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Structure of Water in Looped-Polyrotaxane

FIGURE 3 | O 1s XES spectra of PR1 (A) and PR2 (B) polyrotaxane polymer films at various humidities obtained by subtracting the dry polymer spectra. Dry (RH
10%) and pure water spectra are the raw data. Each difference spectrum (C,D) was obtained by subtracting the neighboring lower-humidity spectrum.

weights when the PEG/water ratio is 1:2 (Money, 1989). The
average chain length between adjacent CDs in our polyrotaxane is
3,000 molecular weights, which is roughly consistent with our
XES results in terms of the correlation between the molecular
weight and the water content. PEG is well known as a crystalline
polymer and generally has a helical conformation in the film state
(Gemmei-Ide et al., 2006; Oparaji et al., 2016). The crystallinity of
the PEG film was evaluated to be around 70% irrespective of its
molecular weight (Kitano et al., 2001), and the other region has
amorphous form. Water molecules in the crystalline phase of the
PEG film might be localized in the amorphous region of the PEG
chain because gaseous water diffuses mostly to the amorphous
region in solid PEG polymers (Gemmei-Ide et al., 2006). Oparaji
et al. (2016) reported that crystallinity of PEG was almost

constant up to around RH80%, and this high ratio of
crystallinity could explain the limited water absorption.

In contrast, at RH 90%, the intensity of the difference
spectrum in the 1b; region rapidly increases again. The degree
of PEG crystallinity decreases with increasing humidity,
especially from around 80%RH. Operaji et al. (2016) have
demonstrated that the polyethylene oxide (PEO)-water
interactions become more favorable with increasing humidity.
Even though the PEO was of high molecular weight with highly
entangled chains, it became a soft gel with no mechanical strength
at high relative humidity. Our sharp upturn in sorption above RH
80% suggests that PEO/water interactions overcome crystallite
restraints and lead to dissolution. These spectra show a broad
peak centered at around 526.3 eV, which is higher energy than the
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TABLE 1 | Detailed peak assignments of the 1by peak corresponding to each combination of energy and water structure.

Peak 1by’ w Iw* 1by"’ SwW
Emission energy (eV) 525.7 525.9 526.3 526.6 527.0
Water structure Bulk-liquid Tetrahedrally coordinated Interfacial Loosely bound Bulk-liquid Distorted Single bonded

Distorted
Loosely bound water

Singly bonded Water water
j water x
1—0—0—7—0—01 S\ Al

80%RH » 90%RH » 95%RH
Formed

. Adsorbing at all Swelling Enlarging
polyrotaxane film polymer surface polymer chain polymer chain

Interfacial

SCHEME 2 | Schematic images of the morphology changes of polyrotaxane and water. A thin directly bonded water layer (light blue) and interfacial water surround
the hydrophilic PEG surface. Loosely bound water (green) and distorted water (orange) are located inside the large interfacial water region.

IW peak at 525.9 eV. This is explained by an increase in the  of the PEG samples are estimated to be ~35 nm from the equation
number of dangling bond defects in the hydrogen-bonded  Rg(in nm unit) = 0.0215 M,,>*® (Devanand and Selser, 1991) in a
network (Zhovtobriukh et al, 2018). Such dangling bond  solution, where M,, is the molecular weight of PEG. Because the
defects are observed in a PEG solution; water molecules  PEG chain is flexible and bendable and some water molecules are
surrounded by the PEG pseudo-network have distorted  bridging neighboring polymer chains, the spaces in some polymer
hydrogen-bonded structure, which has 1.0 less hydrogen-  loops might be decreased to less than 2 nm. Therefore, our
bonds per monomer unit of a polymer (Kitano et al., 2000).  presumption that water is confined within a space of a few
Accordingly, we consider that the absorbed water during the = nanometers seems reasonable. This is analogous to the case
increase from RH 80% to RH 90% is a loosely bound water which ~ for mesoporous silica where differential scanning calorimetry
has a hydrogen-bonded structure distorted by the nearby polymer =~ measurements showed no freezing and melting point when the
chains as in the PEG solution. We call this 1b; peak at 526.3 eV pore size of the mesoporous silica was less than 2.1 nm (Kittaka
the IW* peak. The corresponding 1b; peaks are tabulated in et al, 2006). This is explained that the pore diameter is less than
Table 1. The intensity of the difference spectrum in PR2 is larger ~ the critical point of the nucleation diameter of 2.2 nm. We expect
than that in PR1. When polyrotaxane absorbs a large amount of ~ that the hydrogen-bonded structure of water will be significantly
water, the polymer chain swells to a large volume (Bin Imran ~ modulated when confined in a polymer loop.
et al., 2014) and the size of the PEG loop develops due to the Using various techniques the structure of hydrating water around
sliding CD rings. Therefore, above RH 90%, slack in the polymer  biocompatible polymers has long been studied. Morita et al. (2007)
chain would be enlarged and further increase the amount of  conducted time-resolved ATR-IR on PMEA, and found that the
absorbed water (Scheme 2). freezing-bound water, which has hydrogen-bonding to the polymer
At RH 95%, the PR1 1b; peak does not increase because of the ~ with an intermediate strength between ice and bulk-liquid water, is
limited space for water absorption, while the PR2 1b; peak likely to function as a biocompatible interface. If their discussion can
continued to increase, suggesting that additional water  be applied also to PEG, interfacial water or loosely bound water
molecules can be stored in the large slack of the polymer loop.  might be the origin of biocompatibility. Kittaka et al. (2006) found
The PR2 1b; peak has a peak at 526.6 eV, which is commonly  that water confined in a small space shows a cold crystallization
observed in bulk-liquid water as a 1b,” peak. Many researchers  property, which is also observed in biocompatible polymers (Tanaka
have argued that bulk-liquid water contains two types of and Mochizuki, 2010). Ide et al. (2003) estimated an extinction
hydrogen-bonded structure: tetrahedrally coordinated and  coefficient of the OH stretching band of absorbed water on a PMEA
distorted. The former would correspond to the 1bl’ peak and  biocompatible polymer with ATR-IR measurement, and concluded
the latter to the 1b1” peak (Gallo et al., 2016). The 526.6 eV peak  that a cold crystallization of water is generated by caging water
in PR2 suggests that the absorbed water has distorted hydrogen- ~ molecules in small spaces formed by the polymer chains. These
bonded structure close to the 1b,” component in bulk-liquid  previous studies indicated that water molecules confined in a narrow
water. However, the 1bl’ was not increased. The 1b,’ peak  space surrounded by polymers could have a relation to the
originates from water in tetrahedral-like patches with a  biocompatibility. Indeed, Yamada et al. (2012) reported that a
dimension of 1-1.4 nm in dynamic equilibrium (Huang et al,  polyrotaxane with looped PEG chains exhibited better
2009). The absence of the 1b,’ peak is possibly due to the limited ~ biocompatibility than that with a linear one. We expect that the
space in polyrotaxane chains. In fact, the radius of gyration (Rg) ~ amount of water incorporated into the looped PEG, which may
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contribute to biocompatibility, could be controlled by changing the
loop size according to the anchoring density.

CONCLUSION

Specific hydrogen-bonded structure of incorporated water into
polyrotaxane polymer films was investigated by O 1s X-ray
emission spectroscopy. By changing the density of anchoring
molecules that determine the number of fixing points in the
main chain of the polyrotaxane polymer, we controlled the size
of the confined space in the large slack of the polymer loop and the
amount of absorbed water in it. The XES spectra showed that at low
humidity, water molecules directly bonded to the polymer formed
a tetrahedrally coordinated hydrogen-bond, while increasing the
humidity, loosely bound and distorted hydrogen-bonded water
dominated. In particular, at high humidity above RH 90%, uptake
of water having distorted hydrogen-bonded structure with the peak
around 1b,” was observed. Intriguingly, the XES spectrum of the
incorporated water completely lacks the tetrahedral 1b,’ peak,
suggesting that the incorporated water is confined in the polymer
loop where tetrahedral-like patches could not exist. Because
confined water in a similar space in biocompatible polymers
shows cold crystallization, the incorporated water in the
polymer loop seems to be one of the origins of the superior
biocompatibility of the looped polyrotaxane. Our study
demonstrated that the amount of the confined water which
would contribute to biocompatibility can be controlled by
changing the anchoring density of polyrotaxane.
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J. Heyrovsky Institute of Physical Chemistry of the CAS, Prague, Czechia

The organization of biomolecules and bioassembilies is highly governed by the nature and
extent of their interactions with water. These interactions are of high intricacy and a broad
range of methods based on various principles have been introduced to characterize them.
As these methods view the hydration phenomena differently (e.g., in terms of time and
length scales), a detailed insight in each particular technique is to promote the overall
understanding of the stunning “hydration world.” In this prospective mini-review we
therefore critically examine time-dependent fluorescence shift (TDFS)—an experimental
method with a high potential for studying the hydration in the biological systems. We
demonstrate that TDFS is very useful especially for phospholipid bilayers for mapping the
interfacial region formed by the hydrated lipid headgroups. TDFS, when properly applied,
reports on the degree of hydration and mobility of the hydrated phospholipid segments in
the close vicinity of the fluorophore embedded in the bilayer. Here, the interpretation of the
recorded TDFS parameters are thoroughly discussed, also in the context of the findings
obtained by other experimental techniques addressing the hydration phenomena (e.g.,
molecular dynamics simulations, NMR spectroscopy, scattering techniques, etc.). The
differences in the interpretations of TDFS outputs between phospholipid biomembranes
and proteins are also addressed. Additionally, prerequisites for the successful TDFS
application are presented (i.e., the proper choice of fluorescence dye for TDFS studies, and
TDFS instrumentation). Finally, the effects of ions and oxidized phospholipids on the bilayer
organization and headgroup packing viewed from TDFS perspective are presented as
application examples.

Keywords: hydration, time-dependent fluorescence shift, biomembranes, calcium, oxidized phosholipids,
cholesterol, membrane dynamics, lipid headgroups

INTRODUCTION

The role of the hydration in maintaining the biological function of biomolecules and biomolecular
aggregates is unquestionable (Disalvo, 2015; Biedermannova and Schneider, 2016). Water molecules
affect their structure, dynamics and mutual interactions. Although water is a relatively simple
molecule being built only from three atoms, its capability to form four hydrogen bonds makes its
spatial arrangements in solution extremely complex (Kithne and Khaliullin, 2013). This applies also
for the water molecules solvating the biomolecules and biomolecular self-assemblies (Martelli et al.,
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2020). Huge variety of the achievable hydration motifs bestow the
biological entities unique and anomalous properties, which are
often supportive for their role and function (Ball, 2008).

In the case of proteins, water interacts with a heterogeneous
partner (Levy and Onuchic, 2006). Water molecules can be buried
inside the core of proteins employing long residence times which
makes them an integral component of protein structure. Such
water molecules can be located in confined regions such as
internal cavities and active sites being trapped also on a
substantially longer time scales than water molecules
interacting with the surface of a protein (Russo et al, 2004).
Interfacial water molecules are affected by the complex protein
topography dynamically interacting with amino acid residues of
various chemical compositions and physical properties. This all
makes the protein hydration complex and its characterization
rather challenging.

Lipid bilayers (core of biomembranes) represent a
biomolecular self-assembly essential for the existence of living
organisms. Lipid bilayers also show a complex hydration patterns
(Disalvo, 2015; Tristram-Nagle, 2015), even when composed of a
single lipid species only. In comparison to proteins, such bilayers
offer water molecules very limited number of different polar
groups for the formation of hydrogen bonds. Biomembranes are
self-assembled thanks to the interaction of the amphiphilic lipids
with water molecules that stabilize the bilayer structures.
Although water presence is an urge for the bilayer existence,
its role has often been underestimated in the past when
elucidating the membrane structure and function. The
complex lipid bilayer was oversimplified and viewed as the
rigid nonpolar entity sandwiched by bulk water molecules.
Advances in both theoretical and experimental techniques
have been gradually revealing the full complexity of
water—lipid interactions, putting the bilayer hydration on the
merited pedestal. Water not only stabilizes biomembranes via
hydrophobic effect but also serve as plasticising spacer within the
lipid headgroups balancing the free volume in the hydrocarbon
chains, which enables the formation of liquid phases. Moreover,
hydration enhances the configurational space for additional water
and lipid populations which assist for instance the peptide
binding (Ge and Freed, 2003).

The closer look on the water distribution along the bilayer
normal reveals that majority of water molecules can be found in
the interfacial headgroup region (Nagle and Tristram-Nagle,
2000). Three basic types of the interfacial hydration modes
have been suggested: evidently free water resembling the bulk;
water molecules directly interacting with lipids (Tristram-Nagle,
2015), but also less defined “perturbed” water (Sparr and
Wennerstrom, 2001), whose properties are supposed to be
affected by the presence of lipid membranes. Please note, that
although the interfacial properties of biomembranes are mostly
affected by the headgroup structure and its local hydration and
orientation, hydrophobic interactions within the hydrocarbon
region considerably modulate the interfacial dynamics as well.

