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{4 Let’s Get Social!

Follow the American Chemical Society on Twitter, Facebook,
Instagram, and LinkedIn for the latest news, events, and
connect with your colleagues across the Society.

linkedin.com/company/
american-chemical-society

@AmerChemSociety @AmericanChemicalSociety @amerchemsociety

Contact ACS Webinars® at acswebinars@acs.org
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ACS Members w/Premium Package

Visit the ACS Webinars® Library

All Registrants

Watch the unedited recording

linked in the Thank You Email
for 24 hours.

to watch the edited and
captioned recording.
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ACS Webinars

CLCK + WATCH « LEARN - DISCUSS

Explore the new and improved ACS Webinars® Library!
1]

Familiar search, sort, and filtering - - =x
tools have been added to help find o =

the recording you are looking for

Accurate captions for accessibility

Improved granular topics and
collections

Exclusive for ACS Members
with the Premium Package

Visit www.acs.org/acswebinars to discover hundreds of recordings!
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ACS

A Career Planning Tool For Chemical Scientists & Chemistry forLife®

ChemlIDP is an Individual Development Plan
designed specifically for graduate students and
postdoctoral scholars in the chemical sciences.
Through immersive, self-paced activities, users
explore potential careers, determine specific skills
needed for success, and develop plans to achieve
professional goals. ChemIDP tracks user progress
and input, providing tips and strategies to
complete goals and guide career exploration.

https://chemidp.acs.org ¢
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Find a Career Consultant

= i

Academia Government Industry
a0 el
%25 S22
Nonprofit Independent Retirement

* ACS Member-exclusive program that allows you to arrange a one-on-one appointment with
a certified ACS Career Consultant.

* Consultants provide personalized career advice to ACS Members.

* Browse our Career Consultant roster and request your one-on-one appointment today!

WWWw.acs.org/careerconsulting 7

ACS Bridge Program )2 f‘he&tsmmm

Are you thinking of Grad School?

If you are a student from a group underrepresented in the chemical sciences, we
want to empower you to get your graduate degree!

The ACS Bridge Program offers:

* A FREE common application that will highlight your achievements
to participating Bridge Departments

* Resources to help write competitive grad school applications and
connect you with mentors, students, and industry partners!

Learn more and apply at www.acs.org/bridge

Email us at bridge@acs.orqg
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ACS Scholar Adunoluwa Obisesan
BS, Massachusetts Institute of Technology, June 2021

(Chemical-biological Engineering, Computer Science & Molecular Biology)

“The ACS Scholars Program provided me with monetary
support as well as a valuable network of peers and mentors
who have transformed my life and will help me in my future
endeavors. The program enabled me to achieve more than |
could have ever dreamed. Thank you so much!”

‘ SCHOLARS
PROGRAM

Donate today at www.donate.acs.org/scholars
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Looking for a new science podcast ™
to listen to? » Deboki Chakravarti, PhD
7 p P Science Writer & Co-Host
T % I\I :.J’ TO SUBSCRIBE
..:.. visit http://Www.acs.orq/tinvmatters or
MATTE RS scan this QR code
e [m] 32 [m]
& ”

Check out Tiny Matters, from the American Chemical Society.
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Carolyn Bertozzi and K. Barry Bioorthogon: k chemistry Lithium mining's water use
Sharpless chat about sharing clinch th 1Prize sparks bitter conflicts and y
the 2022 Nobel Prize in : novel chemistry revisits a fan-favorite interview
Chemistry i s with the renowned scientist
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Jess Wade on Wikipedia and The sticky science of why we There's more

ames Harris's The helium shortage that
work-life balance eat so much sugar
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ACS on Campus is the American Chemical
Society's initiative dedicated to helping students
advance their education and careers.

Get Results.

Discover how to prepare an effective resume. interview
with confidence. pick a graduate or post-doctoral
program. and more!

Get Published.

Share your science with confidence - get essential tips
for becoming a better writer. reviewer and
communicator

Get Ahead.

Develop your career, network with local professionals,
and learn how to leverage your ACS membership.

acsoncampus.acs.org
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ACS Industry
Member Programs

* ACS Industry Matters

ACS member only content with exclusive
insights from industry leaders to help you
succeed in your career. #ACSIndustryMatters

Preview Content: acs.org/indnl

« ACS Innovation Hub LinkedIn Group

Connect, collaborate and stay informed about
the trends leading chemical innovation.

Join: bit.ly/ACSinnovationhub
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Virtual Office Hours Personal Career Consultations Linked ] Learning

Jim Tung

https://www.acs.org/careerconsulting.html https://www.acs.org/careerconsulting.html https://www.acs.org/linkedInlearning
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ACS Publications

W Most Trusted. Most Cited. Most Read.

Most Trusted. Most Cited. Most Read. NEW & NOTEWORTHY

Follow your favaurite journal or newsletter

ACS Publications’ commitment to publishing high-quality content continues to attract impactful research that Souigh the Emad Preference Center
addresses the world’s most important challenges.

Open Access for everyone - no matter your

m —

Find the latest virtual, hybrid and in-person
events hosted by ACS Publications

Browse Content

Materials
Science &
Engineering

Organic-
Inorganic

https://pubs.acs.org 16
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ACS Advocacy <7 f;eﬁq}fww

See your influence in action!

The impact and results of ACS member advocacy outreach and efforts by the numbers!

