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Abstract  

This paper presents the first findings on the molecular dynamics of the remarkable new 

class of linear and precisely functionalized ethylene copolymers.  Specifically, we utilize 

broadband dielectric relaxation spectroscopy to investigate the molecular dynamics of 

linear polyethylene (PE)-based ionomers containing 1-methylimidazolium bromide (ImBr) 

pendants on exactly every 9th, 15th, or 21st carbon atom, along with one pseudorandom 

analogue.  We also employed FTIR spectroscopy to provide insight on local ionic 

interactions and the nature of the ordering of the ethylene spacers between pendants.  Prior 

X-ray scattering experiments revealed that the polar ionic groups in these ionomers self-

assemble into microphase-separated aggregates dispersed throughout the nonpolar PE 

matrix.  We focus primarily on the dynamics of the segmental relaxations, which are 

significantly slowed down compared to linear PE due to ion aggregation.  Relaxation times 

depend on composition, the presence of crystallinity, and microphase-separated 

morphologies.  Segmental relaxation strengths are much lower than predicted by the 

Onsager theory for mobile isolated dipoles, but much higher than linear PE demonstrating 

that at least some ImBr pendants participate in the segmental process.  Analysis of the 

relaxation strengths using the Kirkwood g  correlation factor demonstrates that ca. 10 – 

40% of the ImBr ion dipoles (depending on copolymer composition and temperature) 

participate in the segmental motions of the precise ionomers under study, with the 

remainder immobilized or having net anti-parallel arrangements in ion aggregates.  
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1. Introduction 

A molecular-level understanding of the dynamics of ionomers, polymers containing ionic 

functionality, is of considerable importance from both fundamental and applied points of 

view.  The presence of ionic groups in, or pendant to, polymer chains is well known to 

significantly modify thermal, mechanical, and charge transport properties of the parent 

polymer due to various ionic interactions.
1,2

  As a result of the low dielectric constant of 

most organic polymers, ion dipoles tend to self-assemble into microphase-separated 

domains.  Consequently, much of the fundamental research conducted on these materials 

has been devoted to determination of the structure of ion aggregates and the correlation 

between structure and the resulting properties.
3
  Ionomers have been used commercially as 

separators, packaging materials and in molding applications,
4
 and in recent years have been 

considered as candidate materials for energy storage devices (batteries and 

supercapacitors), in energy conversion (fuel cells) and for other electroactive materials 

applications.
5,6

   

 Ionomers derived from copolymers of ethylene and methacrylic acid (MAA) have 

been well known since the 1960’s, principally due to their versatile mechanical properties 

and chemical stability.
2-4,7

  Since these materials have relatively low MAA content and 

MAA units are randomly placed in the highly-branched polyethylene (PE) chains, long PE 

sequences exist and are capable of crystallization.  The microstructure – property – 

processing relationships of these traditional ionomers have been the subject of many 

previous publications.
8-18
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The relatively recent discovery of a synthetic route for creating ethylene 

copolymers with precisely placed acid functionality along the chain has led to a remarkable 

new class of highly regular acid-functionalized (and cation-neutralized) ethylene 

copolymers.
19-24

  Extensive morphological characterization of a growing number of precise 

acid copolymers and their ionomers has uncovered morphologies with considerably 

sharper X-ray scattering features (i.e., much less environmental heterogeneity) and 

unprecedented uniformity.
20,25-28

  Computer simulations have also been used to explore the 

ionic aggregation in PE-based precise ionomers and compact isolated aggregates, branched 

string-like aggregates, and percolated structures have been observed.
24,29-32

  However, 

despite recent advances in our understanding of the microphase-separated morphology of 

these unique copolymers and ionomers, there have been to date no reports on their 

molecular dynamics.  

 Herein, we focus on the investigation of polymer and ion dynamics of three precise 

(and one pseudorandom) PE-based ionomers, using dielectric relaxation spectroscopy 

(DRS).  In a recent publication, acyclic diene metathesis (ADMET) polymerization in 

combination with post-polymerization functionalization was used to successfully produce 

linear high molecular weight PE with 1-methylimidazolium bromide (ImBr) units 

precisely substituted on every 9th, 15th, or 21st carbons along the chain, as shown in 

Figure 1.
33

  Dielectric spectroscopy is a particularly powerful tool for investigating the 

impact of associating ion pairs or aggregates on the motion of chain segments and 

substituent groups, over a broad range of frequencies and temperatures.  In addition, the 

non-polar ethylene portions of the ionomers exhibit very low dielectric loss, allowing one 
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5 

 

to focus on the molecular motions of the ionic functionality.  As there is an intimate 

connection between phase separated microstructure and molecular dynamics, the dynamics 

of the precise ionomers cannot be well understood without microstructural insight.  

Consequently, our dielectric spectroscopy investigation is complemented by X-ray 

scattering and DSC measurements, as well as insight on local ionic interactions and 

ethylene spacer ordering from Fourier transform infrared spectroscopy. 
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Figure 1. The chemical structures of three polyethylene-based precise ionomers containing 

1-methylimidazolium bromide groups on exactly every (a) 9th (p9ImBr), (b) 15th 

(p15ImBr), and (c) 21st (p21ImBr) carbon.
33

  The findings on these precise ionomers are 

also compared with (d) a pseudorandom analogue (r21ImBr) that is compositionally 

identical to its precise counterpart (p21ImBr).
33

 

 

Page 5 of 40

ACS Paragon Plus Environment

Submitted to Macromolecules

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



6 

 

2. Experimental 

 

Figures 1a-c show the molecular structures of the polyethylene (PE)-based ionomers 

containing 1-methylimidazolium bromide (ImBr) groups on exactly every 9th (referred to 

as p9ImBr), 15th (p15ImBr), and 21st (p21ImBr) carbon atom: the letter p indicates 

precise placement of ionic pendant groups along the polymer chain.  These are linear high 

molecular weight materials with a polydispersity index of ~2.
33

  The findings on these 

precise ionomers are also compared with those from one pseudorandom analogue 

(r21ImBr; its molecular structure is shown in Figure 1d).  The letter r indicates 

pseudorandom substitution and the number 21 denotes that, on average, there is one 

pendant per 21 carbon atoms, which makes this ionomer compositionally identical to its 

precise counterpart (p21ImBr).  

