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ACS

A Career Planning Tool For Chemical Scientists Y cremistryforLife”

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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Career Consultant Directory W Chemistry for Life®
Find a Career Consultant
Academia Government Industry
W -
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!
www.acs.org/careerconsulting 6
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ACS Bridge Program A 4 f‘hegfwfo,wes

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

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!”

- GIVE TO THE

f R #~C SCHOLARS
<) AL D PROGRAM

-3 Donate today at www.donate.acs.org/scholars
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ACS Sam Jones, PhD
Chemistry for Life® fe) _ Science Writer & Exec Producer
/1
Looking for a new science podcast
to listen to? Deboki Chakravarti, PhD
‘ p Science Writer & Co-Host
T * I\I TO SUBSCRIBE
visit http://www.acs.org/tinymatters or
MATTE RS scan this QR code
Check out Tiny Matters, from the American Chemical Society.
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c&en’s
STEREO
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Subscribe now to C&EN's podcast

VOICES AND STORIES FROM THE WORLD OF CHEMISTRY B e ex=a

cen.acs.org/sections/stereo-chemistry-podcast.html

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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ACS on Campus is the American Chemical ' Acs
Society's initiative dedicated to helping students ‘
advance their education and careers. CAMPUS

Share your science with confidence - w! essential tips
for becoming a better writer. reviewer
communicatoc

Get Ahead.

Develop your careet. network with local professionals.
and learn how 1o leverage your ACS membership.

acsoncampus.acs.org

ACS
ACS Career Resources W Chemistry for Life®

Virtual Office Hours Personal Career Consultations Linked[l] Learning

Jim Tung

https://www.acs.org/careerconsulting.html https://www.acs.org/careerconsulting.html https://www.acs.org/linkedInlearning
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ACSPublications

Most Trusted. Most Cited. Most Read.

Most Trusted. Most Cited. Most Read.

ACS Publications’ commitment to publishing high-quality content continues to attract impactful resear
addresses the world’s most important challenges.

Browse Content

Publish with ACS
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New Products & Services

ACS OFFICE OF DEIR

Advancing ACS' Core Value of Diversity, Equity,

Inclusion and Respect

Resources

Inclusivity Style Guide

ACS Publications DEIR Hub

C&EN Trailblazers

Quick Guide: Inclusion
Moments

16

ACS Webinars on Diversity

ACS Volunteer and ACS
Meetings Code of Conduct

NEW! Download DEIR
Educational Resources

Quick Guide: How to host
inclusive in-person events

Materials
Science &
Engineering

ACS Open Science

https://pubs.acs.org

Organic-
Inorganic

NEW & NOTEWORTHY

Follow your favourite journal or newsletter
through the Email Preference Center

Open Access for everyone - no matter your
institution

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

Explore ACS Solutions

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
fairness in access to information
and resources for all. We believe
this I 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

ersity**
The representation of varied
identities and differences (race,
ethnicity, gender, disability, sexual
orientation, gender identity,
national origin, tribe, caste, socio-
economic status, thinking and
communication style:
collectively and as individuals. ACS
seeks to proactively engage,
understand, and draw on a variety
of perspectives.

Inclusion**

Builds a culture of belonging by
actively inviting the contribution
and participation of all people.
Every person's voice adds value,
and ACS strives to create balance
in the face of power differences. In
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
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ACS Advocacy <7 ﬁe%stsryforme@

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 AdvoFacy Years of Public
In Act4Chemistry Workshops participants 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 Orqlpolicv 17
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Wednesday, November 22, 2023 | 2-3pm ET Wednesday, December 6, 2023 | 2-3pm ET Wednesday, December 13, 2023 | 2-3:30pm ET
Desafios y Soluciones a través Chemistry and the Economy: Looking Breaking Down the Mechanics of Polymers
de la Ecofarmacovigilancia forward to 2024? From Networks to Viscoelasticity
Co-produced with the Sociedad Quimica de México Co-produced with the ACS Industry Member Programs and Co-produced with the ACS Division of Polymeric Materials:

ACS Division of Business Development and Management Science & Engineering

Register for Free ~ Browse the Upcoming Schedule at www.acs.org/acswebinars
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ACS Technical Division ACS committee

Chemical Health & Safety [CHAS) Chemical Safety

A complete listing of ACS Safety Programs and Resources

RAMP

UP

CHEMICAL SAFETY

Resources to Support Laboratory Safety
Education and Practice

Download it for free in the “Projects & Announcements” Section! www.acs.org/ccs

ACS ACS Institute s

American Chemical Socioty
Chemistryfor Life® Learn. Develop. Excel, HEo=y
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§ CONGRATULATIONS POLY MEMBERS RECEIVING

ACS Award in Applied
Polymer Science
Mark W. Grinstaff
Boston University

-4

ACS Awardin Polymer
Chemistry

ACS Awardin

Chromatography ACSs Awardin

Colloid Chemistry

Christopher A. Pohl .
Joanna Aizenberg Karen |. Winey
CAP Chromatography

Consulting Harvard University

University of Pennsylvania

Arthur C. Cope Late
Career Scholars Award

Arthur C. Cope Mid-
Career Scholars Award

ACS Awardin
Pure Chemistry

E. V. Murphree Award
in Industrial and

Engineering Chemistry
Vincent M. Rotello

JuliaA. Kalow Javier Read de Alaniz

QinghuangLin
University of
Massachusetts at Amherst

University of California,
Santa Barbara

Northwestern University

Lam Research Corp.

