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Abstract

Propylammonium nitrate (PAN) ionic liquid and N-Methyl-2-pyrrolidone
(NMP) are well know compounds employed for many applications in different
industrial fields. The most interesting feature is the possibility of modulating
the structural properties of the ionic liquid by mixing it with the molecular
solvent. A dynamic characterization of the PAN-NMP mixtures is desirable
to understand the significant effects on the structural properties and conse-
quently on the chemical-physical features induced by the formation of such
solutions. In order to improve the knowledge of the structure of PAN-NMP
solutions, useful to the development of their applications, Energy dispersive
X-ray diffraction (EDXD), and molecular dynamics (MD) simulations were
employed in this work. Our study evidenced a microeterogeneous solvation
of PAN by NMP and indicate the presence of strong attracting interactions
between the constituents.

Keywords: ionic liquid, Propylammonium nitrate, N-Methyl-2-pyrrolidone,
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1. Introduction

Room-temperature ionic liquids (RTILs) belong to the class of organic
salts liquid at room temperature. At the present time the number of RTILs
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synthesized exceeds 500 and research in this area is expanding rapidly. Be-
cause of their features such as non-volatile nature and good solvation proper-
ties, RTILs attract much attention as a valid alternative to traditional volatile
organic solvents [1, 2, 3]. The unique properties of RTILs are determined by
the structure and interaction between ions: they are usually composed of
large asymmetric organic cations and inorganic or organic anions. Besides
RTILs can be divided into two groups: protic (PILs) and aprotic (AILs) ionic
liquids. The acid proton, which is responsible for hydrogen bonding, makes
PILs different from other ionic liquids and suitable for different potential
applications, such as self-assembly media, catalysts in chemical reactions,
biological applications [4]. In order to use RTILs as solvents, it is neces-
sary to be able to predict their behavior in terms of their miscibility with
other solvents. Experimental and/or theoretical thermodynamic studies on
pure RTILs and their mixtures with organic solvents or water were reported
in [5, 6]. Furthermore Heintz [7] reviewed the developments of thermody-
namic and thermophysical studies of RTILs + non-aqueous solvent mixtures
including an overview on the experimental data available. The review is lim-
ited to systems having the most promising chance to be used successfully
in the different fields of chemistry and chemical engineering. Characteri-
zation of mixtures containing ionic liquids and organic solvents is needed
to test their applicability in substitution of neat compounds which could
have inappropriate properties for a selected application, i.e. limited sol-
vent power range or high viscosity [6]. Propylammonium nitrate (PAN) is
one of the most known PILs and its properties make it suitable for electro-
chemical, organic, or biochemical applications [4]. For example it is used as
solvent /catalyst in organic reactions leading high yields. On the other side,
N-methyl-2-pyrrolidone (NMP) is an organic solvent known for its low toxi-
city, low volatility and high solvent power and it is becoming the product of
choice for paint strippers, agricultural chemicals, and process solvent applica-
tions. Recently, different studies have pointed out the interesting properties
of NMP with water [8]. Despite PAN and NMP have been the subject of a
lot of studies, either as pure compounds or in mixture, results of structural
features of their solutions have not been reported in the literature until now.
In this work, PAN, was selected with the aim to investigate its behavior when
mixed with NMP. Seven solution were prepared covering the whole concen-
tration range, with the purpose of understanding the structural interactions
that occur during mixing.



2. Materials and Methods

2.1. Materials

PAN was purchased from Iolitech (97% purity) and NMP from SigmaAldrich
(97% purity). Before use, all materials were dried in vacuo (p = 7-10~'mbar)
for 48 h at room temperature. The PAN + NMP mixtures were prepared
by mass as follows: the proper amounts of PAN and NMP were weighted
with an analytical balance (Sartorius A210P, DataWeighing Systems Inc.
IL-USA; precision and accuracy of +1-10""kg and 45 - 107kg, respectively)
in screw-cap glass vials in a glove-bag under nitrogen atmosphere. For den-
sity determinations, PAN and NMP were degassed for about 2h by means
of an ultrasonic device (WVR model USC100T -45kHz, 30W). The residual
water content of NMP and PAN, was estimated by 'H NMR spectroscopy
by using VarianUnity INOVA 500 spectrometer operating at the proton res-
onance frequency of 499.84 M H z, and resulted to be ywar <0.02 per mole
fraction. In Table 1, the mixture composition expressed as PAN mole fraction
(xpan), molar ratio (R) between moles of PAN and NMP and experimental
densities from [8] are reported for the seven prepared solutions. The table
also reports the MD simulations details (such as the numbers of NMP and
PAN molecules in the simulation box) that will be discussed later in the text.

