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Abstract 

The structures and conformations of imidazolium ionenes solvated in 1-ethyl-3-

methylimidazolium ionic liquids (ILs) ([C2mim+][X-]) are investigated using molecular 

dynamics simulations. Four different ionenes poly(decylimidazolium) (PD10), 

poly(tetraethyleneglycolimidazolium) (PE10), alternating copolymer (P(ED)5), and a block 

copolymer PE5D5 are immersed in [C2mim+][X-], where [X-] = thiocyanate [SCN-], 

tetrafluoroborate [BF4
-], and trifluoromethanesulfonate [TfO-].  The radius of gyration indicates 

that the ionene chains are more extended when immersed in [TfO-] compared to [BF4
-] and 

[SCN-], while the solvent accessible surface area shows that PE10 is the most contracted ionene 

among all systems.  The electrostatic interactions between the ionenes and the ILs are very 

consistent with the inherent electrostatic characteristics of the different anions, which can be 

quantified using the Ionic Polarity Index (IPI).  The ionene configurations and dynamics strongly 

depend on the backbone functionality and architecture of the chain, due to the balance between 

the inter- and intra-molecular interactions in these systems. 

 

Keywords: ionic liquid; ionene; imidazolium; anions; molecular dynamics  
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1. Introduction 

Ion-containing polymers have been used as novel gas sorbents and as electrolytes in 

many advanced devices, such as electrochemical membranes for capacitors, lithium-ion batteries, 

and fuel cells.1-6 Most of these ion-containing polymers are polyelectrolytes wherein the cation is 

pendant from the polymer backbone.  On the other hand, in ionenes, the charge lies within the 

polymer backbone, which imparts a high charge density and unique electrostatic interactions.7, 8 

Ionenes provide a highly tunable material platform since different alkyl spacers can be 

incorporated, and the ionenes can be paired with various counterions.  

Since the seminal introduction of ammonium ionenes,9 several cation motifs  have been 

used to form the polymer backbones, such as pyridnium,10 phosphonium,11 imidazolium,12 and 

triazolium.13 These ionenes possess elastomeric behavior with improved thermal and mechanical 

stability compared to ammonium analogs.11, 14 Furthermore, the incorporation of ether 

functionality in the backbone of imidazolium ionenes has shown to improve separation and 

selectivity for CO2 from gas mixtures.15, 16 Tamami et al.17 have shown that the charge density 

and the nature of the counterions tailor the thermal and rheological properties of ammonium 

ionenes.  Hemp et al.11 have decreased the charge density of phosphonium ionenes by increasing 

the length of the alkyl spacer, which in turn significantly affects the viscoelastic response of the 

polymer.  In recent studies, the selection of counterions with different size and basicity has been 

explored in an effort to tune the glass transition temperature (Tg), electrospinning behavior, 

solubility, and thermal and structural stability of the ionenes for various applications (e.g., 3D 

printing, membrane fabrication, and polymer electrolytes).18-21 In this context, Long et al.18 have 

shown that polyelectrolytes with highly coordinated anions require less thermal energy to 

dissociate ionic interactions.  Mercerreyes et al.22 have shown that the solubility of polymerized 



 4

ionic liquids (poly(ILs)) can be tuned with different counterions through anion-exchange 

reactions.  

Historically, imidazolium ionenes have been investigated much less than ammonium 

ionenes although interest in imidazolium ionenes is growing due to their similarities with 

imidazolium ionic liquids (ILs). Recently, Bara and co-workers.23, 24 have synthesized 

imidazolium ionenes with more sophisticated architectures like polyimides and polyamides for 

gas separation applications.  Some of these polyamide ionenes show enhanced selectivity and 

permeability for CO2 relative to CH4 and N2 when impregnated with ILs.24 In comparison, 

polyamide ionenes with consistent para connectivity of xylyl linkages have shown reduced gas 

selectivity and permeability when impregnated with ILs, as opposed to ionenes with lower chain 

densities and varied connectivity among the linkages.  Thus, each ionene behaves differently 

when immersed in an IL due to the intricate balance of different inter- versus intramolecular 

interactions. 

