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Abstract: In this study, we report a detailed experimental and theoretical investigation of three glycol
derivatives, namely ethane-1,2-diol, 2-methoxyethan-1-ol and 1,2-dimethoxy ethane. For the first
time, the X-ray spectra of the latter two liquids was measured at room temperature, and they were
compared with the newly measured spectrum of ethane-1,2-diol. The experimental diffraction patterns
were interpreted very satisfactorily with molecular dynamics calculations, and suggest that in liquid
ethane-1,2-diol most molecules are found in gauche conformation, with intramolecular hydrogen bonds
between the two hydroxyl groups. Intramolecular H-bonds are established in the mono-alkylated diol,
but the interaction is weaker. The EDXD study also evidences strong intermolecular hydrogen-bond
interactions, with short O···O correlations in both systems, while longer methyl-methyl interactions
are found in 1,2-dimethoxy ethane. X-ray studies are complemented by micro Raman investigations
at room temperature and at 80 ◦C, that confirm the conformational analysis predicted by X-ray
experiments and simulations.

Keywords: ethane-diols; methoxy and dimethoxy ethane; liquid structure; hydrogen bond;
XRD; Raman

1. Introduction

Ethylene glycol (ethane-1,2-diol; EG) and its mono-alkyl ether derivative 2-methoxyethan-1-ol (ME,
also known as methylcellosolve) have many applications in several fields. EG is used in engineering
and biology, acting as a coolant, an antifreeze, an anti-icing agent in gas pipelines, de-icing solutions for
vehicles and runways of airports and a cryo-protectant, in addition to finding widespread application
in the synthesis of many polymers [1] and pharmaceuticals [2]. Amongst other uses, it serves as
an ingredient of electrolytic capacitors, printer’s inks, and it is used as a solvent. It is raw material
for the production of explosives and synthetic waxes [3]. Cellosolves are used as industrial and
biological solvents, surfactants, detergents and wetting agents. Such solvents are also used as a media
with variable viscosity in experimental studies of the solvent dynamics effect on electrochemical
reactions [4,5]. Renewed interest in EG was recently found in the field of solvents for green and
sustainable chemistry, where it was reported that EG can be used as a hydrogen bond donor to form
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deep eutectic solvents (DES) with significantly lower viscosities than most “traditional” DES [6].
Indeed, this small molecule has very large hydrogen bond capabilities, owing to the presence of two
hydroxyl moieties, which can act as both hydrogen bond donors and acceptors groups, in a quite
limited space with little interference from the hydrophobic interactions between the small alkyl chains.
This property allows EG (and, to a lesser extent, DME) to form quite extended and highly correlated
2D and 3D networks that are responsible for most of their properties. However, the presence of
an alkyl chain, though very short, plays a major role, since the molecule can adopt partially folded
conformations in which the two OH groups can interact to give intramolecular hydrogen bonds, with
consequent kinks of the network. The complexity of the matter has promoted several theoretical and
experimental studies so far. Many computational studies have been done, at various levels of theory,
in order to understand the relative thermodynamic stability of the EG molecule’s conformations and
to assess the role of intra- and inter-molecular hydrogen bonding, both in EG and in EG–water [7–9].
These investigations suggest that the liquid structure is dominated by a hydrogen-bonded network
with a mean number of hydrogen bonds per molecule slightly lower than four, independently of
the potential model used. The structure of the isolated ethylene glycol molecule has been studied
experimentally by electron diffraction [10] as well as by microwave [11] and infrared spectroscopic
methods in the gas phase/low-temperature matrix [12,13], whereas the strong structural correlations of
condensed-phase EG were investigated by diffraction techniques (X-ray and neutron [14]) in the liquid,
focusing in particular on the structure of the most stable dimers, and in the solid state by neutron
diffraction [15]. As far as the liquid structure is concerned, infrared and Raman spectra suggest that
almost all OH groups are involved in inter-and intramolecular H-bonds [16,17].

