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Summary. — The action of water within biological systems is strictly linked either
with their physical chemical properties and with their functions. Cellulose is one
of the most studied biopolymers due to its biological importance and its wide use
in manufactured products. Among them, paper is mainly constituted by an almost
equimolar ratio of cellulose and water. Therefore the study of the behavior of water
within pristine and aged paper samples can help to shed light on the degradation
mechanisms that irremediably act over time and spoil paper. In this work we present
Nuclear Magnetic Resonance (NMR) experiments on modern paper samples made
of pure cellulose not aged and artificially aged as well as on ancient paper samples
made in 1413 in Perpignan (France). The line shape parameters of the proton NMR
spectra were studied as a function of the hydration content. Results indicate that
water in aged samples is progressively involved in the hydration of the byproducts
of cellulose degradation. This enhances the degradation process itself through the
progressive consumption of the cellulose amorphous regions.

1. – Introduction

Water, thanks to its anomalous properties, is the most essential molecule for life [1].
It is key in all biological processes and determines the properties of the systems it interacts
with [2,3]. Water is also essential for the production process of paper and it also strongly
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influences its properties during all paper life. In fact, paper is produced from a diluted
suspension of cellulose fibres, and water is progressively removed during the production
steps [4]. However some water molecules cannot be removed because they make part
of the internal structure of paper bridging the hydroxyl groups of different cellobiose
units, the monomer of cellulose polymer [5, 6]. The same mechanism is at the base
of the protein folding process with the so-called crystallization water being part of the
protein structure [3,7]. The cellulose polymers then constitute the fibres of paper that are
kept together by a strong network of inter- and intra-molecular hydrogen bonds (HB) [8].
These kinds of bonds are influenced by a number of factors such as the presence of oxygen
and water molecules that promote degradation mechanisms such as the oxidation of the
hydroxyl groups of cellulose running through the radical mechanism initiated by active
oxygen species especially in acidic or neutral environment [9, 10]. It is noteworthy that
oxygen or its active forms, carried by water molecules, can attack directly the hydroxyl
groups on C(2), C(3) and C(6) atoms in a glucopyranose unit of cellulose. Furthermore,
the process can influence also the C(1) atom involved in the glycosidic bond, leading to
the cellulose cleavage and depolimerization [11,12]. Indeed, the action of water molecules
in bulk-like phase is to break some HB bridges and to interpose between two cellulose
chains changing the physical properties of paper. However, the complex interaction
between water and cellulose chains is not completely understood and many unresolved
questions remain. For instance, a very recent study reports that only two of the three
available hydroxyl groups on the surface of cellulose fibrils exchange their hydrogen with
the surrounding water molecules [13].

At ambient condition, that is 20 ◦C and 59% of Relative Humidity (RH), the equi-
librium condition corresponds to an amount of water of about 8% in weight [5]. During
its life, the exposure of paper to humid environments and therefore the presence of liq-
uid water within the fibres, promotes degradation phenomena that indeed depend on
water content. Besides, it is remarkable that water molecules can adopt different local
structures as a function of the physical-chemical conditions of the hosting material [14].

Nuclear Magnetic Resonance is a technique sensitive to the different environments
experienced by the resonant nuclei and allows to discriminate between the same nuclei in
different chemical environments [15]. Different NMR approaches were applied in the past
to study paper and cellulose-based material [16,17]. However, due to strong dipolar cou-
plings, high resolution (HR) is easily achievable in solution; however different approaches
have been developed to resolve peaks in semi-solid compounds. One of the most used
experimental technique is known as Magic Angle Spinning (MAS) that takes advantage
of the vanishing of the corresponding Hamiltonian term for an angle of about 54.74◦ of
the sample holder with respect to the direction of the static magnetic field [18,19]. The
HR-MAS technique has been receiving great attention and development thanks to its
powerful versatility in different fields, in particular in medicine, biology and even in food
science [20-24]. In fact, with a single experiment on few micro-quantities of samples in
their intact form (no chemical treatment are needed), it is possible to obtain different
and detailed information (both structural and dynamical) on all the components of the
studied specimen.

In this paper we study the line shape of the 1H HR-MAS NMR peaks for paper
samples of pure cellulose at different hydration. In particular we consider naturally
aged samples (ancient), artificially aged samples and not aged samples as reference.
According to the literature we analyze the obtained NMR spectra of paper as the sum of
one Lorentzian and one Gaussian function belonging, respectively, to water and cellulose
protons [25-27]. Our experimental results are complementary to those obtained by means
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of other techniques [28-33] and therefore constitute an additional aid for a deeper insight
into hydration and degradation mechanisms of paper.

