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A distinguishing feature of ionomers is the peak in S(q) 
known as the ‘ionomer peak.’ 
• Low angle scattering peak ubiquitous in ionomers 
• Related to ionic clustering 

Actual structure is unknown. 
 
Sharp peak for precise ionomers. 

Peak: q = 4/nm or r = 1.5 nm   

Li+ 

Ion containing polymer in melt or glass (no solvent) 
 
ionic interactions are strong (>> kT) since ε is small 



Ionomers	
  for	
  BaBery	
  ApplicaEons	
  

•  Ionomer	
  electrolyte	
  advantages	
  
•  Single	
  ion	
  conducEng	
  ability	
  (potenEal	
  to	
  increase	
  efficiency)	
  
•  Chemically,	
  mechanically	
  stable	
  (safe,	
  smaller	
  packaging)	
  
•  Polymer	
  acts	
  as	
  separator;	
  no	
  need	
  for	
  separate	
  separator	
  

• 	
  	
  Challenges	
  
•  Low	
  ion	
  conducEon	
  (due	
  to	
  aggregaEon?)	
  
•  Clustering,	
  charge	
  transport	
  not	
  well	
  understood	
  
•  What do the aggregates look like, exactly? 

•  composition, size & shape 
•  What’s the dependence on polymer architecture? 

•  charge spacing  
•  cation & anion type 

Difficult to measure local 
structure experimentally. 
 
Can simulations resolve issue? 



atomistic MD 
simulations 

Research	
  Approach	
  
Focus on new controlled system(s):  precise acid copolymers/ionomers 
 

Collaboration with: 
Prof. Karen Winey (U Penn) 
Prof. Ken Wagener (U Florida) 

• spacing of charges is controlled 
• allows direct comparison between simulation and 
experiment 

• study effect of increasing spacing, different cations 

Methods: 

DFT 
(quantum) NMR 

+ Li+, Na+, Cs+, Zn2+ 

Li+ 
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coarse-grained MD 
simulations 

coarse-grained theory 
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Coarse-­‐grained	
  Models	
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Ions in the polymer backbone: 
“ionenes” 

	
  
backbone	
  beads	
  
per	
  repeat	
  unit	
  
	
  	
  	
  	
  	
  

Nbb	
  =	
  7	
  	
  

	
  Na+	
  

	
  -­‐	
   	
  Na+	
  

Ions pendant to the backbone: 
“pendants” 

	
  Nbb	
  =	
  3	
  	
  



CG	
  MD	
  simulaEons	
  

6	
  

•  Bead spring model 
•  bonds, LJ, charges 
•  bulk dielectric constant 

•  focus on ionic interactions with 
polymeric constraints 
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Will it work? 
Will we get stuck in slow dynamics? 
 
We varied ε from 2 to 10. 

Analysis 
•  cluster (percolation) 
•  image analysis 
•  radial distribution functions g(r) 
•  structure factor S(q) 

•  compare to experiment ! 
•  mean square displacement 

•  diffusion constant 
 



Ionenes:	
  percolated	
  
	
  

Nbb = 9 
εr	
  =	
  4	
  	
  

Small	
  clusters	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Large	
  clusters	
  
Only	
  charged	
  beads	
  shown	
  	
  	
  	
  	
  

Pendants:	
  not	
  percolated	
  

-­‐	
  

	
  
	
  

+	
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Mean	
  cluster	
  size	
  31	
  
	
  

Aggregate	
  Morphology:	
  Architecture	
  MaBers	
  



Ion-­‐Ion	
  Pair	
  CorrelaEon	
  FuncEons	
  

• 	
  A	
  clue	
  to	
  difference	
  between	
  ionenes	
  and	
  pendants	
  
• 	
  Pendants	
  have	
  larger	
  peaks	
  
• 	
  More	
  counterions	
  about	
  pendant	
  charge	
  in	
  polymer	
  

Cluster	
  center-­‐of-­‐mass	
  
ordering	
  
	
  

gij(r)	
  
	
  

gij(r)	
  
	
  

Ionenes	
  
	
  

Pendants	
  

	
  
	
  

+	
  -­‐	
  
bigger 

-­‐	
   -­‐	
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Ionenes’ counterions

