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Here we investigate the local structural organization in liquid neat 5-hydroxymethylfurfural (HMF) by the
synergic use of high energy X-ray scattering, NMR spectroscopy and molecular dynamics simulations, providing
atomistic insight into the correlations that characterise HMF liquid state.

HMF has been acknowledged as one of the “sleeping giants” among those renewable compounds, with yet
underexploited market potential. It can be obtained from renewable carbohydrate sources via a few consecutive
steps and, due to its different functional groups, it can be potentially transformed into a plethora of compounds.

An adequate knowledge of the driving interactions into its liquid state can be of fundamental relevance in
individuating successful solvents, where HMF can be dissolved, extracted and treated to deliver new compounds.
As such, this study has then the potential to provide new, sustainable routes in HMF manipulation, alternatively
to current methods.

The X-ray scattering validated MD study reveals the existence of a distinct n—n stacking arrangement, char-
acterising the mutual ordering between neighbour HMF molecules. Further correlations involve hydrogen
bonding between aldehyde and hydroxyl oxygen and hydroxyl hydrogen. Furthermore, indication of the exis-
tence of OH---n hydrogen bonding interaction has been detected.

An NMR strategy has been applied to confirm the existence of these mutual interactions, identifying the
associated structural motifs.

These findings underscore the complex and heterogeneous nature of the structural organization of liquid HMF.

1. Introduction

The transition toward a sustainable development relies on the
replacement of petroleum-based molecular building blocks with bio-
based alternatives. To make such a transition feasible, e.g. by utilizing
renewable starting materials for value-added activities and products,
one must consider lignocellulosic biomass, which is produced by nature
in over 200 billion tons per year [1], as the only realistically renewable
feedstock option. Modern chemical research, therefore, is currently
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focusing on identifying platform chemicals, which can be synthesized
from non-fossil precursors, typically agri-food biomass and related
waste, and are easily ready to diverse chemical transformations.

In 2010, Bozell and Petersen critically revised the repertoire of
platform chemicals from biorefineries, which were previously identified
as the “Top 10” by the US Department of Energy (DOE) [2]. They
highlighted the pivotal role of furan derivatives, such as fur-
andicarboxylic acid (FDCA) and 5-hydroxymethylfurfural (HMF,
(chemical structure and atom labels are reported in Scheme 1)), as
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Scheme 1. Molecular formula and atom labels in 5-hydroxymethylfurfural
(HMF). The colour code is introduced for clarity to identify the type of atoms
discussed in the structural assessment: O atoms, potential H-bond acceptor
sites, are in blue, H atoms, including OH and aldehyde H, are in green, the
carbon skeleton in black. Virtual atoms are indicated as #3 and #4. They are
located in the center of the aromatic five-membered ring and at the midpoint of
the C4 — C5 bond, respectively. Their use is explained in the main text.

Table 1

HMF molar fraction corresponding to each NMR measurement.
Point Solvent (uL) JAME )(ﬂMp
1 0 1 1
2 10 0,95 0,97
3 20 0,91 0,94
4 30 0,87 0,91
5 40 0,83 0,88
6 50 0,80 0,85
7 150 0,57 0,66
8 250 0,44 0,54
9 400 0,005 0,008

(a) HMF molar fraction in CD3CN, (b) HMF molar fraction in DMSO-dg.

1.0

08 | -
experimental
simulation

06 |

04

02 F

5(Q)

0 2 4 6 8 10 12 14 16 18 20

Q (A

Fig. 1. Experimental (black line) and computed (red line) X-ray weighted
normalised static structure factors for neat liquid HMF at 40 °C.

potential synthons for high-value processes, paving the way for 21st-
century chemistry, free from fossil feedstock.

Indeed, HMF can be obtained from renewable carbohydrate sources
via a few consecutive steps, which vary depending on the nature of the
starting sugar employed. Using fructose represents the most direct ac-
cess to HMF, although attention has been directed over time to more
complex polysaccharides such as inulin, starch and cellulose [3-5]. In
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Fig. 2. MD-computed RDF (continuous line) and the corresponding running
neighbour numbers (dashed line) of the ring centre for neat HMF at 40 °C.

the latter case, depolymerization of the polysaccharide backbone is
required, followed by the glucose to fructose isomerization reaction,
before the final dehydration step into HMF [6,7]. In the last few years,
great research efforts have been devoted to exploring and optimizing the
reaction conditions to convert sugars into HVIF [8]. The use of neoteric
solvents such as ionic liquids, deep eutectic solvents and low melting
mixtures, mixtures of solvents or biphasic systems, different catalytic
acidic systems, microwave and ultrasound has been investigated.
[3,9-16]. Scale-up production of HMF has been implemented and in-
dustrial plants are present in Europe, North America, China and Japan
[8].

