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ABSTRACT Polymerized ionic liquids (PolyILs) are promising materials for applications in 

electrochemical devices spanning from fuel cells to capacitors and batteries. In principle, PolyILs 

have a competitive advantage over traditional electrolytes in being single ion conductors and thus 

enabling a transference number close to unity. Despite this perceived advantage, surprisingly low 

room temperature ionic conductivities measured in the lab raise an important fundamental question: 

how does the molecular structure mediate conductivity? In this work, wide-angle X-ray scattering 

(WAXS), vibrational sum frequency generation (vSFG), and density functional theory (DFT) 

calculations were used to study the bulk and interfacial structure of PolyILs, while broad band 

dielectric spectroscopy (BDS) was used to probe corresponding dynamics and conductive 

properties for a series of the PolyIL samples with tunable chemistries and structures. Our results 

reveal that the size of the mobile anions has a tremendous impact on chain packing in PolyILs that 

wasn’t addressed previously. Bigger mobile ions tend to create a well-packed structure, while 

smaller ions frustrate chain packing. The magnitude of these changes and level of structural 

heterogeneity are shown to depend on the chemical functionality and flexibility of studied PolyILs. 

Furthermore, these experimental and computational results provide new insight into the correlation 

between conductivity and structure in PolyILs, suggesting that structural heterogeneity helps to 

reduce the activation energy for ionic conductivity in the glassy state. 
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INTRODUCTION

Polymerized ionic liquids (PolyILs) represent a relatively new class of materials that combine the 

high charge density of ionic liquids (ILs) with the superior and tunable mechanical properties of 

polymers.1-6 Such a commingling of properties makes PolyILs attractive candidates for 

applications,7-10 for instance, as electrolytes in electrochemical devices. PolyILs are single ion 

conductors because the ions attached to the polymer chains do not contribute to the ionic 

conductivity. This allows the transference number for the mobile ion to approach one, providing 

significant advantages over traditional polymer electrolytes for applications in batteries.8, 9, 11 

Despite these perceived advantages, PolyILs suffer from relatively low ionic conductivity at 

ambient temperature, which impedes their widespread use. As a consequence, developing a 

molecular level understanding of the structure of PolyILs and establishing a link between the 

structure and conductivity are clearly necessary for the rational design of new PolyILs with 

improved performance.

To date, an evolving physical description of the PolyIL bulk structure has been obtained from a 

series of simulations12, 13 and experiments.14-16 From these results, it is believed that PolyILs, 

similar to ILs17-22 and ionomers,23, 24 assume structures spanning multiple length scales originating 

from interactions of ionic, polar and non-polar moieties. This is evidenced by X-ray scattering14, 

15 measurements showing multiple scattering peaks, indicative of characteristic length scales 

within the polymer. From MD simulation12-13 the origin of the low-q peak in PolyILs has been 

linked to polar-apolar alternation where its position appears to correlate with the backbone-to-

backbone distance. The peak in the low-q range (q ≈ 0.4−0.7 Å −1), corresponding to the nanometer 

spatial scale, represents a signature of mesoscopic organization in PolyILs that is also found in 

their molecular counterparts.19, 20, 25-31 The influence of various structural factors on backbone-to-

backbone distance has been studied in alkyl-based imidazolium PolyILs.14, 15 The analysis of the 

length of alkyl tails shows a linear scaling with the backbone-to-backbone distance14, 15 suggesting 

an amphiphilic (non-ionic) character of this arrangement. However, little to no effect on backbone-

to-backbone distance was found in PolyILs with varying anions,14, 15 which is in agreement with 

reports on ILs where cations,32-34 due to their complex structures, were shown to be more impactful 

on the structure as compared to simpler anions. 
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Ionic materials are known to be structurally13, 14, 22, 24, 26, 35-38 and dynamically heterogeneous.39-43 

The position and width of low-q feature define what is commonly referred as structural 

heterogeneity that, based on various MD simulations,12, 30, 44-47 can be associated with periodicity 

and distribution of polar and non-polar domains formed as a result of a nanophase separation. 

Dynamic heterogeneity has been invoked to explain anomalous solute self-diffusion in ionic 

materials48, 49 which is responsible for the decoupling of ion transport from segmental relaxation 

reported in various polymers50, 51 and PolyILs.52, 53 There is an ongoing debate as to whether 

structural heterogeneity is connected with dynamic heterogeneity and anomalous transport in ionic 

materials. In ILs, some light has been shed on the possible connection between anomalous 

diffusion and structural heterogeneity.49, 54 In PolyILs, it was shown that conductivity at the glass 

transition temperature (Tg) might be linked to the square of the backbone-to- backbone distance.14 

