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Terahertz absorption by cellulose: Application to ancient paper artifacts
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Artifacts made of cellulose, such as ancient documents, pose a significant experimental challenge
in the THz transmission spectra interpretation due to their small optical thickness. In this Letter
we describe a method to recover the complex refractive index of cellulose fibers from the THz trans-
mission data obtained on single freely standing paper sheets in the 0.2-3.5 THz range. By using our
technique, we were able to eliminate Fabry-Perot effects and recover the absorption coefficient of the
cellulose fibers. The obtained THz absorption spectra are explained in terms of absorption peaks
of the cellulose crystalline phase superimposed to a background contribution due to a disordered
hydrogen bonds network. The comparison between the experimental spectra with THz vibrational
properties simulated by density functional theory calculations confirms this interpretation. In addi-
tion, evident changes in the THz absorption spectra are produced by natural and artificial aging on
paper samples, whose final stage is characterized by a spectral profile with only two peaks at about
2.1 THz and 3.1 THz. These results could be used to provide a quantitative assessment of the state

of preservation of cellulose artifacts.

PACS numbers: 87.15.-v, 78.40.Me, 81.70.-q, 63.50.-x

I. INTRODUCTION

Experimental methods probing the physical and chem-
ical structure of ancient artifacts in a non-destructive way
are of utmost importance for the understanding and the
diagnosis of their unavoidable degradation processes. In
particular, an accurate and quantitative appraisal of the
artworks’ states of preservation poses a significant chal-
lenge for ancient artifacts made of delicate organic mat-
ter. A particular example are those made of cellulose, the
most abundant biopolymer on Earth [10]. For centuries,
cellulose has been widely exploited in several important
areas of human activities, ranging from building wood
based constructions, through the realization of writing
media in paper and finally as a valuable chemical agent
to produce derivatized materials [11].

Cellulose is composed of an unbranched homopolysac-
charide made up of -D-glucopyranose units (CsH100s),,
connected by S-(1,4)-glycosidic bonds. Such units are
prone to form chains with n ranging from ~ 10? to
~ 10%. The reason for the strong tendency of cellulose
polymers to organize themselves into multiple parallel ar-
rangements to finally create a crystalline structure is due
to the presence of hydroxyl groups forming interchain
hydrogen bonds (H-bonds). A hierarchical structure is
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then formed, and made up of elemental fibrils (diame-
ter 2-4nm), fibrils (diameter ~200nm) and finally fibers,
whose diameter ranges from 1 to 10 pm [21]. Elemen-
tal fibrils are composed of highly ordered (crystalline)
domains (of typical length ~100nm) and of disordered
(amorphous-like) regions, the latter providing paper ma-
terial with its remarkable mechanical properties.

The degradation of cellulose artifacts depends on the
environmental conditions [19]. It mostly proceeds in
the amorphous regions, which are the most accessible to
chemical agents [12], and it is mediated by two inter-
connected chemical processes: hydrolysis of the -(1,4)-
glycosidic bonds and oxidation of the B-D-glucopyranose
units [14, 15, 39]. These are accompanied by the rear-
rangement of the H—bond network, which in turn gives
rise to recrystallization. Such process swallows up the
amorphous regions where both reactions proceed. In fact,
at a macroscopic scale, degradation appears as a weak-
ening of the mechanical properties of cellulose artifacts
[25].

THz time-domain spectroscopy (THz—TDS) is a suit-
able approach to study low—energy vibrational proper-
ties of biological materials in a non-destructive way. The
THz photon energy range (about 1-40 meV) is particu-
larly suitable to probe the H-bond between molecules
that is of utmost importance in a biological system.
This is the most widespread intra and intermolecular
bonding responsible for the functioning and structure of
biomolecules [22, 29]. Further, THz spectroscopy is an



alternative method to X-ray diffraction to assess sample
crystallinity [23]. Specifically, this is crucial for ancient
paper artifacts where crystallinity strongly influences me-
chanical properties and durability [25].