The introduction of an IL into the polymer matrix alters the polymer flexibility and its 

structure, which affects many other properties, including gas separation performance.  The 

effects can often be unpredictable, as the impregnation of the IL can alter the interchain spacing, 

as well as the accessible free volume.24 In this regard, Sappidi et al.25 performed a series of 

molecular dynamics (MD) simulations and experiments to benchmark the molecular-level 

behavior of ionenes immersed in a 1-ethyl-3-methylimidazolium bistriflimide ([C2mim+][Tf2N-]) 

IL.  It was found that the three-dimensional polymer structure (e.g., chain contraction and 

coiling) is strongly affected by the ionene chain functionality and its architecture, due to specific 

interactions with the IL solvent.  In order to leverage these interactions further, multivalent 

imidazolium cations have been introduced as a filler in the polymer backbone to improve the gas 
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selectivity and permeability compared to the corresponding neat polymerized IL.26 Despite these 

emerging experimental studies combining ionenes and ILs, there is still very little known about 

the underlying molecular-level behavior in these system, especially how the choice of the IL 

solvent affects the ionene conformational behavior.  This information is needed for the rationale 

design of high-performing ionenes. 

In this work, we perform a fundamental MD simulation study of the structural properties 

of four different imidazolium ionenes solvated in three different ILs (all with the same cation).  

The ionenes were chosen from those we have previously modeled and experimentally 

synthesized:25 poly(decylimidazolium) (PD10), poly(tetraethyleneglycolimidazolium) (PE10), 

alternating copolymer (P(ED)5), and a block copolymer (PE5D5), as shown in Figure 1(a).  These 

ionenes are solvated in [C2mim+] ILs with three different counterions: thiocyanate [SCN-], 

tetrafluoroborate [BF4
-], and trifluoromethanesulfonate [TfO-], as shown in Figure 1(b).  Our 

computational analyses are used to provide a detailed understanding of the balance between the 

intra- and intermolecular interactions that give rise to the different three-dimensional ionene 

structures. 

 

2. Computational Details 

The MD simulations are performed with the GROMACS package (version 2019.4).27 The 

initial configurations of the ionenes solvated within the ILs are prepared with Packmol.28 A total 

of 10 repeat units of each ionene monomer are used, resulting in a net charge of +10 on the 

polymer.  For each system, the simulation box is comprised of one ionene chain and 1000 IL 

molecules (i.e., 1000 cations + 1000 anions).  The charge neutrality of the system is maintained 

by adding 10 extra anions to each system to balance the +10 ionene charge.  The forcefield 
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parameters are taken from our previous work to model the bonded and non-bonded interactions 

of the ionene chain,25 while the parameters for the ILs are derived from the OPLS-2009IL 

forcefield.29 The temperature and pressure of the system are controlled using the velocity-

rescaling thermostat and Berendsen barostat,30, 31 with time constants of 0.1 and 2.0 ps, 

respectively.  The systems are equilibrated for 140 ns in the isothermal-isobaric (NPT) ensemble 

at 300 K and 1 bar, and trajectories of 10 ns with a frequency of 1 ps are collected for structural 

analyses.  A time step of 2 fs is used, while all bonds involving hydrogen atoms are constrained 

with the LINCS algorithm.32 A cutoff of 1.4 nm is used for non-bonded interactions, and long-

range interactions are estimated using the particle mesh Ewald (PME) method.33 Three different 

independent simulations of each system are performed to generate average results and statistical 

analyses.  The local clustering of ILs around the polymer chains is analyzed using the TRAVIS 

trajectory analysis tool.34 
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Figure 1. Schematic structure of: (a) the four different ionene chains, and (b) cation and anions 
of the ILs.  For reference, the doubly-bonded C atoms of the imidazole ring of the ionenes are 
identified as Ceq, while the C atom between the two N atoms is the CA site. 
 