2.2. X-ray diffraction

The large angle X-ray scattering experiments were performed at room
temperature using the non-commercial energy scanning diffractometer built
in the Department of Chemistry at the University La Sapienza of Rome (Ital-
ian Patent No. 01126484-23 June, 1993). In this experiment, the new 0-26
instrument geometry (only one of the two diffractometer arms can move)
was used; the samples were prepared and put in 2 mm quartz cylindri-
cal capillaries, immediately after a 72 h drying in high vacuum pump. In
such setup, higher diffracted intensities can be recorded. The diffraction
patterns acquired at the different angles were then joined to obtain a con-
tinuous spectrum in @ [9, 10]; the variable () is the magnitude of the
transferred momentum and depends on the scattering angle (20),
wavelength ()\), and energy (F) of source, according to the relation
Q = 4n(sinf/\) = cost - E - sinf, with cost ~ 1.0136, if F is expressed
in keV and @ in A~'. Only five diffraction angles are enough to cover a
Q-spectrum ranging from 0.1 to 20 A~'. Consequently, the total intensity
of the radiation scattered by the sample, I(Q)...., is a function of ). The



measured I(Q).... is hence corrected for systematic effects (polarization, ab-
sorption, and incoherent scattering) and rescaled to absolute units (electron
units per stoichiometric unit). It can be also expressed as the sum of the in-
dependent atomic scattering from the atoms in the stoichiometric unit, and
by i(Q), the total (static) structure factor. The i(Q) function constitutes
the structurally sensitive part of the scattering intensity being due to the
interference contributions from different atoms. In fact it is related to the
radial distribution functions, g;;(r), descriptive of the structure, according to
the formula:
m
Q) = Z 225 fi fi Hij(Q) (1)
ij=1
where x; are the numerical concentrations of the species, and f; are their
()-dependent X-ray scattering factors. H;; is the partial structure functions
and it is defined by the Fourier integral [11]:
(Qr)

Hi(Q) = amn [ 17 [ag(r) = 1] - T

0 dr (2)

(po is the bulk number density of the system).

Therefore, through computed radial distribution functions, is possible to ob-
tained a theoretical i(Q)) function which can be compared with the one that
derive from experimental diffraction patterns 1(Q).... Both the experi-
mental and theoretical i(()) were multiplied by a modification func-

tion M(Q): ,
. fN(O) . —0.01Q?

M(Q) 720) P (3)
this function also know as “sharpening factor”, is necessary to im-
prove the curve resolution at high (). N is Nitrogen, a second-
period element used as a typical “sharpening atom”. The static
structure factor, both experimental and theoretical, is finally expressed as
Qi(Q)M(Q) and the effect of M(Q) can be seen on Ref. [12]. The M(Q)
is useful to obtain a more resolved Fourier-transformed into the differential
correlation function Diff(r), according to the relation:

pit(r) = 2 [ Q-i(@) M(@)-sin@r) dQ (4)

which contains only the structural contribution to the distribution fuction.
All the functions were calculated using in-house written codes (L. Gontrani
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and R. Caminiti, private communication). All the above functions were
calculated from the MD trajectories using in-house codes purposely written
(L. Gontrani, private communication). For a comprehensive report of all the
formulas, see Ref. [13].

2.3. Simulation Details

The molecular dynamics simulations were performed with the AMBER 11
package [14] (both CPU and GPU versions of PMEMD) using a cubic box.
Geometry and atom numbers are reported in Figure 1. The box edge and
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Figure 1: Atom numbering scheme of (a) propylammonium nitrate and (b) N-methyl
pyrrolidone.

the number of molecules were optimized basing on the measured density of
the liquid at 25 °C' (see Table 1) and according to the criteria of periodic
boundary conditions: to fully reproduce the spatial correlations observed in
the experimental spectra, a box whose edge is at least twice the distance
corresponding to the last peak of experimental radial distribution function
was used. The energy of the system was modeled with the two-body gener-
alized AMBER [14, 15] force field GAFF, using standard Particle Mesh Ewald