Kathryn C. Hach
Award for
Entrepreneurial Success

Ronald Breslow Award for
Achievement in
Biomimetic Chemistry

Priestley Medal

CatoT. Laurencin
Philip J. Wyatt Laura L. Kiessling
University of Connecticut

Health Center

Wyatt Technology Corp. MIT

ttps://polyacs.o
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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 1AB (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)

™

AR NN 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 :

21

<

ACS
W Chemistry for Life®

www.acs.org/acswebinars

THIS ACS WEBINAR®
WILL BEGIN SHORTLY...

% Say hello in the
guestions window!
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www.acs.org/acswebinars
Unbreakable Design: The Polymer
Mechanochemistry of Self-Healing Materials

JEFF MOORE, PHD STEPHEN CRAIG, PHD JUNPENG WANG, PHD
Stanley O. Ikenberry Research William T. Miller Distinguished Assistant Professor of Polymer
Professor of Chemistry, University Professor of Chemistry, Science, University of Akron
of lllinois Urbana-Champaign Duke University

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

ACS WEBINARS

Unbreakable Design:
The Polymer Mechanochemistry
of Self-Healing Materials

Jeff Moore (UIUC)
Nov-16, 2023
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OUTLINE

Concepts for Polymer Lifecycle Control

® Statics
Mechanophore Phenomenology
® Dynamics

The Thermoset Lifecycle

Linear Lifecycle

Steps for a better lifecycle

1) Rapid, energy-efficient manufacturing
2) Resilient materials that last longer
Circular Lifecyde 3) Deconstruction & upcycling/recycling

26

26
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Lifecycle Control in Polymeric Materials

100%
Performance
2
3
(=]
®
Patrick, Robb, Sottos, Moore, White, "Polymers with Autonomous Life-cycle Control",
Nature, 2016, 540, 363-370.
27
Manufacture
100%
Performance
2
3
(=]
®
Patrick, Robb, Sottos, Moore, White, "Polymers with Autonomous Life-cycle Control",
Nature, 2016, 540, 363-370.
28
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Self- Self-
Protect Sensing

@ @, 0

100%
Performance

Manufacture

stress-induced
crosslinking
o

The mechanophore hypothesis
states that force drives chemical
change in selective and
productive ways.

Irrecoverable State

Toolbox of concepts
Mechanophore
Patrick, Robb, Sottos, Moore, White, "Polymers with Autonomous Life-cycle Control",
Nature, 2016, 540, 363-370.
29
Self- Self-
Manufacture .
Protect Sensing
100%
Performance
_O— o-o>  Force!
-—— — e ——————— — — — N D E—
Irrecoverable State
NO,
Toolbox of concepts

Mechanophore

Qian, Purwanto, lvanoff, Halmes, Sottos, Moore, "Fast, Reversible Mechanochromism of Regioisomeric Oxazine Mechanophores:
Developing in situ Responsive Force Probes for Polymeric Materials" Chem, 2021, 7, 1080 - 1091

30
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Self- Self-
Protect Sensing
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100%
Performance

Manufacture
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Irrecoverable State

Toolbox of concepts

Mechanophore

Qian, Purwanto, lvanoff, Halmes, Sottos, Moore, "Fast, Reversible Mechanochromism of Regioisomeric Oxazine Mechanophores:
Developing in situ Responsive Force Probes for Polymeric Materials" Chem, 2021, 7, 1080 - 1091
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Manufacture Self- Self- Self-
Protect Sensing Healing
100%
Performance
- e - D GEED GEED GEED GEND GEED GEND GEND GEND GEND SEED SEED SN
Irrecoverable State
Toolbox of concepts
Mechanophore p-Capsule
Patrick, Robb, Sottos, Moore, White, "Polymers with Autonomous Life-cycle Control",
Nature, 2016, 540, 363-370.
32
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Manufacture Self- Self- Self- 40
Protect Sensing Healing E Neat
® 0,006 o
=
100% 2
Performance & 20
z — . o . -
b e 810} s .
e Mmicrocapsule s A 5 elf-Healing
9 0.0
0 L 1 1
: s 0 110° 210° 310°
iy e 2 2 Cycles

« *healing ;gent.

Irrecoverable State

Toolbox of concepts
Mechanophore p-Capsule
White, Sottos, Geubelle, Moore, Kessler, Sriram, Brown, Viswanathan,
"Autonomic Healing of Polymer Composites," Nature 2001, 409, 794-797.
33
Self- Self- Self-
Manufacture . :
Protect Sensing Healing
100%
Performance
- e e D GEED GEED GEED GEND GEED GEND GEND GEND GEND SEED SEED SN
Irrecoverable State
Toolbox of concepts
Mechanophore p-Capsule p-Vasculature
Patrick, Robb, Sottos, Moore, White, "Polymers with Autonomous Life-cycle Control",
Nature, 2016, 540, 363-370.
34
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Pristine Composite Laminate

Manufacture Self- Self- Self-
Protect Sensing Healing

@ @, 60, 9

100% -~
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Performance f s "
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T Delamination Damage @ Reaction & Resovery
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@ Vascular Release
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Irrecoverable State

Toolbox of concepts

p-Capsule p-Vasculature

Mechanophore

Patrick, Hart, Krull, Diesendruck, Moore, White, and Sottos, “Continuous Self-healing
Life Cycle in Vascularized Structural Composites”, Adv. Mater., 2014, 26, 4189-4396.