3. Results and Discussion 

3.1 Structural and Conformational Analyses of Ionenes 

The conformation structure of the ionene chains solvated with different ILs is analyzed 

using the radius of gyration (Rg), which is defined as: 

 〈��〉 = �1	 〈
|�(�) − ����|��
��� 〉 , 

Ceq

N
CA

N

Ceq

510

Ceq

N
CA

N

Ceq

O 310

Ceq

N
CA

N

Ceq

O 3

Ceq

N
CA

N

Ceq

55

Ceq

N
CA

N

Ceq

O 3

Ceq

N
CA

N

Ceq

555

PD10

PE10

P(ED)5

PE5D5

NN

C

B

F

F

F
F

S

O

F3C O

O

1-ethyl-3-methylimidazolium
[C2mim+]

Thiocynate [SCN-]

Tetrafluoroborate [BF4
-]

Trifluoromethanesulfonate [TfO-]

(b)

(a)

S N



 8

where N is the number of polymer atoms, and �(�) and ���� are the coordinates of atom � and the 

center of mass, respectively.  Figure 2 shows the ionene Rg values in four different ILs ([Tf2N-] 

values taken from previous work).25 It is observed that the end-to-end distance and the angular 

distribution of the imidazolium rings along the ionene chains have different correlations to the Rg 

values.  As shown in Table 1, the ionenes with larger end-to-end distances and wider angular 

distributions exhibit larger Rg values.  Consequently, a higher Rg value is obtained for [TfO-] 

compared to the smaller anions like [BF4
-] and [SCN-].  The maximum value of Rg (~2.43 nm) is 

found for PE5D5 in [TfO-], and the minimum value is found for PE10, regardless of the IL.  Since 

PE10 has the highest density of ether groups, the strong intramolecular interactions (e.g., large, 

sharp peaks in the intramolecular radial distribution function presented later) lead to a more 

compact structure. On the other hand, P(ED)5 and PE5D5 show wider variation in different ILs, 

as compared to the PD10 and PE10 systems.  The Rg values of PD10 and the alternating ionene, 

P(ED)5, increase in the order of [SCN-] ≈ [BF4
-] < [TfO-], whereas the Rg value of the block 

ionene, PE5D5, follows the order [BF4
-] < [SCN-] < [TfO-]. The difference between the Rg values 

of PE10 in different ILs is relatively small. 

The trends of Rg in different ILs can be better understood with the help of Figure 3, 

which shows the mean-squared internal distances of the ionenes in different ILs, corresponding 

to the distance between atoms separated by n bonds along the polymer chain.  The mean-squared 

internal distance between each bond segment is calculated and averaged over all segments, i.e., 

(<R2(n)>/n).  Figure 3(a) shows that the PD10 ionene is more flexible in the [TfO-] anion as 

compared to the [SCN-] and [BF4
-] anions.  Whereas the fluctuations in the ionene configuration 

in the [SCN-] and [BF4
-] anions are quite similar.  The lowest chain flexibility is obtained for 

PE10, which is also reflected in its lowest value of Rg among the other ionenes.  In the case of 
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PE10, the chain flexibility is found to be similar in each IL, as shown in Figure 3(b).  In addition, 

we find that the conformations of the tail of the PE10 chain in [TfO-] is more entangled, as 

compared to the [SCN-] solvent, since the slope of the tail end of the curve is negative. Despite 

this, the Rg of PE10 in [TfO-] and [SCN-] are still comparable with each other.  The 

conformational changes in alternating and block ionenes, shown in Figures 3(c) and (d), follow 

the same trend with respect to their Rg behavior in different ILs.  The P(ED)5 ionene shows an 

extended structure in different ILs, which is also reflected in its large end-to-end distances shown 

in Table 1.  In the case of PE5D5, Figure 3(d) indicates an extended chain conformation in [TfO-] 

and [SCN-], whereas in [BF4
-], the chain is much more contracted. 

In general, we observe a different correlation between the ionene rings and the alkyl 

spacers/groups along the ionene chains in different ILs, as shown in Figure S1.  For instance, 

Figure S1 shows the very strong correlation that arises in the PD10 system in the [SCN-] IL 

solvent.  These correlations can be particularly impactful on the chain entanglement, since the 

ionene chains are terminated with alkyl groups. 
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Figure 2. Rg values of the four ionenes in different ILs, labeled according to the different anion 
species (with a common [C2mim+] cation). The Rg values in [Tf2N-] anion from the previous 
work25 is also included for comparison. 
 

Table 1. Average angle between the CA atoms of the imidazole rings of the ionenes and end-to-
end distances. 
 