In order to track the degree and nature of the hydration of
biomolecules and bioassemblies, manifold of the experimental
approaches have been introduced. Each of these methods is
unique from the perspective of the length-scale and time-scale
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of the followed parameters (Biedermannova and Schneider,
2016). Inevitably, the apparent inconsistency among the
conclusions based on different approaches may arise, and in
fact frequently springs out. To minimize these discrepancies, a
critical and explaining reviews are necessary to converge to a
consistent picture of the interfacial hydration of the biological
molecules and assemblies.

The main topic of this contribution is Time-Dependent
Fluorescence Shift (TDFS) (Horng et al, 1995; Jurkiewicz
et al, 2012a). TDFS (denoted also as solvent relaxation (SR)
or time-dependent Stokes shift (TDSS)) characterize both the
dynamics of the hydrated segments of proteins and membranes as
well as the level of hydration in the site-specific manner. We
would like to point out that there is an extensive literature on the
characterization of TDFS in proteins (Pal et al., 2002; Pal and
Zewail, 2004; Bagchi, 2005; Li et al., 2007; Bhattacharyya, 2008;
Chang et al,, 2010; Zhong et al., 2011). Quite a number of these
studies were focused on the characterization of the nature of the
local water in the hydration shells of proteins by TDFS, including
the concept of “biological water.” As explained in the following
section that concept based on the suggestion of long-range
modification of the structure and dynamics of water around
proteins appears nowadays questionable. We believe the
discussion of these contributions using TFDS in proteins
would need the confrontation with the newer literature on the
water shell of proteins, which could be the subject of an
independent review. In this mini review, we will focus on the
applicability of this technique to study biological systems and on
the interpretation of its results, with a strong emphasis on model
lipid membranes.

Below, we start with a short overview of the current knowledge
about the hydration of biological systems. Further, we shortly
describe the theoretical background of TDFS method. Then, we
cover the interpretation of the relaxation probed in lipid
membranes. We address the applicability of the method and
clearly point out its limitations. Description of the TDFS
instrumentation as well as the choice of the fluorescent probes
is also given.

WHAT DOES ONE UNDERSTAND AS THE
“WATER SHELL” OF A LIPID BILAYER,;
CONCLUSIONS FROM LABEL-FREE
TECHNIQUES

Before focusing on the principles and applications of the TDES
technique for the investigation of lipid bilayers, it is helpful to
discuss the current knowledge on the hydration shell of
biomolecules obtained by label free techniques. It is essential
to acknowledge that within the last decade advances in molecular
dynamics simulations as well as in ultrafast vibrational
spectroscopy led to a much clearer picture about how one has
to understand the water shell of lipid bilayer. The conclusions
drawn were summarized in a seminal review by Laage et al.
(2017). We take here the liberty to quote directly from this review:
“Starting from the interfacial water layer, the hydration shell
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assumes the structure of bulk-like water within a few layers,
typically less than five layers. Claims of a significant long-range
modification of the structure and dynamics of water around
biomolecules lack theoretical and experimental evidence.” This
finding clarifies what are those three basic types of the interfacial
hydration modes mentioned in the introduction: 1) bulk water, 2)
water molecules directly interacting with lipids which are
imbedded in 3) adjacent water layers. Importantly, these water
layers are only a few, typically less than five layers.

Despite that relatively low number of interfacial water
molecules, it is undoubtedly accepted that the structure and
function of the biological membranes are strongly affected by
the dynamic properties of the hydration water layer. Indeed, it
plays a pivotal role in transport and signalling functions,
mediating membrane-membrane interactions, as well as the
ones with ions, DNA or proteins (Disalvo and Bakds, 1986;
Hamley, 2000; Berkowitz et al., 2006). This is supported by
evidences showing that the number of molecules in the
hydration shell influences the properties of the lipid bilayer,
such as thickness, area per lipid, melting temperature
(Ladbrooke et al., 1968; Gawrisch et al,, 1990). Even though
above a clear definition of the hydration shell is given, one has to
acknowledge an intrinsic variability found in the literature which
is dependent on the method used (Laage et al., 2017). Different
methods might probe different aspects or concepts of the
same issue.

The hydration shell in lipid bilayers is highly oriented, due to
the tendency of the water molecules to reach the lowest number of
hydrogen bonding configuration as well as electric field created by
the oppositely charged choline and phosphate groups (Gawrisch
et al., 1990). ATR-FTIR studies have detected perturbation of
water through several layers beyond the first one (Arsov, 2015).
By using computational approaches, an average value of the
hydration shell thickness has been estimated to be around
3.5 A. The value can be determined as the distance to the first
minimum in the radial distribution function (Stirnemann et al.,
2013; Duboué-Dijon and Laage, 2014; Fogarty and Laage, 2014;
Duboué-Dijon et al., 2016). All-atom simulations have shown
that bound water might play an essential role in stabilizing the
phospholipid self-assembly, by establishing strong hydrogen
bonds and bridging between lipids (Calero and Franzese, 2019).

NMR allows to probe the dynamics of water molecules (Laage
et al., 2017). Moreover, it gives information about the water
molecular reorientation by monitoring the longitudinal spin
relaxation rates of water hydrogen or oxygen isotopes or by
measuring the quadrupolar splitting, proportional to water
orientation order parameters (Abragam, 1961; Konig et al,
1994; Ulrich and Watts, 1994; Volke et al.,, 1994; Wassall,
1996; Berkowitz et al., 2006). Historically, NMR significantly
contributed to the current knowledge about the hydration
layers, e.g., for PE, PG and PC lipids purified from E. Coli,
two distinct regions could be distinguished in the relaxation
time profile obtained by 2H-NMR. A minimum of 11-16
molecules was found to be part of the first hydration shell,
corresponding to a correlation time of 90 ms. Furthermore, an
exchange with water molecules not strictly belonging to the first
layer has been observed (Borle and Seelig, 1983).

TDFS in Biomembranes (and Proteins)

Other representative experimental methods to evaluate water
molecules lipid membranes are X-ray and neutron diffraction
spectroscopies, specifically the combination of LAXS and neutron
scattering from isotropic unilamellar vesicles has been proved to
give precise information (Tristram-Nagle and Nagle, 2004;
Kucerka et al., 2008). SAXS and SANS are nowadays regularly
applied to determine molecular structure at the nanometer scale
(Svergun et al., 1998; Merzel and Smith, 2002; Koch et al., 2003;
Foglia et al., 2010). Briefly, the combined methods allow to
calculate structural features, such as bilayer thickness and area
per lipid, which are needed, together with other parameters
obtained by specific fitting procedures, to gain information
about the number of water molecules. By correcting the
equation, insights on the steric number of water molecules,
namely headgroup structural water, can be obtained
(Tristram-Nagle, 2015). By using the above-described
approach, this value was estimated to be between 7 and 8
bound water molecules for phosphatidycholine headgroup
(Nagle and Tristram-Nagle, 2000). However, a more
comprehensive summary and a related comparison with other
experimental techniques can be found elsewhere (Tristram-
Nagle, 2015).

QENS and THz TDS are other powerful techniques to study
the dynamics of water molecules in the hydration shell,
strongly bound to lipid membranes (Swenson et al., 2008;
Hishida and Tanaka, 2011; Yamada and Seto, 2020). While
QENS probes the hydrogen motions over different length scale
by varying the wavenumber, the THz TDS monitors the
collective hydrogen-bond distortion by measuring the
absorbance in the far infrared frequency range (Laage et al,
2017). Taking advantage of their lower scattering section,
hydrogen atoms can be replaced by deuterium ones. The
latter renders QENS sensitivity to the specific hydrogen
atoms, for instance the water ones and not those belonging
to the biomolecules (Laage et al., 2017). THz TDS can measure
the dynamics of water molecules around 107"*s (1 THz =
0.16 ps) (Ronne et al., 1999; Yada et al, 2008). NMR and
inelastic neutron scattering can investigate time scales up to
107°-10"!'s (Swenson et al, 2008; Amann-Winkel et al.,
2016), but the rotational relaxation time of bulk water is
around 107" s (Hishida and Tanaka, 2011). As such, NMR
and inelastic neutron scattering methods are capable of
investigating the water molecules in the first hydration
shell, without accessing the dynamics of the long-range
water molecules in the hydration shell. By THz TDS in
DOPC bilayers 1-4 “irrotational” water molecules per lipid
have been identified (Tielrooij et al, 2009). Whereas
employing QENS the number of bound water molecule was
found to be around five in DMPC bilayers decreasing with
temperature, the sum of tight and loose water molecules
around 10, and constant within the studied temperature
range (Yamada et al., 2017).

Further insights could be gained by using a combination of
different techniques, e.g., NMR and neutron diffraction study
have showed that water molecules in the hydration shells actually
interact with the headgroup of DOPE lipids, specifically with the
ammonium group (Rhys et al., 2019). Moreover, combining THz
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FIGURE 1| A schematic drawing illustrating TDFS method: On the left, a simplified Jablonski diagram is depicted. A fluorescence probe represented by a light blue

star bearing certain dipole moment (black arrow) is solvated by water molecules. These are oriented in the energetically lowest conformation in the ground state. Upon
the excitation, a dipole of the dye changes rapidly, organization of the solvation shell thus becomes energetically unfavorable. Consequently, the solvent molecules start
to reorient which decreases the energy of the system. This continuous decrease can be accessed by recording TRES which shows red-shift in time (upper right
figure). The TRES maxima are then analyzed yielding overall dynamic Stokes shift Av and characteristic relaxation time t (lower right figure). Av and t reflect the extent of
energy relaxation caused by hydration and mobility of the hydrated lipid segments in the probe microenvironment, respectively.
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TDS with SAXS, it has been concluded that the thickness of
hydration shell in the DMPC membranes is approximately 1 nm
and there are around 28 water molecules belonging to this
hydration shell (Hishida and Tanaka, 2011). Some of these
studies aimed to shed light on the localization of the water
molecules composing the hydration layer. It has been shown
that the phosphatidylcholine headgroup is strongly associated
with water, more specifically, phosphate and carboxyl groups are
oversaturated in the number of hydrogen bonding, when
compared to the bulk water (Foglia et al., 2010).

It should be highlighted that the here given information on
the water shell of lipid bilayers are simply selected examples
from a large variety of techniques and does not represent a fully
comprehensive overview of the literature. The exact definitions
of bound water and the obtained results vary for those
techniques. Nevertheless, from those selected examples a
rather clear picture of the water shell arises, which we would
like to summarize here for a phosphatidylcholine bilayer. A
phosphatidylcholine headgroup contains, beside of the three
glycerol oxygen atoms and two carbonyls, a positively charged
choline and a negatively charged phosphate group. Thus, the
phosphatidylcholine offers eight oxygen atoms for establishing
hydrogen bonds. Interestingly, the experimentally determined
numbers of bound water molecules per lipid molecule are found
to be in the same order of magnitude. Further the experimental
data suggest the water layers adjacent to those bound water
molecules to be thinner than 1 nm and formed by about 20
water molecules or less. Beyond that layers water molecules
behave as in the bulk.

While these examples are based on label-free techniques,
TDFS requires an introduction of low concentrations of
aromatic chromophores to the lipid bilayer, which can disturb
the studied system. However, as shown in the next paragraph,
TDES can give distinct information on the changes in hydration

and mobility at defined positions within the phospholipid
headgroup, with the advantage to the label free techniques of
being experimentally simple and inexpensive.

BASIC PRINCIPLES OF TIME-DEPENDENT
FLUORESCENCE SHIFT

TDEFS was originally applied for studying solvation dynamics in
neat solvents, e.g., proving water relaxation to occur on the sub-
picosecond time scale. It is based on the perturbation of the
solvation shell of the fluorophore caused by its rapid electronic
excitation accompanied by the change in its charge distribution.
Surrounding molecules, when bearing dipole moment, start to
reorient in order to adapt to the abrupt change caused by the
solute excitation. The solvent molecules keep on rearranging till
the energetically favorable state is reached. This continuous
relaxation process leading to the dynamic decrease in the
energy of the system is known as solvent relaxation. It is
projected as the transient red-shift of the recorded time-
resolved emission spectra (TRES) being the core of TDES
technique (Figure 1). The TDFS analysis comprise the
difference between the energies of initial non-equilibrium
Franck-Condon state and fully relaxed excited state, denoted
as Av, which correlates with polarity of the solvent (Horng et al.,
1995). Moreover, the kinetics of the TDFS was found to reflect
solvent viscosity (Ito et al., 2004). This is the straightforward
interpretation that is applicable in the case of neat solvents.
However, the situation gets more complex in the presence of
biological molecules and biointerfaces, due to their heterogeneous
nature. The most striking difference is the retardation of the
TDFS timescales occurring universally for the vast majority of
biomolecules and biointerfaces. Specifically, significantly slower
components (subnano- and nanoseconds) appear in TDEFS
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kinetics. The explanation for this slow-down implies that the slow
TDEFS does not originate from the motions of individual water
molecules, but is governed by the movements of the hydrated
segments of biomolecules. Naturally, the contribution of the
segmental movements to TDFS response is highly dependent
on the type of biomolecule/bioassembly. Therefore, the analysis
and interpretation of TDES results require profound knowledge
of the investigated system. In the following section, we will
illustrate this approach on mapping the organization of the
lipid bilayers by TDES, taking into consideration broader
atomistic context.