(PME) treatment of electrostatic interactions under periodic boundary con-
ditions; all the bonds involving hydrogen atoms were constrained using the
SHAKE algorithm. A cutoff of 8.0 A was used for both intermolecular in-
teractions (treated with Lennard-Jones 6-12 potential) and the real part
of Ewald sum. The standard Lorentz-Berthelot combination rule was used
for all the unlike atom types. Every atom of the molecule defines a distinct
atom type, even if the parameters are equal (as, it happens, for instance,
for hydrogen atoms or C, and Cjz). The partial atomic charges were fixed
throughout the simulation and were obtained according to the Restrained
Electrostatic Potential (RESP) procedure,by fitting the electrostatic poten-
tial calculated on the ab initio optimized molecular structure [16]. Thus the
structure of PAN and NMP molecule was optimized at the HF/6-31G(d)
quantum-mechanical level[17]. The use of such quantum-mechanical (QM)
level in the charge calculation is justified by the larger value of the dipole
moments that are obtained with this method (about 20 % more than in
vacuo experimental values, so that the charges resulting from the fitting are
higher in value (pre-polarized). In this way, the charge polarization expected
in condensed phase induced by many body effects can be partially accounted
for using this effective two-body approach [18, 19]. Afterwards the simula-
tion cell was filled with the number of geometry-optimized NMP and PAN
molecules required by composition/density with the software PACKMOL [20]
using a minimum interatomic separation of 2 A as the only constraint; the
relative ratio between PAN and NMP molecules is reported in Table 1. The
box was subject to 10000 cycles of conjugate-gradient energy minimization
and a short NVT run (10 ps) at 50 K was carried out to prevent the for-
mation of vacuum bubbles in the system. Then the system was heated to
300 K in a step-wise manner (with steps of 2 K each), for a total of 100
ps. A dynamics of 400 ps in the NPT ensemble was hence performed. This
is adequate to lead the box equilibration to a density that does not differs
from the measured value by about 1.26%. The procedure has proved valid
for the simulation of NMP neat liquid [21]. Furthermore considering that a
NVT production run was planned afterwards, no further box equilibration
was performed. Therefore a 4 ns trajectory was then produced in the NV'T
ensemble (at the experimental density), with integration time step of 1 fs.



Density NMP PAN

Sample | xpan R experimental  molecules molecules
(nNymp/npan) (g/cm?)

PINO005 | 0.05 15.93 1.04163 1593 100
PNoO12 | 0.12 8.32 1.04865 832 100
PN033 | 0.33 2.48 1.07303 744 300
PNO05 0.5 1.38 1.08954 690 500
PN064 | 0.64 0.67 1.10927 402 600
PINO87 | 0.87 0.32 1.12489 224 700
PNO095 | 0.95 0.02 1.14387 20 1000

Table 1: For each investigated PAN+NMP mixtures and simulation system:
acronym of the solution; PAN mole fraction; molar ratio between PAN and
NMP moles (R); experimental density at 25°C; number of NMP and PAN
molecules used for each simulation box based on concentration ratio R.

3. Results and Discussions

The first relevant result that can be extracted form our trajectories is the
static structure factor. This quantity, which provides us of a general idea of
the liquid structure, can be used as a probe of the accuracy of the calcula-
tions when directly compared to the experimental measurement. Here it is
presented a comparison of the X-ray static structure factor QM (Q)i(Q) cal-
culated from the MD simulations and the corresponding experimental mea-
surement in the upper panel of Figure 2 for the PN005 sample as example.
All the consideration are valid for all the others mixture. A complementary
quantity that can help in the understanding of the liquid structure is the
Diff(r) function as calculated through Eq. 4. This quantity is presented in
the lower panel of Figure 2. As it can be easily seen from Figure 2 most of
the important features are actually very well described at the classical level
even if we are using a general force field with static charges. The overall
agreement between the experimental and simulation data is good, for all dis-
tance and () ranges. Such agreement indicates that this model is reliable and
appropriate to gather structural information about the mixture.

