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Abstract

Pyrrolidinium ionic liquids, especially pyrrolidinium acetate (PyrrAc), have demonstrated
outstanding capacity for extracting lignin from biomass, as electrolytes for fuel cells and lithium
ion batteries and as solvents for acid-catalysed reactions. In this work we show that the unusual
liquid nanostructure of PyrrAc is the key to its versatility as a solvent compared to other ionic
liquids. Neutron diffraction with multiple H/D isotopic substitutions reveals that the bulk
nanostructure of PyrrAc is a bicontinuous network of interpenetrating polar and apolar domains.
However, the arrangement of groups in both domains is strikingly different from that found in
other ionic liquids. In the apolar regions, the pyrrolidinium rings are highly intercalated and
disordered, with no preferred alignment between adjacent pyrrolidinium rings, which
distinguishes it from both π−π stacking seen in imidazolium or pyridinium ionic liquids, and the
tail-tail bilayer-like arrangements in linear alkylammonium ionic liquids. The H-bond network
within the polar domain extends only to form finite clusters, with long bent H-bonds to
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accommodate electrostatics. Therefore, while PyrrAc unquestionably has well defined
amphiphilic nanostructure, the disordered arrangement of groups in the polar and apolar domains
enables it to accommodate a wide variety of solutes. The combination of well-defined
polar/apolar nanostructure, but disordered arrangements of groups within domains, is therefore
the origin of PyrrAc’s capacity for lignin extraction and as an electrolyte.
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Introduction
Ionic liquids (ILs) are pure salts with low melting points. Composed entirely of ions, ILs
possess a number of attractive and environmentally-friendly properties, including high thermal
stability and negligible vapor pressure. Their excellent solubilizing capacity for solutes of
different polarities1, 2, 3, 4 has led to their adoption as designer solvents, where liquid properties
are readily tunable by varying cation and anion structure.5 From synthesis to catalysis, from
electrochemistry to colloid science, ILs have repeatedly demonstrated performance advantages
over molecular solvents.6, 7, 8
The liquid structures of a wide variety of aprotic ILs (typically comprising N-alkylsubstituted imidazolium, pyridinium, or quaternary ammonium cations) as well as protic ILs
(PILs, often primary ammonium salts) with a range of anions have been investigated by x-ray
and neutron diffraction, as well as by simulation techniques.9,

10, 11, 12

These studies have

highlighted the prevalence of amphiphilic nanostructure in ILs, with the liquid state frequently
comprising charged, polar and uncharged, non-polar domains.13,

14

This structural feature is

thought to be a particularly significant determinant of the solvent properties of ILs for complex
organic solutes.15,

16, 17

Aprotic ILs have been more extensively studied, but PILs have the

advantages of simpler synthesis and structure, and lower cost, which must be traded off against
questions around exchangeable protons and ionicity.18 Systematic studies have shown how
amphiphilic nanostructure in PILs depends on cation and anion structure, and H-bond capacity.19,
20

While electrostatic forces drive amphiphilic nanostructure, the H-bond network in PILs is

correlated to several liquid properties.21
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The majority of studies on aprotic ILs involve aromatic cations, with the archetype being
N-methyl–N’-alkylimidazolium (C n C 1 im) salts. In these and similar aprotic ILs, the polar
domains are comprised of the anion, the imidazolium ring and one or two adjacent methylenes
on the alkyl chain that are polarized by the charged group. Nanostructure becomes increasingly
prevalent as the alkyl chain length is increased beyond a propyl moiety; butyl or longer alkyl
chains impart sufficient amphiphilicity to the cation sufficiently to drive segregation of non-polar
domains. Such aprotic IL cations are highly reminiscent of conventional cationic surfactants,
even to the extent that methylenes adjacent to the cation charge centre are often not regarded as
truly non-polar.22, 23, 24, 25 Further developing this analogy, Kashyap et al. have shown that liquid
structure in a series of aprotic (and hence non-H-bonding) N-alkyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)amide ILs is strongly affected by whether the cation alkyl tails are
linear, branched or cyclic,10 paralleling the self-assembly patterns of surfactants with different
tail structures.26, 27 In both cases the periodicity of the nanostructure is more sensitive to the
length than it is to the volume of the alkyl chain.
PILs typically exhibit amphiphilic nanostructure on much shorter length scales than their
aprotic counterparts. This is primarily due to the highly localized charge on primary ammonium
cations, which allows polar/apolar segregation and amphiphilic nanostructure even in
ethylammonium salts.28, 29 The drawback of PILs for many applications arises from acid-base
proton transfer, limiting the type of anions that can be employed while maintaining high ionicity
and low vapour pressure.
Pyrrolidinium protic ionic liquids have recently been shown to have outstanding potential
as solvents or electrolytes in a range of applications. Pyrrolidinium acetate (PyrrAc) shows
particular promise for the extraction of lignin from lignocellulosic biomass when compared to
4

