Assignment #1: Envisioning
Sustainability Through Art

Due TODAY!

Please let me know if you have any questions or if you need any assistance.
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Final Project Guidelines
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Key Objective

Develop an innovative solution to a current challenge
using sustainable materials. Your project should focus
on designing or improving a material system that
addresses an environmental, economic, or social
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Evaluation Criteri

* Innovation and creativity: Originality of the solution and its potential to
address the identified problem. (20%)

* Feasibility and practicality: Practicality of implementation and scalability of
the proposed material system. (20%)

* Sustainability impact: Environmental, economic, and/or social impact of the
solution. (20%)

* Research and analysis: Depth of research, thoroughness of presentation and
analysis. (20%)

* Presentation and communication: Clarity, organization, and effectiveness of
both midterm and final presentations. (20%)
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Find your “Why”

* | always find it easier to think of a problem first, and then consider some potential
solutions

 Examples may include:
* Waste management—electronic, textile, packaging, microplastics, agricultural, pollution
* Critical material scarcity—Rare earths, cobalt, lithium, etc.
* Wasteful construction materials—concrete, steel, single use plastics, drywall, asphalt, etc.
* Fastfashion
* Water-intensive manufacturing processes
* Energy-intensive material production—aluminum, steel, cement, glass, bricks, ceramics, etc.
* Depleting natural resources—metals, minerals, fossil fuels, freshwater, arable land, etc.
 Carbon emissions/climate change
* Environmentally harmful batteries—EVs, lithium-ion batteries
* Materialtoxicity—human toxicity, animal, marine, plant
* Marine debris and harmful fishing
* Harmful thermally insulating materials
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Materials solutions: your “How”

* Now that you have selected a “why” let’s think how we can
address the issue using a materials-focused approach

* Examples:

« Biodegradable packaging * Energy harvesting materials
* Water filtration using sustainable materials

 Sustainable adhesives
* Bioplastics
Concrete alternatives
* Bamboo for construction

* Circular economy in construction

e Sustainable textile development

* Biomaterials for medical applications
* Renewable polymers for 3D printing

* Upcycling waste for construction » Sustainable battery materials
* Bio-inspired material design  Mycelium-based insulation
e Sustainable electronics * Sustainable packaging from ag byproducts

* Self-healing materials * Ocean plastic capture and reprocessing
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Checkpoints

September 18: Project checkpoint #1: Pick your groups and pick
your problem—deliverable: email Logan first come first serve
* groups should consist of 2-3 members.

October 2: Project checkpoint #2: Send one slide introduction to
your project. Will be reviewed by the team to ensure that it is a
reasonable selection—deliverable: upload slide

October 16: Project checkpoint #3: \Written portion of the
midterm (1-2 Pages)—deliverable: upload doc

 Think of this as your “trial run”. We will look to challenge your ideas in
this stage to prepare for the final presentation
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Checkpoints

October 30: Project checkpoint #4: Literature review—collect
resources to support your proposed sustainable material design.
Delve into the research. What are some things you had not
thought about yet? (minimum 5 articles)—deliverable: upload
list of references and brief synopsis of how each relate to
your design

November 13: Project checkpoint #5: Materials management
and life cycle analysis for your proposed project—deliverable:
upload your analysis with full details on the calculations
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Presentations

Midterm: 5 minute in class presentation. | recommend 5 slides:

1. Background and context

Introduction to the proposed solution
Conceptual framework and theoretical basis
Expected impact and feasibility

Next steps: What would it look like to try this? Has anyone
tried something similar? Did they have success?

vk W
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Presentations

Final: 20 minute in class presentation
* More free-form: make it your own

» Make sure to give sufficient background. Identify the problem clearly.
Do your research: Cite sources. Show data to support your claims.

* Incorporate what we talk about in class

* Life cycle analysis, materials management should be included

Ensure that the timing is tight. Do not go way under or over time.
* Remember the evaluation criteria
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What do these have in common?
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Fossil fuel contribution to material production

What percentage of oil isused in gasoline? . siccer picrun:

.. Life Without Oil

CRUDE OIL | NOT AS SIMPLE AS YOU MAY THINK

46% of oil goes to
making gasoline,
but what makes up
the other 54%

DIESEL

I

LUBRICATING
R OIL

CRUDE OIL FUEL OIL

Estimated Share of Global Material Production by Source
Plastics & Synthetic Materials (Fossil Fuels)

Other Materials

20.0%
Metals
Medicine Cosmetics Plastics SKnthetic Cleaning Asphalt
Most over the Makeup and Almost all plastics ubber Products There are over 11
S counter medications,  shampoo that has are made from Thousands of All those million miles of
: homeopathic olls, perfumes, petrochemicals, from products rely ingredients you paved road in the

products and vitamins  waxes, and color your iPhone to that on rubber such can't pronounce in world. Asphalt
are derived from are all produced bottle of water. It is as shoes, tires, the ingredients list,  aka bitumen is the
Concrete & Cement benzine, a product of with the help of 4-5% of the total wet suits, breast  all of whichare very  glue that binds the
petroleum. petrochemicals. petroleum consumption. Implants, gloves. POISONoUS. minerals together,

Wood & Biomaterials



Materials Engineering Synthetic Polymers Intro to Polymer MW Polymer Properties Polymer Recycling

Materials Engineering...

* Prior to the invention of plastic, what moldable substances did we
have?

1. Glass
2. Clays/Pottery
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Materials Engineering...

* Prior to the invention of plastic, what moldable substances did we
have?

1. Glass

2. Clays/Pottery
* What are some issues with glass and clay as materials?

* Why did plastic become so universal?
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Synthetic polymers are only 117 years old!