What makes HMF particularly attracting, beyond its natural origin
and abundance, is its potential transformation into a plethora of diverse
compounds (see e.g. [17]). The impressive potential of HMF as a syn-
thon in organic chemistry led to its metaphorical description as a
“sleeping giant”, ready to be awakened [18-21]. Indeed, HMF contains
an aldehyde and a primary hydroxyl group on the opposite sides of the
furan frame, which allow for the preparation of 175 different com-
pounds and 20 polymers. 2,5-disubstituted furans obtainable from HMF,
either by oxidation or reduction reactions, are clear possible monomers
to produce bio-based polymers and are often referred to as the “sleeping
giants” of the renewable compounds for their yet underexploited market
potential [21]. 2,5-furan dicarboxylic acid (2,5-FDCA) is the most
praised representative of this class of compounds and is already used for
the production of 100 % bio-based polyethylene-furanoate (PEF), which
is manufactured at the commercial-scale by several companies (BASF,
Avantium and Eastman) [22].

More complex elaborations of the carbonyl and alcohol functional
groups as well as of the furan ring are possible and allow enhancing the
structural diversity achievable starting from HMF. For instance, aldol
condensation, addition to the aldehyde and Diels Alder reactions gave
access to biologically relevant compounds. Several examples have been
reviewed elsewhere [23-26]. It is also worth mentioning, that HMF may
allow to prepare benzene-based aromatic derivatives [27,28], thus
representing with lignin the renewable option for this well-known class
of compounds. All these aspects make HMF one of the most promising
biomass-based platform chemicals.

However, the other side of this intriguing reactivity potential is the
intrinsic lability of HMF at acid and basic conditions, its low thermal
stability, and the occurrence of easily triggered side reactions. These
effects might hinder the route to HMF-based sustainable processes. In
particular, rehydratation to levulinic acid and formic acid or aldol
condensation are often observed and represent the major hurdle to HMF
widespread utilization. In particular, the end products of the aldol
condensation reaction followed by cross linking are soluble and insol-
uble complex polymers, called humins. The mechanism of formation of
humins, as well as their structures and level of agglomeration, are still
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Fig. 3. Combined distribution functions for: a) the angle between the vectors perpendicular to the neighbour rings (a); b) the angle between the vector connecting
neighbour ring centres and the vector perpendicular to the reference ring (f); c) the angle between the vectors with extremes the virtual atom #4 and ether oxygen
01 (y), for the two neighbour rings, as functions of d, the distance between neighbour rings. Colour scale (d) in related to CDFs in a) and b), while colour scale (e) is

referred to the CDF in ¢).

matter of investigation and depend on several parameters, such as
temperature, reaction time, solvents, concentration, catalysts and so on
[29,30]. Another issue encountered when dealing with the preparation
of HMF is its recovery from the reaction solution: indeed, strong in-
teractions with reaction media hamper the extraction and favour HMF
degradation. In the search of possible options to overcome or, at least,
limit humins formation and favour HMF extraction, the role played by
the solvent has been questioned in recent years [31-35].

In this context, it is crucial to comprehend and rationalise how HMF
interacts with traditional or neoteric sustainable solvents and how sol-
vation dynamics of HMF occurs in diverse solvents (see e.g. [36]).

In the recent past, MD simulations were used to investigate water and
water-DMSO solutions of HMF, highlighting the preferential solvation of
DMSO towards HMF [37]. Aqueous solutions of HMF at ambient and
hydrothermal conditions were investigated using MD simulations, to
account for thermodynamic, structural and dynamic properties, as a
function of water content, temperature and pressure. Therein, strong
intermolecular HMF-HMF hydrogen bonding correlations were detected
with respect to weaker interactions with water. Also, it was highlighted

that the furan ring oxygen is less involved in hydrogen bonding (HB)
interactions than aldehyde or hydroxyl oxygen [38]. Neat HMF has been
investigated using MD simulations, comparing different available clas-
sical potentials to extract information on its thermodynamic properties
[39]. Therein, it emerged that among the probed force fields, no one
succeeds in fully accounting for density and vapour liquid equilibrium
properties. More recently, the role of anions in HMF solvation in selected
ionic liquids was explored using MD simulations [10]; this work stim-
ulated related report on the extraction of HMF from [C4mim][BF4],
using THF [40].

