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We present here a structural and vibrational analysis of melted methylammonium nitrate, the simplest
compound of the family of alkylammonium nitrates. The static and dynamical features calculated were
endorsed by comparing the experimental X-ray data with the theoretical ones. A reliable description can-
not be obtained with classical molecular dynamics owing to polarization effects. Contrariwise, the struc-
ture factor and the vibrational frequencies obtained from ab initio molecular dynamics trajectories are in
very good agreement with the experiment. A careful analysis has provided additional information on the
complex hydrogen bonding network that exists in this liquid.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The latvian/russian/german chemist Paul Walden is generally
recognized as one of the ‘‘fathers” of that class of (organic) molten
salts that most contemporary chemists would call ‘‘ionic liquids”.
As a matter of fact, Walden, in his 1914 seminal work [1] described
a series of water-free salts with a melting point below 100 �C, and
only one of such compounds can be considered as RTIL (‘‘Room
Temperature Ionic Liquid”) in the modern sense, namely the
widely renowned ethylammonium nitrate (EAN). A period of at
least thirty years passed before new ionic liquids were discovered,
but in the following few decades a large body of scientific literature
on these compounds flourished, given the large range of varied and
peculiar properties they posess [2–10].

In this study we focus on one of the molten salts described by
Walden (on page 416), methylammonium nitrate (CH3NO3, termed
as MAN or MMAN in the subsequent literature, see Fig. 1). This sys-
tem is the one-carbon representative of the family of monoalky-
lammonium nitrates, that includes three room-temperature
liquids, ethylammonium nitrate (EAN, object of Walden studies
itself), propylammonium nitrate (PAN) and butylammonium
nitrate (BAN), and belongs to the subgroup of protic ionic liquids
(PILs) [11–14]. All these systems are obtained from the proton
transfer reaction between the Brønsted acid nitric acid and the
Brønsted base alkylamine. MAN is instead solid at room tempera-
ture, but it undergoes a solid I solid II phase transition at 352 K,
turning into a ‘‘ionic plastic phase” which shows very large mobil-
ity, as assessed by two NMR studies [15,16]. The melting tempera-
ture reported by Walden in his work (80 �C) is probably ascribable
to this phase transition. Finally, around 384 K (natural sample, [17]
rechecked by us) or 391 K (ND3 deuterated sample [15]) the isotro-
pic liquid is obtained. A limited number of papers on liquid MAN
are found in the literature, among which we cite an ab initiomolec-
ular dynamics (AIMD) study [18], a Raman coupled to powder
diffraction study interpreted with ab initio calculations [19], while
no liquid diffractions measurements have yet been reported. To fill
this gap, we report in this article, for the first time, the experimen-
tal X-ray diffraction pattern of liquid MAN. Though it should not be
regarded as an ionic liquid as said before, the knowledge of the liq-
uid phase structure of this prototypical compound is of utmost
interest, and was also selected as a benchmark to test the capabil-
ities of our new high-speed EDXD diffractometer. This choice was
made also considering that the smaller dimension of the system,
with respect to longer chain alkylammonium nitrates, allows more
thorough computational studies capable of interperting the X-ray
patterns more accurately.

Indeed, a general problem we encounter when studying ILs,
particularly those capable of giving H-bond interactions, with com-
putational techniques is represented by the fact that it is rather dif-
ficult to obtain reliable results using the current pairwise
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Fig. 1. Sketch of cation and anion.
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potentials. Such kind of approach, actually, cannot reproduce in an
appropriate way polarization and many body effects [18,20–22],
and often further modifications are required, like using three-
body terms for H-bonds [23] or polarizable potentials [13], though
some successful calculations on longer alkylammonium nitrates
have been reported [24].

Therefore, considering the problems with ordinary force field
treatment and the after all affordable dimension of the system,
we decided to perform an AIMD simulation, obtaining in this
way a detailed description of the liquid bulk phase and of the
underlying interactions, particularly with regard to the hydrogen
bond network established between cation and anion, and provid-
ing the infrared spectra of the liquid through the vibrational den-
sity of states (VDOS), calculated by Fourier transforming the
velocity autocorrelation functions.
1.1. Experimental details

The X-ray experiments were performed on a new Energy-
Dispersive diffractometer recently set up in our lab at Rome ‘‘La
Sapienza” university. The instrument has a novel horizontal design
that permits data acquisitions at the three to four fixed angular
configurations needed by the technique [25,26] in parallel, very
rapidly and at large momentum transfer range, namely between
0.15 and 24 Å�1 (see Fig. 2).