Ionene IL solvent Average angle 

(degrees) 

End-to-end 

distance (nm) 

 [C2mim+][SCN-] 109.6 ± 9.4 3.20 ± 0.4 
PD10 [C2mim+][BF4

-] 90.2 ± 16.1 4.52 ± 1.4 
 [C2mim+][TfO-] 104.4 ± 12.0 4.80 ± 1.8 
    
 [C2mim+][SCN-] 100.6 ± 3.1 3.80 ± 0.8 

PE10 [C2mim+][BF4
-] 94.4 ± 5.4 2.50 ± 0.4 

 [C2mim+][TfO-] 109.6 ± 3.2 2.80 ± 0.2 
    
 [C2mim+][SCN-] 121.8 ± 3.1 5.60 ± 0.6 

P(ED)5 [C2mim+][BF4
-] 91.7 ± 15.0 6.00 ± 0.3 

 [C2mim+][TfO-] 111.2 ± 10.0 5.90 ± 0.3 
    
 [C2mim+][SCN-] 130.0 ± 10.0 6.20 ± 0.3 

PE5D5 [C2mim+][BF4
-] 94.4 ± 8.0 3.54 ± 0.5 

 [C2mim+][TfO-] 129.3 ± 3.8 6.40 ± 0.6 
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Figure 3. Mean-squared internal distances (nm2) between atom sites within each ionene as a 
function of the number of bond segments separating the sites: (a) PD10, (b) PE10, (c) P(ED)5, and 
(PE5D5) in three different ILs (with a common [C2mim+] cation). 
 

Furthermore, the dihedral orientation of the ionenes immersed in different ILs are also 

analyzed by calculating the distribution of the dihedral angles.  It is observed that the distribution 

of the C-C-C-C and C-C-O-C dihedral angles (shown in Figures S2 and S3, respectively) of the 

ionenes do not show much variability when immersed in different ILs.  A very similar trend in 

the dihedral distribution was observed previously by Sappidi et al.25 when these same ionenes 

were solvated in [C2mim+][Tf2N-]. 
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The solvent accessible surface area (SASA) of the ionenes is calculated to help 

characterize the relative balance between the intramolecular interactions versus the interactions 

with the surrounding solvent molecules.  Here, the SASA is defined as the area of the surface 

traced by the center of a probe sphere (r  = 0.14 nm) rolling over the van der Waals surface of the 

polymer atoms, corresponding to their Lennard-Jones parameters.  Table 2 summarizes the 

SASAs of the ionenes in different ILs.  The SASA values follow the same general trends that are 

observed in the Rg and mean-squared internal distance analyses.  The lowest values of SASA are 

found for PE10, indicating that the chain is more contracted, along with a smaller interfacial 

exposure to the solvent as compared to the other ionenes.  Although the ILs contain the same 

cation species and share other common features, the SASA values of the ionenes vary by up to 

15% when exposed to different anions.  

In order to more directly illustrate the connection between the SASA and the Rg values, 

Figure 4 provides a plot of the correlation between these two properties for all twelve systems.  

Although there is some variability in the relationship between SASA and Rg, there is clearly a 

positive linear correlation between these properties, spanning a fairly wide range of values 

(depending upon the specific ionene and IL combination).  This is a general trend observed 

among different ionenes and different IL solvents, and it will be evaluated more extensively in 

the future with additional systems. 

 

Table 2. Solvent accessible surface area (Å2) of different ionenes. 

Anions/Ionenes PD10 PE10 P(ED)5 PE5D5 

[SCN-] 3855 ± 92 3086 ± 101 3720 ± 87  3648 ± 104 

[BF4
-] 3629 ± 321 3054 ± 285 3343 ± 100 3463 ± 57 
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[TfO-] 3883 ± 158 3062 ± 40 3694 ± 44  3954 ± 42 

 

 
 

Figure 4. Change in SASA with respect to the Rg of ionene chains solvated in [SCN-] (black), 
[BF4

-] (red), and [TfO-] (blue) anions (with a common [C2mim+] cation). 
 