TIME-DEPENDENT FLUORESCENCE
SHIFT IN MODEL LIPID MEMBRANES

The Origin of the Solvent Relaxation in Lipid

Membranes

The molecules of water hydrating lipid bilayer are the major source
of polarity sensed by TDFS. The mobility of those water molecules
is, however, strongly restricted. Compared to bulk aqueous
solutions the timescale of relaxation probed by TDEFS slows
down from hundreds of femtoseconds to nanoseconds on the
distance of 1-2 nm (Sykora et al., 2002a). Here we focus on the
origin of the relaxation process in lipid membranes. In pure water,
the relaxation starts with fast librational motions, after which
rotations and translations of water molecules establish a new
transiently equilibrated molecular arrangement (Horng et al,
1995). Of course, this new order lasts only till the fluorescent
emission of the probe occurs. Relaxation in bulk water is affected by
the structural properties of the bulk water with its complex, but
dynamic, hydrogen bonding network. Spectroscopic data, as well as
computer simulations, clearly demonstrate that solutes can affect
only the structure of water within a distance of about the size of two
to five water molecules and that the disturbance disappears within
picoseconds when its source is removed (Zhong et al., 2011; Laage
et al,, 2017). This is why the structural properties of water are
insufficient to explain the three-orders of magnitude slow-down of
the relaxation process in lipid bilayers. The frequent exchanges
between the molecules of bulk water and those bound to lipids do
not contribute considerably to the relaxation process. It is because
the arrangement of the newly arrived water molecules is the same
as the one being replaced. It is still defined by the arrangement of
the molecules of lipids (Horng et al.,, 1995). Effectively, all water
molecules that are entrapped at phospholipid bilayer are bound to
lipids and to each other creating a rather well-defined network. In
order to dipolarly relax, this network requires movement of the
hydrated lipid molecules or their parts. Of course, the method is
sensitive only to the molecular motion relative to the fluorophore.
This is an important consideration since the molecule of the
fluorescent probe can be equally mobile as the molecules of
lipids in its surrounding. Because of the above presented
arguments, the slow relaxation components observed in a lipid
bilayer should be attributed to the movement of the molecules of
lipids and fluorophore, rather than the individual movement of the
molecules of water (Sykora et al., 2002a).

TDFS in Biomembranes (and Proteins)

Interpretation of Time-Dependent

Fluorescence Shift Results

The polarity sensed by TDFS in lipid bilayer is usually determined
by the average number of water molecules within the
microenvironments of the fluorescent probes. This is the
foundation of TDES sensitivity to membrane hydration. Not
only TDES provides a quantitative measure of membrane
hydration (i.e., the extent of energy relaxation caused by
hydration), but it also measures it locally (at certain depth
within the membrane). This increases the specificity of the
obtained information about membrane hydration and allows
assessment of the complete hydration profiles of lipid
membranes (an example can be found in Figure 2A).

The fact that the nanosecond relaxation probed by TDEFS
reflects the mobility of hydrated phospholipids is the source of the
unique sensitivity of this method to the changes in lipid
dynamics. These changes can be easily measured in free
standing, fully-hydrated lipid membranes, which is uncommon
for other methods including label-free techniques. TDES allows to
study even the subtle effects caused by heavy water (Beranova
etal., 2012), specific salt ions (Jurkiewicz et al., 2012b) or lipid and
sterol oxidation (Kulig et al., 2015b), to name just a few. As in the
case of hydration also the mobility of hydrated lipid moieties is
assessed locally. E.g., Patman, which is located at the level of lipid
carbonyls, was shown to probe the hydration and mobility of the
sn-1 lipid carbonyls (Olzynska et al., 2007). With sensitivity and
specificity of TDFS comes the need for the great care when
designing and interpreting the results of the experiments.

Limitations of the Method

TDES interpretation provided above is strictly valid for deeper
locations of polarity probes in lipid bilayer, ie., when
fluorophores are positioned around the level of phospholipid
glycerol backbone and deeper. Probes located more outside are to
some extend influenced by the fast bulk-water relaxation. This
contribution becomes a dominant source of the whole relaxation
process for the case the probe is located in the outer part of the
headgroup region or further away (Horng et al., 1995). Also, in
the case of very deep locations of the fluorophores, proper
recording of the whole relaxation process might be impossible
(Volinsky et al., 2011). It is due to limited probe lifetime (usually a
few nanoseconds) and low polarity caused by only sparse
presence of water in this region.

Limited fluorescence lifetime of a probe is also the reason, why
TDEFS is fully applicable only to lamellar liquid-crystalline lipid
phases. Heavily immobilized lipids, e.g., in their gel-phase (S,), do
not provide sufficient rearrangement during the lifetime of a
probe (Amaro et al., 2014). Fortunately, the most physiologically-
relevant are the membranes in their liquid phases. The method is
applicable not only to liquid disordered (L4) phase, but also to the
so-called liquid ordered membranes (L,). In L, phase the mobility
of the molecules is limited by the presence of sterol that fills the
gaps between the phospholipids. Nonetheless, for some cases with
high content of cholesterol or at low temperatures, limitations of
the technique can be also reached in L, membranes (Kulig et al.,
2015a).

Frontiers in Chemistry | www.frontiersin.org

65

October 2021 | Volume 9 | Article 738350


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Scollo et al.

TDFS in Biomembranes (and Proteins)

FIGURE 2 | The effects of oxidation of model lipid membranes on local hydration and mobility probed using TDFS. (A) depicts the influence of the addition of 10 mol% of
truncated oxidized phospholipids (oxPLs) into POPC liposomes. The relative changes in hydration and mobility profiles across the membrane are obtained by comparing
TDFS parameters measured in the absence and in the presence of oxPLs. They are presented based on the known or estimated locations of the used fluorophores
(Dtmac, Laurdan, Patman, 9-AS, and 16-AP). The schematic structures of the lipid molecules are presented in scale. (B) depicts the influence of the addition of
10 mol% of cholesterol and two of its oxidation products into POPC liposomes. Position of the sterol molecules within the bilayer are schematically portrayed based on
molecular dynamics simulations, but the effects are exaggerated for the illustrative purposes. The TDFS result shown in the bar graphs are color coded. Experimental
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2011; Kulig et al., 2015b).

Fortunately, TDFS methodology provides suitable tools to
recognize the problematic situations described above. Careful
examination of the full-width at half-maxima (FWHM) of TRES
and the time-zero spectrum estimation allow for identification of
the number of problems and for evaluation of the completeness of
the recorded relaxation process. The basics and applicability of
these tools was described in detail in our previous work
(Jurkiewicz et al., 2005).

The contribution of lipid molecules to the polarity measured
by TDES is usually limited when compared to that of water
molecules. Nevertheless, possible contribution of the system
components (including lipids) to the measured polarity, as
well as possibility of their specific interactions with fluorescent
probe should be evaluated in each case. After the issues related to
probe relocation (discussed in section “Choice of the suitable dyes
for membrane and protein studies”), the specific influence of the
studied molecules on the fluorescent probe are the major source
of complicacy in TDEFS analysis.

Steady-State Alternatives for
Time-Dependent Fluorescence Shift

The polarity probes utilized in TDFS can be useful even when
time-resolved instrumentation is not available. The most
common steady-state methods that utilize fluorescent polarity

probes and can be applied to characterize lipid membranes
include red-edge excitation shift (REES) (Lakowicz and
Keating-Nakamoto, 1984; Demchenko, 2002) and generalized
polarization (GP) (Parasassi et al, 1990; Bagatolli, 2012).
Lower cost of instrumentation, often simplified analysis and
faster measurements, but also compatibility of some of them
with fluorescence microscopy are advantages that should not be
overlooked. In the case of rigorous evaluation of the lipid
membrane properties their major drawback is the lack of the
kinetic data. Lipid hydration and mobility, the two parameters,
that are readily available from TDEFS analysis, remain inevitably
coupled in steady-state methods, and additional information is
needed in order to separate their contributions to the measured
steady-state parameters. The absence of such information might
lead to certain misinterpretations, e.g., when the changes of a single
parameter, like GP, are interpreted exclusively in terms of either
hydration/polarity or mobility/fluidity of lipid bilayer, without
considering that they may change together and sometimes even
compensate for each other (see, e.g., Amaro et al., 2014). A wise
compromise between TDFS and the simplified approaches is
sometimes possible. For example, the time-resolved version of
GP, proposed already by Parasassi et al. (1986), was recently
adapted to confocal microscopy allowing successful GP-FLIM
analysis of living cells in a manner assuring both sufficient
precision and speed needed for live-cell imaging (Ma et al., 2018).
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characteristic relaxation time T can report directly (i.e. without
data modelling) on subtle changes in 1) the degree of hydration
and 2) mobility, respectively, of the hydrated phospholipid or
protein segment at the close vicinity of the fluorophore embedded
in the bilayer. This implies that for a meaningful application of
the TDEFS technique the precise knowledge on the location of the
dye is required. In protein science this pre-requisite is achieved by
site-selected labelling, while the location of the chromophore of
amphiphilic membrane probes can be determined by quenching
experiments and molecular dynamic (MD) simulations. Together
with MD simulations the TDFS approach identified how
molecular parameters like membrane curvature (Sykora et al,
2005; Magarkar et al., 2017), lipid composition (Jurkiewicz et al.,
2005; Jurkiewicz et al., 2006; Olzynska et al.,, 2007; Jurkiewicz
etal., 2012b; Melcrova et al., 2019), presence of ions (Vécha et al.,
2010; Jurkiewicz et al., 2012b; Pokorna et al., 2013; Melcrova et al.,
2016; Melcrové et al., 2019), presence of pharmaceuticals (Forst
et al., 2014), membrane binding of peptides (Machan et al., 2014;
Olsinovd et al., 2018), or lipid oxidation (Beranova et al., 2010;
Volinsky et al., 2011; Jurkiewicz et al., 2012¢; Vazdar et al., 2012;
Stefl et al.,, 2014; Kulig et al., 2015b; Kulig et al., 2016) control the
hydration and mobility in the headgroup region of bilayers. On
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the protein side the TDFS again combined with simulations
demonstrated the significance of hydration and mobility in
enzyme enantioselectivity (Jesenska et al, 2009; Stepankova
et al., 2013; Sykora et al., 2014) as well as demonstrated how
lateral membrane pressure changes the hydration profile in
transmembrane channels (Fischermeier et al., 2017).
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GLOSSARY

2-AS 2-(9-anthroyloxy)stearic acid

9-AS 9-(9-anthroyloxy)stearic acid

16-AP (16-(9-anthroyloxy)palmitoic acid
ABA-C15 N-palmitoyl-3-aminobenzanthrone
ANS 8-Anilinonaphthalene-1-sulfonic acid

ATR-FTIR Attenuated Total Reflectance- Fourier Transform Infrared
Spectroscopy

Badan 6-Bromoacetyl-2-Dimethylaminonaphthalene
C17DiFU 6,8-difluoro-4-heptadecyl-7-hydroxycoumarin
CaCl2 Calcium Chloride

Chol Cholesterol; - Coumarins: benzo-a-pyrones

Dauda 11 -((5-dimethylaminonaphthalene-1-sulfonyl)amino)
undecanoic acid

Di-4-ANEPPDHQ 1-[2-Hydroxy-3-(N,N-di-methyl-N-hydroxyethyl)
ammoniopropyl]-4-[p-[2-(di-n-butylamino)-6-napthyl] vinyl]pyridinium
dibromide

DMPC 1,2-dimyristoyl-sn-glycero-3-phoshatidylcholine

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

DTMAC 4- [(n-dodecylthio)methyl]-7-(N,N-dimethylamino)-coumarin
FCS Fluorescence Correlation Spectroscopy

FWHM Full-Width at Half-Maxima (FWHM)

GP Generalized Polarization

GP-FLIM Generalized Polarization- Fluorescence Lifetime Imaging
Microscopy

HLDs Haloalkane Dehalogenases; - Laurdan: 2-dimethylamino-6-lauroyl-
naphthalene

TDFS in Biomembranes (and Proteins)

LAXS Low Angle X-ray Scattering

MD Molecular Dynamics

NBD nitrobenzoxadiazole, 7-nitrobenz-2-oxa-1,3-diazol-4-y1
NMR: Nuclear Magnetic Resonance

OxPL Oxidized Phospholipid

Patman 6-palmitoyl-2- [[2-(triethylammonium)ethyl]methylamino]
naphthalene chloride