Studies on cellosolves structures are less abundant, and mostly focused on the characterization
of heterogeneous interactions between the polar molecules in their binary mixtures [18] or their
toxicity [19]. Here we present a comparative energy dispersive X-ray diffraction, Raman and molecular
dynamics study of EG, 2-methoxyethan-1-ol (ME) and 1,2-dimethoxyethane (DME) in the pure liquid
phase. The aim is at shedding light on the inter and intra molecular hydrogen bond networks and
majority conformations in these pure liquids, combining two techniques capable of yielding structural
information with a simulation protocol that helps in interpreting diffraction patterns. In order to obtain
a complete picture, DME was also investigated, since it cannot form hydrogen bonds; hence, it can
provide a negative control. To our knowledge, this is the first report on ME and DME structure by
X-ray diffraction.

2. Materials and Methods

Ethane-1,2-diol, 2-methoxyethan-1-ol, 1,2-dimethoxyethane were purchased from Sigma-Aldrich
(Milano, Italy) and used as received.

Energy dispersive X-ray dispersion (EDXD) measurements of the liquid samples were performed
using a noncommercial energy scanning diffractometer (built in house) [20]. The EDXD technique is a
variant of X-ray diffraction that exploits the dependence of diffracted intensity on the energy of the
radiation, according to the definition of the scattering variable for the Compton scattering between a
photon and an electron:

q =
4π sin(θ)

λ

This relation links the magnitude of the scattering variable (or momentum transfer) to the
scattering angle (2θ) and to the wavelength of the incident radiation. Since the wavelength is related to
the energy of the photon by the Planck equation E = hν (h = Planck constant), we obtain:

q =
4π sin(θ)

hc
E ≈ 1.014Esin(θ)

Therefore, the whole spectrum of scattered wavevectors can be obtained either by varying the
angle and keeping the radiation energy fixed (angular dispersive, ADXD, that uses a monochromatized
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beam) or by using a variable-wavelength energy beam (i.e., the “white” part of the radiation emitted
by an X-ray tube—Bremsstrahlung) and using a single angle, or a limited number of angles (in this
case q = 24.0◦, 8.0◦, 3.0◦, 1.0◦, 0.5◦). The scattered intensity obtained at each angle undergoes a data
treatment procedure, that normalizes the measured scattered intensity for absorption and subtracts
self-scattering and the inelastic Compton incoherent scattering, yielding the total coherent structure
factor, which is also known as “reduced intensity”, I(q):

I(q) = (q) −
N∑

x=1

xif2
i − Iincoh

I(q) is the structural sensitive part of the recorded diffracted intensity Iexp, as it depends on the
sum of the interference contributions of the waves scattered by the atoms of the sample, and, ultimately,
on their relative distances, as the atoms, through their electrons, are the particles taking part to the
scattering phenomenon (scatterers). The structure factors obtained from the different measurements
(i.e., the 3–4 different angles) are finally joined to obtain a continuous spectrum in q, which in this
study ranged from 0.5 to 24 Å−1.

Several papers on EDXD theory [20,21] and applications [22–25], to which the reader is referred
to, were published in the past. From the Fourier transform of I(q), the total radial distribution function
of the sample is obtained. This is a “real” space (or “direct” space) representation of the scattering, and
is complementary to the I(q), as the same structural features may give a strong signature in I(q) and a
small one in the radial distribution, and vice versa. It is important to note that the radial distribution
is a function of the (relative) distance, while the “reciprocal” space I(q) depends on momenta, that
are inversely proportional to the distance (large distance = small momentum and vice versa). The
functional form chosen for the total radial distribution functions shown in this work is the “differential”
one (Diff (r)), defined as:

D(r) − 4πρ0 = Diff(r) −
2r
π

∞∫
0

qI(q)M(q)rsin(q)dq

In this expression, the non-structural term, due to the uniform radial distribution of particles
that depends on the system density ρ0, is left out. M(q) is a mathematical function used to reduce the
truncation error of the Fourier transform and to highlight the large q contributions, and is equal to:

M(q) =
f2
N(0)

f2
N(q)

exp
(
−0.01q2

)
The function I(q) is related to the partial radial distribution functions descriptive of the structure

and obtainable from the simulations, according to:

I(q) =
N∑

i=1

N∑
j=1

xixififj4πρ0

∞∫
0

r2
(
gij(r) − 1

)sin(qr)
qr

dr

In the equation above, xi and xj are the numerical concentrations of the species while fi and fj
are their q-dependent X-ray scattering factors and ρ0 is the bulk number density. This relation is the
link between experimental and model data, as the g(r)s can be calculated from molecular simulations.
Comprehensive derivation of all the equations is described elsewhere [26].