benchmark pyridinium and imidazolium systems.30,

31

C 2 C 1 im acetate has been extensively

studied for use in biorefineries with a variety of biomass types,32, 33 suggesting PyrrAc would be
an economically-attractive alternative. PyrrAc has also shown good potential as an acidcatalyzed reaction environment.34 Several pyrrolidinium ILs have a wide electrochemical
window compared to other PILs, making them suitable candidate electrolytes in capacitors, fuel
cells, and lithium ion batteries.34, 35, 36 In the context of this work, Margulis et al. have also
shown the impact of ionic liquid nanostructure on the transport of both neutral and charged
species.37, 38, 39
Here we seek to understand how the liquid structure of PyrrAc determines its
performance in these diverse applications, and what design features are desirable for other ionic
liquids. PyrrAc in many ways is a bridge between N-substituted pyridinium, imidazolium aprotic
ILs and primary alkylammonium PILs, which retains the high synthetic atom efficiency of PILs
and good potential for large scale uptake. Unlike pyrrolidinium nitrate, which is an energetic
material,40 the acetate is a stable and benign anion. As pyrrolidine is a stronger base than
alkylamines, pyridine or imidazolium, pyrrolidinium (pK a = 11.27) will be much less
deprotonated by acetate than other protic cations.41, 42 Thus, pyrrolidinium acetate is expected to
have a high ionicity, and therefore have the potential to electrostatically drive polar/apolar
segregation between the charge centres and ring carbons.
We determine the liquid structure of PyrrAc at high resolution by neutron diffraction.
Results are analyzed by empirical potential structure refinement (EPSR), which simultaneously
converges a Monte-Carlo simulation to diffraction patterns of multiple, isotopically-substituted
(H/D) samples. To make a systematic comparison between PyrrAc to previously studied
alkylammonium PILs, first we investigate how a secondary ammonium differs from primary
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ammonium cations; As a secondary ammonium cation, pyrrolidinium has a lower capacity to
form the dense, extended, three-dimensional, H-bond network that has been implicated in the
structure and properties of other PILs,21, 43, 44 and in amphiphilic nanostructure in general.45, 46
Second, we explore how acetate differs from nitrate and formate anions. Lastly, we examine how
the saturated pyrrolidinium ring affects liquid structure compared to both a primary ammonium
chain and to an aromatic ring.