Sample Preparation.  For this study, the ionomer samples were prepared in the following 

manner.  Films for FTIR, DSC, X-ray scattering, and dielectric measurements were melt-

pressed at 150 
°
C for 20 min in a Carver 4122 hot press.  Note that the thermal transitions 

(Tg, Tm) of all the ionomers are well below 150 
°
C (see Table 1).  The films were then 

subjected to rapid cooling (~15 °C/min) via a heat exchanger using tap water, and aged at 

room temperature in a vacuum dessicator for at least 3 days before data collection.  

Samples used in all experiments have the identical thermal history. 

Fourier Transform Infrared Spectroscopy (FTIR).  FTIR spectra were determined using 

a Nicolet 6700 FTIR spectrometer (Thermo Scientific) equipped with a diamond attenuated 
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7 

 

total reflectance (ATR) cell.  The spectra were signal averaged from 200 scans with a 

resolution of 2 cm
-1

. 

Thermal Characterization.  Differential scanning calorimetry (DSC) results were 

obtained on a TA Instruments Q2000 differential scanning calorimeter, with temperature 

and enthalpy calibrated using an indium standard.  Samples weighed approximately 5 – 10 

mg, and the thermograms were measured at a heating rate of 10 K/min under a helium 

purge.  TA Instruments Universal Analysis 2000 Software was used to identify the phase 

transitions (Tg, Tm and ∆Hm). 

X-ray Scattering.  X-ray scattering was performed on a Multiangle X-ray Scattering 

(MAXS) system using a Nonius FR591 rotating-anode generator operated at 40 kV and 85 

mA.
26,27

  A bright, highly collimated beam was obtained via Osmic Max-Flux optics and 

triple pinhole collimation under vacuum.  Samples were loaded into 1.0 mm diameter glass 

capillaries (Charles Supper Co. Special Glass 10-SG), which were then flame-sealed.  The 

scattering data were collected for 30 min using a Bruker Hi-Star multiwire two-

dimensional detector at a sample-to-detector distance of 11 cm.  The sample temperature 

was raised and maintained by a Linkam oven controlled via a Linkam TMS 94 temperature 

controller.  The samples were heated to 120 °C and allowed to reach thermal equilibrium 

for 5 min prior to data collection.  Two-dimensional data reduction and analysis of data 

were performed using the Datasqueeze software.
34

   

Dielectric Relaxation Spectroscopy (DRS).  Dielectric spectroscopy measurements were 

conducted on samples with thicknesses of 0.1 – 0.2 mm that were sandwiched between 

freshly polished brass electrodes with a top electrode diameter of 10 mm to form a parallel 
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8 

 

plate capacitor cell.  The sample / electrode sandwiches were positioned in a Novocontrol 

GmbH Concept 40 broadband dielectric spectrometer.  The dielectric permittivity was 

measured using a sinusoidal voltage with amplitude 0.1 V over a 10
-2

 – 10
7
 Hz frequency 

range in all experiments.  Data were collected in isothermal frequency sweeps every 5 K, 

from -50 to 150 
°
C. 

 

3. Results and Discussion 

A. ATR-FTIR. FTIR spectroscopy was used to augment earlier NMR characterization of 

the chemical structure of ImBr ionomers
33

, as well as to provide insight on local ionic 

interactions and the nature of ethylene spacer ordering in the semi-crystalline ionomers.  

The important spectral regions of the four ionomers are displayed in Figure 2 with 

absorbance bands of particular interest highlighted.  Above 2800 cm
-1

, two intense 

absorbances are observed at ~2923 and 2850 cm
-1

, which have been attributed to the alkyl 

C-H stretching modes of 1-methylimidazolium cations.
35,36

  The imidazolium cation can 

further be identified by spectral features in the 1600 – 700 cm
-1

 region.  The bands at ~ 

1570 and 1460 cm
-1

 are indicative of imidazole ring stretching, the peak at 1165 cm
-1

 has 

been assigned to imidazole H–C–C and H–C–N bending, and the broad band centered near 

750 cm
-1

 is attributed to the out of plane C–H bending mode of the imidazole ring.
37-39 

 

 The formation of hydrogen bonds between the aromatic protons and the Br anion is 

evidenced by the presence of a peak between 3050 and 3080 cm
-1

.  Upon formation of C-

H•••Br hydrogen bonds, the C-H bond stretching located at ~3130 cm
-1 

is weakened and its 

vibration frequency decreases.
36

  As expected, the peak at 3050-3080 cm
-1

, related to the 

Page 8 of 40

ACS Paragon Plus Environment

Submitted to Macromolecules

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



9 

 

hydrogen bonds, and that at ~3130 cm
-1

, attributed to the aromatic C-H not involved in 

hydrogen bonding, are relatively more intense for the ionomers containing a larger fraction 

of ImBr groups (p9ImBr).  As the number of ImBr units decreases, the intensity of these 

peaks is also reduced (p15ImBr, p21ImBr and r21ImBr). 

800 750 700 650 600

Wavenumber (cm
-1
)

3200 3000 2800 1600 1400 1200 1000 800 600

1254
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Figure 2. ATR-FTIR absorbance spectra of ImBr ionomers (p9ImBr, p15ImBr, 

p21ImBr and r21ImBr) in the region from 600 to 3300 cm
-1

 at room temperature.  Data 

were shifted vertically for clarity. Scale expansion of the highlighted areas in the middle 

panel is provided in the left and right panels. 