Pendants’ counterions

Pendant clusters’ centers−of−mass

Structure	
  Factor	
  (ScaBering)	
  
• 	
  	
  Ionomer	
  peak	
  appears	
  for	
  both	
  ionenes,	
  pendants	
  

• 	
  	
  Ionene	
  peak:	
  mesoscale	
  order	
  within	
  percolated	
  aggregate	
  
• 	
  	
  Pendant	
  peak:	
  cluster	
  center-­‐of-­‐mass	
  to	
  center-­‐of-­‐mass	
  order	
  

• 	
  	
  Experimental	
  peak	
  ~4	
  nm-­‐1,	
  MD	
  peak	
  1.2-­‐1.8	
  σ-­‐1	
  à	
  ~3-­‐4	
  nm-­‐1	
  
	
  

Pendants:	
  cluster	
  
center-­‐of-­‐mass	
  order	
  

Ionenes:	
  
Mesoscale	
  order	
  within	
  
percolated	
  structure	
  

	
  

-­‐	
  
	
  
	
  

+

	
  
	
  

+-­‐	
  
SCI-­‐CI	
  

k	
  (1/σ)	
  

Pendants	
  
	
  

Ionenes	
  
	
  



Randomly	
  Spaced	
  Ionomer	
  Model	
  

• 	
  	
  Random	
  block	
  grouping	
  mimics	
  outcome	
  of	
  ring-­‐opening	
  polymerizaEon	
  
• 	
  	
  Fully	
  random	
  mimics	
  outcome	
  of	
  typical	
  random	
  polymerizaEon	
  	
  	
  	
  	
  	
   	
  	
  	
  
	
  	
  	
  	
  (without	
  branching)	
  
• 	
  	
  Random	
  block	
  results	
  not	
  always	
  between	
  periodic	
  and	
  fully	
  random!	
  

Periodic	
  
	
  

	
  -­‐	
   Random	
  Block	
  Copolymer	
  
	
  

connect	
  blocks	
  randomly	
  
vary	
  X/Y	
  

	
  

Nbb = Number of backbone beads per charged bead 

Fully	
  Random	
  Copolymer	
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Random	
  Block	
  Copolymer	
  
Pendants:	
  stringy,	
  large	
  clusters	
  
	
  

εr	
  =	
  4	
  	
  
Nbb	
  =	
  9	
  

Small	
  clusters	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Large	
  clusters	
  	
  	
  	
  	
  

Periodic	
  Pendants:	
  
narrow	
  cluster	
  size	
  distribuEon	
  

Mean	
  cluster	
  size	
  87	
  
	
  

Mean	
  cluster	
  size	
  31	
  
	
  

Aggregate	
  Morphology:	
  Random	
  vs.	
  Periodic	
  



	
  	
  Experimental/Simulation Agreement 
•    Peak location similar 
•    Increasing spacing moves peak to left 
•    Random spacing moves and broadens peak 

Experiment Simulation 

Hall et al., J. Am Chem. Soc. (2012) 

10 

20 

30 

40 

50 

60 

70 

80 

90 

0 2 4 6 8 10 12 14 16 

!
"#
$
%&
'
$
(
)*
+,
-
.*
/
$
%$
0
,1
(
)$
(
2&
)3
,4
*
56
57
,

8,49:('7,

!"#$%&'(

!)$%&&(

*"#$%+,(

10 

20 

30 

40 

50 

60 

70 

80 

90 

0 2 4 6 8 10 12 14 16 

!
"#
$
%&
'
$
(
)*
+,
-
.*
/
$
%$
0
,1
(
)$
(
2&
)3
,4
*
56
57
,

8,49:('7,

!"#$%&'(

!)$%&&(

0 

2 

4 

6 

8 

10 

12 

0 2 4 6 8 10 12 14 16 

!
"
#
$
%&
'(
"
$
)*
%'
#
+%
#
'&
),
-
+%
"
')

.)/01$23)

!"#$%"&&'

!($%"&&'

)"#$%"&&'

0 

2 

4 

6 

8 

10 

12 

0 2 4 6 8 10 12 14 16 

!
"
#
$
%&
'(
"
$
)*
%'
#
+%
#
'&
),
-
+%
"
')