A first attempt to characterize a historical paper us-
ing THz spectroscopy was made by using a partial least
squares regression method applied to the transmission
spectra, to estimate the chemical and mechanical prop-
erties of the samples [26]. Another study focused on the
dependence of THz attenuation and refractive index spec-
tra on paper density and water content. With the goal to
reduce the inherent inaccuracy in the index reconstruc-
tion due to small optical delays in the time-domain THz
signal (see Fig.1), the studied samples comprised sev-
eral stacked paper sheets [6]. However, this approach
prevents the characterization of unique ancient artifacts
and may introduce unpredictable interference effects in
the measured quantities. Finally, THz spectroscopy has
also been used to evaluate the crystallinity of samples
made of microcrystalline cellulose powders in the form
of thick pellets as a function of the milling process time
[28].

All these studies were considerably affected by inaccu-
racies connected with the extraction of the optical pa-
rameters from the THz signals obtained in both low re-
fractive index, and thin paper samples. In this regime,
substantial interference effects are superimposed to the
transmission spectra thus hindering the reconstruction
of the absorption and refractive index.

We present THz-TDS measurements performed on un-
aged, artificially aged and ancient paper samples. The re-
covered transmission spectra were analyzed to eliminate
the interference Fabry-Perot (F'P) effects and to obtain
a precise determination of both cellulose THz absorp-
tion and refractive index. The obtained THz absorption
spectra (normalized to account for the thickness and den-
sity of the samples) are explained in terms of absorption
peaks of the cellulose crystalline phase superimposed to
a background contribution due to a disordered hydrogen
bonds network. The absorption peaks has been com-
pared with predictions based on the vibrational energy
levels obtained by density functional theory (DFT) ab-
initio calculations, where cellulose has been modeled as
a crystal.

II. EXPERIMENTAL DETAILS

Modern paper samples, obtained from the Netherlands
Organization for Applied Scientific Research (TNO), are
made of unbleached cotton linters, containing very low in-
organic ingredients (ash content <0.005% in weight) and
no additives or lignin [25]. They were artificially aged up
to 47 days in closed vials (in air) at a relative humidity
RH= 59 % and a temperature T = 90°C' (see Supple-
mental Material for further details). Ancient samples
were produced in various European countries, consist-
ing of four specimens, made of linen and cotton cellulose

fibers, bearing no print, named Al, Bl (both made in
Perpignan, France, in 1413), A3 (made in Milan, Italy,
in 1430), and N1 (made in Nuremberg, Germany, in the
16th century) presenting increasing levels of degradation
2, 14, 16, 19].

THz-TDS signals were acquired in transmission mode
by using a Menlo Systems (Germany) TERA K15 THz-
TDS equipped with photoconductive antennae. For all
acquisition times, the scan range was set to 100ps and
the data were collected with a time resolution of 30fs.
In order to reduce statistical errors, different THz-TDS
signals (typically 3 or 4) with and without samples were
acquired. Since water vapor absorbs THz radiation, the
sample compartment of the THz set-up was purged with
Ny until most water vapor absorption lines were indis-
tinguishable from noise (nearly 60 min before the spec-
tra acquisition). This procedure is also capable to re-
move free water from samples while it is expected that
bound water remains in an amount of approximately 2%
in mass [1, 3, 17]. THz-TDS signals were converted into
their spectral representation by a fast Fourier transform
(FFT). The usable range, where data are reliable, was
found to be 0.2-3.5 THz. The frequency dependent dy-
namic range was about 80 dB at 0.35 THz and about 20
at 3.5 THz. Typical pulses obtained by the THz charac-
terization set-up are shown in Fig.1 together with their
FFT amplitude.
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Figure 1. Traces of the reference and Al sample pulses in
the transmission THz-TDS experiment (upper panel), and
the power spectral density of the reference and sample pulses
(lower panel).



