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The combination of amino acids anions with a choline
cation gives origin to a new and potentially important class
of organic ionic liquids that might represent a viable and
bio-compatible alternative with respect to the traditional
ones. We present here a combined experimental and theo-
retical study of the Choline-Proline ionic liquid, using both
Large and Small Angle X-Ray Diffraction (WAXS-SAXS) and
classical and ab initio molecular dynamics calculations, in
which we are able to point out for the first time the existence
of a low Q peak in X-Ray patterns in the absence of linear
or branched alkyl chains. From the calculations, we can
obtain theoretical scattering patterns that reproduces very
nicely the experimental spectra in all Q ranges, and from the
detailed analysis of the radial distribution functions (RDFs)
and hydrogen bond patterns, we can state that very strong
ion pairs are established in the liquid and the observed
pre-peak can be ascribed to the interactions between atoms
belonging to different ion pairs.

Ionic liquids (ILs) have been one of the most investigated
research field in material science in the last decades, owing to
their outstanding chemical and technological properties1–7. An
interesting subset of ionic liquids recently prepared8 is composed
of cations or anions derived from biomaterials obtainable from
renewable sources, such as amino acids, ammonium, guani-
dinium, choline. More specifically, the combination of choline
with amino-acids anions has been recently exploited to provide

a Department of Chemistry, University of Rome "La Sapienza", P.le A. Moro 5, Roma,
Italy. Fax: 0039 06490631; E-mail: ruggero.caminiti@uniroma1.it
b Department of Earth Sciences, University of Rome "La Sapienza", P.le A. Moro 5,
Roma, Italy.
c Department of Physical and Chemical Sciences, University of L’Aquila, Via Vetoio (Cop-
pito 1), 67100 Coppito (AQ), Italy.
† Electronic Supplementary Information (ESI) available: [Experimental procedures
and computational details]. See DOI: 10.1039/b000000x/
¶ Medium-Range Order
‡ These authors contributed equally to this work

ionic liquids very low toxicity to humans1,5,9 and to the environ-
ment, though endowed of very desirable solvent properties, such
as the ability of selectively dissolving lignin and cellulose from
biomasses10,11. Owing to relative novelty of these materials, the
literature about their structural properties is still rather scarce
and limited to general theoretical studies of choline liquids12 and
to a recently developed force field, in which, though, the systems
examined contained aminoacids as anions and the well-studied
class of imidazolium as cations13; no experimental structural
studies exist, to our knowledge. Among all the liquids of this
class, we chose to report the results obtained for an interesting
system synthesised in our lab (see Supplementary Information),
choline-proline (see Fig. 1),

Fig. 1 Representation of Choline cation and Proline anion

since this compound exhibits an unexpected feature, namely
the presence of a pre-peak or First Strong Diffraction Peak (FSDP)
in the X-Ray scattering patterns collected at small angle (Small
Angle X-Ray Scattering, SAXS), i.e. a peak falling at shorter Q
values than the principal peak of the liquid, analogously of what
is generally observed in ionic liquids with medium-long alkyl
chains14,15. The origin of this feature has been largely debated
in several studies16,17, reaching the generally agreed hypothe-
sis according to which the pre-peak is related to the existence
of a medium-range order (MRO), mostly referable to 2nd and
higher coordination shells (10 ÷ 20 Å) in the sample18,19, that
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in ionic liquids is reflected in the alternation of domains of dif-
ferent polarity20,21. Such mesoscopic separation tends to disap-
pear when a polar group is introduced in the alkyl chain17,22, or
when the fragment can undergo some kind of intramolecular in-
teraction that induces a partial folding of the chain23. The latter
phenomenon could be invoked for proline as well, since the four
carbon atoms are arranged in the cycle, thus decreasing the avail-
able contact surface for hydrophobic interactions. The absence
of well separated domains with cycloalkyl substitution was corre-
lated to some thermodynamic data by our group24 and was de-
scribed in a previous structure-activity relationship study by Tao
et al25. Nevertheless, a clear pre-peak is visible in the small-angle
X-Ray scattered intensity (Fig. 2), whose origin is therefore pre-
sumably different from the segregation of apolar domains within
the charged matrix.
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Fig. 2 Small angle X-Ray scattering curve. Experimental: black dash;
Model: red line

The first scattering peak of Fig. 2 falls at about 0.4 Å−1 and is
therefore contributed by medium-range structural correlations in
the bulk liquid18. The spatial dimension of a suitable interpret-
ing model must therefore be twice as much this value, owing to
the Minimum Image Convention of the Periodic Boundary Condi-
tions (PBC) algorithm26. Given the large dimension of the system
(more than 10K atoms) we decided to perform classical Molecu-
lar Dynamics simulations using the GPU-accelerated version of
Amber software27 (see additional material for details), with two-
body force field Gaff28 and properly tuned point charges29. The
agreement found using this model is very satisfactory in the low Q
range of Fig. 2, in particular regarding the position of the peaks.
To further assess the model reliability, we confronted the theo-
retical structural function30–32, and the relative radial distribu-
tion function with the experimental analogues in the medium-
long Q range (Wide Angle X-Ray Scattering, WAXS, i.e. short
distances), and with an alternative higher accuracy theoretical
model obtained from first-principle calculations (ab initio molecu-
lar dynamics)33. The scattering function reported in this Q-range
(structure function QIQM(Q)) is not suitable to highlight the low-
Q peaks contributed by long distance correlations, but is gener-
ally preferred when radial patterns descriptive of the system are
sought for (See Supp Information, Equation 2). Very good agree-
ments between experimental and calculated patterns (structure
factors and radial distribution functions) were found for all Q and

r values, see Fig. 3, for both models, though the QM results are
clearly superior in all spatial ranges, up their allowed distance
limit (half box length).
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Fig. 3 Structure functions (upper panel) and Radial distribution
functions (lower panel). Experimental: black dots; Classical MD: red;
AIMD: blue