In other literature on PolyILs, ion-to-ion correlation distances were found to be more influential 

on the ion conductivity.15 

While more research is on the way to provide insights into structure –dynamic correlation in ionic 

materials it seems that the heterogeneous nature of ILs is commonly discussed through analysis of 

the position of the low-q peak where the width of the peak is typically overlooked. Only a few 

papers have been reported with analysis of the width of the low-q peak in ILs19, 32, 55-57 where, for 

example, correlation between anions, peak width, and entropy of fusion have been reported.55 

Analyzing only the peak positions overlooks much of this key information. Furthermore, to the 

best of our knowledge, the width of the low-q peak and its connection to ionic conductivity have 

not been discussed for PolyILs. In general, an important link between heterogeneity detectable 

through the broadening of X-ray peak and ionic conductivity has been observed in solid ceramic 

electrolytes, where heterogeneity tuned for example, by ball-milling58, 59 was shown to improve 

ionic conductivity.11 It is proposed that the structural disorder in these systems aids reducing the 

energy barrier for ion conductivity through generation of excessive free volume. Among various 

geometric frustration induced disorder,60 excessive free volume was shown to have the strongest 

correlation with the increase of conductivity in superionic ceramics.61 

In this study, wide angle X-ray scattering (WAXS), vibrational sum frequency generation (vSFG) 

spectroscopy, and broad band dielectric spectroscopy (BDS) are used in conjunction with density 

functional theory (DFT) calculations to study the role of the mobile ion (anions) size and pendant 

groups chemistry on structural organization and conductivity in imidazolium- based PolyILs. We 
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demonstrate that the size of mobile anion changes the backbone- to- backbone distance and 

significantly affects chain packing. Through analysis of width of low-q peak (referred to here as 

the heterogeneity length in real space), indications of side chain bending have been obtained, which 

are supported by vSFG measurements measuring tail and backbone structures. Furthermore, 

analysis of the normalized heterogeneity length highlights its possible influence on the activation 

energy for ionic conductivity below Tg. The observed correlation suggests new ways to tune 

conductivity through structural adjustments. 

RESULTS AND DISCUSSION

The structures of the PolyILs studied herein are presented in Table 1. Our PolyILs can be 

differentiated by the structure of the pendant groups and the counterion size, which include 

bromine anion (Br-) with R = 0.18 nm 62 and bis(trifluoromethane)sulfonimide (TFSI-) anions with 

R = 0.3 nm 63. Throughout this report, we define tails as a part of the side/pendant group starting 

from the end of imidazolium ring (L1 in Table 1). In our case, these are alkyl tails with n = 2 (A1 

and A2) and n = 6 (B1 and B2), and tail of ethylene oxide oligomer (or ether) (C1 and C2). Figure 

1a presents WAXS spectra from PolyILs, where we typically observe three characteristic peaks. 

The peaks in the scattering signal vs. q, represents contributions from different physical 

correlations. However, from experiments 14, 15 and simulations 12, 13 the dominant contributions to 

discrete peaks can be attributed to various well-defined intra- and close-range intermolecular 

correlations. For instance, the low-q peak found in all polymers can be assigned to a backbone-to-

backbone distance (qbackbone), whereas the intermediate-q peak is dominated by anion-anion 

correlations (qanion) and often referred to as the ‘charge peak’. Notably, the absence of charge peaks 

has been reported in the literature for ILs and was explained by an interference phenomenon, where 

peaks from cations and anions have the same periodicity but are shifted in phase.54 Unfortunately, 

these charge peak features were not resolved/detected in the B1 and C1 polymer samples. The 

peak at high-q describes the pendant-to-pendant group correlations. To extract the positions and 

the full width at half-maximum (FWHM) for all the peaks, the spectra were fit to three Lorenzian 

functions using the following equation: I(q) = I1Slorenz1+ I2Slorenz2+ I3Slorenz3 +Ic, where Ic is a 

background and I1,2,3 is an amplitude of each contribution to the scattered intensity. In the Bragg 

approximation, the repeating distance in real space is given by dbackbone = 2/qbackbone, and its value 
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is presented in Table 1, while danion and dpendant are presented in the SI. The results from fitting this 

function to the WAXS spectra obtained from PolyIL A1 is given in Figure S1. 

Figure 1b plots these characteristic distances as a function of the length of the polymer tails in the 

all trans conformation. The length of the stretched tails (denoted as L1 in Table 1 ), as well as the 

total length of pendant group (denoted as L in Table 1), were estimated from DFT calculations 

(see details in the methods section and SI), and their values are presented in Table 1. We note that 

the DFT optimized PolyIL structures were in the presence of the counterions and that chain 

flexibility was accounted for by the calculations (room temperature ab initio MD simulations over 

10 ns with the initial 3 ns used for equilibration; we note that the average RMSD for carbon was 

~0.9 Angstroms and the average end-to-end distance along the tails varied by less than 0.5 

Angstroms following the equilibration stage). The lengths of the tails reported are for the monomer 

models and are calculated in the projection perpendicular to the backbone. The pendant-to-pendant 

group distances (Fig. 1b) do not vary with increasing tail length and/or changing the anion size, in 

agreement with literature.14, 15 Notably, the anion- to-anion distance shows a non-monotonic 

dependence with the tail length; however, a detailed analysis is prohibited by an inability to 

detect/resolve those peaks in the B1 and C1 PolyILs. 