Experimental Section
Three chemically identical, but isotopically distinct PyrrAc samples were prepared: HPyrrAc is fully hydrogenous, D4-PyrrAc is deuterated on the acetate methyl group and half the
exchangeable protons on Pyrr+, and D8-PyrrAc is deuterated on the cation ring. This selective
deuteration method is known as contrast variation, which highlights molecular regions of interest
in the neutron diffraction experiment.
PyrrAc samples were synthesized via acid-base neutralization from neat reagents in 1:1
mole ratio. H-PyrrAc was synthesized using pyrrolidine (Fluka, >99%) and acetic acid (VWR,
>99.9%). D4-PyrrAc was synthesized from D4-acetic acid (Cambridge Isotopes, D99.5%) and
hydrogenous pyrrolidne. D8-PyrrAc was synthesized from D8-pyrrolidine (Cambridge Isotopes,
D98%) and hydrogenous acetic acid. All ILs were synthesized neat and reactions were
maintained below 10˚C in an ice bath.Vacuum drying was avoided as the acid:base ratio changes
under low pressure. Water contents were measured to be in between 0.4-0.6 wt% by Karl Fischer
(Metrohm) volumetric titration. Over the period of a two-month experiment the maximum water
content was 0.9wt%, which is equivalent to a water:ion ratio of 1:30. According to our structural
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study of PIL-water mixture, such water content is unlikely to influence the present
interpretation.47 The amide content was monitored by 1H-NMR 300MHz (Bruker) on regularly
collected samples. Ionic liquid peaks were observed at 1.80-2.05 ppm (anions) and 3.153.35 ppm (cations), with D 2 O as the solvent (δ solv = 4.75 ppm). In the case of amide formation,
we expect to see downfield shifts, observing peaks at 2.05-2.10 ppm and 3.30-3.60 ppm
respectively. Exchangeable protons of PyrrAc were detected near 9.0-11.5 ppm. PyrrAc samples
are stable at room temperature with negligible amide content (< 1.0 wt% after one month).
Neutron diffraction was performed on the SANDALS instrument at the ISIS research
facility, Rutherford Appleton Laboratories, UK. The neutron wavelength range is 0.05 – 4.5 Å,
and data were collected over the wave vector range 0.05 to 50 Å-1. Samples were contained in
chemically inert, null scattering Ti 0.68 Zr 0.32 flat plate cells with internal dimensions of 1 × 35 ×
35 mm, with a known atom density of 0.0541 atoms/Å3, and sealed with PTFE O-rings.
Diffraction patterns were collected for empty cells, direct beam and a 3 mm thick a vanadium
standard for calibration and normalization. All samples were measured under vacuum at 298 K,
maintained by a recirculating heater (Julabo FP50). The net run time for each sample was ca. 8
hours. Filled cells were re-weighed after the measurement to confirm that there was no loss of
sample.
Data reduction was carried out using GUDRUN, described in the ATLAS manual.48
Calibration, background subtraction and corrections for single atom scattering and hydrogen
inelasticity were applied. Empirical Potential Structure Refinement (EPSR) was used to fit the
normalized data.49, 50 The structure of PyrrAc and atomic labels are shown in Figure 1. EPSR
performs a Monte Carlo simulation governed by Lennard-Jones potentials and atom-centreed
point charges listed in Table 1,9, 51 as well as chemical and physical constraints such as molecular
7

structure and liquid density. The simulation box was composed of 460 pyrrolidinium cations and
460 acetate anions, 46 Å along each axis. Over 5000 snapshots were accumulated prior to
analysis. The size of the box is sufficient to capture the maximum structural periodicity detected
experimentally of 7 Å. Tests with 600 and 2000 ion pairs, respectively, were consistent with the
results reported below.
Table 1. Lennard–Jones and Coulombic charge parameters used in the EPSR model. aparameters derived
from ref. 31, bparameters taken from ref. 9

Atom
N
HN
C1
C2
H1
H2
CO
OC
CM
HM

σ (Å)
pyrrolidinium cationa
0.711
3.25
0.126
2.50
0.276
3.50
0.276
3.50
0.126
2.50
0.126
2.50
acetate anionb
0.500
3.50
0.655
3.17
0.500
3.50
0.200
2.50

ε (kJ mol-1)

q (e)
-0.160
0.400
-0.160
0.060
0.200
0.080
0.700
-0.800
-0.280
0.060

Figure 1. Structure and atomic labels for pyrrolidinium acetate (PyrrAc).
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Results
Figure 2 shows the neutron diffraction data as structure factors, S(q), for PyrrAc
isotopomers in the range 0.0 < q < 18.0 Å-1. Varying the H/D isotopic composition creates three
neutron contrasts: hydrogenous H-PyrrAc, d 4 -PyrrAc with deuterated acetate and partially
deuterated exchangeable amine protons, and d 8 -PyrrAc with a deuterated cation ring. This
distinguishes between protons with different hydrogen-bonding capacities. Simultaneous fitting
to all contrasts shows good agreement between experimental data (dots) and EPSR calculation
(solid lines). The slight disagreement at q = 2-3 Å-1 is an artifact, which exists in all three
contrasts and did not change during the refinement process, therefore this did not influence final
analysis. Scattering patterns at all contrasts have high q peaks > 1.5 Å-1, corresponding to
combinations of inter- or intra-ionic correlations.

