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The yellowing of paper on aging causes major aesthetic damages of cultural heritage. It is due to

cellulose oxidation, a complex process with many possible products still to be clarified. By comparing

ultraviolet-visible reflectance spectra of ancient and artificially aged modern papers with ab initio time-

dependent density functional theory calculations, we identify and estimate the abundance of oxidized

functional groups acting as chromophores and responsible of paper yellowing. This knowledge can be

used to set up strategies and selective chemical treatments preventing paper yellowing.
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Paper has been the most widely used writing support
since the first centuries A.D. in China, Mesoamerica and
the Far East, and since the Middle Ages in the Western
World, with the result that for centuries a growing number
of books, graphic works and ancient documents have been
accumulating in archives, libraries and museums all over
the world [1]. The preservation of these cultural properties
must be based on an advanced knowledge of the micro-
scopical characteristics of paper materials and their degra-
dation processes.

Paper is a complex multicomponent material.
Depending on the production period and technology em-
ployed, the paper composition varies. The ancient cotton or
linen based papers contain mainly cellulose (> 90% in
weight) with the addition of animal glue as sizing com-
pound, while modern soft or hardwood ones may also
include lignin (< 30% in weight) and additives such as
alum, resin or chalk [2].

Cellulose is a biopolymer, representing 40% of the
annual production of biomass on Earth [3], made of repeat-
ing units of�-(1,4)-D-glucopyranose [Fig. 1(a)]. Cellulose
polymers form interchain secondary valence hydrogen
bonds and organize themselves in a multilevel supramo-
lecular hierarchical structure up to form fibers whose di-
ameter ranges from �1 to �10 �m [4]. Microfibrils, the
basic elements of the supermolecular structure, are com-
posed of an assembly of highly ordered (crystalline) do-
mains, and of disordered (amorphouslike) regions.

On macroscopic scale, paper degradation occurs by the
weakening of mechanical properties of the sheets and by
yellowing, as main consequences of hydrolysis and oxida-
tion, the latter developing chromophores, in cellulose pol-
ymers [5]. While the mechanism of acidic hydrolysis is
rather known and well-settled in the literature [6,7], cellu-
lose oxidation running through the radical mechanism
initiated by active oxygen species is a complex process
with many possible reactions still to be clarified [7–9].

Pure cellulose shows no absorption bands in the
ultraviolet-visible (UV-Vis) wavelength range up to around
6 eV (200 nm) [7]. Degraded cellulose, instead, shows an
absorption spectrum with a broad peak around 4.8 eV
(260 nm), and a long absorption tail towards lower ener-
gies. This feature has been attributed to carbonyl groups
since Bos [10]. Only recently, however, detailed spectro-
scopic and chemical studies have been carried out, in an
attempt to clarify the configuration within the glucopyra-
nose ring of the carbonyls responsible for the observed
absorption [8,11,12].
By comparing the infrared and UV-Vis spectra of de-

graded cellulose, conjugated ketonic groups were indicated
to be the main chromophores responsible for paper yellow-
ing [8,12]. However, because of the important role of the
local chemical environment around the oxidized groups,
this procedure prevents a full band assignment and does not
allow us to distinguish, for example, between ketones and

FIG. 1 (color online). Chemical structure of: (a) unaged cellu-
lose (with the carbon atom numbering); (b)–(f) of the oxidized
groups studied in this work. (Light gray (yellow), dark gray
(red), and small (blue) spheres represent, respectively, carbon,
oxygen, and hydrogen atoms).
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other enolic groups in the oxidized cellulose. To solve this
problem, in this Letter, we have measured the UV-V is
spectra of degraded cellulose in modern and ancient
samples, and interpreted them with the aid of time-
dependent Density functional theory (TDDFT) calcula-
tions [13]. To our knowledge, no theoretical investigations
of the optical properties of cellulose have been performed
up to now.

For this study, we used ancient samples produced during
the 15th century in European countries, consisting of 3
specimens, bearing no print, sized with gelatine, named A1
(made in Perpignan, France, in 1413), A2 and A3 (both
made in Milan, Italy, in 1430), presenting increasing levels
of yellowing [14,15].

One of the main problems in studying the degradation of
ancient artifacts is that the environmental conditions to
which the samples were subjected throughout their history
are unknown. On the other hand, an artificial
high-temperature degradation process allows a constant
monitoring of environmental conditions, even though it
cannot perfectly mimic a slow natural degradation process
[7]. To understand the role of the different aging
factors we used, therefore, model paper samples artificially
aged.

Model samples, obtained from Netherlands
Organization for Applied Scientific Research (TNO), are
made of unbleached cotton linters, containing very low
inorganic ingredients (ash content <0:005% in weight)
and no additives or lignin, with high mean degree of
polymerization. Following [8,16], we name these samples
P2. P2 samples were artificially aged up to 48 days in three
different reactors with different environmental conditions
as reported in Table I.

