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functional theory and high-resolution photoelectron spectroscopy

K. L. Kostov1,*, E. Belamie2, 3, B. Alonso2, T. Mineva2

1 Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria 
2 ICGM-MACS, UMR 5253 CNRS-ENSCM-UM, Institut Charles Gerhardt de Montpellier, 240,  

Avenue du Professeur Emile Jeanbrau, 34090 Montpellier cedex 5, France 
3 Ecole Pratique des Hautes Etudes, PSL Research University, 75014 Paris, France

Received March, 2018; Revised April, 2018

A combined theoretical and experimental approach has been applied to study the 1s electron-energy surface prop-
erties of cellulose, chitin, synthesized chitin nanorods and chitosan using density functional theory and high-resolution 
photoelectron spectroscopy. This allows to reliably distinguish the contributions of surface hydrocarbon impurities in 
the photoelectron spectra and to examine in detail the chemical states of the polysaccharide surfaces. Although a stoi-
chiometric structure is suggested for the cellulose surface as more likely, a mechanism for possible degradation of the 
surface including removal of the OH group bonded to glucose ring is also contemplated. The good agreement between 
theoretical and experimental results allows suggesting a chitosan-like structure for the surfaces of as-prepared chitin 
and of chitin nanorods. In addition to the dominant concentration of amino NH2 groups on these surfaces, a small 
amount of acetyl amine NH2COCH3 groups is also observed on the as-prepared chitin. It is possible that protonated 
amino NH3

+ functional groups instead of acetyl amine are present on the crystalline surface of chitin nanorods. The 
possible destructive role of X-ray radiation on the studied surfaces is also discussed. 
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1. INTRODUCTION

In the surface area of the solids, the bulk field 
equilibrium is disturbed, causing a modification 
of its structure, often accompanied by a change 
in the chemical state of the surface atoms. On the 
other hand, the solids interact with the environ-
ment through their surfaces, and this process also 
causes changes in their chemical state. Therefore, in 
order to understand the mechanism of this interac-
tion, which is of utmost importance for the modern 
life, the knowledge of the surface chemical state 
stands out with great significance. Experimentally, 
the X-ray photoelectron spectroscopy (XPS) is an 
appropriate method for analyzing the changes in 
the electron-energy structure of surface atoms and 
hence their chemical state. Due to the small inelas-
tic free paths of the photoemitted electrons in the 
order of several nanometers, this method provides 
chemical information mainly for the top surface at-

oms. However, due to the variety of chemical bonds 
involving surface atoms, as in the case of polysac-
charide surfaces, the photoelectron spectral regions 
often show complex structures. Their interpreta-
tion requires the use of theoretical methods, among 
which the methods of density functional theory 
(DFT) are highlighted. This combined theoretical 
and experimental approach provides a thorough and 
reliable analysis of the chemical state of the surface 
atoms.

Objects of the present study are the surfaces of 
some polysaccharides (cellulose, chitin, chitosan) 
and the interest in them is dictated by their ex-
tremely wide practical applications (see for exam-
ple refs. 1–3 and references therein). For example, 
mats of fibers can be used as technical papers or 
as textiles for medical applications. In the form of 
nanorods, crystalline cellulose and chitin possess 
self-assembly properties leading to interesting ap-
plications, notably in optics due to the birefringence 
of the cholesteric mesophases. These nano-objects 
can also be used as templates for porous materials 
with designed textures, very useful in heterogene-
ous catalysis. Because of these applications, the 
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polysaccharides have been studied extensively, but 
we focus only on those studies concerning the elec-
tron-energy structure of surface atoms. 

The previous XPS studies have resolved mainly 
three C 1s peak contributions [4–10] as the first 
peak at lowest binding energy is attributed to car-
bon atoms in C-C and C-N bonds, the second peak 
at higher energies has been assigned as carbons in 
C-O-C, C-OH and the highest binding-energy third 
peak is interpreted as due to O-C-O bonding [4, 11]. 
In our study we are able not only to give more de-
tailed information but also, in some aspects, to give 
a new interpretation of the experimental results. It 
seems that in the analysis of the N 1s photoelectron 
region there is a better consensus in the literature. 
A lower binding energy has been measured for the 
amino NH2 group of chitosan with respect to acetyl 
amine NHCOCH3 of chitin [4, 5, 7, 11]. The energy 
difference between them varies within 1.0–1.5 eV. 
However, it is possible that this varying energy dif-
ference is due to the presence of a third chemical 
state of nitrogen, for example positively charged 
nitrogen [12–15]. 