Figure 2. SANDALS experimental (coloured dots) and EPSR fitted (solid line) structure factors, S(q), as
a function of wave vector, q, for three isotopomers of PyrrAc.

All three samples exhibit a pronounced Bragg peak at q = 1.5 Å-1, corresponding to a
nearest-neighbor (cation-anion) spacing of 4.2 Å (= 2π/q). The other striking feature in Figure 2
is the presence of a peak at low q, visible in both partially-deuterated samples, d 8 - and d 4 9

PyrrAc. For both contrasts, this low-q peak lies at 0.90 Å-1 corresponds to a periodicity of 7.0 Å,
which is a combination of charge alternation and polar-apolar alternation.52 Further analysis is
required to distinguish among these correlations. In the case of an amphiphilic nanostructure, this
repeat distance is smaller than the 10.0 - 10.2 Å periodic nanostructure seen in ethylammonium
(EA+) PILs.13, 29
Figure 3a shows representative snapshots of the simulation boxes captured after
convergence to the experimental neutron diffraction results, with all atoms in standard atomic
colors. Figure 3b shows the same snapshot, but with polar and apolar groups highlighted. This
allows the visualization of how polar and apolar groups are distributed through the liquid. Apolar
groups occupy a higher volume fraction than polar groups, and clearly form a continuous apolar
domain. The distribution and connectivity of polar groups is less clear. Figures 3c shows
snapshots through the simulation box of the locations of the polar ( >NH 2 + and -CO 2 -) and nonpolar (C 4 H 8 and -CH 3 ) groups; The extended connectivity of the non-polar groups is clear, but
the polar domains are more isolated by comparison.
a) all atoms

O
H2
H 2C N
O
CH3
CH2
H 2C C
H2

b) polar vs apolar

c) polar >NH 2 + -COO-

apolar -(CH 2 ) 4 - -CH 3

O
H2
H 2C N
CH3
CH2 O
H2C C
H2

Figure 3. a) Representative snapshot of simulation box with 460 ion pairs converged to neutron
diffraction patterns, in standard atomic colours; b) Snapshot derived from Figure 3a, with polar groups in
green and apolar parts in grey; c) shows separately the polar and non-polar moieties, respectively, of both
the cations and anions.
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In order to look at atomic details in the polar region, Figure 4a shows partial pair
correlation functions, g ij (r), between the H-bond donor and acceptor (H N -O C ) and the
corresponding charged centres (N-C O ) on the cation and anion. g ij (r) describe the radiallyaveraged distance-dependence of atom-atom correlations, obtained from the converged EPSR
simulation. A complete set of g ij (r) is provided in SI. A peak in g ij (r) corresponds to a preferred
correlation distance between atoms i and j and is strongest for nearest-neighbour correlations
between cation-anion charged groups at short distances. The sharp peak at 2.38 Å in the
ammonium H and anion O pair (H N -O C ) correlation function represents the most probable Hbond distance. Between oppositely charged centres (N-C O ) there is also a peak, meaning that
there is a strong cation-anion correlation due to Coulombic interactions.
a)
5

gij (r)

4

HN-OC

3

N-CO

2
1
0
2

b) C O @N

3

r (Å)

