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Abstract

A combination of X-ray scattering experiments and molecular dynamics simulations

were conducted to investigate the structure of ionic liquids (ILs) which chemically bind

CO2. The structure functions were measured and computed for four different ILs con-

sisting of two different phosphonium cations, triethyloctylphosphonium ([P2228]
+) and

trihexyltetradecylphosphonium ([P66614]
+), paired with two different aprotic hetero-

cyclic anions which chemically react with CO2, 2-cyanopyrrolide and 1,2,4-triazolide.

Simulations were able to reproduce the experimental structure functions, and by decon-

structing the simulated structure functions, further information on the liquid structure

was obtained. All structure functions of the ILs studied had three primary features

which have been seen before in other ILs: a prepeak near 0.3-0.4 Å−1 corresponding

to polar/nonpolar domain alternation, a charge alternation peak near 0.8 Å−1, and

a peak near 1.5 Å−1 due to interactions of adjacent molecules. The liquid structure

functions were only mildly sensitive to the specific anion and whether or not they

were reacted with CO2. Upon reacting with CO2, small changes were observed in the

structure functions of the [P2228]
+ ILs, whereas virtually no change was observed upon

reacting with CO2 in the corresponding [P66614]
+ ILs. When the [P2228]

+ cation was

replaced with the [P66614]
+ cation, there was a significant increase in the intensities

of the prepeak and adjacency interaction peak. While many of the liquid structure

functions are similar, the actual liquid structures differ as demonstrated by computed

spatial distribution functions.
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1 Introduction

Ionic liquids (ILs) have gained considerable attention as solvents capable of outperforming

current amine technologies in CO2 capture.
1–3 ILs have several unique properties such as low

vapor pressure, high thermal stability, and high chemical stability. These properties provide

practical advantages over amines, which are volatile and corrosive. Recently, a class of ILs

with aprotic heterocyclic anions (AHAs) were developed that chemically bind CO2 without

showing a dramatic increase in viscosity.4–7 Although much is known about the physical and

chemical properties of these ILs, little is known about their liquid structure.

Several research groups have examined the liquid structure for other classes of ILs using

X-ray or neutron scattering experiments combined with molecular dynamics (MD) simula-

tions.8–18 A number of groups have used high-energy X-ray scattering experiments to study

the liquid structure for a variety of ILs with different types of anions and cations.13,15,19–23

The electrostatic interactions that dominate the liquid ordering typically result in three pri-

mary long range structure function features: a prepeak also known as a first sharp diffraction

peak between 0.25-0.5 Å−1 due to the alternation of polar/nonpolar domains, a charge sep-

aration feature near 1 Å−1, and a peak near 1.5 Å−1 due to adjacency interactions within

the IL. The prepeak is usually attributed to heterogeneous domain formation within the

IL, which generally requires ions of sufficient size with long nonpolar tails although this is

not always the case.13,16,19–22,24–31 Several computational researchers have demonstrated that

MD simulations can recover the experimental structure functions and shed light on the spe-

cific molecular correlations responsible for these features.9,17,31–36 Partitioning of the total

structure function into partial structure functions representing the correlations between the

different ions revealed a charge alternation feature, which was absent in the total structure

function of certain ILs due to the cancellation of peaks and antipeaks. Kashyap found that

when the long alkyl cation tails are functionalized with polar ether groups, the liquid struc-

ture function changes dramatically and the prepeak disappears.33 Additionally, simulations

showed the percolation of polar and nonpolar networks that are primarily responsible for the

ordering within ILs.8,9,17,23,29,33,36

The objective of the present work is to obtain a detailed understanding of the liquid

3
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structure of AHA ILs in both the unreacted and CO2-reacted states using a combination of

X-ray scattering experiments and MD simulations. The ILs studied are a combination of

two phosphonium cations, triethyloctylphosphonium ([P2228]
+) and trihexyltetradecylphos-

phonium ([P66614]
+), paired with two different AHA anions, 2-cyanopyrrolide ([2CNpyr]−)

and 1,2,4-triazolide ([4Triaz]−). These ILs have shown great promise as CO2 capture sol-

vents.4 The effects of the CO2 reaction on the liquid structure are investigated by comparison

of neat and CO2 complexed IL structure functions. Additionally, we examine the changes

in the IL structure from both cation and anion substitutions. Finally we comment on the

ability of the structure function to describe the liquid structure and the additional insights

provided by MD simulation.

