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In this article we report the study of liquid pentylammonium nitrate with Wide Angle X-ray scattering
and AIMD simulations. Static and dynamical features were characterized by comparing the experimental
X-ray pattern with ab initio molecular dynamics simulation trajectories. From the analysis, we were able
to focus our attention on the nature and time duration of the hydrogen bond network established
between cation and anion. Such H-bond interactions occur around 2.8 Å, last about 1.55 ps and lead to
the loss of degeneracy of the asymmetric stretching normal mode of the anion, with a splitting of about
84 cm�1.

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

Ionic liquids (ILs) are salts with a melting point below 100 �C,
and they are composed of a cation and an anion. The discovery of
ionic liquids is generally attributed to Paul Walden [1], who
described a series of water-free salts with a melting point below
100 �C. Among the compounds described by Walden was included
the widely known ethylammonium nitrate (EAN), melting point
12–14 �C, that is commonly defined as RTIL (‘‘Room Temperature
Ionic Liquid”) in the modern sense. About six decades after Wal-
den’s paper, the interest and the scientific literature about these
compounds flourished, owing to their peculiar properties, that
have been described extensively in several papers, to which the
reader is referred for brevity [2–6]. EAN is one member of the fam-
ily of alkylammonium nitrates that belongs to the subgroup of pro-
tic ionic liquids (PILs), and can be obtained from the proton
transfer reaction between the Brønsted acid nitric acid and the
Brønsted base alkylamine.

The reaction leads to the formation of a neat liquid made up of
ion pairs where proton acceptor and donor sites eventually gener-
ate a hydrogen-bond network [7–9]. In this paper, we deal with
pentylammonium nitrate (PeAN, C5H14NH

þ
3 � NO�

3 ) (see Fig. (1)), a
low-melting point solid just beyond the upper-temperature border
of the liquid window of alkylammonium nitrates (ethyl, propyl and
butylammonium (EAN, PAN, BAN)); indeed, its melting tempera-
ture was found to be 45� 1 �C, when it becomes a colorless dense
liquid, and remains undercooled down to below 30 �C.

The literature mentioning this compound is very scarce, and
limited (to our knowledge) to a couple of studies by Greaves
et al., that reported its Small and Wide Angle X-ray Scattering pat-
tern (S-WAXS) collected at 50 �C [10] and 60 �C [11] within two
systematic surveys on PILs. They found three main peaks at
Q = 0.39, 1.55/1.51 and 2.53 Å�1, that correspond to effective corre-
lation distances (2p=q) of 15.94, 4.05/4.15 and 2.48 Å, respectively.

In all PILs, the main interaction responsible for the condensed
phase aggregation is the strong hydrogen bond between cation
ammonium group and anion oxygen. Regarding the anion, it is
known [12] that the molecule in vacuo belongs to D3h symmetry
group, and has a total of six normal modes: m1, totally symmetric
stretching, m3 asymmetric stretching, m4 in-plane deformation, m2,
out-of-plane deformation; m3 and m4 are doubly degenerate. Recent
works [13,14] have shown that nitrate anion in condensed phase,
owing to the interaction with the environment, lowers its symme-
try from D3h to C2v group. Such symmetry breaking leads to a split-
ting of the asymmetric stretching band. Furthermore, in PILs the
hydrogen bond interactions lead to the NAH stretching band
broadening [15] and increase the disorder of the phase [16,15].
For instance, because of polarization effects, the anions of methy-
lammonium nitrate (MAN) exhibit a not complete or saturated
hydrogen bond network [17,18].

Therefore, the role of such effects hinders a realistic simulation
of PeAN static and dynamical properties with classical molecular
dynamics (MD), where they are neglected. For example, the calcu-
lation of hydrogen bond radial distribution functions (RDFs) and
lifetimes [19] requires to go beyond the classical MD scheme and
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Fig. 1. Sketch of cation and anion: pentylammonium (left) and nitrate (right).
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to use a more refined computational approach [20,21]. We present
in this work, for the first time, the experimental X-ray diffraction
patterns of bulk liquid PeAN in the spatial range of the short-
medium distances, i. e. from 0 to 24 Å approximately. In order to
interpret the experimental data we exploit ab initio molecular
dynamics (AIMD), from which trajectory we also calculated some
parameters of the hydrogen bonding network, namely the radial
distribution functions (RDFs) - static parameter - and the normal
mode analysis of the anions - dynamical. Finally we evaluated
the cation–anion potential of mean force using Umbrella Sampling.
2. Experimental details

