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A Tale of Two "Monomers"

OH

—/ Pl
Vinyl Alcohol Allylic Alcohol
Poly(vinyl alcohol)

OH

e Thickening agent
» Coatings, adhesives .
» Water-soluble packaging
» Cosmetics, personal care products
» Pharmaceuticals
* Poly(vinyl butyral) interlayers
inm auto safety glass.
» Biodegradable
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Vinyl Polym Primer 7/3/94 8:49 AM

Vinyl Polymerizations:
A Primer
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Thermodynamic Considerations

o) K=38x10""

/U\H T ﬁOH

25 °C

"Vinyl alcohol is an unstable compound that
rearranges spontaneously to acetaldehyde."

T. Solomons, "Organic Chemistry", 2d Ed.
Wiley, 1980, pg 336
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The Synthesis of Poly(Vinyl Alcohol)

"...poly(vinyl acetate) is used to produce two
polymers that cannot be synthesized directly
since their monomers do not exist.”

G. Odian, Principles of Polymerization,
3rd Edition, 1991, pg 711

o
0
” SO 7
. OH
PoTy(vinyl alcohol)

¢ Thickening agent
» Coatings, adhesives
* Water-soluble packaging
» Cosmetics, personal care products
* Pharmaceuticals
e Poly(vinyl butyral) interlayers
in auto safety glass
e Biodegradable .
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Our Approach
(Kinetics vs. Thermodynamics)

\5 Precursor I

Require Conditions Under Which:
ky >>> Kk
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Mechanism of Enol Ketonization

Base Catalysis (Fast)

TN o] 2 o) ,
=7 B_HJC/ - )L + B
H
ko = 1.5x 107 M1s?
Acid Catalysis (Slow)
@
®, \ C:OH OH o
H+——(—:/ [Hacjj\_—"" 4 H
Concerted Water Catalysis
OH,
o—-H’j 0
=/.OH+ 2H,0 —r H__-—// -"""'"/lL + 2H,O0
o' ;

Rate of Tautomerization is Dependent On:

® pH

* Water Content

¢ Vinyl Alcohol Concentration
(Upper limit = 0.6 M)



Hydrolysis of Orthoesters
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The Synthesis of Unsaturated Acetals
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Precursor Method for Vimyl

Alcohol Synthesis
Hydrolysis of Acetals
and Ketene Acetals
O—/ o———/ OCH,
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B. Capon, 1982



Kinetics of Tautbmerization
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J\ + CH.0H
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Michaelis-Menten Enzyme Kinetics

®
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Extending Vinyl Alcohol's Lifetime

1. Use Acidic Conditions ([H@] ~10"%)
2. "Dehydrate" Hydrolysis System

"Self Dehydrating” Conditions

4
: . 'H® /(I‘DL OH
H C-—-{——H H 2 =/
® 3 * 20 acetone - FaC Ho

\\ - =1.05eq

N\ J . - J

Yo Y

I!Wet" "Dry"

/ A

[ 4
%, o
—



Probing the Chemistry of Vinyl Alcohol

h { Precursorl

_ it
_10to25°c | E1=10
1.05 eq H,0

Free Radical
(AIBN, hv)

Anionie
Cationic
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Ultra-fast No Reaction
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1:1 Alternating Copolymerizations

- Os O 20
g N \/_\f
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T1%r9 = 0

e-Donor  e-Acceptor

O O O |
U YIS AN TN ™™

0.018
- 1.80

Q 0.86
e 3.69
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D-A Copolym 7/9/94 9:02 AM
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Donor-Acceptor
Copolymerizations

o
OH © 0
N v AIBN, 340 nm

25 °C
OH o
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= 100% Yields
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D-A Copolymerization 7/3/94 12:04 PM /&



Intramolecular Cyclization

OO0
R AR
== OH

g

Soluble in: DMSO, acetone, THF
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Vinyl Alcohol Copolymer Transformations

OH HO

CH,N,

on Y

Mn: . 55,900
Mw: 183,600
PDI: 33
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IR (cm™) Solubility
1716 - acid DMSO
¥732 - ester
1778 - anhydride
1849 - anhydride

3500-2400 - OH

IR (cm')) Solubility
1718 - acid H,0O
MeOH
3500-2400 - OH
IR (cm™) Solubility
1731 - ester THF
3448 (br) - OH

» )
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NC CN
NC: o C :CN
7,7,8,8 - tetracyanoquinodimethane

—O
=

Vinylene Carbonate

eny

Non-viable Acceptor Monomers

oy

Indene

OEt EtO

Diethyl Fumarate
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New Altemaﬁng Copolymers Using

20

Vinyl Alcohol
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C NMR of N-Ethyl Maleimide Polymers
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Maleimide Copolymers
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Modified Precursor Route
to Poly(Vinyl Alcohol) Copolymers

Simple
- Precursor

Catalyst Catalyst*

Slow

Fast

OH

23

Modified Approach 7/9/94 9:20 AM



A Tale of Two "Monomers"

g /\/
Vinyl Alcohol Allylic Aleohol
Allylic Alcohol:

A Cheap But Nonpolymerizable Monomer

St

/\/OH

T S

Stabilized, Allylic
Radical




Catalytic Enol Formation

\/\OH

gt

Catalyst Catalyst®

’“w,ﬁ

OoH

Presumed

K. Tani, 1985
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Energy Diagram for the Isomerization of
2-Methyl Propenol to 2-Methyl Propanal

OH
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Y

/
T
- 51.59
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Isomerization Catalysts
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P \\/ \ 7
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R}% Rh - Rh
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HNN !
f Inactive Active
Solvent Structure
Acetone Monomer
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 [Cat]=1x10? .
\/\ OH _‘H""“*-/\OH 9%
Room Temp
10 min Enol] < 0.6 M

B. Bosnich, 1988, 1991
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) Mechanism of Catalytic Enol Formation

Ph = 2@
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Synthesis of Rhodium PFg Catalyst

H,C=CH 2 NBD
RhCly+3H,0 — " [RR(CH)Cll, ]
H,0/CH;0H CH,Cl
AgPF6
Y
Ph Ph 1@
/
\ o Diphos
[ ) s CHLCI
/ AN 212
\\‘\\\\
"\
Ph FPh
Ph =\ pp Ph |29
"'P Y ] \7
Ho/CH,0H \ N S
273 Rh Rh 2 PF
VAN \ °
P AN P
__" \ l\\ T
Ph Ph - Ph
30
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Cataly{ic Production of Enols

<

OH

(4

OH

Ph

OH

OH

<

[Catl=1 x 103

25°C

[Substrate] / [Catalyst] =100 / 1

%OH
10 min .
330 min s/ OH
Ph
\\/L
9 min ' OH
Ph
A
124 min OH

% Enol E/Z Ratio

89 %

86%

83%
47%

96 %

1.1

1.0

0.19
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Copolymerization of Allyl Alcohol and
Maleic Anhydride

Acetone [ RE
25 °C

P+ O’WO ATBN, hv

0.6 M OH

E/Z=11 = 100% Yields
1:1 Copolymer

33

Allyl Alcohol CoPolym 7/9/94 12:12 PM



- 2-Methyl-Propenol Copolymer with

Maleic Anhydnde
o A IR (cmh) Solubility
1717 - acid DMSO
1781 - lactone Acetone
o OH 3600-2400 - OH
CH);N»
o o IR (cm’l) Solubility
1736 - ester MeCl,
1782 - lactone
o OMe

3¢



Catalyﬁc Activation of Monomexs:
Routes into Highly Stable Enols

Ph
W mol2e

P\ 7 e
. Ah Rh 2 PF6
5 \

7 \ .
P[';:\Ph Q‘D/ .-'ph

\[/\ on Catalyst >a Vacuum
acetone Ot Transfer

- (Solution) (Neat Liguid)
Typ =20 days Tyjp = days
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Tautomerization Kinetics of Neat
2,2-Dimethyl Vinyl Alcohol

>=/OH |
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Polymeric Materials Synthesis and Processing
in Carbon Dioxide

Joseph M. DeSimone

Department of Chemistry
CB #3290, Venable and Kenan Laboratories
The University of North Carolina at Chapel Hill
Chapel Hill, NC 27599-3290

Outline

+ Supercritical CO, solvent properties

+ Characterization of Poly(FOA),
Poly(1,1-dihydroperfluorooctyl
acrylate), a CO, soluble polymer

+ Design and characterization of
CO,-philic/hydrophil c amphiphiles

+ Design and characterization of
CO,-philic/lipophilic amphiphiles

+ Conclusions

3%



Pressure (atm) ————

Triple point
(—57°C, 5.1 atm)

et
<

—78°C
Temperature —————

A

i ;
R

Dependence of CO2 density and dielectric constant
on pressure at 59.4 °C

1.0 1.8
0.8
0.6
Density Dielectrie
{g/mL) Constant
0.4 4
0.2 4
0.0 T 7 r T Y v 7 T 1.0 f“j
¢ 100 200 300 400 500

P (bar)
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Vapor Pressure of Carbon Dioxide
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Advantages and Attributes of Supercritcal CO2 for
Synthesis and Processing

"...not just another solvent..."

Compatibie Chemistries:

* Free Radical » (ationic
« ROMP
 Others...

Carbon Dioxide

Environmentally Responsible
Inexpensive ( 2.5 ¢ / 1b )
Non-toxic

Easily removed

Easily recycled

Supercritical Carbon Dioxide

* Tunable Density-dependant Properties
- 0.1 -0.9 g/cc
- Dielectric Constant
- Solubility Parameter
* Gas-like Viscosity ( < 0.09 ¢ps )
* Gas-like Diffusivity
* Plasticizing Agent
- Increased rate of solute diffusion in
polymers

4/




St

Solubilitv Characteristics of SC Carbon Dioxide

 Tunable

 Similar to Hexane for Small Molecules
- Immiscible with water

e Similar to Fluorocarbons for Polymers
- Freon-113

Tonologically Ordered "Soft" Structures

* Amphiphilic Surfactant Systems

Hydrophilic Cores (W /0)
Lipophilic Cores (O /W ; FC/ HC)

 Emulsions and Microemulsions
 Compressible Medinm
- Small Angle Neutron Scattering
(SANS)
- Small Angle X-ray Scattering
(time resolved - SAXS)
e« Technological Significance
- Polymerizations

- Separations
- Cleaning

4o
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{ Modified Polymerization Processes Based on COz ]

[(A) Bulk: |

Traditional —> high temperature and vacuum

Modified ——» high temperature with SCFE

[(B) Solution: ]

Fluoropolymers or siloxanes

[ (C) Heterogeneous: ]

(1) Precipitation

monomer soluble —> polymer insoluble

(2) Dispersion

monomer soluble ——» polymer insoluble but
stabilized as colloid

(3) Suspension
SO
monomer\solubl‘e

monomer-soluble initiator
stabilizer or dispersant

(4) Emulsion

monomer insoluble
monomer-insoluble initiator
surfactant

(5) Imterfacial
water-rich phase / CO,-rich phase

43



1 Homogenedus Free Radical Polymerization in Supercritical CO» l

(|3H3 CHs
CHy == CH -+ CHS—(I)—N:N““(‘J“—CH3
C=—0 CN CN
|
5 (AIBN)
CH,(CF5)gCF5
FOA
CO»
60 °C, 24 hours
345 bar
{ CH CH \
\ 2 ] }n
C=0
l
1
[
((|3F2)s
CF;
Poly(FOA)

DeSimone, J. M.; Guan, Z.; Elsbernd, C. S. Science 1992, 257, 945
G4y
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Degree of Aggregation of Poly(FOA)
- as a Function of CO, Density

Poly(FOA) P T p Degree of
Sample (psia) O (g cm‘3) Association

High My 5,800 60 0.89 Unimer

High My 5,000 65 0.84 Unimer

High Mw 4.500 65 0.82 Trimer

High Mw 4300 | 65 0.81 10 -mer

High My 4,200 65 0.80 40 - mer

High My 4,100 65 079 | Cloudy

High My 4,000 65 0.77 Two Phase

" There is signifigant polydispersity (MWD = 1.5 - 2.0) in the polymer.

- We are in a density range where fractionation can be explored.

47



‘ Tetrafluoroethylene Polymerization I

X

( CF,—CF> }’_

« Aqueous polymerization media

Ammonium persulfate initiator

— 1onic end groups

— acid end groups

Perfluorinated surfactants

CF3CFECFQCFQCFZCF20F200(29 r\u—ﬁB

T, = 342°C

Broad-based applications

‘+§



o
AL

1 Melt Processable Fluoropolymf:‘i]

-{CFQ-—CFQ—/-—"CFQ"CIF)T

CFa
FEP
~€CF2--CF2——/—CF2—~CIF>I_—
OCF,CF,CF3
PFA

_G—CFQ_CFQ—CHQ‘”CHQ%

ETFE

-(CFQ—CFQW/_CF——Ci%

O O

Teflon AF

Tm (°O)

260

305

275

Amorphous
T, = 160, 240



I Non-Aqueous Polymerizations of Fluoroolefins l

R F R F
+
F F F OC3F7
F—113
Facrc—o-o—lcr.cr,
CHzOH (CTA)
30-50°C
Y

‘<CF2-—CF2—~/——CF2—-CIF>I_—

OCF,CF,CFj

» No hydrocarbons
 Perfluorinated initiators

 Treat with F5, CH30H, or NHj3
— Stable end groups

— High molar masses

« Wire coatings, gaskets, microelectronics

T 10° Kg/yr in US. ($15- 50/ky)
50



Potential Alternatives to Chlorofluorocarbon §

Based Solvents

» Perfluorocarbons — Hexafluorobenzene, perfluorocyclobutane,
perfluorohexane...

1972 US 3,642,742 DuPont
1994 06,157,613 Asahi Glass

JP
1994 JP 06,157,614 Asahi Glass
1994 JP 06,157,615 Asahi Glass
1994 JP 06,157,616 Asahi Glass
JP

1994 06,157,675 Asahi Glass

« Hydrofluorocarbons — Tetrafluorocyclobutane,
2,2-bis(trifluoromethyl)-1,3-dioxolane...

1993 US 5,182,342 DuPont
1994 US 5,310,870  DuPont

1994 TP 06,157,617 Asahi Glass FiC. CFs
1994 TP 06,184,205 Asahi Glass ><
1994 JP 06,184,239 Asahi Glass o) 0O



Advantages of CO, for Non-Aqueous
- Polymerizations of Fluoroolefins

No observable chain transfer to solvent

*

Increased initiator efficiency

L

Fluorinated initiators and monomers highly soluble

L 4

Environmentally benign

Non-toxic

»

Inexpensive — 0.025 $/1b
Safe Mandling ot TFE (US Patent 5,345,013 1994)

Additional Benifits (potential)
- Plasticization (Dispersion polymerization?)
o Only one fluid phase present in reactor

 Supercritical fluid advantages — Viscosity, mass
transport, in-situ extraction/washing, etc...

52



Bis (Perfluoro-2-propoxy Propionyl) Peroxide
(HFPO Dimer Peroxide)

)

[ H,0,, KOH |
CFg-CFg—CFg—O—C]F--C——F -

H,0, F-113
CF,

] I

|
CFS“CFZ*CFg—O—C'FmC—O——O——C-mCIF—O-CFg—CFz—CFg

CF4 CF3

10 hour half life @ 7.6 °C K4 =3.5x 10"%1 @ 35°C, (half life = 33 min)

Vysokomol. Soyed. 1975, A17(6), 1235
J. Org. Chem. 1982, 47, 2009

Copolymerizations of TFE and PPVE in CO,
with HFPO Dimer Initiator

K F F F - . |
e (BB {onon/-or-or)
F OC;F, F F OC4F;
[ TFE ] [ PPVE ] Yield (%)* |wt. % PPVE| MV (poise) Tm
2.1 0.18 100 — e 330.5
1.9 0.18 99 — — 321.5
2.2 0.55 101 — — 1 318.6
2.0 0.55 100 5.2 0 high to 312.7
2.2 0.92 ‘ 101 5.8 Measure 313.7
1.2 0.35 70 7.8 7.3 x 104** 297.1

* Based on TFE charge  ** Methanol added as chain transfer agent

+ End group analysis (FT-IR) showed £ 3 COzH, CO2F end groups per 106 Carbons

« Mn > 1,000,000 g/mol without chain transfer agent!!
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Other Copolymerizations in CO, with
HEPO Dimer Initiator

+ Ethylene / tetrafluoroethylene

Vinyl Fluoride

.erﬂuoro(methyl vinyl' ether) / tetrafluoroethylene

+

Chlorotrifluoroethylene / vinylidine fluoride

Hexafluoropropylene / vinylidine fluoride

Rational Design of Surfactants for CO,

n m HEE
A.} Amorphous Fluoropolymers “/ \

B.) Silicones -
Hydrophilic \T.ipophith
A)PEG A} PPO
B.) PVOH B.)PS
C.) PAA C.) PMMA
D) ... D) ...

J. M. DeSimone et. al. Science 1994, 265, 356

sy



CO, continuous phase

Uses of Block Copolym

A
ok
CIS§

g S I
- Dispersion polymerizations
- Emulsion polymerizations

- Viscosity modifiers

DAL

O, phobi
,r‘é’doma‘

CO;, - philic CO; - phobic CO, - philic

fluorocarbon ~ Dydrocarbon fluorocarbon .