 

Another important spectral feature is the peak appearing at 720 cm
-1

, corresponding 

to the CH2 rocking vibrations, arising from both crystalline and amorphous segments of the 

PE spacers.
20,40-42

  The relative absorbance at 720 cm
-1

 with respect to the imidazolium ring 

mode at 750 cm
-1

 increases with the PE segment length between precisely-placed ImBr 
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functionality.  The CH2 rocking vibration peak at 720 cm
-1

, together with the band at 1462 

cm
-1

 in the CH2 bending region, can provide information on the crystalline unit cell.  Based 

on previous results obtained by NMR and X-ray techniques on the same family of precise 

copolymers we would expect an orthorhombic crystalline phase.
27

  Ethylene sequences in 

the typical orthorhombic PE unit cell display a doublet in the low frequency region that 

arises from long trans CH2 sequences rocking at ~720 cm
-1

 and sequences of 5 or more 

CH2 rocking at 730 cm
-1

.
43

  The absence of splitting in the CH2 rocking mode (see Figure 2 

- right panel), also not observed for other precise polyethylene-based copolymers,
20

 may 

indicate some distortion of the orthorhombic unit cell in crystalline ImBr ionomers.  In 

addition, Sworen, et al.
42

 studied the evolution of the orthorhombic crystal of PE for 

random ethylene/propylene copolymers (characterized by a doublet at 719 and 730 cm
-1

 

and single band at 1471 cm
-1

) into a hexagonal unit cell, indicated by the appearance of 

methylene rocking (at 721 cm
-1

) and scissoring (1466 cm
-1

) modes. In the right panel of 

Figure 2 a single absorbance is observed at 720 cm
-1

. At frequencies of ~1460 cm
-1

, in 

addition to a contribution from the imidazolium rings, CH2 scissoring is evidenced for the 

semi-crystalline samples, p15ImBr, p21ImBr and r21ImBr (Figure 2 - left panel).  In 

summary we conclude that for semi-crystalline ImBr ionomers, the presence of crystals 

having a hexagonal unit cell, together with the orthorhombic crystals, cannot be excluded. 

Additional information on ordered ethylene sequences can be obtained from the 

region between 1350 and 1250 cm
-1

.  The absence of crystallinity in p9ImBr (see also 

DSC results in section 3B) is evidenced by the presence of bands in the region between 

1330 and 1353 cm
-1

,
41

 which are weaker in the semi-crystalline samples.  These 

Page 10 of 40

ACS Paragon Plus Environment

Submitted to Macromolecules

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



11 

 

absorbances are related to the conformationally disordered ethylene sequences.  A small 

peak is observed at 1254 cm
-1

 in p15ImBr and p21ImBr spectra, originating from 

conformationally ordered sequences, all-trans, composing the crystals.  There is no 

detectable absorbance at 1254 cm
-1

 in the spectrum of the random ionomer r21ImBr, 

consistent with the proposal that precisely placed ionic groups favor order in the crystalline 

unit cells.
27 

FTIR spectroscopy also provides some insight on local conformations close to the 

ImBr pendant groups. The band at 622 cm
−1

 (Figure 2 - right panel) corresponds to the 

stretching of C−C side groups with vicinal C−C backbone carbons in an all-trans 

conformation, while the absorbance at 665 cm
−1

 corresponds to C−C stretching when the 

side group is adjacent to backbone carbons having gauche conformations.
35

  The very 

narrow peak arising in the gauche conformation region for the precise ionomers may arise 

from rather ordered conformations at the ImBr aggregate interfaces, not evidenced in the 

spectrum of the random sample. 

 

B. Thermal Analysis.  Figure 3 displays the DSC thermograms of the precise
27

 and 

random ImBr copolymers.  Table 1 summarizes the glass transition temperatures ( gT ), as 

well as melting temperatures ( mT ) and enthalpies ( mH∆ ) of the crystalline components in 

the ionomers.  For p9ImBr the relatively large fraction of ionic pendants completely 

disrupts crystallization of the ethylene sequences, and this ionomer exhibits a single gT  

with a midpoint of 15 ˚C.  Clearly, aggregation of the ionic species (described in detail in 
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12 

 

section 3C) has a rather strong effect on the gT  of the matrix segments, whose motion is 

slowed significantly via their attachment to the ionic domains. 

 

 

Figure 3. DSC thermal analysis of the precise
27

 and pseudorandom ionomers.  The solid 

arrows indicate the DSC Tgs for p9ImBr, p15ImBr and p21ImBr.  The dashed arrows 

represent the Tgs derived from dielectric spectroscopy by extrapolating the VFT fit of the 

segmental relaxation time to ( 1/ ) 100 sα ατ ω= =  (referred to as DRS Tg).  For clarity, the 

thermograms have been shifted vertically. 

 

The gT s for the semi-crystalline ionomers are more difficult to detect by DSC, 

although their segmental relaxations (dynamic glass transition) are clearly evident in 

dielectric loss spectra (section 3D).  For the semi-crystalline precise ionomers (p15ImBr, 

p21ImBr), we detect relatively broad gT s from DSC, but gT  is absent in the DSC data 

from r21ImBr.  The amorphous phase dynamics will be discussed in detail in section 3D. 
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Table 1. Melting Points ( mT ), Heats of Fusion ( mH∆ ), Degrees of Crystallinity ( cX ), Glass 

Transition Temperatures ( gT ), Total Ion Concentration ( 0p ) and Refractive Indices ( n ) of 

the Precise and Pseudorandom ImBr Ionomers 

 

 

DSC  DRS 

0p
c
 

(nm
-3

) 
n

c
 

mT  

(˚C) 
mH∆ a

 

(J/g) 
cX

b
 

(%) 

3gT ±  

(˚C) 
 

10gT ±  

(˚C) 

p9ImBr - - - 15  13 2.73 1.64 

p15ImBr 49 & 70 15 6 -5  1 2.14 1.69 

p21ImBr 89 & 115 26 9 13  25 1.75 1.72 

r21ImBr 47 & 84 30 11 -  -9 1.75 1.72 

 

a) mH∆  is the total enthalpy of the melting endotherms.   

b) / PE
c m mX H H= ∆ ∆  ( ∆H

m

PE = 277 J/g , the perfect crystal heat of fusion for orthorhombic 

PE).
44

   

c) Total ion concentration 0p  and n were determined based on the molecular structure. 