* [t might sound like a lot, but modern humans lived without it for
thousands of years

e So how did we make stuff?
 Natural materials like Shellac!

Lac insect cocoons dissolved in ethanol dried into a fllm/flakes
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Synthetic polymers are only 117 years old!

* [t might sound like a lot, but modern humans lived without it for
thousands of years

* So how did we make stuff?

* Natural materials like Shellac!

* But...this is a bit of a pain right?

* What gives these materials such interesting properties?
* Welcome back to the stage: Leo Hendrik Baekeland
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The Beauty of Bakelite

Anybody know what
these are?




The Beauty of Bakelite

lvory Billiards Balls

This singular company alone harvested >1,100 elephants a YEAR for their ivory

Bakelite may well be the reason that elephants still walk the planet today.

* in 1863, pool table manufacturer Phelan and Collender announced a $10,000
prize to any innovator who could invent a pool ball not made of ivory (nor wood).



The Beauty of Bakelite

The first substitute (and potential prize winner) was John Wesley Hyatt’s
invention: Nitrocellulose

There was just one minor
problem...any ideas?
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The Beauty of Bakelite } H
jemoneny

Introducing Polyoxybenzylmethyleneglycolanhydride (or Bakelite)

H OH
RN A Ca ey
Interestingly, it was an inventor’s imagination, not an activist’s persuasive Y OH 4 OH
. 2 . ) 7
arguments, that spared tens of thousands of elephants from becoming pool ball. $ cross-linked resin ¢

Bakelite

Go Jumbos!
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Intro to Polymer MW

Polymer Properties

Polymer Recycling

The Beauty of Bakelite

Petrochemical production process

B!NBB
mmmm- &mmm h#nql
K T A
FINAL PRODUCTS

Industnial Chemicals, Paints snd Costings, Synthetic Pubber Explosives, Resins, Fosms, Dyes,
Adhesives, Plasics, Synthetic Rbers, Soap and Detergent

K T A

CHEMICAL INTERMEDIATES (DERIVATIVES)
Styrerws, Ettyylena Giycol hobiutylene, Aceyionitribe, Giycnrin, Othar

R T A
PRIMARY CHEMICALS

Propylens, Ethytens, Butylens, Ammonis, Butadwenes, Methanol
Aromatics (Berzene, Toluene, Xylene)

FOSSIL FEEDSTOCKS

Sowrce: Adapted from Canada Energy Ragulator. WORLD RESOURCES INSTITUTE
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Bakelite: the material of a thousand uses!

* Baekeland invented the first synthetic plastic: ﬁ BAKELITE

THE MATERIAL OF A THOUSAND USES

IR
7"”‘ \yh‘gkﬂ ,Q\(\(j&:/// () \C.Q(v/)\(

— 0 OH
%NH CH- C%

0
n | n

2N

o) CHs

Rubber Styrofoam Aspirin Polypeptide
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Polymers have unique properties due to their
structure

* Polymers are extremely versatile materials

* What are some parameters we can tune to
change their properties?

Mole.cular MW Distribution Degre.e of Chemical
Weight polymerization Structure
Tacticity Conformation Polymerization
method
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Molecular weight of polymers

Does anyone know what this molecule is?
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Molecular weight of polymers

\ / Does anyone know what this molecule is?
C It’s ethylene. How do we calculate its molecular weight?
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Molecular weight of polymers

/ Does anyone know what this molecule is?
C It’s ethylene. How do we calculate its molecular weight?

Ethylene
C:Ha

roxerory Atom Number of
e e Molecular

120107 l /
C2 12.0107 x 2 = 24.0214 Welght

1.008 +
H4 1.008 x4 =4.032

28.0534
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Molecular weight of polymers

LA i)
C=C 7T
YA H H
Ethylene What is this molecule called?
C:Ha

o Molecular

2o ] /
C 120107 x 2= 24 0214 We|ght
H.

1.008 x 4 4.032

28.0534
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Molecular weight of polymers

AN e
\C — C/ — (l: —_ (l: —
H H H H_,
Ethylene What is this molecule called?
C2H4 Polyethylene...anyone know why it’s called that?
< T = Molecular

120107 l /
C2 12.0107 x 2 = 24.0214 Welght

1.008 +
H4 1.008 x4 =4.032

28.0534
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Molecular weight of polymers

H H H =] H H H H H H H H H
\c—c’ R \c—c/ R TN N S W .
H H NN SN
N/ g .,/ - =
/C—C\ J y v e
catalyst ‘
H H L. L AL _Ee o600
ethylene polyethylene
Ethylene What is the molecular weight of polyethylene?
C:H.
e Molecular

/12 0107 x 2 = 24.0214 Weight

B
H4 1.008 x 4 = 4.032 28 0534
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Molecular weight of polymers

H H H =] H H H H H H H H H
\ _/ N/ \__/ caalyst N
- ¢=C + €=C + ¢C=C +~ =——>» «—C—C—C—C—C—C—C—
H H e N i % wl % N T A A
H H H H H H H
\ / 'u “ ~ catalyst
C_C J J J J
TR LB AL _Eaadile s o000k
ethylene polyethylene
Ethyle n e What is the molecular weight of polyethylene?
C2H4 Trick question—I know. The answer is it depends.
Arom  Mumber of Molecular « Molecular weight, M: Mass of a mole of chains.
120107 e, L -
C2 12.0107 x 2 = 24,0214 Weight el ¢ tl-c—cﬂc ¢
H + Low M S
1.008 x 4 = 4.032
a ' 28.0534
'"“W"“irrr"“‘ﬂ-rﬂ

high M
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Not all chains in a polymer are of the same
length: Molecular weight distribution

ZMiZNi = M 02

D=—+1

M

Y Y MN, M, M,

Weight average

average MW MW
Think: what number of Think: what weight of
chains are a certain chains are a certain
molecular weight? molecular weight?