In contrast to other reports for imidazolium-based PolyILs,14, 15 dbackbone in our case does not scale 

with the length of the tail and anion size (Fig. 1b). Here, with the exception of A1 (the shortest 

tail), the Br- containing PolyILs always have larger backbone- to- backbone distances as compared 

to the same PolyILs with the larger TFSI- anion. To compare our result with literature, we 

determined the rate of increase of dbackbone per CH2 group for alkyl based PolyILs. For A1-B1 pair 

this value corresponds to 0.26 nm/CH2 which is larger than any value reported for imidazolium-

based PolyILs. A similar rate of 0.196 nm/CH2 has been reported from analysis of the position of 

the low-q peak for ILs19, 56 where it was concluded that tails do not overlap. Changing the 

counterion in the PolyIL sample leads to a significantly lower rate of 0.08 nm/CH2, as measured 

for the A2-B2 pair. This value agrees with 0.1 nm/CH2 obtained from simulations of identical 

structures reported in.12, 13 

Table 1: Structure and properties of PolyILs studied herein; dbackbone- backbone-to-backbone 

distance obtained from WAXS measurments; backbone/dbackbone is the normalized value for 
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heterogeneity length calculated from the width and position of low- q peak from X-ray; dbackbone 

stretched is calculated from DFT as two lengths of the side group (L) in the all trans conformation, 

the detailed optimized geometries of studied molecules obtained from DFT are present in SI; The 

length of the stretched tails (L1) is calculated from DFT; Ea is an activation energy of conductivity 

at T<Tg obtained from BDS data (Fig S5); Tg is estimated from SC curves reported in Fig S6. 

A1 B1 C1 A2 B2 C2

dbackbone, nm 
(WAXS)

1.082
0.02
1

2.121
0.01
1

1.884
0.01
2

1.470
0.03
2

1.802
0.01
1

1.558
0.01
1

backbone/dbackb

one

1.37
0.23

3.44
0.21

1.90
0.23

1.37
0.23

2.80
0.25

4.89
0.30

dbackbone 

stretched  (2*L), 
nm
(DFT)

1.22 2.10 2.92 1.14 2.08 2.90
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The longest tail PolyILs with an ethylene oxide clearly exhibit a smaller increase in dbackbone as 

compared to the alkyl tail containing PolyILs (dashed lines in Fig 1B). This result indicates that 

the chemical structure of the tail also plays a key role and can dramatically affect the overall chain 

packing in the material. This is especially pronounced in the case of C2, which shows only slight 

increase in the backbone-to- backbone distance in respect to A2 with the shortest tail.

 

Figure 1: a) Wide angle X-ray scattering spectra of PolyILs presented for two different counterions: Br 

anion (A1, B1, C1) and TFSI anion (A2, B2, C2). Spectra were arranged to reflect increase in the length of 

Length of 
stretched tail 
(L1), nm 
(DFT)

0.25 0.77 1.20 0.25 0.76 1.19

Tg, C 239 206 81 56 20 -12

Ea  below Tg, 
kJ/mol

801
0

971
0

901
0

110 
10

1231
0

1301
0
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the pendant group where the A-type of polymer has the shortest and the C-type the longest. For clarity, the 

X-ray data are vertically shifted. b) Backbone-to-backbone (dbackbone ), anion-anion (danion), and pendant-to 

-pendant groups (dpendant) distances obtained from d=2/q as a function of the length of stretched tails 

obtained from DFT calculations. Error bars are on the order of the symbols. The dashed lines are drawn 

as a guidance for the eye. In the sample name index‘1’ is referred to Br- anion while ‘2’ is to TFSI-.

Partial or complete pendant group interdigitation has been suggested as one possible reason leading 

to a decrease in the periodicity length in ILs,33, 55-56 and backbone-to-backbone distance in 

PolyILs.14-16 To estimate the degree of side group overlap in PolyILs we used the following 

equation

Overlap = 1-dbackbone/(2L) (1) 

where L is the length of the entire pendant group including the imidazolium ring in all trans 

conformations obtained from DFT calculations (Table 1). In this definition, a zero value 

corresponds to non-overlapped structures, while the value of 0.5 describes structures with fully 

overlapped pendant groups. Figure 2a presents the relationship between the degree of pendant 

group spatial overlap as estimated using Eq. (1) and the length of the stretched tail. Br- containing 