4

5

6

c) N@C O

Figure 4. a) g ij (r) functions of PyrrAc in the polar region. Spatial distribution function (SDF) plots
showing 20% probability surfaces for b) anion carboxyl carbon around cation ammonium, and c) cation
ammonium around anion carboxyl.
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The anisotropy of nearest-neighbour distributions between charged groups are shown in
Figure 4b in the form of spatial distribution function (SDF). Lobes represent the most-probable
arrangements of nearest-neighbours up to maximum radial distances corresponding to the first
minimum in the corresponding g ij (r). Figure 4b (C O @N) shows that the centre of the acetate
carboxyl group is preferentially found in well-defined orientations around the ammonium group
away from the saturated ring. There are two different types of preferred site, and each has two
symmetry-equivalent lobes: in one the carboxyl group sits opposite the pyrrolidinium ring, but
on either side of the ammonium centre. In the other the carboxyl sits to the side of ammonium at
possible H-bonding sites. The complementary cation@anion (N@C O ) distribution, Figure 4c,
shows a single preferred arrangement for the ammonium group that is highly localized between
two acetate oxygens, opposite the acetate methyl. This spatial arrangement of ammonium around
the carboxylic group is similar to that seen previously in a formate PIL, except that probability
lobe is smaller here,29 and is similar to the three lobe structure seen for ammonium charge
centres around the more symmetric nitrate anion.13
Figure 5a shows the cation-anion hydrogen bond angle distribution in PyrrAc, compared
to primary ammonium PILs including ethylammonium formate (EAF), ethyammonium nitrate
(EAN) and propylammonium nitrate (PAN).21 These PILs all show a broad distribution of
angles, with the majority lying in between 90-170˚. This means that H-bonds in these ILs are
mostly bent. Figure 5b shows the hydrogen bonds in PyrrAc separated by type based on the
spatial distribution of atoms as 25.6% single, 14.4% bidentate, 27.2% bifurcated, 0.1% bridged
and 32.7% multi-contact interactions. Also shown are bond-length/bond-angle distribution maps
for the three main types, the majority of which are within the range of 2.2-2.8 Å and 110-170˚.
As H N -O C distance increases, there is a shift towards lower bond angles for all H-bond types.
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Not even the single H-bonds are predominantly linear at and bond length. The distribution of
bifurcated H-bonds clearly lies at lower bond angles for a given bond length than either single or
bidentate bonds. Note, however, that these classifications are based solely on N, H N and O C
positions in the converged simulations and not on any energetic measure. The distribution of
bidentate H-bonds thus includes a population of single H-bonds in which distal O C s have simply
rotated near to H N .
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Figure 5. a) Hydrogen bond angle distribution of N-H N …O C (black), defined by bond lengths
(H N …O C < 3.4 Å), compared to EAF (blue), EAN (red) and PAN (green).21 b) Hydrogen bond angledistance distribution maps with classification labelled.

These results highlight that the ionic arrangements in PyrrAc are dominated by
electrostatic attractions between charges on the ammonium cation and carboxylate anion. Instead
of forming a linear H-bonding network, the bond angle is distorted to accommodate closer
approach of opposite charges.
Table 2 compares key hydrogen bond characteristics of the current and our previous
studies on PILs, including PyrrAc, EAF, EAN and PAN. There also the local ion arrangements
and H-bond network structure were found to be a consequence of the balance between
Coulombic forces that drive polar-apolar nanosegregation, and the packing geometry of ions.21 A
different donor-acceptor ratio in PyrrAc means variations in geometric arrangement. Although
all four ILs have long and bent H-bond, the coordination number of anion around cation varies
significantly. Despite the structural similarity between acetate and formate anions, the H-bond
geometry in PyrrAc is more similar to PAN than EAF.
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Table 2. Average H-bond properties of protic ionic liquids. Data for ethylammonium formate
(EAF), ethylammonium nitrate (EAN) and propylammonium nitrate (PAN) were extracted from
previous work.21
donor:
acceptor
PyrrAc 2:2
EAF
3:2
EAN
3:3
PAN
3:3

Length
(Å)
2.43
2.45
2.41
2.37

Angle (˚)

Coord # (range
Å)
120
1.8 (0-3.25)
110
2.7 (0-3.25)
107
1.6 (0-3.00)
117(broad) 2.1 (0-3.00)

Type
Single/bifurcated
Bi/trifurcated
Bifurcated
Bifurcated

In order to quantitatively assess the microsegregation among polar groups in ionic liquid,
cluster analysis was used over thousands iterations of the converged simulation box to calculate
the fraction of ions, f(n), in a cluster of size n. The results are shown in Figure 6. We perform
three series of analysis on the same PyrrAc system: The first series (green) shows the distribution
of “standard” H-bonds, defined by a distance between a H-donor (H N ) and a H-acceptor (O C )
less than 2.8 Å and bond angles between 90° and 180° (cf. Figure 5). The green series lies
slightly above the predicted random 3-dimentional percolation threshold, derived from the
probability function53 (shown as a solid line), meaning that standard hydrogen bonds form a
network that lies on the percolation threshold.
If we expand the definition to incorporate “distorted” H-bonds (up to 3.4Å, and angles
from 60-180˚, shown in orange), then the fraction of small clusters (n < 30) decreases markedly
and falls well below the percolation threshold. This decrease is offset by a population of large
clusters on the right-hand side lying above the percolation threshold, which represents a
continuous (simulation box spanning) network of polar groups that are not all connected by
standard H-bonds.