2439+ 1739+ 49

Members participated ACS Advocacy Years of Public

In Act4Chemistry Workshops p”articipams Policy Fellows
or enrollees

2000

Letters sent to
Congress

Get Involved Enroll in a workshop Become a Fellow Take Action

American Chemical Society httDS://WWW.aCS.Orq/DOIiCV 17
17
ACS TECh&”iﬁﬁ‘l P\V[sion ACS_Committee
A complete listing of ACS Safety Programs and Resources
CHEMICAL SAFETY
Resources to Support Laboratory Safety
Education and Practice
Download it for free in the “Projects & Announcements” Section! www.acs.org/ccs
AR @M [lam,  ——
18
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ACS OFFICE OF DEIR

Advancing ACS' Core Value of Diversity, Equity,

Inclusion and Respect

Resources

Inclusivity Style Guide ACS Webinars on Diversity

ACS Publications DEIR Hub ACS Volunteer and ACS
" Publication: Meetings Code of Conduct

NEW! Download DEIR

C&EN Trailblazers
8 f Educational Resources

Quick Guide: How to host
inclusive in-person events

Quick Guide: Inclusion
Moments

ACS

Chemistry for Life®

BECAUSE PEOPLE
LIKE YOU CREATE
GREAT CHEMISTRY

You belong here

Join ACS Renew Membership

Have a Different Question?
Contact Membership Services

Toll Free in the US: 1-800-333-9511
International: +1-614-447-3776

service@acs.org

Diversity, Equity, Inclusion, and Respect

**Adapted from definitions from the Ford Foundation Center for Social Justice:

Equity**

Seeks to ensure fair treatment,
equality of opportunity, and

fairess In access to information
and resources for all. We believe
this is only possible in an
environment built on respect and
dignity. Equity requires the
identification and elimination of
barriers that have prevented the

full participation of some groups.

Diversity**

The representation of varied
identities and diff (race,
ethnicity, gender, disability, sexual
orientation, gender identity,
national origin, tribe, caste, socio-

economic status, thinking and
communication styles, etc.),
collectively and viduals. ACS

s to proactively enga

2/8/2024

Inclusion**

Builds a culture of belonging by
actively inviting the contribution
and participation of all people.
Every person's voice adds value,
and ACS to create balance
in the face of power differenc
addition, no one person can or
should be called upon to represent

an entire community.

Respect

Ensures that each person is treated
with professionalism, integrity, and
ethics underpinning all

interpersonal interactions.

https://www.acs.org/diversity

www.acs.org/membership
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Premium

udents, pre

etter price.

$160

Regular Members & Society
Affiliates

s80 Recent Graduates* €

s55 Graduate Students

525 Undergraduate Students
s80 Retired
s0 Emeritus

Standard

A eaturing a slimmed-dow

at half the price.

s80 Regular Members

s40 Recent Graduates* @

Basic

Introductory set c l

s0 Community Associate

10
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CONGRATULATIONS POLY MEMBERS RECEIVING

) -4

ACS Awardin Polymer
Chemistry

ACS Awardin

ACS Award in Applied Chromatography

Polymer Science

ACS Awardin
Colloid Chemistry

: Christopher A. Pohl
Mark W. Grinstaff

.)
N
N
ACS Awardin
Pure Chemistry
JuliaA. Kalow
o )’ Northwestern University

Kathryn C. Hach
Award for
Entrepreneurial Success

/JoannaAlzenberg Karen I. Winey

CAP Chromatography

Consulting Harvard University

Boston University University of Pennsylvania

Arthur C. Cope Late
Career Scholars Award

Arthur C. Cope Mid-
Career Scholars Award

E. V. Murphree Award
in Industrial and
Engineering Chemistry
Vincent M. Rotello Javier Read de Alaniz
= Qinghuang Lin
University of
Massachusetts at Amherst

University of California,
Santa Barbara

Lam Research Corp.

Ronald Breslow Award for
Achievementin
Biomimetic Chemistry

Priestley Medal

CatoT. Laurencin

Philip J. Wyatt Laura L. Kiessling

University of Connecticut
Health Center

Wyatt Technology Corp. MIT

https://polyacs.org

THE ACS DIVISION OF POLYMER CHEMISTRY

BENEFITS EXCLUSIVE TO POLY MEMBERSHIP:

v' Eligibility for awards Alerts for academic, national lab, and industrial job opportunities
shared through the POLY list serve

v" Networking and professional development events at local/national ACS meetings and
local POLY/PMSE chapters.
Industrial scientist support and networking through IAB (Industrial Advisory Board)
Polymer science-related conferences and workshops advertised through the POLY list serve

Online educational webinar and webshop series covering cutting-edge polymer research

Opportunity to vote for the executive committee (annually)

Recognition for membership (5th, 10th, 20th, and 30th anniversaries)

™

AN N N Y NN

Student support — student awards, student symposia, career panels at ACS meetings,

Join us today! support for student chapters.

The first year of An excellent support group for building strong networks in the polymer community!
membership is free.

https://polyacs.org
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Thursday, February 15, 2024| 2-3pm ET Wednesday, February 21, 2024| 2-3:30pm ET Thursday, February 22, 2024| 2-3pm ET

How a Chemist’s “Poison Squad” Won Immuno-oncology: Big Data Insights in The GLP-1 Revolution: From Diabetes
the Battle for Food Safety in the US the Quest to Cure Cancer and Obesity to Alzheimer’s and PCOS
Co-produced with the ACS Division of the History of Chemistry Co-produced with CAS, a division of the American Chemical Society Co-produced with Science History Institute

Register for Free ~ Browse the Upcoming Schedule at www.acs.org/acswebinars
23
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THIS ACS WEBINAR®
WILL BEGIN SHORTLY...

% Say hello in the
questions window!

24
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Better lon Transport through Polymer Chemistry:

Polymer Electrolytes and lon-conducting Membranes

ALEXEI SOKOLOV, PhD MICHAEL HICKNER, PhD CHELSEA CHEN, PhD

R&D Staff Polymer Scientist,
Oak Ridge National Laboratory

This ACS Webinar® is co-produced with the ACS Division of Polymer Chemistry.