The experimental O 1s photoelectron region of 
cellulose, chitin and chitosan is less informative 
showing a broad asymmetric peak which is often 
fitted with 2 or 3 peak contributions with ambigu-
ous interpretationin the previous studies [4, 7, 9]. 
All contradictions and incompleteness in characteri-
zation of the surface electron structure of cellulose, 
chitin and chitosan motivate our present study. It 
uses a combined theoretical (DFT) and experimen-
tal (XPS) approach allowing reliable results to be 
obtained for the stoichiometry and the chemical 
state of the uppermost layers. 

2. EXPERIMENTAL AND THEORETICAL 
DETAILS

2.1. Apparatus 

The X-ray photoelectron experiments have 
been carried out on AXIS Supra electron spectrom-
eter (Kratos Analytical Ltd., a Shimadzu Group 
Company) with base vacuum in the analysis cham-
ber of ~10–9 mbar. The spectra have been recorded 
using a monochromatic Al Kα excitation radiation 
with photon energy of 1486.6 eV. The photoemit-
ted electrons are separated, according to their ki-
netic energy, by a 180°-hemispherical analyser. The 
detection system is characterized by hybrid type 
(electrostatic and magnetic) lenses of the analyser, 
charge neutralizer operating with low-energy elec-
trons. The used spot size aperture in front of the 
electrostatic lenses and the analyser pass energy 
of 20 eV determine an instrumental resolution of 

0.54 eV (full width at half maximum (FWHM) of 
Ag 3d5/2 peak). However, for isolator samples, the 
actual resolution is ~0.9 eV (measured by the half-
width of the narrowest C 1s peak of cellulose) due 
to the charging effect caused by the electron pho-
toemission. 

The peak positions and areas have been evalu-
ated by a symmetrical Gaussian-Lorentzian curve 
fitting. The concentrations (in at.%) of the observed 
chemical elements were calculated by normalizing 
the areas of the corresponding photoelectron peaks 
to their relative sensitivity factors using the com-
mercial software of the spectrometer. The accu-
racy of the binding energy determination is within  
± 0.1 eV. The corresponding error in concentration 
determination is around 1 at.%. 

2.2. Theoretical details

All the calculations were carried out with Density 
Functional Theory based computer program de-
Mon2k [16] with the generalized gradient-corrected 
PW91 [17] approximation for the exchange-cor-
relation functionals. Empirical dispersion term as 
implemented in deMon2k was introduced in the 
geometry optimization [18]. The atoms were de-
scribed with the double-zeta quality basis sets [19]. 
The 3-units models of cellulose, chitin and chitosan 
(see below) were optimized at the same level of 
theory. The 1s binding energies of carbon and nitro-
gen were computed using the Slater Transition state 
approach [20], as generalized later on within DFT 
by Janak [21]. Following this approach, the bind-
ing energy, Eb, is computed from the negative of 
the orbital energy ε1s occupied by n = 0.5 electron:  
Eb(1s) = – ε1s(n).

2.3. Energy calibration

In our previous studies [22–24] the reported XPS 
results have been obtained using a spectrometer 
wherein the ultra-high vacuum is achieved by diffu-
sion pumps. The energy scale calibration has been 
performed by normalizing the C 1s line of adsorbed 
adventitious hydrocarbons to 284.6 eV (equal to C 
1s energy after their adsorption on conductive sil-
ver surface). In the present study, oil-free vacuum 
pumps were used which minimizes the adsorption 
of such hydrocarbons and their eventual C 1s peak 
is screened from the intense peaks of C 1s complex 
structure of studied materials. In this case we used 
the results from theoretical considerations normal-
izing the calculated C 1s binding energies of car-
bons having similar chemical environments as those 
in a benzene ring to 285 eV. The calibration proce-
dure is similar to that used in our previous study on 
some coumarin-containing compounds [25]. 
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2.4. Materials

The cellulose sample was purchased from GE 
Healthcare (Whatman – Chromatography paper 4 
Chr, Cat. No. 3004-614). Flakes of chitin provided 
by France Chitine (http://www.france-chitine.com) 
and chitosan (high molecular weight, Aldrich) have 
been also studied. These samples are called “as-pre-
pared chitin” and “as-prepared chitosan”, respec-
tively.

The sample of compressed chitin nanorods has 
been prepared in the Charles Gerhardt Institute 
(CNRS, Montpellier, France). The average length 
and diameter of these chitin monocrystalline na-
norods are around 260 nm and 3 nm, respectively. 
The synthesis procedure and the properties of chitin 
nanorods are described in refs. 26 and 27. 

3. RESULTS AND DISCUSSION

3.1. Cellulose

The studied 3-units model (Fig. 1) is constructed 
based on the bulk structure of cellulose. 