In this work, we undertook a joint experimental and computational
exploration of structure and solvation features in liquid neat HMF. The
synergy between high energy X-ray scattering (HEXS) experiments and
related MD simulations to access structural features at atomistic level is
a well-established tool, as both techniques provide access to length
scales of the order of A/nm, which are the proper scale where micro-
scopic and mesoscopic correlations occur (see e.g. [41]). The use of
synchrotron-based HEXS allows rapid and clean data collection that
ensures a very good quality of the data set to be used as a benchmark for
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Fig. 4. Radial distribution functions (continuous lines) and corresponding
running neighbour numbers (dashed lines) of hydrogen bond (HBs) correla-
tions, H6---O1 (blue line), H6---O2 (red line), and H6---O3 (green line) in
liquid HMF.

MD simulations. The latter can subsequently be used to extract atomistic
details on the structural correlations driving the local order in the liquid
state. The integration of these techniques with NMR spectroscopy on
mixtures of HMF with different solvents allows probing local correlation
phenomena and interaction forces in bulk liquid HMF and their evolu-
tion in the presence of selected molecular solvents used as disruptive
agents, offering a reliable picture of the structure of liquid HMF.

Overall, in this work, we aim at providing a first insight into neat
liquid HMF structure and mutual interactions, in order to be able to
foresee and speculate on the nature of interactions with more complex
solvents.

2. Materials and methods
2.1. Experimental details

The 5-hydroxymethylfurfural (HMF) sample used for X-ray experi-
ments was an Apollo Scientific product with purity above 99.57 %, with
a stated density at 20 °C of 1.243 g/cc. It is a brown solid that was kept in
freezer, under no air or light exposure.

The solid sample was kept under argon and mildly heated until a
brown liquid is obtained. Using a syringe, the liquid was transferred into
a glass capillary that was later sealed with glue.

The 5-hydroxymethylfurfural (HMF, 98 %) sample used for NMR
characterizations was purchased by Fluorochem; deuterated solvents
were purchased by Merck. All reagents and solvents were used without
any further purification. Pristine HMF was transferred in the NMR tube
and heated at 40 °C until liquid. The *H NMR spectra of the concentrated
HMF solutions, recorded at 313 K, were firstly recorded on the pure
compound, then small amounts of solvent were added in the NMR tube
as specified in Table 1. For the diluted samples, 5 mg of HMF were
weighted in a vial, dissolved in 400 uL of deuterated solvent and
transferred in the NMR tube. In all cases a coaxial insert containing the
same deuterated solvent used for diluting HMF was used to ensure
proper chemical shift reference. In DMSO-dg, the signal at 0 ppm of
tetramethylsilane (TMS) added in the coaxial insert was used to validate
the referencing protocol.

2.2. NMR spectroscopy measurements

'H NMR were performed at 313 K to ensure that all samples were in
the liquid state. The spectra were recorded on a Bruker NEO 500 MHz
spectrometer equipped with a direct observe BBFO (broadband
including fluorine) iProbe and variable-temperature unit. The instru-
ment was carefully tuned, shimmed and the 90° pulses calibrated. For all
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the samples, 'H NMR spectra were recorded with 16 scans and using
65,536 points. 'H chemical shifts (5) are given in parts per million (ppm)
relative to the residual solvent peak within the coaxial insert. In
DMSO-dg, TMS was used as a crosscheck of the chemical shifts refer-
encing protocol.

2.3. X-ray scattering measurements

X-ray total scattering data were collected using I15-1 XPDF at Dia-
mond Light Source (UK) using an energy of 76.69 keV (0.161669 A).
Data were collected onto a Perkin Elmer XRD 4343CT at distance 700
mm, with beam stop mounted to the detector to allow for the collection
of low angle scattering. The sample was loaded into glue sealed 2 mm
borosilicate capillaries and loaded onto the beamline using the auto-
mated robot system. Measurements were collected for ca. 10 min in total
with relevant backgrounds and empty capillary measurements collected
for processing. The sample was measured at 40 °C using an Oxford
Cryosystems Cobra.