2 Experimental Methods

2.1 Material Synthesis

Triethylphosphine (99% purity), 1-bromooctane (99% purity), and 1H-1,2,4-triazole (98%

purity) were purchased from Sigma-Aldrich, trihexyl(tetradecyl)phosphonium bromide (95%

purity) was purchased from Strem Chemicals, 1H-pyrrole-2-carbonitrile (99% purity) and

Amberlite IRN78 (nuclear grade) were purchased from Alfa Aesar, and anhydrous toluene

(99.8% purity) was purchased from EDM. All chemicals were used without further purifica-

tion.

[P2228][Br]

Under a nitrogen atmosphere and in a flame dried round bottom flask (500 mL), a solu-

tion of triethylphosphine (25 g, 212 mmol) in anhydrous toluene (200 mL) was treated with

1-bromooctane (43 g, 222 mmol) via cannula. The solution was stirred at room temperature

for 20 minutes and at 70 ◦C for 5 hours. After completion, the reaction product was con-

centrated, dissolved in acetonitrile, and recrystallized from acetonitrile/ethyl acetate (1:2)

to obtain [P2228][Br] as a white solid.

[P2228][2CNpyr]

4
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In a round bottom flask (500 mL), a solution of triethyloctylphosphonium bromide

([P2228][Br]) (10 g, 32.1 mmol) in methanol (200 mL) was treated with Amberlite IRN78

(93 g) and mixed until no residual halide precipitation was observed by AgNO3 test to ob-

tain [P2228][OH]. The mixture was filtered and treated with 1H-pyrrole-2-carbonitrile (2.21

g, 32.1 mmol) and stirred for 2 days.

[P2228][4Triaz]

The reaction was performed per the above synthesis of [P2228][2CNpyr], but with 1H-

1,2,4-triazole (2.96 g, 32.1 mmol), and stirred for 2 days.

[P66614][2CNpyr]

The reaction was performed per the above synthesis of [P2228][2CNpyr], but with [P66614][Br]

and 1H-pyrrole-2-carbonitrile (1.634 g, 17.74 mmol), and stirred for 2 days.

[P66614][4Triaz]

The reaction was performed per the above synthesis of [P2228][2CNpyr], but with [P66614][Br]

and 1H-1,2,4-triazole (1.225 g, 17.74 mmol), and stirred for 2 days.

Methanol and other volatiles were removed at 323.15 K under reduced pressure (10 mbar).

Complete removal of volatiles was confirmed by 1H NMR. The water byproduct was then

removed by further drying at 323.15 K under reduced pressure for approximately 3 days.

The water content of each IL was determined by a Metrohm 831 Karl Fischer coulometer

and was less than 0.05% by weight (or 500 ppm). The structures of the ILs were verified by

1H NMR (Varian INOVA-600) spectroscopy with dried ILs dissolved in deuterated dimethyl

sulfoxide (DMSO-d6, 99.9 atom %D, Sigma-Aldrich) containing 1% v/v TMS. Any residual

halide in the aqueous phase in contact with the ILs was not detectable on addition of aqueous

AgNO3.
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2.2 Density Measurements

IL densities were measured in the temperature range of 10 to 80 ◦C for pure ILs and 10 to 30

◦C for CO2 saturated ILs using a DMA 4500 Anton Paar oscillating U-tube densitometer (±

0.01 ◦C, ± 1 x 10−3 g cm−3). Approximately 1.5 mL of IL was prepared in a nitrogen-filled

glove box and loaded into the densitometer.

2.3 CO2 Saturation

IL samples of approximately 2 g were saturated with CO2 at room temperature (22 ◦C) and

approximately 1.3 bar CO2 pressure using a reactor (235 mL) and a CO2 reservoir (290 mL).

Absorption of water and CO2 from the atmosphere was prevented by keeping the apparatus

and sample vessel completely sealed and by preparing and loading the samples in a nitrogen-

filled glove box. The reactor was initially evacuated for approximately 30 minutes with a

Welch Gem 8890 model vacuum pump, and CO2 was briefly introduced several times and the

mixture was stirred with a magnetic stir-bar until equilibrium was reached at approximately

1.3 bar. Because the volume of the system was controlled during the CO2 saturation, the

vapor-liquid equilibrium point was determined after the pressure remained constant for at

least 2 hours. The CO2 solubility for the [P2228][4Triaz] was determined volumetrically as

described in previous work.5

2.4 Water Content Measurements

The water content was measured both before and after CO2 saturation and density mea-

surements using a Metrohm 831 Karl Fischer coulometer with ± 3 µg water resolution. The

water contents were less than 500 ppm both before and after the measurements.