35
Manufacture Self- Self- Self-
Protect Sensing Healing
100%
Performance Triggered
Transience
- e e D GEED GEED GEED GEED GEED TEED TEED TEED TEED TEED SN
Irrecoverable State
Toolbox of concepts
Mechanophore p-Capsule p-Vasculature
Patrick, Robb, Sottos, Moore, White, "Polymers with Autonomous Life-cycle Control",
Nature, 2016, 540, 363-370.
36
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Self- Self- Self-
Protect Sensing Healing

@ @, 60, 9

100%
Performance

Manufacture

Triggered
Transience

()

D D D D D D D D D N S S —
Irrecoverable State

Toolbox of concepts

Multi-gen
materials

Mechanophore p-Capsule p-Vasculature

Patrick, Robb, Sottos, Moore, White, "Polymers with Autonomous Life-cycle Control",
Nature, 2016, 540, 363-370.
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Self- Self- Self-
Protect Sensing Healing

@ @, 60,9

100%
Performance

Manufacture
Regeneration

%)

Triggered
Transience

@

Irrecoverable State

Toolbox of concepts

Multi-gen
materials

Mechanophore p-Capsule p-Vasculature

Patrick, Robb, Sottos, Moore, White, "Polymers with Autonomous Life-cycle Control",
Nature, 2016, 540, 363-370.
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Self- Self- Self-
Protect Sensing Healing

® 0, 0 80
100%
Performance

Manufacture
Regeneration

)

Triggered
Transience

@

« live long

« befit

« die fast

« leave no mess behind

Irrecoverable State

2 A

Toolbox of concepts S
Multi-state

Mechanophore p-Capsule p-Vasculature .
materials

Patrick, Robb, Sottos, Moore, White, "Polymers with Autonomous Life-cycle Control",
Nature, 2016, 540, 363-370.
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Mechanochemistry’s Historical Roots in Polymer Science

Polymer Fracture—A Simple Model for Chain Scission

B. CRIST, JR., Department of Materials Science and Engineering and
Materials Research Center, Northwestern University, Evanston, Illinois
60201, JENS ODDERSHEDE* and J. R. SABIN, Departments of Physics
and Chemistry and Quantum Theory Project, University of Florida,
Gainesville, Florida 32611, J. W. PERRAM, Department of Mathematics,
Odense University, DK 5230 Odense, Denmark, and MARK A. RATNER,
Department of Chemistry and Materials Research Center, Northwestern
University, Evanston, Illinois 60201

My first introduction to mechanochemistry
came from the annual UIUC — Northwestern
Polymer Science Symposia

Synopsis

A simple model for calculating the fracture process for a single extended-chain molecule such as
polyethylene is idered. The model ists of a chain of N coupled Morse oscillators. There
exists a critical overall extension AL, below which the fr: is ically unf: ble but above
which fracture is favored both energetically and kinetically. This elongation AL, scales as N'/2.
For the critically stretched chain, the activation energy for rupture increases with N. Long chains
must be stretched beyond this critical value to fail within experimentally meaningful times. Chains
of all lengths subjected to the same force will fail with the same activation energy, provided this force
is large enough to stretch each chain to AL > AL.. Observed activation energies are less than }3D,,
where D, is the bond energy.

Journal of Polymer Science: Polymer Physics Edition, Vol. 22, 881-897 (1984)
© 1984 John Wiley & Sons, Inc. CCC 0098-1273/84/050881-17$04.00
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Mechanochemistry for Mechanoresponsive Materials

S. R. White - "Autonomic Healing of
Polymer Composites” 2001

R. P.Wool - “A Theory of Crack Healing in Polymers” 1981
80,000 700
| O\ Self-Healing Materials ) | 1
Web of Science 500 c
60,000 |- Sep-2023 =
. 9]
=
i 4300 m©
2 2
540,000 - 4 [
w £
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I The Grainger College of Engineering 4
Materials Science & Engineering
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Reference Publication Year
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Mechanophores: from Concepts to Mechanoresponsive Materials

Damage Exceptional Mechanical
Mitigation Peformance
Damage
Detection Cargo Release
UN
Q}NF CT/O,I/
D 3 \g
Mechanophores m—
\ 7 ;
\ / 1 mm
> @ =
\/ \fw PROQ) - - .
Molecular | / -‘,‘ Macroscopic
Scale - | Scale
Dynamic Force
Responses N/ Sensors
A 4
Deformation
Sensors
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ArtOfPolymers.com

Unbreakable Design: The

Polymer Mechanochemistry
of Self-Healing Materials

Part Il

Steve Craig, Duke University

V\Nﬁ;‘ “\1.&

Mechanophore by Scott Barton (WPI)
played by musical robots

22
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Questions for today

1. How do I think about kinetics and reactivity in polymer mechanochemistry?

2. Can embedded mechanochemistry redefine polymer material performance
limits?

3. Can | use polymer materials for the top-down manipulation of reaction pathways?
big picture; happy to
address details in Q&A

Questions for today

‘ -b
~N

1. How do I think about kinetics and reactivity in polymer
mechanochemistry?

3. Can | use polymer materials for the top-down manipulation of reaction pathways?

big picture; happy to

address details in Q&A

48
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Audience Survey Question_
ANSWER THE QUESTION ON BLUE SCREEN IN ONE MOMEN'I\'

In polymer mechanochemistry:

* A. All of the energy needed for a reaction to occur is provided by an external force,
without any energy input from heat or light.