Data were processed into 1D data using DAWN [42]. Corrections
were applied for background, absorption, polarisation and Compton
scattering using GudrunX [43].

2.4. Molecular dynamics

Molecular dynamics simulations were performed using the GRO-
MACS 2021.3 package [44,45]. Bonded and non-bonded parameters for
HMF were described using an all-atoms potential OPLS-AA force field
[46]. The simulations were performed using a cubic box containing
1000 molecules; periodic boundary conditions were applied. Force field
parameter files were created by LigParGen webserver [47-49]; initial
configurations were created by Packmol software [50]. The starting
density was fixed 10 % higher than the experimental one. The equili-
bration procedure was done in several steps, starting from a 2 ns NVT
simulation at 400 K, followed by a series of 2 ns NPT runs lowering
progressively the temperature to 353 K and then to 313 K at 1 bar. After
the equilibration phase, the system was run for a total of 100 ns for a
production run at 313 K, and then a trajectory of 2 ns was saved at a
frequency of 1 ps for the calculation of the structural properties. Simu-
lations were always checked versus the experimental density (density at
313 K fluctuates within 1 % around 1.205 g/cc, to be compared with
experimental values of 1.243 g/cc at 293 K) and the energy profile.
During the production runs, for the temperature coupling, a velocity
rescaling thermostat [51] (with a time coupling constant of 0.1 ps) was
used, while for the pressure coupling, we used a Parrinello-Rahman
barostat [52] (1 ps for the relaxation constant). The Leap-Frog algorithm
with a 1.0 fs time step was used for integrating the equations of motion.
Cut-offs for the Lennard-Jones and real space part of the Coulombic
interactions were set to 16 A. For the electrostatic interactions, the
Particle Mesh Ewald (PME) summation method [53,54] was used, with
an interpolation order of 6 and 0.08 nm of Fast Fourier Transform grid
spacing.

The X-ray weighted structure factor was computed together with
selected pair correlation functions, angular distribution functions and
spatial distribution functions using TRAVIS [55-57].

3. Results and discussion

Liquid 5-hydroxymethylfurfural (HMF) was preliminarily explored
by high energy X-ray scattering, in order to access information on its
local structural organization at atomistic level.

Fig. 1 reports a comparison between experimental static structure
factor, S(Q), and the corresponding quantity obtained by MD simulation.
The experimental data are characterized by the usual peaks alternation
that is found in liquid systems, reflecting both intra-molecular (typically
via covalent bonds) at high Q values and inter-molecular correlations at
lower Q values. In particular, a strong peak is detected at ca. 1.6 A%,
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Fig. 5. Combined distribution functions for the angle 02-H6---O1 (a), 02-H6---02 (b), and 02-H6---O3 (c) as functions of distances due.01, due-02, due6-03,

respectively.

which is related to first neighbor correlations. It is noteworthy that no
scattering features are detected at lower Q values, indicating the absence
of strong mesoscopic correlations in this liquid, similarly to our recent
observations e.g. in anisole and its derivative [58]. Therefore, no
mesoscopic spatial heterogeneities or clusters are formed, which are
commonly encountered in other aromatic liquids [59], molecular
“fragile” glass-forming liquids [60,61], ionic liquids [62,63], and deep
eutectic solvents (DES) [64-67]. On the other hand, the peak at 1.6 A1
is associated with the existence of intermediate or medium range order,
which is characteristic of organic liquids and reflects first-neighbor
correlations.

We stress the close match between experimental and MD-derived
structure factor, which represents a strong validation of the structural
information extracted from MD simulations to provide atomistic insight
into liquid HMF organization.

By inspection of MD-derived trajectories, we further explored the

structural correlations in liquid HMF.

In Fig. 2, the Radial Distribution Functions (RDFs) (solid lines) and
the corresponding running neighbor numbers (dashed lines) for the
centers of the rings (#3 in Scheme 1) are illustrated.

HMF rings are structurally correlated: the RDF is characterized by a
well-defined peak centered at ca. 5 A with an amplitude larger than
unity and a minimum at around 6.5 A, where the number of first
neighbors amounts to a value of approximately 6.

Clearly, rings correlations are fundamental in driving the local order
in liquid HMF.