Considering that the molecules considered in this study also differ for short range correlations (i.e.,
molecular conformations and intra-molecular hydrogen bonding), we decided to use the “sharpened”
version of the structure factor, q I(q) M(q), that highlights such differences at large q and when
comparing model and experimental data, instead of the S(q) function that is less detailed at large q.
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Summarizing, the analysis of both reciprocal space (q I(q) M(q)) and distance space (Diff (r)) functions
is used to compare X-ray experimental data and simulations. This methodology has been successfully
applied to the study of molecular [27–29], ionic liquids [30,31], deep eutectic solvents [32] as well as
solutions [33–36].

Raman spectroscopy was conducted through Jobin–Yvon–Horiba micro-Raman system (LabRAM
ARAMIS) equipped with Ar+ ion laser (514 nm/488 nm) as excitation source (100 mW) [37]. The Horiba
micro-spectrometer (HORIBA, 2 Miyanohigashi, Kisshoin, Minami-ku Kyoto 601-8510, Japan) is coupled
with a confocal microscope that allows the spatial resolution of the sample through detector pinhole
aperture. The cut-off from the notch filters in the spectrometer is less than 120 cm−1. The spectrometer
is equipped with a diffraction grating of 1800 lines/mm coupled to a CCD camera. The laser light
reached the sample surface at normal incidence by means of ultra-long working distance (50×) objective
with 10.5 mm focal distance. The scattered radiation was collected in a backscattering geometry.
Subtraction of the fluorescence background on the Raman spectra was performed by a polynomial
fitting, while spectral deconvolution was carried out by nonlinear least-squares fitting of the Raman
peaks to a mixture of Lorentzian and Gaussian line shapes, providing the peak position, width, height,
and integrated intensity of each Raman band [38]. The laser spot has a diameter of approximately
2.5 µm and a power density of 0.25 mW/µm2 with an optical density filter of 0.6. This amount of
power is necessary to avoid damage to the samples and minimize any spectrum fluctuation due to
heat induced by the laser [39].

The classical molecular dynamics studies were developed using the PMEMD program package
(part of the AMBER [40] suite of programs, University of California, San Francisco (USA)) as molecular
dynamics engine using the GAFF force field [41] to describe the system energetics. The cubic simulation
cells were prepared using the software Packmol [42] and contained 1000 molecules each, corresponding
to 10,000, 13,000 and 16,000 atoms; the initial cell edges were chosen as twice the distance of the
last visible peak in experimental radial distribution function (Diff (r)), i.e., 50 Å, considering that
periodic boundary conditions apply in the simulation. The system was first minimized to relieve bad
contacts and was then heated and equilibrated at 300 K in the NPT ensemble for 5 ns. The edges of the
equilibrated cells were: 44.80, 50.90 and 55.08 Å, for ETG, ME and DME, respectively, with 1.15, 0.96 and
0.88 g cm−3 as corresponding theoretical density values, that compare very nicely with experimental
ones (1.11, 0.97 and 0.87 g cm−3), with only a slightly larger deviation for ETG (3.6%). This observation
constituted the first proof of the validity of the simulation protocol. A production trajectory lasting
another 5 ns was finally obtained in the NVT ensemble with the system density fixed at the experimental
values. The calculation of structure factors and radial distribution functions was made on 2000 frames
of this trajectory (one over 2.5 ps) using in-house codes and the TRAVIS software [43].

3. Results and Discussion

3.1. X-Ray Structural Study

The structure factors for the three systems investigated are shown in Figure 1 upper panel). All the
liquids share overall similar patterns, though some important differences can be pointed out:

• In the 2–3.5 Å−1 range, that correspond to an effective distance range (estimated as d ≈ 2 π/q)
between 1.8 and 3.2 Å, and is the part of reciprocal space data most sensitive to short intermolecular
correlations, like hydrogen bonding, a clear decrease of the peak intensity is observed going from
EG to ME, while in DME the peak partly recovers the intensity, but is shifted at larger q.

• The faint peak round 10 Å−1 in EG is progressively split into two peaks by OH substitution.