 

Note that although p15ImBr, p21ImBr, and r21ImBr display clear melting endotherms 

(Figure 3), the degree of crystallinity under the crystallization conditions imposed here 

(Table 1) is very small compared to linear PE (~70-80%), on the order of 10% or lower, 

and their mT s (Table 1) are well below that reported for linear PE synthesized by ADMET 

polymerization (133 
°
C).

21
  The presence of the polar ImBr side groups, even when 
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precisely spaced, disrupts the ability of these materials to crystallize and slows 

crystallization considerably.  As expected, ionomers with longer ethylene spacer lengths 

(decreasing ion content) lead to slightly higher degrees of crystallinity ( cX ) and melting 

temperatures.  Alamo, et al. have also observed an increase in mT  and cX  of PE with 

precision Cl placement as Cl content decreases.
21

  In studies of other precise ethylene acid 

copolymers and ionomers, substitution of functional species (including acrylic acid and 

phosphonic acid with the mono or geminal substitution) on every 15th carbon atom has 

been found to completely suppress crystallization, in contrast to p15ImBr.
20,25-27

  It has 

been proposed previously that the enhanced ordering of p15ImBr may arise from the 

relatively flexible CH2 linkages between the ethylene backbone and ionic liquid pendant 

groups, as well as multiple hydrogen bonding sites in ionic liquids containing imidazolium 

bromide that facilitate ordering of the ionic species into sheet-like structures.
27,36

  In 

contrast, the acrylic acid and phosphonic acid groups are attached directly to the polymer 

backbone.  

As noted earlier, the precise and pseudorandom ImBr ionomers were rapidly 

cooled from the melt to room temperature then aged for at least 3 days.  As a consequence 

of the slow crystallization kinetics of these materials due to the limited mobility imposed 

by the strongly interacting ionic pendant groups,
22,27,33

 only a portion of the crystallinity of 

these materials is developed on cooling from the melt (i.e., at comparatively low degrees of 

supercooling) and this fraction is assigned to the higher temperature melting endotherms.  

As their Tgs are below room temperature, limited crystallization continues on aging (larger 

degrees of supercooling), and this portion of the crystallinity is assigned to the lower 
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temperature endotherms.  Finally, the precise p21ImBr exhibits higher temperature 

melting endotherms compared to the compositionally identical pseudorandom analog 

r21ImBr (although both have a similar degrees of crystallinity).  This arises from 

enhanced ordering in p21ImBr due to the precise regularity of the substitution.  

 

C. X-ray Scattering.  Figure 4a compares the room temperature X-ray scattering profiles 

for the four ImBr ionomers with different PE segment lengths and ImBr placement 

(precise vs pseudorandom).  The amorphous p9ImBr exhibits two broad scattering peaks: 

the higher angle peak at scattering wavevector q ≈ 15nm
-1

 corresponds to the amorphous 

halo and the low-angle peak at q ≈ 3.5nm
-1

 is associated with the mean interaggregate 

scattering arising from the segregation of ionic groups.
27

  The semi-crystalline ionomers, 

p15ImBr, p21ImBr, and r21ImBr, exhibit a sharp X-ray scattering peak near q ≈ 15nm
-1

, 

corresponding to the (110) reflection for orthorhombic PE at -115.3 nmq ≈ .
27

  This confirms 

the semi-crystalline nature of the PE matrix observed in FTIR (Figure 2) and DSC (Figure 

3) measurements.  p15ImBr and p21ImBr exhibit multiple scattering peaks (indicated by 

arrows in Figure 4a) at low angles that have positional ratios indicative of a layered 

morphology, indicating long-range order of the microphase-separated ion-containing 

layered aggregates.
27

  The pseudorandom ionomer, r21ImBr, has a weak second peak that 

is consistent with a poorly-defined layered morphology.  For the precise ionomers, the 

lowest-angle peak near q ≈ 3.5nm
-1

 shifts to lower q  as the separation between ImBr 

functional groups in the chains increases, indicating as expected an increase in the average 

aggregate separation.
27
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Figure 4. X-ray scattering intensity as a function of scattering wavevector q  for the three 

precise and the pseudorandom ionomers at (a) 25 
°
C and (b) 120 

°
C.

26,27
 

 

From earlier X-ray scattering studies
26,27

 on precise ionomers, two morphologies 

have been identified based on the nature of the ionic aggregate resulting from microphase-

separation of the ionic pendant groups and the PE matrix.  When the PE segment is short 

(i.e., for p9ImBr) the material is amorphous and the ion pendants form aggregates that 

arrange with liquid-like order.  When the PE segment length is longer (i.e., for p15ImBr 

and p21ImBr) and crystallizes, the precise ionomers exhibit layered morphologies at room 

temperature that contain ionic pendants arranged in sheets perpendicular to the PE spacers.  
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At 120 
°
C (see Figure 4b), above the Tm of the semi-crystalline materials, all ionomers 

exhibit liquid-like morphologies and the scattering maximum at low angle becomes 

broader and the higher order peaks are lost.  Also at 120 
°
C the narrower, low-angle peak 

for p21ImBr broadens noticeably for the compositionally identical r21ImBr and is 

indicative of a more uniform distribution of interaggregate spacings in precise materials.
25

  

 

D. Dielectric Relaxation   

The segregated nature of ionic liquid pendant groups of the precise ImBr ionomers, as 

well as the crystallinity present for many of the materials, adds a degree of complexity to 

interpretation of the dielectric spectra.  Although the ImBr ionomers do not exhibit high 

ionic conductivity per se (as shown later), conduction losses from ion motion are 

appreciable and can obscure loss peaks of interest, particularly at higher temperatures.  

Consequently, we use the derivative representation ( derε ),
45

 which eliminates the 

conductivity contribution from dielectric loss spectra, to elucidate relaxation processes:
46-49

 

( )
der

'
.