ORNL/UT Governor's Chair, Professor of
Chemistry and Physics, Chemical Sciences
Division, University of Tennessee

Craig A. Rogerson Endowed Professor,
Department of Chemical Engineering
and Materials Science, Michigan State
University & Associate Editor, ACS
Applied Energy Materials

Polymer Electrolytes: from Fundamentals of
lon Transport to Solid State Batteries

Alexei Sokolov

University of Tennessee Knoxville and Oak Ridge National Laboratory, USA

13
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Polymer Electrolytes are Critical for Many Technologies s

KNOXVILLE

Regular batteries for mobile electronics
and EVs

Flow batteries for long duration energy storage to
provide more efficient use of renewable energy

27

27
QA RIDGE Advantages of Solid State Batteries TENNESSEE
. . . Solid-state Li-ion Battery cell Solid-state Li-metal battery cell
Next breakthrough in battery technology is expected with —
Solid State Batteries. They will be O o5, s e ™
> Safer

» Have higher energy density
» Enable electrochemistry not accessible with liquid electrolytes

Polymer electrolytes would provide the best solution for

solid state batteries:

» Good mechanical properties and flexibility

» Good adhesion to electrodes

» Ability to withstand changes of electrode volume during
charge/discharge processes

» Easy processing on large surface area

Loge (Scm’)

The Major Problems of Current Polymer Electrolytes
» Low ionic conductivity at ambient T; far below the '
required level c~10-3 S/cm. = . .9 9 W
» Transport number for Li+ in many cases is low, need for aroze s 3‘31033',?”3'7 B9aT a3
a single ion conductors

Polymers have lower conductivity than liquid electrolytes or
superionic ceramics [3.M. Tarascon, M. Armand, Nature 414, 359 (2001)].

28
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%OAKRIDGE Major Mechanisms of lon Transport [ TENNESSEE
In simplified approximation, conductivity is defined by ion charge q, concentration n and diffusion D
2 2 22
onve = Lp=94"2
NE = gt kT 61
D can be expressed through a jump length A and rate 1/t. Assuming A ~ 1-3 A, and n ~ 1-3 nm-3, we
estimate required ion jump rate 1/z ~ 10%-10% 1/s, to achieve required o ~ 10-3 S/cm
Two Major Mechanisms
Liquid-like Solid-like
Ions_jump with segmental O \ lons jump over energy
motions. 7 barrier E in a frozen
structure.
Requires segmental N\ T~ 1o*exp(E/KT)
relaxation time at ambient Z

T:tv~109%9101s

The major direction — . O
reduce Tg of the polymer.

29

# O0AK RIDGE
Nacional Laboratory

Requires energy barrier
© E-20-30 kK/mol

V. Bocharova, A.P. Sokolov Macromolecules 53, 4141 (2020) 2

Walden Plot o TENNESSEE

30

AN 'O“\ AN TN /O'\ PN 3
lonic conductivity is defined by the charge q, { R o S } m

concentration n; and diffusion D of free ions:

2p — . LiCI-H,0
o=n q ] ‘ Superionic Regime } b
L kT —
— n gmEE B B L]
For the liquid-like mechanism the diffusion g (Agl),.-(AgPO,), .
coefficient D is defined by the viscosity n and/or o= ' '
the structural relaxation time t,: e 44
O PEO-1K (19%)
T 1 23 PEO-100K (19%)
Doc—oc— PPG-1K (11%)
n z, < -84 PPG-4K (5.8%)
This leads to the Walden rule that relates molar S 1o i :
2 C . L ()] ‘ Subionic Regime ‘
conductivity, A=c/n to inverse viscosity 1/n or the 9 4
rate of structural relaxation 1/t. 4 0 4 8 12
An x At, =Const -log,, 7, [s]

Walden rule works surprisingly well for PEO and PPG with salt.

Y. Wang, et al., Polymer 55, 4067 (2014) 30

15



2/8/2024

%OAK RIDGE Comparing segmental and conductivity relaxation time oy TERNESEEE

4

A -
kﬁo TSI
d

O\N/O

NG
S
FiC Ny & CFs

Iog‘(J 1, 7_[s]

TFSI™ TFsI™
"

log,, 7, 7, [s]
fs

In many polymer electrolytes the rate
of ion hopping is much faster than the
rate of segmental relaxation.

30 a5 38 39 42z 30 35 35 39 4z
1000/T [1/K] 1000/T [1/K]

Comparison of the segmental t (rheology) to conductivity t
(dielectrics) reveals clear decoupling that is material dependent.

F. Fan, Macromolecules 48, 4461 (2015) 31
31
Activation energy below Tg T pasnasa:
. 1 @ Ourdata
- 3 C. 1754 Choi, et al. Macromolecules 2014
g s Nakamura, et al., Macromolecules 2012
@ 150 -
. -9 ) =
N =
812 § S £ 1254
15 Mmng Tg >>
; i — ¢ 100
25 30 35 40 45 =
1 k-1 ~
10007 /K: -
Activation energy has 2 contributions: (i) coulombic |v E _
interactions and (ii) elastic force: j— 50 .l .
2 — G=15GPa* 1GPa™ ~ - _
q e ha 16k -
EO’(T < Tg) = 4’1[806R + EGI(T) LIJ 254 Coulombic force o : e " Elastic force T
Elastic E,, has different presentations: o dominated ;0. dominated
000 005 010 015 _020_ 025 030 035
Ei(T) = 476G (T)L (Rign — Rp)? Rign [NM]
Anderson-Stuart model, | —ion jump length, R, — open . s
space Analysis shows good agreement with this model even on a

Eo(T) = aG,(T) g TTR3 quantitative level. Coulombic force dominates for small ions,

) s ton e.g. Li, Na, while elastic for large ions, e.g. TFSI.
Shoving model, with o ~1.
E.W. Stacy, et al., Macromolecules 51, 8637 (2018). 32

32
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%OAKRIDGE No role of macroscopic dielectric constant [ TENNESSEE
LR - e - 2 200 50 Do 50
—o— poly(PEGMEMA)| P GCA DTTA  MSEA
[ PoIV(EHA) ‘ "/\\‘] = - - 10%- . Sg:zEZI?F:_,?/STFLL,)‘
20 [e=piFOMEni) J 4% &9 The * pop(GoASTFL,)
I—e— poly(DTTA) ‘ 0S0, ® ) ) o 10° ¢ _POly(GOA,/STFLY) |
157 e—poly(MSEA) | N LA { \ £
<& 3 0s0 O 0 s
10 CF; o} — { €10
2 s
5 emosossnsosecs STFLi (U0 ! 107
0 ' ' ' T 5 2 %
-100 0 100 a " 1000’_}(}(,,)
(E) T(C)
P . . . . . (D) T(°C)
Copolymerization styrene-TFSI with monomers having high dielectric 1080 100 0
. . . + poly(GCA, /STFLi,,)
constant did not decrease the energy barrier for conductivity below Tg. b liail
10° * poly(MSEA, /STFLi )

T=100°C

Increase in conductivity was only through a drop in copolymer Tg.