The calculated 1s binding energies of the cen-
tral-unit atoms are shown in Table 1. As mentioned 
in sect. 2.3 the energy scale is calibrated by normal-
izing the C 1s core-level energy of C2 carbon atom 
to 285.0 eV. The C4 and C5 carbon atoms have very 
close binding energies of 286.47 and 286.50 eV, re-
spectively. Therefore, they would give a common 
peak contribution to the C 1s photoelectron spectrum 
with an area twice as large as the individual contri-
butions of the remaining carbon atoms. The energies 
for the C6 and C3 carbon atoms are around these 
values, respectively, of 286.64 and 286.28 eV. The 

lowest C 1s energy of 285.0 eV has been calculated 
for the C2 carbon atom bonded to two carbon at-
oms of the glucose ring. Its neighbor, the C1 carbon 
atom, which is chemically bonded to two oxygen 
atoms, is characterized by the highest binding en-
ergy of 287.75 eV. Therefore, in the cellulose unit, 
six carbon atoms in five different chemical environ-
ments can be identified with concentration ratio of 
2:1:1:1:1. Also, four non-equivalent oxygen atoms 
exist in the structural unit: O1 linked two adjacent 
glucose rings, O2 from the glucose ring, O3 and O4 
from both OH groups bonded to CH2 group and to 
the carbon C3 from glucose ring, respectively. Their 
theoretically calculated O 1s binding energies are 
also shown in Table 1. 

Using the areas of C 1s- and O 1s-peaks and 
their relative sensitivity factors in XPS the carbon-
to-oxygen concentration ratio has been calculated to 
be C:O = 67:33 (at. %), which is different from the 
bulk stoichiometric ratio of 60:40 (assuming 6 car-
bon and 4 oxygen atoms in the cellulose unit). Note 
that the same concentration ratio of C:O = 67:33 
(at.%) can be obtained assuming the presence of 6 
carbon atoms and 3 oxygen atoms in the surface unit 
of the cellulose. On the other hand the calculated 
concentration ratio suggested an excess of carbon 
amount which can be explained with the presence of 
adsorbed hydrocarbon contaminations often meas-
ured on the polymer surfaces [28]. Therefore, we 
can consider two cases: (i) modification of the cel-
lulose surface expressed in removing of one oxygen 
atom from the structural unit and (ii) the cellulose 
surface conserves its stoichiometry but there are ad-
sorbed hydrocarbon contaminations.

(i) Modification of the cellulose surface
The approach to detecting eventual surface mod-

ification of cellulose involves deconvolution of ex-
perimental spectra using the theoretically calculated 
binding energies from Table 1 for a stoichiometric 
structural unit of cellulose and analysis of the result-
ing deviations from this stoichiometry.

The deconvolution of the experimental C 1s 
spectrum with five peaks with an area ratio equal 
to the stoichiometric carbon concentration ratio of 
2:1:1:1:1 is shown in Fig. 2a. 

If the individual fit peaks are interpreted in the 
manner shown in Table 1, the best match with 
the theoretical data is obtained. The energy dif-
ferences (ΔE) between peak maxima of different  
C 1s fit-contributions and corresponding theoreti-
cally calculated values for the C1, C2, C4, C5 and 
C6 atoms are less than 0.1 eV (Table 1, modified 
surface). Note that this matching is within the ex-
perimental error (± 0.1 eV), which highlights the 
good agreement between the proposed interpreta-
tion and the experimental data for these carbon at-

Fig. 1. (Color online) Structural model of cellulose including 
three units. The carbon and oxygen atoms are colored in green 
and red, respectively. The small circles with gray contour indi-
cate hydrogen atoms. The hydrogen bonds are also marked with 
dash gray lines.
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Table 1. Theoretical 1s binding energies (in eV) of different carbon (C) and oxygen (O) atoms from the 
central unit of cellulose (see Fig. 1) compared to the experimental values derived by the deconvolutions 
of photoelectron spectra for modified and unmodified cellulose surface. ΔE is the difference between 
experimental and theoretical 1s energies

Modified surface Unmodified surface

atom, 
electron-level

theory 
(eV) 

exp 
(eV) ΔE (eV) exp 

(eV) ΔE (eV)

C1 287.75 287.8 0.05 287.8 0.05
C2 285.00 285.0 0 285.0 0
C3 286.28 284.5 –1.78 286.3 0.02
C4 286.47 286.4 –0.07 286.5 0.03
C5 286.50 286.4 –0.10 286.5 0.00
C6 286.64 286.6 –0.04 286.7 0.06