3.1. Structure

The structure functions show broad peaks typical of liquids, with a mod-
erate degree of order suggested from intensity. The assignment of peaks in
reciprocal space is not directly feasible since more structural correlations of
the various diffraction centers contribute to each peak. But is reasonable to
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Figure 3: First peak of structure functions for each sample.

say that intramolecular scattering are responsible for at least all the intensity
observed above 2 A~!, while the intermolecular contacts originate the main
peaks that fall between 1.28 and 1.56 A~'. The Q-positions of the first peak
on the structure function that corresponds to the intermolecular contacts are
collected in Table 2 for all the mixtures. A direct comparison of the first
intermolecular peak of all samples is shown in Figure 3. Since each sample
have different composition, it is necessary to normalize the structure func-
tions for concentration and scattering factors, using functions calling atomic
funcions or F(Q), normalized for the number of atoms x; and the scattering

factors f;: )
(@

F(Q) ranges between 1 and -1, and therefore allows to directly compare the
curves of all the samples, which instead would not be possible because of
the different intensity. In this figure it is clearly possible to see the peak
shifts to values of increasing Q. The peak of the first sample, the most di-
luted PAN mixture (PN005), falls to 1.28 A1 exactly the same pure NMP
value [21]. This is not surprising since the quantities of ionic liquid in the
solution is really poor, just 0.607 moles, with a ratio of 15 NMP molecules to
one PAN. The value of @)-peak gradually increases with decreasing concen-
tration of NMP up to 1.56 A~'. From the structure functions, in addition
to the progressive peak shift, also the variation of its intensity is observed.
The first and the last sample have narrower and more intense signals (more



“crystalline”) since the compounds are “almost pure”. The other mixtures
have instead low and broad peaks because of contain additional intermolec-
ular interactions between the two species. Furthermore, in Fig. 3 it could
be noticed that a little peak appears at ca. 0.5 A before the main one as
the samples progressively get richer in PAN. These are called “pre-peaks”
or “peaks at low Q" or “FSDP-first sharp diffraction peak” whose presence,
recognized in aqueous solutions of metal ions and ionic liquids is generally
attributed to the existence in the liquid of a considerable medium range order
(greater than 10-20 A~1) [22, 23, 24]. This behavior is confirmed from
the simulated F(Q) as calculated on the NVT MD trajectories (see
Figure 4), in which it turns out clear that the appearance of the
low-Q peak occurs in the sample with the highest concentration
of the ionic liquid. As already mentioned, the structure function after 2
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Figure 4: First peak of structure functions for samples with PAN molar fraction equal to
0.64 (PN064), 0.87 (PN087), 0.95 (PN095) as extracted from MD trajectories in
NVT ensambles, neglecting the first 500 ps of simulation.

A~ presents intramolecular peaks, a sort of fingerprinting of the molecule.
This aspect is confirmed by several structural studies on protic ionic liquids
25, 26, 27]. As regards the Diff(r) function (see Figure 5), the first qual-
itative information supplied is the considerable long range order present in
these solutions. After two net molecular peaks attributed to atoms directly
linked and after the intramolecolar contacts 1-3, there are three to four in-
termolecolar “shell” as the solution enriches in PAN. This is in agreement
with the presence of the main peak below 2 A~! in the structure functions,
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typical of long period order. The appearance of a shoulder around 3-3.5 A
in the Diff(r) function can also be notice, that is regarded as the fingerprint
of the ion pair. The spatial correlation of the system quickly decays after 17
and the signal becomes indistinguishable from noise. A detailed analysis of
the differential correlation functions is presented further in the text.