Gentekos D, Sifri R, Fors B, Nature Reviews Materials volume 4, pages 761-774 (2019)
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Not all chains in a polymer are of the same
length: Molecular weight distribution

2 2
“~ T MN, M, M,

Number Weight average
-

Average based on number fraction  Average based on weight fraction
in each molecular weight range

Number-average, M,

in each molecular weight range T
03— 03— _
L -
— o Weight-average, My,
= =
c 0.2 — 0.2
s 8 Qo
g a
p2 = Mo
o
2 o1l = o1 E
=
£
0 . - 0 - ’ e d:
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Molecular weight (107 g/mol) Molecular weight (1e® g/mol)

Gentekos D, Sifri R, Fors B, Nature Reviews Materials volume 4, pages 761-774 (2019) Molecular weig ht —
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Not all chains in a polymer are of the same
length: Molecular weight distribution

Y M/N, M, p_O0
w ZMN M MZ

Number Weight average Dispersit
average MW MW e

#of chains MW (kg/mol)

M = D M,N M

20 10 Howwould we calculate ), N; ?
25 15
20 20

5 50

Gentekos D, Sifri R, Fors B, Nature Reviews Materials volume 4, pages 761-774 (2019)
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Not all chains in a polymer are of the same
length: Molecular weight distribution

Y M/N, M,, Y
" Y MN, M, M,

Number Weight average Dispersit
average MW MW e

#of chains MW (kg/mol)

M = D M,N M

20 10 Howwould we calculate ), M;N; ?
25 15
20 20
5 50
total 70

Gentekos D, Sifri R, Fors B, Nature Reviews Materials volume 4, pages 761-774 (2019)
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Not all chains in a polymer are of the same
length: Molecular weight distribution

Y M/N, M,, Y
" Y MN, M, M,

Number Weight average Dispersit
average MW MW e

#of chains MW (kg/mol) Mi*Ni

M = D M,N M

How would we calculate Y, MZN; ?

20 10 200

25 15 375

20 20 400

5 50 250

total /0 1225

Gentekos D, Sifri R, Fors B, Nature Reviews Materials volume 4, pages 761-774 (2019)
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Not all chains in a polymer are of the same
length: Molecular weight distribution

2 2
= ZMN D:ﬂ D-U—+1
Y M:N,

Number Weight average
II!!!!!!!!I!!!II |IIIIIIIIIIIIIIIII IIIIIIIIIIHHHHHHHHH!IIIIIIIIII

#of chains MW (kg/mol) Mi*Ni Mi"2*Ni

Mn Z M!N M

20 10 200 2000 What is M,?
25 15 375 5625 Whatis M,,,?
20 20 400 8000 What is D?
5 50 250 12500

total 70 1225 28125

Gentekos D, Sifri R, Fors B, Nature Reviews Materials volume 4, pages 761-774 (2019)
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Not all chains in a polymer are of the same
length: Molecular weight distribution

2 2
= _LMN, D:ﬂ D-U—+1
Y M:N,

Number Weight average Dispersit
average MW MW e

#of chains MW (kg/mol) Mi*Ni Mi"2*Ni

M = Y M,N M

0 10 200 2000 Whatis M,? 17.5 kg/mol
25 15 375 5625 Whatis M,,,? 23 kg/mol
20 20 400 8000 Whatis b7 1.31
5 50 250 12500
total /0 1225 28125

Gentekos D, Sifri R, Fors B, Nature Reviews Materials volume 4, pages 761-774 (2019)
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Polymers have unique properties due to their
structure: Molecular weight distribution

2 2
Mn=ZMiNi Mw ZM N MW o
- S MN. M,

D=_—* D- — 1l
Number Weight average
-

Asymmetry factor Skewness Kurtosis
A_=a/b at
10% peak height
Molar mass Molar mass Molar mass
— Positive — Negative

Gentekos D, Sifri R, Fors B, Nature Reviews Materials volume 4, pages 761-774 (2019)
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Polymers have unique properties due to their
structure: Molecular weight

Table III Mechanical Properties of the Annealed Poly{L-Lactide) Specimens

Sample Ann. PLLA T Ann. PLLA 11 Ann. PLLA III Ann. PLLA IV

M, 20,000 33,500 47,000 71,000
Tensile properties

Yield strength (MPa) — 63 68 0

Tensile strength (MPa) 47 54 59 66

Yield elongation (%) — 1.8 2.2 2.0

Elongation at break (%) 1.3 3.3 3.5 4.0

Modulus of elasticity (MPa) 4100 4100 4050 4150
Flexural properties

Flexural strength (MPa) 51 83 113 119

Maximum strain (%} 1.6 2.3 4.5 4.6

Modulus of elasticity (MPa) 4200 4000 4150 4150
Impact resistance

Notched strength (J/m) 32 G 70 66

Unnotched strength (J/m) 180 360 340 350
Heat resistance

HDT (“C) 66 80 — 61

Vicat penetration {°C} 157 159 163 1656
Hardness

Rockwell hardness (HR) 84 32 84 38

Perego, G., Cella, G.D. and Bastioli, C. (1996), J. Appl. Polym. Sci., 59: 37-43.
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Polymers have unique properties due to their
structure: Molecular weight distribution