Stabilized micelle in CO,

2

AU r ™\

CO;-phobic  CO, -philic ~ COz - phobic
hydrocarbon fluorocarbon  Rydrocarbon

54

E% s



aseqd o£p s8urio [Ajow/Iojem qnjosul QD) B SZIfIGRIS 03 SAIPNIS A (] AQ UMOYS ¥
anoajowr 1ad O 9% M G ¥

O d [ow/3y ¢ SZIJIQEIS 0} UMOYS *

m_.._@ u
m_,_o.o,o.A.NzoNIoov.mm.afoow_é
®HO ..ﬁu_ﬁofom_u
w 0=9
|
HO —-9%H HO-9O%H
A
ouy/3 000"
! \ 0005 €11 uoard/dH.L
IououowoxoeIy Odd VO
HO ° NIV
fo.@,o N:ofoov.wzofoommo
°HO ..mf_\.om_‘_on_v
oﬂ_u
HO =0%H HO =0°%




{ Initial Solvatochromic Studies

Dye:

Methyt Orange (MO)

HSC\
HaC”
. soluble in water, methanol ...
Amax = 484nm (in water) insoluble in CO,
[ P — FEBOI001.5P ’ -
] ——— HARDA0DS 5P i
2.60 -
1.8
1.5
1,477
1"‘
i
LB 4 | e— MO/ Koo, /Sur Cockands
\ : (17 wr% S &)
LY
1.0 Y, /
\.“ /..' ( Q—ne_ ?}\G..DQ.)
0.87] -
. iy
9.6} ~-
0.4 {MO/H_QO/ CO_-Lh ’)
i T o L N
0.2 (Tooe 7 -
-—'_-__~_-'—-
| | i i i | 1 ] 1 ] [ ] P
3 o 1o [ I 5
0.0 320 3¢ 0 300 460 420 A40 AR 40 404G 520 fin L] by 500.0
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-

e E
K-

10000000 . . ; . : —rr—

- 1.9% (w/w) PFOA-PEO
- R T = 60°C 1
] RN . HLOVPROAPEO] = 0.32 (w/w) |
e ':s.u
1000000 |- -3 )
)
L 5“:.:
I E
E AA 2
2 100000 | A :
= , "Ae:" ““wﬂ 255 /
= ™ 300
o oA
470 har
10000 | -
1000 L - kS o
r : N L s ' N 1l ! | ‘. 1 n &(ga:

0.04 L0

I, A

Small Angle x-ray Scaftering of
Poly(FOA-g-EQO)

L haR a1

T=60°C
P =300 bar
[H.:OIJIPFDA-PEOI =032 (whw)
1000000 +
2 vooooo | 1.9%
f /
= . 0.6% (whr)
10000 |
1000 +
0.0l 0

P(q) = VeordPeore Pshetlf ol R core) + Vishetl(Pshett - Psotvenc)o(gR slze[l):[z

5

Reore = 109 A Shell Thickness = 11 A

4 N 27wt O wrater hiacnd an onelaniant nramandee aaoareaaiinn thranoh hudernoen handine



- Association of Poly(FOA-g-EO)

218 A

240 A

CO,-philic/Lipophilic Surfactant

B T T L T TR R R T PR A

‘€ H,C— CH —)—e HyC— ?H ‘—9—
i n c=0 'm

OCHC7Fss
CO, phobic block C0Q, philic black

SANS spectra for a copolymer with n =35, m =37
080 o e e o e

050 L *+ 2 wt/vol % polymer
£~ 040 4

? A 4 wt/vol % polymer

I
T 1
0.00 0.20 0.40 0.60 0.80 1.00

Q (um™h)
59
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A‘ggre gation of a Lipophilic - CO, philic Block
Copolymer in Supercritical CO,

OCH(CF3)sCF3

Poly(FOA-b-Sty) Hf( HQC_CH.%_QHQC__?H% -
i 29 (I;:o 102

* MW determined from SANS™ =2.1 x 10° g/mol

+ MW determined from GPC and NMR = 4.9 x 10* g/mol

* Estimate degree of aggregation of 40-45 molecules
Co
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Dispersion Polymerization in CO»

OBScr VA'I‘a'anS

C\ear, Ca‘or\es <
Solu'l'u'on

l

cleac solotion o

'1n+&n$i'py 4.09_

M
% % color
Nucleation M L
M M
, =

black (shoed

!

Particle Growth % M%: wkq—& \a'l'ex

Homogeneous
Solution

lA (initiator)

(gel effect)

According to Barrett's Model:
Rp = aCqV" 2k (Ry/kp 2

where o = monomer partition coefficient
(C4 = monomer concentration in the continuous phase
V = particle volume fraction
k, = propagation rate constant
k, = termination rate constant
R; = initiation rate

Barrett, K. E. J. Dispersion Polymerizatiz)n in Organic Media, Wiley, London, 1975.
oy



Dispersion Polymerization in CO»

/CHB
CH=2C + AIBN or F-AIBN

I

COOCH;,
Polymeric Stabilizer
COs
65 °C
4 hours

2000-5000 psi (140-345 be.,

Y

CHj

for

COOCH,

DeSimone, J. M.; Maury, E. E. et al. Science 1994, 265, 356.

Growing Polymer Particle

485

.A
i

N

A
‘

—a TEY; . : | - .
/ 'L Ty
| !"

»

q

CO, Continuous Phase

L3

-



‘ Heterogeneous Dispersion Polymerization of MMA in CO, l

Reaction Conditions: F-AIBN, 65 °C, 204 bar, 4 hours

Initiator  Stabilizer Yield <Mn> MWD Particle

(W %) (%) (x10-3 Size
g/mol) (um)

F-AIBN 0% 10 77 29
LEMW-
PFOA

F-AIBN 2% 88 277 25 20
LMW- (= 0.2)
PFOA

F-AIBN 4% a1 303 2.3 0.9
LMW- (= 0.3)
PFOA

F-AIBN 1% 38 163 23 1.6
HMW- (= 0.6)
PFOA

F-AIBN 2% 47 183 23 24
HMW- =02
PFOA

F-AIBN 4% 74 281 25 14
HMW- (= 0.1)
PFOA '

A



i Particle Isolation I

As Polymerized
CO, Wash
3
5000 psi vy
0°C
F-113 Wash
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X 5000
PMMA (no stabilizer)

X 1000

PMMA (stabilized)
(4 w/v% PDMS homopolymer

aco

S

X 5000

PMMA (stabilized + washed)
(4 w/v% PDMS macromonomer

X 5000 '

PMMA (stabilized)
(0.7 w/v¥% PDMA macromonomer




PMMA Particles Made in
Supercritical Carbon Dioxide -

After Washing: 0.2% PDMS by Weight

§
¥




"'...COQ, is the best solvent for free radical chain reactions...”

f
[ ]

Inert to free radicals
- No chain transfer to solvent
+ Even with highly electrophilic fluorinated radicals!

Liquid-like densities, gas-like transport properties
- Viscosity is order of magnitude lower than liquids
» Highest radical initiator efficiencies
* No Tromsderf effect

- Diffusivities of solutes one to two orders of magnitude
higher in COz than in liquids

Solubilizes hard to dissolve fluoropolymers
- Fluorinated acrylates, styrenics, polyethers, ...
- Pseundoazeotrope w/ terafluoroethylene (safe handling)

Plasticizes many COz-insoluble polymers
- Core-shell structures
- IPNs

Emulsions and Microemulsions
- Option to have hydrophilic or lipophilic cores!

Dispersion Processes
- Stable polymer colloids (coatings)
- New materials, new morphologies

Precipitation Processes
- Free flowing, bone dry powders

Immisicible with water
- Unique processes possible

70
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Oscillating Catalysts for Propylene Polymerization

Robert Waymouth
Stanford University

FOCUS:
MECHANISTIC UNDERSTANDING

!

MOLECULAR DESIGN OF NEW POLYMERS

+ POLYMERIZATION MECHANISM

INIITIATION,
PROPAGATION, j—
CHAIN TRANSFER

MOLECULAR WEIGHT,

END GROUPS ——> PHYSICAL PROPERTIES

+ POLYMERIZATION STEREOCHEMISTRY

CATALYST POLYMER
GEOMETRY = MICROSTRUCTURE = — >  PHYSICAL PROPERTIES
'S [ |
- POLYMERIZATION OF FUNCTIONALIZED MONOMERS
FUNCTIONALIZED FUNCTIONALIZED PHYSICAL PROPERTIES,
MONOMERS = POLYMERS "  CHEMICAL PROPERTIES
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STEREOCHEMISTRY OF POLYMERIZATION
1980 Sinn, Kaminsky

@ CH4 SF s
\ ﬁ

X
M'\x

1984 Ewen, 1985 Brinizinger, Kamins‘ky

CH3 M\M
— 4

Isotactic Polypropylene

MAO Atactic Polypropylene

> 95% Isosteric Sequences

1988 Ewen

CHg W
=/ '

Syndiotactic Polypropylene

> 98% Heterosteric Sequences

1991 Ewen

CHs M
=/

Hemiisotactic Polypropylene
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Polymer Microstructure - 3C NMR Spectrum

mrmm + rmrr

(rm
mrrm

‘llIlilllii]llllI|lIlilllIlllIIl]ll]lllll

23 225 22 215 21 205 20 19.5 19

ppm

L

IIIIIEI{IlI||i|III]I|l|lli|fl||||llll¥i[}

23 225 22 215 21 205 20 195 19
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I
]
T r r r
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THERMOPLASTIC ELASTOMERS

MORPHOLOGY:

D

Chemical ¥,
Crosslink

ILHRELE

Elastomer Elastomer

Mid-Segment Mid-Segment
Thermoset Elastomer Thermoplastic Elastomer
(Chemical Crosslinks) (Physical Crosslinks)
BLOCK ARRANGEMENTS:

1. Hard Hard

STYRENE-BUTADIENE-STYRENE

ISOTACTIC-ATACTIC STEREOBLOCK POLYPROPYLENE

7Y
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STRESS-STRAIN CURVE OF POLYPROPYLENE MADE AT -25°C
500

STRESS (PSI)

0 200 400 600 800 1000 1200 1400
ELONGATION (%)

COMPARISON OF PHYSICAL PROPERTIES:

<=
Ticl,

ztt=0) 2o

>,

/ Al,O3

/ MAO / MAO
PHYSICAL PROPERTY CHIEN DUPONT WAYMOUTH
TENSILE STRENGTH (psi) 1750 8N 462 / 467
ELONGATION (%)} 1300 875 1210/ 2550
MODULUS (psi} nd nd 246/ 201
TENSILE SET (%) 24 119 44 / 32

ks~



POLYMER MICROSTRUCTURE - 1°C NMR SPECTRUM

£ e
E
E (2PhInd),ZrCl,
-25°C
0.5 psi

mrmr

Illlllli[lllllllilIll lllll IlllIIllilll!l[llilIllllillzllllllll llllll 'II]

22.50 22.00 21.50 21.00 20.50 20.00 19.50 18.00 PPM

MODEL {CHUJO Polym. J. (1983) 15 859):

Two-Site Model (Mixed Enantiomorphic Site / Bernoullian)

Appropriate for Block polymers if phase boundaries are negligible.

Isotactic Atactic
Enantiomorphic Chain-End
Site Control, o Control, o = P,
w = % Units 1 - =% Units
= 9%
o =0.92
g =0.56

A
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.. NUMBER OF ISOTACTIC BLOCKS PER CHAIN

THE FORMATION OF A PHYSICALLY CROSSLINKED NETWORK IS
CRITICALLY DEPENDENT UPON THE PRESENCE OF TWO OF MORE
SEGMENTS PER CHAIN THAT ARE CAPABLE OF COCRYSTALLIZATION
WITH OTHER CHAINS.

mm r r m r r r mmmmmmT

n= 3 1 2 1
The probability of an isotactic block of length n:

-
-
—

Pi(n) = Pro{™1r = We[(o)"(1-0)2 + (0)2(1-0)"] + W[(Pm)™1(1-Pm)?]

The number of isotactic blocks of length n per polymer chain:

Ni{n) = Pj(n)DP
1000
100 Bemoullian
/ Regime
E
=
g 10
o
o
u.
o Enantiomorphic
é 1 / Site Regime
S
=
0.1
001
4 Ly 40 a0 = 4] 100
} ISOTACTIC BLOCK LENGTH, n

%%
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Multistate Mechanism for Ionic Polymerization

Coleman and Fox J, Chem. Phys. 1963 38, 1065

ki ky
E1

isotactic block = K2 atactic block

Aa
Eqn Ejn
Ab
Ean Eqn
ki,
Ei®» +M T Epn+!t
ki,s
Egr +M = — Ejpn+l
ka,i
Exn + M - Epn+1
ka,s

Egn +M —— Epn+l

Model: no monomer concentration dependence on [m] or [r]:

pi{l} = ¢101 + ¢202 = [m]

However, isotactic block lengths depend on monomer
concentration:

d1o1 + G202

wil = Abd1(oy - 002)

pra1(1- o) + d2002(1- 02) + k1[(Aa/k101 + [M]]

9]



EFFECT OF PROPENE PRESSURE
ON MICROSTRUCTURE

0.7 [

0.65 [

E o6 é %ﬂ’#’ﬂfﬂ,%%m_mdm——*—P% 3

0.55 [
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0 10 20 30 40 50 60 70 80
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MECHANISM OF STEREOBLOCK FORMATION

Effect of Temperature on Microstructure

R
Isotactic N g r

R
s

AN Atactic

—EED B>
. Propagation Rate
Block Size o - Pag —
Ligand Isomerization Rate
<Bi>(24) = 4 + 2[mmmm]/[mmmt]
6.2
6
58 F
T 5.6 [
4 "
@ 54 |-
52
C
5 F
4'8:"Il]lll!!ll[lllllll[llllI!lllllll'!lll
-30 -20 -10 0 10 20 30 40 50

Temperature (°C)
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FRACTIONATION OF POLYPROPYLENES
WHY ARE THESE MATERIALS FRACTIONABLE ?

MULTIPLE SITES

« fractionable by solvent extraction
* broad molecular weight distribution
+ different fractions should have different My

DISTRIBUTION OF BLOCK LENGTHS; SINGLE SITES

» fractionable by solvent extraction
narrow molecular weight distribution
different fractions should have similar My

Press. dependence on block lengths, extractable fractions
% of insoluble material should depend on minimum
isotactic sequence length that can crystallize

L

-

-

97

f—



BLOCK POLYMER SYNTHESIS

1. LIVING POLYMERIZATION CATALYSTS

° Styrene-Butadiene-Styrene (KratonT™M)

4 ::i_Li+
- .+ R
R Li n N

CICHz—{_)-CH:Cl

> S—B—0~B-S

2. STEP-GROWTH POLYMERIZATION

° Polyester-Polyurethanes (LycraTM)

HOwnw0OH + OCN-R-NCO 4+ HO-R'-OH

O O O @]
O 0-lN-R-N-}0-R-0-lN-R-N
1 I ! 1 P
H H H H n
J

" \

Y
"soft segment” "hard segment"

g9
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Pressure Dependence at 25°C

(2-(3,5-(CF,),C H_)Ind), ZrCl_ vs (2-Phind),ZrCl1,
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Pressure Dependence (25°C)

80 C s
- // CFy
70 [ -7 -
o // CF,
60 P
- -
- -
—_ 50 /'/
3 C .~
= r ~
E 40 P —@—CF;,
E -
E

30

\

. :— ......................... -
10 Foeeere -

O j ! l ' : : ! . 1 ! I f [ L ' 1 t ' 1 I
0 20 40 o - .

P (psig)

COMPARISON OF PHYSICAL PROPERTIES:

2 FiC
\T1c12

Zr+l_© )‘ ZrClz FaC ZrCly CF
3

Y

/MAC A0 /MAO IMAO CFa
PHYSICAL PROPERTY CHIEN DUPONT WAYMOUTH WAYMOUTH
TENSILE STRENGTH (psi) 1750 891 462/ 467 5040
ELONGATION (%} 1300 875 1210/ 2550 100
MODULUS (psi) nd nd 246 / 201 12,390
TENSILE SET (%) 24 93 44732 197

16



| Polypropylene Microstructures '

E
+
£
£
= =
- E ) -
e & _E £
E E ¢ E =
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= E o 5 psig, 0°C
= E
AR AR SRR AL RN LA R IR L IR AR AR R
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E E
£
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£ £
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[ Polypropylene Microstructures l

FsC
(>
FsC ZrCl, CF,4
@ S
- CFa

mmmm

mmimr
mrmm + rmrr

mmmm = 28%
0.5 psig, 25°C

rmmr
mmir

25 2200 2150 21.00 2050 2000 19.50 19.00
PEM
£
E
E
=
E
£ +
E _ E mmmm = 68%
E E E e 75 psig, 25°C
E £ £

[Trar R T e Tty P ey T T PV AT T T T T T TR Terrrrrerres [rrrrer et 1

2250 2200 2150 21.00 2050 20.00 18.% 19.00
PPM

[0S

BARFINDNMRS 6/29/94 10:12 PM

4_ i
gt

by 5
bipjgad



New Pd(ll)- and Ni(ll)-Based Catalysts for
Polymerization of Ethylene and o-Olefins

Lynda K. Johnson, Christopher M. Killian and Maurice Brogkhart

Department of Chemistry
University of North Carolina at Chapel Hill
Chapel Hill, NC 27599-3290
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Olefin Polymerizations Using Early Metal Catalysts

| R
R
n —/ :
n

Ziegler-Natta Systems

1. TiCls / AIEt,Cl  (AlEt,)

2. TiClg / AIEt,Cl / Lewis Base

3. TiCl, / MgCl, / Lewis Base / AIEt,Cl

Supported Catalysts

/\———»M

highly isotactic

/05



"'Single-Site” Homogeneous Metallocene-Based Catalysts

/x "activator" +
Cp2M »  Cp;M—R A
Y
X,Y = halide, alkyl A" = noncoordinating
M = early metal or lanthanide counterion
d% or d%"

Exampiles of Activators

- Methylaluminoxane (Sinn, Kaminsky)

Me
|
%Ai—o% MAO 108 foid excess used

- Lewis or Bronstied Acids based on fluorinated aryl borates
(Turner, Jordan, Marks, ....)

+
é% _.CH; é %

I ‘CH : : Zr—CHj
‘QS : RSNH(CoFs)aB
or -
(CeFs)sB (Arq)sBX

/06



"Single-Site" Catalysts

- Modification of ligand structures allows control of:

» activity

- molecular weight, molecular weight distribution
« microstructure / regiochemistry

« comonomer incorporation

Polypropylene
Brintzinger, Ewen Bercaw
MGgSi
Me /"4': \ !
s Y—H
ve” \%’\'
Me3Si
L1
Isotactic Isotactic

Waymouth

Syndiotactic

(c7



- s
e

i i

' ;
‘. #
iyt

Polyethylene

Ziegler-Natta

lI

m/=\ﬁ

NN
Catalysts

linear, semicrystalline

T = 133-138 °C

High Density
Polyethylene (HDPE)

Ziegler-Natta
Catalysts

R R
1- 10% comonomer incotporation

Ty = 115-130 °C

Linear Low Density
Polyethylene (LLDPE)

radical

- - ’.
polymerization

1000-3000 atm
150-250 °C

T = 105-115 °C

Low Density
Polyethylene (LDPE)

1634



Late Metal Catalysts

Advantages

« Less oxophilic, more functional group tolerant

Disadvantages
« Reduced activities

- B-Elimination competitive with insertion

Brookhart
Mes +  —— :
Q{ - linear polyethylene
1
Lo
L” s 7 =\
H. R
- oligomers DP = 2-4
Wilke
— > linear polyethylene
X
(<Ni\/ + E1,AICI
PR, T g
‘ - dimers

R = t-butyl

[0F



Nickel-Catalyzed Oligomerization and Polymerization of Olefins

hell Higher Qlefin Pr HOP
Ph, Ph
7’ I 8-10 bar Z i
o o 75 °C
toluene

nh=1-20
Peuckert, M.; Keim, W. Organometallics 1983, 2, 594.