The qualitative analysis of the radial distributions, plotted in Figure 1 (lower panel), confirms
that EG has sizable correlations in the distance range 2.5–4 Å, that get smaller in ME and disappear
in DME, apart from the shoulder around 3.8 Å. Noteworthy is the larger extension of intermolecular
interactions for the system with maximum number of hydrogen bond donor/acceptors (ethylene glycol,
EG) compared to the other two liquids. Four solvation shells can be identified, at 5, 9, 13 and 17 Å
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respectively, while the structural correlations of the other two liquids fades out into the continuum at
larger lengths.Crystals 2020, 10, x FOR PEER REVIEW 5 of 15 
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Figure 1. X-ray structure factors (top panel) and total radial distribution functions (bottom panel) of
the liquids. Ethylene glycol (EG): black; methylcellosolve (ME): red; 1,2-dimethoxyethane (DME): blue.

As regards the comparison between model and experimental structure factors, reported in Figure 2,
the agreement between simulated and measured data is very satisfactory for each system, only DME
curve is a little out of phase at large q, possibly indicating slightly too long distances in the model.
The agreement observed makes us confident about the validity of the model and allows us to perform
further analyses on the calculated trajectory to obtain a series of structural properties of the liquids.
To begin, we calculated the intramolecular and intermolecular radial distribution functions between
hydroxyl groups of the three liquids, followed by the intramolecular radial distribution function
between hydroxyl and methoxy groups (ME) and the two methoxy groups (DME); the two patterns are
shown in Figure 3, right and left panel, respectively; the atom numbering is reported in the sketches
of Figure 4. The conformation of EG molecules in the gas, liquid and solid glasses has been largely
investigated [44–48] and it was pointed out the existence of the gauche conformer in the solid and
gas phases while an equilibrium of gauche and anti conformers is established in the liquid phase.
Actually, it is widely accepted that all EG molecules are mostly gauche conformers in the vapor, because
this form is stabilized by intramolecular hydrogen bonds. On the other hand, in the liquid phase,
the presence of OH groups in EG and ME suggests the possible establishment of hydrogen bonds
between the molecules.

These bonds are generally found to be stronger than intramolecular bonding because steric
hindrance leads to interactions with less linearity in the latter case [49]. This issue was extensively
studied by Schwartz [47], who proposed two possible molecular configurations in the bulk liquid:

1. A cyclic dimer (with both EG molecules in the gauche conformation) containing two intermolecular
bonds connecting the monomers, added to four additional hydrogen bonds with other molecules;