15

This interpretation is substantiated by a cluster analysis of the electrostatic network,
defined by a correlation distance between cation (N) and anion (C O ) charge centres, shown in
blue. Here the nearest-neighbour cutoff distance is determined from the first minimum in the NC O g ij (r) (Figure 4a). The cluster distribution parallels that of the expanded H-bond series, and
also produces a peak on the right-hand side. This means electrostatic interactions alone form a
continuous network, with more than 99% of ions forming part of a single large cluster that lies
far above the percolation threshold. This suggests that PyrrAc has a continuous polar domain
with alternating charges, and it is primarily Coulombic in its origin. The hydrogen bond network
within the polar domain is not continuous.

1

probability

0.1
0.01
0.001

0.0001
1

10

100

1000

cluster size n

Series
Standard H-bond
Standard & distorted H-bond
Electrostatic

Correlation
HN – OC
HN – OC
N – CO

Length (Å)
0 - 2.8
0 - 3.4
0 - 4.7

H-bond Angle (˚)
90 - 180
60 - 180
-

Figure 6. Cluster analysis of polar groups in PyrrAc, where probability f(n) is the fraction of ions in a
cluster of size n defined by nearest-neighbour distances and bond angles between different atom types
derived from partial pair-correlation functions, g ij (r) (see text); black line is the theoretical percolation
threshold f(n) = n-1.2/4.34, see reference 53.
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Knowing the structure in the polar region, we further look into interactions in the apolar
region. Figure 7a shows key atomic partial pair correlation functions, g ij (r), among
hydrocarbons. The g ij (r) function between acetate methyl carbons (C M -C M ) has a peak near 4 Å,
which is more pronounced than between terminal carbons of Pyrr+ (C 2 -C 2 ). This suggests
stronger apolar-apolar correlation among the anions than among the cations. Acetate methyl
groups are also correlated with a cation ring carbon (C M -C 2 ), producing a peak with equal
intensity to C M -C M . This suggests mixed association rather than the formation of distinct apolar
regions of cation and anion.

a)

g (r)

2

CM-C2
C2-C2

1

CM-CM
0
2

3

4

5

6

7

8

r (Å)

b) C M @C M

c) C 2 @C 2

d) ring@ring

Figure 7. a) g ij (r) functions of selected hydrophobic groups of PyrrAc, showing correlation strength at a
given distance. Also shown are spatial distribution function (SDF) plots showing 20% probability
surfaces among b) anion methyl groups c) C 2 (bottom) carbons of the cation ring d) the cation ring
geometric centers

17

Spatial distribution plots of apolar groups further support these conclusions. As shown in
Figure 7b, there is a conventional ‘tail-tail’ arrangment of acetate ions. The acetate methyl group
seems to induce an amphiphilic character in the anion not seen previously in structurally similar
formate PILs; Extrapolating this trend, we would expect much stronger anion-induced
nanostructure with longer alkanoate ILs.54, 55 Although adding an extra level of complexity to the
interactions, we note that this kind of anion association has also been reported previously for ILs
with analogous fluorous anions, which in this case did yield separate hydrocarbon and
fluorocarbon regions.56, 57
Association between cation ring carbons are shown through the C 2 @C 2 distribution in
Figure 7c. Although these probability lobes are not quite isotropic and exhibit some preferred
orientations, they surround the sides and at the bottom of the cation ring and do not extend
around the ammonium head group. This strong, amphiphilic association between pyrrolidinium
rings is underscored by Figure 7d, which shows the spatial distribution of the geometric centres
of cation rings. The most probable position of finding a second ring from a reference ring is
around the carbon side of the cation (i.e. the relatively apolar region), and far away from the
charged ammonium group. The ring-centre spatial distribution is essentially the complement of
the anion spatial distribution (Figure 4b) around the cation charge.
This suggests that, although there is an association between nonpolar rings, there is no
preferred specific arrangement for adjacent cation rings in PyrrAc, such as stacking. Figure 8
confirms that cation rings in PyrrAc do not adopt any preferred arrangement at any correlation
distance by showing the angular radial distribution function, g(r,θ), where θ is the angle between
the normals to each ring. The distribution is relatively flat with only small oscillations across all
angles at short distances, and confirms that there is no strong preference towards any specific
18

alignment between adjacent rings. 2D projections supporting this conclusion, and which also
validate the radius ranges used for the spatial probability distributions, are shown in SI.