*  B. Traditional chemical intuition is no longer useful, because force-free potential energy
surfaces are not related to force-coupled potential energy surfaces.

* C.The range of system sizes and timescales associated with mechanochemistry means
that connections between different experiments are almost impossible.

* D. All of the above are false.

e E.All of the above are true.

49

49

Observed in many different contexts

|
|
| .
slow or static : slol\év hoi;rs]tatlc
Favg low I single F
heterogenous I
|
|
|
|
|
__________________________ Femm e e e e e ——
o |
fast ! :
Fmax high @ | static
transient I F moderate
| single F
|
|

Cavitation
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Observed in many different contexts

|
|
| -
slow or static : S|0|\évhc?;ﬁtatlc
Favg low | single F
heterogenous I
|
|
|
|
|
__________________________ e e e e e e e e e e e e -,
“ |
fast : :
Fmax high @ | static
transient I F moderate
1 single F
|
|

Cavitation

very different environments, but principles the same

Force-coupled reactivity

1. Distortion of the reactant, TS (minor)

Ax

2. Work coupled to reaction path (major)

In(kee) = MG = FAX

* still a thermal barrier; rxn accelerated by force

* same reactivity concepts remain relevant (but
mechanism & TS position can change)
* k vs. F is opportunity to “measure” position of TS

52
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Quantifying molecular response

get k(F)
“measure” transition states
test mechanistic hypotheses

Force (pN)

Displacement (nm)

53

Mechanophore design

O)/ Shu Wang Brandon Bowser
I
o 0
<_J( ) - )L‘—> [e] (o] 3
© \f © Force '\ /"O}L—>
O =0 ~ I
X\ 3;/ o= (;O 2 l ]
- —
I h 7 4 e T
[y S
O O a o] b O W O 9 b
:, = ) ( ’: O . . .
9 10 15 20
) RIL,
J. Am. Chem. Soc. 2021, 143, 5269-5276
Mir v I w X 7
o N e Duke i ILLNOIS
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Mechanophore design

diradical character in rate-determining step

< > 0 5
OO ‘_)Lo’\f J\—> Shu Wang Brandon Bowser

o8" pO O\\‘g £ i 3
o 0O X ;o
X . b . (* 3

* Resonance stabilization of the diradical

character in transition state 1.0 15 2.0
R/L,

J. Am. Chem. Soc. 2021, 143, 5269-5276

i g (1] w x !
Massscrusatts. - JOHNS HROIKIN WA INGTON
e Northwestern Duke WASHINGTO ILLINOIS

Iniversity

55

<o o>
T =) (¥ ¥ 35¢ Before activation
. 30¢ Alay. =34
. n avg. = I« nnm . 1:5-nm
o S o ‘E
=
o
A (6]
0
3 2 3 4 5 %6 7
- AL (nm)
Z2 After activation
=y 4 : experiment matches [l 4.9 nm
modeling
0 b, b1

08 12 16 20
R/L,
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Rate-force dependence

— - - v 5 v
&] Ax'= 1.46 + 0.00A %] Ax'=0.81+ 0.006A
— _ 3
- e2 - e
2 o :
e ;1 - c zo |n(krel) - m — FAX
S g2 —
= o & o
e e3
e’ e . . . .
550 590 630 670 710 750 1825 1925 2025 2125 2225
¢
f (pN) f (pN)

larger Ax indicates

better coupling

these two mechanophores with characterized

reactivities are used in the next story

J. Am. Chem. Soc. 2021, 143, 5269-5276

X
re— rthwe JoHAS HOMIN
Con Usner miute of N lz!\:‘\‘f\f_r‘em Dllk(‘ ILLINOIS
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Questions for today

1. How do I think about kinetics and reactivity in polymer mechanochemistry?

same kinetic and mechanistic principles — coupled to

3. Can | use polymer materials tor the top-aown manipulation ot reaction patnways?

58
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Questions

Can embedded mechanochemistry redefine polymer material performance limits?

2.
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Networks held together by mechanophores
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61

5 kDa

'\/\Jgr

Loyl
NV

ATE I
tetra-arm PEG CuAAC
25 mM o o
;—:—’\J(O 1 O}./‘*‘-—s
i@

N K15~

>

WN el
"iogr\/\’ CuAAC

>

CuAAC

Gel-1

Gel-2

A0 \OE’\%’

Gel-3

Networks held together by mechanophores

Azide-terminated —_
d-arm PEG 0=0/0/@

weaker weak strong
~700 pN ~2nN >3nN

force depends on timescale
focus here on relative behavior

JACS, 2021, 143, 3714-3718.