a Control of Young's modulus
AVAANANNANNNS b Control of viscosity 600 4 % 10
Skewed PS MWD Narrow Pl MWD g o0 % } } _
= Ss. u. =
Entry M_(S) b@) A M(¢ShH D@Sh E & 400 ‘#i g_-?
(kg mol™) (kg mol™) (MPa) E R e < 10°
= ~ = £
la 141 119 185 356 114 460 B 300 i s g
£ N ral
w e >
b 142 122 052 351 116 560 £ 200 s . § .
o o
2a 149 142 352 368 1.21 450 2 ol [—-psmwpa>1 §
2b 14.1 139 037 336 1:22 530 ---PSMWDA <1 o
3a 15.2 1.69 448 363 1.25 220 f T T T T 1 0 J T T T T 10° T T T T T T
10.5 11.5 12.5 13.5 14.5 15.5 1.0 1.2 1.4 1.6 18 20 80 a0 100 110 120 130 140
b 141 171 031 365 128 440 Retention time (min) D Temperature (°C)
3a 14.4 201 497 372 1.28 85
2b 138 1.97 026 344 1.29 300

M =73.5kgmol™;D=1.38;A =18
—M =73.5kgmol™;D=1.38;A =04

Gentekos D, Sifri R, Fors B, Nature Reviews Materials volume 4, pages 761-774 (2019)
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Polymers have unique properties due to their
structure: chemical structure

558y

PCHE P4MS PaMS PTBS

PPhMA PCHMA PBM

400
360
i 320
,—
280
240
10’ 10° 10° 10
440 Repeat Units (N)
(b) .
400- &
‘__,_,_————-0
360 e 0 PCHE
< . & o PBM
> 3201 8 v PPhMA
= ¢ PCHMA
280- ® PDPZ
240
10" 10° 10’
Repeat Units (N)

Kunal K, Robertson CG, et al. Macromolecules 2008, 41, 19, 7232-7238

160 (a)
—A
140
2
:t—% 120-
) ® PTBS
L 100 m PS
A PaMs
80- O P4MS
60 : . . .
10" 10* 10° 10°
120,  Repeat units (N)
o PBM
>
£ 4004 v PPhMA
> ¢ PCHMA
E 90. e PDPZ
80-
70-

10’

10° 10°
Repeat units (N)

Relatively stiff Relatively stiff
backbones sidegroups
200+
150- PMMA PS
=
k=)
& 100-
w
50+
v
0 POE
Increasing sidegroup stiffness
relative to backbone
polymer fragility Ty (K)
polyoxyethylene (POE) 2376 23216
polytetrahydrofuran (PTHF) 3516 18916
polyethylene (PE) 46'¢ 237,16 23113
polyisobutylene (PIB) 46'¢ 201,'° 205,'3
200*
polyhexylmethacrylate (PHMA) 45,'° 3416 280.5'°
polyisoprene (PIP) 55,12 62,0 76'° 199,12 200'®
polydimethylsiloxane (PDMS) 79,% 85,12 100" 143,'® 146'¢
polymethylpheynylsiloxane (PMPS) 100'® 24313
polymethylmethacrylate (PMMA)  103,'6115,!7 14512 367,15 37313
polystyrene (PS) 116 #139,7¢ 143'7 375,16 373*

polycarbonate(PC)
polyethyleneterephthalate (PET)
polysulfone (PSF)
polyetherimide (PEI)

1321¢
156°
141*

214’6

423.5,'° 418°
34210

459*

480.6,'° 478.5*
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Polymers have unique properties due to their
structure: tacticity

. . 4
s-PS: syndiotactic polystyrene 104 10
a-PS: atactic polystyrene O sPS slope=3.64 s | ::12232
i-PS: isotactic polystyrene 4 aPs — «  i-PS25
v i-PS P
,...\103 slope=3.33 *‘_’1102 = 5
S TR LU P 5
_ = T —
e 2O O S ; o |
=10° |
E —H H (F:E ﬁ_(F H 10° O %}103 100
v =100 . -
) e ) () T
—(f H H——H H—(I‘—H 101 L
H @ Q?—H ¢—H 101 l 10 ll(?'f}fcl 1 101 | | | ]

— 0 1o} )
i i i e 100 102 10 108
?@ T@ T@ 10 M. (glmol) 106 .

Huang CL, Chen YC, et al. Macromolecules 2011, 44,15, 6155-6161
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Polymers have unique properties due to their
structure: backbone conformation

3 1.2 —s—PBDT-TBT (a) e S
“ + -
© 1.0} R 02l  —e—PBDT-TTBT
PBDT-TBT 2 =
<
®
- £ E 01
) Side view ) " ) ° ——
'M:?“ﬁ.w**:‘“ua“:?»'l .;-,oui:‘;n.g“'%",uo»‘:::wu??&?’. 3 g
Y < £ 00
Top view 2 .§ o
5% = 0.1
‘J o’ ‘. E
' 4 S 300 200 500 600 700 800 00 02 04 06 08 10
Potential
Wavelength (nm) V)
_ , 70 = i 1
o~ — —PBDT-TBT as spun (a)
£ 12| o PBDT-TBT annealed 90°C for 10 min 60- ‘
Q ——PBDT-TTBT as spun 1
E 8 o PBDT-TTBT annealed 80°C for 10 min _ _ 501 |
= 4 / < 40; |
s W
g 0 f g 304 o —
@ S
e = 20. e, .
c e
S 3 10+ o A
8 -12 0 ] T T T T h »
02 00 02 04 06 08 1.0 300 400 500 600 700 800 ey Yo
Bias (V) Wavelength (nm) — a5 = =

ZouG, LiZ, etal. Polym. Chem., 2014,5, 1976-1981
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If that wasn’t enough knobs to tune...