Solvents (LC-MS grade), pentylamine was purchased from
Aldrich, Nitric acid (65% w/w) from Carlo Erba. 1H and 13C NMR
spectra were recorded on a Varian Mercury 300 at 300.13 and
75.48 MHz, respectively; d in ppm relative to the residual solvent
peak of DMSO-d6 at 2.50 and 39.5 ppm for 1H and 13C, respectively.
To a solution of pentylamine (10 mL, 86 mmol) in pentane (10 mL),
cooled at �20 �C, HNO3 (65% wt/wt, 6.1 mL, 86 mmol) was cau-
tiously added dropwise while stirring. The reaction mixture was
stirred for 2 h at the same temperature and after that time the pen-
tane layer was separated, the product washed with pentane and
dried at the rotary evaporator. The residual water was removed,
while stirring, on standing under high vacuum pump for 72 h
and the water final quantity was evaluated by 1H NMR analysis
(H2O < 0.003 wt.%). The compound was kept under a nitrogen
atmosphere. Data of PeAN: white solid; 1H NMR (DMSO-d6):
7.79 (s, 3H), 2.77 (t, J = 7.5, 2H), 1.51 (pquint, J = 7.5, 2H), 1.35–
1.15 (m, 4H), 0.84 (t, J = 6.7, 3H); 13C NMR (DMSO-d6): 39.0, 28.0,
26.8, 21.8, 13.8. 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 hor-
izontal design and uses the Bremsstrahlung radiation of a X-ray
tube with tungsten target [22–25]. Data acquisition is carried out
at three to four fixed angular configurations in parallel, very
rapidly and at large momentum transfer range Q, namely between
0.15 and 24 Å�1. The magnitude of Q depends on the scattering
angle according to the relation Q ¼ 4psinðhÞ=k, approximately
equal to �1.0136 E sin h, if E is expressed in keV and Q in Å�1.
The marked increase of diffracted intensity achievable in this
new instrumental configuration allows to collect a complete
diffraction pattern at high statistics (viz more than 500,000 counts
Fig. 2. EDXD_3H, the new EDXD diffractometer with three simultaneous detectors.
for every experimental point at each scattering angle), in at most
6 h (see Fig. 2).

Furthermore, 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 sample was put in
a quartz capillary, and the beamwas focussed on the liquid portion
at the center of the capillary, surrounded by solid phases above and
below. In the data treatment procedure, the diffracted intensity is
normalized to white beam radiation, to sample/capillary adsorp-
tion and to the scattering of an isolated electron (‘‘electron units”),
and finally the independent atomic scattering and the Compton
incoherent scattering contributions are subtracted [23], to yield
the structure function or ‘‘reduced intensity” I(Q):

IðQÞ ¼ IEXPðQÞE:U: �
XN
i¼1

xif
2
i � IIncoh ð1Þ

The structure function depends on the pairwise distances
between the atoms of the system:

IðQÞ ¼
XN
i¼1

XN
j¼1

xixjf if j � 4pq0

Z 1

0
r2ðgijðrÞ � 1Þ sinQr

Qr
dr

� �
ð2Þ

Eq. (2) is the link between experimental and model data, as the
g(r)’s can be calculated from molecular simulations.

The radial distribution profile, in differential form, was obtained
by I(Q) Fourier Transform:

Diff ðrÞ ¼ 2r
p

Z 1

0
QIðQÞMðQÞrsinQdQ ð3Þ

In the formulae above, xi are the numerical concentrations of
the species, f i their Q-dependent coherent 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

multiplied by a sharpening function M(Q) = f 2Nð0Þ
f 2NðQÞ exp

�0:01Q2
(see

[8,24] and references cited therein for more details; a thorough dis-
cussion on the calculation of X-ray scattering signals can be found
in [26]).
3. Computational details

The simulation cell of PeAN bulk liquid contained 32 IL pairs. In
the first pre-equilibration phase, a classical equilibration dynamics
of about 5 ns in the NPT ensemblewas performed, using the AMBER
[27] program with Gaff [28] force field. The box edge (L) and the
relative density were respectively 20.2 Å and 1.02 g=cm3, differing
by only 0.8% from the measured value (1.0118). The final configu-
ration of the trajectory was used as the starting point for the ab ini-
tio simulations, that were performed with CP2k [29], using the
Quickstep module [30] and the orbital transformation [31]. PBE
density functional [32] was used for the electronic calculation,
with the empirical dispersion correction (D3) by Grimme [33].
MOLOPT-DZVP-SR-GTH basis sets [34] and GTH pseudopotentials
[35] were applied; a 0.5 fs time step was employed, and the simu-
lation temperature was set at 310 K by a Nosé-Hoover chain ther-
mostat [36]. Firstly, an equilibration of 7 ps was run, followed by a
production NVT dynamics of 40 ps. To compute the free energy
plot of the pair interaction, we exploited the Umbrella Sampling
(US) technique [37] on a smaller box composed of ten ion pairs.
The N(Cat)� � �O(Ani) distance was chosen as biased collective vari-
able. A total of 36 constrained simulations, lasting 20 ps each, was
implemented. The MOLSIM package [38] was used to perform the
anion vibrational analysis. In this way the effective normal modes
were obtained directly from the velocity density of states (VDOS),
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calculated from the fourier transform (FT) of the velocity autocor-
relation function. For more details refer to [14].
0.5 1 1.5 2 2.5 3