3.3 Electrostatic Potential Surface  

While the solvation of an ionene in an IL changes the conformation of the ionene chain 

(leading to different Rg and SASA values), the nature of the exposed ionene surface can vary 

greatly.  Some functional groups can be screened from interactions, while other groups can be 

directly exposed to the solvent environment.  Here, we characterize the nature of the electrostatic 

interactions of the ionenes with the solvent by examining the electrostatic potential (ESP) 

distribution of the exposed ionene surface in the different systems. The ESP is calculated by 

rolling a probe atom (r = 0.14 nm) of a unit charge around the accessible surface of the ionenes, 
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and then the different ESP values are used to generate a statistical distribution for each ionene 

and IL combination. The electrostatic potential is defined as follows: 

� = κ�� , 
where κ is Coulomb constant, and q and r are the atomic charge on the ionene and the distance 

between the ionene and the probe atom, respectively. 

  Figure 5 shows the distribution of the ESP values, ranging from approximately -1.5 to -

0.4 V.  The electrostatic potential of the PD10 chain in Figure 5(a) shows a narrow distribution 

with a strong peak in [TfO-], with an overall lower average magnitude, as compared to the [SCN-

] and [BF4
-] anions.  The ESP distributions of PE10 shown in Figure 5(b) indicate that PE10 

presents a very similar electrostatic surface in all three ILs, and its average ESP magnitude is the 

highest among all ionenes.  The similar ESP values for PE10 in the different ILs is also 

accompanied by very consistent values for both Rg and mean-squared internal distances, as 

shown previously.  The ESP distributions for P(ED)5 and PE5D5 show some variability in the 

different ILs, with relatively narrow peaks in [TfO-], which also corresponds to average ESP 

values with the lowest magnitude.  Among all of the ionenes, the ESP magnitude is the largest 

when solvated in the [BF4
-] anion, while it is smallest when solvated in the [TfO-] anion.  This 

behavior is very consistent with the inherent electrostatic characteristics of the different anions.  

For instance, Liu et al.35 defined the Ionic Polarity Index (IPI) as a basis for comparing the 

electrostatic features of different ionic species.  The IPI ranking of the different anions studied 

here ([BF4
-] = 123.87 kcal/mol/e; [SCN-] = 119.27 kcal/mol/e; [TfO-] = 104.46 kcal/mol/e) 

appear to have a direct effect on the ESP values of the ionenes.  This provides important 

indications about how different IL solvents might be chosen to change the structure and 

properties of different ionenes. 



 15

-2 -1 0
0

1

2

3

4

D
is

tr
ib

ut
io

n

[SCN
-
]

[BF
4

-
]

[TfO
-
]

-2 -1 0
0

1

2

3

4

-2 -1 0
Electrostatic potential (V)

0

1

2

3

4

D
is

tr
ib

ut
io

n

-2 -1 0
Electrostatic potential (V)

0

1

2

3

4

(a) (b)

(c) (d)

Table 3 summarizes the mean and standard deviation of the ESP for each system, and 

these values are also correlated with the SASA of the ionenes, as shown in Figure 6.  There is a 

clear trend observed, leading to an increase in the magnitude of the ESP as the SASA decreases.  

This is a general consolidated trend that is observed among different ionenes and different IL 

solvents.  In other words, the electrostatic interactions between the ionenes and the IL solvent 

becomes more significant in the more compact ionene configurations.  The maximum and the 

minimum values of the SASA and ESP are found in [TfO-] and [BF4
-], respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Distribution of the ESPs of (a) PD10, (b) PE10, (c) P(ED)5, and (d) PE5D5 ionenes 
solvated in [SCN-], [BF4

-], and [TfO-] anions (with a common [C2mim+] cation). 
 

Table 3. Mean and standard deviation of the distribution of the ionene ESPs (V). 

Anions/Ionenes PD10 PE10 P(ED)5 PE5D5 

[SCN-] -0.95 ± 0.15 -1.09 ± 0.18 -0.90 ± 0.16 -0.87 ± 0.14 
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[BF4
-] -0.96 ± 0.19 -1.14 ± 0.18 -0.95 ± 0.16 -0.99 ± 0.15 

[TfO-] -0.88 ± 0.15 -1.09 ± 0.17 -0.87 ± 0.14 -0.80 ± 0.10 

 

 

Figure 6. Variation in SASA with respect to the ESP of different ionenes solvated in [SCN-] 
(black), [BF4

-] (red), and [TfO-] (blue) anions (with a common [C2mim+] cation). 
 