In order to better clarify how the interacting rings are mutually ar-
ranged, we evaluated a series of Combined Distribution Functions
(CDF), shown in Fig. 3. These are color maps with abscissa representing
the mutual ring centers distance, d, between neighbor HMF molecules
and ordinates, respectively: a) the angle between the vectors perpen-
dicular to the neighbour rings («); b) the angle between the vector
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Fig. 7. Combined distribution function for the angle between the vectors
perpendicular to the centre of neighbour rings as function of distance d 43 e (a).
Geometrical organization of first HMF neighbours extrapolated considering a
d43.ne between 2-3 A and 9 between 0-30°.

connecting neighbour ring centres and the vector perpendicular to the
reference ring (f); c) the angle between the vectors with extremes the
virtual atom #4 (Scheme 1) and ether oxygen O1 (y), for the two
neighbour rings.

Panel (a) highlights the strong correlations occurring at approxi-
mately 4.5 A between neighbor rings arranged in a parallel (o = 0°) and
antiparallel (a = 180°) alignments, which are exemplified in the figure.
Related information can be extracted from panel (b); therein it emerges
that at approximately 4.5 A, the vector normal to the observed ring
aligns itself either in parallel or antiparallel way to the vector connecting
the two rings centers.

The structural arrangement evidenced by these CDFs prompts for the
existence of n-m interactions between neighbour HMF rings. This
observation resembles analogous findings from studies on other aro-
matic liquids, including benzene, toluene [68,69], anisole and its de-
rivatives [58], as well as thymol [59], where a parallel alignment was
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Table 2
Coordination numbers of HMF oxygen atoms around the aldehydic hydrogen
(H3) as a reference site.

Correlation Rmax (A) N(r)
H3-01 3.5 0.6

H3-02 3.5 0.52
H3-03 3.5 0.84

noted at distances less than 5 A.

Fig. 3(c) provides additional insight into the mutual arrangements of
neighbour rings. It reveals a notable correlation occurring atad ~ 5 A,
with corresponding y values falling within the range of 45-90°. By
focusing on the graphical representation derived from this intense spot,
we can visually discern and comprehend the structural configuration,
thereby underscoring the presence of a predominant Parallel Displaced
(PD) n-= stacking arrangement [58,59,68,69].

This finding is particularly intriguing as it diverges from the obser-
vations recently made for thiophene, which shares a similar molecular
structure with HMF. In the case of thiophene, a perpendicular
displacement occurs, with one hydrogen atom positioned directly to-
wards the n-cloud of the ring at distances shorter than 4 A [70].

To understand in depth the molecular and microscopic arrangements
within liquid HMF, the role of the hydroxyl group was subsequently
explored as an orienting moiety for the structure of the liquid. The
comparison between the RDFs associated with the possible Hydrogen
Bonds (HBs) between the hydroxyl hydrogen (H6) and the three oxygens
(01, 02 and 03) are shown in Fig. 4.

The peak related to the H6---O3 correlation appears quite sharp, with
an amplitude larger than 2 and centered at approximately 1.9 A. Upon
integration of this peak up to 2.8 A, the number of first neighbours is ca.
0.6. Similarly, the RDF corresponding to the H6-O2 correlation displays
a sharp and intense peak, albeit with a reduced first neighbours number
(roughly 0.3 forr < 2.8 i\). On the other hand, the RDF associated with
correlations involving O1 are characterised by much less structured
features.

One may then assume that the most relevant HB turns out to be the
one involving O3 and H6, followed by the one with O2. The furan ox-
ygen O1 is, de facto, the least efficient H-bond acceptor site, in good
agreement with the low availability of the lone pairs on the O atom due
to delocalization concurring to the aromaticity of the furanose ring.

This finding is confirmed through the comparison of the three CDFs,
shown in Fig. 5, which are associated to the HB geometrical features
(O---H distance and O-H:--O angle).

Strong HB interactions can be detected, as evidenced by the presence
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of intense and well-defined spots centered at distances below 2 A and at
angles § ranging from 0 to 30°. However, the most significant in-
teractions pertain to the hydrogen bonding of H6 with O2 and O3, with a
slight preference for H6 to participate in hydrogen bonding with O3.