Aging conditions were designed as a compromise in
order to get measurable changes in the UV-Vis spectra of
model paper samples within a reasonable period of time.
At the chosen temperature of 90� a moderate oxidation of
the cellulose functional groups towards the carbonylic
groups of various degrees of freedom and chemical envi-
ronment is expected [12,16].

Sample diffuse reflectance Rð�Þ spectra were measured
in a wavelength range 240< �< 800 nm (from 1.5 eV to
5.17 eV) at room temperature and at 50% of relative
humidity (RH) conditions by using a JASCO V-570 spec-
trophotometer equipped with a BaSO4 coated integrating
sphere and PbS detector. Spectra were normalized to a
Spectralon diffuse reflectance reference standard (factory

calibrated). The spectra resolution was set to 2 nm. The
Kubelka-Munk (KM) model was used to convert the re-
flectance Rð�Þ spectra into pseudoabsorbance spectra

AKMð�Þ ¼ ð1�Rð�ÞÞ2
2Rð�Þ for comparison with simulations [17].

In Fig. 2(a)we reportAKM for P2 samples artificially aged
for 48 days in D, C and V conditions (Table I). Unaged
samples do not present any absorption below 5.1 eV; there-
fore, their spectra are not reported in the figure. Spectra of
the samples artificially aged for shorter time show similar
shapes but, overall, their absorbance is less intense. AllAKM

spectra consist of a broad band around 4.8 eV (260 nm)
already attributed to carbonyl groups within the cellulose
rings [10]. For samples aged in C and V conditions it is
possible to distinguish an additional peak at 4.2 eV (295 nm)
and a smooth and long tail reaching the visible energies
below 2 eV (620 nm).
For all ancient samples, the absorbance has a maximum

value at the high energy side of the measured spectra,
shows a plateau between 4.6 and 5 eV, and smoothly
decreases with a tail extending up the beginning of the
visible energy region between 2.5 and 3 eV [Fig. 2(b)].
Overall, the complexity of the absorbance spectra suggests
the presence of several chromophores of different nature.
In order to obtain a quantitative interpretation of AKM

using a TDDFT-based method [13], we have considered
several possible oxidized forms of cellulose polymers
which have been supposed to give absorption effects in
the visible range [8,12]. These are shown in Figs. 1(b)–1(f)
and are named as follows: CCO—a complete oxidation of
C(6) with carbonylic group and a double bond Cð5Þ ¼
Cð6Þ; CHO—the oxidation of C(6) with the formation of
an aldehydic group; M4H—the conjugated diketones on
C(2) and C(3); M2H—the oxidation to a single keton on
C(2); CC—the formation of a double bond Cð5Þ ¼ Cð6Þ.
As a structural model for the simulation of optical

properties we have chosen a three-dimensional (3D) infi-
nite crystal of cellulose polymers as an approximation of
cellulose crystalline domains. Cell parameters of the cel-
lulose crystal were obtained by x-ray diffraction data [3]
and refer to the monoclinic crystallographic phase called
cellulose-I�, which is the most common polymorph for

higher-plant cellulose [3,4]. The unitary cell contains 42
atoms. The atom positions inside the cell were relaxed by
DFT [18] calculations performed by a plane-wave pseudo-
potential code [19], using a BLYP functional for the
exchange-correlation energy, an energy cutoff of 40 Ry

TABLE I. Environmental conditions used in the aging tests of modern samples (P2). RH indicates the relative humidity.

Aging process label Reactor Type Aging conditions Expected impact factors

D Open (drier) Dry air, T ¼ 90 �C Air

C Open (climatic chamber) Air, RH ¼ 59%, T ¼ 90 �C Air and water vapor

V Closed (vial) Air, RH ¼ 59%, T ¼ 90 �C Air, water vapor and gaseous by-products
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for the wave functions, and 14 k points in the irreducible
Brillouin zone. Optical properties were calculated by the
Casida algorithm implemented in the [20] plane-wave
code, by using 15 occupied and 15 unoccupied bands,
and 4000 plane-waves for the kernel.

The calculated optical absorption spectra do not present
absorption below 5.1 eV for unaged cellulose, in agreement
with the experimental data. The oxidized groups, instead,
are characterized by the appearance of maxima between 2
and 5 eV as shown in Fig. 2(c). The hole-electron charge
distribution related to these peaks is mainly localized on
the double bonds induced by the oxidation, and reveals a
�� �� character of these transitions. Because of this
strong localization, for a given oxidized form, the optical
absorption spectrum below 5 eV can be considered as
produced by several isolated not-interacting chromo-
phores. Therefore, a change of the concentration of chro-
mophores in the crystal does not involve a change of the
shape of the spectrum, but only modifies its intensity.
Indeed, a direct proportionality relation between the inten-
sity of the absorption spectrum and the concentration of
defects was checked by computational tests. Our results are
in agreement with the experimental observation of the
invariance of the spectral shape with aging time [8,12].