2 ln

ε ωπ
ε

ω

∂
= −

∂
     (1) 

where ω is the angular frequency.  This method has been utilized to analyze dielectric loss 

spectra of other ion-containing polymers with notable success.
45-51

  A representative 

example of the dielectric constant and loss along with derε  are displayed as a function of 

frequency in Figure 5 for p15ImBr at 80 ˚C.  The real part of the conductivity ( 'σ ) is also 

displayed in this plot and illustrates the usual definition of the dc conductivity ( DCσ ) from 

conductivity spectra.  
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Figure 5. Representative isothermal plot of the dielectric constant ( 'ε ), the dielectric loss 

( ''ε ), the derivative spectra ( derε ) and the real part of the conductivity ( 'σ ) for p15ImBr at 

80 ˚C.  DCσ  is indicated by the dotted red line. 

 

Figure 6 displays a representative example of the derivative dielectric loss spectrum 

as a function of frequency and temperature for p15ImBr.  Spectra of all ImBr precise 

ionomers exhibit a single segmental α  relaxation at lower temperatures and two slower 

but very strong processes at higher temperatures.  The interpretation of the faster process 

as a segmental relaxation is supported by its VFT character, and the strength (~10
2
 – 10

4
) 

of the intermediate temperature – lower frequency process is much too large to be 

associated with dipole relaxation (even ion dipoles) and is clearly associated with 

Maxwell-Wagner-Sillars (MWS) interfacial polarization.  Since electrode polarization (EP, 

the highest temperature process), a phenomenon where transporting ions accumulate at the 

blocking electrodes,
52

 is not a characteristic relaxation of the materials, we focus our 
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discussion primarily on the segmental α  relaxations and include some discussion of the 

MWS processes. 
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Figure 6. Representative conductivity-free dielectric derivative spectra derε  as a function 

of frequency and temperature for p15ImBr. 
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Figure 7. Derivative spectra derε  of (a) p9ImBr, (b) p15ImBr, (c) p21ImBr, and (d) 

r21ImBr at selected temperatures.  Solid lines (overlaying open symbols for one 

temperature in each panel) are fits to Eq. 2 with values of the EP power law slope ( s ) and 

shape parameters ( a  and b ) of the two HN functions for MWS interfacial polarization and 

polymer segmental motion ( α ) for (a) p9ImBr: 1.27 0.17s = ± , MWS 1a = , MWS 1b = , 

0.83 0.10aα = ± , and 0.77 0.17bα = ±  and for (b) p15ImBr: 1.36 0.12s = ± , MWS 1a = , 

MWS 1b = , 0.82 0.18aα = ± , and 0.55 0.14bα = ±  and for (c) p21ImBr: 1.51 0.17s = ± , 

MWS 0.87 0.07a = ± , MWS 1b = , 0.90 0.08aα = ± , and 0.51 0.10bα = ±  and for (d) r21ImBr: 

1.15 0.15s = ± , MWS 0.81 0.11a = ± , MWS 1b = , 0.81 0.09aα = ± , and 1bα = .  For the same 

selected temperatures in each panel, individual contributions of the relaxations are shown 

as dashed lines. 
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The derivative spectra were then fit using a sum of a power law
53

 for EP and two separate 

derivative forms of the Havriliak-Negami (HN) function for the MWS and α  relaxation 

peaks (Figure 7): 

( ) ( ) ( )
( )

' '
HN HN '

der HN

MWS HN

with Real ,
2 ln ln

1 /

s

b
a

A

iα

ε ω ε ωπ ε
ε ω ε ω

ω ω ω ω

−

 
    ∂ ∂  ∆ = − + =      ∂ ∂          +    

 (2) 

where A  and s  are constants, ε∆  is the relaxation strength, a  and b  are the shape 

parameters
54

 and HNω  is a characteristic frequency related to the frequency of maximum 

loss maxω  by: 

1/ 1/

max HN sin sin .
2 2 2 2

a a
a ab

b b

π π
ω ω

−
   =    + +   

   (3) 

The peak relaxation frequency maxω  and relaxation strength ε∆  of the MWS and α  

processes are determined from this fitting.  On heating, the strength of the MWS process 

generally increases with temperature (along with DCσ ), and eventually merges with 

electrode polarization.  

 

Segmental α  process.  The α  process involves segmental motion of the polymer and 

hence exhibits typical characteristics of the glass transition dynamics.  Representative 

behavior of the α  relaxation as a function of temperature and frequency is displayed in 

Figure 8 for p9ImBr.  It is important to point out that although the ionic liquid pendant 

groups are generally aggregated in this family of precise and pseudo-random ethylene 

ionomers, some fraction of the ImBr species clearly participates in the α  relaxation as 

determined from experimental relaxation strengths (Figure 9b).  This indicates that not all 
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of the ImBr species are fully immobilized in aggregates when using the processing 

conditions employed in the present study, and/or that aggregates are not symmetric and 

have a net dipole moment.   
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Figure 8. The dielectric constant (left) and derivative spectra (right) of p9ImBr as a 

function of temperature in the region of the dielectric spectrum where the α  process is 

clearly observed. 

 

The α  peak relaxation frequencies are fit to the Vogel-Fulcher-Tammann (VFT) 

equation (see Figure 9a), 

0
max

0

exp ,
DT

T T
ω ω∞

 
= − 

− 
    (4) 

where ω∞  is the high-temperature limiting frequency, D  is the so-called strength parameter, 

and 0T  is the Vogel temperature, listed in Table 2.  The Tgs determined from DSC and those 
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determined from the segmental relaxation by extrapolating the VFT fit of the peak 

relaxation time to ( 1/ ) 100 sα ατ ω= = 55
 are in relatively good agreement within 

experimental uncertainty (see Table 1).  Note that the Tgs from DRS are determined by 

extrapolation from the amorphous state.  As noted earlier, although a DSC Tg could not be 

detected for r21ImBr, presumably arising from increased breadth and relatively small heat 

capacity change at Tg, the α  relaxation is clearly visible in dielectric loss spectra.  
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Figure 9. (a) Temperature dependence of relaxation frequency maxima maxω  of the α  

process: solid curves are fits of the VFT equation (Eq. 4).
56

  (b) Temperature dependence 

of relaxation strength ε∆  of the α  process: solid lines are predictions of the Onsager 

equation (with fixed concentration and strength of dipoles and assuming the Kirkwood 

correlation factor 1g = ). 
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Table 2. Fitting Parameters (Eq. 4) of the VFT Temperature Dependence and Fragility m  

of the α  Process. 