3.2. Peak assigment

The assignment of the peaks is possible only on the direct space, thus
analyzing the radial distribution functions or, as in this case, the differential
correlation functions. Intramolecular contacts can be easily identified in the
curves reported in Figure 5, since the corresponding peaks are very promi-
nent (i.e., there is high structural correlation=low variability in the value of
the distance); on the other hand intermolecular interactions give origin to
larger and low intensity peaks. As already anticipated in the qualitative dis-
cussion, the first peak of Diff(r) contains the contributions of bonded atoms;
the second peak, contains 1-3 intramolecular contacts. Table 3 shows the
values of r of the first two peaks (intramolecular contacts) on Diff(r) curves
of the seven solutions. The position value of the first two peaks tends to
decrease, even if slightly, indicating that the distances are shortened passing
from the cyclic ring of NMP to the alkyl chain of the PAN. The observed
shift of the two main peaks at the values of 1.25 and 2.10 A for the first and
for the second one, correspond, respectively, to the typical bond distances of
Nxn-Opn and On-Op of nitrate. As for subsequent interactions is necessary to
analyze the various mixtures separately. As shown in Figure 5 the first two
PN005 and PN012 samples, with a high concentration of NMP, show a Diff(r)
very similar between them and immediately attributable to the function of
the pure liquid. For distances 1-4 it is possible distinguish a cis and trans
arrangements. The first case (distance O;- C; of NMP) produces a weak
shoulder around 3 A while the distances Cs- Cy, C5-Cs, 01-Cy, and O;-Cs
give a peak around 3.8 A. Beyond the well at 3.2 A, a range of distance where
both intra and intermolecular correlations contribute is entered. However,
intramolecular peaks can be identified since they give rise to shoulders. In
addiction to the case already cited (the 3.8 A peak), two shoulders still have
contributions of intramolecular origin: the first one, falling around 4.2 A,
contains 1-5 contacts (such as O1-Hs), while the last one (around 4.85A) by
1-6 interactions between far hydrogen atoms, (such as Hg-Hj3), although the
intensity of such interaction is small, given the low x-ray scattering amplitude
of hydrogen atoms. The first intermolecular peak is about at 6 A followed
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Figure 5: Differential correlation functions (Diff(r)) of the neat compounds and their
mixtures at different concentrations. The green and blue line help to follow the peak shift.
Both functions for NMP and PAN pure liquid is also reported for a direct comparison with
those of solutions.

by a second shell of solvation. The PN033, PN064, and PN0O5 mixtures are
gradually enriched with PAN, consequently the Diff(r) gradually becomes
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more structured. The shoulder around 3 A (0;-Cs bond of NMP) disap-
pears (already not seen in PN064) while the next peak shoulder including
the distances of 1-4 PAN grow up.

ot S The shoulder falling around 3.8 A persists al-

Sample rzei% pe\a)k though it tends to lower values reaching ca. 3.5 A.
(A ¢

PNO00E 145 235 In fact, this value corresponds to the interaction be-
PNO012 145 240 tween the ion pair, and it falls within the range in
PN033 145  2.30 . . -

PNO5 140 230 which the distances are still intramolecular. Instead,
PNO64 130 220 the shoulder around 4-5 A disappears and the con-
PNO87 125 215 . .

PNO95 125  2.10 tacts 1-5, 1-6 fall in the intermolecular first peak

region that has a maximum around 5.5 A (shorter
Table 3: Distance (r) of than in pure NMP). Then it is possible to see a sol-
first_and second peak of yation shell around 10 A. The two remaining sam-
;};;/[gzg (121{:5 cfgcdii'ﬁ{e) 13@]7\; ples PNO87 and PN095, very ri'ch in PAN, tend.to
composition. take the form of the pure liquid curve. The wide
shoulder between 3 and 4.2 A includes all 1-4 and
1-5 intramolecular contacts of propylammonium nitrate, as well as the inter-
molecular distances between the ion pair. The next peaks with a maximum
at 5.5, 9, 13 and 16.5 A correspond to four intermolecular shell. The pres-
ence of a third shell is compatible with samples formed almost exclusively by
ionic liquid, organized according to a structure which located an alternation
between ions of opposite sign. For a better understanding of the sistem, the
evolution of the partial differential correlation curves ”Diffy;” is qualitatively
analyzed. For all the configurations saved in the trajectory, both partial ra-
dial distribution functions g;; and their Fourier transform H;; (Eq. (2)) were
calculated. To facilitate this analysis, we calculated, starting from the sim-
ulation g¢;;(r) normally obtained from the trajectory for every pair of atom
types, a partial “Diff(r)” distribution curve, in order to confront curves with
the same functional form. These functions are obtained by the equation:

Diffj(r) = 4mr?po(gi;(r) — 1) (5)

Partial Diff;;(r) of Na-On (i is N4 and j is Oy ) is reported in Figure 6. It
could be noticed that theoretical patterns are limited to half the value of the
simulation box size, and that the curves are shifted to facilitate comparison.
The Figure 6 show the predict correct average distance between the Oy ac-
ceptor and the N4 donor (2.9-3 A), and it is also visible a second shell around
4.6-4.9 A. The intermolecular N4-Oy contacts (between propylammonium
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Figure 6: Radial distribution function of Nao-On for each mizture as obtained by MD
stmulations of the investigated systems in NVT ensamble neglecting the first

500 ps of the respective trajectories.

and nitrate ions) is rather short. Also the N4-O; distances (not shown here)
falls at 2.8 A and 4.4 A (in line with those reported in other studies for methy-
lammonium nitrate compounds). All other interactions have larger distances.
It may be assumed that the interactions between the N4 , Oy and O; atoms
is primarily responsible for the cohesion of the liquid and that propyl cations,
ammonium anions, and the NMP molecules are interchangeable, forming an

alternating structure.