PolyILs with long tails (B1 and C1) have less pendant group overlap as compared to their TFSI- 

counterparts (B2 and C2) (Fig. 2a). Furthermore, for A2 with the shortest tail, the backbone-to-

backbone distance from WAXS was found to be 1.47 nm while estimates using the length of two 

side chain from the DFT adds to 1.14 nm (Table 1). This suggests that the backbones are separated 

by a distance greater than the length of two pendant group in the all trans conformation. This is in 

contrast with the behavior of A1 that shows some degree of tail overlap. The ethylene oxide based 

PolyILs are in general more overlapped comparing to the alkyl based PolyILs. This observation 

reveals the important role of interactions between the tail and anions, which influences the degree 

of phase separation in the material. Since the ethylene oxide tail can form hydrogen bonds with 

imidazolium cation,25, 28, 64, 65 the ionic and non-ionic parts of these PolyILs are less phase separated 

in contrast to the behavior of alkyl based PolyILs.
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Figure 2: a) Pendant group overlap calculated using Eq. (1). The dashed lines present the limits, where 

zero represents no interdigitation while strong interdigitation is described as dashed line at 0.5. b) 

Normalized heterogeneity length backbone/dbackbone=qbackbone/qbackbone plotted vs length of the stretched tail 

calculated from DFT. Lines are only guidance for eyes.

The increase in the overlap parameter (Eq. (1)) can be caused by chain interdigitation as well as 

chain tilting/bending.55 To separate tail bending from interdigitation a parameter that reflects the 

side chain packing needs to be identified. The analysis of the width of the low-q peak in IL suggests 

that it can be used to identify tail interdigitation55 as a sharper peak is a prerequisite of a long–

range translation order. The FWHM (qbackbone) of the low-q peak is used to characterize the 

heterogeneous nature of IL on the mesoscale. In a real space this corresponds to the correlation55 

or heterogeneity length backbone = 2/qbackbone responsible for fluctuations in dbackbone. The larger 

widths reflects larger local fluctuations in the distances and smaller backbone, indicating a less 

ordered structure, whereas a larger correlation length suggests a more ordered structure. A 

normalized heterogeneity length is represented as backbone/dbackbone =qbackbone /qbackbone and 

summarized for all PolyILs in Table 1 whereas valued for anion/danion and pendant/dpendant are 

presented in Table S1 in SI.

The normalized values for heterogeneity length backbone/dbackbone vs. the length of the stretched tail 

are plotted in Figure 2b. The most homogeneous chain packing is found for C2, while the most 

disordered structures are C1 and A-type of PolyILs with the shortest tails. Fig. 2b suggests that for 
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PolyILs containing TFSI- there is an increase in the heterogeneity length that correlates with the 

increase in the length of the tail. This agrees with the observation that the extent of chain overlap 

in these PolyILs scales approximately linearly with the length of the tail (Fig. 2a). These 

correlations suggest that the tails of TFSI- containing PolyILs tend to interdigitate as the tail length 

increases yielding more homogeneously packed structure and is in line with literature reports on 

imidazolium-based PolyILs with alkyl tails. 12, 14, 15 In contrast, there is no obvious correlation 

between the normalized heterogeneity length and the length of the tail for Br- containing PolyILs 

(Fig. 2b). For A- and B- types of the PolyILs the heterogeneity length does not change significantly 

with the type of the mobile ion, whereas a striking difference in backbone/dbackbone was found for C-

type PolyILs. This might be indicative of different side chain packing mechanism in C1 and C2 

samples. 

To provide complementary insight into the ordering and packing of C1 and C2 we employed vSFG 

spectroscopy. It is important to emphasize that vSFG is a nonlinear optical technique that takes 

advantage of local symmetry. As such, it can be used to characterize ordering and packing near 

the interface that can be connected to the bulk given that: 1) the air-polymer interface will 

preferentially attract the hydrophobic backbone of the PolyILs, leaving the charged headgroups 

and pendant tails pointing into the bulk,66  and 2) previous experimental and theoretical work 

suggests a similarity between the bulk and vacuum interfacial properties of ILs specifically for 

ether-based species.26 Notably, vSFG can directly probe the conformation of the molecular species 

due to the sensitivity to local symmetry, which allows these measurements to provide insight into 

how PolyIL tails and backbones pack and order. Figure 3 shows vSFG spectra for the C1 and C2 

samples probed in this work. To assist in peak assignments we used scaled frequencies obtained 

from normal mode DFT calculations in combination with vSFG selection rules; key bands are 

shown as solid/dashed lines in the spectra in Figure 3 along with their assignments from DFT.67