Dupont
Ph Ph

h

R, P
R 1 \ " /Ph —_— ~, ue
C | Ni - -
Rz 0] L N G
G

G = -CO,Me, -C(O)Me, -Si(OMe),
* low % incorporation of
functionalized
comonomer

Kiabunde, U.; litel, S.D. J. Mol. Cat. 1987,41, 123.

Mohring and Fink
MesSiN =\
; W . R o
Ni(Q) + P—N(SiMe3), »  o-olefin oligomers
- R = Et, Bu, Hex DP = 8-24

{10



New Class Of Late Metal Catalysts For:

- Polymerization of ethylene to polyethylene
» unique and variable microstructures
- activities approach Ziegler-Natta activities

- Polymerization of a-olefins to high molar mass
polymers '

- Polymerization of 1,2-disubstituted olefins and
cyclic olefins

- Copolymerizations of ethylene and methyl
acrylate

[



Well-Defined Initiators

R R T+
At,'B"
Ar—N/ N—Ar |
N/
Ni
H3C/ \solv

Examples of Diimine Ligands Employed

R R
R’ '
Q 74 RC
N N
R R
H H HsC CHj; ©©
Backbones (R) = NHN NHN
N

Ortho substituents (R") = -CH;, -CH(CHs),

AN



S

nthesis of Pd (ll)- Based Initiatofs

r

A Ar
R | I
=N R N Me
+ (COD)Pd(Me)(Cl) —— Pd
R \T R D
Ar ,l_\,.
11/2 MeoMg
+
Ar ] Ar

/

l!l Me R ||q Me
r N\ I:,d/ - EteOH* AryB° r AN B d/

R
| i

Ar Ar

[13



Vg

+

(COD)Pd(Me)(Cl)

) Synthesis of Pd (I)-Based Initiators

R 1!1 Me
Pd
\N/ \Cl

Ar -t
R I!! Me
. \T/ “SNeMe
Ar

a



Stability of initiators

YQY

/ N OEt2 - N\
CD,Cl, o I Pd\
\
N \N/ + CH4
(more stable) R=CHj4 25 °C t12 ca. 30 min
R=H 25 °C t-|/2< 5 min
O \, -1+ 1%
¥ CH;
HJ H
H3C N Me '*— HY
N/ HiCI =N 7 ..CHs
~ / Pd\ Et.0 > Pd
H¢~ N OEt, 2 HaC ~7 Y
l I
Ar Ar

s o-bond metathesis?

{ H
S’



1)
2)

3)

Ethylene Polymerization

_'l-!-'

\/

I’" CH,Cl,
N NOEt, 1-atm CoHy

25 °C

@

time total TO

polyethylene

My My,  My/M,

R=H 24 h
R = CHj 17h

R =CH3(28 atm) 29 h

/16

3500

16,000

55,000

18,000 6,000 3.0

112,000 29,000 3.9

407,000 177,000 2.3



Polymer Microstructure

- Amorphous, Highly Branched Polymer ('3C, 'H NMR)

: |
TH: -CH ,—CHy~ ys —CHg yields branches /1000 carbons

1) 116 branches /1000 C Tg=-85°C
2) 103 branches /1000 C Ty =-68°C
3) 97 branches/ 1000C Ty =-66°C

/17
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TH, 13C NMR Studies

Ar(i-Pr), T+
R I

=N N\ / CoHy (excess)
N /7 Pd\
N OEt, ‘fgoz%z
Ar(iPr),

"—|+

\ /Poly .
_ <N Pd A ——
N \” kp, -30 °C

R=-H k{=19x103sec™
kp = 1.7 x 1073 sec™
R =-CHj3 k;=8.8x10*sec™

kp = 3.4 x 107 sec™

—|+
CH
(Sl
VN

-30 °C
K1

—I-I-

(g

AG* = 17.2 kcal/mol
AG* = 17.3 kecal/mol
AG* = 17.8 kcal/mol

AG* = 16.9 kecal/mol

- Catalyst resting state = alkyl ethylene complex

- Chain growth zero order in ethylene

/¥



NMR Studies

+
A
R N solv
“Z \_ ./
Wi
R 'il CH,
Ar

-30 °C

complete ethylene
consumption

-95 °C

/(9

R=-CHj -8.4 ppm (br)

R=-H

-7.2 to -7.5 (br)
-8.0 to -8.5 (br)




Proposed Mechanistic Model

+
CN\M/R
VN

R = -
C >M\" C N> "

methyl branch

G
a

ethyl branch

resting state ﬂ

C \(
|

e,
~p——

M

A

/
r

+*

+
R" C N\ R"
-~ N/

|

"chain running"

(2.6

R
C”\ ~
e /M
N

o

assoc.
displ.

ar C

N

N

+
\M/”
/N

H

+ Z R

propagation of
new chain
(chain transfer)



Chain Transfer Rate Controlled by Associative Exchange

- Key to large ky/k; - Retard associative exchange by
sterically blocking axial positions in d8 square planar
complexes

/\.’H\ T f}"(}\
N N N~ N
\Mi Ky N £
N4 l H M
R
+
AR

2N



Models for Associative Exchange Rates

T+ 1+
pd _CHs ., -100°C <N\ pg _CHs
+ = .
v \" N/ \"*
i
I too fast to measure at -100 °C l '
Ar(-Pr), 1+ 1+
HIN‘ pa’ 8 P 8550 (Npy
~ o T —
H N/ \" N/ \”* +
Ar(EPr),
) I k = 8100 L mol''sec™ '
Ar(EPrl; 1+ 14+
H-C
He SN T ) IR T
Ar(iPr),

|k = 45 L mol™’ sec'1|
I

| —— A
dimers
| ——— e M,, = 6,000

I - M, = 29,000

[ 2



Pd (If) Polymerization of o-Olefins

'—'I +
Ar(£Pr), |
HCN d/CH3 /™ (1atm)
H,C™ N OEl, 25 °C
I 16 h
Ar(FPr),
N 1,2

polypropylene (amorphous)
TO = 11,000

M,, = 15,000
M,, = 66,000
Tg=-43°C

213 branches /1000 C

. - M 333 branches / 1000 C
insertions n

(observed: 213)

Implies " Chain Straightening”

H i
‘Mw,ﬁ“



Pd (II) Polymerization of ¢-Olefins

?r(i-Pr)z L
H3C CH
=N, M NN
Pd - poly-1-hexene
v NoOEt CH.Cl,
H;C ? 2 25 °C TO = 1,300
Ar(i-Pr), 2h M,, = 31,000
M,, = 77,000
Tg = "'42 OC
88 branches / 1000 C
1,2
NN — - - 167 branches / 1000 C
insertions n

(observed: 88)

Implies " Chain Straightening”

/2



TH, 13C NMR Studies

+

Ar{FPr), +
-
JOL G
H;C 'il OEt, CD,Cl» N / \ L
Ar(EPr), -80 °C
-30 °C
— K,
mk T
A~ A
Pd - Pd
N/ \t Kp, -30 °C N/ \I

2,1 regiochemistry

ki=5.4x 10%sec! AGt=17.8 kcal/mol, -30 °C

kp=12x102%sec?!  AG*=17.4 keal/mol, -30 °C

- Catalyst resting state = alkyl propylene complex
- Chain growth zero order in propylene

- 2,1 insertions predominate

A5



Chain Straightening Mechanism

. v
RN R R N + R
“ \._ ./ 2,1 Z \\

Pd . , > Pd
~ /7 AN insertion ~ /
N )
Ar CH,CH,CH,CH, Ar ’
chain running
Y
Ii\r
R N +
I/ \Pd/\/\/\/R
~. 7
R N
NN |
Ar
li\r
R
R N +/\/\/‘/
N\
Pd
R N L
Lr CH,CH,CH,CHj

/2.6



Ni (I1)- Ethylene Polymerization

MAO Activated
li\r

R N X
RN

I N

R \!il : X

BAry = (1atm)

- olyethylene
0°C polyethy

= MAO

»  polyethylene
toluene

(or Et,AICI)

[T



Activities (MAQ Activated in toluene, 25 °C)

H H
LN Ar—N. \N—Ar(i-Pr) —
(FPr)Ar=N / 2 ' - polyethylene
Ni
x_ X
solvent moles
volume Pic,H,) catx10®  TOF
100 mL 1 atm 1.7 4 x 10%h
(FPr) Ar—N/ \N--'Ar(i-Pr) —
2 \N / 2 —_— polyethylene
H
L
x/ X
solvent moles 6
volume Pc,H,) cat x 10 TOF
200 mL 15 atm 0.8 2 x 10%/h
200 mL 30 atm 0.8 2 x 10%/h
200 mL 40 atm 0.8 2 x 10%h

|38



Pre

r

Eff

N—Ar(i-Pr),
1 atm CZH4 4 atm Cqu,
22gPE 21 g PE
M,, = 650,000 M, = 610,000
Tp=112°C Tm=122°C
24 branches/1000 C 5 branches/1000 C
R
+ +
/ R
u lk
chain run

+
branching _.(___ﬂ_____ MJ\R




¢ !
i i
Sy

L

Temperature Effects

O
5

-~

(FPr),Ar—N. N—Ar(i-Pr),

N

N

\
\ /

|

N

1 atm C,H, | toluene

25°C
2.2 g PE 1.8 g PE
M, = 650,000 M, =190,000
Ty =112°C Tm=39°C,Tg=-46 °C
24 branches/1000 C 71 branches/1000 C
R
+ +
/ R
M\ —_— M
[ lk
c¢hain run

— +/k
branching «——— M R

letc.

[3C



Effect of Ortho- Substituents (MAO Activated in toluene, 0 °C)

I
I
X

\
R),Ar—-N  N—Ar(R —
(R)2 \ / (R)2 . polyethylene
Ni
N
x_ X
My MM, T, branches/1000 C
R=0-iPr 110,000 2.7 129 °C 7
My, M,./M,, Ty branches/1000 C
R=0-CHj3 43,000 25 132°C 1

/31



Effect of Ortho- Substituents (MAO Activated in toluene, 0 °C)

HeG  CH,
R),Ar N/ \N-—-Ar(R) o
(R)2Ar=N / 2 —— polyethylene
M
X X
My, M,/M,, T branches/1000 C
R=o0-FPr 520,000 1.6 109 °C 48
M, MMy T, branches/1000 C
R=0-CH; 170,000 2.6 115 °C 20

+ IR + R IH — /”
M — M/\/ — M R «—a—’:c——)» M\ + a}\R
N[ N s H

+)\
branching ==—— M R

propagation
{rnew chain)

(32N



Effect of Backbone Substituents (MAO Activated in toluene, 0 °C)

(FPr)Ar-N N—Ar(FPr), =

\ / —_— polyethylene
N
X X
M, M,/M;, Tm branches/1000 C
110,000 2.7 129 °C 7

i 7 N i | —] '
(FPrAr=N _~ N=ArFPr,  _— polyethylene

/Ni
X X
M, M,/M,, Tm branches/1000 C
650,000 2.4 112°C 24
HyC  CHs
:ProAr-N.  N—Ar(-P =
(FPr)2A \ / EP) = polyethylene
Ll
X X
M M,./M,, Tm branches/1000 C
520,000 1.6 109 °C 48

4 I
oy =
“"mmﬁ‘

i :
S



Ni (If) Polymerization of a-Olefins

?r(i—Pr)z _

Q > N toluene
| . MAQ,0°C
Ar(~Pr), 2h

1,2

insertions” M

Ni (I} Polvmerization of ¢-Olefins

II\r(i-Pr)g
@ ’N\ ./x NS
Ni e
© >y x toluene
; Et,AICI, 0 °C
Ar(-Pr), 2 h
1,2
NN -
insertions

polypropylene
TO = 5,800

M, = 150,000
M,, = 240,000
Tg = "20 OC

300 branches /1000 C

333 branches /1000 C

{observed: 300)

pecly-1-hexene
TO = 1,500
M, = 140,000
M, = 310,000
Tg=-57°C
Te=-20°C
100 branches /1000 C

167 branches /1000 C
{observed: 100)

" Implies " Chain Straightening” /3 C/



Summary

« First late metal catalysts to convert o-olefins to high molar
mass polymers

- First catalyst systems examined where alkyl olefin compiexes
definitively established as catalyst resting states

+ Polyethylenes variable from highly branched, amorphous to
linear, crystalline material by changes in pressure, temperature,
and catalyst structures. No comonomers required.

« Activities of Ni(ll) systems approach Ziegler-Natta activities-
ligands are inexpensive, minimal quantities of Lewis acid

activators required.

+ First demonstration of metal-based random copolymerization
of ethylene and methyl acrylate

(35



M. Spinu, C. Jackson, M. Y. Keating, K. H. Gardner

ACS Symposium on New Organic Chemistry for
Polymer Synthesis

Santa Fe, New Mexico - May 22, 1995

Background
a New PLA Materials

(i} Copolymerization

- ABA ftriblocks
- (ABA), muitiblocks
- Stereoblocks

o

(i) Controlled architecture
(iif)y Controlled microstructure
(iv) Stereocomplex - L/D-PLA blends

a Conclusions

/36



O { . CHs M.,
HyC\ « ,H - HyO —{-—o d o Catalyst pcw-CF Oy
C . NSNS\ — = '3 | e
HO/ \COOH Vacuum /C\ : O (|:| Vacuum OTC\CH
Heat HC™ H O n Heat 4 3
{1) Lactic Acid (2) PLA (n <200)
id
Low MW (3} Lactide
Vacuum T
- H,0 uL
Heat Catalyst
P H.. Ce :
O\‘/C /C\
S S < N Ve ~
H C/ ~ i ]
Direct 3 H n ROP
polycondensation
N 4) PLA (n>400)

0

Chiral monomer

1

0
' 0
q. o ROP 1 H\é/CHS
HSC, i * | H » N+
PN —_— )¢ N e
N YeHs HeC” H !
O n
Renewable Biodegradable

13T

ey



O
) A, /L
HSC\*/H - H,0 _{_ “ \ / Catalyst H C’C* Q H
C QRS S \* / \ / \ — e '3 I gl
HO/ \COOH Vacuum / N " Vacuum O\[(C\CH
Heat HsC H O n Heat 3 3
(1) Lactic Acid
i Low MW
| vacuum T
-H0
i Heat Catalyst
i —{ | H,
\ / / Ne
Lol \o ~<
Direct O n ROP
polycondensation
- (4) PLA (n>400)

Chiral monomer Stereochemistry retention

i} T
o R
)l ROP _[__O (I? H\*/CHS

H,C ,.,c*

= > \/\O/\A]?
Y HaC” \H 3
O

{ {

Renewable Biodegradable

A
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e No transesterifications

[




5".,
H
i

Triblocks

Multiblocks

Stereoblocks

L s ar s aemen - e v et v aeemm——— =

S

ey £
ERAE T

HO OH + (L) - Lactide ——> A_ B A
Sn(OCOR), o 0 o o
P H-eo—é‘H—&—oéH—aaomo & -0 &—CrH-o}H
ROP CE)H L X1 I é Xy
3 My  CHa Hy
e ~
A B . A
— Grams LA - 1
Ma (PLA) = Hrotes OH > | M, (ABA) ~ Bl

Limited Composition Range

(-




Ry

400 50
; == M, kpsi :
nouisffirion %E i 40
‘» 300 .
Q -
e
- ] g
3 (30 2
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Chemical composition (A/B)
Nature of B block

Aliphatic polyester

Aliphatic polyether

Polydimethylsiloxane

Block length
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(Experimental)

Number of arms, f (Calculated)

£=0.6

e=0.7

o g e o

e=1.0

A 0.66 8.8 7.6 5.8
AJSXc 0.70 7.6 6.7 5.2
SXco 0.81 5.2 47 3.9
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(10/3 helix) (10/3 helix)
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Co-crystallization
(3/1 helix)
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Homo-crystallization
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3/1 helix 10/3 helix

X

120° rotations/residue 108° rotations/residue
dinterchain < 0.4A

L e e bt i oAl

W

I. Polymer blends

» Solution blending

- Solvent removal

* Melt blending

- Thermal degradation

Il. Monomer/Polymer enantiomeric blends
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Synthesis of Silicone Polymers Via ADMET
Polymerization Techniques

K. B. Wagener
University of Florida
Gainesville, FL 32611

RING OPENING VS ACYCLIC DIENE METATHESIS
POLYMERIZATION

Ring Opening Metathesis Polymerization

{CH=CH-H}H ,

CH
=
eH

Acyclic Diene Metathesis Polymerization

S

R

feH=cH- é,]-n +  RCH=CHR,

K. J. Ivin, OLEFIN METATHESIS (AP 1983)

(62 T



ADMET DIMERIZATION

R R R /N

C/H \CH C/H \CH CATALYST Cg‘i CH==CH ﬁH
—_— i

| S i S| cH, T+ cH

CH, CH, CHy CH,

o s ——

e———— I

ADMET POLYMERIZATION

n ﬁH %H CATALYST ‘_[—CH:‘CH_R_]_l |
CH, CH, — —— P
. + »
. CH;—CH,

£

| Equilibrium Step Poiymerization

frnBE + C

A A
“For Example -~

R

/7 \\

CH CH —— |R—CcH=CH} + CHz=CH,
i I X

CHz CH, R :
e e — % _ [ —

_ l1-p

p Xn '

0.8 5 —

0.9 10 Xa

0.95 20

099 100

0.995 . 200 ,___

o o

L}
1.00

/ é} 0.00 P
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ADMET POLYMERIZATION CYCLE -

TONCHy | - (CHz)r/

+ -
L,M==CR, R
R,C= CH,
...|..
 (CH;
M= C
H,C== CH, b
Reacting with
/ CyoHy3 of polymer
H
(CH ?)6 The Polymcnzatnon Cycle (CHy): /

L""O L,,wé—(cnz;;—/

+

N T Neny

Wagener, Boncella, and Nel, Macrﬁmolecules,Z&, 2649 (1881).