Figure 7: Frame of simulation box of
PNO5 solution. Blue, NMP. Green, ni-
trate of PAN. Pink, propylammonium
of PAN

On the other hand the coulom-
bic interaction between propylam-
monium and nitrate ions shows an
higher strength than the intermolec-
ular interaction between the propyl
and NMP molecules. A general re-
sult, although quite obvious, is that
the correlation within the ion pair
is stronger than those between the
propylammonium molecule and NMP.
In the PAN-rich mixtures, PN095
and PNO87, the occurrence of a low
Q peak (Figure 3) indicates the ex-

istence of mesoscopic organization. The long-range structure is
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also confirmed by the second and subsequent solvation shells mov-
ing at greater distances (Figure 5). The subsequent increase of
NMP in the mixtures (PN064, PNO05) alters the long-range ar-
rangement. The NMP molecules unlikely slip through the nitrate
and ammonium ions. Nevertheless the content of ionic liquid in
these mixtures (zpsny = 0.64 and 0.5) is such that the long-range
structure of the ionic liquid is not completely destroyed, as con-
firmed by the residual low Q peak (see Figure 3). This suggest that
the structure of these mixtures is probably microeterogeneous [28],
formed by alternating clusters of NMP and PAN with the anion-
cation interaction of ionic liquid preserved. This is easily visible in
Figure 7 that shows a typical simulation frame of PNO05, in which
the mole fraction of PAN is 0.5 and the two compound are in the
same amount. A simple inspection of this snapshots reveals some
aspects of the mesoscopic organization in the mixture: the trend
of the apolar moieties is to cluster inside the ionic liquid structure.
This scheme is not dissimilar from the one reported for other re-
lated systems, such as EAN-water or EAN-inorganic salt [29, 30].
The main driving force behind microscopic and mesoscopic order
is the dichotomy polar versus apolar. This leads to the clustering
of the apolar moieties into small domains that are enclosed in the
mesh ionic network. At higher NMP content, the low molecules of
PAN are indistinguishable mixed with NMP molecules; NMP re-
places PAN molecules in the ionic liquid network. PN033 mixture
no longer presents a low QQ peak. At this concentration, the polar-
apolar dualism is no longer sufficient to account for the morphology
in terms of a segregated structure. This scenario is confirmed by
the thermodinamic data in [5] in which an excess volume for the
PAN-NMP system is present, with a minimum at ca. zpsy = 0.33.

4. Conclusion

In this work a comparison between the experimental curves of X-ray scat-
tering and the corresponding Molecular Dynamics simulations for a set of
seven solutions with with different composition of NMP and PAN is reported.
The reached agreement between experimental and theoretical data is good
enough to allow us to trace the characteristics of the liquid local structure.
As regards the intermolecular interactions, the analysis shows how the struc-
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ture of the solution changes varying the concentration of analytes. At high
PAN concentration the structure of the mixture is pratically like many other
ionic liquids that are arranged in a three-dimensional network seeing locally
alternating between ions of opposite sign [31] [32]. At higher NMP content,
the structure of the mixture is microheterogeneous. Althoug PAN and NMP
mix with each other on a macroscopic scale, they do not mix at microscopic
length scale, as shown by the existence of the pre-peak. Both ammonium-
nitrate and ammonium-NMP contacts take palce at shorter average distance
and this interactions contribute to the internal cohesion of the liquid. The
mixing of the two compounds results in the breaking of the long-range struc-
ture that the two neat liquids possess individually. In the mixture the short
range ion pairs are not affected appreciably: the configuration of the mixture
is constituted by aggregates of molecules of PAN and NMP that succeed one
another, for which the curve of the diffraction is generated by the contribu-
tions of the various domains.
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