other carbon ~289.0 ~289.0

O1
glyc. bond 535.06 532.8 –2.26 532.8 –2.26

O2
ring 534.96 532.8 –2.16 532.8 –2.16

O3
OH-CH2 535.53 533.3 –2.23 533.3 –2.23

O4
ring-OH 534.57 532.3 –2.27

Fig. 2. (Color online) C 1s- and O 1s- photoelectron regions of cellulose (open circles) and their deconvolutions. Spectra (a and b) 
corresponds to modified surface by removing of the OH group bonded to glucose ring. Spectra (c and d) correspond to stoichio-
metric surface and contain a peak of surface contaminations (colored in gray). The peak contributions and their sum are marked in 
blue and red, respectively. 
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oms. However, there is a large exception concern-
ing the carbon atom C3 from the cellulose structural 
unit (Fig. 1). The deconvolution suggests that its C 
1s binding energy should be 284.5 eV instead of  
286.3 eV calculated theoretically (Table 1). The dif-
ference between the theoretical and experimental C 
1s energies of C3 carbon is 1.78 eV, which is too 
large to be explained by the error of both theoreti-
cal and experimental approaches. Most likely, the 
explanation is in the sensitivity of the experimental 
method to the upper surface atoms of the cellulose, 
whereas the theoretical model is based on the cellu-
lose bulk structure. Therefore a large C 1s chemical 
shift can be proposed for surface C3 carbon atom 
with respect to its bulk bonding and respectively a 
chemical modification of this surface atom can be 
suggested. 

As it was mentioned above the experimental 
concentration ratio has been calculated to be C:O 
= 67:33 (at.%), which could correspond to the pres-
ence of 6 carbon atoms and 3 oxygen atoms in the 
surface unit of the cellulose. Indeed, the removal 
of an oxygen atom (respectively the OH group) at-
tached to the C 3 carbon atom would cause a large 
chemical shift of its C 1s binding energy. In this 
case the C3 carbon atom could have a similar chem-
ical state like C2 and a close C 1s binding energy, 
respectively. 

The hypothesis for cellulose surface modifica-
tion connected with the absence of OH group bonded 
to surface C3 carbon can be proved considering the  
O 1s core-level results. In contrast to the C 1s region 
the O 1s spectrum is characterized by a single sym-
metrical peak at 532.8 eV with half-width (FWHM) 
of 1.3 eV (Fig. 2b). This makes the interpretation 
of the chemical states of the individual oxygen at-
oms in cellulose unit difficult and it can be done 
only with theoretical help. In Table 1 the calculated  
O 1s binding energies of the four non-equivalent 
oxygen atoms from the stoichiometric cellulose unit 
are shown. It can be seen that the oxygen atoms of 
the glucose ring and those connecting two adjacent 
rings have almost the same binding energies of  
~ 535.0 eV. Between both hydroxyl groups bonded 
to the glucose ring and to the C6 carbon atom, re-
spectively, there is an O 1s chemical shift of 1 eV. 
By using these values, the experimental O 1s spec-
trum may be fitted with two contributions (2 oxygen 
atoms related to glucose ring and one oxygen atom 
from OH group bonded to C6 carbon) with area ra-
tio of 2:1 according the hypothesis of absence of the 
OH group bound to the glucose ring. The deconvo-
lution may be considered as satisfactory if a rela-
tively broad fit peak of the OH group with a larger 
Lorenz contribution is allowed (Fig. 2b). 

The energy difference of about 2.2 eV between 
theoretical and experimental fit values exist (Table 1). 

This value can be considered as a systematical error 
related to the energy scale calibration for the dif-
ferent carbon and oxygen atoms. In our study we 
use for the calibration of O 1s energy the normali-
zation of C 1s binding energy of C5 carbon atom to  
285 eV (Table 1). A similar systematical error has 
been also observed in our previous study of cou-
marin-containing compounds [25]. 

(ii) Stoichiometric cellulose surface with  
adsorbed hydrocarbon contaminations
However, there are indications for another in-

terpretation of the C 1s results that could be more 
realistic since it is difficult to explain the reasons for 
removing the OH group from the surface structure 
of the cellulose. In sect. 2.3 we noted that the hydro-
carbon contaminations (CHx) are characterized with 
C 1s binding energy at 284.6 eV and this value can 
be used for the energy calibration of photoelectron 
measurements of nonconductive materials. Also, in 
the next section 3.2 such a peak of surface contami-
nations has been detected for chitin and chitosan 
surfaces. In this connection, the presence of such 
impurities can also be assumed on the surface of the 
cellulose. To prove this hypothesis, a new decon-
volution of the C1s spectrum has been made using  
6 peak contributions: one peak of eventual hydro-
carbon impurities at 284.6 eV and 5 other peak con-
tributions of stoichiometric cellulose unit following 
the theoretically calculated binding energies and the 
stoichiometric ratio of the areas of these peaks in a 
2:1:1:1:1 ratio (Fig. 2c). Within this hypothesis, as 
shown in Table 1 (unmodified surface), the agree-
ment between the theoretical and experimental data 
is very good. Also the symmetrical O 1s experimen-
tal spectrum can be fitted very well using 3 contri-
butions with area ratio of 1:1:2 (Fig. 2d). These con-
tributions correspond to the four oxygen atoms in 
the cellulose unit including those from both OH unit 
groups (O3 and O4) with binding energy difference 
of 1 eV as mentioned above and also two oxygen 
atoms (O1 and O2, related to the glucose ring) with 
equal O 1s-energies at 532.8 eV. Therefore, the area 
of the last contribution is twice as large as the other 
peak contributions. The agreement with the theo-
retically calculated binding energies is again very 
good if the systematical error of 2.2 eV of the en-
ergy scale is neglected (Table. 1). 