We also considered the possibility of HMF hydroxyl hydrogen might
be engaged in an aromatic HB (O-H---x). Fig. 6 shows the RDF associated
to the H6-#3 correlation and the corresponding running neighbor
numbers. The peak centered at approximately 2.4 A has an amplitude of
ca. 0.5. By integrating the RDF up to a distance of 3 A, we determine the
presence of approximately 0.2 #3 sites around H6. Given the potential
importance of such an interaction, already observed in different aro-
matic systems [59,71,72], we explore its presence through a CDF related
to the angle between vectors perpendicular to the planes of the rings (8),
plotted against dye_43 (Fig. 7).

The presence of significant hot spots, occurring at angles § between
0° and 15° and 165° and 180°, with distances ranging between 2 and 3
A, provides evidence that the aromatic O-H---x interaction leads to a
parallel/antiparallel ring stacking. Interestingly, contrary to other sys-
tems where this interaction typically results in a perpendicular
displacement between rings [59,72], here we observe a tendency for the

aromatic rings to arrange themselves in a parallel way, when interacting
through the aromatic HB. This can be easily visualized through the
schematic representation depicted in Fig. 7, where the parallel
arrangement of rings with the O-H---n interaction bridging between
them is clearly illustrated.

The role of aldehydic hydrogen (H3) in engaging interactions was
also explored. Fig. 8 shows the RDFs related to the interactions of H3
with the three oxygens of the molecule.

From Fig. 8 it emerges that the most relevant feature is that related to
the H3-03 correlation, exhibiting a sharp peak centred at approximately
2.7 A with an intensity surpassing unity. Integrating this peak up to a
distance of 3.5 A reveals approximately 0.84 O3 sites surrounding H3.
H3-01 and H3-O2 correlations display similar characteristics, with
peaks centred around 2.7 A and intensities below unity. The running
neighbour numbers for all correlations depicted in Fig. 8 are summa-
rized in Table 2.

In Fig. 9 we show CDFs associated to the geometrical features of the
interactions shown in Fig. 8, in particular abscissas correspond to
H3---Ox (with x = 1,2,3) distances, dy, and the @y angles correspond to
the angles C6-H3---Ox (with x = 1,2,3 for figures a), b) and c),
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Fig. 11. (a) Stacked 'H NMR spectra of pure liquid HMF (top) and liquid HMF with increasing amounts of CDsCN; (b) Stacked 'H NMR spectra of pure liquid HMF
(top) and liquid HMF with increasing amounts of DMSO-de. All spectra were recorded at a temperature of 313 K. Spectral assignment is reported in the top spectra

for HMF.

respectively).

Fig. 9 emphasizes that the three probed correlations are charac-
terised by distances H3---Ox (with x = 1,2,3) ~ 2.6 A and angles ¢
between 30 and 45°. The H3:--O3 correlation shows the strongest
occurrence. These interactions are likely the consequences of other
correlations that drive liquid ordering in HMF, such as the above dis-
cussed 7 stacking and hydrogen bonding interactions.

Fig. 10(a) and (b) depict the Spatial Distribution Functions (SDF) of
HMF ring centers (orange) and hydroxyl groups (green) around a
reference HMF molecule.

This visualization emphasizes the heterogeneous local structural
scenario around a reference HMF: we can observe the propensity of the
hydroxyl hydrogen to effectively interact with both O2 and O3 through
conventional HBs, as well as the tendency of surrounding HMF mole-
cules to engage with the reference one in a parallel manner, via a n--n
stacking interaction.

The intricate structural scenario derived from the complementary
use of X-ray scattering and MD data can be cross-verified using liquid-
state NMR data. The synergistic use of scattering techniques (SANS,
SAXS, WAXS) and NMR spectroscopy was previously demonstrated by
some of us in studies involving ionic liquids [73] and eutectic mixtures

[74,75].

NMR spectra are sensitive to changes in the local magnetic envi-
ronment caused by intermolecular structural motifs. In structured lig-
uids like ionic liquids and deep eutectic solvents, several NMR features
can be used to monitor intermolecular interactions and interaction sites:
i) individual signals in the 'H spectrum can show selective chemical shift
changes due to anisotropic effects like shielding/deshielding from aro-
matic ring currents [76,77]; ii) variations in local diamagnetic compo-
nents due to the strengthening/disruption of H-bonds [78]; iii) cross-
relaxation (NOE) of nuclei at interaction sites, indicating both short-
and long-range effects [79,80]; and iv) translational and rotational dy-
namics [81]. Factors i) and ii), related to chemical shift variations due to
aromatic ring currents and H-bonds, provide additional information on
the correlations and intermolecular interactions in pure HMF discussed
earlier. Furthermore, since the timescale of NMR spectroscopy ranges
from milliseconds to seconds, the overall picture from NMR data rep-
resents a time-averaged perspective consistent with the evolution of MD
frames across the entire simulation period.