Q /Å
-1

0

In
te

ns
ity

1.544 2.516

Fig. 4. Cu-Ka Powder diffraction pattern for solid PeAN. The three main features
described by Greaves et al. correspond to the peaks highlighted by the dashed lines.
4. Results

In Fig. 3 the structure factor [QIðQÞMðQÞ, top] and radial distri-
bution function [DiffðrÞ, bottom] are reported. The experimental
data are in black, the theoretical ones in red; the 0–4 Å�1 range
is plotted in the inset.

The presence of the following characteristic features can be
found in the experimental I(Q): (1) pre-peak at 0.37 Å�1, (2) prin-
cipal peak at 1.60 Å�1, and (3) two smaller peaks (2.65 and
4.12 Å�1). These findings comply with the peaks reported by
Greaves et al. [10,11] also considering that our measure was con-
ducted at lower temperature. As already discussed in the literature,
the presence of a medium-range order in the liquids gives rise to a
peak in the structure factor curve, located at Q values less then 1 Å
[7,39]. Though the sensitivity of EDXD instrument at very low Q
values is smaller than that of a dedicated SAXS diffractometer,
the pre-peak feature is clearly visible. The data also correlate satis-
factorily with a powder-diffraction measurement on solid PeAN
(see Fig. 4), that show the three peaks at 0.384, 1.544 and 2.516.
Anyhow, we decided to limit our model to the pair correlations
present at distances up to 10 Å; the system size and the most accu-
rate simulation method for that size was chosen accordingly.

Overall, good reproduction of the experimental data, both
QIðQÞMðQÞ and DiffðrÞ, by our theoretical model can be achieved.
By looking in detail, the pre-peak produces a far-ranging shell
structure (the correlation extends up to about 14 Å), whereas the
theoretical function abruptly stops at about 10 Å due to the limited
length of the box. The principal peak contains all the intermolecu-
lar contacts that correspond to the first and second shell structure
of the liquid, while the third feature is related to the intermolecular
cation–anion hydrogen-bond interactions [40]. The main disagree-
ment regards the excessively deep trough around 6.5 Å, that is
related to the fake shoulder around 0.8 Å�1, probably due to an
over-estimation of charge-charge correlations [41]. After endorsing
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Fig. 3. Theoretical and measured diffraction patterns. Top: Structure function; Bottom:
point to the three peaks described in previous studies at different temperatures by Grea
the simulation, we were able to extract some crucial structural
information from the trajectory. The simplest geometric informa-
tion that can be derived is the radial distribution functions (RDF).

Two set of different radial distribution functions are repre-
sented in Fig. 5: in the left panel the correlation between the nitro-
gen atom of the NHþ

3 group and oxygen atoms of the nitrate, and
between the Centers of Mass (COMs) of the alkyl chains are shown,
while the right panel focuses on the RDFs between the ammonium
hydrogen atoms and oxygen/nitrogen of the anion. The simulation
highlights a tight first coordination shell centered at about 2.8 Å
(heavy atoms), value compliant with other works on similar com-
pounds [15,42,43]. Clearly, the amino group and the anion form a
strong hydrogen bond: the relative first peak is very intense. The
satellite small peak around 4.7 Å is due to the correlation with
the oxygen not involved in the H-bond. Regarding the other RDF
of left panel (red curve), we can see that the alkyl chains show a
weak correlation that gives rise to a broad peak centered at about
5.0–5.5 Å, with sizable peak broadening due to the length of the
chain. It is important to notice that the alkyl chains act as a spacer
of the polar parts and ultimately lead to the long-range correla-
tions (mainly between anions) that give rise to the pre-peak [41].
In order to provide a quantitative description of the H-bond net-
work we have calculated the following quantities: the number of
oxygen atoms coordinated to the nitrogen atom of the cation and
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Fig. 6. VDOS of the six normal modes of the nitrate anion. Mode m3 (bottom right)
experiences a 84 cm�1 splitting into m3a and m3b
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the average number of H-bond contacts. The former is obtained by
integrating the first peak of the relative RDF, while the latter search
was performed counting as H-bonds the contacts that satisfied the
following distance/angle criteria: N� � � O distance included in the
range between 0 and 3.5 Å and NAHAO angle between 135 and
180 degrees; the calculation was done with VMD package [44].
We obtained a total of 5.3 oxygen atoms surrounding the cation
and an average of 2.6 hydrogen bond contacts. This means that
each hydrogen atom of the ammonium group can coordinate more
than one oxygen at a time, but not all the oxygen atoms can form
H-bonds. Hence, the extracted parameters comply with the results
obtained in previous works [14,45], namely that the hydrogen
bond network for the anions is not complete, and that roughly just
two oxygen atoms of the nitrate are involved in stable hydrogen
bonds. In the end, we calculated the H-bond lifetime with TRAVIS
autocorrelation function tool [46]. The points were fitted using the
function:

CðtÞ ¼ Aeð�
t
s1Þ þ ð1� AÞeð� t

s2Þ ð4Þ
where t is the time, A is a normalization constant, s1 and s2 are the
time constants of two dynamic processes. We have chosen this kind
of function because two fundamental processes occur in ionic liq-
uids [47]: the first one, faster, is the breaking/formation of a single
ion pair, while the second one, slower, is the migration of the such
pair outside the net generated by the other ions (‘‘Cage Escape”).
The values obtained are 0.16 and 1.55 ps for s1 and s2 respectively,
and are compatible with those found for other ILs belonging to the
same family [42,48].

We then calculated the vibrational spectrum of nitrate ion
directly from the Fourier transform (FT) of the velocity autocorre-
lation function, corresponding to the velocity density of states
(VDOS). The assignment of each peak was accomplished by pro-
jecting the VDOS onto the molecules effective normal modes with
the MOLSIM package. The advantage of this method when dealing
with condensed phase systems, compared to the standard ‘‘static”
method normally used for in vacuo studies, that consists of geom-
etry optimization plus Hessian matrix diagonalization (in this case
of a single configuration containing 32 ion pairs) lies in the direct
assessment of temperature and environment effects on the vibra-
tions [14,38].
The final velocity density of states is reported in Fig. 6.
As one can see, the in-plane deformation normal mode (falling

at about 705 cm�1), which keeps its double degeneracy, and the m2
and m1 modes located at about 800 and 1042 cm�1 respectively, are
only scarcely influenced by the H-bond network and are similar to
those of the molecule in vacuo. m3 suffers a different fate, instead. In
principle it would be a doubly degenerate normal mode, character-
ized by the asymmetric stretching of the NAO bond, but owing to
the non-complete saturation of nitrate acceptor groups with H-
bonds (see above), the oxygen atoms experience a different envi-
ronment, and this leads to the loss of degeneracy of the mode.

For this reason, the mode is split into two components (m3a and
m3b), with a calculated frequency difference of about 84 cm�1. This
value is in compliance with the results obtained for other alkylam-
monium ILs; in particular, this approach was validated and com-
pared with experimental data in [14]. The last analysis
performed on PeAN is the potential of mean force (PMF) of the
ion pairing. To quantify such interaction, we exploited the
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Umbrella Sampling (U.S.) technique [49], using the N(cat)� � �O(ani)
distance as reaction coordinate. The obtained potential energy pro-
file is reported in Fig. 7.

The cation–anion interaction potential follows a typical Morse-
like pattern, whose minimum is located at 2.8 Å, the same value of
the maximum position found out in the RDF curve. The magnitude
of the interaction is about 4.3 kCal mol�1 and it extends up to 3.5 Å,
decreasing beyond. The PMF intensity found out for PeAN is similar
to the values found for other alkylammonium nitrates [48] but
weaker then the values reported for carboxylic acid dimers
[50,51] and for another family of ILs, containing choline and ami-
noacids anions [52].

5. Conclusions

In this work, for the first time, the experimental X-ray scatter-
ing profile in the medium-long Q range (0.15–24 Å�1) and ab initio
molecular dynamics simulation for the liquid pentylammonium
nitrate are reported. The agreement between experiment and
model is very good and enables to trace reliable and relevant struc-
tural information about liquid phase. The X-ray pattern agrees
with previous published S-WAXS data in the range 0–3 Å�1. Our
analysis shows that in bulk liquid PeAN, as in many other protic
ionic liquids, the cations and anions interact via a hydrogen bond
network. The equilibrium N(cat)� � �O(ani) distance found is 2.8 Å
and it is in line with the literature values. The lifetimes of such con-
tacts turn out to be 1.55 ps. Furthermore we find out that even in
this IL the nitrate ion exhibits a non-saturated coordination sphere.
That is only two of the three oxygen atoms form H-bonds. By the
projection of the velocity density of states onto effective normal
modes, we have calculated the vibrational spectrum of the anion.
The main effect of H-bond interaction on anion vibrations is the
loss of degeneracy in the antisymmetric stretching normal modes.
The last energetic analysis performed on the ILs shows that the
interaction between cation and anion is of about 4.3 kcal mol�1.
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