L,M== CH,
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Heteroatom Functionality
and the
Negative Neighboring Group Effect

Proper "spacing” between the
functional group and the metathesis

olefin permits ADMET chemistry
to occur.
NAr ‘ ‘ ‘
N II‘{A‘ PN NAr R~
RO"}MOZ7 Complexalion RO\"/MO; / R AN .IV‘IO Propagation
. N_~R RO/
RO RO =y RO Rl\
R ") R contains O, S, C=0, P, etc _ NN
; A "Stabic" Complex ) Precursor To Elimination
of Methylidenc Carbene
How the
Negative Neighboring Group Effect
Works

[c¥
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ADMET
Structure and Reactivity of
Ether Containing Dienes (Brezezinska)

The Negative Neighboring Group Effect

Reactivity?

Monomer (YES or NO)

7 O\ NO

NN~ | NO
A A ~ Sluggish -

| MOM YES

N N N U\ YES

Brzezinska and Wagener, Macromolecules, 24, 5273 (1991).

Wagener, Brzezinska and Bauch, Die Makromol. Chemie, 13., 75
(1992). [ G ?
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Keeping the Negative Neighboring Group
Effect In Mind, Functional Groups That

Can Be Tolerated Include:

Ethers
Esters -
Ketones
Carbonates
Aromatic Amines
Imides

Thioethers
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Monomer to Polymer

13C NMR Bis(4-pentenyl)sulfide

AVAVAVAV N
JL ) L, 1
I I I | | | |
140 120 100 80 60 40 20 0
PPM
13C NMR "Crude" Polymer
CANAAN
L u
I ' | elo slo 4'0 2'0 clx .
140 120 100 PPM

John O'Gara, Jason Portmess, & K. B. Wagener, Macromolecules, 26,
2837 (1993).
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CARBOSILANES

——

R

R R
g (W] A:o} R
s INGF /““‘_" %Sl P
n

2

Divinylsilane resistance to ADMET, where R = Me (2) or Ph.

NAr | RO.. ﬁ‘“‘f
W

ROw-W SiMes P
= == — @
RO” + RO _
SiMC:;
SiMC3
RO, . X
RO--'.—.'W SiMe;
SiMe :
i b = 3 NAT
N RO v;;:/=/SlMC3
/.
T T SiMes RO
~\
s Q?Ar
Me3Si RO'... =CH2

N oiMEs

Schrock's VinylTMS Study (R=CMe(CF3)2).

(72—
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CH; CH, CH; CH;
o 1 oS
A VNI M
-1 C2H4 n
3 4
H X
CH;  CHy | CH3\S./CHJ
AN NN NS ] NN W
- -1 C“)H4 7N n
s CH; \CH~ ¢ CH; CHj
L
. si—"X
| 1
CH, CH;
1
1 ‘ -n Coly
T
o
‘é T A A
CH, H, n
8

Polycarbo(dimethyl)silanes produced by acyclic diene metathesis
(ADMET) polymerization of bis(allyl)carbosilanes.

(73
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1
CH
3\ /CH3 3 1
Sl /
NN
4(trans) ‘ CH, CHj n

5.4 5.2 5.0 3 t i
A J i
6 5 4 3 > 1 opeM
1
*CDClL
4(trans)
3(trans
(rans)|
3
4{(cis) l
J v . | . —J‘- iJL.—-—-—r
140 120 100 80 60 40 20 0 PPM

200-MHz 1H and 50-MHz 13C NMR specira of high molecular
weight 73 % trans polymer 6 final reaction mixture.
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a) Polymer §

t 1 | 1 1

.70.0 -60.0 -50.0 400 | 300 =200
Tempermure (°C)
] Ta=43°C b) Copolymer 10

ndo >

"
M

-_ﬁ/ S
/o ~T.=30°C

] i 1 ] I

10.0 200 300 400 ' 500 60.0 700
Temperanre °C)

1

Differential scanning calorimetry (DSC) thermogram of 2) polymer §
at (10 °C/min}) and D) copolymer 1010 °C/mm)

M..
-

CH3\ /

SIS

5 i
g™

,‘(‘



CH,4
9
-2 a2
W=CH
RO" NAr CH;
RO,.% /
S \
VAR /\Sl
CH, CH; P ~CH;
CH,=CH, CH,
9 +2 Y 11
CH
[ \ CHs
St =1-(CHg
’r \X n
10 PMO o’

21

Monomer specific copolymerization of dimethyldivinylsilane (2) and

1,9-decadiene (9) (R = CMe(CF3)2).

(76
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1 11

r—-—-‘_g___ﬂ 8
CH3 ,CH; s [ \ f\2 4 3 10
/\/SIWS{\’%(CHZ)GWS
9 \\l cu! “cH, .
! 1
3\___4
_—-/4
8 (trans)
8 (cis) 2 (trans)
2 {(cis)
. 27
P | ML |
m VUL I
iio _léo .lg 1([”- T |l8i011'|J1i1|.|6611||;||||4|0 T 2io ([)PPNII

Quantitative 50 MHz 13C NMR spectra for copolymer 10.
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CARBOSILOXANES

CH3 3 CH3
0P~ T 1o condensation

Bis(vinyl)tetramethyldisiloxane fails to polymerize via ADMET

Ep—

CH A
3 _O. CH

CH, CH. CH;
E CH3\ 3 \S3CH3 ic 3~8i7 51-~CH3
'--. - \/\
/\/ 1(; = -C2H4 L
T 16 (99%)

Exculsive metathesis cyclization condensation of bis(allyl)disiloxane,

Chs G5 G 3CH3(‘:H3 CH CHs CHsCHs e
-3
‘f____/SI "0“51\0/ S

= "O ““O \/\/)\
= -C2H4

n

cHy CH3 CH; CHy - CHy CH; CH;

ll. I "CH?,
/\/81 ..Of ‘@781\0,8{\/\%

CH, CH3€H3 CH3 3 CHy CH3

LCHs
kg Ll

ADMET polymerization of carbosiloxadienes. | / g
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:\’“ﬂ _=
" MM"—WMWMW
ey
|
J\CHS CH‘CH: s, CH‘ CH’CH )\ ! F 4

1 ¥ [ L]
10 11 12 13 14 13 16 17 18
Volume {ml)

Gel permeation chromatography (GPC) of o, @-telechelomer 25 and
resulting polymer 26.

sk TR A TR AW e e 228 e,

1
311,
_ 4 6
3 ll*cpc1; - l7 _ 5
LS(cis) - xl7(;°15) A
AT T Y ilzo.‘....lm. ......S_O.rr.:xrreyo- T 4-0 j 20 ?PPM

Quantitative 50 MHz 13C NMR spectrum of polymer 26.
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FH, CH3CH3 } CH, CH, CH3CH3 3 CH,8
0~ \/\/\i’ 0 ISIM
CH3 CH CH. CH, CH3
DN 'CH3
o *O' *--..
n
CH; CH, CH3
/ 46’\31‘ 131%\/\/)’\/
-..p--..
\
V- :
r r ’ — . T v
-130 -100 -50 0 50

Temperature (°C)

Differential scanning calorimetry {DSC) of polymers 18, 20, and 26: :
scan rate 10 °C/min. :

. CH. 1
cg; FHs
/Vv/ 1\0
M SI]-:CH:!
CH, | "CHy
Ci CH £ty CH CH CH, v
N 3\ CI*: ,cu, 3,CHs scg i Siscn,
/\%Sh—o"l 1_,_0, t\ ,Si\/=\/ .
“cH,
CHy [
SI-O\S_/CH3
I
cH, ch, G . S o M 4 en,
\3 H, \S CHJS —CH, CH, CH;‘ CH’CH lrl-{3 Si/
/\%S’“O l"‘O \/"\\/?-Sl-..ozs O,S; | "'CHs
] CH3 CH3
cH; B
" SL—O\Si/CHJ
CI-[ ~
s o Voom “ly,  Chen, gy, My §

N
/\’PS‘ ~0~ Sl...o St\/\/)—Si-.O/SII\O,.SI ) ?1{__(}[
3
) “CH, 29 tu,

Back, biting mechanism for formation of cyclic dimer 29 from polymer
18. M = Mo(N- 2 ,6-CgH3-i-Pra){ OCMe(CF3)nin.
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st

NAr :
NAr g Keq ) R

1 B
ROU..MO- [ ROI IMO‘<
RS’ R RO H
anti syn
bdenum alkylidene.

Anti and syn TOtamers for a moly

JENSREE 2

. J—

a) syn-trans )
NAT
ROJM ._"E\.I{_..

RO™ \\

b) anti-trans

NAr .
trans

¢) syn-cis
b NAr

i e
ROH,,_B"I___ RO""'..\.‘I oy
SV DA
RO,
Mz=NAr
d) anti-cis R.C)vlJ y

NA cis
RO, Il i H / P
RO” 3’]"‘"'?"::

P
Generalized geometries for intermediates participating in back biting
reactions, where M = Mo, R = CMe(CF3yzand P = Polymer.
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Sigma-Pi Conductive |
Hybrid

Silicon Polymers

Monomer Synthesis — p—bromostyrenes

e
CHO H /—H
+ - NCIH
+ PhsPEiar —
DMSO
Br Br
Me
CHO CHO HaS—H
OMe  Hoac OMe NaH OMe
+ Br, —™ + Ph PEtBr -——
2 3 DMSO
MeQ MeO MeO
Br Br
Miller 3-30-85
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Oligosilanes

AlCI3
Mo SISIMe; — CI(S!MOZ)ZCI
CH3COC]

AlCi3
Me. S1SIMe~SiMe —ei  CI(SIMe., ). Cl
3SISIMe,SiMe;  — e (SiMe,) 5

hMgBr NaK

P
C(SIMe,),CI  ——= Ph(SIMe,),Cl ——n Ph(SiMe,) , Ph

Xylene

S0
H230s

Ci(SiMs.,) ,Cl
NH, Ci (SiMe,),

Me, o > CHSIMe,),Cl

Me
H\—H H\/—H
R THF R +CI(SiMe,,)_Cl
1 1 2'n
+ Mg —»
n = 2,5,4,6
R.; R1

Br MgBr

SI’SLSI PCls
\srlg

e N'\m.,..

Ry

i
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Silicon Polymers Possessing
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111 Indirect Synthesis With Blocking Group

EnO c
CH3SiCl3 + 2 NHEy ~  CHySi "— NEb
10°C ~q
y al 60 CH;
CH3Si “ - NED s 2 N N — XN s\
\ |
c RT. NEt
- G Et;0 " CHz
[ N R
A 5{/\/ + XS CH;COCI - N s N\
t
NEr RT. a

Issleib,K, Kuhne, U. Kreck, F., Phosphorus and Sulfur, 21, 367, 1985,

Burns,G., Barton, T., Journal of the American Chemical Society, 108, 2008,

1883.
ADMET OLIGOMERIZATION
CH3 . Mo
N
NSSNF R
& CHo—CHa
OBSERVATIONS: - )

immediate bubbiing

Increase in viscosity
Presence of internal olefin

Presence of 5-membered cyclic
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POLYPHOSPHAZENE CHEMISTRY
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Synthesm of Polycarbo(dichloro)silanes
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OPPORTUNITY: Carbosilane Analogs of Polyphosphazenes

Summary Statements

ADMET is room temperature polycondensation chemistry, best
done in the bulk state.

The catalysts available for ADMET reactions are beginniﬁg to
broaden in scope.

Functionality does not pose a problem given sufficient spacing
between the metathesizing olefin and the functional group.

Aromatic and aliphatic carbosilane polymers are easily accessible
by ADMET chemistry, if proper attention is paid to steric and

the electronic effects.

The same holds true for carbosiloxane polymers.

The silicon-chlorine bond is inert to ADMET chemistry.
Chlorofunctionalized ADMET oligomers have been synmesiz’éd,

structures which may be further reacted in a manner
reminiscent of dichloropolyphosphazene chemistry.
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1. INTRODUCTION

Since Vogtle's initial cascade synthesis in 1978 [1], the preparation and study of dendritic (cascade)
macromolecules has been a rapidly expanding field of polymer chemistry, Numerous researchers have
developed procedures to cicate unique dendritic polymers and are beginning to define the potential
applications for these molecules [2]. The inner "vo:d" regions offer the possibility for molecular inclusion
or recognition, which may provide access to water soluble catalysts as well as drug and molecular delivery
systems. ‘

Qur foray into the "molecular forest" began with a desire to mimic at the molecular level the branching
pattern of trees. Professor Tomlinson [3] published a thorough description of the architectural design of
trees derived from his studies of the rain forests of South America. The Leeuwenberg model represented
the ideal topological model for "molecular trees" with branches emanating from quaternary carbons and
providing a one-to-three branch multiplicity (i.e., a repetitive synthesis would give molecular structures
with a simple mathematical progression of 1 - 3 — 9 — 27 ...). Within this general concept, there

- remains unlimited variations regarding branch composition, length, and functionality.

2. CASCADE MACROMOLECULES T

2.1 BRANCHES WITH AMIDE LINKAGES

x

From the beginning, our synthetic strategies have employed prebranched "building blocks" each
consisting of a central quaternary carbon possessing a single "reactive” functionality and three "protected”
(or differentiated) functions. The preparation of the [27]-Arborol is shown in Scheme 1 [4]. Retardation
of the chemical reactivity of the neopentyl core necessitated the incorporation of spacer groups, added
multiple steps to the synthesis, and ultimately hindered the addition of further branching. The preparation
of "2-D" [5,6] and "4-D" [7,8] arborols via similar methods are shown in Schemes 2 and 3.

Bishomotris (BHT) was prepared [9] (Scheme 4) to replace tris(hydroxymethyl)aminomethane (tris) in
these reaction schemes; the additional methylenes should circumvent the steric hinderance imposed by
neopentyl structure of tris. The use of BHT gave only traces of transesterified material instead of the
desired amide formation. This result supports a cyclic intermediate in the proposed mechanism (Figure 1)
for the amidation of esters under’these conditions [6].
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Scheme 1. Preparation of [27]1-Arborol.
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These experiences focused our thought process toward the use of protecting groups and functional group
differentiation. A building block possessing a pendant amine and three esters would facilitate the
amidation of a carboxylic acid via peptide coupling conditions; subsequent ester hydrolysis would yield
three acid moieties that could be coupled with additional aminotriester to give larger, more branched
macromolecules. The Michael addition of MeNO; into acrylic esters and subsequent reduction of the
nitro to an amine seemed a feasible route into the desired building block. For simple alky! esters,
reduction of the pendant nitro moiety results in lactam formation. This undesirable process was readily
avoided by the use of tert-butyl esters (Scheme 5) [10].

NC\‘\ ff
-
H H H,O, Triton B r—j)

N
NC CN

!

0 0

Scheme 5. Synthesis of Di-tert-buty! 4-Amino-4-[2-(ters-butoxycarbonyl)-
ethyl]-1,7-heptanedioate.

An easily accessible tetraacid initiator core was prepared (Scheme 6) via Michael addition of
pentaerythritol to acrylonitrile and subsequent hydrolysis with HCl [11]). Amide formation under
traditional peptide coupling conditions gave the dodecaester; hydrolysis with formic acid gave the
corresponding dodecaacid (Scheme 7). Synthesis of the second generation 36-acid is shown in Scheme 8
[12); further repetition of these two steps gave the first six generations of the Z-Cascade:methane[4]:(3-
0x0-6-0xa-2-azaheptylidyne):(3-oxo-2-azapentylidyne)“ ' :propanoic acid [13] (Figure 2).
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Figure 2. Molecular Weight versus Generation
for the Polyamido Cascades.
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Size exclusion chromatography (SEC) provided verification of the monodispersity and formula weight of
the third generaion 108-acid {12]. Interestingly, the elution volume exhibited 2 marked dependence upon
the pH of the sample solution. This apparent size change was attributed to expansion (or contraction) of
the molecule as the terminal acid moieties were deprotonated (or protonated). Further evidence for this
‘smart' phenomena [14] was obtained by determination of the hydrodynamic radii for the first five
generations of this cascade family via diffusion ordered spectroscopy (DOSY NMR) [12}.

Ionization of the terminal acid moieties was presumed responsible for the pH dependence of the
hydrodynamic radius; incorporation of other terminal functionalities facilitated control of this 'smart
behavior. Thus, the first three generations of the related aicohol- and amine-terminated cascades were
prepared via a modular approach [15]. The required building blocks were synthesized as shown in
Scheme 9 and 10. Amide formation with thé tetraacid initiator core and the appropriate building block
via peptide coupling conditions gave the dodecaalcohot (Scheme 11) or dodecaamine (Scheme 12).
Similar reactions with the first or second generation polyacids gave the second and third generation
members of each family, respectively. As expected, the amine-términated cascades exhibited pH-size
behavior opposite to that observed for the acid-terminated cascades, and the alcohols showed no change in
hydrodynamic radius as a function of pH (Figure 3) [15].
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11.4 17.3 15.4
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Figure 3. Hydrodynamic Radius as a Function of pH
for the Polyamido Cascades.
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2.2. HYDROCARBON BRANCHES

Synthesis of a tetraalkylmethane building block possessing a reactive functionality on one alkyl
group and suitably protected functions on the three remaining alky! moieties opened an avenue to a
dendritic macromolecuie with polar surface (terminal) groups and an entirely hydrocarbon interior. One
possible synthon was prepared from the nitrotriol precursor to BHT. The alcohol groups were protected as
benzyl1 ethers, followed by substitution of a cyanoethyl group for the tertiary nitro moiety via the method of
Onol6 (Scheme 13); further chemical manipulation afforded terminal alkyne (Scheme 14) [17].