The quality of the agreement with the experiment made us con-
fident that our calculations were representative of the system, and
could be used for further analyses of the microscopic structure
of the liquid. One of the most important rheological features of
Choline-Aminoacid liquids is the very high viscosity they possess,
that can be ascribed to the existence of very strong interactions
between the ions. Among all the possible forms of interactions,
hydrogen bonds play a major role, as already pointed out in the
study of Benedetto et al.12. In fact, the relative radial distribution
function (between Cho and Pro oxygen atoms), reported in Fig. 4-
panel A, shows a sharp peak characterized by the equilibrium dis-
tance (2.65 Å and 2.62 Å, for classical and QM models, respec-
tively), significantly shorter than the equilibrium value of 2.75 ÷
2.8 Å of liquid water34,35. This observation suggests that cation
and anions give origin to strong ion pairs. To better characterize
the cation-anion interaction we have calculated the relative Com-
bined Distribution Function (CDF)36, that correlates the distance
between cation’s and anion’s oxygen atoms and the distribution of
the angle formed by two vectors, the former corresponding to O-H
bond and the latter connecting the two hetero atoms; the relative
function is shown in Fig. 4-panel B. The region of maximum oc-
currence in contour plots corresponds to the distance range from
2.5 to 2.9 Å and to the angular interval of 160-180 degrees; these
distance and angle values were used as threshold criteria to clas-
sify O-H· · ·O contacts as hydrogen bonds.37–39

The occurrence and time duration of these bonds was derived
from a detailed analysis of AIMD trajectory (See Supplementary
Information, Computational Details), whose shorter time step
and more correct description of the interaction potential was con-
sidered more appropriate to investigate the H-bond spatial fea-
tures and appraise its time evolution. Over a total of 50 ion pairs,
we found that 38 cations and 30 anions form persistent bonds
during the observed time (35.9 over 40 ps and 38.7 over 40 ps,
respectively). The lower number of anions involved is compli-
ant with the presence of two H-bond sites in the carboxylate. To
quantify such interaction, we performed an Umbrella Sampling
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(U. S.) calculation40,(See Supplementary Information, Computa-
tional Details) on the QM trajectory using the O(Cho)· · ·O(Pro)
distance as reaction coordinate; the resulting Potential of Mean
Force41, shown in panel C, has a minimum of about 7 kcal/mol
located at 2.62 Å. Such value is similar to the values reported
for carboxylic acid dimers in42–44and stronger than liquid water
(about 5 kcal/mol), in compliance with the shorter O· · ·O dis-
tance observed in the radial distribution function.

r

θ

2
0
0
0
0

4
0
0
0
0

A
n
g
le

 /
 d

e
g
re

e
s

A

B

C

D

rr        /      Å
0 2 4 6 8

(°
)

θ

00
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  
  

  
  

  
  

  
  

  
  

  
  

  
  

 1
8
0

Fig. 4 O(Cho)· · ·O(Pro) Radial distribution function (panel A),
Combinated Radial-Angular distribution function (panel B), Free energy
profile of H-bond interaction (panel C) and sketch of H-bond (panel D).
The blue line is a fit of the free energy data with a Morse-type function

From these results, it can be stated that this pair interaction is
largely responsible for the strong structural ordering at low dis-
tances; the “structure” of the liquid stems from the packing of
the fundamental units, the ion pairs. The overall disposition of
the ions, through the interference of their scattered beams, gives
origin to the observed spectrum Fig. 3 and 4. The total scat-
tering pattern can be divided into the individual contributions
coming from each pair of particles (See Supplementary Informa-
tion, Equation 3), which can be, in turn, clustered into group
terms, like anion and cation. This analysis is reported in Fig. 5,
where the whole pattern (black) is decomposed into anion-anion,
cation-cation and cation-anion contributions. It can be seen that
homologous correlations (cation-cation and anion-anion) lead to
the positive peaks at around 0.5 Å−1 and are counterbalanced by
the intense negative trough due to the mixed cation-anion terms.
The resultant curve shows the presence of a pre-peak located
around 0.4 Å−1 that is also observed in the experimental data.
The structural correlations underlying the two peaks can be re-
lated to an average “effective distance” of about 2π/Q ≈ 12.5 Å,
that can be easily appreciated in the g(r)’s between nitrogen and
oxygen atoms of cations and anions, respectively, and in their cor-
responding Fourier-Transform H(Q), the partial contributions to
the scattering function (See Supplementary Information, Equa-

tion 3) that show a consensus peak at 0.5 Å−1. All the curves
are reported in Fig. 6, together with the typical geometrical ar-
rangement of particles taken from a trajectory frame, in which
the cation-cation contacts are highlighted.
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Fig. 5 Individual contributions to low Q diffraction pattern. Black: total;
red: cation-cation; green: anion-anion; blue: cation-anion

Summarizing, the results shown indicate that in the Choline-
Proline ionic liquid the most important structural feature is the
existence of strong ion pairs that mutually solvate one another.
The diffraction pre-peak observed can be ascribed to the scatter-
ing of second-neighbour groups. In future work, we plan to in-
vestigate if this motif can be recognized in other systems lacking
hydrophobic moieties, e.g. aromatic rings.

Fig. 6 Partial contributions of heteroatoms. Left: Scattering function
H(Q) - Right, top: Radial Distribution Functions - Right, bottom: Typical
second-shell arrangement of ion pairs
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