A paper sample consists of a random assembly of
cellulose fibers and voids and their relative amount is
sample dependent [1, 4]. In order to assess the vol-
ume fraction v of cellulose fibers in the samples and re-
cover their absolute THz absorption coefficient, the den-
sity (ppaper) of each paper sample was measured. Then
v = Vo/Vpaper = Ppaper/Pe, Where Ve and Vp,pe,r are the
volume occupied by cellulose fibers and the volume of
the paper sheets used in this study, respectively, while
pe = 1.5g/em? is the average density of cellulose fibers
[18] (see Supplemental Materials for details [7]).
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Figure 2. Absorption coefficient curves of cellulose fibers in
sample Al without (dashed red) and with (black) removal of
the FP oscillations. A quadratic fit of the initial black curve
(green dot line) and an estimation of the bound water (2% of
sample’s mass) spectral contribution [30] (blue dashed line)
are also shown.

The frequency dependent behavior of the complex re-
fraction index fi(w) = n(w)+ia(w) ¢/2w (¢ is the speed of
light and w/27 is the frequency) can be extracted from
the THz-TDS transmission mode signals by using the
experimental complex transfer function Tezp(w;) (4 is a
data array index):

~ N Esample(wj)
Tewp(wj) = EAref (@) (1)

where Esample(w) and EATef(w) are the spectral ampli-
tude and phase with and without the sample in the THz
line, respectively [8]. The extraction of the optical pa-
rameters can be obtained by equating the theoretical and
experimental transfer functions: T'(7,w;) = Teyp(w;) in
which the analitycal function 7'(7,w) is obtained as a
solution of the inverse scattering problem for the elec-
tromagnetic waves. Due to the coherence of our source,
when THz radiation propagates within a sample, mul-
tiple internal reflections give rise to the well-known FP

effect [8, 34, 35]. Consequentely, the resulting expression
can not be analytically inverted in order to express the
optical parameters in term of the experimental quanti-
ties.

To recover the spectral behavior of these parameters
in paper sheets, we have developed a numerical proce-
dure optimized for thin absorbent samples of low refrac-
tive index (Fig. 2). In particular, it has been necessary
to minimize the instrumental errors involved in deter-
mining the subtle time difference between the reference
pulses and those propagating in the sample (~ 100fs).
See Supplemental Material and bibliography therein for
further details [7].

The spectra of the optical parameters of each sample
have been obtained by averaging over the different acqui-
sitions performed.

A digital low-pass filter (0.14 THz resolution) was
then applied at the averaged spectra to eliminating
the noise present especially at frequencies higher than
2.5 THz. The resulting curves for the absorption co-
efficients, normalized for sample thickness and density,
are shown in Fig. 3 for all measured samples in the
range (0.2-3.5 THz) where data can be considered re-
liable. Due to small differences in the overall intensity of
the spectra, the optical parameters have an uncertainty
of about +10% in their intensity. This value can be at-
tributed to a non-uniformity in terms of samples thick-
ness and density as well as to small variations of the free
water content in cellulose (due humidity fluctuation in
the sample compartment of the THz set-up during mea-
surements). This uncertainty also includes absorption
by the small amount of lignin (around 2% in mass) that
could be expected in the linen fibers of ancient samples.
Indeed, it has been demonstrated that the THz spectra
of lignin do not show peaks in the 0.2-4 THz range but
a continuous increasing absorption [26].

The THz vibrational properties have been simulated by
DFT calculations to interpret the experimental spectra.
Unaged cellulose has been modeled as a crystal in its
most common crystalline form (Ig phase) at 0 K. Van der
Waals (VAW) interactions have been included by using
a VAW-DF2 [13] nonlocal density functional to achieve a
better description of the H-bonds [32, 33, 36-38, 40-43].
Computational details are reported in the Supplemental
Material [7].