PC Phosphotidylcholine

PE Phosphotidylethanolamine

PG Phosphatidylglycerol

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
Prodan 6-propionyl-2-(dimethylamino) naphthalene
PS Phosphatidylserine

QENS Quasi-Elastic Neutron Scattering

REES Red Edge Excitation Shift

SANS Small Angle Neutron Scattering

SAXS Small Angle X-ray Scattering

SFS Sum Frequency Scattering

SHS Second Harmonic Scattering

SR Solvent Relaxation

TCSPC Time-Correlated Single Photon Counting
TDES Time-Dependent Fluorescence Shift

TDSS Time-Dependent Stokes Shift

THz TDS Terahertz Time-Domain Spectroscopy
TRES Time Resolved Emission Spectra

UV/VIS Ultraviolet-Visible Spectroscopy
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Local Dynamics of the Hydration
Water and Poly(Methyl Methacrylate)
Chains in PMMA Networks

Yoshihisa Fujii’, Taiki Tominaga?, Daiki Murakami®, Masaru Tanaka® and Hideki Seto**

"Department of Chemistry for Materials, Graduate School of Engineering, Mie University, Tsu, Japan, 2Neutron Science and
Technology Center, Comprehensive Research Organization for Science and Society, Tsuchiura, Japan, Sinstitute for Materials
Chemistry and Engineering, Kyushu University, Fukuoka, Japan, “Institute of Materials Structure Science/J-PARC Center, High
Energy Accelerator Research Organization, Tokai, Japan

The dynamic behavior of water molecules and polymer chains in a hydrated poly(methyl
methacrylate) (PMMA) matrix containing a small amount of water molecules was
investigated. Water molecules have been widely recognized as plasticizers for
activating the segmental motion of polymer chains owing to their ability to reduce the
glass transition temperature. In this study, combined with judicious hydrogen/deuterium
labeling, we conducted quasi-elastic neutron scattering (QENS) experiments on PMMA for
its dry and hydrated states. Our results clearly indicate that the dynamics of hydrated
polymer chains are accelerated, and that individual water molecules are slower than bulk
water. It is therefore suggested that the hydration water affects the local motion of PMMA
and activates the local relaxation process known as restricted rotation, which is widely
accepted to be generally insensitive to changes in the microenvironment.

Keywords: poly(methyl methacrylate), water, quasi-elastic neutron scattering, dynamic behavior, swelling

INTRODUCTION

It is expected that the amount of polymer materials suitable for medical diagnosis and treatment will
continue to increase in the coming years. To ensure such progress, the sorption and diffusion of water
in polymers must be understood in detail, since they are important factors in drug delivery systems
(Langer and Peppas, 1981; Arce et al., 2004), the desalination of water (Cath et al., 2006; Geise et al.,
2010), fuel cells (Mauritz and Moore, 2004), coatings (van der Wel and Adan, 1999), and packaging
(Auras et al.,, 2004). When a polymer is integrated as part of an organ, or as a diagnostic or in situ
diagnostic or treatment equipment, the polymer surface is typically in contact with an aqueous phase,
and so must be both biocompatible and able to adsorb water. Although poly(methyl methacrylate)
(PMMA) is commonly used in many technological applications (Tetz and Jorgensen, 2015) due to its
excellent cost performance in terms of its mechanical, optical, and interfacial properties, it does not
exhibit a high biocompatibility or water content compared to other recently reported biocompatible
materials. However, despite its low biocompatibility, PMMA has been employed as a medical
material (Tetz and Jorgensen, 2015), although the accurate measurement of liquid water sorption in
such vitreous polymers has been limited (Santos et al., 2017). Unlike transport experiments based on
the use of polymers containing gases or vapors as diffusing agents, traditional weighing techniques
that measure the diffusion of liquids in solid-state polymers (e.g., films) typically involve a tedious ex
situ pat-and-weigh technique that can possess a low sensitivity and a high experimental error (Davis
et al, 2011). In the case of PMMA /water mixtures, it was found that the polymer adsorbed only a
small amount of water (~2 wt%), which had little effect on the polymer biocompatibility.
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In terms of the mechanical relaxation behavior of PMMA,
Tanaka et al. (2008) studied the thermal relaxation of this
polymer at the water interface by scanning force microscopy
(Fujii et al., 2010) and demonstrated that the segmental motion
could be released at room temperature. In their experiment, the
penetration depth of the probe tip, which should correlate with
the analytical depth, was ~5 nm. Considering the existence of a
PMMA density gradient close to the water interface, a faster
molecular motion should appear closer to the interface. This
phenomenon is primarily associated with the plasticization of the
material, as extensively reported in the literature. Understanding
how water molecules behave in a variety of restricted
environments is therefore key to better understanding their
roles in chemical and physical processes. In the context of
biocompatibility, Tanaka and Mochizuki investigated the
excellent blood compatibility of poly(2-methoxyethyl acrylate)
(PMEA) in terms of its contact angle, equilibrium water content,
and thermal analysis. Their differential scanning calorimetry
(DSC) experiments showed that the water present in PMEA
could be classified into three types, namely non-freezing water,
freezing free water, and freezing intermediate water (Tanaka and
Mochizuki, 2004). This categorization of water and its
relationship with polymer biocompatibility have been verified
using several experimental techniques (Miwa et al., 2009; Tanaka
et al., 2021); however, the origin of intermediate water formation
is not yet understood. As mentioned above, the majority of
studies into the dynamics of hydrated polymer chains and the
adsorbed water have been conducted on hydrophilic polymers
that are easily swollen; few such studies have been carried out into
hydrophobic polymer systems due to experimental difficulty.

Neutron scattering experiments on a protiated polymer
sample can provide information regarding the self-correlation
function of hydrogen atoms (H). Furthermore, since the
difference between the incoherent cross-section of protium
and the total cross-section of deuterium (D) is ~80 times
larger, the intensity scattered by a subset of the protium
hydrogens can be strongly enhanced if the selective
deuteration of the other hydrogens is possible by means of
chemical methods. Thus, quasi-elastic neutron scattering
(QENS) via back-scattering spectroscopy, which covers both
the temporal picosecond to nanosecond scale and the spatial
scale from 0.3 to 8 nm, is an effective means to investigate the
dynamics of both hydration water and bulk water (Telling, 2020).
In addition, through the use of selective deuteration, the self-
correlated dynamics of a specific component of a complex system
can be observed. To date, several QENS measurements have been
performed to examine the dynamic behavior of hydration water
in the vicinity of biocompatible materials (Colmenero and Arbe,
2013). For example, the authors investigated the dynamic
behavior of hydration water molecules between phospholipid
membranes and demonstrated the existence of three types of
water (Yamada et al., 2017; Seto and Yamada, 2020).

In this article, we report QENS results for mixtures of water
and PMMA carried out from low to physiological temperature to
estimate the activation energy of the local motion of PMMA. The
hydration water in the vicinity of the PMMA chains can be
categorized into three types: slow water with a relaxation time of

QENS on PMMA and Water

more than sub-nanoseconds, medium-speed water whose
relaxation time is slower than that of the bulk water, and fast
water, whose characteristics are similar to that of bulk water.
Although it is known that the dynamic behavior of medium-
speed water is closely related to changes in the local motion of
PMMA (Higgins and Benoit, 1994), the detailed dynamics
of hydrated water and the local motion of PMMA, the latter
of which is expected to change due to hydration, have not yet
been clarified. Therefore, the correlation between the water
and PMMA dynamics in the hydrated state are elucidated
using the H/D contrast in both the water and PMMA
components.

EXPERIMENTAL

The perdeuterated poly(methyl methacrylate) (dAPMMA) was
purchased from Polymer Source Inc., with a number-average
molecular weight (M,) of 15,500 g/mol, a weight average
molecular weight (M) of 16,000 g/mol, and an M,/M,, ratio
of 1.02. Protiated PMMA (hPMMA) was also purchased from
Polymer Source Inc., with an M,, value of 15,000 and an M,,/M,
ratio of 1.12. These polymers were used as received without any
further purification. The dPMMA was dissolved in perdeuterated
toluene to prevent the exchange of D and H during film
preparation. Similarly, the hPMMA film was prepared in a
protiated toluene solution. The film thicknesses were
controlled to ~1 and 0.2mm, respectively, to maintain a
neutron transmittance of ~90% for each sample. The films
were annealed under vacuum at 150°C for 24 h. Hydration
films were prepared by immersing in Milli-Q water (H,0O) and
deuterated water (D,0, >99.96 atom% D) purchased from Sigma-
Aldrich Co. LLC. The water content was calculated using the
weight differences for the samples before and after water
absorption. The water content of dAPMMA/H,0 was 2.7 wt%,
while that of dPMMA/D,O was 2.4 wt%; these values are
comparable to the saturated water content of PMMA. Since
PMMA film is brittle even when it contains water, a flat
specimen of the film was used since it cannot be bent into the
cylindrical sample shape that is required for the QENS
measurement cell. Thus, the sample sheets were installed on
flat aluminum cells, as shown in Figure 1. The samples were
wrapped with Nb foil with a thickness of 25 pm to avoid corrosion
of the aluminum upon contact with water. Due to the fact that the
scattering cross-sections of aluminum and the Nb foils are small
in comparison to the incoherent cross-section of protons in the
sample, their influence can be ignored by minimizing the
thicknesses of the Nb and Al components.

The QENS measurements were performed using a time-of-
flight near-backscattering spectrometer BL02 (DNA) (Shibata
et al, 2015; Seto et al., 2017; Kajimoto et al., 2019) at the
Materials and Life Science Experimental Facility (MLF) at the
Japan Proton Accelerator Research Complex (J-PARC). The
injected proton beam power incident on the neutron target
was approximately 500 kW. The energy resolution was 12 peV
(high-flux mode), and was achieved using a Si 111 analyzer. The
flat plate sample was placed at an angle of 30° with respect to the
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FIGURE 1 | Photographic image of the flat aluminum cell used in this study. The PMMA sheet wrapped in Nb foil was installed in the center of the sample space
(80 mm x 40 mm) and sealed by an indium wire to prevent the evaporation of water during measurement.
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0 | o (hPMMA/dry) g : o (hPMMA/dry) 0 2 o (hPMMA/dry)
105 3§ e (PMMA/D,0) 1077 34 © (PMMA/D,0) 104 3 o (hPMMA/D,0)

S(Q, E) [arb. units]
S(Q, E) [arb. units]
S(Q, E) [arb. units]

T T T T T - T T T T T T T T T T T T T T
-02 0.0 0.2 04 06 08 1.0 0.2 0.0 0.2 04 06 08 1.0 0200 02 04 06 0.8 1.0
dE [meV] dE [meV] dE [meV]

FIGURE 2 | QENS profiles of hPMMA/D,0 (red closed circles) and dry hPMMA (blue open circles) at Q ~1 A" of in the high-flux mode at -30, 5, and 37°C.

incident beam, and data were acquired in the Q range of  possible extent, and allows a detailed discussion of the water
0.125-1.54 A™'. The QENS measurements were performed at  dynamics.

-30, 5, and 37°C, with energy transfer (E) ranges of —0.2 < E DSC measurements were carried out using an EXSTAR
[meV] < 1.0. Data analysis was performed without instrumental X-DSC7000 (Hitachi High-Tech Corp.) instrument. During
background or sample cell scattering. The detector efficiency and ~ scanning, the samples were cooled from 30 to —100°C at a rate
instrumental resolution function were obtained from the  of 5°C/min, held at —100°C for 5 min, and heated to 30°C at a rate
incoherent scattering of the vanadium standard. The dynamics  of 5°C/min under a flow of nitrogen.

of PMMA in the dry and hydrated states were measured using

hPMMA and D,0O. When evaluating the dynamics of the water

molecules present within the PMMA matrix, fitting was RESULTS AND DISCUSSION

performed after subtracting the result of (dAPMMA/D,0) from

(dPMMA/H,0) at 37°C. This subtraction operation reduces the = To investigate the molecular dynamics of PMMA in the dry and
contribution of scattering from dPMMA to the maximum  hydrated states, dry hPMMA and hPMMA/D,0O were prepared.
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FIGURE 3 | Typical Q-dependence of the Lorentz function half width at
half maximum (I') for the dry hPMMA and the hydrated hPMMA at 37°C.

During the QENS measurements of the dry hPMMA and
hPMMA/D,O samples, protons were only included in PMMA,
so that the QENS signals mainly originated from the dynamics of
the PMMA chains. Figure 2 shows the QENS profiles of these two
samples at Q ~1 A™', which were recorded at —30, 5, and 37°C.