The open configuration of the instrument allows the easy use of
additional equipment, such as the spot fan heater used to melt and
keep the sample liquid. The magnitude of the transferred momen-
tum, Q, depends on the scattering angle according to the relation
Q ¼ 4psinðhÞ=k, approximately equal to �1.0136 E sin h, when E
is expressed in keV and Q in Å�1. The marked increase of the inten-
sity of this new instrumental configuration allows to collect a com-
plete diffraction pattern at high statistics (viz more than 500,000
counts), in at most 6 h. The sample was put in a quartz capillary,
and the beam was focussed on the liquid portion at the center of
the capillary, surrounded by solid phases above and below. After
the data treatment, the structure function I(Q) was obtained, which
is sensitive to the pairwise distances between the atoms of the
system:
Fig. 2. The new EDXD diffractometer w
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The radial distribution profile, in differential form, was obtained
by I(Q) Fourier Transform:

Diff ðrÞ ¼ 2r
p

Z 1

0
QIðQÞMðQÞrsinQdQ ð2Þ

In the formulae above, xi are the numerical concentrations of
the species, f i their Q-dependent X-ray scattering factors and q0

is the bulk number density of the system. To improve the curve
resolution at high Q, and to decrease the truncation errors, both
the experimental and the theoretical structure functions were mul-

tiplied by a sharpening function M(Q) = f 2Nð0Þ
f 2NðQÞ expð�0:01Q2Þ.

This methodology has been successfully applied to the study of
molecular [27] and ionic liquids [28], as well as solutions [29].

1.2. Computational details

In this work, a computational protocol analogous to what was
used for previous articles was exploited [9,30], that will be briefly
summarized here. Two types of molecular dynamics (MD) simula-
tions were performed, as already pointed out in the Introduction.
In the first step, a classical molecular dynamics was carried out
on a box composed of 32 ILs with AMBER and the Gaff force field
[31]. Though the charge distribution is particularly important in
classical MD simulation of highly charged systems as ILs [28], for
this small cation only the single staggered conformation (absolute
minimum) was used to derive the point charges using the RESP
procedure. The starting simulation cell was built with the PACK-
MOL software [32] and was then equilibrated for 5 ns in an
isothermic-isobaric ensemble (NPT) at 385 K. Finally a productive
trajectory of 2 ns in the canonical ensemble (NVT) was produced.
The final theoretical density was 1.42 g=cm3, corresponding to a
box edge around 15.2 Å, and differed from the value we estimated
at the same temperature by weighing a known volume of the liquid
(1.38) by about 3%. Indeed, even though the final aim of our study
was an ab initio simulation as described above, a ‘‘preparatory”
study with classical MD is almost always needed to equilibrate
the simulation boxes. The final configuration of the classical trajec-
tory was used as the starting point for the ab initio simulations,
that were performed with CP2k [33], using the Quickstep module
and the orbital transformation [34]. PBE density functional was
used for the electronic calculation, with the empirical dispersion
correction (D3) by Grimme [35]. MOLOPT-DZVP-SR-GTH basis sets
and GTH pseudopotentials [36] were applied; a 0.5 fs time step
ith three simultaneous detectors.
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was employed, and the simulation temperature was held constant
by a Nosé-Hoover chain thermostat. The ab initio simulations were
performed at 450 K, around 60 degrees above the melting point, to
accelerate the dynamics of the viscous liquid (as in [18]). An equi-
libration of 7 ps was performed at first, followed by a 60 ps produc-
tive simulation. This protocol was already adopted and validated
by comparison with X-ray data in previous works [9,21,30].
Clearly, in such rather short simulation time (though not at all triv-
ial for AIMD) the phase space exploration is limited and the config-
urations depend on the previous classical calculation. Though,
AIMD improves the description of the short-medium range struc-
tural correlations when electronic effects play a role. The vibra-
tional spectra of the ions was calculated with the MOLSIM
package [37], by projecting the VDOS onto the molecules effective
normal modes [30] with the MOLSIM package [37]. For more
details read Ref. [30].
2. Results

In Fig. 3 we report both the experimental and the theoretical
function described in Experimental Details. The structure factor,
QIðQÞMðQÞ, is shown on top, while the radial distribution function
DiffðrÞ, is on bottom. The experimental data is represented in black,
and the two models are in green (classical MD) and in red (AIMD).