Thus, simply increasing macroscopic dielectric constant does not
improve significantly the conductivity

10 — L ‘
22 24 26 28 30

S. Zhao, et al., Appl. Mat. Interf. 13, 51525 (2021) 1000/T(K")

33

33

#QakRipce Recent Achievements in PolylLs Li+ Conductivity

0.01
1E-3 ]
1E-4 ]

1E-5 ] 50~

[F. Ahmed, et al., ACS Appl.
~ Q\ O Mat. Interf. 11, 34930 (2019)]

1E-6 | —¥r- PEALIFSI PE

|
1= PEGM-based 1
1E-7 diblock PE I
1
|

Conductivity [S/cm]

§-<>—LiPPI Polyether network

1E-8 -V~ F’(STFSILi}-PEO-P(STI%lLi) PE

2.8 3.2 3.6
1000/T [1/K]

Dry PolylLs are approaching the required level. Developments of anions with strongly delocalized charge
might help in reducing electrostatic energy barrier for small cations (Li or Na).

V. Bocharova, A.P. Sokolov Macromolecules 53, 4141 (2020) 34
34
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20 2.4 2.8 3.2 3.6

1000/T (K™)

ORI, Designing Borate-based Polyanions TENNHSSER
z An A A 1000/T (K"
is okf ° cl?f ’ é;" 27 2 30 32 34
ta 3
% E i) u (‘ta U — iﬂ I 10 L L L
£ § P EbBu _/O—BBEIU 0—3_(—)3u $\ *»i~ =
3 ¢ ~ Hen
S = -4 .
X a)pes(OMe),  b)pLBB(OE), <) pLBB(OIP), 107 4 s, SO
() Pl s S .
P Ay §, o]; I 3
EH 4 % 510°7 ¢ -~
s8 { ord & 3 I
+§ _E" JB—EEE’BMLI e <0—EEE - - %’ "g P = 3 B
'gﬂ E e \O ﬂc{o )'Lmo '810'G - a iy ; ‘
E CFy CF, o = a % | .
$  dpiesosFE), o pussiosriel, ! 2 S g
L B0 87 ] 4 PLBB(OMe), ~ — 1 .
A~ AL o o107 4 o pLsusoEy, = T 4
. e J° - b= ¢) A p-LiBuB(OIP), O S
£ 2 ) % E= d) -0 pLBB(O3FEY), &
g B0 s fg , i 108 4 @ = pLBB(OGFiP), LT ;
E &£ ! "U‘BIO“ h) pLBB(OGIYOGFIP) ) PLBB(OAC), L
3 I s 9+ pLBB(OGH), i
_§ ol OF° o O 107® P pLBB(OGHOGFP)
= ‘ﬂ | vy 3 T T T
E 100 80 60 40 20
1) pLBB{OAC), 9) pLBB(OGlY), Temperature (°C)
Modifying borate anions enabled single Li* ion conductivity ¢ ~ 104 S/cm at room temperature
[G. Guzman-Gonzalez, et al., Angew. Chem. 134, e202114024 (2022)] 35
35
B lon diffusion and Charge diffusion TR
We can measure ion D from NMR or conductivity ~ 1 ' ' ' "|—m— PolyEGVIm-TFS|
relaxation, while Nernst-Einstein relation provides +. io:yggx:m'glfze
- - . —9— 0 m-
estimate of charge D_ from conductivity o: —v— PO|§STF_U
n qz NMR —%— PolySTF-K
g = D —%— PolySTF-Cs
kT ~° @) —A— PolyEtVIm-TFS|
o v ¥ Vyry
(@] O
The ratio of these diffusion coefficients is called 0.1f o 1
ionicity or inverse Haven ratio
H 1= —D" = _Uexp
D ong . . . . .

Analysis reveals that ionic conductivity in PolylLs is ~10 times lower that it should be according to the ion diffusion

36

E.W. Stacy, et al., Macromolecules 51, 8637 (2018).

36
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Audience Survey Question

ANSWER THE QUESTION ON THE INTERACTIVE SCREEN IN ONE MOMENT

Why is conductivity in Polymerized lonic Liquids so much lower than
expected from ion diffusion?

» Diffusion of ion pairs
» Correlated motions of mobile ions
* Not all ions contribute to conductivity

« All of the above

* If your answer differs greatly from the choices above tell us in the chat!

37

37

%Ok RipGE Conductivity and lon — lon correlations TENNESSEE
Diffusion presents a self-correlation function * _lm = = .
p D (w)—gj<vi(0)vi(t)>exp( Ia)t)dt

While conductivity depends on all ion-ion correlations
1 w, s oo —3 > >
Onc = gz o T @) de,  where  ((0) ] () = (£;4:5:(0) - ;4,5 ().
Only assuming no ion-ion correlations, r<1vivj> = dij , we get Nernst-Einstein relation.

Often diffusion of ion pairs is assumed: ?_>

In general, one can present conductivity as 4 terms: o = oyg + o,_ + 0, + a%_, where ayg = + 05,

Based on momentum conservation argument, Schonert proposed a model [JPC 88, 3359 (1984)] that expresses
distinct correlation terms through the measured conductivity, G,y

d _— Zym_ 2 s s _ ein 2p . . .
T4+ = Oexp (—zm_,z_m) 0% 0y E X2l Here z is the charge, m is the mass and x is
the molar fraction of cation (+) and anion (-);
2 - . .

0l = 0 (&) —g5,  as=%"y g2 n is the total concentration of ions.

Z_My—Zym_ kT
Oy = =20 gy — According to this model cation-anion term always increases conductivity

P (zym_—z_m,)? 38

38
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%OAKRIDGE Inverse Haven Ratio in ILs and PolylLs TENNESSEE
1 Imidazolium-based ~ + anion TFSI 1 N ) )
AT oA o o ® @ -0 + @ The only plausible explanation is a
. . v . . .
7 la {> I S /4 x:* correlated motion of mobile ions, a
L o, ) & ® =+ S # kind of ‘backflow’, that contributes to
% olymerized A - - .
L moromer oy / ion diffusion, but no charge transport
1
HI 2 == = + @ [E.W. Stacy, et al., Macromolecules 51, 8637 (2018)].
A
0.1} ]
1 10 100

MD simulations by Paddison and co-
workers indeed revealed the correlated

mobile ion motion in PolylILS [Liu, etal,,
J.Phys.Chem. B 125, 372 (2021)].