Upon examination of Figure 2, it is clear that the QENS
profiles from the hydrated hPMMA sample (red closed circles)
were broader than those from the dry hPMMA sample (blue open
circles) at all temperatures measured. This indicates that the
molecular mobility of PMMA was activated in the presence of
water under these conditions, even when the temperature was
lower than that required for the beta-relaxation process related to
the side chain (i.e., -COOCH3) of PMMA (McCrum et al., 1967).
We then examined the assignment of the observed molecular
motion by evaluating the temperature dependence of peak
broadening (I'). More specifically, we employed the sum of
two terms, namely the delta function and the Lorentz
function, to interpret the QENS profiles as follows:

S(QE)=R(QE®VS(QE)+wL(ILE)+B, (1)

where R(Q, E), §(Q, E), L(I, E), and B, represent the resolution
function, the delta function, the Lorentz function, and the
constant background, respectively. In addition, the v, (n = 1,2)
is related to the number of hydrogen atoms in each motion. Here,
T is the half-width at half-maximum (HWHM) of the Lorentz
function. It is reasonable to interpret that §(E) and L(I, E)
represent the immobile (frozen) chains and the mobile
functional groups, respectively, which can be obtained by the
resolution and the Q-E window of the DNA spectrometer in the
high-flux mode. Fitting was performed using the least-squares
method on Igor Pro (WaveMetrics). This interpretation is
supported by the weak Q-dependence of I' (shown in
Figure 3), which could be evidence that the Lorentz function
originates from a local motion of PMMA chains.

Figure 4 shows semilogarithmic plot for the dry and hydrated
hPMMA samples. The horizontal axis represents the reciprocal of

QENS on PMMA and Water

the measurement temperature (1/7), while the ordinate is the
logarithm of the I' of the Lorentz function. As can be seen from
this figure, the HWHMs of the Lorentz function for both the dry
and hydrated hPMMA samples increased with increasing
temperature. Within the temperature range employed, the
relationship between In I' and T ' seems to be linear, thereby
indicating that the plots can be represented using an Arrhenius
type equation. This is a characteristic feature for relaxation
processes in confined systems, such as in the case of side-
chain rotation. Subsequently, using Eq. 2, the apparent
activation energy (AH*) was obtained for the local molecular
motion:

['=T.exp(—-AH*/ky-T) @)

In this equation, AH* is the activation energy barrier for
rotation, kg is the Boltzmann constant, and I, is a
temperature-independent pre-exponential factor. Based on
previous literature (Mukhopadhyay et al, 1998), a value of
4.8 meV was adopted as I', in the case of PMMA.

The activation energies of the dry and hydrated hPMMA
samples were then estimated from the plots presented in
Figure 4. More specifically, the AH* value for the hydrated
hPMMA was estimated to be 3.1kJ/mol, which was
significantly lower than the corresponding value for the dry
hPMMA, i.e., 5.1 kJ/mol. It was therefore considered that the
local motion observed in the QENS measurement originates
from the CH; moieties bind to the polymer side-chain and
backbone since the measurement temperature range was well
below the glass transition temperature at which movement of
the main chain was frozen. From the magnitude of these values
of AH*, the molecular dynamics observed during these QENS
measurements were attributed to the local rotational motion of
PMMA, which corresponds well with previous studies of QENS
measurements (Arrighi et al., 1995; Sakai and Arbe, 2009). This
difference could be attributed to the fact that the local

-9.5
[ * hydrated hPMMA
96 . o dry hPMMA
S 97F e .
() i R
o i S .
c 98f T
99 — S
_10'.........|.........l........\?\»
3 3.5 4 4.5
1000/T [K™]
FIGURE 4 | Semilogarithmic plot between the half width at half
maximum (I') of the Lorentz function, versus the reciprocal of the absolute
temperature for the dry hPMMA and hydrated hPMMA samples.
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FIGURE 5 | Typical fitting result for a QENS profile obtained from the
difference between dPMMA/H,O and dPMMA/D,0.

molecular motion in the hydrated sample is accelerated by
water molecules. It should be noted here that early studies into
the rotational motion of the ester methyl group in PMMA
showed a peculiar temperature dependence for the width of the
quasi-elastic component (Kunal et al., 2008), wherein the full
width at half maximum (FWHM) versus the inverse of
temperature did not follow a simple Arrhenius law. More
specifically, the apparent activation energy was measured,
and was found to vary from 1kJ/mol at 150 K to 7 kJ/mol at
room temperature. It should be emphasized that molecular
motion on a relatively small scale is generally insensitive to
changes in the microenvironment (McCrum et al., 1967). For
polymers, these can arise from the motion of pendant groups
and usually have no relation to structural relaxation or to the
surroundings. On the other hand, a recent study using two-
dimensional nuclear magnetic resonance spectroscopy
revealed that P-relaxation is a complex process consisting of
the hindered rotation of side chain groups in addition to local
cooperative (Schmidt-Rohr al,, 1994).
Furthermore, Fukao et al. (2001) used dielectric relaxation
spectroscopy to examine the a,- and P-relaxation processes
in ultrathin films of PMMA. They claimed that once the
thickness became smaller than a critical value of ~100 nm,
the relaxation temperatures for the a,- and P-processes
decreased with a reduced thickness owing to the surface
effects. This indicates that the (-process depends on the
microenvironmental changes. Importantly, our findings do
not contradict their results, and may suggest that extremely
small-scale molecular motions, such as those of methyl groups,
are also accelerated by water molecules.

It is known that characteristic relaxation times can vary
significantly depending on the local configuration around the
relaxing unit. For example, movement of the methyl group
can be inhibited by direct connection to the main chain.

movement et

QENS on PMMA and Water

However, if the methyl group exists as part of an ester or
ether group attached to the main chain, as in the case of
PMMA, these librational modes are hardly observable
(Mukhopadhyay et al., 1998). Therefore, further QENS
experiments using partially deuterated PMMA systems
should be performed to clarify whether the local motion
originates from directly linked methyl groups or from ester
methyl groups.

Subsequently, we evaluated the dynamical behavior of water in
the vicinity of the polymer chains in the hydrated PMMA. To
evaluate the motion of the hydration water molecules present
within the PMMA matrix, QENS experiments were carried out
on the mixtures of dAPMMA/H,0 and dPMMA/D,0 at 37°C, and
the data corresponding to dPMMA/D,0O were subtracted from
those of dPMMA/H,O to estimate the contribution from H,O.
The QENS profiles were then obtained from the result of
subtraction at Q ~1A™', as shown in Figure 5. For this
purpose, we used the sum of three terms, namely one delta
function and two Lorentz functions, to interpret the QENS
profiles as follows:

S (Q) E) =R (Q) E)® (VI(S (Qs E) + VZLmid (Fmids E)

+ V3Lfast (Ffast! E)) + Bﬁ (3)

In this equation, the delta function represents the slow mode
(i.e., narrower than the instrumental resolution) component,
whereas the subscripts “mid” and “fast” indicate the middle-
speed water and fast water components, respectively.

Figure 6 shows the Q-dependence of I'y;q (black closed
circles) and I (red closed circles), and based on the
observed trend, only I'py could be explained by the jump
diffusion model shown as the fitting line (blue). The fitting
assuming the jump diffusion model (Bée, 1988) was performed
based on the following equation:

I'=Dq’/(1+ Dq’t) (4)
0.15¢
C s
) S 4
% - / ® Lot
=) E 7 ® [ id
0.05 -_7 / fitting line
E/Q N () . [ ] [] & é
0'....|....|....|....|....l....|....
0O 05 1 1. 2 2 3 35
Q@ [A7]
FIGURE 6 | Q-dependence of HWHM (I).
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FIGURE 7 | DSC thermograms for dPMMA in its dry and hydrated
states.

where 7 and D are the mean residence time and the diffusion
coefficient, respectively. Thus, from the fitting of the Q-
dependence of Iy, the 7 and D values for the water
molecules could be estimated. The diffusion coefficient of the
fast mode was determined to be 1.3 x 10~ m?/s, which is
approximately half of the value for bulk water, ie., 2 X
10" m*/s. Moreover, the mean residence time was 2.9 x
107" s for the fast mode water molecules, which is more than
three times smaller than corresponding value for the bulk
water molecules (i.e., 8 x 10725s). It should be noted that the
motion of the hydration water molecules within the PMMA
matrix is slower compared to that of the bulk water, despite
PMMA being a hydrophobic polymer.

The relaxation time of the fast mode water ranges from
approximately 10™'? to 10™"'s, which is one or two orders of
magnitude faster than the NMR correlation time for
intermediate water. It should be noted that the motion
of water molecules observed by QENS was characterized by
jump diffusion while NMR measurements mainly observe
molecular rotations. Additionally, the diffusion coefficient
of the fast mode water determined herein is comparable to
that of the free water molecules in the case of a mixture of
phospholipid (Seto and Yamada, 2020). This result therefore
confirmed that water exists in the form of intermediate
water in the hydrated PMMA, and this finding can be
explained by considering the formation of hydrogen bonds
between the water molecules and the carbonyl groups of
PMMA (Lee et al., 2010).

Previously, the intermediate water present in biocompatible
polymers has been mainly discussed based on DSC
measurements, and was only found in polymers with relatively
high water contents. Thus, Figure 7 shows the DSC cooling and
heating profiles of the dry dPMMA and hydrated dPMMA
samples examined herein. As shown in the cooling profiles, a
significant difference could be seen between the thermograms of
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the dry and hydrated PMMA specimens. More specifically, in the
hydrated PMMA, exothermic peaks were observed in the range of
—20 to —45°C; these peaks were not observed in the case of the dry
PMMA. Based on previous results (Tanaka and Mochizuki,
2004), it can be considered that these exothermic peaks are
caused by the freezing of hydration water. In addition,
compared with previously reported results for biocompatible
materials with high water contents, the peak at approximately
—20°C originates from the freezing of free water, while the peak at
approximately —40°C may be derived from the intermediate
water. The wide range of exothermic peaks in the cooling
scan may reflect the difference in the hydration state due to
the heterogeneity of the hydration water in PMMA. The
proportion of intermediate water to the total amount of water
was calculated from the enthalpy of water crystallization obtained
from the DSC thermograms with reference to the literature
(Toyokawa et al, 2021). Assuming that the peak at
approximately —45°C was derived from intermediate water,
28% of the 2.6 wt% water content of PMMA is present as
intermediate water, which is an extremely small value
compared to those determined for biocompatible materials,
such as PMEA (Tanaka and Mochizuki, 2004). In a previous
review by Tsuruta, it was mentioned that the shape change
of the time-resolved IR spectrum (in the OH stretching
vibrational region) for the sorbed water of PMMA was
surprisingly similar to that of PMEA despite the small amount
of sorbed water (Tsuruta, 2010). However, considering the
supportive research carried out to date and the results
obtained in the current study, our findings represent the
first observation of intermediate water in a hydrophobic
polymer with a low water content. In addition, the discovery
that local restricted motions are affected by extremely small
amounts of hydrated water molecules also adds new
knowledge to this area.

CONCLUSION

In this work, we focused on the dynamic behavior of water
in the vicinity of poly(methyl methacrylate) (PMMA),
which is a typical glassy polymer with a low water
solubility. For this purpose, quasi-elastic neutron scattering
(QENS) experiments were carried out on the dry and hydrated
states of PMMA in combination with judicious hydrogen/
deuterium labeling to independently investigate the
dynamic behaviors of the polymer chains and the
hydration water. We found that the motion of the
hydration water molecules in PMMA was slower than that
in the bulk water, despite PMMA being a hydrophobic
polymer. Based on the obtained results, the cause of the
weak biocompatibility of PMMA, a hydrophobic polymer
with a low water content, was clarified. These results are
also of interest since the majority of studies carried out
into the dynamics of hydrated polymer chains and the
adsorbed water have been conducted on hydrophilic
polymers that are easily swollen, with very few reports
being published into hydrophobic polymers.
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Neutron scattering methods were employed to study the microscopic structure and
dynamics of Bio Crude QOils (BCOs) and their lignin fractions. The structure of the
carbonaceous aggregates was investigated using Small Angle Neutron Scattering to
reveal a fractal hierarchy as well as a growth of the aggregates as the aging of the BCO
proceeds. Elastic Neutron Scattering measurements indicate that BCO liquid phase,
comprised of water and other hydrogenated molecular liquids, is in a state of extreme
confinement. Quasi-Elastic Neutron Scattering yields information on the molecular
motions, indicating that long range translational diffusion is suppressed and only
localized dynamics take place on the tens of picosecond time range. The obtained
results provide quantitative information on the molecular activity, as aging proceed, in
these reactive materials of relevance as potential renewable energy sources.