Also, ignoring the fit peak of proposed contami-
nations at 284.6 eV, the calculated ratio of carbon 
and oxygen concentrations of 62:38 is close to the 
cellulose stoichiometry (60:40). Hence, this second 
hypothesis (called “unmodified surface”) character-
izes the cellulose surface as stoichiometric but also 
containing a certain amount of adsorbed hydrocar-
bon impurities. The first hypothesis (modified cel-
lulose surface) implies some degree of degradation 
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of the cellulose chains involving the cleavage of OH 
groups linked to the glucose ring. Regardless of the 
realistic nature of this hypothesis, it definitely gives 
information about a possible mechanism (or at least 
as a mechanism step) for the degradation of the cel-
lulose surface, which, eventually, could be one of 
the reasons for the existence of the detected hydro-
carbon impurities.

Nevertheless 6 non-equivalent carbon atoms and 
4 non-equivalent oxygen atoms exist in the cellu-
lose unit, in the previous studies [29, 30] only two 
of the measured C 1s-peaks at 286.7 and 288.1 eV 
are attributed to cellulose carbons in –CH(OH) and 
–O-CH-O-, respectively. The measured third peak, 
in ref. 28, at 284.6 eV has been attributed only to 
contaminations. Two O 1s-peaks have been sug-
gested to exist at 532.9 and 533.5 eV connected to 
oxygen atoms in -O- and -OH bonding, respectively 
[29, 30]. In comparison to these studies we are able 
to give significant more detailed description on 
the chemical states of different carbon and oxygen 
atoms and their C 1s- and O 1s-binding energies 
(Table 1). 

For the complete characterization of the C 1s 
photoelectron spectra, the presence of a low intensi-
ty peak at about 289 eV, characteristic of carboxylic 
carbon, should be noted (Fig. 2a, c). Its negligible 
amount is an indication for the high quality of the 
cellulose surface and also for low influence of the 
X-ray radiation (and also electron exposure from 
the charge neutralization gun) on cellulose stoichi-
ometry [28]. 

3.2. Chitin and chitosan

Again, as for cellulose, three-unit structural 
models of chitin and chitosan have been analyzed 
theoretically (Fig. 3a and 3b) based on earlier ex-
perimental studies (for example refs. 5 and 31). The 
main difference between both models is the differ-
ent functional groups connected to the C2 carbon 
atom: acetyl amine NHCOCH3 for chitin (Fig. 3a) 
and amino NH2 group for chitosan (Fig. 3b), respec-
tively. 

Now, the C2 atoms have quite different chemi-
cal environments than the cellulose C2 carbon atom, 
which C 1s binding energy has been chosen for the 
experimental energy-scale calibration (sect. 3.1). 
Therefore, in the case of chitin and chitosan, another 
carbon atom should be chosen for energy calibra-
tion. Considering the structural models of the poly-
saccharides (Fig. 1 and Fig. 3), the C5 carbon atom 
can be proposed as a suitable candidate because it has 
a similar chemical environment in all three studied 
compounds. Its calibrated theoretical binding energy 
for cellulose is at 286.5 eV (Table 1). This value is 
used to calibrate the calculated C 1s binding-ener-

Fig. 3. (Color online) Structural models including 3-units of 
chitin (a) and chitosan (b). The carbon and oxygen atoms are 
colored in green and red, respectively. Blue-colored circles de-
note nitrogen atoms. The small circles with gray contour indi-
cate hydrogen atoms and the hydrogen bonds are marked with 
dash gray lines.

gies for chitin and chitosan. The resulting energies 
are shown in Table 2. 

In contrast to cellulose, determination of the cor-
responding C 1s energies for different carbon atoms 
of as-prepared chitin, chitin nanorods and as-pre-
pared chitosan is quite difficult because significant 
deviations from ideal stoichiometry are seen mainly 
in the contents of carbon atoms. Evidence for this 
is found in the concentrations of the surface atoms 
(Table 3). 

Also the photoelectron spectra show a complex 
structure in which individual peak contributions are 
not as clearly resolved as in the case of cellulose 
(Fig. 4). 