62

notched
films

make films, stretch until they tear
t 1 1ttt 1

h/2
Ah crack -— —. — -

Vol

L Mechanics of Soft Materials 2. 14 (2020)

g I
£30 Gel-2 o3
§2o Gel-1 = 10.6 t ear
ﬁm 101 3.4 resistance
5
0 0
0 02 04 06 Gel-1 Gel-2 Gel-3
Strain

single unit per chain, huge effect!

N; L)
N?\_XNS +
N; )]
Azide-terminated —
4-arm PEG 0=0/0/@

weaker weak strong
~700pN  ~2nN >3nN

JACS, 2021, 143, 3714-3718.
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From end-linking to cross-linking

melt of linear chains

poor mechanical properties

i g w x
Mossecnssens Gthestent Jouins Hris Lo
et N l',]‘f:v\?-'f” Duke ILLINOIS

63

cross-linked chains
good mechanical properties

Control strand length (gray)
within and across networks

1Mii g I w X
\(m‘ rr]\f:n‘:r‘ex n pros i [)Ukl‘ WA N ILLINOIS

64
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From end-linking to cross-linking

c1 ~ 2
~~

Q O
> I
o=\—""-7ao Strong
/o o\
Weak
VS.
1
9
effect of easily broken cross-linkers? SIESSIEE SEs
good mechanical properties
i g w x
e N \‘mﬂ’rj»‘u‘.\-if:em JOHNS HOMIN Dllk(‘ WASHINGTON ILLINOIS

65

Tearing comparison

c1 ) C2
Q{3 e 0 o
O:\-’""'FD OMO
. Stron
Weak g otherwise identical

P T T — 1407 I
200 |- 1 g0 still a large effect,

T 3100 . . .

g2t 13w but gpposite direction!

» 200 - 1 5

Sasof ] s 60

“ 100 | ] £
50 ¢ g E 20

0 L . 0
00 01 02 03 04 E1 E2
Strain Weak Strong 2
same behavior in gels, different monomers, fatigue... o
See also: Otsuka, Macromolecules, 2022, 55, 5795-5802. but magnitude very much depends on network —
i g [} w x 20 o
Con U » anrh\\fqem Jpras Homa DllkL‘ WASHINGTON ILLINOIS

66
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Mechanistic hypothesis M
c1 o
e T
)= p NI
. Strong
Weak

Simulations by Sapir &
Rubinstein support this picture

v i} w x 21 e
\(n(‘(h\\'e:(ern Jotins Horan Dllk{‘ WASHINGTON ILLINOIS -3
,,,,,,,,, Dul :

67

Vary primary chain length

Longer primary chain Longer primary chain

» >

400 | Weak
Strong

1 £ 150 | weak
[ Strong

& 100

Tearing ener
a
o

VS.
Strong xlinks have almost no dependence on N
Weak xlinks have strong dependence on N
i v w 1 2 e
Convuns Universiry :,"':..‘.’:““ \ln:'\"m:i:em Jons Homins Duke WASHINGTON ILLINOIS —
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Vary primary chain length

Longer primary chain Longer primary chain
» »
= 400 | Weak . ;E150 - Weak .
o
x Strong S 125 ) Strong
@ 300 =
2 5 100
k-] [
o 200 S 75
E (=)
g £ 50
@ 100 E
2 e 2
(7]

VS.

X
Northwest o Hopes e VASINGION ILLINOIS
Tohety Duke

69

C1
) Cc2 . 113.0
® ] (J \—g {)—f ~§ 120t
% & A 2100
Weak Strong g 8ot
~0.7nN >3nN 5 60}
=4
= 40f
f f f © 19.3
- f, = & 20l 11.5 l_I_l
0 ]

~2nN

=

. . . . . No. Mechanochemical r ivity m r
Is it enough to just be more reactive than the primary chain? ©. Mechanochemical reactivity matters

Ongoing: “optimal” mechanophore?

70
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attributes are indistinguishable

Other
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108 L In G‘ofC=<l?1 o G"uflc=c| , a 10\7 IO G’olC:(IM o G"o'E:(H 3 .
® G'ofC=C2 0 G"ofC=C2 [ ] ® GofC=C2 o G'ofC=C2
eoccccsccssssee®® """"""'."..l C1
8 L]
= 10° F . 4 105 e 1
e Ly & 3 2§ '\—3 & =
o 8 o 0o ]
o8 0d® A, Q o]
10 | 692‘ E 104 F 20° E ox" ™0
¥ 8 W
iggggoc"’ 55808088 0 0o ) o)
103 Ll L . L 103 Lt . L L | mechanophore | | conventional xlink |
0.1 1 10 100 0.1 10 100
f (Hz) f (Hz)
(A) (B) (C)
600 1200 1200
E A1000 A1000
i 400 g 80 g 8 indistinguishable network properties
g w 600 w 600
D 200 400 400 o . .
s 2 no hysteresis in cyclic loading
%.0 02 04 06 08 10 o 12 3 4 5 6 8 L 12 3 45 6 7 8
Strain Cycle number Cycle number
i v w -
U » Vn‘.;’,j’:.\.if.r‘em JOHNS HOIN Dllk(‘ ILLINOIS
71
Consequences Mz Sy
C1 .
Need enough mechanochemical i c2
O O lability to redirect molecular fracture \_5 (J
Q o]
ox” "pO Need enough thermal stability to 0 o
” K otherwise stay intact & function Strong