2. – Materials and methods

We used the same not aged, artificially and naturally aged samples described
elsewhere [34-36]. In particular we consider the P2REF samples (not aged), the
P2C9048 samples (artificially aged in a closed chamber at 90 ◦C and 59% RH for 48 days)
and the A1 samples (ancient paper made in 1413 in Perpignan, France). These sam-
ples present increasing levels of degradation as expressed by their concentration of chro-
mophores, which are oxidized groups able to absorb ultraviolet and visible photons. While
the concentration of chromophores is negligible for P2REF sample, it is 0.8 mmol/100 g
of cellulose for P2C9048 and 3.1 mmol/100 g of cellulose for A1 [37, 38]. The desired
hydration was obtained by exposing the samples in a closed chamber with 100% RH for
several hours at room temperature [35].

1H NMR spectra were recorded on a Bruker Avance spectrometer operating at
700 MHz (proton Larmor frequency) by means of the High-Resolution Magic Angle Spin-
ning (HR-MAS) technique. We acquired 512 transients of a standard 90 degrees pulse
sequence with 16 k points in the time domain and a spectral width of 20 ppm. The du-
ration of the hard pulse was of 7μs with an attenuation of 3 dB and a repetition time of
20 s. Free induction decays were Fourier transformed and referenced to the trimethylsilyl
propionate (TSP) by means of Bruker Xwinnmr 3.5 software packages [35]. The three
samples were studied at different water content or hydration, h, given by the ratio be-
tween the mass of water and that of the dry cellulose. These values were determined by
weighting the samples in dry and hydrated conditions, and by the use of the NMR signal
itself. In fact, as mentioned above, the MAS spectra were fitted with a Pseudo-Voigt
function of the following form:
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where A is the amplitude, μ is the weight of the two components, xc is the peak position
and wL and wG are the corresponding width of the Lorentzian and Gaussian contribu-
tions, respectively. By plotting the total sample weight as a function of A ∗ μ (area of
the Lorentzian component ascribed to water), we were able to calculate the mass of dry
cellulose by evaluating the y-axis intercept [35].

Figure 1 reports one example of the best fit obtained for the MAS NMR spectra of
the hydrated P2C9048 sample with the Pseudo-Voigt function of eq. (1). The four panels
show the first four of the five hydration values considered for that sample. In the figure,
we use two different y-axis scales for the left and right sides because the width of the peak
decreases a lot with increasing hydration. Also, every panel has a different intensity scale
that of course increases with hydration. The total fit with the Pseudo-Voigt function is
reported as a red line and the two contributions as a green line (Lorentzian) and as a
blue line (Gaussian). It is noteworthy that the Gaussian function contributes essentially
in an equal way only for the sample with the lowest hydration (μ = 0.54) becoming
progressively a negligible background at higher hydration (μ = 0.99 for h = 20%).

We have performed this best-fit procedure for all the three samples, each of them at
five different values of h. For each sample (characterized by different aging conditions) we
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Fig. 1. – The proton HR-MAS NMR spectra of P2C9048 samples at different hydration. We
use two x-axes for the left and right sides because the width of the peak changes a lot with h.
Besides, every panel has a different intensity scale. The total fit with the Pseudo-Voigt func-
tion (red line) and the two components, Lorentzian (green line) and Gaussian (blue line), are
reported.

have measured three important parameters characterizing the water proton NMR signal
and thus providing information about the physical chemistry properties of water for the
different conditions studied. In particular, in the following we discuss the dependence,
with respect to the hydration, of the peak position xc (that is the proton chemical
shift), the width of the Lorentzian function ωL (strictly related to the water mobility
and dynamics) and the area of the Lorentzian function AL, that is the equilibrium
magnetization of water molecules.

3. – Results and discussions

It is well known that for water systems, the proton chemical shift reflects the local
arrangement of the local hydrogen bonds (HB) geometry which, in turn, depends, in
particular, on the number of HBs and also by the intermolecular distances and an-
gles [39,40]. Therefore, by studying its trend versus, in our case, the hydration content,
it is possible to enter into the details of the evolution of the water local structure in terms
of hydrogen bond formation [41,42].