The first evident feature in Fig. 3, is the very satisfactory repro-
duction of the experimental data, both QIðQÞMðQÞ and DiffðrÞ, by
the ab initio model. Conversely, classical MD cannot reproduce
either patterns. This failure is probably attributable to the inherent
nature of the MAN, whose organic moiety is composed of the
methyl group only, so that classical force fields, generally devel-
oped for organic molecules, fail in describing the structural param-
eters. In particular, the accuracy is poorer in the central range
between 3 Å and 5 Å, where an almost featureless peak is obtained.
This issue was already discussed in a former X-ray/classical MD
study on EAN [23], where the incomplete description of the hydro-
gen bond interaction between ammonium and nitrate was
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Fig. 3. Top panel: Structure function. Botto
improved adding a three-body term to the potential. To investigate
the effect of model size, we performed a control simulation with
the same force field using a larger box (edge around 38 Å), contain-
ing 400 ion pairs. The patterns obtained for this enlarged model
show only a slight improvement in the central range (3–5 Å),
namely the featureless peak turns into two small shoulders, but
still the directionality of H-bonds [23] is not accounted for satisfac-
torily. Furthermore, the large model overemphasizes the long-
range interactions, resulting in a too structured system, as pointed
out by the very strong periodicity in the DiffðrÞ pattern. Most prob-
ably, the increase of box dimensions can reduce the finite size peri-
odicity artifacts of short range interactions only, while it may not
be sufficiently large for long range interactions, that can experience
large artifacts in highly charged systems [38]. The labels ‘‘small
box” and ‘‘large box” in Fig. 3 refer to these two models.

If we analyze the curves in more detail, we can point out the fol-
lowing characteristics: (1) presence of the principal peak (often
called ‘‘Adjacency” peak, as in [39]) at 1.80 Å�1 and absence of
‘‘pre-peaks” before, both in experiment and model, and (2) the
presence of two smaller peaks (2.67 and 4.24 Å�1), in both data
as well. For the first time we have shown the effective absence of
a medium-long range order for alkylammonium nitrate IL, with
alkyl chain shorter than ethyl group. Such phenomenom was just
predicted in previous theoretical articles [18], but we have now
the direct proof from experimental data. The second feature can
be related to space correlations ranging from 3 Å to 5 Å. For protic
ionic liquids, cation-anion hydrogen-bond interactions can give
rise to those peaks [23]. Regarding the experimental radial pattern
(Fig. 3, bottom), we can point out a short-ranged shell structure for
this liquid, with correlation fading off after 9 Å; for this reason, the
smaller box, of edge of about 15.2 Å, to which corresponds a corre-
lation distance of 7.6 Å according to Periodic Boundary Conditions
formalism, was considered appropriate for the AIMD simulation, as
it was computationally affordable though capable of covering most
of the correlation. The second feature of I(Q) gives rise to the two
quite evident shoulders located at 3.40 and 4.73 Å respectively,
owing to the contacts among the hetero atoms of ammonium
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Table 1
Normal modes of cation. The abbreviations in the text are: Tors. = torsion, Str.
= stretching, Twist. = twisting, Rock. = Rocking, Wag. = wagging, Bend. = bending.

NM (cat.) x cm�1 Type

1 444 HACANAH Tors.
2 978 CAN Str.
3, 4, 5, 6 958, 1238 Twist., Rock., Wag.
7 1414 HACAN Bend.
8, 9 1458 HACAN Bend.
10 1517 HACAN Bend.
11, 12 1605 HACAN Bend.
14 3050 CAH Str.
16 3146 CAH Str.
17 3155 CAH Str.
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and nitrate group. After its validation with X-ray data, at least in
the first two coordination shells, we could use the AIMD model
to gather some structural information. The simplest geometric
information available is the radial distribution functions (RDF).

Three different radial distribution functions are represented in
Fig. 4: the first shows the correlation between the hetero atoms
of cation and anion, the second one describes the distance between
the nitrogen atoms of anions, while the last RDF represents the cor-
relation between the carbon atoms of the cations. The ab initio sim-
ulation shows a well-defined first coordination shell of nitrate
anions surrounding the ammonium group. The equilibrium dis-
tance is about 2.8 Å, and it is in agreement with some of the previ-
ous data from literature [30,40]. As shown in previous works [13],
such interaction can be classified as a strong hydrogen bond. Turn-
ing to the other two RDFs, we can see a completely different behav-
ior: the anions exhibit a faint and broad peak located at about
5.3 Å, while the aliphatic moieties do not show a neat spatial cor-
relation (absence of peaks). To summarize, in such system the
ammonium-nitrate interaction is the most important one. The
other kinds of aggregation are very weak or absent. This finding
complies with the failure of the classical modeling of the structure
factor: in MAN it is necessary to resort to ab initio molecular
dynamics to describe the leading interaction occurring between
the two rather ‘‘short” charged groups that are hard to model with
the classical two-body potential. To provide a more quantitative
description of the interaction we have calculated the following
quantities:

� The number of oxygen atoms coordinated to the ammonium
nitrogen atom, by integrating the first peak of NAHþ

3 � � �O RDF,
which is 3.02.