(

r

path forward is molecular!
eactivity, network topology

)
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Questions for today

2. Can embedded mechanochemistry redefine polymer material performance limits?

yes! consequences depend on network & mechanophore

Questions for today

~
w

3. Can | use polymer materials for the top-down manipulation of reaction
pathways?

74
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Catalysis

Usual optimization

sol, temp

MeO O PPh, '
. ' $ol, &emp Reactants {
pressure

Meo, O PPh, | pressure
ey s \@®

| > . ® @)ﬁ:> | < | ®®®
® e

Reactants

(R)-MeOBiphep

Ligand
AcHN [Rh(COD),J[BF,] AHN, * ch,
Ligand + )
MeO,C Hz(latm), 25°C  Meo,d H What about...
MeOH
1 (R)-2 (S)-2 Ti ff )i
; Y
HS T " _—Reactants ¢ Reactants

”ﬁ““/ ® ®:\

® ®

+~—— Strain

%.v Op0
il

75

Catalysis
O ‘ @ E23)
MeO’ PPh, O \o 2 y =0.0072x +0.51
MeO. PPh, )
0 (o (o5 3
(CHom o [ 7 =1
(R)-MeOBiphep
Ligand Tension 0 222
E(m, - - - - -
(mo) €0 0 80 160 240
AcHN [Rh(CODI[BF,] ACHN Force (pN)
> Ligand A ™)
Me0,C Ha(1atm),25°C  MeO, M
MeOH
! (R)-2 (8)-2 reaction with ligand = MeOBiphep
improves selectivity with tension in

small molecule force probe systems.

[ translate to bulk? ]

DOI: 10.26434/chemrxiv-2023-vt45d
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Catalysis

mechanically decoupled control

e} e}
«F70, O F= . -
b a3 Mo O PPh, Ol A “F o ocite Mo O PPh;
ZNAON PPz ¢ O, PPh;
gD NS ¢ (3 0
Rh PhoP _Pph,

Pact Rh Peon

1.6
N1-compression
1.4 ¢
0.4 L
@ 5
3 @ & L
o £ (]
strain % 1.2
0.0 s
1.0
| 0 40 80
ge ) 20 50 Compression (%)
Strain (%)

o 2

also under compression

DOI: 10.26434/chemrxiv-2023-vt45d
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Catalysis
o]
3 ‘ ~0, O—
o -‘ = <o » PPh,
; S § Ao PP
< ‘r/“y <2 "ol & PhZP\Rh’PPh2 o O ]SMLDIS
)" / E(/ Pact
— « Effect is reproducible, but small (from
50% ee to 60% ee)
= &, == &, =] * Very heterogenous — some catalysts
unaffected. But...
( v v »
reactants product reactants product reactants product - Small molecule probes and
computations suggest some sites might
0.4 undergo up to 300-fold improvement
i 0,
04 NA1 1Y 8 (e.g., racemic to 99.7% ee)
3 3 o ®°
8 8 02 ;
= = 9 Top-down manipulation of catalytic
00 o reaction pathways is possible
0.0{ @
0 30 60 0 30 80
Strain (%) Strain (%)

DOI: 10.26434/chemrxiv-2023-vt45d
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Questions for today

3. Can | use polymer materials for the top-down manipulation of reaction pathways?
yes! opportunities for reaction and material/device

Questions for today

1. How do I think about kinetics and reactivity in polymer mechanochemistry?

same kinetic and mechanistic principles — coupled to force

2. Can embedded mechanochemistry redefine polymer material performance limits?

yes! consequences depend on network & mechanophore

3. Can | use polymer materials for the top-down manipulation of reaction pathways?

yes! opportunities for reaction and material/device design

Thank you (and
back to Jeff)!
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Audience Survey Question_.
ANSWER THE QUESTION ON BLUE SCREEN IN ONE MOMENT: 4

How did the understanding of polymer mechanochemistry change about 20
years ago, shifting from a focus on destruction and limits of polymer strength?

*  A. Mechanical forces were found to uniformly degrade polymers, regardless of their structure.
*  B. Mechanical forces were realized to selectively trigger chemical changes in certain polymers,
leading to mechanoresponsive materials.
* C. It was determined that all polymers exhibit similar strengths and weaknesses under mechanical stress.

*  D. Mechanical stress was deemed irrelevant in altering polymer properties at the molecular level.

81

81

Representative Mechanophores

o
.
>

ez }
Moore, 2022 /- _\ HJ Yoon, 2020
-—s) 5

Moore, 2010 S Craig, 2009

T 5 S <_[ T

Cc

Many mechanophores

are based on selective
C-C bond scission
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Making Sense of Mechanochemistry — The Restoring Force Triangle

CoM

=0

e
fr fa

0 =

f, = applied force (extrinsic)

Force

f, = restoring force (intrinsic) A
. Q '."I
(2]
5 Lo
g <-—>
s\ 0= Uo

83
ol The Tension Activated Bond
)
g
/_/‘ » AL
]'GS !
84
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fa

Force

Energy
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The Tension Activated Bond