 

 
log( )ω∞  

(rad/s) 
D  

0T  

(˚C) 

DRS gT  

(˚C) 

DRS gT - 0T  

(˚C) 

(DRS gT - 0T )/D 

(˚C) 
10am ±  

p9ImBr 13.2 12.5 -63 13 76 6.0 57 

p15ImBr 10.1 5.0 -41 1 42 8.4 79 

p21ImBr 13.5 9.5 -38 25 63 6.6 73 

r21ImBr 11.0 7.7 -63 -9 54 7.0 63 

 

a) m  determined from Eq. 5 using the VFT fit parameters for the segmental (α ) peak 

frequency (Figure 9a). 

 

As seen Table 1, the Tgs determined for the precise ImBr ionomers vary over a 

modest temperature range when changing composition (and in the same fashion in DSC 

and DRS experiments).  However, these (and correspondingly the maxω  in Figure 9a) vary 

in a non-systematic fashion, depending on composition, crystallinity and morphology. 

Using the relaxation of amorphous p9ImBr as a ‘baseline’, the α  process becomes 

somewhat faster for p15ImBr, which contains longer ethylene spacer lengths between 

ImBr pendant groups.  The α  process then slows down for p21ImBr, becoming 

comparable to amorphous p9ImBr, presumably due to the influence of additional ethylene 

crystallization on the segmental dynamics.  Even though p21ImBr and r21ImBr are 

compositionally identical and exhibit similar crystallinities, the α  relaxation for the 

polymer with random ImBr placement is considerably faster than that of p21ImBr.  This is 
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a clear manifestation of the important role of precise vs random pendant group placement 

on polymer dynamics, and likely arises from the occasional longer than average ethylene 

sequences in r21ImBr and perhaps also from the poorly-defined layered morphology of 

r21ImBr. 

 The parameter D  in Eq. 4 is related to the fragility (i.e., deviation from Arrhenius 

behavior), providing additional information about the segmental relaxation time in the 

vicinity of Tg.  The fragility m  can be determined from:
57

  

0

2
0

log( )
,

( / ) (ln10)(1 / )
g

g g gT T

DTd
m

d T T T T T

ω

=

= − =
−

   (5) 

wherein D  and 0T  are VFT fitting parameters for αω  (Figure 9a), using DRS g gT T= .  The 

estimated fragility m  values of the semi-crystalline p15ImBr and p21ImBr ionomers 

(Table 2) are essentially the same, while those for amorphous p9ImBr and crystalline 

r21ImBr appear at first glance to be slightly lower (m ~ 60).  However, due to the limited 

number of data points available for this analysis (due to overlap of the segmental relaxation 

with MWS polarization) the uncertainty in the m values in Table 2 is approximately ± 10, 

and consequently all are the same within experimental uncertainty.  Prior observations 

have demonstrated the invariance of fragility with the presence and degree of crystallinity 

in other semi-crystalline polymers.
58-60

  

 Figure 9b displays the temperature dependence of the experimental relaxation 

strengths ε∆  of the α  process for these ionomers and non-ionic polyethylene (PE).  All 

ionomers clearly have much higher αε∆  than the non-ionic PE.
61

  The increase in the 

strength arises from the enhanced dipole moment imparted by the ionic groups composed 
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of imidazolium cations and Br
-
 anions.  Given the disparity in chemical nature of the PE 

matrix and ionic liquid pendants as well as the sharp maxima observed in X-ray scattering, 

we adopt the view that all ImBr units reside in ionic aggregates.  Consequently, this 

signifies that not all of the ImBr species are fully immobilized in aggregates and/or that 

aggregates are not symmetric and exhibit a net dipole moment. 

As expected at higher temperatures, αε∆  generally decreases with increasing 

temperature due to thermal dipole randomization.  However, for the ionomers where αε∆  

can be reliably determined over a wider temperature range (p9ImBr and r21ImBr) the 

relaxation strength at lower temperatures is observed to increase significantly with 

temperature, indicating greater participation of ion dipoles in the segmental relaxation as 

temperature is increased.  

 We first consider the temperature dependence of ε∆  for these ionomers by 

utilizing the Onsager relationship,
47,48,62

  

2

2
0

(2 3 ) 1
,

9( )( 2)
i i

i

m
kT

ε ε ε
ν

εε ε ε
∞

∞ ∞

∆ ∆ +
=

∆ + + ∑     (6) 

where iν  is the number density of dipoles, im  is their dipole moment, k  is the Boltzmann 

constant, T  is absolute temperature, and ε∞  is the high-frequency limit of the dielectric 

constant (here taken to as 2nε∞ = , where n  is the refractive index, estimated from group 

contributions
63

 and listed in Table 1).  The black solid line in Figure 9b is the fit to Eq. 6 

with the 2
i ii
mν∑  term as the sole fitting parameter, showing that ε∆  of the non-ionic PE 

is well described by the Onsager equation.  For the ionomers with imidazolium cation - Br 
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anion pendant groups, the contribution of the ions to the relaxation strength can be 

analyzed
47,48,64

 by first considering the influence of contact ion pairs to Eq. 6:  

2
pair pair

2 2
0ionomer nonionic

(2 3 ) (2 3 )
,

9( )( 2) ( )( 2)

m

kT

νε ε ε ε ε ε
εε ε ε ε ε ε

∞ ∞

∞ ∞ ∞ ∞

   ∆ ∆ + ∆ ∆ +
= +   

∆ + + ∆ + +   
 (7) 

where pairν  is the number density of ion pairs and pairm  is their dipole moment. For the 

dielectric constant range ( ~ 15 10ε ± ) of these ionomers, all ions are expected to remain 

paired because the coulombic interactions between anions and cations are strong (Bjerrum 

length [ 2

01 nm /(4 ) 11 nmBl e kTπεε< ≡ < ], suggesting a pair energy > 60 ± 30 kT).  The 

solid lines in Figure 9b are the Onsager predictions of Eq. 7 for each ionomer, for the 

hypothetical case where all ions are in the isolated ion pair state ( pair 0pν = , listed in Table 