.)/01$23)

!"#$%"&&'

!($%"&&'

	
  
	
   +-­‐

	
  
	
   +-­‐Random	
  block	
  

     Nbb = 5	
  
	
  

S(k)	
  
[a.u.]	
   SCI-­‐CI(k)	
  

k	
  [nm-­‐1]	
   k	
  [nm-­‐1]	
  

‘Pseudorandom’	
  
15C-C per COOH	
  
	
  

	
  -­‐	
   	
  Na+	
  

	
  -­‐	
   	
  Na+	
  

CG	
  MD:	
  Comparison	
  to	
  X-­‐ray	
  ScaBering	
  



Cluster	
  Dynamics	
  

Ions move. 

Is there any? 

Color distinct clusters by 
different color	
  

Start Finish (107 steps later) 



still together	
   separation	
  merge	
  

Start	
  

1000 steps 
between pictures 

two clusters 
collide	
   à	
  	
   à	
  	
   à	
  	
  

Cluster	
  Dynamics	
  

Finish 



Mean	
  squared	
  displacemnt	
  

ionene	
  chains	
  and	
  anions	
  move	
  faster	
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• 	
  	
  Ionenes	
  conduct	
  beBer	
  than	
  pendants	
  
• 	
  	
  Greater	
  concentraEon	
  of	
  ions	
  increases	
  diffusion	
  
• 	
  	
  Blocky	
  random	
  copolymerizaEon	
  increases	
  diffusion	
  
• 	
  	
  Conversion	
  to	
  real	
  units:	
  	
  D(σ2/τ)*1.3e-­‐3	
  ~	
  D(cm2/s)	
  

Counterion	
  Diffusion	
  Constants	
  

D(σ2/τ)	
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  of	
  CG	
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• 	
  	
  Ionomer	
  peak	
  observed	
  &	
  understood	
  in	
  simulaEons	
  
• 	
  	
  Cluster	
  morphology	
  depends	
  on	
  polymer	
  architecture	
  

• 	
  ionenes	
  percolate	
  more	
  easily	
  	
  
• 	
  pendant	
  ions	
  yield	
  narrow	
  cluster	
  sizes	
  and	
  compact	
  shapes	
  
• 	
  random	
  spacing	
  leads	
  to	
  larger	
  clusters	
  

• 	
  ConducEvity	
  beBer	
  in	
  random	
  block	
  ionenes	
  
• 	
  	
  ImplicaEons	
  for	
  baBery	
  electrolytes	
  

• 	
  polymer	
  architecture	
  is	
  crucial	
  
• 	
  blocky	
  random	
  in-­‐chain	
  anions	
  best	
  

Hall, Stevens, Frischknecht, Phys Rev Lett 
106, 127801 (2011) 
 
Hall et al., J. Am Chem. Soc. (2012) 



AtomisEc	
  SimulaEons	
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• Polyethylene backbone with precisely spaced acrylic acid functional groups: 

• Variations in: 
• cation type: M+ = Li+, Na+, Cs+, Zn2+ 
• neutralization level = 43% (COO-M+ vs COOH) 

• All atom OPLS force-field 
• 800 molecules with n = 4 monomers 
• 64 Å box, total of ~25,000 atoms 
• T = 150 C 
•  ~ 100 ns 

• long enough to get equilibrated structures 
• calculate S(q) with scattering form factors 

•  ~ 7 ns/day on 96 cores  

Experimental scattering data 

2 4 6 8 10 12 14 16
5

10

15

20

25

30

q (nm 1)

In
te

ns
ity

 (a
.u

.)