From Table 3 it can be concluded that the con-
tents of nitrogen and oxygen atoms in the case of 
as-prepared chitosan and chitin nanorods are close 
to those in the ideal chitosan unit structure. Also, 
excluding the intense peak at about 284.5 eV, the 
remainder of the C 1s spectra can be very well 
matched to the chitosan spectrum and its deconvo-
lutions with chitosan-like contributions give a good 
agreement with the theoretically calculated binding 
energies (Table 2). Therefore it seems that the sur-
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face chemical states of chitosan and chitin nanorods 
are very similar. Note that the individual fit contri-
butions have areas corresponding to the ideal chi-
tosan stoichiometry. For example, each component 
of the two intensive contributions at about 286.5 
and 286.1 eV in Fig. 4c corresponds to two carbon 
atoms (with close theoretically calculated C 1s bind-
ing energies) of the chitosan unit cell. Accordingly, 
their areas are twice as large as those of the other 
chitosan components (Fig. 4c). .

As mentioned above, the intense peak contri-
bution at 284. 5 eV is an exception to this ideal 
chitosan-like structure. Note that the C 1s binding 
energy of adventitious hydrocarbons adsorbed on 
silver surface is measured at 284.6 eV (see sect. 
2.3). Also, a similar binding energy is received for 
the surface C2 carbon atom of cellulose (Fig. 4d) 
existing in CH2 group. Therefore, the lowest energy 
peak in Fig. 4 can be attributed to CHx hydrocarbon 

Table 2. Theoretical 1s binding energies (in eV) of different carbon (C), nitrogen (N) and oxygen (O) atoms from the central units 
of chitin and chitosan (see Fig. 3) compared to the experimental values for as-prepared chitin, chitin nanorods and as-prepared 
chitosan derived by the deconvolutions of the photoelectron spectra

Atom

Chitin Chitosan

theory
(eV)

as-prepared
exp
(eV)

nanorods
exp
(eV)

theory
(eV)

exp
(eV)

C1 287.31 287.7 287.8 287.36 287. 8
C2 286.67 286.1 286.1 285.43 285.2
C3 286.36 286.1 286.1 286.06 286.1
C4 285.36 285.4 285.4 286.37 286.1
C5 286.50 286.7 286.5 286.50 286.5
C6 286.49 286.7 286.5 286.50 286.5
C7 288.02 288.7 288.5
C8 285.11 285.3 285.4

other carbons 284.4 284.5 284.5
N

NHCOCH3
401.00 401.0 401.5?

N
NH3

+ 401.5?

N
-NH2

399.7 399.6 399.90 399.3

O1
glyc. bond 534.85 532.8 532.7 535.30 532.7

O2
ring 534.17 532.3 532.1 534.80 532.0

O3
OH-CH2 535.73 532.8 532.7 535.38 532.7

O4
ring-OH 535.47 531.6 531.6 534.52 531.7

O5
NHCOCH3

534.02

Table 3. Concentrations of carbon, nitrogen and oxygen atoms 
(in at.%) for as-prepared chitin, chitin nanorods and as-prepared 
chitosan. The experimental values are compared with the ideal 
concentrations (stoichiometry) and also with the number of the 
carbon-, nitrogen- and oxygen-atoms in one structural unit of 
the studied compounds shown below the atomic percentages

Carbon Nitrogen Oxygen

Chitin
exp. 66.5

11.3
5.9
1

27.6
4.7

ideal 57.1
8

7.1
1

35.7
5

Chitin 
nanorods

exp. 65.8
9.7

6.8
1

27.4
4.0

ideal 57.1
8

7.1
1

35.7
5

Chitosan
exp. 73.4

14.1
5.2
1

21.4
4.1

ideal 54.5
6

9.1
1

36.4
4
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groups adsorbed on the surfaces of the studied ma-
terials. 

Another exception to the ideal chitosan structure 
is the additional peak at the highest binding energy 
of 288.5 eV, which appears in the deconvolution of 
the as-prepared chitin (Fig. 4a) and to a lesser extent 
in chitin nanorods spectra (Fig. 4b). According to the 
theoretical considerations this peak can be attribut-
ed to C 1s binding energy of C8 carbon atoms from 
acetyl amine NHCOCH3 group characteristic for 
the ideal chitin structure (Table 2). Consequently, 
surface areas with a chitin-like structure could also 
provide contributions to the C 1s spectra. This can 
also reflect the deviations of area ratio of the other 

fit peaks from the stoichiometric area ratio of chi-
tosan, which is observed in Fig. 4a and 4b. 

The presence of nitrogen in two different chemi-
cal states on the surfaces of as-prepared chitin and 
of compressed chitin nanorods is evident from their 
N 1s photoelectron spectra (Fig. 5). 

A single symmetric N 1s peak at 399.3 eV has 
been observed for the as-prepared chitosan attrib-
uted to nitrogen atom in NH2 group in agreement 
with the theoretical calculations (Table 2). For as-
prepared chitin and chitin nanorods, an additional 
less intense peak has been observed at 401.0 and 
401.5 eV, respectively (Fig. 5a and 5b). According 
to the theoretical predictions in Table 2, the higher 

Fig. 4. (Color online) C 1s- photoelectron spectra (open circles) 
of as-prepared chitin (a), chitin nanorods (b), as-prepared chi-
tosan (c) compared to the spectrum of cellulose (d). The peak 
contributions and their sum are colored in blue and red, respec-
tively. The intense peak contribution corresponding to hydro-
carbon contaminations is colored in gray.