2.5 X-ray Scattering Experiments

X-ray scattering data was obtained in a momentum transfer (q) range of 0.2 to 20 Å−1 using

X-rays generated at the Advanced Photon Source (APS) beam-line 11-ID-B at Argonne Na-

tional Laboratory. As mentioned above, all samples contained less than 500 ppm of water for

6

Page 7 of 33

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



both pure and CO2 saturated ILs. All IL structure functions were measured at room tem-

perature where the ILs remained liquid (note that [P2228][4Triaz] was a super-cooled liquid).

Each sample was transferred into a 2 mm quartz capillary (HR6-150, Hampton Research)

in a nitrogen-filled glove box and flame sealed after evacuation of the air inside. Samples

were exposed to a collimated X-ray beam (58.65 kV, λ = 0.2114 Å) with a monochromator

of Si(311), a beam size of 0.5 mm x 0.5 mm and a 120 s total exposure time. A Perkin 1621-

104 CN3-EHS Elmer amorphous silicon detector measured the X-ray scattering patterns.

The given X-ray scattering data were post-processed for integration and domain conversion

from scattering angle, 2Θ, to scattering vector, q, using the Fit2D software package from

Hammersley et al.37,38 The total structure function was calculated using eq. 1

S(q) =
Icoh(q)−

∑
i xif

2
i
(q)

[
∑

i xif
2
i (q)]

2
(1)

in which Icoh(q) indicates the total intensity, xi is fraction of atom type i, and fi(q) is the

atomic form factor of atom type i found in the International Tables of Crystallography.39

The structure function calculation and various corrections were processed using PDFgetX2

software from Qui et al.40 The atomic fraction of each CO2 saturated IL was determined

using previously reported and new experimental CO2 solubility data: 0.92, 0.9, 0.8, and

0.8 moles of CO2 per mole IL for [P2228][2CNpyr]
5, [P66614][2CNpyr]

4, [P2228][4Triaz], and

[P66614][4Triaz]
4, respectively.

3 Computational Methods

The structures of the ions studied in this work are shown in Figure 1. [4Triaz]− has two

different nitrogen sites where the CO2 can react. It is currently unknown where the [4Triaz]−

reaction site is in the liquid phase. Therefore, both reaction sites were considered in this

work with the hope that comparison of the simulated and experimental structure functions

would identify the stable reaction site.

7
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pairs in a simulation box using Packmol.44 In modeling the CO2-reacted ILs, it was assumed

that all of the anions were bound to CO2. No physically absorbed CO2 was considered as

the amount of physically absorbed CO2 is estimated to be less than 3 mole %.5 Next, a

steepest descent energy minimization was performed. Following the energy minimization,

the systems were annealed to 700 K for 500 ps, and subsequently equilibrated in the NPT

ensemble. The equilibration procedure differed depending on the system due to the large

size and slow dynamics of the [P66614]
+ cation. Production runs for systems with [2CNpyr]−

were run at 300 K while production runs for systems with [4Triaz]− were run at 313 K due to

the higher melting point of ILs with this anion. Note that the temperature difference of 18 K

between the simulations and experiments will have a negligible impact on the liquid structure

functions due to the low thermal expansivities of ILs.15,35 For the [P2228]
+ systems, an initial

NPT equilibration to the production temperature and 1 atm was performed for 8 ns using a

Berendsen thermostat and barostat. Next, the systems were equilibrated for an additional

2 ns using a Nosé-Hoover thermostat45,46 and a Parinello-Rahman barostat.47 Following the

equilibration, an NVT production run of 2-4 ns was performed, saving configurations every

0.1-0.3 ps. For the [P66614]
+ systems, additional initial equilibration was performed to allow

the system to relax properly following the annealing. For these systems, the temperature

was decreased by 100 K over 1 ns intervals until reaching the production temperature. At

this point the same equilibration and production run procedures of the [P2228]
+ systems were

followed. For all simulations, a time step of 1 fs was used. All covalent bonds to hydrogen

were constrained using the LINCS algorithm to allow a larger time step.48 The equations of

motion were integrated using the Verlet Leap-Frog algorithm.49,50 Long range electrostatics

were handled using particle-mesh Ewald summation.51 Long range corrections were applied

to both energy and pressure. Lorentz-Berthelot mixing rules were applied to Lennard-Jones

interactions.52 A description of the force field parameterization and all force field parameters

are provided in the supporting information (SI).

Preliminary simulations were performed on the [P2228][2CNpyr] system to evaluate the

effects of the cutoff radius as well as the system size on the calculated structure function.

First, simulations of 1000 ion pairs were run where the cutoff radius was set to either 12 or

14 Å. The resulting structure functions were found to be unaffected by an increase in the

9
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cutoff radius. Therefore, the cutoff was set to 12 Å for all remaining systems to speed up

the simulations. The system size was then tested by performing simulations of 1000 and

2000 ion pairs. Again these simulations produced nearly identical structure functions so all

further simulations used between 1000 and 2000 ion pairs. The structure functions resulting

from the different systems sizes and cutoff radii are shown in the SI.