Our theoretical simulations showed that this proportion-
ality does not hold above 5.1 eV since, above this energy
threshold, also transitions from optical active oxidized
groups to cellulose (and vice-versa) electronic states do
contribute to the optical absorption spectra.

The lack of interactions between the chromophore
groups inferred from the simulations allows us to consider
the optical absorption spectrum of aged cellulose as a
linear combination of the spectra calculated for every

single oxidized group in the cellulose backbone
[Fig. 2(c)]. In Figs. 2(a) and 2(b), the symbols represent
the linear combination that better reproduce the experi-
mental spectrum obtained by a minimal-square based al-
gorithm carried out in the energy range 1.5–5.1 eV. The
best fit was achieved using Gaussian smearing of theoreti-
cal optical signals of 0.22 and 0.30 eV for, respectively, P2
and ancient samples. This smearing takes into account the
finite number of k points used to sample the Brillouine
zone, the disorder, and the finite temperature effect. A
blueshift of 0.3 eV has been used in all theoretical spectra.
This shift is due to the tendency of the local density
approximations used in TDDFT to underestimate the opti-
cal gap in 3D systems [21]. In cellulose, the optical gap
underestimation is small, as compared to that of other
crystals [22], probably because of the strong localization
of the excitonic charge distribution, typical of a molecular
system, rather than of a crystal.
A good agreement between calculated and experimental

spectra is obtained for P2 samples [Fig. 2(a)], and the
congruence is excellent [Fig. 2(b)] for ancient samples.
This could be explained by the consumption of the amor-
phous region caused by degradation, leaving, mainly, the
crystalline regions of cellulose fibers [3,4,15], which are
better represented in our model.
In particular, our calculations are able to identify the

most significant structure observed in the experimental
spectra around 4.8 eV, as principally due to CCO group.
The band at 4.2 eV is mainly due to the CHO group, while
the smaller contribution around 3.8 eV is due to both M2H
and M4H oxidized groups. The long tail in the absorption
spectra, reaching the visible energies below 2 eV, is mainly
due to the M4H oxidized groups. M4H was previously
expected to be the most significant oxidation causing paper
yellowing [8,11,12] and to be the only one active in the
UV-Vis wavelength range. Instead, we show that at least
other two different oxidized groups in cellulose, namely,
M2H and CHO, can be optically active, since, despite their
absorption peaks are located in the UV region, their ab-
sorption tails affect the lower wavelength part of the visible
region. The aldehydic CHO group is expected to be the
transient product of the subsequent oxidation of the C(6) to
carboxylic group (COOH) in the moderate cellulose oxi-
dation [12]. Interestingly, simulations performed with
COOH showed, instead, no absorption bands in the UV-
Vis range up to 5.1 eV and therefore no contribution to
paper yellowing.
By normalizing the linear combination coefficients, the

relative concentrations of chromophores producing yellow-
ing on the samples after aging can be estimated (Fig. 3).
Very different results appear when comparing P2 samples
aged in various environmental conditions. The CHO groups
emerge as the most abundant species in the sample aged
under pure oxidative conditions (D). The results of simu-
lations also show possible contributions of CCO, M2H and
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FIG. 2 (color online). (a) P2 samples: experimental pseudoab-
sorbance AKM (solid line) and corresponding theoretical absorp-
tion spectra (symbols). (b) Ancient samples: experimental
pseudoabsorbance AKM (solid line) and corresponding theoreti-
cal absorption spectra (symbols). (c) TDDFT-based theoretical
absorption spectra for each single oxidized form.

PRL 108, 158301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

13 APRIL 2012

158301-3



M4H at pure oxidative atmosphere. Moisture present in C
and V environments appears to favor the oxidation towards
of M2H and also to a lesser extent M4H chromophores,
inhibiting the CHO and causing almost complete disap-
pearance of CCO groups. Apparently, water molecules
provide additional oxygen radicals which facilitate the
formation of ketones on glucopyranose rings [23].

In ancient samples, CHO has been found to be the most
abundant oxidized group. Coming from A1 to A3 sample,
the increasing yellowing can be accounted for by the
increasing contribution of ketones M2H. It is worth point-
ing out that the CC oxidized group is always absent in all
samples, regardless of their origin.

It can be noted that the relative concentrations of the
oxidized groups of all ancient samples studied are close to
those of the P2 sample aged in dry atmosphere (D con-
ditions, Fig. 3). This is particulary true for the relative
concentrations of conjugated diketones M4H, which are
the main responsible of paper optical degradation in the
visible range, and of M2H.

M4H and M2H relative concentrations are the highest in
C and V sample. These observations suggest that even in a
natural aging process water and degradation by-products
trapped in paper when conserved in a closed environment
can play an important role.