The measured peak position of the Pseudo-Voigt function (xc in eq. (1)) is reported
in fig. 2 as a function of hydration for the three studied samples: P2REF (not aged, black
squares), P2C9048 (artificially aged, red circles) and A1 (ancient paper, blue triangles).
Its behavior is exponential-like and can be modeled by the following function:

(2) xc(h) = (x0 − xf ) e−
h

hx + xf ,
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Fig. 2. – The evolution of the chemical shift of the NMR peak with hydration content. The
value is referenced to the signal of the tetramethylsilane at 0.00 ppm. Black squares, red circles
and blue triangles correspond to P2REF, P2C9048 and A1 samples, respectively. Lines are best
fit by using eq. (2) and the corresponding obtained parameters are reported in the inset.

where xf is the asymptotic value, x0 is the intercept with the y-axis for h = 0 and hx

represents the characteristic value of the chemical shift variation due to the hydration
mechanism for the considered sample. It also represents the value at which xc attains 1/e
of its asymptotic value. In fig. 2 (inset) we report the values (together with the standard
deviation) of these three parameters obtained by a best-fit procedure by eq. (2) (solid
lines).

Note that all the three parameters depend monotonically on the state of degrada-
tion of the sample expressed by their increasing level of oxidation. In particular oxida-
tion is related to the development of acidic degradation byproducts such as carboxylic
acids [11, 34]. Note that increasing degradation provokes a slower hydration process, as
evident from the decreasing values of xf and the increasing values of hx as a function of
sample’s degradation. In addition, the increasing presence of acidic byproducts as a func-
tion of degradation [34] provokes an increasing upfield shift of the water chemical shift.
On the other hand, this can be also related to the increasing oxidation of cellulose poly-
mers as degradation proceeds, that decreases the number of available hydroxyl groups
and promotes the repulsion of new additional water molecules by means of hydrophobic
interactions [35].

Furthermore, the increase in xc on increasing hydration reflects the enhancement in
the local order of the water molecules due to the formation of more ordered hydrogen-
bonded structures [43]. Hence, our results evidence that as degradation proceeds, the
formation of the ordered hydrogen-bonded structures is progressively prevented by the
higher presence of degradation byproducts in hydrated water.

As already seen in fig. 1, the width of the Lorentzian function (ωL) decreases with
increasing hydration whereas that of the Gaussian (ωG) increases becoming essentially a
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Fig. 3. – The width of the Lorentzian component of 1H HR-MAS NMR spectra of hydrated
paper. Symbols and colours are the same as those used in fig. 2. In the inset we report the
parameters obtained by the best fit with eq. (3).

flat and almost negligible background. Indeed, for our purpose we have considered only
the behavior of ωL(h). In particular, as shown in fig. 3, its dependence on the hydration
can be described by the same exponential function used to perform the best fit of the xc

data (eq. (1)) rewritten in terms of ωL

(3) ωL(h) = (ω0 − ωf ) e−
h

hω + ωf ,

where indeed ωf is the asymptotic value, ω0 is the intercept with the y-axis for h = 0
and hω represents the characteristic value of the Lorentzian width variation due to the
hydration mechanism for the considered sample. Note that, more liquid and disordered
is a system, smaller is the width of its NMR signal because weaker is the intensity of the
corresponding spin-spin interaction [44].

It is noteworthy that ωf increases with degradation especially for the ancient sam-
ple A1. This confirms that even at high hydration, water molecules interact with byprod-
ucts produced by oxidative and hydrolytic degradation reactions that prevent water from
building its characteristic extended network of HBs. Furthermore, even for this param-
eter, the decreasing number of available hydroxyl groups promotes the repulsion of new
additional water molecules by means of hydrophobic interactions. On the other hand,
when paper is not aged (P2REF case) the value of the water Lorentzian width at the
highest hydration resembles that of the bulk liquid as well as the chemical shift value for
liquid bulk water (≈ 4.7 ppm) as shown in fig. 2.

The last parameter we have achieved by the analysis of the NMR spectra is the area
of the Lorenztian function obtained by multiplying the parameters A and μ of eq. (1)
(AL = A · μ). AL(h) is reported in fig. 4 and, even in this case, its behavior can be well
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Fig. 4. – The area of the Lorenztian function (AL) obtained by multiplying the parameters A
and μ of eq. (1) (AL = A · μ). Symbols and colours are the same as those used in figs. 1 and 2.
In the inset we report the parameters obtained by the best fit with eq. (4).

fitted by an exponential function where, of course, its value must be zero for the totally
dry sample. Hence, we use the following equation to best fit the data:

(4) AL(h) = Af

(
1 − e

− h
hA

)
,

where Af is the limit value for h → ∞ and hA represents the characteristic value of the
Lorentzian area variation due to the hydration mechanism for the considered sample.