}

h
F‘Ph ] rp
NaOH, H,0 : AIBN, BuySnH, toluens
0y Oz “Fh . NC “Ph
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Scheme 13. Cyanoethylation of the Nitrotriether.
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Scheme 14. Synthesis of the Alkyne Building Block.
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Scheme 15 illustrates several routes to 4,4-bis(3-bromopropyl)~1,7-dibromoheptane; the shortest
reported preparation arose from conversion of the nitrotriol (Scheme 16) {8]. Successful first tier
construction was effected via addition of four equivalents of the alkynide of the building block to the
tetrabromide initiator core and subsequent catalytic reduction of the benzyl ethers with concomitant
reduction of the internal alkynes (Scheme 17) [17]. Conversion of the terminal alcohols to bromides and
repetition of the alkylation-reduction steps afforded the second generation 36-Micellanol™ cascade
(Scheme 18) [17]. Water solubtlity of this polyol was enhanced by oxidation with RuQ,/NalO; to afford
the corresponding 36-Micellanoic Acid™ cascade [36-Cascade:methane[4]:(nonylidyne)Z:propanoic
Acid; Figure 4} [17]. ;

UV studies of guest molecules traditionally used to ascertain micelle properties (e.g., phenol blue,
pinacyanol chloride, naphthalene, and chlortetracycline) and fluorescence lifetime decay experiments of
diphenylhexatriene confirmed the micellar behavior of the NMe," salt of 36-Micellanoic Acid™
cascade(18]. Electron microscopy was used to determine the monodispersity, size, and absence of
intermolecular aggregation.
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Scheme 15. Possible Routes to 4,4-Bis(3-bromopropyl)-
1,7-dibromoheptane.
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3. SUPRAMOLECULAR CHEMISTRY WITHIN DENDRITIC MOLECULES

The relative ease of heterogeneous catalytic reduction of the internal alkynes (Schemes 17 and 18) and the
interior 'void' regions within the lipophilic interior of the Micellane™ cascades has motivated our use of
these molecules as 'molecular scaffolding’ for the attachment of chemically active species. Initial studies
have been directed toward chemical modification of the internal alkynes of the polybenzyl ether precursor
to the Micellanoic Acid cascades; the incorporated functionalities are symmetrically located equidistant
from the initiator core.

3.1. METALLOIDOMICELLANE™ CASCADES

Treatment of the second generation dodeaalkyne with acetonitrile activated decaborane (B¢H,4) gave an
essentially quantitative yield of the dodeca-o-carborane. Catalytic reduction to remove the benzyl ether
protecting groups gave the polyol. The limited water solubility of this polyol was enhanced via treatment
with chlorosulfonic acid to give the polysulfate (Scheme 19) [19].

3.2. METALLOMICELLANE™ CASCADES

Polybenzyl ether terminated hydrocarbon based cascades possessing internal alkyne moieties have also
been employed to attach metal species such as Co via reaction with Coa(CO)s. Other cascade
macromolecules internally functionalized with diamine ligands are currently being examined for inclusic
of metals such as Cu, Pt, and Pd.
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Metallomicellane™ macromolecules have also been prepared that utilize chelation of Ru*? building block
connectivity. Reaction of BHT with 4'-chloroterpyridine gave an amine building block that was coupled
with the tetraacid described earlier to give a dodecaterpy cascade (Scheme 20) [20]. A Ru*? containing
building block was prepared {(Scheme 21) and coupled to the dodecaterpy cascade with concomitant

reduction to give a metallocascade as shown in Scheme 22 [2Q).
Figure 5 is a graphical depiction of the utilization of our newest terpyridine building blocks (Scheme 23)
for the construction of dendritic complexes. These studies on small “oligomers” will ultimately lead to the

construction of well-defined dendritic networks.

Figures 6 and 7 show the cyclic voltammagrams obtained for the Ru containing dendrimers.
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Scheme 21. Preparation of a RuCl3-tpy Building Block.
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Scheme 22. Synthesis of a Ru*2-Linked

MetalioMicellane™ Cascade,
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Figure 5. Beginnings of a Dendritic Network

Scheme 23. Preparation of Terpyridine Dendrimer
Building Blocks
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4. MOLECULAR RECOGNITION

Introduction of molecuiar recognition sites along the dendritic infrastructure will impart specificity toward
included guest molecules. We have readily incorporated several H-bonding and ligating moieties into our
cascade macromolecules via a straightforward, high-dilution synthesis of functionalized building blocks
(Scheme 24 and-25). The preparation of a 2,6-diaminopyridine containing cascade molecule is shown in
Scheme 26 and 27. The diaminopyridine moiety forms relatively strong H-bonded interactions with imide
containing substrates [e.g., barbituric acids (Figure 8) and uraciis].

0 -Bu
o) : 2 :
a. THF, E4N, high dilution
c + H £-Bu > o
) Ci b. excess HyN—R-NH2 A
; t-B
o u

o)

. O-£8u
o 0 0
H N-R-NHJLEJJL
2 " R -Bu
LB
o u

Scheme 24. General High Dilution Building Block Preparation
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Scheme 26. Preparation of a Diaminopyridine Containing
Building Block
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Scheme 27, Synthesis of the First Generation Diaminopyridine
Containing Cascade Molecule

Figure 8. H-Bonding Complex with Barbituric Acid
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5. METAL COMPLEXES

The three. compqnent, high dilution process shown above (Scheme 24) has also been used for the
introduction of ligands into the cascade interior. A building block derived from NN *-bis(3-

“ aminopropyl)piperazine was prepared (Scheme 28) and subsequently used to prepare a dendrimer

’ possessing 4 piperazines and 12 surface carboxylic acids {Scheme 29). Alterfiatively, the same building
block may be coupled with larger acid terminated cascade molecules (e.g., Scheme 30: 12 piperazines and
36 surface carboxylic acids). Formation of the CuBr; complex proceeds smoothly (Scheme 31).
Coordination by the piperazine nitrogens (as opposed to the carboxylic acids) is clearly seen by
comparison of the >C NMR spectra of the two dendrimers (Figures 9 and 10).

© O—+Bu

L8]
a. THF, EtsN, high dilution

O 0
+ M . >
Cr)LéaJLCI +Bu R b. excess
n
n= 3. 10 - "‘Bu Hz(\/-—O_Wh

Scheme 28. Preparation of 2 Piperazine Containing
Building Block

n=310

Scheme 29. Preparation of the First Generation Piperazine
Containing Cascade Molecule
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Scheme 30. Synthesis of a Second Generation Piperazine
Containing Cascade Molecule

CuBr;

EIOH, 25°C

Scheme 31. Formation of the Piperazine Dendrimer-CuBr, Complex
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The Key to the Synthesis of Organic Nanoarchitectures -

degree of polymerization
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Phenylacetylene Monomer Protocol

Geometric Considerations
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A Modular Approach to
Supermolecule Building Blocks

MesSi I
N
Me;:,Si%@-I : \@’
FG FG G

MeaSi
NErE g Q) )
H-=—)—NaEy XJ sequence 1 M‘/‘\\
el > synthesis = o o gy~ H
Br sequence specific oligomer

MesSi—== H%N3E‘2
monomer pool ﬂ
l cyclization I

supramolecular
ordering <:l
FG

monolayers | liquid crystals
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crystals
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Triazene Formation Using an
N-Alkylated Aminomethylated Polystyrene

/Cl n-Propylamine / THE

No"BF4

Br _, ¢p
K,CO;/DMF

H-=SiMej

Cul / TEA / 65 °C
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SOLID PHASE REPETITIVE SYNTHESIS OF PHENYLACETYLENE OLIGOMERS |

Polystyrene, 200-400 Mesh,
1% Crosslinked with Divinylbenzene
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Synthesis of Polyaromatic Macrocycles

Pd(dba)2 / PPh3

o=
Cul / TEA / 70°C

Pd(dba), / PPhy

Cul / TEA / 70°C

75%
&0

Pd(dba), / PPhy
F—

Cul / TEA / 70°C
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Double Cyclization Gives Macrobicycles

Pd(dba), / Cul / PPh;
]

TEA /PhH / 70°C

60%

1R = COOf-Bu
Aly SR coon




a)

HO

HO

c)

d)

Figure 3. (a) Chemical structure of 1 superimposed with its hexagonal polvgon representation, (b) X—ray structure of 1 shown as its space-
filling model, () packing diagram of a single hvdrogen—bonded layer, (d) packing diagram of three layers. The central hexagon in (¢} has
a iotal of 12 nearest neighbors (G in same plane (red hexagons), 3 in upper plane (blue hexagons), and 3 in the lower plane (green hexagons)).
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Two Schemes to Prepare Phenylacetylene Monodendrons

[Pd(dba)zl / Cul
é PPhy / TEA / 75°C

[Pd(dba),] / Cul
PPh, / TEA / 75°C

K,COj / xt
MeOH / CH2C12

EENN pa(dba),] / Cul L

H
Hl
j PPhy / TEA /75°C_ N=N.NE
Br // (2?‘1 - 1) 2
Ar
(Ar
2?‘!
[Pd(dbay),] / Cul
PPhy / TEA / 75°C after n couplmgs CH,l / 110°C
’ 1
(2*-1)
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Subtle changes in chemistry can have significant
consequences on monodendron yields

SiMes EpN-N
Jt N

%g\

Br Br H H
monodendron scheme scheme
3-mer 93 88
7-mer 80 82
15-mer 51 84
31-mer 27 81
63-mer 0 85

100 ! 5
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Solid Phase Chemistry

Can be Monitored by

Infrared Spectroscopy
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Double Exponential Dendrimer Growth Rate
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SEC Gives the Appearance of a Single High MW Product

M, = 21500

polydispersity = 1.05

Absorbance

0 5 10 15 20 25 30 35
retention volume (ml.)
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The Dendritic Topology is Unique:
Convergent and Divergent Paths

converging paths ] diverging paths ]




ELECTROLUMINESCENT THIN F11.MS BASED
ON DENDRITIC MACROMOLECULES

electron injection electrode

ANNNANNNNNNNNNY
electron-trapping

groups

energy transfer_—»

segment
hole-trapping N | |27
oroups el
ANNANANNANNNNNNN

hole injection electrode

Potential Features:

e  modular design and construction
charge trapping groups
convergent energy transfer
luminescent core
oriented by self-assembly

e single component device
e  monolayer device?

Unknown Issues:

e thin film formation / quality

e  charge trapping and recombination
e energy transfer efficiency

e  solid state quantum yield
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Defect-Free Thin Films Are Produced
From 3rd Generation and Higher Dendrimers
(spin-coated from THF) |
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Excimer Formation Observed
in Solid Films
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Solid State Dilution Studies Show that Luminophor Does Not
) - Form Exciplex with Phenylacetylene Dendrimer

: Films of mixtufe: ok + 1= 4=

Phenylacetylene : Anthracene Phenylécetylene : Anthracene
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ARBORESCENT GRAFT POLYMERS AND
COPOLYMERS: SYNTHESIS AND PROPERTIES

Mario Gauthier, Institute for Polymer Research, University of Waterloo,
Waterloo, ON N2L 3G1, Canada

Lecture notes

Slide 1 - Title page

Slide 2 - Qutline

Slide 3 - General characteristics of arborescent graft polymers

AGPs are prepared by successive anionic grafting reactions. A linear polymer backbone is
first functionalized to introduce grafting sites, which are coupled with living anions to
produce a comb (generation G=0) structure. If the side chains can be functionalized in the
same manner, the grafting process can be repeated, leading to subsequent generations G=1, 2,
etc. The approach used provides extensive control over the structure of the molecules. The
branching density can be varied by controlling the degree of substitution of the backbone
polymer. The molecular weight of the chains grafted in each reaction cycle is also
controllable. The chemical functionality of the molecules can be controlled by introducing
functional groups throughout the structure, or specifically at the chain ends. Using these
parameters, it is possible to obtain branched polymers with a wide range of molecular weights
and branching functionalities, while maintaining a low apparent polydispersity. Although
AGPs in their simplest form are styrene-based, it will be shown that the basic method can
also be extended to include other monomers.

Slide 4 - Advantages / disadvantages

The method used to prepare AGPs results in a diffuse layer growth process. This is because
the grafting sites are randomly distributed on the backbone polymer, rather than strictly at the
chain ends like in deadritic systems. This results in distinct advantages and disadvantages
when AGPs and dendritic polymers are compared. ‘Advantages: As mentioned previously,
extensive control is gained over the structure of the polymers. The molecular weight of the
polymers increases very rapidly for successive generations, because the building blocks used
are linear polymer chains, rather than small molecules. The homopolymers can be easily
functionalized through electrophilic substitution reactions, since they are styrene-based.
Random distribution of grafting sites has a distinct advantage in that side reactions leading to
a lower grafting efficiency also take place randomly over the molecular structure. The overall
shape of the molecules is thus unaffected. Disadvantages: The introduction of grafting sites
relies on electrophilic substitution; the method is therefore limited to aromatic vinyl
monomers. As discussed later, the importance of this problem can be minimized, and
copolymers containing a large proportion of a different monomer can also be prepared. The
apparent polydispersity of AGPs is much lower than that of hyperbranched polymers (M, /M,

206



= 1.5-2 typically), but still higher than for dendrimers, for which polydispersities below 1.01
have been reported. The surface of AGPs is also expected to be less well defined than that of
dendrimers, because of the diffuse layer growth process.

PREPARATION OF STYRENE HOMOPOLYMERS
Slide 5 - Introduction of grafting sites

Two types of grafting sites have been used to prepare styrene-based AGPs, chloromethyl and
acetyl functionalities. Both reactions can be carried out under conditions preventing
intermolecular cross-linking, leaving the molecular weight distribution (MWD) of the
polymers unaffected. The choice of reaction conditions (catalyst, solvent, polymer
conceniration) are critical in determining the success of the reaction.

Slide 6 - Grafting

Chloromethyl functionalities are preferred for the grafting reaction, because of their high
grafting efficiency under optimal conditions, reaching over 95%. This simplifies the
purification of the graft polymer, since the removal of only a minor amount of ungrafted side
chains is required. The graft polymers are prepared by titrating the living anions, capped with
I,1-diphenylethylene, with the chloromethylated backbone polymer at -30°C. Capping is a
major factor increasing the efficiency of the coupling reaction, since it minimizes the
occurrence of side reactions involving metal-halogen exchange, as described in
Macromolecules 1991, 24, 4548. Subsequent generations are prepared by repetition of the
functionalization and grafting cycles in the same manner. Grafting on acetyl functionalities is
also possible, although less efficient, resulting in the deactivation of around 35% of the living
anions.

CHARACTERIZATION OF HOMOPOLYMERS
Slide 7 - Gel permeation chromatography

The example given here is for a series of graft polymers with a branch molecular weight
around 3000 g/mol for each generation. Characterization of the branches was possible was
removing a sample of the living anions from the reactor prior to the grafting process. The
branches have a low polydispersity, as expected for anionic polymerization. The graft
polymers can also be characterized by GPC, although only apparent molecular weight and
polydispersity values are obtained, since the calculations are normally based on a linear
polystyrene standards calibration curve. The low polydispersities obtained for each generation
nevertheless show that a relatively narrow MWD is maintained at each step. The apparent
molecular weights determined for the branched polymers are expected to be strongly
underestimated, because of the very compact structure of AGPs. No GPC data could be
obtained for the generation G=4 polymers, which were systematically retained on the different
columns tested.

Slide 8 - Light scattering - Dilute solutions
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Static light scattering allows the measurement of absolute weight-average molecular weights,
which are shown to increase in an approximately geometric fashion for successive
generations. The branching functionalities f,, reported are the number of branches grafted in
each of the reactions. They were calculated from

_M,(G)-H,(G-1)
M (&r)

w

where M, (G) and M,,(G-1) are the weight-average molecular weights of generation G and of
the previous generation, respectively, and M,,(br) is the weight-average molecular weight of
the branches grafted in generation G. The branching functionality of the polymers also
increases for successive generations.

Slide 9 - Scaling behaviour

One way to obtain information about the structure of the polymers prepared is to look at the
relation between certain parameters (e.g., the second virial coefficient A,, the radius of
gyration R, and the translational diffusion coefficient D,) and M,. The scaling relation
between the parameters mentioned and the molecular weight is an exponential function, the
value of the exponent (a, b or ¢) in the relation being structure-sensitive. The exponent is
obtained as the slope of a log-log plot, as illustrated here for the diffusion coefficients. The
three series of data given are for arborescent polymers with branch molecular weights of
either 5000 g/mol (hollow circles), 10000 g/mol (solid circles} or 20000 g/mol (inverted
triangles). All three data series have essentially the same slope, which is -0.34 overall. The
table underneath gives the exponent values expected for random coils (formed by linear
chains in solution) and for hard spheres. Obviously, the arborescent polymers behave like
hard spheres in dilute solution. The same conclusions can be drawn by examining the
exponents obtained for A, and R, although the errors in the measurements are larger in these
cases.

Slide 10 - Dilute solution viscosity

The intrinsic viscosities obtained are compared for two series of polymers with comparable
branching functionalities, one with 5000 g/mol branches, the other one with 30000 g/mol
branches for each generation. A good solvent (toluene) and a poor solvent for polystyrene
(cyclohexane) was used for each of the polymer series. As in the previous cases, the intrinsic
viscosity is an exponential function of the molecular weight for linear polymers. For hard
spheres, however, 1] should be independent of M,, i.e. a flat line should be obtained on a
[n] - M,, plot. This is easy to understand looking at the Einstein equation (given at the
bottom) in the limit of infinite dilution (N, = Avogadro’s number). Since the ratio M/Vy
represents the density of the spheres, the limiting value of 1/c, i.e. [n] should remain
constant as Jong as the density of the spheres remains constant. This is essentially the case
for each of the two series of polymers investigated. The density of the spheres actually
seems to increase slightly for the upper generations, since [n] decreases slightly. Another
interesting observation concerns the difference in [n] between toluene and cyclohexane
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solutions in each of the two series. There is little change in [1] in the 3K series, implying
that the molecules have a very rigid structure and undergo little expansion in a good solvent.
The difference is much more significant in the 30K series, implying that the molecules are
much more expanded in toluene than in cyclohexane. These results confirm that it is possible
to tailor the solution behavior of AGPs by varying the structure of the polymers.