4 Results

4.1 Experimental Structure Functions

The experimental structure functions are shown in Figure 2 for ILs containing [P2228]
+ with

unreacted and CO2-reacted [2CNpyr]− and [4Triaz]−. For the unreacted [4Triaz]−, there

is a small prepeak at 0.42 Å−1 and two additional overlapping peaks near 1 Å−1 and 1.5

Å−1. The unreacted [2CNpyr]− has the same overlapping peaks near 1 Å−1 and 1.5 Å−1,

but it does not have a clearly defined prepeak. For the CO2-reacted ILs, the overlapping

peaks at 1.5 Å−1 become more pronounced for [2CNpyr]−, but for [4Triaz]− there is only one

peak. The prepeaks are still present for the CO2-reacted ILs, with the one for [2CNpyr]−

becoming more pronounced upon reaction. Previous studies on other ILs have observed

these three peaks, assigning them as a prepeak, a charge alternation peak, and an adjacency

peak, respectively.15,32–34 In the intra-molecular region (q > 2 Å−1 ), the structure functions

of all liquids are similar because the cations are the same and the anions have very similar

structures.

10
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ILs with [P2228]
+. The prepeak in S(q) for [P2228][4Triaz] is observed at q=0.42 Å−1 while

there is no well defined prepeak observed for [P2228][2CNpyr]. Previous studies of the liquid

structure of [P2228][Tf2N] showed a prepeak at q=0.4 Å−1 indicating that the packing of this

tetraalkylphosphonium cation with the [4Triaz]− anion leads to intermediate range order

with a less extended range with an effective domain size of about 15 Å, as compared to the

domain size of about 16 Å for [P2228][Tf2N].
17

4.2 Comparison of Experimental and Simulated Structure Func-

tions

A comparison between experimental and simulated densities is shown in Table 1. The

simulated densities are consistently lower than the experimental densities by 2-5%, with the

difference being larger for ILs with [P2228]
+. This level of agreement is sufficient for obtaining

reliable liquid structures from MD simulations.

Table 1: Comparison of experimental and simulated densities. Experimental values for all

systems other than ILs with unreacted [4Triaz]− have been interpolated based on a linear fit

of temperature dependent densities which are included in the SI. All densities are in units

of g cm−3. Experimental uncertainties are 1 x 10−3 g cm−3. Simulation uncertainties in the

last significant digit, shown in parenthesis, are estimated using block averaging on the final

2 ns of NPT equilibration.

System Temperature (K) Experiment Simulation % Difference

[P2228][2CNpyr]
5 300 0.953 0.913(1) -4.2

[P2228][2CNpyr:CO2] 300 1.024 0.977(1) -4.6

[P2228][4Triaz] 313 0.957 0.915(1) -4.4

[P2228][4Triaz:CO2] 313 1.016 0.979(1) -3.6

[P66614][2CNpyr]
4 300 0.900 0.874(1) -2.9

[P66614][2CNpyr:CO2] 300 0.929 0.909(1) -2.2

[P66614][4Triaz]
4 313 0.892 0.867(1) -2.8

[P66614][4Triaz:CO2] 313 0.922 0.903(1) -2.1

13
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CH group and they tend to occupy four lobes between the short cation alkyl chains. These

anions in turn attract other CH groups forming polar domains within the IL. Likewise, the

nonpolar CT group doesn’t interact much with either the anions or the CH groups, and tends

to aggregate with other CT groups. The formation of the polar and non-polar domains gives

rise to features in the structure function. The prepeak results from the alternation of the two

domains within the IL. The charge alternation feature, which is absent in the total structure

functions, results from the alternation of charged species within the polar domain. The peak

at 1.5 Å−1 results from a multitude of adjacency interactions within the IL between nearest

neighbors such as anions immediately solvating the CH group, aggregated CT groups, and

small contributions from cations and anions forming the same solvation shell around an ion.

Comparison of experimental and simulated structure functions of CO2-reactive ILs reveals

information about the IL landscape. The experimental structure functions are insensitive to

the anion because both anions are similar in size, having five membered rings that undergo

similar steric interactions within the IL. Both [4Triaz]− and [2CNpyr]− paired with either

[P2228]
+ or [P66614]

+ have structure functions with the same characteristic shapes. However,

the ordering lengths are different as determined by the cation.