Degree of polymerization

The inverse Haven ratio decreases with
increase of the cation degree of polymerization.
This clearly excludes ion pairs as the major
mechanism reducing ionicity or inverse

Haven ratio.
Gainaru, et al., J.Phys.Chem. B 120, 11074 (2016) 39
39
%M RInCE lon diffusion and Charge diffusion TENNESSEE
. . 100 ; —m- PolyEGVIM-TFSI —O— PolyEGVIm-Br .
Extending the model to polymers, e.g., poly-cation —@- POlyEGVIm-PF6 —A— PolySTF-Li
. . (a) —%— PolySTF-K —%~— PolySTF-Cs (b)
with N monomers, monomer mass M,, and mobile —A— PolyEVIm-TFS! —O— Poly Gel Elec. SI-AS0
anion with mass m_: T
2 l
d _— m_ ) s E X
05y =0 —) —o o ;
++ exp (M++m_ +9 bg Ll
L .
) e 2P o\o\o ' 0
d _ M,y _ 5 © \ BIT
0-— = Ogxp (M++m_) o=, H”lO'l L F o 1 K i
Op = 20—t - I
T T YD (M 4mo)? Cs
A PF
b 6
Indeed mobile ions correlations provide the main . . . . . ATFSI
suppression of conductivity 20 24 28 32 36 08 10 12 14 16 1.8
1000/T [1/K] /T
Experimental data revealed that H- decreases with increase
I.P ,etal., J. Phys. Chem. C 124, 17889 (2020 ilo i H
opov, etal, J. Phys. Chem (2020) of the mobile ion size. "

40
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lon-Ton correlations in ‘superionic’ glasses [ TENNESSEE

There are many examples of ‘superionic’ glasses and crystals where H > 1 (i.e. the Haven ratio is
smaller than 1). This means that ion-ion correlations enhance conductivity.

6 T T T T i Jjump length of
individua/ ions
= 5r 7
2 | 0000
IS ]
fil c ] 0000
3
T 2f .
g . 5 ¢ correlated charge transfer
T 1l o®# g ° - o ) S
2 ¢ AGSASS, Charge diffusion faster than ion diffusion is
—_ O Ag,S-GeS-GeS, R . . . . .
o ) ) ) ] i possible due to collective chain-like ion jumps.
0.00 0.05 0.10 0-1?; 0.20 0.25 Apparently, this mechanism requires short distance
1/rAg_Ag (A between mobile ions and formation of ion channels

Inverse Haven ratio in superionic glasses increases with the
decrease of the distance between mobile ions [Bychkov,
Sol.St.Ionics 180, 510 (2009)]. These data correspond to H ~ 4.

41
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Enhancing Conductivity through ion-ion correlations — pditesss

o
=

gl
s

Opc [S/cmat T

10"

42

Thus, in comparison to superionic systems PolylLs are losing in conductivity by more than 20 times

[]
*e
e
»
K1
-]
]
A®
" |
L lonomers
@ Glass Electrolytes
v W lonenes
© @ Glassy PalylLs
10° 10
n,[nm™]

due to the ion-ion correlations alone.

Analysis of literature also reveals a strong increase in conductivity at Tg
with increase of ions concentration.

Formation of one-dimensional ion channels with high local
ion concentration can significantly improve ionic
conductivity in polymer electrolytes.

V. Bocharova, A.P. Sokolov Macromolecules 53, 4141 (2020) 42
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THE UNIVERSITY OF

%O RIDCE Recent results on zwitterionic polymer TENRESEE

'é- 10- - - 1 — 103 g T T T T T T T
& 10 £ Lafs—> i/)\ Li*bTFSI
@ "0 1 ~g 10" [Aghos-AgPOs) s 1 o ,
'§'1°“ 0, 1 (§1°‘- o : ,}‘ 2, S ©
22 88890 = R m
Eu 8g8% . 1 S [ ]
g 10° "En:n 1 2 L J
3 10" PEOLITFSI " 002 '§1o" - .
tc’ 10 r=0.9 0@° ] - 4
Q 10° r=0.3 % 1 §1o" - :
o r=0.1 L ]
"-_:’ 10° No Salt PZIL 1 510°F ]
9 10’ . L g o .

28 32 .13,6 40 10 & T ST TS ST S ST WY N SN T S U T

1000/T [K] 10°  10° 10°  10° 10° 10"
% s]

Recent studies [s.D. Jones, et al., ACS Centr Sci 8, 169 (2022)] revealed rather high conductivity and extremely strong
decoupling from segmental dynamics in zwitterionic polymers with Li-TFSI salt. These polymers form ionic
channels, and this might be the major reason for this high conductivity.

43
43
QA RIDGE In situ Polymerization: SPE doped with plastic crystal TENNESSEE
c A Ambient temperature 20-30 °C
Polymerization-induced 3 ) 3 i ) 1 :
phase separation In situ polymerization and crosslinking of PMMA-based Ll
[Plastoomeal T polymer plasticized with plastic crystal (succinonitrile) okt K
- s T e and added Li-TFSI provided high conductivity, o ~ . ¥
= C > 102 |
1 e Fﬁ/\%“g;\\oxr 1.1*10® S/cm, and t* ~ 0.75 at room temperature : ' ‘
s urs [M.J. Lee, et al., Nature 601, 217 (2022)]. 5
Elastomer § ] B
o . This polymer electrolyte demonstrates stable cycling a0 oy
b /\"Po\/):\ow ir] symmetric Li/L? cell up to 1500 cycles with very
° high current density 10 mA/cm?2. Roraanic
PEGDA h .9 ,9 (ref. 37)
o (1 mel%) T SR T T TR T P MT DT,
Specific power (W kg™')
a Temperature (°C) 0-4h 0-4h 496-500 h
80 60 E400 - 2[;)/ a 400 50 Built-in PCEE
) aZ-11¢€ l:Hj: Olj:lj: Ex situ PCEE
— 200
T o E,=0.13eV £ 0 — SN100
® g 0
& -6 ‘\Q:SV £ 50y 996-1,000 h 504 1,496-1,500 h
2 o
10 : gmgg 200 Li||Li, 10 mA cm™2, 10 mAh cm™2 . -50 - -50
28 30 32 34 0 500 ) 1,000 1,500
1,000 T-1 (K1) Time (h) y
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%OAKRIDGE Our recent progress with polymers for solid state battery g iyt
T(°C) 20
20 §0 a 40 30 210 - 02 poly(VEC10-r-LiSTFSI)
P : : : 2.0 o0 —PVEC
B 10]0s