The prominent bands near 2827 cm-1 in the vSFG spectra are readily assigned the -CH2 symmetric 

stretch (-CH2-ss) from the long ethylene oxide tails branching off the imidazolium ring (structure 

in Table 1, marked in Figure 3 as the solid blue line). Notably, the strong signal from methylene 

groups from C1 polymers with Br- counterions is indicative of gauche conformers in the tail and 

an overall distorted/bent structure.68-70 In contrast, the larger TFSI- anions result in tails that are 

generally more extended, which is realized by significant suppression of the peak near 2827 cm-1 
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as seen in Fig. 3a. A similar trend is found for the feature at ~2887 cm-1 in the PPP spectra that is 

assigned to the methylene asymmetric stretch on the tail for C1 and C2 samples. This peak is most 

evident in the PPP polarization combination, which supports its assignment to an asymmetric 

stretching mode, and is also in line with DFT calculation (again, labeled with solid blue line) that 

is found near 2883 cm-1. 

Figure 3: vSFG spectra for the C1 and C2 PolyILs studied here. Data is represented by points and the 

solid line is the fit to the data as described in the text. DFT calculated band positions are marked with a 

solid (for ethylene oxide tail) and dashed (for backbone) vertical lines and with associated labels. 

The backbone disorder can be characterized through analysis of CH2-ss stretches that are predicted 

by DFT calculations to be found at ~2892 cm-1 for C1 and C2 (denoted as dashed green line and 

label). Indeed, a feature at ~2900 cm-1 is observed in the SSP polarization combination for Br- 

sample while absent for TFSI- sample (Fig. 3a). This indicates that the polymer backbone is more 

ordered for the larger anions and become more disordered as the anion size decreases. This is 

because the spacing of the methylene groups is such that in the limit of a perfectly ordered 

backbone, all the methylene groups would be pointed in the opposite direction and destructively 

interfere. Given that features near 2900 cm-1 are observed in Fig. 3a for polymer C1 but not for 

polymer C2, it would suggest that the chains are more ordered for bigger anions, and 

disordered/coiled for smaller, which agrees with the analysis of heterogeneity length from the X-

ray scatting measurement discussed above. This is consistent with other higher frequency modes, 
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such as those seen in the near the 2980 cm-1 spectral range in the PPP spectra for C1 and C2 

polymers, which correspond to methylene backbone asymmetric stretches based on our DFT 

calculations (marked with dashed green line with label predicted at ~2981 cm-1) and vSFG 

selection rules. Specifically, for the backbone -CH2-as mode, only a modest signal is seen in the 

PPP spectrum for Br- containing PolyILs, whereas this feature is again lost in the TFSI- anion 

PolyILs. The remaining peaks and their assignments for the C1 and C2 polymer are discussed in 

the SI. The A-type of PolyILs are generally found to be more disordered than the C-type, but the 

same trend that the TFSI- orders the polymer better then Br- is preserved (data presented in SI). 

For A-type polymers, we observe far fewer peaks in the vSFG spectra with a much weaker overall 

intensity as compared to those C-type PolyILs discussed above. 

Based on the cumulative results of our structural studies we arrive at an intuitive physical picture 

describing the chain organization in PolyILs that balances two critical factors: 1) the difference in 

the chemistry of the tails and 2) the size of the anions. Br- anions have a radius almost twice smaller 

than that of TFSI-, which implies stronger electrostatic interactions. To screen this interaction 

several neighboring molecules must be involved. For instance, from previous simulation work,71 

it was demonstrated that the hexafluorophosphate (PF6
- ) anion, which is slightly larger than Br-, 

is surrounded by four positively charged neighbors. A similar situation is possible for the A1 

polymer, where due to the very short pendant groups, anions can be shared by several cations of 

adjacent chains (Figure 4a) serving as a chain crosslinker. This obviously will lead to a drastic 

decrease in dbackbone and therefore drive a certain degree of backbone and pendant group disorder 

that were observed in the analysis of heterogeneity length from X-ray measurements and 

confirmed in vSFG studies. In A2 PolyILs side groups are not interdigitated and separated further 

than the length of two extended side groups (Fig. 4b). This might be explained by the presence of 

bulky TFSI- anions that cannot be accommodated by such a short tail. Bulky anions cause an 

additional steric chain repulsion, which contributes to the increase in the backbone-to-backbone 

distances and higher disorder observed in our experiments.

When the length of pendant group increases the effect of anion size and differences in the 

chemistry of the tails become more pronounced. For instance, the presence of Br- anions leads to 

a disruption of the tail interdigitations, yielding an overall increase in dbackbone compared to PolyILs 

containing TFSI-. The magnitude of this effect depends on the polarity and flexibility of the tails. 
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From the analysis of chain overlap in B1, the diminished interdigitation results in polymer chain 

separation by the length of stretched tails. Generally, B-type of polymers have more extended tails 

and overall higher values of dbackbone compared to C-type PolyILs. This is because non-polar alkyl 

tails tend to phase separation from ionic parts, which is further enhanced by the presence of Br- 

anions. Observation of extended alkyl tails is also in line with literature reports on ionic liquids.32, 

56, 72 Schematically structure of B-type of PolyILs are presented in Figs. 4c and 4d. 