Polymer Structure

A—A—A—A—A—A—A—A—A—A Homopolymer

.—0:’.:._.::} " é: A—B—A—B—A—B—A—B—A—B Alternating copolymer

Linear Branched

A—B—B—B—A—B—A—B—A—A Random copolymer

% @‘ B—B—B—B—B—A—A—A—A—A Block copolymer
A—A '?‘ A—A—A '?‘ A—A—A Graft copolymer

Cross Linked Network
—B—B—B B—B —B —

Anybody know the most famous copolymer?
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Polymers have unique properties due to their
structure: polymerization method

Chain Growth Step Growth E
O [
CONDENSATION POLYMERISATION ”
. - Functionality of Molecule =  Number of Reactive Sites |
R—O0—0—R ——*2R—0 [ N o
n C—CH,—CH,—CH,—CH,—C +
Ho < ~oH) " n[HO — CH,— CH,— OH]

[
R— Q- C= C/ ——>» R—0O—C—C- hexanedioic acid ethane diol s
/ N | | l 3 A+E
c,%? + <>

Chain-initiation step n{"wC_CH enon—on l+ ort HO
o~ ? 72 T 72 S CH,—CH,~CH, ‘

RBYJU'S ester b) A;+B, 3
ol Th: Leareing Ao a pg|ygstgr link water
© Byjus.com .. v
L S + A . i ‘
n—o—c—clz-”"(\c\=0/ — % R—0—-C—C—C—C- !

L1
c—C—C—C
\ s N L1 H
N p | |J[| |][| | o A+B, ! 5
R—0—C—C—C—C c=¢ —» R—0—-C—C+C—C+C—C-
0 s N Lo i 4 ! o 8%@#@ [
Ch ) . e R b ngh ORISR
ain-propagating step "u:o Polymer” v
E BYIU'S .g We ig ht Initial Polymer Increasing Network Density Decreasing Network Density . Fegf@; o:
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Intro to Polymer MW

Polymers have unique properties due to their
structure: polymerization method

[ Three Ways to Nylon ]

NH
HZN/\/\/\/ 2

+ o

HO OH

Melt
condensation
Step growth

A—

- =\

HzN/\/\/\/NHz 5
4+ iENH
Cl\n/\/\/U\CI
(0]
Interfacial Ring-opening
polymerization '|polymerization
\Step/chain = kChain growthj

Mechanisms have consequences
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Polymer crystallinity may be the MOST

Important property to consider

Almost no polymer is 100% crystalline and, in fact, most polymers are only around 10-30% crystalline
Methods for measuring polymer crystallinity:

* Density P (Ps — Pa
Pc — Pa

* X-ray diffraction

Disordered
amorphous
region

e Thermal transitions

Kaliappan, Senthil Kumar. (2007). Characterization of physical properties of polymers using AFM force-distance curves.

p(c) = crystalline density

Ordered
pr— CI'yStalline _ h
region p(a) = amorphous density
p(s) = polymer density

Heat Flow

)><100

Area under the curve of
the crystalline pattern
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The Impacts of Polymer Crystallinity

* Mechanical properties-the more crystalline the stronger, but
more brittle. The more amorphous the tougher

* Thermal properties-the more crystalline the higher the melting
temperature, the narrower the melting transition, and
generally the more thermally stable

* Optical properties-anyone have a guess?

Bonus question: how do you think polymer molecular weight

impacts crystallinity? And why?

Chain entanglement
Chain mobility

Amorphous Semi-crystalline . .
Steric hindrance
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Which are ? Which are amorphous?

Use your intuition! Try to imagine these molecules fitting
together, would they be able to densely pack?

polypropylene Syndiotactic polystyrene Poly(methyl methacrylate)
CH,
—[—‘CHZ_(IZH'—]H j:_H _[_CHz_C:i_];l

CH3 E_+© H,r.‘: =0

polycarbonate E_EHC CH;
O H

I . @;ﬁj Aramids (Kevlar)
—+o0—C—0 (lj - H_é© - 5
CH; %
C C

polyisoprene atactic polystyrene H

—[—CHE\ _CHy 1 —CH,—CH-
C

=(_ e y
7/ N N\/\/\/\
HaC H @ J[
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Which are ? Which are amorphous?

Use your intuition! Try to imagine these molecules fitting
together, would they be able to densely pack?

Syndiotactic polystyrene Poly(methyl methacrylate)
—[—‘CHZ_(IZH'—]H % _[_CHz_C:i_];l

CH, E—%@ =0

polycarbonate E_EHC CH;
0 H

I . @;ﬁj Aramids (Kevlar)
—+o0—C—0 (lj - H_é© - 5
CH; %
C C

polyisoprene atactic polystyrene H

—[—CHE\ _CHy 1 —CH,—CH-
C

=(_ i i
/ N AN N
HC H @ HJ{
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Which are ? Which are amorphous?

Use your intuition! Try to imagine these molecules fitting
together, would they be able to densely pack?

Syndiotactic polystyrene Poly(methyl methacrylate)
—[—‘CHZ_(IZH'—]H % _[_CHz_C:i_];l

CH, E—%@ =0

polycarbonate E_EHC CH;
0 H

I . @;ﬁj Aramids (Kevlar)
—+o0—C—0 (lj - H_é© - 5
CH; %
C C

polyisoprene atactic polystyrene H

—[—CHE\ _CHy 1 —CH,—CH-
C

=(_ i i
/ N AN N
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Which are ? Which are amorphous?

Use your intuition! Try to imagine these molecules fitting
together, would they be able to densely pack?

Syndiotactic polystyrene Poly(methyl methacrylate)
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Which are ? Which are amorphous?

Use your intuition! Try to imagine these molecules fitting
together, would they be able to densely pack?

