band at 1246 cm−1. The intensity and width of this 
band increases and, at the same time, the maximum is shifted to higher wavenumbers.  
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The asynchronous 2D correlation spectrum in the time range of 0–70 days 
(Fig. 8b) shows nine bands at 1738, 1674, 1603, 1575, 1462, 1429, 1373, 1327 and 
1246 cm−1. Positive cross-peaks at Ψ(1738, 1462) > 0, Ψ(1738, 1429) > 0, Ψ(1738, 
1373) > 0, Ψ(1738, 1327) > 0, Ψ(1738, 1246) > 0, and negative cross-peaks at 
Ψ(1738, 1674) < 0, Ψ(1738, 1603) < 0, Ψ(1738, 1575) < 0, Ψ(1603, 1575) < 0, 
Ψ(1575, 1462) < 0, Ψ(1575, 1429) < 0, Ψ(1575, 1373) < 0, Ψ(1575, 1327) < 0, 
Ψ(1575, 1246) < 0, Ψ(1429, 1373) < 0, Ψ(1429, 1246) < 0 were identified. Based 
on the fundamental rule of an asynchronous spectrum, the spectral intensity change 
at 1738 cm−1 occurs before those at 1674, 1603, 1575, 1462, 1429, 1373, 1327 and 
1246 cm−1. Thus, the following sequence of spectral intensity changes was obtained:  

1738>1575>1246>1373>1327>1462,1429>1674>1603 cm−1 

This sequence means that the moment of the C=O of acetyl and carbonyl 
groups (hemicelluloses) is changing first, followed by those of conjugated C–O 
linkages in guaiacyl aromatic methoxyl groups and acetyl groups in xyloglucan,  
C–H linkages in lignin and carbohydrates, and C=C bonds of substituted aromatic 
ring (lignin). 

  
a     b 

Fig. 9. Synchronous (a) and asynchronous (b) 2D-correlation spectra in the 1800–1195 cm−1 region 
issued from the exposure time-dependent IR spectra.  

Biodegradation with C. globosum, time range of 70–133 days. 

In the synchronous 2D correlation IR spectrum of the second exposure time 
range of 70–133 days (Fig. 9a), five auto-peaks at Φ(1753, 1753) > 0, Φ(1598, 
1598) > 0, Φ(1369, 1369) > 0, Φ(1284, 1284) > 0, and Φ(1254, 1254) > 0, and the 
corresponding positive and negative cross-peaks were identified.  
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At the same time, in the asynchronous 2D correlation spectrum (Fig. 9b) ten 
bands at 1753, 1662, 1598, 1456, 1423, 1369, 1334, 1284, 1254, and 1217 cm−1 
were observed. Based on the fundamental rule of an asynchronous spectrum, the 
following sequence of spectral intensity changes was obtained:  

1217>1254>1753>1284>1334>1369>1456,1423>1662>1598 cm−1 

This means that the moment of the C−O−C linkages of the pyranose ring are 
changing first, followed by the C–O linkages in guaiacyl aromatic methoxyl groups 
and acetyl groups in xyloglucan, C=O linkages of carboxyl and acetyl groups in 
hemicelluloses (xyloglucan), C–H linkages in lignin and carbohydrates, and C=C 
bonds of substituted aromatic ring (lignin). 

These fungi are able to use extracellular reactive oxygen species (ROS) to 
degrade lignocellulose materials [5]. Thus, •OH radicals can abstracts hydrogen 
atoms from the sugar subunits of polysaccharides (cellulose) with high rate 
constants. These reactions produce transient carbon-centred radicals that react rapidly 
with O2 and give ROO• species. If the peroxyl radical already has a hydroxyl group 
on the same carbon atom, •OOH radicals will be eliminated. In the absence of α-
hydroxyl group, it will undergo a variety of oxidoreductions, which can result in 
the cleavage of the polysaccharide chain. The modification of the IR bands with 
increasing the time of exposure to the fungus is due to this process. 

Generally, soft-rot fungi decay is characterized by attacking wood under 
moist conditions, being followed by the softening of the woody tissue. Particularly, 
C. globosum is characterized by the specific action on carboxyl and acetyl groups 
in hemicelluloses. This fungus attacks actively cellulose and hemicelluloses, and 
was observed to cause the depletion of lignin in beech wood [38]. For lime wood 
the same behavior as suggested before was observed (demethoxylation by decreasing 
the bands assigned to different vibrations of methoxyl groups in lignin). 

Photodegradation of lime wood (UV light, temperature, humidity) 

Lime wood blocks were exposed to artificial light from a mercury lamp 
(200<λ<700 nm, incident light intensity 39 mW/cm2) at a temperature of 40 oC and 
65% relative humidity in a commercial chamber (Angelantoni CH250 Ind. Italy). 
The samples were removed from the chamber at regular intervals ranging from 0 
up to 600 hours; the modifications were analyzed and compared to non-irradiated 
(reference) sample [30]. 

The FT-IR and 2D IR correlation spectra of photodegraded lime wood show 
that lignin is the most sensitive component to the degradation process, as indicated 
by the considerable decreases in the intensities of the characteristic aromatic lignin 
peak at 1505 cm−1 and other associated bands. The most significant differences 
were evidenced in the fingerprint region of 1850–1200 cm−1, and thus the 2D IR 
correlation maps were plotted only in this region. 
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In the synchronous 2D correlation spectrum (Fig. 10a) eight auto-peaks at 
Φ(1785, 1785) > 0, Φ(1711, 1711) > 0, Φ(1649, 1649) > 0, Φ(1591, 1591) > 0, 
Φ(1502, 1502) > 0, Φ(1462, 1462) > 0, Φ(1423, 1423) > 0 and Φ(1228, 1228) > 0 
and the corresponding positive and negative cross-peaks were observed, implying 
that the bands at 1785, 1711, 1649, 1591, 1502, 1462, 1423 and 1228 cm−1 vary 
during this exposure time. The different patterns which were discussed in the data 
simulation part can be found in these spectra. For example, the pattern which is in 
the 1820–1660 cm−1 region can be assigned to three bands which vary in the same 
direction (in this case, increasing). 

  
a     b 

Fig. 10. Synchronous (a) and asynchronous (b) 2D-correlation spectra in the 1850–1195 cm−1 region 
issued from the exposure time-dependent IR spectra. Photodegradation time up to 600h. 