III. RESULTS AND DISCUSSION

The THz experimental absorption spectra of cellulose
fibers in ancient and modern paper samples, free of FP
oscillations, are shown in Fig. 3 (a typical refractive in-
dex spectrum is shown in the Supplemental Material
[7]). Overall the absorption increases as a function of
frequency: from 0.2 to about 1.6 THz a monotonic in-
crease is evident. Superimposed to this trend two clear
spectroscopic features can be observed for all samples: a
shoulder at about 2.1 THz, and a peak at about 3 THz.
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Figure 3. Absorption coefficients vs frequency of cellulose
fibers in the ancient samples (panel a)) and modern samples
artificially aged 0 (unaged), 6, 12, 24 and 47 days (panel b)) .

For some samples, minor features appear at intermediate
frequencies, more evident for the artificially aged paper.
A significant variation of the absorption coefficient occurs
for all samples, going from about 10 cm ™! at ~ 0.2 THz
to more than 200 cm ™! at 3 THz.

The interpretation of the THz spectra must be based
on the knowledge of the microscopical structure of cellu-
lose. A monotonic increase of the absorption is typically
observed in amorphous solids [24] and biological macro-
molecular complexes formed by H-bond networks [20].
These absorption spectra can be generally approximated
by a function C-w? where C is a numerical coefficient
which is expected to be proportional to the density of
H-bonds, and ( is an exponent which is approximately
2 in glassy materials [24, 27]. A similar behavior to
that described for biosystems rich in H—bonds is then
expected also for cellulose where disordered H-bond net-
works are present. In all paper samples, we found that
the absorption coefficient curve from 0.2 to 1.6 THz can
be well approximated by A 4+ C-w? where A is a con-
stant that for modern samples is located in the range
9 — 11 em™! and for ancient samples is located in the

range 4 — 9 cm~!'. The presence of the non—vanishing

absorption contribution A is potentially connected with
the existence of about a 2% in mass of bound water in the
sample (see Fig.2). The numerical coefficient C' is 26.0
em ™! /THz? for the unaged sample P2REF while it has
lower values for artificially and naturally aged samples
up to 21.5 cm~!/THz? for P2V47 and 18.6 cm ™! /THz?
for N1 (due to small differences in the overall intensity
of the spectra the uncertainty on the C values is +10%).
We interpret these data as a reduction of the H-bond
density in the amorphous cellulose network with aging.

Since cellulose is made of amorphous and crystalline
regions, the peaks due to the crystalline phase are ex-
pected to be superimposed to the disordered H-bond
spectral behavior. To separate the crystalline contri-
bution from the disordered one, we have performed a
subtraction of the A + C-w? background term, extend-
ing the background fit deduced from the initial behavior
(0.2 — 1.6 THz) up to about 3.3 THz, where the curves
remain reliable. Results of such a subtraction are shown
in Fig. 4 for all the samples. Furthermore, examples of
the measurement uncertainties in the absorption curves
are shown in the Supplemental Material [7].

The two groups of spectra exhibit different character-
istic features. It is evident that ancient samples spectra
show profiles with only two main peaks at about 2.1 and
3.1 THz. Instead, modern samples have more complex
peak profiles that evolve as a function of the aging time
from an evident many—peak profile, at about 2.1, 2.5 and
3.1 THz for the pristine specimen (P2REF), to a sim-
plified two-peak profile, at about 2.1 and 3.1 THz, for
the most artificially aged sample (P2V47). This con-
firms that the aging and degradation of paper is a com-
plex process in which chemical and structural phenomena
compete. As stated in previous works the aging process
starts with a first chemical modification of the amorphous
regions and of the external surfaces of the crystalline re-
gions, later followed by material consumption, produc-
tion of degradation byproducts [5], and resulting mass
loss [16]. In parallel, a reorganization of the supramolec-
ular structure of cellulose takes place with a consequent
increasing of the sample crystallinity.

Based on all behaviors that can be observed in Fig.4,
it can be inferred that the THz two-peak profile spec-
trum is representative of an extended degradation pro-
cess, for both the ancient and the modern samples. The
presence of a clear two-peak profile in the spectral range
(1-3.3 THz) can, therefore, be regarded as the indicator
of an advanced aging stage. Indeed, the spectroscopic
features at about 2.1 and 3.1 THz were identified as due
to the crystalline phase absorption as found in microcrys-
talline cellulose powders [28].