Poly(methyl methacrylate)

—HCH—CH; | —pen—c,
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polycarbonate E_EHC CH;
0 H
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CH; %
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Which are ? Which are amorphous?

Use your intuition! Try to imagine these molecules fitting
together, would they be able to densely pack?

Poly(methyl methacrylate)
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CH3 E_+© ;C =

polycarbonate E_EHC CH;
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Which are ? Which are amorphous?

Use your intuition! Try to imagine these molecules fitting
together, would they be able to densely pack?

Poly(methyl methacrylate)

—HCH—CH; | —pen—c,
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polycarbonate E_EHC CH;
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Which are ? Which are amorphous?

Use your intuition! Try to imagine these molecules fitting
together, would they be able to densely pack?

Poly(methyl methacrylate)

—HCH—CH; | —pon—c,

CH3 E_+© ;C =

polycarbonate g CH;
) aw )

I P O
|
—to—C— H—C—H
3 %
_ C

polyisoprene atactic polystyrene H

—[—CHE\ _CHy 1 —CH,—CH-
C

=(_ i H
2N I SN
HC H @ HJ{
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Which are ? Which are amorphous?

Use your intuition! Try to imagine these molecules fitting
together, would they be able to densely pack?

Poly(methyl methacrylate)

—HCH—CH; | —pon—c,

CH3 E_+© ;C =

polycarbonate g CH;
) aw )

I P O
|
—to—C— H—C—H
3 %
_ C

polyisoprene atactic polystyrene H

—[—CHE\ _CHy 1 —CH,—CH-
C

=(_ i H
2N I SN
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Which are ? Which are amorphous?

Use your intuition! Try to imagine these molecules fitting
together, would they be able to densely pack?

DAahimathul methacrylate)

_tcp,- BONUS: S
f ‘c=0
/
)\
polyca CH;
O
—Po—rlzl—o{
linear polyethylene branched polyethylene
~Or1s
polyisuprene atactic polystyrene — H H
—[—CHE\ _CHy 1 —CH,—CH-
C

=(_ i H
4 N N PN
HyC H J[
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The history of vulcanization

4 w= e
N 2F ko

Charles Goodyear

Anybody recognize that name?
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The history of vulcanization

G g 28

Charles Goodyear
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The history of vulcanization

GOOD;SYEAR

Charles Goodyear

CHy (C-C-C-C-C-C-C-C-C-C-C-C
HC—C/ HC_C HC_
el nE—d H}—cnz H Polymer | C-€5C-€-€-C-G-C-G-C-C-C

Isoprene Polyisoprene Chains
(Monomer) (Polymer)
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The history of vulcanization

GOOD;SYEAR

Charles Goodyear

C
::—:k_::_*c‘}_::—“k‘l S T e o T o o B P
Isoprene Polyisoprene I e
(Monomer) (Polymer)
€-C-C-C-C-C-C-C-C-C-C-C

c-¢c-Cc-C-C-C-C-C-C-C-C-C
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The history of vulcanization

Charles Goodyear
CH3 : CH3
HC—C HC_
\Hz / H}_CHZ H}_CHZ H} c-c-c-c-c-C-Cc-C-C-C-C-C
Isoprene Polyisoprene R e
(Monomer) (Polymer)
c-c-c-c-Cc-C-C-C-C-C-C-C
1834 1839 C-C-C-C-C-C-C-C-C-C-C-C
o}
” Hc—c H ==C HC._C
_O/N+\O/H + ‘LH’ H}—CH H}—cu, H}:*]» @\ + ALH, H}—CH, H):—cn H>:<]~ + w
Nitric Acid Natural Rubber Sulfur Natural Rubber Heat

Result: Improved strength and reduced stickiness,

but still unstable at high temperatures Result: Strong and thermally stable
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The history of vulcanization

GOOD;SYEAR

CH3

| CHs CHy CHs
- woed  nod  Ho=d
He —X 7 i /A
H H
2 n

CH2 H _CH2 H —CHZ

Isoprene Polyisoprene
(Monomer) (Polymer)
1834 1839
o}
A + L Tk 4 l @‘ + L &ﬁ“ﬁ;if‘ﬁxl + w
Nitric Acid Natural Rubber Sulfur Natural Rubber Heat

Result: Improved strength and reduced stickiness,

but still unstable at high temperatures Result: Strong and thermally stable
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The history of vulcanization

GOOD;SYEAR

Charles Goodyear
s s c-c-c-c-Cc-c|l-c-c-c-c-Cc-C
HC—C HC—C HC_C} HC_ l é
i, e mb—ch Hb—chy c-c-¢-c-c C-C-C-C-C-C-C
Isoprene Polyisoprene
(Monomer) (Polymer)
1834 1839
5 . 4
|| e s o L Crosslinkin
e F L WO "xl ggx + L Al Hxl T w g
Nitric Acid Natural Rubber Sulfur Natural Rubber Heat

Result: Improved strength and reduced stickiness,

but still unstable at high temperatures Result: Strong and thermally stable
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The history of vulcanization

CH3
HC —c

N,

Isoprene
(Monomer)

1834
1.
e o+ e

Nitric Acid Natural Rubber

Result: Improved strength and reduced stickiness,

but still unstable at high temperatures

FABRICS
MECHANICAL

WV@ -

THE OLDEST AND uaom NANUPACTURERS IN THE U. 8.
RUBBER BELTING; PACKING, HOSE

GOODSYEAR

— HAMHOTH RUBBER BELTS ow=—

With Smooth Matallie Surtace.