The asynchronous 2D correlation spectrum (Fig. 10b) shows twelve bands at 
1785, 1743, 1711, 1649, 1597, 1502, 1462, 1423, 1386, 1327, 1257 and 1228 cm−1. 
Positive cross-peaks at Ψ(1743, 1649) > 0, Ψ(1597, 1502) > 0, Ψ(1597, 1462) > 0, 
Ψ(1597, 1386) > 0, Ψ(1597, 1327) > 0, Ψ(1597, 1257) > 0, Ψ(1502, 1462) > 0, 
Ψ(1502, 1386) > 0, Ψ(1502, 1257) > 0, Ψ(1462, 1386) > 0, Ψ(1462, 1257) > 0, 
Ψ(1423, 1386) > 0, Ψ(1423, 1257) > 0, Ψ(1327, 1257) > 0 and negative cross-
peaks at Ψ(1785, 1743) < 0, Ψ(1743, 1597) < 0, Ψ(1743, 1502) < 0, Ψ(1743, 1462) 
< 0, Ψ(1743, 1423) < 0, Ψ(1743, 1386) < 0, Ψ(1743, 1327) < 0, Ψ(1743, 1257) < 0, 
Ψ(1743, 1228) < 0, Ψ(1649, 1597) < 0, Ψ(1649, 1502) < 0, Ψ(1649, 1462) < 0, 
Ψ(1649, 1423) < 0, Ψ(1649, 1386) < 0, Ψ(1649, 1327) < 0, Ψ(1649, 1257) < 0, 
Ψ(1649, 1228) < 0, Ψ(1386, 1327) < 0, Ψ(1386, 1228) < 0, Ψ(1257, 1228) < 0 
were identified. Based on the fundamental rule of an asynchronous spectrum, the 
spectral intensity change at 1743 cm−1 occurs first and the following sequence of 
the spectral intensity changes was obtained:  

1743>1711>1785>1597>1502>1462,1423>1327>1228>1257>1386>1649 cm−1 
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This sequence means that the moment of C=O linkages of carboxyl and 
acetyl groups, non-conjugated ketones and lactones is changing first, followed by 
the C=C linkages of aromatic skeletal (lignin), C–H linkages in lignin and 
carbohydrates, C–O linkages in guaiacyl aromatic methoxyl groups, absorbed O–H 
and conjugated C–O in quinones. Therefore, oxidation occurs during the initial 
stage in hemicelluloses and then in lignin.  

The bands at 1785, 1743, and 1711 cm−1 increase with increasing the exposure 
time, suggesting the formation of the carbonyl groups. This phenomenon corresponds 
well with lignin degradation, indicating a close relationship between them, but 
comparing the rate of carbonyl formation and lignin decay can be clearly observed 
that the former is remarkably higher than the latter. This indicates the formation of 
carbonyl bands which can result not only from lignin oxidation but also from other 
different reactions.  

Many researchers have reported the reaction pathway of lignin, which starts 
by the photoexcitation of the aromatic carbonyl groups. The authors suggested the 
abstraction of hydrogen by the excited α-carbonyl group, which implies the formation 
of the intermediate guaiacyl and benzyl alcohol radicals. Also, the demethylation 
of guaiacyl radicals forms o-quinoid chromophores via several pathways [16]. 
Depending on o- or p-methoxy groups, the formed phenoxy radicals produce  
o- and p-quinones.  

Quinine formation is combined with the decay of aromatic structures (loss of 
the skeletal vibration at 1502 and 1591 cm−1) and the formation of conjugated 
carbonyl groups (increase of the carbonyl absorption at 1743 cm−1).  

Lignin degradation and carbohydrate loss as a consequence of UV irradiation 
of wood pulp were also shown by Kimura et al. [13, 14]. They demonstrated that 
the degradation of the lignin is combined with the formation of aliphatic carbonyl 
groups. The behavior evidenced by Kimura et al. in wood pulp is in agreement with 
our results in wood.  

As a consequence, the formation of the aliphatic carbonyl bands in the 1800–
1700 cm−1 region probably results from different reactions, all of them possible if 
free radicals are formed and induce the auto-oxidation of –CH2– or –CH(OH)– 
groups.  

Based on the present data, the C=O groups from hemicelluloses and the free 
phenolic radicals in lignin were the most sensitive groups to UV irradiation.  

5. CONCLUSIONS 

2D FT-IR spectroscopy can be used to: 
− enhance the spectral resolution by spreading spectral peaks over the second 

dimension, effectively resolving the overlapping of the spectral bands  
− perform a detailed investigation of intra- and intermolecular interactions 

through the analysis of bands correlation  
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− investigate the chemical reactions or the kinetics of molecular vibrations 
by probing the specific order of spectral intensity changes  

− assign the bands through correlation analysis between various bands  
− correlate two different types of spectroscopy, such as Raman and IR 

spectroscopy  
− explore the structural changes appearing once biodegradation and photo-

degradation start in lime wood samples. 
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