2. A molecule in the anti configuration, capable of participation in as many as four hydrogen bonds
with neighboring molecules.
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In the present study, the predominance of gauche conformers in EG is confirmed by the
intramolecular radial distribution functions (Figure 3, right panel) and from dihedral distribution
analysis (Figure 5) calculated from simulation trajectory. The former pattern shows a broad peak,
centered at 2.96 Å; the center of the distribution complies well, considering the large peak width,
with the O1–O2 distance of a hypothetical gauche structure [44] having the following bond lengths:
r (C1–C2) = 1.54 Å, r (C1–O1/C2–O2) = 1.43 Å, r (C–H) = 1.09 Å, r (O–H) = 0.97 Å, tetrahedral
bond angles (ϕ = 109◦28′) and 60◦ internal rotation (torsion) angle, that corresponds to 2.79(5) Å.
At larger distances, a faint peak due to the anti conformer can be seen around 3.64 Å; the relative
population of the two conformations, calculated from the ratio of g(r)’s integrals, is 99:1, pointing
out that, in our analysis, almost all EG adopts the gauche form. In ME and DME, the first peak
is still largely predominant, but it falls at progressively larger distances. A further proof of such
behavior can be found in the dihedral distribution functions, that are shown in Figure 5, It can
be seen that in EG two almost equally tall peaks are found at −69 and +68 degrees, while in ME
they fall at −73/+75 degrees and at −81/+80 degrees in DME, in agreement with the increases steric
hindrance of the alkoxy groups compared to OH. In parallel to the peak shift, the relative population
decreases to 95:5 (ME) and 92:8 (DME). Regarding the angular features of the intramolecular hydrogen
bond, we calculated the combined distribution function map (H1–O2 radial distribution + O1–H1–O2
angular distribution), that is shown in Figure 6. In the picture, the combined histogram count of the
two distributions is reported as contour lines, and clearly points out the existence of two maxima:
the taller peak (magenta) corresponds to the distance range 2.75 ÷ 3.25 Å coupled to the angular
range 161 ÷ 163.5 degrees, while the lower one (orange) corresponds to the ranges 3.75 ÷ 4 Å and
168.5 ÷ 174 degrees. This result, although it evidences again the tendency of the molecule to adopt a
folded conformation, cannot account clearly for the existence of a hydrogen bond, at least according to
the most “canonical” definition, since the interaction distance is rather too large and the angle somewhat
too far from linearity. Nonetheless, it should be considered that the simulation was carried out within
the framework of the simplest classical force-field approach, where the charge distribution is modeled
through atom-centered point charges, thus enforcing the spherical symmetry of the environment, with
consequent lack of the directionality in the O–H–O interaction and the maximum filling of the space.
The analogous calculation for ME yields a similar picture (see Supplementary Materials Figure S1),
but the second peak is a little fainter, probably in line with the increased steric hindrance imposed by
the OCH3 group.
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The analysis of the intermolecular function calculated from the molecular dynamics trajectory,
validated by X-ray patterns, reveals that a strong intermolecular correlation between oxygen
atoms, centered around the peak falling at 2.76 Å, is found in EG, indicating the establishment
of a hydrogen-bond network in the system quite similar to that observed in liquid water [50].
Noteworthily, the total coordination number, calculated as the sum of the intermolecular radial
distribution functions integrals is 3.84. This value is remarkably high, and complies with the view of an
extended hydrogen-bond network, though it is significantly lower than water, where experiments point
to a total value of 4.7 [51] but larger than liquid methanol (total coordination around 2) [52]. A picture
of the intermolecular interactions established in liquid EG can be seen in Figure 7, that qualitatively
shows a quite large density of O(H)···O interactions, with an almost linear arrangement of the triad
(angle range 165–180 degrees in most of the angular distribution - see the combined distribution
function in Figure S2). In ME, the first-neighbor oxygen–oxygen peak is still visible, but it falls at
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larger distance (2.86 Å) and has a much smaller total integral (O2–O2 1.44, O1–O2 0.41, total 1.85),
a not-unexpected issue considering that only one OH fragment, capable of acting as both H-bond
donor and acceptor, is present (O2, see Figure 4), differently from OCH3 group (acceptor only). In DME,
the first neighbor peak falls around 4.7 Å, the O atoms lose their donor ability and the O–O correlation
is mediated by the interaction between the surrounding methyl groups (see Figure 8).
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3.2. Raman Study

3.2.1. EG

Further light on the issue of intramolecular hydrogen bonding of liquid ethylene glycol (EG) could
be shed from the analysis of its micro-Raman spectrum that was recorded at 22 ◦C (room temperature)
and is reported in Figure 9.
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The observed spectrum can be divided into four frequency regions, with assignments largely
based on previous studies [44–48]:

1. 400–600 cm−1: This first region is relevant in order to figure out the presence of rotational
isomerism of ethylene glycol in the liquid state. In fact, as well known, in this region two main
peaks are present, the 525 cm−1 Raman vibration and the 480 cm−1 band, which are assigned to
the antisymmetric mode of the gauche conformer and to the symmetric (Ag) C–C–O bending
mode of the anti conformer respectively [45,47].

2. 800–1100 cm−1: The Raman spectrum of liquid ethylene glycol exhibits a very intense polarized
line at about 865 cm−1 due to the C–C stretch mode. The region between 1000 and 1100 displays
three overlapping bands at 1040, 1068 and 1093 cm−1. the first and third Raman bands are
assigned to the stretching modes of the gauche isomer, and the second band to the anti C–O stretch
(Ag) mode [45].

3. 1400–1500 cm−1: The vibration located at 1462 cm−1 is unambiguously assigned to the CH2

scissoring vibration [53].
4. 1500–3000 cm−1: Dominated by the very intense Raman bands at 2884 and 2939 cm−1

corresponding to the stretching mode of CH2 groups.