Slide 11 - Light scattering - Semidilute solutions

Dilute solutions normally measure the properties of individual, non-interacting molecules.
Useful information on intermolecular interactions can be gained when the molecules are

forced to overlap, ie., in the semidilute concentration range (typically 1-15 % w/v). One of

the methods suggested to characterize the repulsive forces between molecules under these
conditions is the so-called osmotic modulus. It can be shown that the osmotic modulus
corresponds experimentally to the ratio M,/M,, of the molecular weight at infinite dilution to
the apparent molecular weight determined at a finite concentration ¢. The osmotic modulus is
expressed as a function of a scaling parameter X which is proportional to concentration for a
given polymer sample. In the example given, the solid line and the dotted line correspond to
theories for random coils and for hard spheres, respectively. Both types of behaviors have

been verified experimentally, using linear polymers and globular proteins. The data points
provided are for three generations of arborescent polymers with branches of 5000 g/mol. It

can be seen that the behavior of the G=0 (comb) polymer (hollow circles) somewhat

resembles linear chains, while the G=1 and G=2 polymers (solid circles and inverted triangles,
respectively) are closer to hard spheres. None of the polymers investigated fall directly on :
the curve for hard spheres, however. This is easy to understand by recalling the structure o
postulated for AGPs (slide 12). The inner portion of the molecules should have a rigid,
impenetrable structure, resuiting from a high segmental density. The outer layer, on the other

hand, should be more diffuse and flexible, allowing limited interpenetration of the molecules.

Slide 12 - Reminder - Structure of G=1 polymer
Slide 13 - COPOLYMERS WITH A MAJOR COMONOMER COMPONENT

The basic grafting reaction relies on electrophilic substitution on aromatic rings for the
preparation of successive generations. This does not, however, preclude the preparation of
highly branched polymers containing a different type of monomer unit in the last generation.
By adjusting the relative amounts of core polymer, the number of grafting sites and the
molecular weight of the grafted chains, it is possible to prepare graft polymers in which the
polystyrene core accounts for a very small fraction of the total mass. These polymers should,
therefore, behave essentially like highly branched polymers of the comonomer. This approach
was illustrated by preparing a copolymer where polyisoprene is the major component.

Slide 14 - Preparation of polyisoprene copolymer
The approach wsed is very similar to the preparation of the styrene homopolymers. In this

case, however, living chains of the second monomer type are prepared, and are titrated with a
chioromethylated backbone polymer.
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Slide 15 - Characterization of copolymer

The results obtained so far by this technique are very encouraging. The GPC diagrams
obtained show that the polyisoprenyl anions were grafied on the chloromethylated backbone
in 75% yield, and the resulting polymer had a narrow apparent polydispersity. Ungrafted
material was easily removed by precipitation fractionation,

Slide 16 - NMR

The fractionated graft copolymer was analyzed by '"H-NMR, to confirm the presence of a
Iarge polyisoprene component (80% by weight), and hence the success of the reaction. The
polyisoprene chains have a microstructure including different isomers, because the
polymerization was carried out in THF. The cis-1,4- isomer, preferred for elastomeric
applications, could be prepared as easily using hexanes in the isoprene polymerization,
followed by addition of THF prior to grafting.

Slide 17 - COPOLYMERS WITH A CORE-SHELL MORPHOLOGY

Copolymers including a lower amount of comonomer preferentially on the outside of the
molecules can be prepared by a variation of the basic technique. These molecules are
particularly interesting when a hydrophilic component such as poly(ethylene oxide) is
incorporated in the shell, leading to micelle-like character. Amphiphilic block copolymers are
commonly used to mimic micelles, but suffer from a number of limitations. The micellar
structures obtained typically have a bimodal size distribution, because larger aggregates are
formed in addition to desolvated single molecules. Block copolymer micelles are also
susceptible to aggregation and/or coagulation when subjected to flow or solvency conditions
are changed. The highly branched structures should greatly minimize the occurrence of these
problems.

Slide 18 - Preparation of functionalized core

The synthetic scheme used is similar to the preparation of homopolymers, except for the last
core generation, where a bifunctional initiator (6-lithiohexyl acetaldehyde acetal) is used. The
preparation of a G=1 functionalized core is given for illustration purposes. The bifunctional
initiator results in protected hydroxyl functionalities being introduced at or near the surface of
the highly branched core. It should be noted that the same approach can be used to prepare
arborescent polymers carrying functional groups at the surface, providing control over the
surface chemistry of the polymers.

Slide 19 - Addition of poly(ethylene oxide) shell

The acetal functionalities are hydrolyzed under mildly acidic conditions, and then titrated with
a potassium naphthalide solution, to give the potassium alcoholate. A poly(ethylene oxide)
shell is thus grown directly on the core when ethylene oxide monomer is added. The
thickness of the hydrophilic shell is easily varied by controlling the amount of ethylene oxide
added in the reaction.
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Slide 20 - Reaction on a G=1 core

-y

First attempts at growing the hydrophilic shell as described led to a large increase in the
apparent polydispersity of the products, as determined by GPC analysis. The appearance of a
large shoulder at low elution volumes implies the occurrence of cross-linking reactions.

Slide 21 - Cross-linking side reactions

Side reactions were linked to the presence of residual chioromethyl groups, resulting from
incomplete grafting reactions in the preparation of the core. The cross-linking mechanism
suggested involves formation of highly reactive benzylpotassium functionalities through
metal-halogen exchange, followed by coupling with an unreacted chloromethyl functionality.
Intermolecular reactions lead to dimer and multimer formation, as illustrated.

Slide 22 - Elimination of residual chloromethyl groups: Metal-halogen exchange

To test the hypothesis suggested, residual chloromethyl sites were destroyed by exhaustive
metal-halogen exchange under controlled conditions. The polymer in THF was equilibrated
with a large excess of n-butyllithium, and hydrolyzed to convert benzyllithium functionalities
to methyl groups.

Slide 23 - Addition of shell on treated core

Following the metal-halogen exchange reaction, the core was used in the shell growth ) }
process. The resulting polymer, containing 30% poly(ethylene oxide) by weight, was initially
characterized by GPC in pure THF. The considerably lower apparent polydispersity obtained

confirms the cross-linking mechanism suggested. The asymmetry of the peak, which displays

a shoulder at low elution volumes, could be due to association between core-shell polymer

molecules. The problem was even more obvious when core-shell polymers with a higher

poly(ethylene oxide) content (70% w/w) were prepared and analyzed. More detailed GPC

studies were undertaken to determine the origin of the peak broadening effects observed.

Slide 24 - GPC analysis of core-shell polymers

A mixture of THF with 4% acetic acid v/v was used as the mobile phase in a first series of
measurements of core-shell polymers with 30% and 70% poly(ethylene oxide) by weight,
respectively. The peak obtained for the 30% copolymer is symmetrical, and is characterized
by a low apparent polydispersity M, /M, = 1.09, compared to 1.20 obtained for the same
polymer in pure THF. The peak broadening observed in THF was therefore due to
association, rather than cross-linking. The copolymer with a higher poly(ethylene oxide)
content, on the other hand, gives a shoulder at high elution volumes in the THF/acetic acid
mixture, which could be due to adsorption of the polymer on the polystyrene beads of the
GPC column. To prevent this, the measurements were repeated using
N,N-dimethylformamide as the mobile phase. In this case, a low apparent polydispersity was
obtained for the sample containing 70% poly{ethylene oxide), but a shoulder appeared in the
30% sample. It should be noted that the horizontal line displayed in both figures represents

.

27/



s

the range over which the calibration curve is linear. This shows that all samples analyzed
were in the linear portion of the calibration curves. Therefore, none of the effects reported
can be attributed to peak distortion because the maximum exclusion volume of the column is
reached.

Slide 25 - Characterization of the core-shell polymers

GPC analysis shows that the core-shell polymers prepared have a low apparent polydispersity,
but the analysis conditions must be carefully selected, depending on'the composition of the
copolymers analyzed. The solubility behaviour of the copolymers strongly supports a core-
shell morphology. Redispersion of the G=1 solid polymer in water is possible, although the-
dispersion is turbid, resulting from partial aggregation of the molecules. When a 2-5%
solution of the core-shell polymer in THF is dropped in water, however, a clear solution is
obtained. This presumably corresponds to a molecularly dispersed state, or else involving
minimal aggregation. Dispersion of the molecules in water would of course be impossible if
the hydrophobic polystyrene core was not covered by a poly(ethylene oxide) shell, acting as a
stabilizing layer. A last confirmation of the success of the reaction can be found in the
hydrodynamic radii determined by dynamic light scattering. The values reported in the table.
compare the radii determined in THF for the hydroxyl-functionalized core and for the core-
shell molecules based on a G=1 core and a G=4 core. The hydrodynamic radius increased
after growth of the shell in all cases, and the increase was higher when a larger amount of
poly(ethylene oxide) was incorporated.

CONCLUSIONS

Slide 26 - Synthesis

Slide 27 - Properties

Slide 28 - Future developments

Slide 29 - Acknowledgements
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GENERAL CHARACTERISTICS OF
AGP’s

* Successive grafting reactions

N Y ——
Core

=0

v
%

* Control over branching density
branch molecular weight
chemical functionality

« Mol. weights M, = 5-10° - 5-10° g/mol, (M/M.), = 1.1-1.2

app

e Branching functionalities f= 10 - 10*
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ADVANTAGES / DISADVANTAGES

* Diffuse layer growth

» Control over the structure
* Functionalization possible (polystyrene)
» Fast increase in molecular weight, branching functionality

* Insensitive to side reactions

 Grafting site introduction requires electrophilic substitution
e Apparent I\_/IWII\—/In = 1.1-1.2 > dendrimers

¢ Surface not as well-defined as dendrimers
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PREPARATION OF STYRENE
HOMOPOLYMERS

Gauthier, M.; Moller, M. Macromolecules 1991, 24, 4548.

INTRODUCTION OF GRAFTING SITES

CI-CH,-O-CHj
sBu-(-CH,—CH-)p-H' » s-Bu-(-CH,—CH-)x—(-CH,~CH-)y-H
AICL; / PINO,
(1) CH,
Cl
OR
Q
CH;- C-Cl 3 s-Bu-(-CH—CH-)x—(-CH,—CH-)y-H
AICly/ BzZNO, |
|=O
CH,
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GRAFTING

sBu-(-CHy~CH-)x—(-CH,—CH-)y-H

® Iy,
ClI
: 1) s-Bul.i
CH,=CH >» S-BU:(-CHQ“‘CH-)p—CHZ—C OLIi®
2) 1,1-DPE
@ @ (2)
M +2 —» | G=
(3)

Grafting efficiency
> 95% (CICH,-~)

= 65% (CH,CO-)

274



CHARACTERIZATION OF
HOMOPOLYMERS

GEL PERMEATION CHROMATOGRAPHY

Generation Branches Graft polymers
M, (br) PDI (br) M, PDI
/g-mo]™ /g-mol™
Core 4.710° 108 | e | e
0 4.4.10° 1.03 42.10* | 1.06
1 4.7-10° 1.03 14.10° | 1.07
2 4.4.10° 1.04 3.6-10° | 1.20
3 4.6-10° 1.05 5.1.10° | 1.15
4 5.3-10° 1.08 | e | eeen

¢ Low apparent PDI

* Molecular weights underestimated!

LIGHT SCATTERING - DILUTE SOLUTIONS

Generation M, (LS) £,
' /g-mol
0 6.7-10% 14
1 8.7-10° 170
2 1.3-107 2800
3 8.8-1¢7 16000
4 2.3-.108 27000

* Absolute molecular weight M,

* Geometric increase in My,

e Uniform growth for successive generations
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SCALING BEHAVIOR

Gauthier, M.; Moller, M.; Burchard, W. Macromol. Symp.
1994, 77, 43. .

A, =k M} R, =k, M, " D, =k, M,
1070 ¢ ‘ i
.
2
o -7
= 10 - .
S
S
N v
A _
10°8 R T
10° 100 107 102

M, /(g-mol!)

'—-————_‘_’—-—o—_ﬂ_‘—m%_m_“—____—’

Parameter Coils Hard spheres Graft polymers




DILUTE SOLUTION VISCOSITY

Gauthier, M.; Li, W.; Tichagwa, L.. Polym. Prepr. 1995,
36(2).

» 5K branches, ca. 10 branches/backbone chain

- TOLUENE
so | G=0 =1
h—j 10 1 \
_________ =2
E | Trmmmmm el T g G=3
—_ CYCLOHEXANE ~  ~— —s===== =
E st
0 : t 4 + i ¥ {
4.5 5 5.5 6 6.5 7 7.5 8

LOG My / gmol

30K branches, ca. 10 branches/backbone chain

40 7

TOLUENE
oo 30 1
2
< 204 CYCLOHEXANE
E | T _
G:
0 t ' ' :
5 5.5 6 6.5 7 7.5 8 8.5
— -1
LOG M / g.mol
My _ 5 5 Va
=~ N,—
c 2 M
. 10
Hard-sphere behavior
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LIGHT SCATTERING - SEMIDILUTE SOLUTIONS

Gauthier, M.; Moller, M.; Burchard, W. Macromol. Symp.
1994, 77, 43.

 Osmotic modulus

10° — ,

1072 107! 10° 10! 10%

Limited interpenetration at higher concentrations

(consistent with diffuse layer growth)

EEEN
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COPOLYMERS WITH A MAJOR
COMONOMER COMPONENT

* High branching functionalities

+ 80% to over 95% comonomer by weight

-3



PREPARATION OF POLYISOPRENE COPOLYMER

Kee, R.A.; Gauthier, M. Polym. Prepr. 1995, 36(2).

GHs ¢H,
sBu4CH;~CH=C-CHp-CH;~CH=C-CH;~CH-CO®Li

260/
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CHARACTERIZATION OF COPOLYMER

GPC

DRI Response

DRI Response

DRI Response

Polyisoprene Chains

M, /M, = 1.30

5 10 15 20 25
Elution Volume /ml
Raw Reaction Product
5 10 15 20 25
Elution Volume /mi
Fractionated Graft Copolymer
M, /M, = 1.09
75% GRAFTING
5 10 15 20 25

Elation Volume /ml

15
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« NMR

_,/ — _/_ ﬁ
W _
YUY f I
* 80% PIP by weight
* Mixed microstructure (polymerization in THF)
16
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COPOLYMERS WITH A CORE-SHELL
MORPHOLOGY

Gauthier, M.; Tichagwa, L.; Li, W. Polym. _Prepr. 1994,
35(2), 482.

{

 Polystyrene core / poly(ethylene oxide) shell

« Monomolecular micelles

17

)



PREPARATION OF FUNCTIONALIZED CORE

CI-CH2-O-CHs3

(3) >
AlCl3 / PrNO»
1 LHAA |
CH,=CH ) » CHz—CH-O~(CHy)s—(CH,~CH-)p-CH,-CO Li®
2) 1,1-DPE Q _
CH,CHj3 (5)
RQ OR |
S RO OR
RO
OR
RO OR
4) + (5) — . OR 1
ROS ¢
RO
RO™? OR ~oR OR

LHAA = CHsCH-O—(CH,)¢©Li ®
0
CH,CH,

18
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ADDITION OF POLY(ETHYLENE OXIDE) SHELL

RO OR
RO OR ~~OR
RO
RO OR
RO OR
OR
RO
RO RO OR 1) H+/H,0
RO DR )
\iK Naphthalide
K990
@60
Koo
KOO0
K®9Q
K®O0 K980

219

(=Y
> KOGQK

od=1-1¢

098K -

08B K

HhO®
GGK K
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REACTION ON A G=1 CORE

GPC
Hydroxyl-functionalized core
2600 ;
o 2000 1 [N —
2 M, /M, = 1.08
§ 1500 Tt
D oo ¢
Z i
|
1]
0 5 10 . 15 20 25 30
Elution Volume/ml
Core-shell polymer
2500 1
2000 1 - -
2 M, /M, = 3.90
6 1500 |
&
g 1000 1
=
O gol
‘0
a ] 10 15 20 25 30
Eiution Volume/ml

20
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CROSS-LINKING SIDE REACTION

Polymer 1

Polymer 1

Polymer 2

K Naphthalide

‘_.»W
CEb

/%

Polymer 1

Polymer 2

K9OqQ PO%K ooy
K980
K®0q
ol 3%
. K990 099y
oL ] K
k990 oo o0
0 -
K 90 (PO . % K
KO (=] @¥K
&)
Ko Q@WK
@®°0 3
K
@<0
K @®K
B
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ELIMINATION OF RESIDUAL CHLOROMETHYL
GROUPS: METAL-HALOGEN EXCHANGE

n-Bulli Fxcess
A ——rey
@ © -78 C/ THE © @
|H3 2y
cl L
0O

@ ©

ADDITION OF SHELL ON TREATED CORE

« GPC

DRI Response
g

Elution Volume/mi

¢ Pure THF as eluent

* Shoulder at low elution volume - association?
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GPC ANALYSIS OF CORE-SHELL POLYMERS

e THF + 4% Acetic acid

Intensity (Arb. units)

Intensity (Arb. units)

30% PEO . MM, =
70% PEO /L -
M W]Mn = 176
5 1'0 Is 20 25 3'0
Elution volume (mlL)
e N,N-Dimethylformamide
30% PEO A M,/M, = 1.21
70% PEO K LA = 1.07
5 10 5 2 25 3:0

150 v

100

Ln
o

150 v

100 ¢

L
[

Elution volume (mL)

293
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CHARACTERIZATION OF CORE-SHELL
COPOLYMERS

* GPC: low apparent polydispersity index

~* FT-IR: can vary PEO content (30%, 70% by weight)

* Solubility behayior
Turbid solution when redispersed from solid state
Desolubilization easy, clear solution obtained
Consistent with core-shell morphology, PEO-rich shell

* Dynamic light scattering: R,

Sample | R, “
(nm)
G=1 core 12,5
G=1 core-shell, 30% PEO 16.4
G=1 core-shell, 70% PEO 235 |
G=4 core 63, "
G=4 core-shell, 30% PEO 66, |

MY



CONCLUSIONS

SYNTHESIS

Highly branched homopolymers and copolymers can be

prepared by successive grafting reactions.

The polymers have well-defined side chains randomly

‘distributed on the polymer backbone.

The size of the grafted chains and.the branching density can

be controlled for each generation.

A wide range of molecular weights and branching

functionalities are accessible.

Core-shell polymers and surface-functionalized polymers

can be prepared by a variation of the basic technique.

Shell thickness can be accurately controlled in these

systems.

PROPERTIES

Molecular weights increasing geometrically for successive

generations, apparent polydispersity G;IJMD) = 1.1-1.2.

app

*

Dilute solution properties corresponding to hard-sphere

behavior.

Some interpenetration is possible in the semi-dilute range.

L3

Intrinsic viscosity independent of molecular weight,

dominated by molecular weight of side chains.