» AL

)

fa

=1 +f

Force

Energy

» AL

The Tension Activated Bond

» AL

l.es! N :,
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!GS"
L

_‘\ . -
“ The Tension Activated Bond
Force balance:
2 f = Frestoring poorer force transduction
s > AL < ‘ larger kg
) \ >
better force transduction
5 < smaller kg >
2 _
w 4
» AL
ALtap
TAB Invoke k¢ as an effective bond force constant
\{ * kg is the resistance to deformation under applied force
o ! * includes structural features that transduce force to bond
‘k . -
“ The Tension Activated Bond
A
8
s > AL

!GS'
-L

—

|ALTAE

»<

» AL
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The Tension Activated Bond

» AL

|ALTAB A Alrrst
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The Tension Activated Bond

» AL
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The Tension Activated Bond

A
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A fa
B
o
e > AL
e[ i g
|\ AEt =
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A
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2 B
Alyag A Alprst
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The Tension Activated Bond
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The Tension Activated Bond

An intuitive, easy-to-compute
reactivity model for the TAB
* The larger the AE (force-free

dissociation energy) the larger
the force to activate
* The larger kg, the larger the
force to activate
Ve * Surmounting AE*depends on

AEF

h the reaction conditions and

timescale of the experiment

AE=A+AE*+B+C

Dependence of TAB, AE¥, and TTS* on Applied Force

93
(+)
3
5
O]
94

increasing fa

fa

AL AL

Force
1
Force

L

TSt TAB TTSH TAB/TTSH
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Application of the Restoring Force Triangle
TAB
TAB

(+),

TSt
TS

Force

S
Reaction Coordinate

’h/‘ AFE = 60.3 kcal mol”

Keff = 22.2 nN A

O f*=1.86 nN

1
" AE =341 kcal mol

AE> AE
kett > keff o={ 7o Keff=7.0nNA"
) > od f*=0.60 NN

95

icti ; : With H Kulik (MIT) and S Craig (Duke)
Predictions from the TenS|on Actlvated Bond Model Y anas Hag e

I Br cl v al
A A UL
I Br - cl o] 0G0
AE= 299k =229 AE=268K=227  AE=308K=244 Ap_po7k-18a o
F=1.30/1.34 F = 1.20/1.26 F=1160120 & o0.77/0.90
| [e] . . M22
}‘O\M’i EWE AE=43.6 k =25.6

N s
0

o=/o\=o

-~
O

cl F = 1.79/1.80
M1 cl Br o= o ci
AE=59.4 k =29.4 AE=62.5 k =44.3 AE=65. 8 k =16.7 AE= 59.6 k =157 M6 M10 M11 % o
F =2. 51/2 36 F= 3 4/3 17 F =2.02/1.89 F =1.53/1.69 AE=28.8 k =18.7 _ _ AE=17.2k =19.8 ~
- AE=21.1k =18.7 - ]
% E=0.90/1.11 F =0.88/0.89 o
/"w‘\ E/\_/\;" s F F=074/0.92 F M23
H Hev—H A § EW AE=45.7 k =44.5
H F W; FoNd F =2.47/2.79
H M12 M14
] AE=47.9 k =18.4 o Mis AE=48.8 k =31.3
VL7 M18 F=129/1.54 AE=30.8 k =36.3 F=1.84/2.21
M16 AE=52.5 k =21.2 F=220/2.03
M15 AE=553k=20.9 "7 ° = : .
AE=51.7 k=23.1 F =1.92/1.80 = 3.5|-* = 0.0237*AE+0.0494*k~0.495
AE=50.0k =228  F =, 00/1 g7 F=L 91/1 84 z MAE, ;,,, = 0.21 nN 4
[F=220n81 g 3.0F MAE,;, =021 nN
O Q 8, B T R « Cubane is the outliner
= D .
Y S ® - Easy computational workflow
o= =0 o_\ o M21 g 201 6. compared to CoGEF (1-2 days
ol 5 d AE=59.5k=205 5 | D
Q O Oﬁ s FoLgOnos 318 . for >20 mechanophores)
R4 o k3]
V1o O O M24 3 1.0 .. °
_ _ M20 AE=22.7 k =16.7 o
AE=60.3 k =22.2 AE=34.1k=7.0 F =1.55/0.87 1 1 1 1 1 1
F =1.86/2.03 F =0.60/0.66 10 1.5 20 25 3.0 35 . . 96
k: nN/ A ; AE (diradical intermediate) : kcal mol-! Experimental transition force (nN) experimental/predicted force
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Thermally Stable, Mechanically Active
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re o~
70 B
- Y 3
Thermally stable Thermally stable E 60 - O w 2hmg =2
Good MC coupling ~ Poor MC coupling  — 50 ’;"Z?o“ 18-_1:_ .
Q 15
' = ”
LII 40- ,"‘,’-25 - cl
i 30 20/ A
o = LY ey
Thermally unstable Thermally unstable & 20 - s 8= 308
Good MC coupling = Poor MC coupling 2 =29 .
© 10 [eneo u30
\ gl | 4 5 ]
- &.) .Cyclonuler:e I l26. l
keff - 0 10 20 30 40 50

Effective force constant keff (NN A)

Excess Force Leads to Flyby Trajectories

kinetic energy
directed by f,

Statistical
trajectories
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-’

| Pa

ol 'Q\j
£z PB

Force-controlled
dynamic trajectories

Disfavored

E(F) /V\

%7

Ester 3 @

Liu et al. Science 2021, 373, 208-212 “Flyby Reaction Trajectories”