The structure function doesn’t directly reveal the different three dimensional local struc-

ture near the anions. [4Triaz]− has more observed orientations with respect to the cation

than does [2CNpyr]−. From the prospective of the cation, however, the two anions behave

quite similarly, tending to occupy four high probability lobes between alkyl chains of the CH

group. For this reason, both anions end up producing comparable structure functions.

The reaction with CO2 has little influence on the overall liquid structure function. There

is only a slight change in the structure of [P2228]
+ ILs upon reaction with CO2 and there is

no change in the structure of [P66614]
+ ILs after reaction. The reaction with CO2 does cause

a slight shift in the anion-anion partial structure functions due to the increased anion size.

The added CO2 does change the product anion charge distribution and thus the orientation

towards the phosphorus of the cation, but it does not change the product anion solvation

of cation head groups enough to change the liquid structure. This supports experimental

evidence that the liquid viscosity does not change much after reaction with CO2, because

the liquid ordering and thus the inter-ionic interactions giving rise to the viscosity don’t
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change when the anion reacts with CO2. Furthermore, examination of structure functions

for different [4Triaz]− reaction sites shown in Figure 9 demonstrate that the total structure

function is completely insensitive to the reaction site.

The most significant change in the liquid structure results from cation substitution. Com-

parison of the corresponding [P2228]
+ and [P66614]

+ ILs shows that the increased alkyl chain

length on both the CH and CT groups results in increased intensities of both the prepeak and

the adjacency interaction peak. Increasing the cation size causes the cation-cation partial

structure function to split from one to two peaks. One of the cation-cation peaks remains

at the original charge alternation location while the other peak is the primary contributor

to the adjacency interaction peak. As the alkyl chain lengths increase, there are increased

adjacency interactions between cations as both the CT and CH chains start to aggregate

with one another. Additionally, the anion-anion partial structure functions in the [P66614]
+

ILs form a broad shoulder at small q values, which contributes significantly to the formation

of the prepeak. The cation is the major determinant of the IL structure because it has both

polar and nonpolar components causing the IL structure to have two distinct domains. The

anions tend to be confined to the same locations near the cation phosphorus atom regardless

of the cation size. This well defined structuring of counterions becomes highly pronounced

in [P66614]
+ ILs because the nonpolar domains are sufficiently large to form continuous per-

colating networks within the IL.

6 Conclusions

The liquid structure functions of AHA ILs are similar to previously studied ILs. The large

size of the cation causes the formation of both polar and nonpolar domains within the IL.

The correlated structure of these two domains increases with the cation size and its ability to

form continuous nonpolar domains. As such, the cation plays the main role in ordering. The

anions are only minor players in the liquid structure as different anions tend to occupy the

same preferred locations near the phosphorus between the short alkyl chains of the cation.

The organization of the polar domains, therefore, is insensitive to the specific anion and

whether or not it has reacted with CO2. Furthermore, the different reaction sites considered
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on [4Triaz]− produce nearly identical structure functions.

The total structure functions of reactive AHA ILs don’t change appreciably upon reaction

with CO2. The unreacted and CO2-reacted anions tend to have the same spatial preference

relative to the cation. Both the polar and nonpolar domains remain approximately the

same before and after reaction so that the total liquid structure function is not dramatically

affected by the reaction. This observation helps to explain why the viscosities of these ILs

do not change appreciably upon reaction with CO2.

While many of the experimental systems exhibit similar one dimensional structure func-

tions, the actual structure within the first solvation shell is sensitive to the anion size and

charge distribution. However, these effects fail to manifest distinguishable correlated order-

ing in the outer solvation shells resulting in the same long range structuring features. The

experimental structure function is a good reporter of the ordering length scales but it fails

to tell a complete description of the local three dimensional IL liquid structure. MD lends

itself to provide further insights in spatial correlations of different species as well as probable

orientations of adjacent ions.

Supporting Information

Force field parameterization procedure and all force field parameters, experimental densi-

ties of clean ILs and CO2 saturated ILs, experimental CO2 solubility data, comparison of

simulated [P2228][2CNpyr] total structure functions using 12 and 14 Å cutoffs, comparison

of simulated [P2228][2CNpyr] total structure functions for 1000 and 2000 ion pair systems,

comparison of [P2228][4Triaz] simulated structures functions at 295 and 313 K, comparison

of simulated and experimental structure functions at small q values for [2CNpyr]− ILs, ex-

perimental structure functions for [4Triaz]− ILs, comparison of simulated and experimental

structure functions for [4Triaz]− ILs, comparison of simulated and experimental structure

functions at small q values for [4Triaz]− ILs, and RDFs for unreacted and CO2-reacted

[P2228][2CNpyr].
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