Note that the behavior of AL(h) is almost linear for the not aged sample (P2REF)
with hA assuming the value of 0.9 while becoming less than half for the aged samples.
This is the indication that the not aged sample weakly influences the water behavior being
it an almost inert host. On the contrary, for aged samples, the amphiphilic character of
the different byproducts and cellulose surfaces determines the complex dependence on
hydration.

Note that, by means of proper pulse sequences, we were able to get more detailed
insights about the dynamics of water molecules by well separating the different relaxing
contributions [35]. In particular, we were able to discriminate and study the different
contributions around the hydration level corresponding to ambient conditions. This is
of particular importance because for h � 8% paper behaves like an hydrophilic material
whereas for h � 8% it shows hydrophobic behavior [35]. In a very recent paper it has
been studied, by means of molecular dynamics simulations, how water mediates the
interaction between hydrophilic and hydrophobic surfaces [45]. The authors find that
the most important parameter that determines the hydration properties is the polarity
of the surface that indeed changes as a function of the water layers covering it.

In this work we provide additional information concerning the water local struc-
ture mainly by means of the observed chemical shift and the area of the NMR signal
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corresponding to water molecules. In particular, our new data confirm that for h � 8%
cellulose attracts water molecules mainly through its hydroxyl groups. However, for
h � 8% hydroxyl groups of cellulose are no longer available for hydrogen bonding with
water molecules. In such a case the hydrophobic repulsion by glucopyranose ring moi-
eties on the additional water molecules becomes important and water interaction with
degradation byproducts are favored.

4. – Conclusions

In this work we have studied the proton HR-MAS NMR spectra of modern paper
samples made of pure cellulose not aged (P2REF) and artificially aged (P2C9048) as
well as an ancient paper sample made in 1413 in Perpignan, France (A1). In particular
we consider artificially aged samples kept at 90 ◦C and 59% RH for 48 days and not aged
samples as reference. We analyze the 1H HR-MAS NMR peak by means of a Pseudo-
Voigt function, in which the Lorentzian contribution belongs to the water signal and the
Gaussian contribution to that of cellulose.

We find that the behavior of the three parameters characterizing the Lorentzian contri-
bution of water protons (xc, ωL and AL) has an exponential dependence on the hydration
with a characteristic value that depends on aging time. In particular, we find that the
asymptotic value of the chemical shift (xf ) at high hydration is lower for aged samples.
This is due to the presence of byproducts, most of them acidic, that provokes an upfield
shift of the water chemical shift. On the other hand, the parameter characterizing the hy-
dration process as seen by the chemical shift (hx) is higher for aged samples indicating a
slower hydration process. The oxidation processes, that decrease the number of available
hydroxyl groups of cellulose and promote the repulsion of new additional water molecules
by means of hydrophobic interactions, are mainly involved in these trends, especially at
higher hydration conditions. Finally, the increase in xc with hydration confirms that the
addition of water molecules provokes an enhanced local order due to the formation of
hydrogen-bonded structures, more evident in the not aged sample.

For what concerns the width of the Lorentzian function, our data show that water
mobility decreases with degradation especially for the ancient sample A1 because water
molecules, due to the interaction with the degradation byproducts, are not able to build
the characteristic extended network of HBs. On the contrary, not aged samples (P2REF
case) show a value for ωL at the highest hydration resembling that of bulk liquid water.

Finally the hydration dependence of the area of the Lorentzian function AL, that is
the equilibrium magnetization of water molecules, presents an almost linear behavior only
for the not aged P2REF sample, with the characteristic hA value equal to 0.9. Instead,
hA equals 0.34 for the ancient A1 sample. This indicates an almost inert character for
P2REF and a more complex hydration mechanism for P2C9048 and even more for A1.
Again, the reason is that the aged samples have their amorphous regions progressively
consumed, with the subsequent production of different byproducts whose amphiphilic
attribute determines the complex dependence on hydration.

In conclusion our main result is the observation by proton HR-MAS NMR of a pre-
cise structural and dynamical trends versus hydration content and aging time of paper
samples. The parameters characterizing the proton NMR signal of water molecules are
strictly related to and allow the understanding of the microscopic mechanisms at the
origin of hydration and aging processes. The influence of the degradation byproducts
and cellulose oxidation on the properties of water molecules revealed by NMR could be
used for non-destructive diagnostic of ancient materials made with cellulose.
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