E

)

LS

o

[=2]

S
= poly(VEC10-r-LiSTFSI)
e PVEC

-3.5 T r T r T
29 30 31 32 33 34 35
1000/T (K™)

51.0

£

EO.B *

%0-5 This work

204

[}

s

50.2

s DICPEs

20.0

j-101234557391011
Current density (mA cm?)

45
&QAK]B![)G&:

Potential (V)
o

600 601 602 603 604 605 GO6 607 608 609 610
.0
-1.0

10 mA cm?, 10 mAh cm?, 25 °C
0 100

200 300 400 500

Time (h)

600 700 800 900 1000

» We recently developed a polymer with cation transport number t* ~
0.73, room temperature conductivity > 1 mS/cm, and wide
electrochemical stability window.

» This polymer shows high stability even at very high current density
10 mA/cm? after 1000 hours cycling in symmetric Li/Li cell.

» The latter indicates good suppression of dendrites growth by this
polymer.

X. Shan, et al., ACS Energy Lett. 7, 4342 (2022).

45

Conclusions

oo TENNESSEE

\Iduonmlorulm

Catalin Gainaru
Vera Bocharova
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Rajeev Kumar
Pengfei Cao

Fei Fan

Eric Stacy
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»Decoupling ion transport is the best way to improve conductivity in dry polymers

»Energy barrier for the decoupled ion conductivity of small cations (e.g. Li, Na) is dominated by

electrostatic interactions.
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»Designing polymer electrolytes either (i) with strongly delocalized charge on polymerized anions, or
(ii) with concentrated ion channels might strongly increase ion conductivity

»Controlling ionic correlations can provide additional increase of conductivity by about 10-50 times.

1) E. W. Stacy, et al., Macromolecules 51, 8637(2018).
2) V. Bocharova, A.P. Sokolov, Macromolecules 53, 4141(2020).
3) X. Shan, et al., ACS Energy Letters 7, 4342 (2022).
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Membranes in Energy Applications

Fuel Cells

3 Hydragen

athode

Electrolyte
Membrane

J. Am. Chem. Soc. 2013

Electrodialysis

Electrodialysis
Feed Solution

Oiliste

Environ. Sci. Technol. Lett. 2014

Flow Batteries

| D 2 Q ‘
o !ﬁ'ﬂ? *’ﬁ
3 ”"4’«'5 @
1 i
& | ‘ %
T

ACS Appl. Mater. Interfaces 2013

Reverse Osmosis
Salt

Water

ACS Macro Lett. 2016
49

Aqueous vs non-aqueous ion conduction

49
14 T T T
273K
0.1+ ‘. . n m =
n
001{ m ™
1E-5 1 -
n
= 3 N
g 1E-7 .
» 3 "
® 1E-91 -
| [ ]
1E-11 4 "
[ |
T T T T T T T T T T T T T
260 280 300 320 340 360
T (K)
Hickner Mater. Today 2010.
50

Nafion — water-mediated
ion conduction

%ca—ca#m—ca% o H0
B
x | Yy H,0

n
OCF,—CF—O0(CF,),—SO3H

H
CFs H,0 20

H0

Holdcroft, et al., J. Phys. Chem. B 2006.
Kreuer, et al., Chem. Rev. 2004.

PEO-Li — polymer segmental
dynamics controls ion motion

i i
%C*@*C(OCHZCHQ)MO%

n
SOLi

Colby and Runt Chem. Mater. 2006.
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L (®)Acs Webinars

Audience Survey Question

ANSWER THE QUESTION ON THE INTERACTIVE SCREEN IN ONE MOMENT

Why is the conductivity of aqueous membranes generally larger than
polymer-based ionic conductors?

* Sodium and lithium are larger than protons and diffuse more slowly
* There is well-developed nanophase morphology in proton-conducting membranes
*  Water rotation and diffusion are more rapid than polymer dynamics

« All of the above

* If your answer differs greatly from the choices above tell us in the chat!

51

51
Why is the conductivity of aqueous membranes generally larger than
polymer-based ionic conductors?
¢ Sodium and lithium are larger than protons and diffuse more slowly?
* There is well-developed nanophase morphology in proton-conducting membranes.
* Water rotation and diffusion are more rapid than polymer dynamics.
Wi T
L o]
290 OJE’) = 04 | %
_ﬂr .JO:'@I% QDHSJ.] ey L 4 o 9
o@OO Ooooogé)egg 1 R E 80 100 120 1401 A
ol T A . m -1 .
fgfgl’o"é;’%é‘};orop B '*‘*h:%gnu ] /N\R
[ﬂm][ljpj g 5 TFSIS
0’8 09 /7 t0 11
Chen, et al. Fan, et al.
Nano Lett. 2014, 14, 7. Macromolecules 2015, 48, 13.
52
52
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Polymer electrolyte membrane fuel cells

Proton Exchange Membrane (PEM)

{ } Nafion®
—c|=2>—€cl:—cv:2
Yin

OCF2 CF O(CF,),— SOz H*

CF3
Excess e- e | water and
Fuel Heat Out
B ==
o we |t
1 H50|
PEM fuel cells He| L2
need new catalysts  |H; | Ht| T
He| P2
Fuel In ’ i AirIn
Anodef | \Cathode
Electrolyte

Hy—>2H*+2e
¥%20,+2e +2H* - H,0
H, + 720, > H,0

Anion Exchange Membrane (AEM)