In the case of the C-type of PolyILs the tails can adopt multiple gauche conformations due to the 

extreme flexibility of the ether linkage. The degree of tail curling depends on the anion size where 

for smaller anions (Br-), the tails and polymer backbone are found to be more bent/distorted 

whereas for larger anions (e.g., TFSI-) the tails are generally more extended. From the literature 

on IL, it is known that ether tails tend to curl toward the cation head25, 28, 64, 65 effectively reducing 

electrostatic interaction. Based on analysis of heterogeneity length and results of vSFG we believe 

that in case of C1 tails are bent to the cation on the same chain, which will disrupt tail packing 

thereby increasing disorder, while in C2 the tails tend to reach out to cation on the adjacent chain 

to enhance tail overlap and reduce the number of gauche conformers. This improves packing. The 

postulated structures for C1 and C2 are sketched in Figs. 4e and f.

In the case of TFSI- based PolyILs we believe that reduction in the backbone-to- backbone distance 

and decrease in disorder are governed by differences in the degree of pendant group interdigitation: 

the longer tails lead to a better packing and reduced heterogeneity. In case of Br-containing 

PolyILs, a change in the backbone-to-backbone distances is due to the frustration in tail packing 

with the associated magnitude depending on the functionalization of the tails. Although, the 

underlying mechanism of frustration in tail packing is not known, it is thought here that it might 

be related to the small size of anion that can mediate electrostatic interactions that must be screened 

by the rearrangement of the polymer matrix. Furthermore, we should emphasize the packing in 

PolyILs is different from traditional ILs. In ILs better ordering and packing73 and even formation 

of liquid crystalline phase17, 74, 75 is observed in case of small anion like Cl- and Br-, whereas TFSI- 

anions introduce more disorder because of their bulkiness, in PolyILs, we see a markedly different 

behavior. Here, we see a manifestation of this effect in the connectivity of the monomer resulting 

in a reduced mobility of the chains in PolyILs. 
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Figure 4: Sketches of possible structural arrangements in the PolyILs 

Correlation between conductivity and structure: In order to establish connections between ionic 

conductivity and nanoscale morphology, we use the fact that the conductivity is defined as a 

product of the number of charge carriers and electrophoretic mobility, which is directly 

proportional to diffusion of the charge carriers. The diffusion in the glassy state is dominated by 

ion hoping which means the ion must overcome certain energy barriers to be transported from one 

location to another. In solid electrolytes, the heterogeneous nature of the surrounding environment 

is known to play an important role in lowering the energy barrier for ions to jump between various 

sites. Increasing probability of ion to jump leads to a decrease in activation energy (Ea) for 

conductivity and advances super ionic conductivity. 11, 58, 59, 61 How heterogeneity is manifested in 

PolyIL ionic transport was, until now, not known. 

To elucidate potential correlations between heterogeneity length and activation energy required 

for conductivity below Tg, we plot Ea vs backbone /dbackbone for all PolyILs. The activation energy 

for conductivity was recovered by fitting of conductivity spectra below Tg to the Arrhenius 

equation, =0exp(-Ea/kT). The characteristic conductivity spectra measured by BDS and 

example of their fitting are presented in Figure S5 in the SI. As it can be seen from Fig. 5a, Ea has 

a tendency to increase with increase in a value of scaled heterogeneity length (here we should 
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mention that the same tendency holds for heterogeneity length itself but no correlation is found for 

the inverse of dbackbone). This tendency suggests that heterogeneous systems have lower activation 

barriers for ions to jump between sites which is in line with expected effect of free volume on ion 

diffusion. Furthermore, although three points per curve are not enough to discuss the trends, the 

large separation in activation energies (larger than the error bar) between PolyILs with different 

ions (Fig. 5a) suggest that for PolyILs with similar values of heterogeneity length the smaller 

mobile ions require a lower energy to make a jump. The latter is suggestive that in spite of the 

ionic nature, conductivity is limited by ion diffusion, which is sensitive to the rearrangement and 

the associated local environment but is least affected by ion pair dissociation. This observation is 

also in line with the earlier reported work on PolyILs,76 where it was shown that activation energy 

can be described by two contributions: electrostatic and elastic forces. It was shown that in TFSI- 

containing PolyILs, Ea is dominated by the elastic force which is proportional to a macroscopic 

shear moduli.76 In contrast, the electrostatic interaction dominates the conductivity in PolyILs with 

small ions like Li+, and both, elastic forces and electrostatic interactions are important for ions of 

intermediate size, such as Br-.