As anticipated in point (a) above, the two characteristic Raman lines recorded at 480 cm−1 and at
525 cm−1 are originated by the two distinct anti and gauche conformers, and for this reason the variation
of their intensity with temperature can be used to predict the relative stability of these two forms,
at least qualitatively. Actually, when well defined lines (or group of lines), which can be unambiguously
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attributed to different structures are available in the spectrum, the relative population of two forms
(r1,2) can be predicted, considering that this quantity follows the Boltzmann law, and ultimately the
Van’t Hoff equation:

ln(r12) = −
∆H1,2

RT
+

∆S1,2

R
where ∆H1,2 and ∆S1,2 are, respectively, the enthalpy and entropy differences between the two
conformers. [see, for instance, [54]). In EG Raman spectrum, as showed in Figure 10, the intensity of
the line at 480 cm−1 related to anti configuration has been found to increase when the temperature
is raised, while, on the other hand, the 525 cm−1 Raman band, ascribed to the gauche form, exhibits
an opposite behavior. This observation confirms that both gauche and anti isomers are present in the
liquid state, and that the former group of conformers, stabilized by intramolecular hydrogen bonds
of some kind, are made less stable by a temperature increase (as any endothermic process), which,
in turn, enhances the population of anti conformers compared to gauche ones.
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3.2.2. ME

The Raman spectra of 2-methoxyethan-1-ol acquired at room temperature (T = 22 ◦C) is shown in
Figure 11. As widely discussed in literature [55] the most stable tgg’ conformer of 2-methoxyethanol
corresponds to the highest monomer population with a population of ca. 92% at room temperature [56]
in optimal agreement with the X-ray data discussed above. Thus, it is expected that the larger
contribution to the observed Raman bands in the registered spectra will come from this conformer.

The Raman spectrum suggests three spectral regions:

• The region below the 800 cm−1 which includes different bending and torsional modes;
• The 800–1500 cm−1 region, which includes the CH3, CH2 and COH bending vibrations and the

CC and CO stretching modes.
• The 2700–3200 cm−1 region, the O–H and C–H stretching vibrations.

It is well known the existence of dimeric species in neat 2-methoxyethanol liquid, with intra- and
intermolecular hydrogen bonds.
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4. Conclusions

Throughout this paper, we investigated the structural and spectroscopic properties of three organic
liquids with oxygen substituents: the forefather of glycols (ethane-1,2-diol-ethylene glycol) and the
two simplest mono and di-alkyl derivatives, 2-methoxyethan-1-ol and 1,2-dimethoxy ethane. While
the information for the last two liquid systems is still rather scarce, ethane-1,2-diol has already been
extensively studied in the past. Yet, to get a complete picture and assess similarities and differences,
the molecular arrangement of ethane-1,2-diol was reappraised as well. With this aim, the X-ray
diffraction spectra of the three systems were measured with an energy-dispersive instrument, and the
patterns obtained were optimally reproduced by those obtained from molecular dynamics simulations.
The analysis of the radial and dihedral distribution functions sampled in MD trajectory, confirms the
conformational landscape already observed for ethane-1,2-diol and points out the large predominance
of gauche conformations, that allow the establishment of intramolecular H-bond interactions, while this
feature is largely decreased in 2-methoxyethan-1-ol where one hydroxy group is replaced by an alkoxy
one. Looking at the cohesive interactions between molecules, the diffraction results reveal the existence
of an extended hydrogen-bond network, which is signaled by intense oxygen–oxygen radial distribution
functions in ethane-1,2-diol, where every molecule is surrounded by other 3.84 on average, and, to a
lesser extent, in 2-methoxyethan-1-ol. In 1,2-dimethoxyethane, instead, the main intermolecular
correlation is the hydrophobic interaction between the two methyl groups. The conformational
landscape of ethane-1,2-diol and 2-methoxyethan-1-ol was further assessed by a micro-Raman study
in the liquid phase. The study unambiguously shows that in the former compound the gauche form is
largely predominant, and decreases its population, partially transforming into the less stable anti form,
when the temperature is increased. In 2-methoxyethan-1-ol, tgg’ conformer is the major component.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/11/1011/s1,
Figure S1: ME: Combined radial and angular distribution function for intramolecular H-bond, Figure S2: ME:
Combined radial and angular distribution function for intermolecular H-bond.
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