Our DFT simulations confirm that the spectral profile
is composed of several peaks associated with long-range
cellulose crystal phononic modes. The calculated peaks
at about 2.2, 2.7, 3.0 and 3.3 THz appear to be in quali-
tative agreement with the experimental ones.

Indeed, it is reasonable that the numerical analy-
sis could not be in perfect quantitative agreement with
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Figure 4. Panels a) e b) depict the absorption coeflicients of
cellulose fibers obtained by subtraction of the backgrounds
from the curves reported in Fig.3 (see text for details) in the
range 1-3.3 THz. For modern samples, each curve is shifted
of 20 em ™! along the vertical scale for clarity. In panel c)
the theoretical THz absorption spectrum of a perfect crys-
tal of unoxidized cellulose, with a Lorentzian broadening of
0.03 THz, is reported.

the experiments, since the DFT simulation is based on
the assumption of a perfect crystal lattice. In the real
supramolecular structure of cellulose many interchain hy-
drogen bonds are formed via water molecules. The col-
lective dynamics of hydrated cellulose cannot be simu-
lated by using the available DFT methods because the
molecular arrangements of water molecules in the cellu-
lose structure is not known. Therefore, the THz vibra-
tional frequencies can be slightly different from those of
a crystal made only be cellulose polymers.

As evidenced in a previous study, the hydrolysis in-
duced by the artificial aging of P2 samples results in an
increasing depolymerization of cellulose chains [15]. The
degree of polymerisation decreases from about 1700 to
about 700 passing from sample P2REF to the most artifi-
cially aged sample P2V47. In addition, the concentration
variation (final-initial) for the oxidized groups increases:
for -CHO groups of (0.045 + 0.001)mmol/(g of cellulose)

and for -COOH groups of (0.072 £ 0.003)mmol(g of cel-
lulose). This suggests that some THz vibrational modes
can be modified as degradation—induced structural modi-
fications take place. Since degradation primarily happens
in the amorphous regions [25], the observed THz spectral
changes could be associated to the modification of vibra-
tional modes in the recrystallized amorphous regions but
also to the progressive degradation of the external sur-
faces of the crystalline domains, with a consequent en-
hancements of finite size effects in the phononic modes.

In the present study we have successfully obtained a
precise determination of the THz absorption spectral pro-
file of cellulose fibers in single freely standing paper sheets
in the 0.2-3.5 THz range. This was achieved by numer-
ically extracting the complex refractive index from our
data in which the FP oscillations where accurately re-
moved. By using this approach, the absorption coefficient
of cellulose fibers in ancient and modern samples artifi-
cially aged was obtained. We found that the spectral
behaviour can be explained as the superposition of a dis-
ordered H-bond network background with a many-peak
profile, due to both amorphous and crystalline regions,
respectively. The complex evolution of the spectra as a
function of natural and artificial aging has been explained
with a reduction of the H-bond density in the amorphous
cellulose network and a parallel increase of the sample
crystallinity. This in turn results, for advanced aging, in
a simplified two-peak profile at about 2.1 and 3.1 THz.

These results demonstrate a significant potential in the
analysis of the structural properties of cellulose and paper
artifacts. While small cut samples were used for experi-
mental convenience, THz-TDS can be performed even on
whole sheets of ancient paper or even on the numerous
pages bounded in a book [31]. To this aim, suitable sam-
ple holders are needed to keep safely the artifacts in the
correct positions during the THz transmission measure-
ments are needed. Nitrogen-purge was used to reduce
water-vapor absorption lines, thus improving the signal
to noise ratio and extending the measurable THz spectral
range. However, it is also possible to only purge or put
in vacuum the THz beam path up to the sample surface
and leave the artifact in air. It is worth noting that this
technique is non-destructive and able to provide a quanti-
tative assessment of the state of preservation of cellulose
artifacts, being therefore suitable for use in ancient and
precious pieces of art.
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