Figure 5: a) Activation energy for conductivity vs backbone/dbackbone; b) Sketch illustrates that decrease in 

activation energy of conductivity can be achieved by frustration in chain packing through shortening the 

length of the tail and decrease in ion size.  Lines are only guidance for eyes.
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Borrowing ideas from conductive ceramics, a correlation in Figure 5a can be related to an effect 

of free volume that is generated due to a frustrated chain packing. A smaller heterogeneity length 

leads to a stronger packing disorder which generates an additional free volume. Based on our 

analysis, it seems that there are several structural parameters that can lead to frustration in chain 

packing, such as switching to a smaller anions or/and reducing the length of the side chains (see 

Fig. 5b). Likewise, frustration in chain packing has been pointed out as possible pathway to 

influence conductivity in other solid polymer electrolytes.77-79 The same slope for different ions in 

Figure 5a suggests that the influence of the structural heterogeneity is universal, yet the different 

pre-factor (the offset) suggests that some other contribution is still to be accounted for. Such 

complex correlations is not a surprise because conductivity is a multifaceted phenomenon that is 

likely affected by various length and time scales and further studies are required to elucidate the 

exact mechanisms of those posed here. 

CONCLUSIONS

We demonstrated that the size of the anion, chemistry and length of tails affect structural 

organization in imidazolium-based PolyILs. Based on experimental evidence we conclude that 

presence of the smaller Br- anion leads to the frustration of the pendant group packing and increase 

in backbone-to- backbone distance comparing to corresponding TFSI- based PolyILs where tails 

tend to interdigitate. The magnitude of packing frustration depends on the chemistry and length of 

the tail. Bending of the polymer tails in the presence of Br- is detected for the very flexible tails by 

means of vSFG. Analysis of width of the low-q peak (heterogeneity length) provides a measure to 

distinguish between PolyILs with interdigitated side chains and those where altering in dbackbone 

appeared as a result of frustrated packing. The validity of this approach is supported by vSFG 

measurements where chain conformations are directly probed. Our studies demonstrate that 

heterogeneity (disorder) influences activation energy for conductivity below Tg. The more 

heterogeneous the structure is, the lower is the energy barrier for ions transport. Overall, the shorter 

tails and smaller ions cause more disorder and lower activation barrier. This work points to 

structural and chemical knobs that can be tailored in continued work to improve PolyILs function 

and associated ionic transport. 
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MATERIALS AND METHODS

Synthesis. All the PolyILs were synthesized using a similar procedure. Briefly, poly(N-vinyl 

imidazole) was synthesized via a conventional free radical polymerization of N-vinyl imidazole 

with Azobisisobutyronitrile (AIBN) and was used as the precursor for all the PolyILs. Nucleophilic 

substitution with 1-bromo derivatives, followed by ion-exchange and rigorous purification yields 

the PolyILs that differ by the structure of the pendant groups and the counterion size. The synthesis 

of A1, A2, C1, and C2 was reported in detail in reference 80. To synthesize B1 and B2, we used 1-

bromohexane (Sigma) to react with poly(N-vinyl imidazole), followed by exchanging with TFSI- 

following protocol in reference 80.

Wide Angle X-Ray Scattering (WAXS) measurements were conducted using a SAXSLab 

Ganesha at the Shared Materials Instrumentation Facility (SMIF), Duke University, North 

Carolina. A Xenocs GeniX3D microfocus source was employed with a copper target leading to a 

monochromatic beam with wavelength  = 1.54 Å. Calibration of the scattering vector, q = 4 

sin/, was performed using the first order peak of silver behenate (q = 0.1076 Å-1). We worked 

with a sample-to-detector distance D = 1 m giving a q range from 0.07 to 2.8 Å-1. The spectra are 

presented in Fig. 1 and detailed summary is presented in Table 1 and in the Supporting Information 

(SI).All measurements were done at room temperature.

Vibrational sum frequency generation (vSFG) is a nonlinear optical spectroscopy67, 81, 82 

uniquely capable of extracting interfacial molecular scale information such as ordering, chemical 

speciation, and orientation.70, 83-89 The radiated vSFG intensity is proportional to the absolute 

square of the second order nonlinear susceptibility, , and the driving laser fields, (EIR and 𝜒𝑒𝑓𝑓
(2)

ENIR):

𝐼SFG ∝  |𝜒(2)
eff 𝐸𝐼𝑅𝐸𝑁𝐼𝑅|2 (2)

where the effective second order nonlinear susceptibility, is the sum of resonant, , and nonresonant  𝜒(2)
res 𝜒(2)

NR

contributions

𝜒(2)
eff  = 𝜒(2)

NR + 𝜒(2)
res = 𝜒(2)

NR + ∑
𝑞

𝐴𝑞

𝜔IR ― 𝜔𝑞 + 𝑖𝛤𝑞
 (3)
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Here ωIR is the driving mid-IR laser frequency, Aq is the amplitude associated with a given 

molecular vibration, which is related to the interfacial population and associated molecular 

ordering, ωq is the resonant transition frequency for a given mode, and Γq is related to the linewidth. 