Keywords: pyrolysis oil, lignin aggregation, neutron scattering, water dynamics, confined water, lignin dynamics

1 INTRODUCTION

The energetic scenario depicted by most analysts and Kyoto agreement on CO, emissions control
require the development of new fuels based on renewable sources. In the last couple of decades, Bio
Crude Oils (BCOs) have attracted a considerable attention as possible renewable energy from
biomass (Ringer et al., 2006). These oils are obtained from the pyrolysis of biomass: i.e., by heating a
feed-stock such as wood, agricultural wastes, paper, algae, animal wastes, etc., at high temperature,
and rapidly quenching the obtained liquid products. Unfortunately, BCOs are poorly stable since
numerous reactions take place after their production, making them very reactive and leading to
several problems in their handling and final use. In particular, compared to conventional mineral
fuels, pyrolysis oils show long-term instability with a strong dependency on the storage temperature
(Oasmaa and Kuoppala, 2003). Therefore, the characterization of the BCOs and the way they are
affected by aging represents a crucial step in order to employ these oils in practical applications and
in particular as substitutes of mineral oils. In general, BCOs are formed by a large number of organic
compounds, mainly carboxylic acids, carbohydrates and lignin derivatives, together with a variable
amount of water. Unfortunately, some of these organic compounds are very reactive and seem to be
the main responsible for the aging process (Bridgwater, 2008). During storage these components
chemically react to produce larger molecules leading to changes in the physical properties, such as
viscosity and density. Previous studies proposed that etherification and esterification occurring
between hydroxyl, carbonyl, and carboxyl groups (Czernik et al, 1994) are the main chemical
reactions taking place in pyrolysis oils and producing water as a byproduct of the condensation
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TABLE 1 | Physico-chemical parameters of the BCO from BTG (Chiaramonti et al.,
2011). Here mass% indicates the percentage mass fraction.

Parameter Value
Carbon (mass%) 42.79
Hydrogen (mass%) 7.57
Nitrogen (mass%) <0.01
Oxygen (balance) (mass%) 49.57
Water content (mass%) 21.7
Ash content (mass%) 0.047
Solids content (mass%) 0.27
Density (kg/m°) 1207
Kinematic viscosity (107® m%/s) 65.1
pH 2.85

reactions. Lignin’s derived compounds are indicated as pyrolytic
lignin and are obtained as the water-insoluble fraction of BCOs
(SipilaSipila et al., 1998). Gel Permeation Chromatography and
13C-NMR measurements (Scholze et al., 2001) demonstrated that
pyrolytic lignin mainly consist of trimers and tetramers, even
though larger structural units remain intact during the pyrolysis.
These results are in agreement with the thermal ejection theory
formulated by Piskorz (Overend and Chornet, 1999), where
lignin oligomers are considered to be directly expelled from
wood particles as a result of a partial cracking of lignin
molecules during the pyrolysis. In a previous SANS
investigation, some of the Authors have verified the validity of
this theory and elucidated the role of pyrolytic lignin in the aging
of BCOs (Fratini et al., 2006). In particular, the possibility to
correlate the aggregation between pyrolytic lignin into clusters
with the evolution of the BCOs chemical and physical properties
was disclosed. This is of great importance in the formulation of
pyrolysis fuels with long-term stability. The investigation
reported an increase of both the volume fraction of the
scattering objects and the number of spherical sub-units per
cluster (ie., the aggregation number) as time passes after BCO
production. The obtained fractal dimensions values range
between 1.4 and 1.5, i.e., values typical of branched structures
that are generated by the aggregation of small lignin units as a
consequence of the chemical reactivity of this peculiar fluid
(Fratini et al., 2006).

The microscopic dynamics of the liquid phases in the BCO
plays a crucial role in determining the reactions taking place
during aging. Dynamic neutron scattering techniques offer the
unique capability to measure the single particle dynamics of the
hydrogen atoms in the system over length scales of the order of
the Angstrom and time scales ranging from few picoseconds to
nanoseconds. This microscopic mobility of the liquid species is
indicative of the activity in the system.

Among the liquid species present in BCO, water accounts for
more than 20% (see Table 1). However, the environment the
water molecules experience is vastly different from the bulk: in
fact, water is most reasonably confined on the surface and within
the nanoscopic voids of the carbonaceous aggregates generated by
the lignin units as well as intermixed and hydrogen bonded with
other molecular liquids (carboxylic acids, aldehydes/ketones,
ethers, esters, etc.) (Oasmaa et al., 2003). As such, water in

Interfacial Water in BCOs

BCO should be considered interfacial water and an exemplary
case of how, in many instances of relevance, water molecules are
found confined on surfaces, in microcavity, or dispersed within a
different liquid phase.

The present work reports the results of an investigation,
performed using mainly Quasi-Elastic Neutron Scattering
(QENS) (Bée, 1988; Gardner et al., 2020), of the microscopic
mobility of the hydrogen atoms in BCO as a function of aging. In
parallel, Small Angle Neutron Scattering (SANS) is employed to
determine the micro-structure of the aggregates in BCO and its
evolution during aging. The analysis of the temperature
dependence of the mean squared displacement of the
hydrogen atoms provides information on the confinement
experienced by the liquid phases. The analysis of QENS data
provides information on the nanoscale dynamics in terms of both
time scale and length scale of the mobility. A comparison with the
dynamics of the diverse lignin fractions is carried out as well.

2 METHODS

2.1 Samples

Bio-crude oil was supplied by Biomass Technology Group (BTG,
Netherlands) and was produced in their fast pyrolysis plant in
Enschede from a batch of pine chips. Main physico-chemical
properties of the investigated BCO are reported in Table 1.
Additional details on this batch can be found elsewhere
(Chiaramonti et al, 2011). Samples corresponding to four
aging stages have been investigated and are labelled,
hereinafter, as “fresh,” “12 months,” “12 months at 40°C” and
“15 months.” All of the samples were stored at room temperature
during the first month after their production. After the first
month, “fresh” sample was frozen and taken back to the liquid
state before carrying out the Similarly,
“12 months” sample was stored at room temperature and
frozen 13 months after production (12 months after “fresh”).
Sample labeled as “15 months” was never frozen and always
stored at room temperature, as the measurements were carried
out exactly 16 months after production. Sample labeled as
“12 months at 40°C” was stored, after the first month at room
temperature, at 40°C during the next year and then frozen until
measurements. Samples containing low and high molecular
weight lignin fractions have been investigated as well, with the
same aging times and storage conditions. The extraction
procedure was conducted as reported in (Oasmaa et al., 2003).
In brief, 400 g of water were added to 5 g of BCO in a Erlenmeyer
flask so to separate the water insoluble fraction rich in lignin. The
water-insoluble fraction was removed by filtration and further
extracted with dichloromethane (i.e., CH,Cl,) so to obtain Low
Molecular Mass (LMM, CH,Cl,-soluble part, about 400 Da) and
High Molecular Mass (HMM, CH,Cl,-insoluble part, 1050 Da)
lignin fractions. Both fractions were evaporated at 40°C overnight
to remove any residue of CH,Cl,.

measurements.

2.2 Neutron Scattering
In a neutron scattering measurement the experimentally
determined quantity is the double differential scattering cross-
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section, a?;—gE, the probability that a neutron is scattered within the
solid angle Q+dQ) exchanging an energy E < E;-E; < E + dE with
the sample, Efand E; being the neutron final and initial energy,
respectively.

Because of the way the neutrons are scattered by the nuclei in
the sample, the scattering can be decomposed in the sum of two
contributions: the coherent component, [a?)z_gE]coh’ which vyields
information on the relative positions and motions of the atoms in
the sample, and an incoherent contribution, [a?)z—aUE] inc» which does
not contain any structural information and only depends by total
amount of the scatterers, yielding information on the single-
particle dynamics:

Y o o
[aQaE]coh " [aQaE]m«:

900E 0

Neutron scattering probes the structure and dynamics at the
nanoscale. The distances probed are determined by the inverse of
the exchanged wavevector, Q = k; — k; where k; and k¢ are the
initial and final wavevector of the scattered neutron. For isotropic
samples the differential scattering cross section only depends on
the modulus of Q = |Q|. In general, Q is a function of the
scattering angle, 6, and the energies, E; and E, Q(6, E; E);
however, for small values of E, it is a function of the
scattering angle and the wavelength of the incoming neutrons,

A, only:
A7 in( 9
3sin{ 5

The microstructure of the BCO was investigated using SANS,
for Q values in the range from 3 x 102A™ to =06A7,
corresponding to length-scales approximately from 1 to
500 nm. In this range, the overwhelming contribution to the
scattering is coherent and the incoherent component is just a Q-
independent background.

The dynamics of the bio-oils was studied using QENS
measurements for Q values 0.5 A™ < Q < 2.0 A™. In this Q
range, to a first approximation, the scattering signal originates
from the incoherent dynamics of the hydrogen atoms.

2.2.1 SANS

SANS is a static scattering technique which measures the
scattered intensity without any analysis of the exchanged
energy. Thus, it gives access to the differential scattering cross
section:

Q= @)

© [ 3%
e

where the integration over the whole energy range is always
approximated because of experimental constraints. Since in
SANS the probed length-scales contain a relative large number
of atoms, the scattering power can be expressed in terms of an
average scattering length density:

3

P, = V—p (4)

do N
20

3)
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where bf”h is the coherent scattering length density of the i-th
atom contained in the scattering object of volume V.

Within certain approximations, the SANS intensity produced
by a collection of uniform scatterers dispersed in a continuous
medium (i.e., usually the dispersing medium or “solvent”) can be
expressed as:

Q) = np(pp - ps)2V;P(Q)SSANS (Q) +bkg (5)
where I(Q) is the scattering intensity (ie., the differential
scattering cross section normalized by the scattering volume),
1 is the number density of the particles, (p,, — p,) represents the
contrast between the scattering length density of the scattering
object p, and the one of the continuous medium p,, V,, is the
volume of the scattering object, P(Q) is the form factor describing
the shape of the scattering particles, SANS((Q) is the structure
factor representing the Fourier transform of the relative position
of the scatterers and bkg is the incoherent background.

The BCO samples investigated in this article can be considered
as lignin dispersions in a mixture of water and organic molecules
(that we have referred to as “solvent” in the previous section).
Several structural models have been already screened for BCOs
showing that the structure of the system in the liquid state can be
better described by polydisperse clusters with a certain fractal
nature originated by the aggregation of smaller lignin spherical
units (Fratini et al., 2006). This approach is based on the work
of Liu et al. (1995) where they followed the agglomeration of
asphaltene primary units in liquid dispersions as a function of the
asphaltene volume fraction and temperature. In the present case,
considering aggregates consisting of S elementary spherical
particles with radius, R;, fractal dimension, D; degree of
polydispersity on the average cluster size, v, and assuming a
continuous distribution of cluster size or small enough unit
particle, the integral form of the scattering Eq. 5 reduces to:

— 2 VMS
%[FB %, QE)[1 + QX PG

D
+G(2—v,Qf)[%£:| f] +&+bkg

Q4

1(Q) =

(6)

where ¢ and V,, are, respectively the volume fraction and
molecular volume of the base units; £ is the correlation length of

the fractal object defined as & = hR,SYPs with h = \lw. The

functions F (a, x) and G (a, x) have the form:

F(a,x)=T(a)-T(a,u) (7)
and:
[a, (% Pr
G(a,x):sin[(Df_l)”] < (h) ) (8)
2 D;-1
with:
2 272\ 10772
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FIGURE 1 | Scattering intensity profiles (markers) and correspondent

best fits (lines) according to Eq. 6 for some of investigated BCO samples.

x = Q¢ and I'(a) and I'(a, b) are the Gamma and incomplete
Gamma function, respectively.

An additional Porod’s term with amplitude Cp and Q™
dependence is also included to take into account the low Q
intensity increase present in the “fresh” sample (see Figure 1)
and indicating the presence of aggregates at the upper limit of the
dimensional range spanned by the SANS experiment (i.e., 271/
Qmin)-

Eq. 6 has been used in this work with ¢, S, Dy and v as
adjustable parameters while R; was kept fixed at 2.7 A (Fratini
et al., 2006). This model assumes the unit particles as
monodisperse, a condition typical of the chemical nature of
BCOs. The contrast between the lignin aggregates and
continuous medium, (p, — p;) can be calculated by the mass
fraction of the scattering objects and the elemental analysis of
the bio-oil and lignin as already described in (Fratini et al,,
2006) using the composition and density values reported in
Table 1.

2.2.2 QENS

Within the approximation that the overwhelming contribution to
the neutron scattering originates from the incoherent scattering
of the hydrogen atoms, the double differential scattering cross

section for the QENS measurement is:
82 f o' 1

K N S (Q,E)®R(Q,E

S5E v~ Sy’ (Q,E)®R(Q,E)

(6,E) = k ™

(10)
where Ny is the number of hydrogen atoms in the system,

oc = 80.27 b is the incoherent scattering cross section of the
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hydrogen atoms, and R(Q, E) is the instrumental resolution
function. SH (Q,E) is the single particle, ie., self-dynamic
structure factor of hydrogen atoms in the system:

1S5 (QE) = <exp{ iQ- [ty (t) -t (0)]})

exp{ z—}dt J SEZf (Q, t) exp{—iEt;}dt (11)
where Fse 'f (Q, 1) is the intermediate scattering function, ISF, and
' 1nd1cates an ensemble average.