Given this context, the NMR investigation strategy can be summa-
rized as follows: in order to highlight and demonstrate the existence of
n--7 interactions, NMR measurements were performed on liquid HMF
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Fig. 12. (a) H NMR shift variation of HMF signals in CD3CN when decreasing the molar fraction () of HMF; (b) H NMR shift variation of HMF signals in DMSO-dg
when decreasing the molar fraction (y) of HMF. All spectra were recorded at a temperature of 313 K and the shifts are reported with respect to the solvent residual
peak within the coaxial insert. The insets show, for clarity, the expansion of the low dilution regime.

with progressive dilution in a suitable solvent. The goal was to observe
molecular correlation patterns by disrupting them through dilution.
Additionally, by selecting a solvent with specific H-bond properties, one
can reveal the H-bond donor sites in HMF. As such, non-interacting
CDsCN and strongly interacting DMSO-ds were chosen for chemical
shift titrations. The 'H NMR spectra are shown in Fig. 11, and the plots
of the solvent-induced chemical shift variation A3 (i.e., 8 in HMF solvent
minus § in pure HMF) are depicted in Fig. 12.

Visual inspection of the spectra in both solvents (Fig. 11a) and b))
reveals a downfield shift in all signals, indicating progressive disruption
of HMF =--t stacking caused by the solvent solvation shell, which re-
duces the paramagnetic effect of aromatic electrons, resulting in
deshielding. Data reported in Fig. 12 confirm such a scenario, indicating
a non-selective shift in all non-exchangeable protons in HMF. This is
consistent with the small size of HMF, where protons H3, H4, and H6 are
close enough in molecular connectivity to exhibit similar magnetic ef-
fects upon 7--7 interaction disruption. However, the behaviour of the
exchangeable OH proton differs markedly between the two solvents.

In a non-interacting solvent like CD3CN (Fig. 11a) and Fig. 12a)), the
upfield shift of the exchangeable OH signal indicates a weakening of
hydrogen bonds due to progressively increasing distance between HMF
molecules. In a strong H-bond acceptor solvent like DMSO (Fig. 11b) and
Fig. 12b)), the downfield shift of the exchangeable OH signal suggests
deshielding of the OH proton, due to the formation of HMF--DMSO
hydrogen bonds, stronger than HMF--HMF ones. Despite the disruption
of n--m interactions with dilution, the NMR data indicate competition
between HMF and DMSO for H-bond formation.

4. Conclusion

The local structural organization in liquid neat HMF has been
explored by the synergic use of high energy X-ray scattering and Mo-
lecular Dynamics simulations, providing detailed insight into the
structural correlations driving HMF liquid organization. HMF liquid
structure, as evidenced by X-ray scattering is very well reproduced by
MD simulation, which nicely accounts for the experimental data.

Among the prevailing correlations, we detected the existence of a
distinct n--n stacking arrangement, which characterises the mutual
ordering between neighbour HMF molecules. Further correlations
involve hydrogen bonding between aldehyde and hydroxyl oxygen and

hydroxyl hydrogen. Furthermore, indication of the existence of OH---
hydrogen bonding interaction can be detected.

These findings underscore the complex and heterogeneous nature of
the structural organization of liquid HMF.

Moreover, an NMR strategy was devised to demonstrate the exis-
tence of mutual interactions between neighbour HMF molecules and
identify the associated structural motifs. Progressive dilution with mo-
lecular solvents was used, with the expectation that it would lead to
predictable chemical shift variations due to the disruption of intermo-
lecular HMF--HMF interactions. As anticipated, the paramagnetic effects
of aromatic ring currents, typically linked to n--m stacking, were pro-
gressively reduced as solvent was added. By using CD3CN and DMSO-de,
we were able to toggle HMF--HMF hydrogen bonds, providing evidence
for the role these intermolecular forces play in the local structuring of
liquid HMF.

These findings provide an accurate description of microscopic
structural organization liquid neat HMF. By revealing the nature of in-
teractions taking place between the different HMF moieties, the study
provides useful indication of dominant interactions that will drive HMF
solvation in novel solvent media to be explored in the future.
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