Additionally, M2H and M4H relative concentrations can
be used as an indicator of the conservation history of a
manuscript.

In conclusion, by combining UV-Vis spectroscopy with
TDDFT-based calculations, it has been possible to identify
and quantify the relative concentrations of chromophores
responsible for ancient paper yellowing. In all samples
studied the formation of carbonyls on aldehydic groups
(CHO) and conjugated diketons (M4H) appears to be,
respectively, responsible for paper optical degradation in
the UV and visible range.

Such results are relevant, since we introduce an
experimental-theoretical scheme that, contrary to ordinary
investigation techniques, allow us to identify the chromo-

phores responsible for cellulose optical degradation in a
completely nondestructive way. Besides boosting the
knowledge of the oxidative processes of cellulose itself,
this scheme could be used as a powerful diagnostic method
in the research of bleaching treatments of fragile and
ancient piece of art on paper.
In addition, the information provided in this work about

the local environment of the oxidized groups mainly in-
volved in paper yellowing, and the dependence of their
relative concentration from aging environment conditions,
could be used for the generation of a new class of reducing
agents to be employed in paper conservation and restora-
tion techniques.
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Munafó, Naturwissenschaften 85, 171 (1998).
[3] H. A. Krassig, Cellulose: Structure, Accessibility, and

Reactivity (Gordon and Breach Science Publishers,

Singapore, 1993).
[4] A. C. O’Sullivan, Cellulose 4, 173 (1997).
[5] K. Castro, E. Princi, N. Proietti, M. Manso, D. Capitani, S.

Vicini, J.M. Madariaga, and M. L. De Carvalho, Nucl.

Instrum. Methods Phys. Res., Sect. B 269, 1401 (2011).
[6] Lai Yuan-Zong, Chemical Degradation, in Wood and

Cellulosic Chemistry (Dekker, New York, 2000).
[7] S. Zervos, Natural and Accelerated Ageing of Cellulose

and Paper: A Literature Review in Cellulose: Structure

and Properties, Derivatives and Industrial Uses edited by

A. Lejeune, and T. Deprez, (Nova Publishing, New York,

2010) p. 155.
[8] T. Lojewski, K. Zieba, A. Knapik, J. Bagniuk, A.

Lubanska, and J. Lojewska, Appl. Phys. A 100, 809

(2010).
[9] Aging and Stabilisation of Paper Edited by M. Strlic and J.

Kolar (National and University Library, Ljubljana, 2005).
[10] A. Bos, J. Appl. Polym. Sci. 16, 2567 (1972).
[11] J. Lojewska, M. Missori, A. Lubanska, P. Grimaldi, K.

Ziba, L.M. Proniewicz, and A. Congiu Castellano, Appl.

Phys. A 89, 883 (2007).
[12] T. Lojewski, P. Miskowiec, M. Missori, A. Lubanska,

L.M. Proniewicz, and J. Lojewska, Carbohydr. Polym.

82, 370 (2010).
[13] E. Runge and E.K. U. Gross, Phys. Rev. Lett. 52, 997

(1984).
[14] M. Missori, M. Righini, and S. Selci, Opt. Commun. 231,

99 (2004).
[15] M. Missori, C. Mondelli, M. De Spirito, C. Castellano, M.

Bicchieri, R. Schweins, G. Arcovito, M. Papi, and A.

Congiu Castellano, Phys. Rev. Lett. 97, 238001 (2006).

FIG. 3 (color online). The relative concentration of the 5
oxidized groups acting as chromophores as calculated from
simulations for modern P2 samples and ancient samples. The
CC oxidized group is always absent in all samples.

PRL 108, 158301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

13 APRIL 2012

158301-4

http://dx.doi.org/10.1007/s001140050478
http://dx.doi.org/10.1016/j.nimb.2011.03.027
http://dx.doi.org/10.1016/j.nimb.2011.03.027
http://dx.doi.org/10.1007/s00339-010-5657-5
http://dx.doi.org/10.1007/s00339-010-5657-5
http://dx.doi.org/10.1002/app.1972.070161010
http://dx.doi.org/10.1007/s00339-007-4220-5
http://dx.doi.org/10.1007/s00339-007-4220-5
http://dx.doi.org/10.1016/j.carbpol.2010.04.087
http://dx.doi.org/10.1016/j.carbpol.2010.04.087
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1016/j.optcom.2003.12.034
http://dx.doi.org/10.1016/j.optcom.2003.12.034
http://dx.doi.org/10.1103/PhysRevLett.97.238001


[16] J. Lojewska, P. Miskowiec, T. Lojewski, and L.M.
Proniewicz, Polymer degradation and stability 88, 512
(2005).

[17] B. Philips-Invernizzi, D. Dupont, and C. Cazé, Opt. Eng.
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