1) with the contact pair dipole moment ( pair 8.7m =  D, determined from ab initio 

calculations
65

).  Since ImBr groups are clearly seen in the X-ray scattering experiments to 

be aggregated and dynamic mechanical data reported in ref 33 displays a rubbery plateau 

consistent with aggregates reinforcing the polymer melt, it is expected and observed 

experimentally that the dielectric relaxation strengths for these ionomer are well below that 

of the corresponding Onsager prediction from Eq. 7.  These ionomers are more polar than 

the non-ionic PE, but their ions are aggregated and largely immobilized at these 

temperatures, analogous to zinc-neutralized sulfonated polystyrene ionomers.
51

  

Nevertheless, the fact that the relaxation strength of the segmental process is much stronger 

than that of PE indicates that some fraction of ImBr pendants participates in the α  process.  

Since ionic species in aggregates are expected to lead to correlation of neighboring 

ion dipoles, one can estimate the fraction of the ImBr functional groups participating in 
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the α  relaxation of the precise ionomers by determining the Kirkwood – Fröhlich g factor 

(i.e., the dipole correlation factor): 
66,67,68

  

0

2 2 2
pair pair ionomer nonionic

9 (2 3 ) (2 3 )
,

( )( 2) ( )( 2)

kT
g

m

ε ε ε ε ε ε ε
ν ε ε ε ε ε ε

∞ ∞

∞ ∞ ∞ ∞

    ∆ ∆ + ∆ ∆ + 
= −    

∆ + + ∆ + +     
 (8) 

which is a measure of the effect of dipole interactions on the experimental relaxation 

strength.  Dipole correlation factors were calculated from Eq. 8 for the case in which all 

ions are in the isolated ion pair state ( pair 0pν =  where 0p  is the total ion number density, 

listed in Table 1) with the contact pair dipole moment ( pair 8.7m =  D).  For p9ImBr, g ~ 0.2 

– 0.4, indicating that (depending on temperature) about 20 – 40% of the ion dipoles in this 

ionomer contribute to the α  relaxation, with ~60-80% either immobilized or having net 

anti-parallel arrangement in ion aggregates.  The g-factors for p15ImBr and p21ImBr are 

similar, ranging from 0.1 – 0.2 for p15ImBr and 0.2 – 0.3 for p21ImBr.  However, as can 

be inferred from Figure 9b, considerably more ImBr ion dipoles participate in the α  

process for the compositionally identical but pseudo-random r21ImBr (g ~ 0.4 – 0.6 

depending on temperature), compared to p21ImBr.  This is again a clear indication of the 

important role of precise vs random pendant group placement on the polymer dynamics.  

The origin of this difference is connected with the irregular ethylene sequence lengths and 

the poorly-defined layered morphology in r21ImBr, leading to relatively fewer ions fully 

immobilized in aggregates or that the relatively poorly organized aggregates in r21ImBr 

exhibit a comparatively larger net dipole moment than those in the precise ionomers.  

Finally, it is worth noting that in our recent study of precise ethylene – acrylic acid 

copolymers with carboxylic acid functionality on every 9th, 15th or 21st carbon,
69

 FTIR 
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spectroscopy demonstrates that all of the acid groups exist in hydrogen-bonded dimers 

(and these assemble into acid aggregates).  The dielectric relaxation strengths of the α  

processes for the precise acrylic acid – containing materials are comparatively very small, 

suggesting that the smaller acid functionality is more tightly bound in aggregates compared 

with the larger ImBr groups in the precise copolymers described herein. 

 

Interfacial Polarization.  Differences in dielectric permittivity and conductivity of the 

phases in heterogeneous materials give rise to interfacial polarization due to accumulation 

of charges near the interfaces between the various phases.
52

  Such polarization typically 

occurs at frequencies lower than that of matrix segmental relaxation (and the onset of ion 

motion in the matrix phase) and with high relaxation strength.  This interfacial polarization 

is referred to Maxwell-Wagner-Sillars polarization and has been studied previously for 

emulsions, multi-phase blends, block copolymers, and semi-crystalline polymers.
52,70

  

Since all of the ImBr ionomers are clearly microphase-separated from the X-ray scattering 

measurements up to at least 120 ˚C (Figure 4), we expect the relaxation process observed 

at lower frequency in Figure 7 to originate from charge build-up at the interfacial boundary 

between the microphase-separated aggregates (ion domains and lamellar interfaces) in a 

predominately non-polar PE matrix.  As noted earlier, the observed relaxation strength of 

this process is on the order of 10
2 

– 10
4
, which is far too large to be attributed to dipolar 

motions.  

 

Page 29 of 40

ACS Paragon Plus Environment

Submitted to Macromolecules

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



30 

 

10
-2

10
0

10
2

10
4

10
6

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8

1.2

(d)

ω
m
a
x
 [
ra
d
/s
]

10
-12

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

σ
D
C
 [
S
/c
m
]

Endo up

 

H
e
a
t 
F
lo
w
 (
W
/g
)

1000/T [K
-1
]

r21ImBr
α

MWS

σ
DC

T
m
 (dashed lines)

10
-2

10
0

10
2

10
4

10
6

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8

0.8

1.0

DRS T
g

(c)

ω
m
a
x
 [
ra
d
/s
]

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

σ
D
C
 [
S
/c
m
]

Endo up

 

H
e
a
t 
F
lo
w
 (
W
/g
)

1000/T [K
-1
]

MWS α p21ImBr

σ
DC

DSC T
g

T
m
 (dashed lines)

10
-2

10
0

10
2

10
4

10
6

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8

0.4

0.6

(b)