CH3 CH3 /CHa
HC—C HC_C
2 Hk_CHz H}:—CHZ H n
Polyisoprene
(Polymer)
_,:‘*‘“:"' > *‘“-;’-i-'";"’@ — VANS VULCANIZED RUBBER WAFFLE SOLE MATTHEW STRAUB 5

1839
@‘ + L T b ‘ﬁxl = w
Sulfur Natural Rubber Heat

Result: Strong and thermally stable
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The history of vulcanization

HARDNESS is how well a material C ros S li n k d e n Sity

holds together when friction is applied.
Common hard substances include

diamonds, drill bits, and grinding discs. MGX tensile strength

Max toughness

STRENGTH is how much force needs to L ‘A'
be applied before the material deforms. o
Silly putty has low strength, but steel has

high strength and is extremely difficult

to pull apart.

TOUGHNESS is the ability of a material
to resist breaking when force is applied.
It takes a combination of strength and
ductility, which is a material’s ability to

> %
~ 7

Charles Goodyear

U
=
)

deform under physical stress, rather
than fracturing. A
‘ 3501 ultimate strength
::‘ ol T, G A small toughness (ceramics) 300 A
: po tensile | large toughness (metals) i
B stress, o | E
very small toughness E_ 200 Ylefd Strength
I | (unreinforced polymers) §
Drill Bits I | 5 150 A
- . 2
X i Anvils L 1 ..
A Bullet Proof Vest . . - 100 1
N H r Head A .
i - Brittle fracture:  small toughness tensile strain, ¢
Ductile fracture: large toughness 50
Steel
0 T T T T T >
0 5 10 15 20 25

4 STRENGTH ~
‘ Strain (%)
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The history of vulcanization

Disadvantages:

- Slow
- Expensive
- Oxidative damage

Vi M i

A “H, A 2
Broken chain after
~—"" Cxidation Charles Goodyear

i e

40-50 10-15 <5

6 hours 1 hour < 30 min

140°C+ 120-140°C <100°C
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Drawbacks of Crosslinking

. W7 Vibracoustic N domenist
* Not easily shaped _
"Green Rubber Project”

"Green Rubber Project”

[Feed hopper

Using Sustainable Materials

/

= Biotechnical recycling of rubber waste

} SFeg;r;dﬁlm BioReNa is a biotechnological way of breaking down vulcanized rubber waste,
.

g o functionalize it and then reuse it in rubber compounds. Vulcanized rubber waste is
¥ o Maleemimab il ol el Charles Goodyear
v shredded and treated with enzymes, converting it into reusable materials via SUSTAINABLE NATURAL RUBBER

[Tuming screw Barrel

Structural parts i
£ l functionalization of the rubber surface

Rubber BioReNa
Waste Process

* Not easilv recvcled

e Environmental hazard

New Compounds and NVH Products

By reusing our own rubber waste, we can reduce the CO2 MORE SUSTAINABLE
footprint of new products while also reducing the waste NVH PRODUCTS
generated by our production processes, thus contributing g
towards a circular economy.
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Innovations in polymer crosslinking and
crosslinker chemistry

NorHA peptoid hydrogels Rheometry Swel!ing
10000+ o 150
OH —
© 8000
o oé&,o o o HN\)L< /\gN\)L /\g}N\)LNH 365 nm % .9100
ligh ® 1004
A ight 3 6000- <
2 . g
- © 40004 ’j— o
"'( ( |‘1 f ° o < ® ® 8 U;) 50‘
¢ ¢ ¢ © ¢ © o)
!\\‘\\’\\/ “/\\\ \\\/ /&. 'EEX: { 7\L‘( » 20004
¢ ° (9 < © © hﬁ/ T
helical non-helical unstructured 04 _ 04
H14 N14 N8 U14 us H14 N14 NB U14 U8
Hehcal Non-Helical Unstructured Hehcal Non-Helical Unstructured
Helical Non-Helical Peptide Unstructured G
XXX 1
25000 14y ———— A
> XXXX ﬁ
z 1.24 XXX %
E 20000 HHK
—_— & 1.0 *¥% - T
o E > |
L % 15000- & o8- N
100 um g i’ : ; é : ] . +
‘ > O 064 3 ~
z 10000 : f 1 . L - @ { B ‘
O A T ¢ . ; 3
7 3 044 . - A *
T 5000 ¥ 2 ¥ & = i} I e B . A I
E 3 1] |1 | 0.2 i i )~ ‘* - # .
—~ 04 . : . K 0.0 | ) . ; = L
L A A A AL A A
% AN N AN ‘\OQ Q‘\h \;\b‘ Qéz o x x x
PN Ny

Morton et al. Acta Biomaterialia 155 (2023) 258-270
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Wow polymers are amazing! Hopefully there
Isn’t some huge downside!

T = _—
G'Obal oﬁ' !o n of :

A BS, EPS; polyest; ﬂbre, fnm ang
HCISSHAplY & Demand Database polymer, BVC PS, PP, DBE I.Db nd
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One other materials note:

THERMOPLASTICS THERMOSETS

s w] -1 ;
|8 ' ‘

Buzzle.com

*‘

(Can be melted (Once shapd,
repeatedly) cannot be melted)
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The chemistry of polymer manufacturing

Thermoplastic Thermosetting
Strong link into polymer chains Strong cross-link bond
o | e
Monomer Monomer
Weak intermolecular forces Strong covalent bonds
between polymer chains between polymer chains
No cross-links between chains Remains hard when heated

Softens when heated
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The chemistry of polymer manufacturing

Thermoplastic Thermosetting

Strong link into polymer chains Strong cross-link bond

Which of these is more recyclable?

|
.8 -5 A g®

No cross-links between chains Remains hard when heated

Softens when heated



Materials Engineering Synthetic Polymers Intro to Polymer MW Polymer Properties Polymer Recycling

Types of thermoplastics—are they recyclable?