3.4 Radial Distribution Functions 

The specific site-site interactions in the system are analyzed by evaluating the structural 

correlations between different intra- and intermolecular sites in the system.  Figure 7 shows the 

radial distribution functions (RDFs) between the intramolecular centers-of-mass of the imidazole 

rings (IMpolymer) along the ionene chain.  Each of the twelve combinations of ionenes and ILs 

displays a very different RDF, but there are some trends and features worth noting.  The PE10 

ionene shows very strong correlations when solvated in [TfO-], while the other ionenes display 
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the opposite behavior, with relatively weak correlations in this IL.  Aside from PE10, the other 

ionenes show relatively strong correlations in the [BF4
-] IL, with the first peak centered at ~0.5 

nm.  In addition, it is observed that the ionenes show a broad first RDF peak in bulkier anions 

([TfO-] and [Tf2N-]). 

In addition to the intramolecular RDF analyses, we have also calculated the probability 

density distribution of the angle formed between the ring carbon atoms (CA) along the length of 

the ionene chains, as shown in Figure S6.  As with the RDF analyses, the angular distributions 

can be somewhat different among the ionenes, but there are some trends in the distributions.  For 

instance, the [BF4
-] IL tends to push the distributions to lower angles as shown in Table 1, 

indicating less extended structures.  This is consistent with Rg and SASA analyses that also 

reflect smaller values (more compact structures).  The PE5D5 ionene in [TfO-] also shows one of 

the highest probability distributions at the largest angles, and this is also the system that 

corresponds to some of the largest mean-squared internal distances, SASA, and Rg. 
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Figure 7. RDFs of the centers-of-mass of the imidazolium ring of the ionenes: (a) PD10, (b) PE10, 
(c) P(ED)5, and (d) PE5D5 solvated in [SCN-], [BF4

-], [TfO-], and [Tf2N-] anions (with a common 
[C2mim+] cation). 
 

The intramolecular interactions between different ring C atoms and the O atoms of the 

ether groups within the ionenes are also analyzed.  The ionene imidazolium rings have two 

equivalent carbons (Ceq) and a third carbon (CA) located between the nitrogen atoms, as 

identified previously (Figure 1).  Figure 8 presents the ether oxygen interaction with the CA 

atoms, while Figure 9 presents the interactions involving the Ceq atoms.  There are similarities in 

both RDF analyses, since the ionene architecture will naturally have a strong influence on these 

intramolecular correlations.  However, it can be observed that the choice of IL has a clear 

influence on the P(ED)5 ionene, with the strongest correlations in [TfO-] and the weakest 

correlations in [SCN-].  The IL solvent also influences the correlations in the other two ionenes, 

but the impact is less significant.  In all systems, it appears that the [TfO-] solvent leads to the 

largest correlations between the ether oxygen groups and the imidazolium carbons within the 

ionenes. 
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Figure 8. Intramolecular RDFs between the CA site (identified in Figure 1) of the imidazolium 
rings and the ether oxygens of the ionene in different ILs (with a common [C2mim+] cation): (a) 
PE10, (b) P(ED)5, and (c) PE5D5. 
 

 

Figure 9. Intramolecular RDFs between the equivalent carbon Ceq (identified in Figure 1) of the 
imidazolium rings and ether oxygens of the ionene in different ILs (with a common [C2mim+] 
cation): (a) PE10, (b) P(ED)5, and (c) PE5D5. 
 

Next, we investigate the intermolecular interactions between the imidazolium ring carbon 

atoms of the ionenes with the centers-of-mass (COMs) of the anion species, as shown in Figures 

10 and 11.  Figure 10(a) shows the PD10 RDF of the CA site with the three ILs.  The peak of the 

first coordination shell in [SCN-] is found at a shorter distance than in [BF4
-] and [TfO-], but the 

intensity of the peak is smaller in [SCN-], indicating a weaker interaction.  The RDF of the CA 

sites of the PE10 system are shown in Figure 10(b), and the results indicate that the interaction of 

CA is strongest with [TfO-].  The interaction of the CA site with the anions decreases with the 
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Figure 10. RDFs between the anion COMs and the CA of the imidazole ring of the ionene in 
different ILs (with a common [C2mim+] cation): (a) PD10, (b) PE10, (c) P(ED)5, and (d) PE5D5. 
 