ω
m
a
x
 [
ra
d
/s
]

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

σ
D
C
 [
S
/c
m
]

DRS T
g

DSC T
g

T
m
 (dashed lines)

Endo up

 

H
e
a
t 
F
lo
w
 (
W
/g
)

p15ImBrαMWS

σ
DC

10
-2

10
0

10
2

10
4

10
6

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8

0.2

DRS T
g
 

ω
m
a
x
 [
ra
d
/s
]

(a)

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

σ
D
C
 [
S
/c
m
]

σ
DC
 (X symbols)

α (open symbols)

MWS (filled symbols)

Endo up

 

H
e
a
t 
F
lo
w
 (
W
/g
)

DSC T
g

σ
DC

MWS

α
p9ImBr

 

Figure 10. Temperature dependence of relaxation frequency maxω  for MWS process (filled 

symbols), α  process (open symbols) and DC conductivity DCσ  (X symbols), along the 

DSC thermograms (solid lines) for (a) p9ImBr, (b) p15ImBr, (c) p21ImBr, and (d) 

r21ImBr.  Vertical dashed lines indicate melting (Tm) transition temperatures from DSC 

and solid curves are VFT fits to the α  relaxation frequencies. 

 

 The frequency and strength of the MWS process depend on the dielectric contrast 

(i.e., the difference in dielectric constant and conductivity) between the matrix and the 

microphase-separated ionic aggregates.  Figure 10 shows that the relaxation frequencies for 

the interfacial MWS relaxation ( MWSω , filled symbols) and DC conductivity ( DCσ , X 

Page 30 of 40

ACS Paragon Plus Environment

Submitted to Macromolecules

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



31 

 

symbols), along with the DSC thermograms (plotted as 1/T, solid lines) for all four 

ionomers.  Note that DCσ  is rather low (ca. 10
-9

 – 10
-11

 S/cm) for these materials at 40 ˚C, 

consistent with the segregated nature of the ionic species in the PE matrix and absence of 

significant ion domain connectivity.  However, DCσ  increases rapidly as temperature 

increases well above Tg, generally following the expected VFT temperature dependence.  

The peak relaxation frequencies of the MWS process follow a similar temperature 

dependence as their DC conductivity.  Moreover, at the observed melting transitions 

(indicated by vertical dashed lines in Figure 10), the temperature dependence of MWSω  and 

DCσ  exhibit a change in slope.  This is additional evidence for the assignment of this 

process as originating from MWS polarization.  Although not shown here, the relaxation 

strengths of the MWS process also depend strongly on temperature in the melting region.  

The MWS process does not disappear above Tm of the semi-crystalline ImBr ionomers, in 

agreement with findings from the higher temperature X-ray scattering experiments (Figure 

4b) that ionic aggregates persist to high temperatures.  

 

4. Summary 

In this paper we report on the molecular dynamics of three polyethylene-based ImBr 

precise ionomers and one pseudorandom ionomer, in light of their microphase-separated 

morphologies.  FTIR spectroscopy provides evidence of hydrogen bond formation between 

the aromatic protons and Br anions of ImBr pendants.  X-ray scattering measurements 

demonstrate that semi-crystalline p15ImBr, p21ImBr and r21ImBr at room temperature 

exhibit layered morphologies, i.e., the ionic groups form planar aggregates that stack with 
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long-range order, whereas amorphous p9ImBr exhibits ionic aggregates with liquid-like 

packing.  All four of the ImBr precise ionomers exhibit liquid-like ordering of the 

microphase-separated ion aggregates at 120 ˚C. 

 DSC experiments confirmed the presence of crystallinity in the precise or 

pseudorandom ionomers with longer ethylene spacer length between pendant ImBr groups 

(p15ImBr, p21ImBr and r21ImBr).  The degree of crystallinity is quite low however (on 

the order of 10%) as are the Tms: the presence of the relatively large and polar ImBr, even 

when precisely spaced, severely disrupts the ability of the polyethylene sequences to 

crystallize under the preparation conditions used herein. 

All of the ionomers display a single DSC Tg (when one can be determined) and 

correspondingly a single α  process in dielectric relaxation experiments.  Tgs range from 

approximately -9 to 20 ˚C depending on ImBr composition, ethylene segment crystallinity 

and microphase-separated morphology, and reflect the considerable slowing down of the 

motion of the matrix segments due to their attachment to ionic domains.  r21ImBr, 

although compositional identical and having a similar crystallinity, exhibits significantly 

faster α  relaxation dynamics compared to p21ImBr.  This is in keeping with the important 

role of precise vs random pendant group placement on polymer segmental dynamics, and 

likely arises from the occasional longer than average ethylene sequences in r21ImBr.  

As the X-ray scattering experiments clearly demonstrate that ImBr groups are 

aggregated, it is expected and observed experimentally that the segmental relaxation 

strengths for these ionomers are well below that of the corresponding Onsager prediction.  

However, αε∆  was found to be much larger than that of PE alone and indicates that some 
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fraction of ImBr pendants participates in the α  process.  Based on our proposal that all 

ImBr units reside in ionic aggregates, this suggests that not all of the ImBr species are 

fully immobilized in aggregates and/or that aggregates are not symmetric and exhibit a net 

dipole moment.  Kirkwood dipole correlation factors were calculated for the precise ImBr 

ionomers to estimate the fraction of ImBr species participating in segmental relaxation.  

For the precise ionomers, calculated g-factors range from ca. 0.1 – 0.4, depending on 

polymer composition and temperature.  In other words, ~10 – 40% of the ion dipoles 

participate in the segment process for the precise ionomers, with the remainder 

immobilized or with net anti-parallel orientation in aggregates.  However, considerably 

more ImBr ion dipoles participate in the α  process for the compositionally identical but 

pseudo-random r21ImBr (g ~ 0.4 – 0.6 depending on temperature), compared to p21ImBr.  

This is again a clear indication of the important role of precise vs random pendant group 

placement on the polymer segmental dynamics. 
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