QA Radel® N NoH- .
£

1l
TO
1
R = H or CH,N*(CH3);0H"
Hydrogen In & E ﬂ

Ha

Oxygen In

4:'02

? 0o I = ¢ o =»

AEM fuel cells need

OoH™
) o new membranes
that are stable at pH
Water and ~
Heat Out ‘ 9-14
i
Anodef | \Cathode
Elecirolyte

H,+20H - 2H,0+2¢
%2 0,+H,0+2e —»20H
H, + 20, > H,0

53
53
NAFION sulfenated po\yemerketone (PEEKK)
~(CF,-CF )-CF-CF-
0—(CF(9F'D)M—CF,—CF,VSO,H
CF,
©
Nafion, 0.91 meq g
1-80;
: protonic &
) charge

carter

WEHT o

VAL oo

+ wide channels *narrow channels

+ more separated * less separated

 less branched « highly branched

« good connectivity « dead-end channels

« small -SO; /-SO; olarge -SO; / -SO;

separation separation
o pK,~ 6 o pK, = -1
. Fujimoto, et al. Macromolecules 2005.
Kreuer, J. Membrane Sci. 2001. .J !
Hickner, et al. Polymer 2006. 54
54
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Small ionic domains lead to lower water diffusivity

Why is conductivity lower in aromatic

Low water diffusion in aromatic PEMs can
PEMs? Morphology, water diffusivity,

be leveraged for low crossover methanol

fuel cell and battery membranes. other?
Yy
. ' 1004 ]
HoO,
Nafion
1E-9 0.9 , 10+ i
n
Ny 2.2 T
13 = 5 »-  Sulfonated
E 5
,:? o6 > 13 poly(sulfone) 1
Sulfonated ;
ol poly(phenylene) P |
1E-104 . ] :
08 10 12 14 20 40 60 80 100
[SO H| RH (%)

Fujimoto, C. H., et al., Macromolecules 2005. Roy, A., et al., J. Membr. Sci. 2009.

Hickner, M. A,, et al., Polymer 2006.

55
New Membranes Through Polymer Synthesis
)
sksfclezs o~ MgBr i @0 Vm_Her S (1:() xjm TDM":F -1 (1rrx) XIm
Heee e O O O O O O Wang, Hickner, Soft Matter. 2016.
of cl e
cl \ |
Br Bi}\,,
I
CHy CHy CHy 1.,r'| ’
cH, CH, o Li, Hickner, et al., J. Am. Chem. Soc. 2013.
CHy CHy Zha, Disabb-Miller, Tew, Hickner, J. Am. Chem. Soc. 2012.
ot ok,
CH, \
N*OH
&
4a CuBr, 8a bpy
105 °C. 24 h
(1) Toluene o
(_2}v1Tuluene‘Tnﬂuorom\uene ‘R
(1)R=—CgHiz
(2) R = —CzHaCeF13
Disabb-Miller, Hickner, et al., Macromolecules 2013.
Moore, Saito, Hickner, J. Mater. Chem. 2010.
56
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Soft Matter. 2016.

57
57
Synthesis of multifunctional block copolymers
o o
o — oo00000 WI‘W
=
a BrHZC—Q—CHZBr + —*—p—"—»‘é":‘“fua'aab
110°C,7h
4a CuBr, 8a bpy
105 °C. 24 h
(1) Toluene
(2) Toluene:Trifluorotoluene
=11
(1)R=—CgHy3
(2)R= —CzHaCeF13
N*Mes Mes*N 0/,5\’ H ors\\
cr or OH o
Disabb-Miller, M. L., Z. D. Johnson, M. A. Hickner, “lon Motion in Anion and Proton-
Conducting Triblock Copolymers,” Macromolecules 2013, 46(3), 949-956. 58
58
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Block copolymer assemblies to form ionic channels

P'érfluqrgmetrrdtryléte s
Stiff; low sqlubility

SO3H SO;H

(1)R=—CgHys

(2) R= —C2HaCeF13

PFMA-sPS-PEMA

I@) (@)

014 \
/’ R
Y

PHMA-sPS-PHMA N
0014 A
061 a.bz O.rCO Obd 0.05
qAY 59
59
Morphological connectivity and headgroup acidity in PEMs
100 4 Nafion — perfluoro sulfonate
%CFZ—CFZ#CF—CFZ
104 y vin

- OCF,—CF—0(CF,),—S03H

g CF3

w

£

Rt

° PHMA/PFMA - aryl sulfonate

0.14 - acidity 7‘connectivit\7 1
0 20 40 60 8 100
RH (%)
Need superacid polymers for high (1IR=—Cetho
conductivity at low relative humidity (@ R= —CaHCeF1s
Saito, T., H. D. Moore, M. A. Hickner, “Macromolecules 2010, 43 (2), 599-601. 60
60
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Poly(sulfone) superacid membranes

[ W \ 4 \ /1 o-g
PSU 7o o
IrCXCODY, (1.6 mol% .
THF, 80 °C, 121

{ 8 = |
)-8 | —_
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A ‘ S AL Sz i 5
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PAIPPhy), (3 moite)
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OOt
) T 10 Slope
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n=1,2=0CFLCF; ) -
NeoH@equi) | GREEHO nazza. S S & - 160-PSU-S, 0.034
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Zsop
xx-PSU-S,
1= 1,20CFCh, Chang, Y., G. F. Brunello, J. Fuller, M. Hawley, Y. S. Kim,
03,2 = OCHLCH,CH; M. Disabb-Miller, M. A. Hickner, S. S. Jang, C. Bae
Macromolecules 2011, 44(21), 8458—-8469. 61
61
Hydration in superacidic polymers
Increased acidity of the superacid weakens the H-bond
between sulfonate and water causing a red shift in the
O-D stretch
SPS-S1
e Q | 002 weak water- strong water-
Q OCF2CF2S03H a0 | sulfonate : sulfonate H-
H-bonds = high bonds = low
& SOsH | = 0024 conductivity conductivity
Q < 0016
@
(=]
OCH,CH,CH,S03H E 0.012
E g oo,
\ 0.00 H
—0 o000 - '
\O_ H
T T T T T T T T T T T T T
H / 2700 2650 2600 2550 2500 2450 2400
+
H/O\ Wavnumber (cm™)
H Black, S., Y. Chang, C. Bae, M. A. Hickner, J. Phys.
Chem. B 2013, 117 (50), 16266-16274.
62
62
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Poly(sulfone) superacid membranes

Nafion 112

Much smaller morphological size in PSU-based
membranes, but similar conductivity to Nafion.