Fig. 5. (Color online) N 1s- photoelectron spectra (open cir-
cles) of chitin (a), chitin nanorods (b) and chitosan (c). The 
peak contributions and their sum are colored in blue and red, 
respectively.
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binding energy of this peak implies the presence of 
nitrogen atoms from the acetyl amine NHCOCH3 
group. However, the significantly more intense N 
1s peaks at about 399.6 eV indicate the dominant 
presence of amino NH2 groups in comparison to 
acetyl amine concentration on both chitin surfaces. 

The N 1s results are in agreement with the study 
of Jiang et al. [5] where beside the low- binding 
energy of nitrogen in NH2 group another chemical 
state is found shifted by 2 eV to the higher binding 
energy. On the other hand, for as-prepared chitin 
and chitin nanorods an energy difference of 0.5 eV 
exists between N 1s binding energies for suggested 
acetyl amine NHCOCH3 groups on both surfaces 
(Table 2). This energy difference is difficult to be 
explained because the surfaces show very similar 
electron-energy structure. It is possible that instead 
of (or in addition to) acetyl amine group there is 
more positively charged nitrogen on the surface of 
chitin nanorods, for example in NH3

+ configura-
tion. Confirmation for such an interpretation can 
be found in the N 1s spectrum of adsorbed ala-
nine, where two peaks are observed at 401.8 and  
401.3 eV related to NH3

+ and NH2 groups, respec-
tively [32]. Note that the energy difference between 
both nitrogen chemical states is exactly 0.5 eV as in 
the case of as-prepared chitin and chitin nanorods.

In the structural unit of the chitosan-like surface 
there are 4 oxygen atoms in different chemical en-
vironments: in OH-group bonded to CH2-functional 
group, into the glucose ring, between two glucose 
rings, in OH-group bonded to a carbon of this ring. 
However the experimental O 1s spectra of the three 
polysaccharides represent wide peaks with a clear 
broadening at low binding-energy side (Fig. 6). 
Together with the above discussed similarities of 
C 1s regions they indicate similar chemical states 
of the studied surfaces having most probably a chi-
tosan-like structure. 

The detailed contributions of the chemically dif-
ferent oxygen atoms to the photoelectron O 1s spec-
tra can be understood only with the theoretical help. 
The calculated O 1s binding energies are shown 
in Table 2 for chitin and chitosan units as a bet-
ter agreement with the experimental data has been 
found for the chitosan values. The lowest binding 
energy at 531.6 eV is obtained for the oxygen atoms 
of an OH group attached to the glucose ring. This is 
in agreement with the study of Jiang et al. [5] but in 
contrast to other XPS studies [4, 7, 9] where it has 
been assumed a lower O 1s binding energy for the 
oxygen atoms in ring-O-ring than the O 1s energy in 
OH-C configurations.

The differences between O 1s details of chitosan-
like and cellulose surfaces indicate the influence of 
the amino group. Only the oxygen atom linked two 
adjacent glucose rings conserves its O 1s binding 

energy (Table 1 and 2) whereas a chemical shift of 
~0.5 eV is observed for the other oxygens in com-
parison to the cellulose results. The largest chemical 
shift of 0.7 eV is found for the OH group bonded to 
the glucose ring. 

Similar to the cellulose surface, a large chemical 
shift of 1.2 eV is observed between binding energies 
of both OH-groups bonded to carbon from CH2 and 
bonded to the glucose ring, respectively (see Table 
1 and Table 2). This is in contrast to the literature 
where the O 1s contributions of both chemically 
non-equivalent OH groups from the polysaccharide 
unit have been assigned to one peak at higher bind-
ing energies [4, 7, 9, 15]. 

Fig. 6. (Color online) O 1s- photoelectron spectra (open circles) 
of as-prepared chitin (a), chitin nanorods (b) and as-prepared 
chitosan (c) compared to the spectrum of cellulose (d). The 
peak contributions and their sum are colored in blue and red, 
respectively. The peak interpretation is indicated on the figure.
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From the discussed results it can be seen that 
their chemical states of chitin surfaces differ from 
those in their volume. Also, large amounts of sur-
face hydrocarbon contaminations have been meas-
ured. The question remains to what extent these 
surface modifications are caused by the influence 
of the experimental method, i.e. the X-ray radiation 
and electron exposure. Such influences may be sig-
nificant in the case of organic substances. For ex-
ample, in the XPS study of brewer’s yeast strains 
[33], their degradation during experiments have 
been observed reflected in an increase in surface hy-
drocarbon contaminations and decrease in the rela-
tive surface concentrations of nitrogen and oxygen 
atoms. Although in this sensitive case, the degrada-
tion cannot mask the real properties of the materi-
als, the influence of the X-ray radiation should be 
carefully examined [28]. In fact, the eventual modi-
fications can be caused not only by X-ray radiation, 
but mainly by the inelastic scattering of emitted 
photoelectrons as shown by Graham et al. studying 
organic layers [34]. 