Figure 8. Angular radial distribution function plot for pyrrolidinium ring-centre—ring-centre, g(r,θ),
where r is the distance (Å) between the centre of two rings and θ is the angle between the normal for
cation ring-approximated planes shown on right. Analysis was performed using DLPUTILS.58

For aromatic liquids like benzene or pyridinium- and imidazolium-based aprotic ILs, π-π
stacking is an important intermolecular interaction that can give rise to parallel and T-shaped
orientations of neighbouring aromatic rings.59, 60 However with saturated pyrrolidinium cations
there are no such strong intermolecular interactions between rings, and steric effects are
insufficient to induce any preferred arrangements.
Discussion and Conclusions
The liquid structure of PyrrAc qualitatively recapitulates the amphiphilic nanostructure
seen in primary alkylammonium PILs, but highlights some important distinctive features. Cluster
analysis has revealed that strong, Coulombic interactions between charged groups drive the
segregation of uncharged groups and leads to the formation of a bicontinuous, system-spanning
network of interpenetrating polar and non-polar domains. Within the polar domains, the H-bond
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network is limited to a distribution of finite clusters within the extended polar domain. The Hbonds themselves are predominantly long and bent, accommodating electrostatics. Amphiphilic
nanostructure remains a feature of this PIL, even though the density of H-bond donors and
acceptors in the secondary ammonium cation and acetate anion is lower than in previouslystudied systems.
The key difference between PyrrAc and previously-studied primary alkylammonium
PILs is packing in the apolar region. Pyrr+ cation rings are less ordered within the apolar
domains that their praimary alkylammonium counterparts; Figure 7b highlights the lack of strong
end-to-end correlations between ring C 2 carbons,13, 19, 61 showing instead a high degree of ring
intercalation. PyrrAc thus forms apolar domains that are thinner than the combined length of two
cation rings, giving rise to the smaller observed periodic spacing for PyrrAc (7.0 Å) in
comparison to EAN (10.0 Å) in their neutron diffraction patterns. Unlike nitrate or formate, the
acetate methyl group clearly contributes to the amphiphilic nanostructure of PyrrAc.
The relative sizes of the polar and nonpolar part of an IL define a packing geometry (aalkyl /a polar ),

similar to the packing parameter used for surfactants.62,

63

Linear PILs of similar

molecular lengths, such as ethylammonium nitrate and formate, have packing parameters of
a alkyl /a polar ~ 1, forming a bicontinuous sponge-like structure, built up from a locally bilayer-like
arrangement of cations oriented tail-tail with their terminal methyls opposite each other, and a
mean curvature of the polar/apolar interface near zero.29 The larger non-polar volume in PyrrAc
at near-constant alkyl length and polar group size, yielding a alkyl /a polar . > 1, gives rise to an
inverted structure, analogous to a bicontinuous microemulsion near its transition to discrete
water-in-oil droplets.26, 64, 65
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Phenolic compounds, such as lignin decomposition products, are challenging solutes
because they consist of small polar and apolar domains. Many other ionic liquids have
bicontinuous nanostructure,12 but with ordered polar and apolar domains that become more
ordered as the cation is made more amphiphilic.9, 61 These well-defined ion arrangements do not
easily adjust to incorporate solutes of closely associated polar and hydrophobic groups, resulting
in a high energetic cost. PyrrAc, on the other hand, has well defined nanostructure but the
arrangements of groups within the polar and apolar domains are flexible, and therefore can
readily adapt to the structure of phenolic compounds with minimal energetic cost; i.e. with less
disruption to their existing disordered structure.66, 67 Likewise, the distorted and adaptable Hbond network of PyrrAc facilitates the dissolution and solvation of other polar groups including
lithium and other ions.36
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