Core-shell polymers have micelle-like character. ;l 9 (
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FUTURE DEVELOPMENTS

Perfection of grafting reaction using acetyl sites

Generalization to other monomers (methacrylates, siloxanes)

Morphological and physical properties investigations of
core-shell polymers

Solubilization / lextraction of hydrophobic molecules

Multilayered core-shell structures

Highly branched polyelectrolytes
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STARBURST DENDRIMERS

Synthesis of Precise
Macromolecular Architecture

D. A. Tomalia

STARBURST DENDRIMERS

Building a New Nanoscopic
Chemistry Set

Donald A. Tomalia
Michigan Molecular Institute
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Nanoscopic
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ELECTROPHILIC ROUTE (FRIEBEL-CRAFTS)

<X
y
PROBLEMS\Y
N\
S
1. INSOLUBIIEY OF PRODUCTS
REQUIRES USE OF LARGE
AMUNTS OF LEWIS ACID
ALYSTS TO ACHIEVE
A SOLUBILIZATION AND HIGH MW

R %
Fas
& LARG@\ MOUNTS OF CATALYSTS
N\"  FOR DHPOSAL
/
£

3. LIMITED Nfﬁ%ﬁER OF
. POLYKETON "§/§AN BE MADE

<
g
O
°S
o}

7

e
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NUCLEOPHILIC ROUTE (ETHERS OR THIOETHERS)

<Q

PROBLEN@\\
. CRYST S@N{TY OF PRODUCT

REQ S USE OF HIGH
TE@E&ERATURES IN SYNTHESIS

2\0%2:( STALLINITY & HIGH Tw MAKE
6/ SING DIFFICULT

.,\‘
3 3. CANNO ~SYNTHESIZE
\5- POLYKETO_%S WITHOUT ETHER
LINKAGES /
/<\\
N
7

! :
S
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ALTERNATIVE NUCLEOPHILIC APPROACHES (contd)

&

o SO

BMAC/T oluene
\ K,CO;
- 145-155°C

O%‘\ 8-12 hrs..

1) IS POLYMER
2) RED /(ZLVE (10% NMP SOLN.)
3) ADDI1-3% /HYDROCHLORIC ACID/H,O

A. E. BRINK, S. GUTZEIT, T. LIN, H. MARAND, K.
LYON, J. E. MCGRATH & J. S. RIFFLE, POLYM.

PREPRINTS, 1992, 33 (1), 402.
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WHY?

\

* PRODUCTION OF ENTIRELYJ\(EW CLASSES OF
CRYSTALLINE, HIGH PERFORMANCE
POLYKETONES AND RQKY(KETONE SULFONE)S
WITHOUT ETHER %WIOETHER LINKAGES

* ENTIRELY NEW\BX%JTE TO ALIPHATIC
POLYKETONES WITH INDEPENDENT CONTROL
OF TWC{;?N%FERENT ALKYLENE GROUPS.
CRYS INE BIODEGRADABLE IN SOME

CAéaé?
,agéFORDs MIXED%ROMATIC/ALIPHATIC

_"SYSTEMS. CRYSTALLINE, BIODEGRADABLE IN

SOME CASES. “

2

* KNOWN POLY(ETHER KE@E)S ALSO
ACCESSIBLE BY THIS C _//L_STRY

* POTENTIAL TO MAKE POWDERS/EOR PREPREGS
VIA SAME OVERALL PROCESS APPLIED TO
OTHER PROTECTED POLY(ETHERKETONES), 1.E.,
ACID HYDROLYSIS /®



MODEL REACTIONS

/Q

8 Qq\\
\

0
~N 2.2 NaH / stir

$'\

@ r .
OO0
SO% T

N 2

100% YIELD MP 144’/%4() (2 DIASTEREOMERS)
‘V/

7 .

 70% AcOH A

g

O
<9

. o.I‘I o O o/ /

100% YIELD MP 203-4° ’S/ |

| Y2
A. Pandya, Ph.D. Thesis, VPI&SU, 1992.



MODEL REACTIONS (CONTD)

.
70% ACOiA / -

A. Pandya, Ph.D. Thesis, VPI&SU, 1992, $¢Y3



Synthesis of bis-ct-aminonitrile

-~ /\
o \\“‘ >
Strecker Synthesis U
P <//
N mM NM
OHC__ CHO 1) NaHSOs o~ ©2 ©2
2) Me;Ni V\ NC CN
e '
NN " 98% Yield
N mp 142-144 °C

. %\
g/g@@:i{stics of Strecker-ci-aminonitriles
o i g '
1) .Q-pr ons are acidi \}can be removed easily with NaH

Y X 7~
2) resulting carbanions areexcellent nucleophiles
- ~

> 2
' 3) amine group can be varied teﬁ/vaoke different solubilities in polymers
- 4) aliphatic aminonitriles can also @epared this way
. _ )
S

7
%.
S

/’
7

0%

3¢y

i .
4 :



EVIDENCE OF THE VALIDITY OF THE CONCEPT
FORMATION OF HIGH PQLYMER
A

g

$\ DMF / N, 12.2 NaH
O
o
/

"CN

. i
M, = 32.3x 10° M, = A,/4<Q x 10° (abs., NMP, 60°)

TGA (10%): 298° SOLU\E@, CHCl,, THF, ETC.
=/

70% ACOHl A

NEW

M, = 16.4x 10° M, = 30.6 x 10° (abs., NK#P,. 60°)

TGA (10%):530°, T, = 208°C, T, = 458°C “>"

A e L L T I e LWL s - = 24[\(
A. Pandya, J. Yang and H. W. Gibson, Macromolecules, 1994, 27, 1367.

) "
O A



. o A
\goluble 4"///
M, = 86K M, = 192K
(abs. GPC, NMP, 0.5%iCl, 60°C)
DSC: no transitions, TGA:,_ZZ/52°C.
- | 30% AcOHTE)

‘Insoluble

T, = 228°C, T, = 414°C (WAXS) _,
TGA: 493°C (10%) |



Proposed intramolecular decyanation s/fde reaction
| &

,'</

leading to low molecular weights.

37



| SYNTHESIS OF NOVEL POLYKETONE I
N

1

O
N

a0 o o

Lo OO+

SHGRS
O«
;/"

M, =36K, M,=7 é%bs. MW, NMP, 60°C);
soluble in THF, C , etc.;

DSC: Tg=69 °C; no&/

TGA: 5% weight loss @t 263 °C (air)

“3
Y &
: 0 — ¢ %
Sy

Only soluble in very strong acid, such as conc. H¢SO4;
DSC: Tg=217 °C, Tri>525 °C; b
TGA: 5% weight loss at 501 °C (air).
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0.668687

Y

ABSORBANCE

1,3333 1.6687 2.0000

1.0000

0.3333

[e1e]0]
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0.36800

0,1i833

THE FTIR SPECTRA (KBr)

Y—14«30=1 FTIR 01/01/80 Q0O 22: 0B

T
'
i
1
i
i

1l
v

i
\

e

i

Nl

~0,1800 ©.0167

c00.0

t 1 \ ! - t § -
3ams .8 2711.1\/_’2,:33.3 1811.4 1488.9 1166.7 o222 .22
\ 7 WAVENUMBERS ({CM-21)

JY=1-57—1 Folykatone 03/23/9%/63: O6: a2

.

OO
VL) Y

e

761 .21

800 .00

I
4000.0Q

+ + g + + t g
a3sn.5 2721.13 2133.3 18:1.1 1488.5% 1166.7 grz.22
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400 MHz 'H NMR SPECTRUM (CDCl5)




THE 2D-COSY SPECTRUM
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The APT SPECTRUAK(CDCl5)

o~
N

_Q‘EN ;;\%N = (@ .
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THE 2D-HETCOR SP\E@TRUM
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THE 2D-COSY SPECTRUM
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THE WIDE-ANGLE X-RAY PATTERN
X

T
g
N
Q‘\—/
N

FN: JY=1-67-3.RD o ng\ | SCINTAG/USA

DATE: 7/ 7/34  TIME 16:%3) PT: 1.2000 STED: 0.0200  WL: 1.54080
CPS  17.88 8.838 &i‘,.e‘u 4.438 3.559 2.978 .582 X
3000.0 Q\ 100
2700.0 - s : - 90

o 0
2400.0 - 6\ < L "l‘O_g < > > . 80

7y 2400.0 TR\ - 70
A

18&%&"‘ L - 60

50

40

30

20
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Synthesis of Novel Poly(ether ketone ketone ketone ketone) PEKKKK

N(CH;), N(CHa,),

NC CN :>A_
\‘({rom M. Chen, Gibson group)

98% Yield —~ N\

M,= 7.2 x }Q° g/mol, PS equivalents

: \ . Freely solubleyin THF, acetone, chloroform .
3 T,= 146 °no Ty
5% Weight loss at 313 °C (N,)
- ol
\%\ o
0

70% HDAc, HCL

S,

S
PEKKKK
>

Soluble only in conc. HySO,, CFsCOH
Ty= 185 °C, Ty= 343 °C )
5% Weight loss at 492 °C (N) - .//'
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The 2D-COSY NMR Spectrum in CDCly
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Synthesis of a Water Soluble Wholly Aromatic Polyketone

\
A
N(CHy), N(CH,), Q\
H H + /-/\<:/ /@\
, NC CN ~ e

N4

C M,= 13 x-H) g/mol (PS equivalents)

Q‘\\' - Freely sol 23(?M<30H, acetone, THF, chloroform -
: T=94°C, iy
\e\ - 5% Weight loss ay206,°C (N,)
iy

Soluble in hot DMSO, aqueous acetic acid (pﬂ<@
Insoluble in acetone, chloroform, THF -
T,= 129 °C, T> 170 °C -7
. &7
5% Weight loss at 242 °C (N) R4

%

35%
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SYNTHESIS OF BISFLUQRO KETO
MONOMERS FROM A NITRILES

O O

NS 22 NaH O
X =F, Y\\c
DMF/N,

@O—OO
ﬁ” Oy

aa/’ ield "H NMR
)

/ 0°/o AcOH

/eﬂux

100% Yield 'H NMR, FTIR (9

mp 183-4 °C (Y=SO,, rep. 177-8 °C%)

mp 294-5 °C (Y=CO, rep. 282-3°C)
| 7

EXTENSIONS ARE POSSIBLE. ,i/

359



SYNTHESIS OF NOVEL POLY(KETONE SULFONE)

CN CN

~OLOFO 08 [‘)OEIJ
6\\%\%?0%%}1 |
\Q;\ }o ___ CN CN \
22 ey
ﬁ% 4, PAKSKA [j [j

@ﬁ 17 Kg/mo _~27 Kg/mol (CHCl,, polystyrenes)
. NOT VERY SOLMBLE IN CHClg, SOLUBLE IN THF,
\‘- DMF, DMSO, NM#, ETC.
. 'H NMR, COSY, FTIB',NB/C NMR

\\\

? 7
YanUs
PKKSKK 6}

INSOLUBLE IN MOST COMMON ORGANIC@LVENTS,

SOLUBLE IN CONC. H,S0,
H NMR (D,S0,), COSY, FTIR
TGA: 5% WEIGHT LOSS AT 514 °C(IN AIR) K/

DSC: Tg=195 °C; T,>450 °C
2LC0

s/PKKSKK 9/22/93 1:04 AM

A



e

CH,Cly [ MORPHOLINE

(] O

26/



560



Q ex
> %

Mixed Aliphatic/Aromatic Polyketones
From Soluble Poly(bis-o-aminonitrile)s

NMe, NMe, O\
H Be—(CHp—Br
N 2 4
™ a: x=
"{\ b:x= 10

98% Yield Q
\\ NaH, DMF
70 °C

% NMe, NMe,
O e

n

\>3a,b
™~ Freely soluble in > acetone, chloroform
Q\ . 3a: T,=54°C,no Ty vﬂ/e weight loss at 148 °C (N,)
3b: T,<25°C @
50% HQAc
l 93 ¢€ )
e
O 0 ‘
G-
/-n
o O
4a: T,=105 °C, Tp= 207 °C; 5% weight loss at 212 °C (Nz), le in organics

4b: T 88 °C, Tp= 144 °C; 5% weight loss at 332 °C (Ny), solu u/ ot DMSO

High molecular weights achieved (polymer 3a: My= 42 X 103 -g@ol,

polymer 3b: M= 32 x 10" g/mol, PS equivalents)

%

202



CONCLUSIONS

\
N

N
¢The use of ammomﬁule monomers
allows  efficient_ \“syntheses of
polyketones vna\\s’bluble precursors,
reducing syniResis and processing
\_/

problems Q@socnated with classical
methods. >

¢The @@thod is applicable to the
praductiofn of aliphatic or aromatic or
QI AhatlclaD:gmatlc polyketones.

Q\ﬁ\lew types \bff aromatic polyketones
without ether? linkages can be

prepared in is way, possibly
leading to _hAlgjyr performance
materials. =7

7%

+These materials ap@ar to have
potential as high @}rformance

adhesives and Cgomposite
components. 7
7.
0%
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Chemistry for Rings and Pegs

Coleen Pugh
The University of Michigan
Department of Chemistry
Ann Arbor, MI 48109-1055

Rings e @w

1) How to thread rings with chains which lack an enthalpic driving force.

'

Pegs — w_.—L___::lw PPV m— P

2) Prediction of mesophases formed / predetermined mesophases.
Backbone
Spacer
Mesogen
Molecular Weight
Polydispersity
Tacticity

3) Transformation / regulation of mesophases
Specific Interactions
Sy Immiscible Components

366



Keq ( )
+ WAWARARANR

AG = -RTInK,

K, = AS . AH
R RT

Threading Methods
1) Statistical Threading

strong attractive interactions absent

AS determines equilibrium

2) Directed / Template Threading

strong attractive interactions between cyclic &
linear components

AH determines equilibrium

367



AMPHIPHILIC APPROACH

solvophobic -\

solvophilic

-

solvent

P
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HO—-{-CHQCH20);H

+ 2 CH;SO,Cl

PEG-600
NEts, CELCl,
0-25 °C, 24 h
82-90% yield
CH3O—(—CH2CH20)—CH3
n
0
OH | 3eq. K,COs DMF
H 70-125°C, 72 h
OH | 56-72% yield

NaBH,, EtOH
0-25°C, 18 h
53-87% yield

Br(CH,) H, KI, KOH, DMSO
60°C,24h
n=12: 92% yield

Q 0, -2

390



Chemistry for Pegs

I. Prediction of Mesophases - Structural Variables in SCLCPs

Backbone More thermally stable mesophases from flexible
backbones.
More ordered mesophases from flexible
backbones.
Spacer Doesn't completely decouple motions of mesogen
) and backbone.

Better decoupling with increasing spacer length.
Side chain crystallization at n > 9-11.
Length determines nature of highest temperature

mesophase.

Mesogen

Molecular Weight Phase transitions independent of molecular
weight after 10-50 repeat units.

Polydispersity

Tacticity

II. Regulating / Transforming Mesophases

Specific Interactions

Immiscible Components

'...|| ||][ Y /// © |||| © ///
,|||[1”|,|,|| n|||u|n|||!/| 2774 I R0 7
NIRUNRIIAN R R e | W KAL)
NN by I RCRNINIIL o V2777277 | IR (NI R V777777,
ml|!|'|||||1 M . WO

Sa Sc Sp Sg Sp SGSSH

81 81 g

ST

L £
4, §
Ly



L 7
R

Polymer Backbone

General:
More ordered mesophases possible with more flexible backbones.

Exceptions: R

— CHz—*—);

C=0

(CHz)1y

i
H(CH,), ?':o—@—oc‘—@—cxcnz)nn

n R=H . R=Cl R = CHj3
1 g 14 n 44 1 g 36 n 59 i g 38 n 621
2 g 12 n 74) k911 (g 31 n 79) k 92 1 (g 32 n 82) k921
3 1g 11 n 58 i g 26 n 58 i
4 |g 4 n 671 g 20 n 66 i g 19 n 671
5 g 10 n 51i
6 g -9 n 59 i g 5 n 60 i
7 g 1 n 48 i
8 Jg-13 k 33 n6li g O n 60 i g -2 n 611

1597 (1987).