� The number of H-bond-like contacts within a given ion pair,
averaged along the trajectory, (1.9). The structural parameters
(distance and angle cutoffs) chosen to characterize the H-bond
contacts are: the N� � �O distance, with an upper limit of 3.5 Å
and the NAH� � �O angle, ranging from 135� to 180�. Such analy-
sis was carried out with the VMD package [41].
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Fig. 4. Black line: RDFs between N� � �O distance. Green line: RDFs between nitrogen atom
the references to color in this figure legend, the reader is referred to the web version of
� The hydrogen-bond lifetime. For this purpose, we used TRAVIS
autocorrelation function tool [42]. The relative autocorrelation
function was fitted with the following function:

CðtÞ ¼ Aeð�
t
s1Þ þ ð1� AÞeð� t

s2Þ, where t is time, A is a constant that
determines the occurrence probability of the process, s1 and s2
are the time constants of the two processes. Process 1 (s1),
which is fast, represents the hydrogen bond breaking, while
the slower process 2 is the migration of the ionic pair outside
the solvent cage. So s1 is our parameter of interest, and
accounts to 1.20 ps.

The parameters obtained from this fitting procedure and those
obtained for other alkylammonium nitrate ILs are similar [43],
and endorse that the longer the alkyl chain the more long-lasting
is the H-bond between cation and anion. To study the vibrational
properties of the liquids, we cannot apply the standard Hessian
diagonalization procedure, owing to the size of the system. This
is way we decided to use a ‘‘dynamic approach” based on simula-
tion trajectories. For each atom, the autocorrelation function of the
velocity is calculated and the sum of all correlation functions of a
molecule is Fourier transformed to get its power spectrum. Such
power spectrum is finally projected onto the effective normal
5 5.5 6 6.5 7 7.5

 Å

N(cat)---O(ani)
N(ani)---N(ani)
C(cat)---C(cat)

s of anions. Red line: RDFs between alyphatyc carbon atoms. (For interpretation of
this article.)
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Fig. 5. Upper panel: NAH stretching normal modes VDOS for cation. Lower panel: VDOS of normal modes 5 and 6.

Table 2
Normal modes of anion.

NM (ani.) x cm�1 Type

1, 2 698 In plane deformation
3 798 Out of plane
4 1027 Symmetric Str.
5, 6 1306, 1396 Asymmetric Str.
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modes of the molecules to obtain the relative frequencies [30]. The
effective normal modes (NM) for cation are reported in Table 1.

It can be seen how in the low frequency region
(x < 2000 cm�1), the major contribution derives from the combi-
nation of bending and stretching of heavy/light atoms. In particular
the normal modes from 3 to 6 results to be coupled and degener-
ate. The normal modes 13, 15 and 18, related to NAH stretching,
are not reported in Table 1 because their relative VDOS are very
broad, as it is shown in Fig. 5; this can be attributed to the polar-
ization effect caused by H-bond network.

Finally the normal modes of anion are reported in Table 2.
The normal modes and frequencies were not compared with

experimental results directly, since, unfortunately, no measure-
ments could be performed on the system at such high temperature
with our instrumentation. Though, it can be observed that they
comply nicely with the data reported in a recent article by some
of us on liquid 2-methoxyethylammonium nitrate ([30], Table II).
In particular, we can notice that the in plane deformation normal
modes are unaffected by hydrogen bond interaction and do not
lose their degeneracy; on the contrary, the two antisymmetric
stretching modes lose the degeneracy, but they are partially cou-
pled (see their VDOS in Fig. 5). The frequency splitting between
them is of about 90 cm�1. This gap energy is in agreement with
[30] and more recent studies [43].
3. Conclusions

In this work, for the first time, the comparison between exper-
imental X-ray scattering profile and classical-ab initio molecular
dynamics simulations for melted methylammonium nitrate are
reported. In our study we demonstrated how the classical molecu-
lar dynamics, without particular potential modification, fails in the
reproduction of the experimental data, while the agreement
between experiment and ab initio model is very good. Accordingly,
the QM model allows to gather reliable and relevant structural
information about the liquid phase. We find out a strong hydrogen
bond network between cation and anion, with relative equilibrium
distance between the hetero atoms (N(cat)� � �O(ani)) of 2.8 Å, in
line with previous findings. In particular this is the only correlation
distance present in this system, since the cation-cation and anion-
anion RDF profile do not exhibit evident peaks. The lifetime of such
contacts turns out to be 1.20 ps, and in a similar way to its upper
analogues (EAN, PAN and BAN), not all the oxygen atoms of nitrate,
but only two of them, are involved in durable hydrogen bonds.
Finally, we have calculated the vibrational spectrum of both the
cation and the anion using a dynamical approach, consisting in
projecting the velocity density of states onto the effective normal
modes of each molecule. Owing to the hydrogen bond network,
the asymmetric normal modes of anion lose their degeneracy,
and the resulting split is about 90 cm�1. Instead, as far as the cation
is concerned, we have shown how the cation-anion interaction
leads to a broad velocity density of states for NAH stretching
modes.
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