In particular, Elastic Neutron Scattering (ENS) measurements
determine the value of the differential scattering cross-section for
E = 0, within the instrumental resolution:

62 kf O_mc
6,E=~0) = h—-Ny—L
0QOE ( )= ki Tan

k O.tnc
dE = h=I Ny, J FY(Q, 1) x R (Q, t)dt
% Ny ), (Q, 1) x R (Q,¢t)

j_ S (Q E) x R(Q, E)

(12)

RY(Q, t) being the time Fourier transform of the instrumental
resolution function (Fratini et al., 2013).

The position of the H atoms can be decomposed as the sum of
the position of a reference point, ry, such as the center of mass of
the molecule, the relative position with respect to the reference
point, b, and the vector defining the vibrational displacement
from the bond equilibrium position, u:

I'H:l'R+b+u (13)

Within the decoupling approximation, the motions described
by these three vectors, namely translational, reorientational and
conformational, and vibrational, are statistically independent,
hence:

[y () =1y (01} = (exp{-iQ - [rr (¥) — rx (0)]})x
< [b(1) =b(0)]}) x {exp{-iQ- [u(t) —u(0)]})

(exp{-iQ

(expl-iQ (14)

Bond vibrational motions are too fast to fall within the
instrumental energy window and only cause a reduction of the
total scattering intensity in the QENS window. In terms of its ISF,
Fj‘zlf (Q,t), or its dynamic structure factor, Sse}f (Q,E), the
reorientational and conformational dynamics can be expressed
as the sum of products of Q dependent and time dependent
factors:

F(Q1)

= A(Q + ) Al(Q) exp{-Tit} (15)
1

S (QE) = Af(QB(E)+ ) A(QLor(T) (1)
1

where Lor(I')) represents a Lorentzian function with a full
width half maximum equal to I The reorientational and
conformational dynamics is characterized by a time
independent term, which in the energy domain results in the
presence of a delta function, i.e., a resolution limited feature
centered at E = 0. The Q dependence of this contribution, Ay(Q),
is referred to as the Elastic Incoherent Structure Factor (EISF) and
represents the spatial Fourier transform of the volume explored
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by the hydrogen atoms during their motion, with respect to the
reference point.

Finally, as far as the dynamics of ry is concerned, when the
point of reference represents the center of mass of a molecule in
the liquid phase (a common choice to model the data in liquids),
the corresponding dynamics represents the translational motion
of the molecule. Models corresponding for example to Fickian,
jump, or confined diffusion have been developed, generally
characterized by a Q dependence of the characteristic
relaxation time.

In water and other liquids, the accuracy of the decoupling
approximation between the translational and reorientational and
conformational motions is limited to several percent and it is hard
to determine a priori, therefore, even if employed very commonly,
it represents a major limitation to the accurate interpretation of
QENS results (Faraone et al., 2003).

2.3 Instrumentation

SANS measurements were performed on D22 at the Institute
Laue Langevin (ILL), Grenoble, France. The incoming
neutron wavelengths was set to 6 A with a AVA =~ 10%.
Three sample to detector distances were employed to cover
a Q range from 3 x 107 A™' to about 0.6 A™'. Data were
corrected for the dark counts intensity and the contribution
from the empty containers and converted to 1D absolute
intensity using standard routines at ILL. All the SANS
measurements were carried out using Hellma quartz cells
of 1 mm path length at 20.0°C + 0.1°C.

Elastic scan measurements were performed on the High Flux
Backscattering Spectrometer (HFBS) at National Institute of
Standards and Technology (NIST) Center for Neutron
Research (NCNR), in Gaithersburg, MD, United States. In this
operation mode both the initial and final energy of the neutrons
detected is determined by Bragg reflection of the neutrons by the
Si(111) crystals of both the monochromator and the analyzers. To
ensure minimal wavelength (i.e., energy) spread of the detected
neutrons, the analyzers are arranged in such a way that only
backscattered neutrons of the required energy satisfy the Bragg
condition and reach the detectors. The corresponding
instrumental resolution is of =0.8 yeV. A set of detectors
records the intensity of neutrons for 16 Q values. The elastic
scattered intensity is recorded as the sample temperature is
changed using a cold cycle refrigerator with a temperature
accuracy of =0.1 K. The temperature scan rate was 1/60 K/s.
Samples were spread in thin annular sheets of =0.5mm
thickness, to minimize multiple scattering, and contained in
aluminum cans sealed with indium.

QENS Time-of-Flight measurements were performed on the
cold disk chopper IN5 at ILL. An incoming wavelength of 5 A was
selected. The instrumental resolution function could be well
reproduced by a Gaussian function with a Full Width at Half
Maximum varying from =82 peV to =88 peV depending on the
scattering angle. Data were converted to sets of 16 constant Q
spectra in the range from 0.5 A™' to 2.0 A™' using standard
routines available in LAMPS.

Both ENS and QENS data were analyzed using DAVE (Azuah
et al., 2009).

Interfacial Water in BCOs

TABLE 2 | Best fitting parameters obtained from SANS analysis by using Eq. 6
with Ry = 2.7 A.

Fresh 12 months 15 months
S 189 + 2 886 + 14 626 + 8
Dy 1.87 £ 0.01 1.92 + 0.03 1.94 + 0.01
v 1.19 + 0.01 1.27 + 0.01 1.39 + 0.01
Cp (10719 2.77 + 0.15 - -
bkg 0.773 + 0.001 0.778 + 0.002 0.769 + 0.002

3 RESULTS AND DISCUSSION

3.1 SANS Results

Figure 1 shows the SANS curves of some of the BCO samples
investigated in this study. As it can be clearly depicted, the
scattering signal increases passing from the “fresh” to the
“12 months” sample. The “15 months” sample shows a small
decrease in the scattered intensity with respect of the “12 months”
sample, most reasonably due to a partial sedimentation of larger
aggregates. Fitting these curves with Eq. 6 allows for a
quantitative picture of the evolution of BCO structure at the
nanoscale. Table 2 lists the results of the best fits done according
to Eq. 6. In particular, all the samples can be modeled using the
structure factor associated to a fractal assembly of spherical lignin
units of about 2.7 A. In the case of the “fresh” sample an extra
term accounting for the Porod’s contribution from larger
aggregates is also included (i.e., the scattering coming from the
surface of the aggregate). This contribution does not provide any
benefit to the final fits in all other samples probably because this
fraction of larger objects precipitates out of the sample at longer
times or it is covered by the scattering of the growing fractal
assembly. The aggregation parameter, S, (i.e., the average number
of units present in the fractal assembly) increases from 189 for the
fresh sample to 886 after 12 months of aging. This value decreases
to 626 after 15 months of aging, consistently with the hypothesis
of sedimentation of part of the larger aggregates. The fractal
dimension associated to the clusters are slightly increasing with
the aging time, but they are in all cases around 1.9. More
important, the polydispersity parameter v shows a significant
increase as a function of aging time from 1.2 to 1.4. Values of S
and Dy are greater than the ones reported in the literature on a
batch of BCO produced by VTT starting from different biomass
and production plant (Fratini et al., 2006) thus indicating that the
lignin aggregates formed in the present case are more clustered
and have a denser structure. The index v gives information on the
degree of polydispersity associated to the cluster size and more
important reveals the mechanisms behind cluster formation.
Smaller v are found in the case of broader cluster size
distribution with values around 1.4 typical for reaction limited
aggregation (RLA) and around 1.9 in the case of diffusion limited
mechanism (DLA) (Chen et al., 1992). Value of v obtained in the
present investigation are slightly lower than 1.4 showing that the
clustering mechanisms is dominated by a RLA process. The high
value of the incoherent background are in line with the high
hydrogen content evidenced by the CHNO analysis.
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FIGURE 2 | Temperature dependence of the mean squared

displacement over a timescale of ~1 ns, obtained from the elastic neutron
scattering measurements on HFBS. Samples at four aging stages were tested
as indicated in the legend of plot (A) [The legend applies to plot (B,C) as
well]. Measurements for each sample were performed first cooling and then
heating it back again to 300 K. Plot (A,B,C) report the results for BCO, low
and high molecular mass lignin fractions, respectively.

3.2 ENS Results

Within the Guassian approximation the single particle ISF is
related to the mean squared displacement (msd) of the hydrogen
atoms.
sel f 1 2 2
Su” (QE) = Fexp - QK[r (1) —r(0)]7 17)
where F{} represents a Fourier transform operation.
Within some approximations, from Eqs 12, 17, the msd over
the timescale determined by the energy resolution of the

spectrometer, = 1 ns in the HFBS case, can be derived as a
linear fit to the data:

o

VE=0,T
_m(@)
0QOE

0Q0E =1 d(T 2 8
0 (Q,EzO,T0)> v+msd(T)x Q@ (18)

where T is the lowest temperature measured, for which it is
assumed that no significant dynamics is observable. I is the
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intercept of the linear fit in Q% accounting for experimental errors
as well as for the presence of non Gaussian contributions.

Figure 2 reports the temperature dependence of the msd of the
hydrogen atoms for the present investigation. Although for BCO
it is much less pronounced, all the samples display an upturn of
the curves at = 50 K which is associated to the activation of methyl
groups rotation (Senses et al., 2018). The msd of the BCO samples
is characterized by a hysteresis loop in the range from 200 to
250 K. Interestingly, BCO can be cooled without displaying a
sudden drop in the msd which is the hallmark of freezing. A
rather sharp change in the slope of the curve is observed at =
220 K, which can be associated to a liquid to glass transition. This
temperature is not far from the much discussed dynamic
transition temperature in proteins (Doster et al, 1989) and
other water hydrated systems (Tavagnacco et al., 2019), which
is believed to be intimately related to the dynamics of interfacial
water (Chen et al.,, 2006). This result suggests that lowering the
storing temperature below this transition threshold might be a
way to suppress the reactivity of the BCO. On the other hand in
the hysteresis loop, on warming, a fast increase of the msd just
above 225K is followed by a drastic change of slope at 250 K,
overlapping with the cooling data. This unusual pattern of the
msd curves indicates the frustration of crystallization of the
liquids because of confinement and interfacial interactions. As
a comparison, water confined within nanoporous matrices with
pores of ~28 A and =24 A display a depression of the freezing
point of more than 50°C and 70°C, respectively; whereas for pores
of =20 A diameter, no freezing signature can be observed even
with differential scanning calorimetry (Yoshida et al., 2008).

Above 250K, in the liquid phase, the msd of BCO decreases
with aging. However, this reduction in mobility is not monotonic
as indicated by the fact that the “12 months” and “15 months”
samples show similar values of the msd. Remarkably, the
“12months at 40°C” sample displays slightly smaller msd
values which could be a consequence of the greater reactivity
of the sample stored at 40°C leading to an increased amount of
water, as well as other liquids, in the confined and interfacial state.
The increase in size of the carbonaceous aggregates supports this
picture.

As a comparison, the behavior of the pyrolytic lignin fractions
is quite different. The absolute value of the msd, even at the
highest temperature investigated of 300 K, is of about 1 A% much
lower than the one encountered for BCO. This is not surprising
considering that lignin is a solid phase and therefore no long
distance dynamics is expected. Moreover, beyond the already
discussed upturn of the msd at 50 K, no other significant feature is
present in the whole temperature range. The warming and
cooling scans do not show any hysteresis consistently with the
absence of phase changes in these matrices. Although the low
molecular weight lignin display no dependence on aging, slight
changes are observed in the high molecular weight case. In these
samples, the mobility of the hydrogen atoms increases with aging.
The chemical reactions taking place induce a rearrangement of
the molecular and chemical structure of the lignin which allows
for a slightly increased molecular mobility. It could be speculated,
although no direct evidence can be provided, that the same
changes take place in the lignin components of the BCO
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FIGURE 3 | Structure factor as obtained integrating the QENS spectra
collected on IN5 over E (see Eq. 3). (A) BCO at four aging stages. (B) The
structure factor of fresh BCO is compared to the structure factor of the fresh
low and high molecular mass lignin fractions.

during aging, as a result of similar chemical reactions and
structural rearrangements. The increase in size of the
aggregates observed by SANS is consistent with this scenario.
Interestingly, around room temperature, which is the most
relevant range for the applications of these products, the
increase of the msd is much larger for the sample aged at 40°C
with respect to the others, confirming the higher reactivity of this
sample.

3.3 QENS Results

The structure of the samples at molecular length scales was
investigated by integrating the QENS spectra over the available
energy range to obtain an approximation of the structure factor,
as indicated in Eq. 3. The obtained results are reported in
Figure 3. For BCO, as shown in panel (a) the slight decrease
of S(Q) up to =0.70 Ais likely due to the high Q tail of the SANS
pattern and indicates the presence of not negligible coherent
neutron scattering contributions. The further decrease at higher
Q values is instead related to the limited energy range covered in
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the integration. Small differences can be observed among the
samples differing for their aging even if the trends are not
monotonic and difficult to be interpreted.