The interaction of the equivalent carbons Ceq of the imidazole ring with different anions 

is shown in Figure 11. Although there are some subtle differences, the anion interactions with the 

Ceq carbons are very similar to the CA carbons of the ionenes.  The relative order of these 

interactions is consistent with Figure 10, and this is not surprising, given the close proximity of 

these carbon sites within the ionenes. 
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Figure 11.  RDFs between anions and the Ceq of the imidazole ring of the ionene in different ILs 
(with a common [C2mim+] cation): (a) PD10, (b) PE10, (c) P(ED)5, and (d) PE5D5. 
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Figure 12 shows the RDF between the anion COMs and the ether oxygens of the ionenes. 

The graph indicates that the ether oxygens of different ionene chains interact most strongly with 

the [TfO-] anion, while the weakest interaction is with [SCN-].  The interaction of ether oxygen 

with the anions increases in alternating and block copolymers as compared to PE10, especially in 

[TfO-].  In addition to these RDF plots, the spatial distribution of the anions and cations around 

the imidazolium groups of the ionenes (shown in Figure S7) indicates that the anions interact 

more strongly with the imidazole ring. 

 

Figure 12. RDFs between different anion COMs and the ether oxygen atoms of the ionenes in 
different ILs (with a common [C2mim+] cation): (a) PE10, (b) P(ED)5, and (c) PE5D5. 
 

Based on the RDF analyses, we can also calculate the local coordination numbers around 

different sites of the ionene chains.  Figure S4 shows the local coordination number of the anions 

around the imidazole rings of the ionenes.  In contrast, the local coordination of the anions 

around the alkyl groups of the ionenes (Figure S5) are approximately 50% lower.  Thus, the 

interactions between the anions and the imidazole rings of the ionenes are likely more influential 

in changing the overall ionene structure.  
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3.5 Ionene Chain Dynamics 

 

Information about the ionene structural relaxation can be obtained by monitoring the end-

to-end deviation vector correlation, which is defined as:  

                                                      C (t) =  "#$(%)∙#$(')("# )( , 
where δR(t) is the fluctuation in end-to-end vector at time t, from its mean value "δR(, i.e., 

δR(t) = R(t)- "δR(.36-39 Figure 13 displays the autocorrelation function of the four different 

ionenes solvated in the various ILs, and the relaxation times are very different, depending on the 

backbone functionality and the chain architecture.  The PD10 chain relaxes quickly in [BF4
-], but 

the dynamics are much slower in [TfO-].  In contrast, the PE10 chain relaxes rapidly in [SCN-] 

and becomes sluggish when solvated in [TfO-].  The chain dynamics are not necessarily 

correlated to their static structural features, but there is some possible connection to the previous 

structural analyses.  For instance, the strong intramolecular imidazolium ring correlations (Figure 

7) appear to lead to slower relaxation dynamics.  However, additional corroborating evidence is 

still needed. 
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Figure 13. Time correlation function of the end-to-end fluctuation vector in different ILs (with a 
common [C2mim+] cation) of: (a) PD10, (b) PE10, (c) P(ED)5, and (d) PE5D5. 
 

4. Conclusions 

The effects of various IL solvents ([C2mim+][SCN-], [C2mim+][BF4
-], and [C2mim+][TfO-
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most negative ESP values for the ionenes, while [TFO-] tends to decrease the magnitude of the 

ESPs.  Furthermore, the electrostatic interactions between the ionenes and the ILs are very 

consistent with the inherent electrostatic characteristics of the different anion molecules, which 

can be quantified using the IPI.   

The inter- and intramolecular radial distribution functions suggest that the chain 

configurations of ionenes solvated in different ILs strongly depend on the backbone functionality 

and the type of anion used for solvation.  Key interactions are found between the ionene 

imidazole rings and the anion species.  The polymer chains are more relaxed and extended in 

bulkier anions compared to relatively smaller anions (i.e., higher IPI value), but the overall 

behavior is also related to the ionene architecture (number and arrangement of alkyl versus ether 

groups), since it can significantly affect the electrostatic interactions with the ILs. 
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