5 nm

s, s '. #%  Morphology is important, but superacid groups
: are more important in these samples for high
conductivity at low RH.

Chang, Y., G. F. Brunello, J. Fuller, M. L. Disabb-Miller, M. E. Hawley, Y. S. Kim, M. A. Hickner, S. S. Jang, C. Bae, “Acidity

Effects in Poly(sulfone)—based Proton Exchange Membranes,” Polym. Chem. 2013, 4, 272-281. o

63
Many of the strategies reported for PEMs can be used for AEMs
—
SOzH" /N*\/OH.
N
S oo
R = H or CH,N*(CHz)30H
% W
t?%%@
64
64
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Chemical structures of polymer backbones and
cations common to anion exchange membranes

HAC

a) HsC b) CH, M‘S
oS N\e NG
% o471 O+

CHj3 CHs
poly(styrene) poly(phenylene oxide) benzimidazolium imidazolium
Q
to <)o~
(o]

poly(arylene ether sulfone) H:,C\ / =
N
Cy, o ,CHa e
CH3 . ® 3

N N, N _T My 2
N N %
HiC

poly(benzimidazole) aminophosphonium sulfonium

1)

O O N
H3C ~CH
m T

poly(styrene-co-ethylene-co-butylene-co-styrene) tetraalkylammonium

Nufez, Capparelli, Hickner, Chem. Mater. 2016, 28, 2589-2598.
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Need to evaluate ionic group and backbone stability
HO. \{OH
jk’ = ol O-Oron - e
ol poOEONOFO-OT0)
n - 1. Bromination of benzylic
7] Br
N oo methyl groups
x\ * 9 S 9 e 9=
Lo ) [ o~ ATyl o T o b
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LT e cationic moieties
Route 1 /,\Il\ Route 2: "{:J.N"
R
o ) [ o OO OO
‘/ b S o %)
" I |.Br
e Product from route 1 R=—N— arH
- ‘ Br
Product from route 2. R = N\z.N’ orH
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Need to evaluate ionic group and backbone stability
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[Z771 No degradation
=1 60 °C degradation
[-] 80 °C degradation

N
o
N

IEC (mequiv.g")
o = =
@ N (<]

o
IS
1

o
o

QA-PFEKS IM-PFEKS

Conductivity

(mS cm?)

OH- HCO3- OH- HCOs-

QA-FEKS 182 111 223 51
IM-PFEKS  14.8 17.1 3.9
) 0.6 -
No degradation
0.5 7— [—1 60 °C degradation
.f—; 7 [ 80 °C degradation
= 0.4
=
Z 03 %
8
&£
3 02 g
2 7
£ 011 //% insoluble
0.0 / ] ox X
QA-PFEKS IM-PFEKS

Chen, D., M. A. Hickner, “Degradation of Imidazolium and Quaternary Ammonium Functionalized
Poly(fluorenyl ether ketone sulfone)s for Anion Exchange Membranes,” ACS Appl. Mater. Int. 2012.

Route to scale-up with commercial starting materials
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Stability ranking of AEMs

QA-Radel: R
9
. -0y
[e] n
R

R = H, CHoN*(CHg)3CIm

R
QA-PPO 83.6% \ﬁ"@?ﬁ
R

R = CHy, CHyN*(CHg)yBr

- =
QA-Styrene 95.6% Qﬂ

100 Time:11.8h

0 10 20 30 40 50 60 70 80 90

Moles of Quaternary-Ammonium Remaining (%)

Nufiez, S. A. & Hickner, M. A. “Quantitative 1H NMR Analysis of Chemical Stabilities in
Anion-Exchange Membranes,” ACS Macro Lett. 2013, 2, 49-52.
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PPO-based AEMs
H, H; H, H; H; Hy
) o o o o o}
00- ); 00- ); 00- X
CH,3 \ CH, \ CH;3
—N+ —N+ ,2
< < g
Short Medium Long
C6 Dx C10 Dx C16 Dx
C denotes side chain length.
D denotes functionalization, e.g. 40 = 0.4 cationic groups
per repeat unit.
Li, N., Y. Leng, M. A. Hickner, C.-Y. Wang, “Highly Stable, Anion Conductive Comb-shaped Copolymers for
Alkaline Fuel Cells,” J. Am. Chem. Soc. 2013, 135 (27), 10124-10133.
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Intensity

Phase separation observed with longer alkyl side chains

1.9 nm
!‘
C16D40
2.7 nm’
C10D40

d-spacing
C16D40 3.3 nm
C10D40 2.3 nm
C6D40 1.7 nm

) ] v ')
/Y\/Y/Y\/Y

) ] v ¥
/Y\/Y/Y\/Y
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Roughly correspond to extended side chain lengths.

No separation observed for benzyltrimethyl
ammonium (BTMA) cations — as seen in other
aromatic AEMs.

Low lambda and higher conductivity with long side chains

Conductivity (mSicm)
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Cell voltage (V)

1 M NaOH at 80 ° C degradation
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reasonable but more development is needed
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Still work to be done to optimize the fuel cell MEA
construction and operating conditions
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OH- conductivity with increasing cation number

Overswelling decreases conductivity
due to ion dilution.
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Microscopy confirms structured AEMs with addition of side chains
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H,/O, fuel cell performance

Triple cation side chain AEMs show reasonable fuel cell performance
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Graft-type cations lead to phase separation

M20C9NC6NCSN

Random copolymers with
ionic domain separation.
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SAXS profiles of membranes reveal
~6.5 nm ionic phase formation.

Outlook

* We have good control over chemistry, morphology, and other

properties in polymeric membranes that absorb water.

* Important to consider the mechanical properties and chemical
stability of the material.

* What is the speed limit for ion transport in these systems?

* How do we match perfluorinated materials’ chemical resistance for
long-term operation?
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Thank you!

Michael Hickner

mhickner@msu.edu
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