Figure 3B reports the structure factor for the fresh lignin
fractions. The broad peak observed in the middle of the reported
Q range is similar to the one observed in amorphous cellulose
using X-ray diffraction (Park et al, 2010) and Kraft lignin
(Goudarzi et al, 2014). The slight increase of the peak
position in the HMM sample indicates a more compact
structure of the low molecular weight lignin.

The presence of structural features in the samples indicates
that the interpretation of the QENS results cannot neglect the
presence of residual coherent signal beside the single particle
dynamics of the hydrogen atoms. Moreover, the inherent
inhomogeneity of the sample and the complexity introduced
by confinement prevent from developing a detailed model of
the microscopic motion of the hydrogen atoms. Therefore, an
empirical approach is employed to gain information on the
general geometry and timescales of the motions.

Figures 4, 5 display the QENS spectra at two Q values (0.7 and
1.4 A) for fresh BCO and for the aging stages of BCO investigated
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100 Delta T=290 K
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w
g
@y
0.1
K"
s 5
T 0
g 5
- Fresh BCO
T=290 K
3 Q=1.4 A"
= 10
L
g
@ 1
()._11 -'
K7}
g 5
20
¥ 5

FIGURE 4 | Exemplary fit of the QENS spectra of fresh BCO using Eq.
20 at two Q values. The normalized residuals (2222 gre plotted to provide
an indication of the quality of the fit.
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error bar

at Q = 1 A7, respectively. The spectra are characterized by the
presence of a resolution limited component, from now on
referred as delta. Therefore, the ISF of the single particle
dynamics of the hydrogen atoms has been modeled as the
sum of stretched exponential decay and a constant background:

BQ
S;;lf (Q,E) — Aa(Q) + [1 _Aa (Q)]}—{eXp{_[T(tQ)] } }
(19)

The time independent term, A%(Q), accounts for the
presence of immobile’ hydrogen atoms in the aggregates.
Moreover, the presence of this time independent term can
be originated by a rotational and reorientational dynamics of
the hydrogen atoms in a molecule, when diffusion of the point
of reference, i.e., the center of mass, is too slow to be
appreciated by the spectrometer employed because of its
limited resolution. The stretched exponential function is

'In QENS, the term immobile is commonly used to refer to atoms whose dynamics
is much slower than the instrumental time window of the instrument, in this case
extending to =20 ps.

commonly employed as an empirical way to describe
relaxation data that do not follow a simple Debye behavior.
The case f = 1 coincides with an exponential relaxation,
whereas values of  increasingly smaller than one indicate
higher degrees of non-exponential behaviour. A stretched
behavior of the ISF can originate either from a distribution
of exponential relaxations with different characteristic times
or from intrinsically non exponential relaxation processes
(Colmenero et al., 1999).

Therefore, considering the molecular heterogeneity of the
BCOs giving rise to a distribution of exponential relaxation
times, the data have been analyzed using the following fitting
function:

S(Q.E) = A(Q{A*(QJ(E) + [1- A°(Q)]

¢ BQ
]-'{exp [—[m] ] }@R(Q, E)} + bkg (20)

where A(Q) represents the total spectral intensity, §(E) is a Dirac
delta function, and bkg is a background which accounts for fast
dynamical processes outside the instrumental window as well as
instrumental background contributions.
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FIGURE 6 | Q dependence of the best fitting parameters obtained from

the QENS spectra of BCO at four aging stages using Eq. 20. (A) Continuous
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Besides Eq. 20, several other fitting equations have been
employed. None of the models which did not contain an
immobile contribution was able to describe the spectra
satisfactorily or would yield nonphysical results. Using the
sum of a delta function and a Lorentzian, ie., forcing f(Q) =
1 in Eq. 20, also yielded unsatisfactory fits. Using the sum of a
delta and two Lorentzian functions allowed to obtain good fitting;
however, since the model of Eq. 20 has one less fitting parameter
and the overall results of the models were the same, only the
results of the fitting from Eq. 20 are presented. The reader is
cautioned, however, to keep in mind that, given the complexity of
the samples and the limited Q/E probed, the present results
should be considered preliminary in the sense that, as more
information on the samples are gathered from other
measurements and investigations, a more refined and
insightful fitting model might be developed.

Figure 6 reports the main results on the microscopic dynamics
of the hydrogen atoms. Plot (a) shows the Q dependence of A% As
discussed before, the delta contribution to the spectra arises both
from immobile hydrogen atoms (over all length scales) and from
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the reorientational and conformational dynamics of the hydrogen
atoms with respect to a reference point immobile on the
instrumental time scale. Therefore, A°(Q) results have been
analyzed using the equation:

2
ch
Al Q) = (1 —Aimm)* exp[—%] + Almm 1)

A™™ represents the fraction of immobile atoms. The Gaussian
term is analogue to the Guinier expression used to model the low-
Q region of the SANS curves. Here it is used to extract a
characteristic size of the region explored by the hydrogen
atoms in their reorientational and conformational motion.

The stretched exponential function, often also referred to as
the Kolrausch-Williams-Watts (KWW) function (Williams and
Watts, 1970), can be considered as the results of the presence of a
distribution of exponential relaxation. The first moment of the
distribution defines the average relaxation time of the
distribution, () (Johnston, 2006):

=5(3)

The Q dependence of {7) is reported in Figure 6B. The
increase of (r) with Q for Q < 1.0 A™' is not physical. It is
probably related to the strong correlation in the fitting between
the various fitting parameters. Moreover, the presence of a
coherent contribution at low Q, as observed in Figure 3 might
introduce some artifacts. Above Q = 1 A™! the data fluctuate
around an average value indicated by the horizontal lines in the
figure. In fact, as indicated by Eq. 15, for a reorientational and
conformational (rc) type of dynamics, the timescale of the motion
should be time independent. In a liquid, because of the diffusive
motion, a Q* dependence of the broadening should be observed.
The absence of an appreciable diffusive contribution in the
sample indicates that the long distance translational motion of
the molecules in the liquid phase is too slow to be appreciated.
Fresh BCO appears as a sticky substance and has a macroscopic
viscosity 65 times larger than water (Chiaramonti et al., 2011);
although the mobility at the atomic level might not scale with the
viscosity, this occurrence explains the absence of a diffusive
component in the spectra.

Table 3 reports the results of the fitting of A5(Q). The average
value of () as well as of the stretching exponent f3, are also
reported as (7) and f. The behavior of the parameters with aging
is not monotonic. The volume explored by the hydrogen atoms in
fresh BCO has a characteristic size of =~1.3 A. This can be
compared to the distance between the hydrogen atom and the
center of mass in water, 0.98 A, or the typical radius of methyl
groups rotation. Hence, the motion is highly restricted to local
rearrangements of the chemical bonds or roto-translational
motion of water and the other hydrogenated liquids on the
surface of the carbonaceous aggregates. Interestingly, the R,
obtained in the 15months aged BCO is significantly while
both the 12 months aged samples retain Ry values similar to
the one of fresh BCO. The value of A™™, of the order of 20%, is
comparable to the volume fraction of the fractal aggregates

(22)
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TABLE 3 | Fitting results of the Q dependence of the parameters extracted from the QENS spectra.

BCO

Fresh

12 months

12 months at 40°C
15 months

Lignin
LMM
HMM

Rg (A)

1.31 £0.02
1.26 £ 0.04
1.37 £ 0.03
1.06 + 0.02

1.62 £ 0.06
1.21 £ 0.06

Aimm

0.21 £ 0.02
0.18 + 0.02
0.18 + 0.02
0.16 + 0.02

0.869 + 0.003
0.833 + 0.008

<) (ps)

1839 +0.2
123 +£0.3
11.8+0.4
11.2+04

4.02 + 0.06
4.80 £ 0.13

Interfacial Water in BCOs

0.603 + 0.003
0.622 + 0.004
0.638 + 0.003
0.625 + 0.004

I
o

observed in SANS. On the other hand, A"™", displays with aging
the opposite trend as the one observed in R,, with the smallest
immobile fraction observed in the 15 months sample, and similar
values recorded for the fresh and 12 months aged samples.
However, these results points to the fact that as the chemical
reactions take place in the BCO matrix with aging, an increasing
number of molecules is comprising the carbonaceous aggregates
or is bound and trapped within them; the remaining fractions of
molecules being the ones with increased mobility.

The time scale of the motion is of the order of 10 ps. This can be
compared with the timescale of the microscopic mobility of water:
in fact, water molecules are believed to diffuse in the liquid through
a sequence of random jumps. The time spent by the water
molecules in between jumps, the residence time, has been
measured using QENS (Teixeira et al,, 1985). Even if the QENS
spectra of BCO do not demonstrate a diffusive like Q> dependence
of the quasielastic broadening, the residence time is akin to the
timescale measured in the present experiment, because it is related
to the broadening of the QENS spectra at high Q, in a Q
independent region. The values found for BCO are comparable
to the ones observed in bulk water at = 250 K. This confirm the
extreme confinement experienced by the liquid phases in BCO: in
fact, it was proposed that interfacial water displays the same
dynamics of bulk water at a temperature =20 K lower (Chen
et al, 1995). Cured cement, also provides an interesting point of
comparison, since it is characterized by a significant fraction of
interfacial water which plays a major role in its continuous curing.
Also in QENS data from cement, the Q dependence of interfacial
water dynamics is observed to increasingly deviate from the
expected diffusive behavior as curing goes on (Fratini et al,
2001). Moreover, as a comparison, in cement timescales of the
order of 10 ps were observed in the dynamics of the interfacial
water after few days of curing (Fratini et al., 2002). Once again we
observe that the 15 months sample mobile hydrogen atoms display
the slower dynamics with the 12months aged samples
approaching again the values of fresh BCO. The stretching
exponent f3 indicates the presence of a broad distribution of
relaxation time with a slight decrease of the non-exponential
behaviour from the fresh to the BCO sample aged at 40°C.

QENS measurements were also performed on samples of fresh
LMM and HMM lignin fractions. The data were analyzed
according to Eq. 20; however, the obtained values of 8 were
close to unity and therefore the parameter was fixed to 1. Hence,
the QENS data were essentially fitted using the sum of a delta

1000

o Data
Fit
100 Delta
- Lorentzian

Fresh LMM
T=290 K
Q=1.0 A"

Background

S(Q,E) [a.u.]

0.1

10

Residuals
L= |

-10
1000

r's Fresh HMM
100 1 ® T=275K
L Q=1.0A"

S(Q,E) [a.u]

10
0
-10

Residuals

FIGURE 7 | Exemplary fit of the QENS spectra of fresh low and high
molecular mass pyrolytic lignin using Eq. 20. The normalized residuals

(&2 %alel are plotted to provide an indication of the quality of the fit.

function and a Lorentzian broadening. Examples of the fitting are
shown in Figure 7.

Figure 8 reports the Q dependence of the fitting parameters.
The A° data were analyzed as the ones for BCO using Eq. 21; a
mean relaxation time, 7, was extracted as well. The obtained
results are reported in Table 3. The main difference with respect
to the BCO is the much larger immobile fraction, A™™. The time
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FIGURE 8 | Q dependence of the best fitting parameters obtained from

the QENS spectra of fresh low and high molecular mass pyrolytic lignin fraction

using Eq. 20, with g = 1. (A) Continuous lines are the fitting according to Eq.

21. (B) Straight lines indicate the expected plateau value of r for

Q>1 A

scale of the motions are faster than the ones found in BCO which
indicates that the dynamics observed originates mostly from local
rearrangements of the chain conformation. The results are
consistent with what reported in hydrated polymer systems
(Noferini et al., 2019). Please, note that the fact that no
significant stretching of the ISF was observed is attributed to
the small fraction of mobile hydrogen atoms and the consequent
difficulty in obtaining an accurate modeling.

4 CONCLUSION

BCOs hold tremendous potential as a novel renewable energy
source. However, their reactivity partially limits the possibilities
of their practical use. Gaining molecular insights on the
properties of these systems might be the key to improve their
applicability. However, from a physical chemical point of view,
BCOs are extremely complex materials for their heterogeneity in
molecular composition and large interface area of the diverse

Interfacial Water in BCOs

constituents. In this regard, they represent a practical example of
widespread presence of interfacial water in nature. This paper reports
the results of an investigation of the microscopic structure and
dynamics of BCOs and their lignin components. The solid
fraction, composed of mesoscopic carbonaceous aggregates,
grows significantly with aging as evidenced by SANS.
However, the changes in the microscopic dynamics of the
interfacial liquid phases are more subtle. The dynamics of
the hydrogen atoms, both in the solid and liquid phase, is
limited to local re-orientation and conformation changes of
the order of 1 to 2 A. The timescales of the motion, around room
temperature, are comparable to the ones of deeply supercooled
bulk water or interfacial water in curing cement. This mobility is
however required for the aging of BCO and elastic neutron
scattering measurements suggest that storing the samples at =
220 K might suppress its intrinsic reactivity.

NOTE

Throughout the paper, error bars and uncertanties of the raw data
represent one standard deviation, and error bars of the fitted
parameters represent one standard deviation.
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