Eq.3 shows that when frequency components in the broadband IR pulse are resonant with 

vibrational transitions in the interfacial molecules an enhancement in the radiated vSFG is 

expected, thus generating an interfacial vibrational spectrum. Due to the even-order light-matter 

interaction, vSFG from molecules in centrosymmetric and isotropic bulk media destructively 

interfere – leaving only signal originating from interfacial species that coherently add.81, 82, 90 This 

makes vSFG a surface specific spectroscopy and one uniquely capable of probing the organization 

of complex polymer systems due to the sensitivity to local symmetry and ordering. Details 

surrounding the experimental configuration for vSFG measurements can be found in our previous 

reports and in the SI.70, 87, 88, 91, 92 The vSFG data was fit to Eqs. (2) and (3) to extract peak positions, 

amplitudes and linewidths. These results and associated assignments are summarized in the SI. To 

aid in peak assignments, DFT calculated normal mode vibrational frequencies were uniformly 

scaled by a 0.9877 multiplicative factor to match average experimental frequencies for the 

methylene transitions in the ethylene oxide tails (symmetric and asymmetric stretches) in C1 and 

C2 polymer samples. 

Density Functional Theory (DFT) and Ab Initio Molecular Dynamics calculations were used 

to help in understanding the effects of anion size for the series of poly(N-vinyl imidazole) cations. 

Models of the PolyILs included: single monomers, dimers, trimers and tetramers of both the short-

chain and long-chain pendant cations described in structures A-C in Table 1, to enable 

understanding of connectivity and pendant length effects. The anions studied were Br- and TFSI-. 

Calculations were performed using the Vienna Ab Initio Simulation Package (VASP, 5.4.4)93-95 

with the projector-augmented wave (PAW) method.96, 97 In these simulations, the electron-ion 

interactions were described using standard PAW potentials and the van der Waals interactions 

were accounted for using the vdW-DF2 method implemented by Langreth and Lundqvist.98 The 

Brillouin-zone integrations were performed on a Γ-centered 1×1×1 k-point grid and the kinetic 

energy cutoff for plane waves was set to 400 eV, and the “normal” precision setting was adopted. 

3D periodic boundary conditions were used with a large simulation cell to allow separation of 

periodic images of at least 12 Angstroms. Full optimization of the all the model structures was 

performed followed by a normal mode analysis, from which the frequencies and eigenvectors were 
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compared to experimental data. To examine the room temperature behavior of the PolyILs, we 

also performed ab initio molecular dynamics simulations (AIMD). AIMD was performed using 

VASP in a canonical NVT ensemble with the temperature of the simulations maintained by a Nose-

Hoover thermostat at 25 C. For these simulations, a single molecule of the model systems and a 

time step of 1 fs was used, with random initial velocities assigned to all atoms according to the 

Maxwell-Boltzmann distribution. AIMD simulations for the different systems were carried out for 

at least 10 ns and the trajectories were evaluated to analyze the motion of the ions and overall 

changes in the molecular structure. The optimized geometries and characteristic lengths are 

presented in SI.

Broadband Dielectric Spectroscopy (BDS) was employed to collect the dielectric spectra in the 

frequency range of 10-1 – 107 Hz using Novocontrol system, which includes an Alpha-A 

Impedance Analyzer and a Quattro Cryosystem temperature control unit. The samples were 

measured using a parallel-plate configuration with stainless steel capacitors, where the separation 

between the electrodes was 47 micrometers to yield a geometrical capacitance of 21 pF. The 

samples were placed inside the cryostat with a dry nitrogen atmosphere and equilibrated at 380 K 

for one hour before any measurements. The samples were equilibrated for at least 15 minutes 

between temperatures steps to achieve thermal stabilization within 0.2 K. The glass transition 

temperatures of A1 and B1 samples are close to the material degradation temperature, which limits 

these measurements to temperatures below Tg. The activation energy of conductivity below Tg (Ea) 

(Table 1) was estimated from BDS spectra by fitting the DC conductivity below Tg to the Arrhenius 

equation, =0exp(-Ea/kT). The BDS spectra are presented in Figure S5 in SI. Additional 

technical details of the measurements with BDS can be found in SI and in.76

Differential Scanning Calorimetry (DSC) measurements were performed on a TA Q2000 

instrument. The samples sealed in aluminum pans were initially equilibrated at 423 K for one hour. 

The heating and cooling cycles were performed with modulation +/- 1° every 60 s, ramp 2 K/min. 

The glass transition temperature was estimated as the mid-point of the step in specific heat on the 

second heating cycle. DSC curves are presented Figure S6 in SI and data are summarized in Table 

1.
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