We have investigated this eventual effect by 
varying the flux of X-ray radiation, respectively the 
X-ray power. Our measurements have been carried 
out at low powers (75–150 W) where no changes 
in the spectra with the analysis time have been ob-
served. At high X-ray source power of 300–450 W 
a slight change of the analyzing-area color is visible 
accompanied with the small intensity increase of 
the low binding energy peak at 284.5 eV, which is 
interpreted as due to surface hydrocarbon contami-
nations. However, even in this case the other main 
features of the surface spectra are not affected. 

4. CONCLUSIONS

The results show that, despite the high resolu-
tion and signal strength of the experimental method 
XPS, reliable analysis is achieved only in combi-
nation with theoretical modeling. This approach al-
lows both the concrete understanding of the experi-
mental C 1s-, O 1s-, N 1s- photoelectron spectra, 
but also the processes leading to the surface chemi-
cal modifications.

In the case of cellulose, its C 1s- and O 1s-photo-
electron spectra can be described in details follow-
ing the theoretical interpretation based on the stoi-
chiometry preservation in the surface layers. The 
comparison with the theoretical calculations allows 
identifying a peak of surface hydrocarbon contami-
nations in the complex C 1s spectrum. Moreover, it 
allows suggesting a mechanism for degradation of 
the surface related to removal of surface OH group 
bonded to the glucose ring. This is accompanied by 
a decrease in C 1s binding energy of the correspond-

ing carbon atom from the ring to 284.5 eV, exactly 
at the energy position characteristic for the hydro-
carbon contaminations. Therefore, the removal of 
the OH group could be considered as a step in the 
process of creating surface hydrocarbon impurities.

An intense C 1s peak at 284.5 eV, attributed to 
surface hydrocarbon contaminations, is also ob-
served for the studied chitin- and chitosan surfaces. 
Excluding this peak, the rest of their spectra can 
be well matched to the chitosan spectrum based on 
the theoretical predictions. According to these pro-
posed chitosan-like structure of the chitin surfaces, 
the XPS results show a dominant concentration 
of surface amino NH2 group. Additionally a small 
amount of acetyl amine NH2COCH3 is also found. 
For the monocrystalline surface of chitin nanorods, 
the presence of protonated nitrogen configuration, 
for example NH3

+, is not excluded. 
The experimental cellulose-, chitin- and chi-

tosan-O 1s spectra can be very well described us-
ing theoretically calculated binding energies for 
the stoichiometric structural unit of corresponding 
polysaccharide. In contrast to the previous studies 
a large chemical shift of 1.0–1.2 eV is observed be-
tween O 1s energies for both non-equivalent OH-
groups from the functional groups of all three poly-
saccharides. 

Within the X-ray fluxes used (X-ray source 
power of 75–150 W), no spectra change is observed 
showing that the observed surface chemical modi-
fications of the studied polysaccharides cannot be 
caused by the X-ray exposure during the experi-
mental analysis.
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(Резюме)

Комбиниран теоретичен и експериментален подход е приложен в изследването на електронните 1s енер-
гетични свойства на повърхностите на целулоза, хитин, синтезирани хитинови нано-пръчки и хитозан, из-
ползвайки теорията на функционала на плътността и фотоелектронна спектроскопия с висока разделителна 
способност. Това позволява надеждно да се различат приносите на повърхностните въглеводородни замър-
сявания във фотоелектронните спектри и да се оцени в детайли химическите състояния на полизахаридните 
повърхности. Въпреки че е предположена стехиометрична структура на целулозната повърхност като най-
вероятна, е разгледан и механизъм за възможна деградация на повърхността, включващ отстраняване на ОН-
групата, свързана към глюкозения ринг. Доброто съответствие между теоретичните и експериментални ре-
зултати позволява да се предположи хитозан-подобна структура за повърхностите на хитина и хитиновите 
нанопръчки. В допълнение към доминиращата концентрация на амино NH2 групи върху тези повърхности, се 
наблюдава и малко количество ацетил-аминови NH2COCH3 групи върху хитина. Възможно е присъствието на 
протонирани амино NH3

+ функционални групи, вместо ацетил-аминови, върху кристалните повърхности на 
хитиновите нанопръчки. Дискутирана е и възможната деструктивна роля на рентгеновото облъчване върху 
изследваните повърхности.
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