L‘.) Lz.) (_‘"A I_“.) I_5.) (_6.) U.-\

HDPE LDPE OTHER

Polyethylene ﬂ ! : Polyvinyl N- _ : | Polypropylene [ Other plastics,

Terephthalate | Polyethylene Chloride

Soft drink Milk jugs, Trays for Crushed Furniture, Toys, hard including
bottles, cleamng sweets, fruit, tles, consumers packing, acrylic,
mineral water, [agents, taundry plastic packing | shopping bags, | goods, luggage, | refrigerator polycarbonate,
fruit juice detergents, | (bubble foil) highlv-resistant toys as well as | trays, costume nylon,
containers, bleaching and food foils | sacksand mest | bumpers, lining jewelry, cd fiberglass

cooking oil agents, to wrap the of the and external cases, vending
shampoo foodstuff wrappings boarders for cups
bottles, cars
washing and

shower soaps
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Types of thermoplastics—are they recyclable?

Plastic Type

#1 PET (Polyethylene
Terephthalate)

#2 HDPE (High-Density
Polyethylene)

#3 PVC (Polyvinyl
Chloride)

#4 LDPE (Low-Density

Polyethylene)

#5 PP (Polypropylene)

#6 PS5 (Polystyrene)

#7 Other

(Miscellaneous plastics)

&
Recyclable?

Reason Why / Why Mot Recyclable

Easy to process, can be remade into fibers, containers, and other

products. Most recycling programs accept it

Strong, durable, easy to recycle. Often remade into bottles,

piping, and plastic lumber.

Contains toxic additives, hard to process without releasing

harmful chemicals. Recycling is complicated and expensive.

Mot commonly accepted in curbside programs due o difficulty in
processing, but can be recycled at specific collection points (2.g.

plastic bag recycling).

Less commeoenly acceptad than PET and HDPE, but some
programs do recycle it. Can be remade into products like

packaging or automaotive parts.

Difficult to recycle due to low density and contamination risks.
Often ends up in landfills; specialized facilities can process it, but

they're not widespread.

Includes a wide range of maternials, making recycling
complicated. Some bioplastics or mixed materials cannot be

recycled in standard facilities,
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How do polymers break down?

 Mostpolymers do NOT biodegrade

* They degrade by UV-light, oxygen, water, etc.

 They break down into smaller and smaller pieces until they are microplastics

* Whetherit's our bloodstream, brain, or lungs, microscopic fragments of plastic seem to turn up every time

scientists scour a new corner of the human body.
* Recent work has found microplastics in the testicles of in 23/23 men and 47/47 dogs tested*

Toxicological Sciences, kfae060, May 15, 2024
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Recycling thermoset polymers

pDCPD + iPrSi (vol%)
pDCPD ! 5% 10% 15% ‘

W‘s"‘»

crosslinking

Oh

AW AV
strand with cleavable main chain

f potential crosslinking sites

X cleavable bonds
thermoset network A

¢ crosslinks per strand

cleavage af 9

12h

238
[%2]
crosslinking ) &) 8
~ -~ crosslinked degradation products
J’\WJ claavage of @ J ./\J‘\/ o / <c ! (x + 1)> crosslinks per fragment
li d dati duct -
strand with_ cleavab_le I"nain.chain mff}r(xe,,gﬁfcgg;ﬁmﬂ; ° - . 1001
f potential crosslinking sites sites per fragment 90 1
x cleavable bonds 100 80|
@
TE 701
“E 75 g 60 A
[ . [ ° £ 9 o oyiprsi
LOTS of people are working on these problems, but no solution 2 =0
. . . . . 8 50 5 40{ o 10%iprsi
has proven sufficient for the real-world issues we are dealing with g i | . oo
g E 30 6 iPrSi
& sl ® 33% iPrSi
20
® 50% iPrSi
10 4
0"0% 2.5% 5% 7.5% 10% 04

—— 50 150 250 350 450 550
iPrSi
Temperature (°C)

Shieh P, Zhang W, et al. Nature volume 583, pages542-547 (2020)



ALUMINIUM CAN

3 months

) |

COTTON T SHIRT

450 years

i

NAPPY / DIAPER
PLASTIC BOTTLE

é weeks

7

NEWSPAPER

600 years

FISHING LINE
2-4 weeks

«<>

ﬁ

PAPER TOWEL

2 months

FRUIT
CARDBOARD

1-5 years

J

WOOLLEN SOCK

50 years
%S5

TIN CAN
FOAM CUP

|

|
|

10-20 years

PLASTIC BAG
2-5 months

el
I

WAXED CARTON

1-3 years

\ \

PLYWOOD
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These papers are a dime a dozen...so why do we
still struggle with plastic waste?

Plastic Waste Upcycling Products

Biodegradation
- rﬁ::'> L4 Bioplastics
. C\) o €, ]

>+ 28 Natural

i' Products

B-
O . . oxidation )
l

Degradation Products

Lee G.H.,KimD.W,, et al. Int. J. Mol. Sci. 2023, 24(20), 15181



Materials Engineering Synthetic Polymers Intro to Polymer MW Polymer Properties Polymer Recycling

These papers are a dime a dozen...so why do we
still struggle with plastic waste?

Plastic Waste Upcycling Products

Biodegradation
i( rﬁZDJ— I Bioplastics

B e

Degradation Products

Lee G.H.,KimD.W,, et al. Int. J. Mol. Sci. 2023, 24(20), 15181



First Checkpoint Due Next Week!

September 18: Project checkpoint #1: Pick your groups and pick
your problem—deliverable: email Logan first come first serve

 groups should consist of 2-3 members.
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