.-~ Flyby Flyby
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Nonstatistical
flyby trajectories
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With T Martinez (Stanford)

Force-Driven Dynamic Trajectories \

Reactant Intermediate Product 329
X X X
% ﬁ 3048
=,
X X 6.7
zie X -

mixtures 286

1905
kcal/mol

$152.4

{ 1143

R 381

I‘ .
0.0
Average dihedral angle ¢ / -
I:)A
Liu et al. Science 2021, 373, 208-212 “Flyby Reaction Trajectories”
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Experimental Realization

e 13C Iakzels Edited HSQC Z/E Assignment ( )
ppm

38% conversion . . 7
e Y
M

E,Z
60 }
S/N =45 1 >l<
_ /o
79% conversion s
122.0
E,E
S/N =167
U-isomer, -5 °C, 9.5 W cm—2
77% conversion c
80 | /@ c{)— 9
ol ® 4’/ 1°
o 2ZEZ %, / 4’/ &2
(%) 40 - INGE
T T 1 T T T T T T T T T 8-1 /@ / ¢
. 20 45
123 122 68 66 64 62 60 ® <[>
Chemical Shift (ppm) w0 wa w0 o

Ultrasound: 8 h on time, 8.9 W cm2, 1 s on, 2 s off; =10 °C bath, THF, Ar, ~100 kDa, 1.5 mg mL-* MolscularMassifkDa),
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Linking the Molecular and Macroscopic Scales

Work done

Force . Stress Toughness
to activate
Molecular Molecular
. deformation Strain Strain rate
deformation rate

Molecular Macroscopic
Scale Scale

101

Mechanophores: from Concepts to Mechanoresponsive Materials

Damage Exceptional Mechanical
Mitigation Peformance

Damage

Detection Cargo Release

Molecular

Macroscopic
Scale

Scale
Dynamic Force
Responses Sensors

Deformation
Sensors
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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 throughthe 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 1AB (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)

™
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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!
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by top experts in the chemical sciences and enterprise.
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~#——  are an exclusive benefit for ACS Members with the
Premium Package and can be accessed in the
ACS Webinars® Library at www.acs.org/acswebinars

Live Broadcasts

of ACS Webinars® continue to be available free to
the general public several times a week generally
from 2-3pm ET. Visit www.acs.org/acswebinars to

register* for upcoming webinars.
*Requires FREE ACS ID
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ACS Webinars® does not endorse any
products or services. The views expressed in
this presentation are those of the presenter
and do not necessarily reflect the views or
policies of the American Chemical Society.

Contact ACS Webinars® at acswebinars@acs.org

Mike  Rusasell Enck

109

109

55


mailto:acswebinars@acs.org?subject=I%20have%20a%20question

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17: ACS Advocacy
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24: Mechanotriggered Aggregation-Induced Emission
	Slide 25
	Slide 26: The Thermoset Lifecycle
	Slide 27: Lifecycle Control in Polymeric Materials
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41: Mechanochemistry’s Historical Roots in Polymer Science
	Slide 42: Mechanochemistry for Mechanoresponsive Materials
	Slide 43: Mechanophores: from Concepts to Mechanoresponsive Materials
	Slide 44: ArtOfPolymers.com
	Slide 45
	Slide 46
	Slide 47: Questions for today
	Slide 48
	Slide 49
	Slide 50: Observed in many different contexts
	Slide 51: Observed in many different contexts
	Slide 52: Force-coupled reactivity
	Slide 53: Quantifying molecular response
	Slide 54: Mechanophore design
	Slide 55: Mechanophore design
	Slide 56: Mechanophore design
	Slide 57: Rate-force dependence
	Slide 58: Questions for today
	Slide 59: Questions for today
	Slide 60
	Slide 61: Networks held together by mechanophores
	Slide 62: Networks held together by mechanophores
	Slide 63: From end-linking to cross-linking
	Slide 64: From end-linking to cross-linking
	Slide 65: From end-linking to cross-linking
	Slide 66: Tearing comparison
	Slide 67: Mechanistic hypothesis
	Slide 68: Vary primary chain length
	Slide 69: Vary primary chain length
	Slide 70: Effect of mechanophore reactivity
	Slide 71: Other attributes are indistinguishable
	Slide 72: Consequences
	Slide 73: Questions for today
	Slide 74
	Slide 75: Catalysis
	Slide 76: Catalysis
	Slide 77: Catalysis
	Slide 78: Catalysis
	Slide 79: Questions for today
	Slide 80: Questions for today
	Slide 81
	Slide 82: Many mechanophores are based on selective C-C bond scission
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94: Dependence of TAB, ∆E‡, and TTS‡ on Applied Force
	Slide 95: Application of the Restoring Force Triangle
	Slide 96
	Slide 97: Thermally Stable, Mechanically Active
	Slide 98: Excess Force Leads to Flyby Trajectories
	Slide 99: Force-Driven Dynamic Trajectories
	Slide 100: Experimental Realization
	Slide 101: Linking the Molecular and Macroscopic Scales
	Slide 102: Mechanophores: from Concepts to Mechanoresponsive Materials
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109