Ionomer 
peak 

Amorphous halo 



5 10 15 20
0

10

20

30

40

k

S(
k)

; I
nt

en
sit

y

 

 

AtomisEc	
  S(k)	
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Li+ Na+ 

Cs+ 
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*Note that simulation neutralization levels are all 43%, whereas experimental data 
 are Li-43, Na-33, Cs-24, Zn-66 



Cluster visualization	
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Li+ Na+ 

Cs+ Zn2+ 



Summary:	
  Results	
  to	
  Date	
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§  Relatively good match between S(k) from MD simulations and experimental 
scattering data 

§  MD simulations provide additional important insight into cluster morphology: 
§  effect of ion type on structure 
§  spherical vs ‘stringy’ 
§  Na+, Li+: medium-sized, stringy aggregates 
§  Cs+: Percolated network 
§  Zn2+: small, single-ion clusters 
§  some correspondence with DFT calculated local structures 

 
§  Detailed atomistic insight into cluster structure: 

§  Ions preferrentially coordinated by O- atoms 
§  Small ion-O- clusters are bridged by -OH and =O groups  



Discussion	
  Points/Issues	
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How do we coarse-grain hydroxyls? 
 orientational dependence 
How to do coarse-graining for other systems? 
 polymerized ionic liquids  
 nonspherical geometries 

1700 Macromolecules, Vol. 43, No. 4, 2010 Aitken et al.

respect to monomer (Figure 3); olefin isomerization was
effectively halted with the addition of 10 mol % acid; higher
concentrations of H3PO4 accelerated catalyst death, as in-
dicated by the formation of brown precipitates.

With the issues of isomerization and catalyst death ad-
dressed, driving polycondensation beyond oligomerization
became a matter of enhancing removal of ethylene from the
highly viscous polymerizingmass. Typically ADMET chem-
istry has been accomplished using magnetic agitation; how-
ever, in this case, powerful interchain interactions between
ionic moieties results in a rapid viscosity increase; magnetic
stirring becomes impossible even at low conversions.

We constructed a small scale high vacuum mechanical
stirring apparatus capable of continuously spreading the
molten polymerization matrix as a thin film, thereby max-
imizing the rate of ethylene removal under vacuum (see
Supporting Information Figure 3). Polymerization ofmono-
mer 3 (Figure 3) proceeded rapidly using this device, gen-
erating polymer 4; 10mol%phosphoric acid/Grubbs I led to
high conversion overnight as indicated by complete conver-

sion of terminal olefin groups to internal olefins according to
1H NMR.

Analysis of polymer 4 by DSC and TGA reveals a Tg at
-3 !Cwith nomelting transition up to 200 !C, near the onset
of thermal decomposition. Powerful interchain interactions
in this precision ionene 4 preclude GPC measurements;
persistent aggregation was observed in all solvents tested
(hexane, toluene, diethyl ether, chloroform, THF,methylene
chloride, 1,2-dichlorobenzene, acetone, DMF, DMSO,
methanol, water, and DMF-LiCl solutions), as indicated
by multimodality of dynamic light scattering (DLS) results.
Nonetheless, NMR measurements (end groups undetec-
table) ensure the formation of high polymer as do its
mechanical properties.

Polymerization of pendant IL monomer 12 (Figure 3) to
polymer 13 was achieved using similar conditions, except
that the reactor was heated to 65 !C formelt polymerization.
Conversion was completed easily, as indicated by disappear-
ance of the terminal olefin according to 1H NMR. DSC
reveals a Tg at 5 !C and a Tm at 65 !C, quite different from
ionene 4. Polymer 4 is an amorphous elastomer, while
polymer 13 is semicrystalline. As before, a high degree of
interchain aggregation in organic solvents was observed,
again precluding GPC measurements.

Dynamic mechanical analysis (DMA) data, in tensile
geometry, was collected on melt pressed films, information
which clearly distinguishes the mechanical differences be-
tween the in-chainmaterial and the pendant polymer. Ionene
4 displayed the onset of a glass transition at 5 !C, consistent
with the DSC result (Tg = -3 !C, no Tm), followed by a
rubbery plateau out to 57 !C. The plateau is attributed
to ionic aggregates while the second relaxation at 57 !C
is believed to correspond to ion-hopping. The DMA of

Figure 2. Synthesis of ionic liquid monomer 12 for ionomer preparation.

Figure 1. Synthesis of ionic liquid monomer 3 for ionene preparation.

Figure 3. Modified ADMET conditions for preparation of ionenes and ionomers from imidazolium based ionic liquids.Atomistic force-fields & simulations 
 (too slow) 
 need polarization (and ?) 
 



DFT	
  CalculaEons	
  

Li 

Zn 

ab initio gas phase energies 
minimum energy structures 

Next step: study multiple counterion structures and energies 