Exception? W%

g 104 sc 226 sp 2341

3

g 106 s¢ 205 sp 21414 0

ST

F. Hessel & H. Finkelmann, Makromol. Chem., 189, 2275 F. Hessel & H. Finkelmann,
(1988). Polym. Bull.
(1985); F. Hessel, R.-P.
Herr & H. Finkelmann,
Makromol. Chem., 188,

, 14, 375

=0
0,
9 0
F(CF,)¢(CH,),0 —@- co 0 c——@- O(CHy)a(CF)eF
CH
9 |
F(CF,)6(CHy),0 ——@— co ocC O(CH,)4(CF2)6F




Nature of the Mesogen

-+ CH;CIH %;-
O(CH,)nOCOOCHzéTCHZCH;.;

CH,
n=6 g30s58s, 1101
n=11 g11k 62 (s26sc* 53) 54 1231

*
H(CH,)no COOCH2C|CHZCH3

n=6  k58s564s,92i
n=7 k62 (sc*59) s, 891
n=10 k54 (sc* 49) s 82

CH,

|
—+{ CHZ(IZ —);
COO(CHy),0 —@— ca:crxcoo———@—ocaﬁ?cnzcn?,
CH;

2 gl25s, 1721
6  g50k92s, 172
11 g35k65sc* 1155, 1421

H(CH;),,O——@— CH=CHC00—©—(CH7)4H

n=1 k82n93i
n=35 k96n102i
n=7 k65s86n11l1i

H(CH),0 —@— CH mCHCOO——@—CﬂzCHZCN

n=2 k114n 1241
n=6 k72n1091

=10 k72 (sc 58) sp 109 n 109.51
n=12 k82 (sc58) sy 1071

B o= B
n

PVE: V. Percec, Q. Zheng & M. Lee, J. Mater. Chem., 10, 229 (1991).
PMA: B. Messner & H. Finkelmann, Makromol. Chem., 192, 2383 (1991).
LMMLC: D. Demus & H. Zaschke, Flussige Kristalle in Tabellen II, VEB Deutscher Verlag, Leipzig,
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F
H(mz)no—@—CEC—Q—CﬁCQO(mQﬁ
F
cl
H(CHz)nO‘—Qj\
N N

O

0
Il 1l
H(CH__g)nO—@-O#C ' c—o@o«mgg&
N=N

N
Ne__-S
§~ N

S
S

S
395



§

CH,
x—@—l + 2 HC=C OH + 2 Br O(CHy).H

g

CH,
base, PTC, THF
Pd(0)/Cu()
R
H(CHZ),,OAO- $@CECQO(CH2)m
F
300
/—\
) 250
~
L
Tt
2 2004
]
o
2.
& 150 -
L
-
100
50 T 1 1

o
)
S
o -
00
S
ro

C. Pugh, S.K. Andersson and V. Percec, Lig. Cryst., 10, 229 (1991); C. Pugh, H.
Liu, S.V. Arehart and R. Narayanan, Macromol. Symp., in press.
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COzMe . COZMC COQMC
PhCHzNMC3 IClg-
CH,Cl, / MeCOH NaNQO, /HCI
NH, — >-I/\NH2 et B /\N2+

25°C,7.5h _ 0 °C, 10 min _
51-78% yield

ImEtg, K2C03
0 °C, 30 min
28-86% yield

OH CO,Me CO,Me
LiEt3BH
I I _‘THF I / \ 1 -EMCI I / \ N=N-—NEt,
0-25°C,5h \__/ reflux, 6 h -
88-90% yield 84-90% yield
F
COCl
NEt,, THF Br O(CH,),H
60°C,25h
v 93-99% yield 1) Me,SiC=CH
Pd(0)/Cu(l), PPhs
NEt3, THF

38-99% yield
2) KOH, MeOH, 25 °C
o | 5:5h,4490% yield

0o F

I I + 2 HC=C O(CH,) H

Cul, PPh3, K2C03
2 eq. H,0, pyridine, 110 °C
28 h, 56-93% yield

C Cc=C O(CH,),H

5 i
Ry



e

H(CHZ)BO

H(CH,),0

Ph

‘ 2) PhCHO

Ph

Theoretical GPC GPC/LS

n Mlo/Tlo | Mpx104 | Mxi04 pdi Mpx10-4 pdi
1 44 23 27 1.12 5.6 118
2 51 2.8 4.0 1.17
3 50 2.9 5.2 1.35
4 50 3.0 3.6 1.12 6.6 1.04
5 50 3.2 3.9 1.07
6 50 3.3 29 1.16 4.6 1.18
11 50 4.0 4.9 1.19

29¢




H(CH,),0

E
H(CHZ)HO O(CH,) H
F

n Phase Transitions (°C)
1| g 93 n 120 (1.50) i
2] g 82 n 134 (1.81) i
3] g 71 n 113 (1.45) i
4| g 64 n 115 (1.54) i
5|1 g 56 n 106 (1.46) i
6| & 35 n 107 (1.39) i
-
8
9
10
11| g 40 sc? 98 (2.50) i
12

n Phase Transitions (°C)
1| k 192 n 263 i
2| k 188 n 256 i
3 k 134 sg 179 n 226 1
4 | k 84 SE 167 n 225 i
51 k 122 sg 152 n 205 i
6 k 112 sg 132 sc 148 n 198 i
7 k 100 sg 130 sc 156 n 196 i
8 k 99 sg 128 sc 159 n 183 i
9 | k 107 sg 123 sc 152 n 162 i
10 k -95 sg 117 s¢c 156 n 169 i
11 | k 104 sg 116 sc 161 n 173 i
12 | k 104 sg 112 sc 154 n 158 i

37



Red

8‘0

H(CHZ)HO‘-Z/D /_% Q-O(CH )H

Phase Transitions (°C)
g 64 n 115 (1.54) i
g 56 n 106 (1.46) i

ool TN

g 40 sc? 98 (2.50) i

K CH,
H(CHz)nO O(CH,) H
F

n Phase Transitions (°C)
4 | k 101 n 177 i
5 k &8 n 201 i
7 k i
10 k i
11 k i
R
H(CHz)no~\/<:\> = @ = Q-O(cﬂz)nﬂ
F
n Phase Transitions (°C)
4 k 84 sg 167 n 225 i
5 k 122 Sg 152 n 205 i
7 k 100 sg 130 s¢ 156 n 196 i
10 k 95 sg 117 sc 156 n 169 i
11 k 104 sg 116 sc 161 n 173 i

S50




o

O

0
CH; O
| j /::—@— O(CHp),H
/ © i
H(CH,)no@— c,
0

‘ Phase Transitions (°C)

g 97 n 162 i
g9 nl172i
g 83 n 140 i
g73n138 i
g 60 n 123 i
6 g 56 n 126 i
C. Pugh & R.R. Schrock, Macromolecules, 25, 6593 (1992).

h B W= B

CH3

2 i
H(CHZ)HO‘Q—CO OCOO(CHgﬁ

Phase Transitions (°C) Ref.

k166 n 252 i
k187 n 248 i
k138 n 209 i
k115 n 206 i
k 90 n 178 i
k88 n173i
k 86 n 161 i
k 40 n 157 i
k79 n 148 i
k 83 n 139 i
k 81 (sc80)n 140 i

12- k 81 sc88 n 140 i 2

(1) D. Demus & H. Zaschke, Flussige Kristalle in Tabellen II, VEB
Deutscher Verlag, Liepzig, 1984; (2) current.
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g

i

R

— et

T

Q
(CHa}hi1

8]
oc':’—@—occmn

n R=H R=Cl . R=CHj3

1 |lg 14 n 44 i g 36 n 59 i g 38 n 62i
2 (gl12n 74k91i (g 31n79k921i (g 32 n 82)k92i
3 1g 11 n 58 i g 26 n 58 i
4 g 4 n 671 |g 20 n 66i [g 19 n 67 i
5 g 10 n 511
6 |g -9 n 59 i g 5 n 60 i
7 g 1 n 48 i
8 |g-13 k 33 n 6l i g O n 60i |g -2 n 61 i

F. Hessel & H. Finkelmann, Makromol. Chem., 189, 2275

(1988).

(CHp;H

F. Hessel & H. Finkelmann,
Polym. Bull., 14, 375
(1985); F. Hessel, R.-P.
Herr & H. Finkelmann,
Makromol. Chem., 188,
1597 (1987).

0 0
H(CHQHO—O— oc—@— O(CH,). H

Phase Transitions (°C)

S e SN O T N 'S T 6 P

. 8

k 82 (n 58) i
k 121 (m 81) i
k &9 (m 56) i
k 74 m71) i
k 76 m 62) i
k 71 (n 69) i
k 68 n 68 i
k- 52 n 72 i

D. Demus & H. Zaschke, Flussige Kristalle in Tabellen I, VEB Deutscher

Verlag, Leipzig, 1984.
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Low Molar Mass Model Compounds

E CH;3
CHCH
F

Most Appropriate for?

H(CH,),0

H(CH,).0
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‘C';"\va;,ﬂv‘:
endo —

da/dt

Polydispersity

Eg. S.G. Kostromin, R.V. Talroze, V.P. Shibaev & N.A. Platé, Makromol. Chem.,
Rapid Commun., 3, 803 (1982).

0.05 wt% AIBN

THE or C;H _{‘ CHy CH+
60°C, 30 | _</ \>_</ \>_
’ CO,(CHy, O CN

1c - original polymer separated into fractions (fractional precipitation of
1,2-dichloroethane with ethanol):

1 [n]=0.18 dl/g

I Mi=0.11 30 °C in 1,2-dichloroethane
III [n]=0.08
IV. [M]=0.065

(1)

(V) () (0]

(1V)

50
T ; T o
100 10 120 130 140 150 160
T/°C 130 -
120
o 110
K 100
90 4
O sap-1i %0 j{
A SC - SA 30 1 I S—\
20 4 '
3¢¢ o

0 005 Ol 015 020 025 030
[nl fioirg)
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R

(@) poly(1-6)

®) poly(1-7)

100mer (145) 1.17 100mer (78) 1.17
S0mer (S7) 1.16 SOmar (35) : 1.05
20mer (16) 1.16
20mer (17) 1.09
1Smer (12) 1.17
it
10mer (9) 1.156 10mer (10) 1.11
Smer (6 1.16
Smer (6) 1.20 ©
bland (23) 2.50 blend (17) ¢ 4.78
24 36 min 24 36

3L



~ 100

60 1

.i/' n i
4‘{./’—'——'
. 8

20 - :
@) poly(1-2)
0 .2
0" 50 100 150 200
PP(obs.)
TCO) 100 i
] //——- i
n
50 |
20 &
(¢) poly(1-4)
0 v
¢ 50 100 50 200
DP(obs.)
T('C)mt3 i
1rf
n
80 .
281 .8
(e) poly(1-8)
0 —
a 30 100 150 200
DP(obs.)
100
TCO) 1
.
80 | n
20 |
8 ) poly(1-8)
0 .
0 50 100 150 200
DP(obs.)

uele;
TCC)

i _
60

B ';

8
20 |
@) poly(1-3)
0 ,
0 50 100 150 200
: DP(obs.)
100
TCCO | s i
60 n
4 ‘y.’-——'—_’_—.
ik
20 |
g (d) poly(1-5)
0 T
0 50 100 150 200
DP(obs.)
100 . { "%
TCO) ;/” i
&80 - n
() poly(1-7)
0 .
0 50 100 150 200
DP(obs.)
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Polydispersity in Polystyrene

pdi

Polymerization Conditions

1.0

1.5

2.0

>10

Living polymerization.
Anionic: Na/naphthalene, in benzene, 25 °C

Free radical polymerization under conditions which avoid
autoacceleration; incomplete conversion. (Termination by
coupling.)

AIBN, in benzene, 60 °C, 70% conversion.

Free radical polymerization under conditions which prevent
termination by coupling of 2 chains (chain transfer agent);
incomplete conversion.

AIBN, n-BuSH, in benzene, 60 °C, 70% conversion.

Bulk radical polymerization at lower temperature to promote
autoacceleration without chain transfer to polymer.
AIBN/hv or redox (+-BuO-OH/Fe?+), bulk, 25 °C, complete
conversion.

Free radical polymerization under conditions which promote chain
transfer to polymer.
AIBN, bulk, 60 °C, complete conversion.
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Chain Transfer Constants (Cs=kg/kp) in Radical Polymerizations

Methyl Acrylate __ Cs x 104 T (°C) | Methyl Methacrylate Cs x 107 T (o:C)
8 045 80 |{ Hemon~ Y o
a: 098 80 { Mo 0.074
Q_cn <1 50 | CHsCO,CH,CH; 0.13
¢ N, <1 50 { H—cn 0.162
Qﬁcga <25 50 & 0.176
ax:" 27 60 { H—cn, 02

o,,:q-@-nnz 6.7 50 c1—©~c:H3 0.49
{ Hro, 46.4 50 | e~ Hcn, 0.73
ozn-—@— cH, 48.6 50 QNHz 4.2
{Hnern 60 50 ~ 5.2
02N—©—0CH3 797 50 HO—Q—CHa 6.0
@—NHCH;.; 7.0
{N-enoc~ S 80
a8 9.13
{ Hnew, 113

QN‘“@ 100

50

60

60

60

70

60

60

60

60

50

50

60

60

60

60

50

Radical Reactivity:
VAc: > AN- > MA:- > MMA: > St-

39/
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Polydispersity

due to
- non-uniform mixture of linear chains
- chain branching / non-uniform mixture of molecular
architectures

oy
K
TIT

M lll'I |||mnlci>||lﬁ
"'lll'ul T
|||I|||||Ii I;lll II| lI"l' I ‘Hn
TR i
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o

atactic g 110 s 280 i

E:].:{ \>_</ \> isotactic g 110 s 233 i

+ CH,- (I:H—]—

ot Y Yo  aus

Literature and/or conventional free radical
polymerization.

AIBN, in benzene, 60 °C, high conversion
(*BuO)3, bulk, 120 °C, high conversion

Atom transfer radical polymerization.

CuCl/Bipy
—— RCI + n CHp;=CH
: CO,R’
o
RCI: CH3(12--C1 or CgHsCH5Cl
CO,CH;4
CH,C1
CuCl/Bipy
~——— CICH; + 3n CH2=(I'_!H
CO4R’
CH,C1
RCl
CuCl/Bipy CO,R’ CO;CH;CH;O—(— (IZH‘CHZ-)'R
n

CO.R’

393

! i
% 5
“hsggaai



Regulating / Transforming Mesophases

Eg. Nematic — Smectic

TN

©

A

HEH

LI

[ Innll'/:u
NI

|
(]
mmin\Y
T A
),

SC

A. Specific Interactions

Electron - Donor Acceptor Interactions

Hydrogen Bonding

B. Immiscible Components
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D. Demus, G. Pelzl, N.K. Sharma and W. Weissflog, Mol. Cryst. Lig. Cryst., 76, 241 (1981).

q !
a wenso-Obo O
%T—CN
CN
B H(CH,)sNHNH(CHQ).sH
9 f i
A H(CH;)&O—Q—CO—-@— .
%#—CN
CN
B H(CH;_)JQHNH(CH;JGH

295 |

TIK]

3684 4==

isotropic

3738

3szz-~=:§§“w//

353-\37\ smectic A

/,’,,x;ggl;ﬁ59807

§S§;~~m-37az
N 43668

361.3;

A
/ )
A

mol %

‘\ o
"
3212 X~
solid
A B
mol %%
isotropic
T{K] 3983
/ 7 ‘t\
/’i/ \:
' X7 3823 \
3755 4=%" S “N !
N smectic A N,
361,7
3587 7=,/ 3558 4
3 .
x
!\
320,2
solid
A | 8

3762
3668

—



T. Schieeh, C.T. Imrie, D.M. Rice, F.E. Karasz and G.S. Attard; J. Polym. Sci., Polym. Chem.

-y Ed, 31, 1859 (1993).

"GC:Hfmty Br(CHgso—Q—I\BN—@—NO;!
Br(CHz)gO—Q—N = N_'O' OCH;
OB

M,, =9,000 - 11,000 NaOH, H,0, toluene
BH4N+ Br-
reflux, 24-72 h

C

H;
x+y~80 T x

E@-omﬁgw—@-zq:n—@ocm
g |

200

TFC

lm
?...-g...-.n-. .-..‘.""..
'lt--."'.h‘-.‘.l. L LTS
ch.‘,
4
0 ' '

0.00 0.25 0.50 O.ZIS 1.00 8 O/ C
X No,



Y. Kosaka and T. Uryu, Macromolecules, 27, 6286 (1994); ibid, 28, 870 (1995).

X

e
CH,—
=0 oo
COZ(CI'I2)6 N=CH N
s
y CH2=? :
. Coz(CH2)50—©—N= c1-1-<_}1~:02 ‘

3 mol% AIBN .

C¢H, or DMF
70°C,20 h

—|_ CH;
' CH;— ?—- CO,(CH,)g O—@- N=CH I’lsl
M,, = (1.62-2.75) x 10° T

X
pdi = 2.28-3.02

CHy—(~ coz(cnz)éo—'Q——N: c:H—Q—-No2

CH,

Aol

Y

g

-
o
o

Temperature (°C)
8

i
o
h QX

0 0.5 1
Proportion of CzM6 unit 3?7
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VoYV | Wa¥p N
USRI

nematic smectic

n>4-6, m>6

H(CH2)n(CF2)mF
n=0 m=12 kK 72 i
2 kK 71i
4 K 41 s 76 i
6 k43 s 84 i
8 k 56 s 88 i
10 K69 s 92i
12 k79 s91i
14 k90 s 93 i
16 K 90 i
F(CF2)m(CH2)n(CF2)mF
n=8 m=10 k114 i
n=10 m=12 k 98 s 129 i

W. Mahler, D. Guillon & A. Skoulios, Mol. Cryst. Lig. Cryst., 2, 111 (1985); T.P.
Russel, J.F. Rabolt, R.J. Twieg, R.L. Siemens and B.L. Farmer, Macromolecules, 19,
1135 (1986); J. Hopken, C. Pugh, W. Richtering & M. Moller, Makromol. Chem., 189,
911 (1987); C. Viney, T.P. Russell, L.E. Depero & R.J. Twieg, Mol. Cryst. Lig. Cryst.,

168, 63 (1989). 8 ?‘?



L.M. Wilson and A.C. Griffin, Macromolecules, 26, 6312 (1993); T. Davidson,
A.C. Gnffin, L.M. Wilson and A.H. Windle, Macromolecules, 28, 354 (1995).

+HCHD(CRIm]-

n m Phase Transitions (°C)
7 k 112 sg 152 i
8 k 118 sg 155 i
9 k 133 sg 148 i
10 4 k 124 sg 144 i
11 k 125 sg 135 i
12 k 119 sg 131 i
13 k 112 sg 128 i
14 k 121 sg 129 i
6 k 147 sg 183 i
7 k 137 sg 155 i
8 k 125 sg 165 i
9 k 110 sp 148 i
10 6 k 100 sg 151 i
11 k 105 sg 134 i
12 k 120 s 145 i
13 k 117 sg 139 i
14 k 114 sg 141 i

SO0



Molecular Phase Separation

> Two different structures

form anisotropy
structurally different ONWW ne— N N\ O(CH,)sH

chemical anisotropy

amphiphiles e AN F(CF2)m(CH2)nH
thermotropic liquid crystals
crystal smectic nematic islci)ctlrti)igic

QOO0
000 —
000 Y

=

i
==

ll
11

ORDER ORDER and MOBILITY MOBILITY

 _oue
increasing temperature
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HYDROCARBON FLUOROCARBON

oleophilic oleophobic
-(CH2)x- -(CF2)x-
H, F van der 1.2 1.35
Waals radii (A)
‘Spatial
Representation
along the chain
Distance between
repeat units (A) 2.539
Helix type I 131
(planar zigzag)
Torsion angle 0° 16°
Cross-sectional 78 3
 area (A2) 18.5 .

= C.Bunn and E.R. Howells, Nature, 174, 549 (1954); H.G. Elias, Macromolecules.
Structure and Properties, 2nd Ed., Plenum Press: N.Y., 1984.
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o

C=0

|
O
CH, Oy
_ /C-Q—O(CHg)nH
6] .
/
H(CH?)no@— C,
0
Phase Transitions (°C)

g 97 n 162 i
g92n 172 i
g 83 n 140 i
g 73 n 138 i
g 60 n 123 i
g 56 n 126 i
C. Pugh & R.R. Schrock, Macromolecules, 25, 6593 (1992).

Shth W = S

CH;

o)
H(CHZ)HO—Qf%DO-—OCI—Q—O(CHy)HH

Phase Transitions (°C) Ref.

k166 n 252 i
k187 n 248 i
k138 n 209 i
k115 n 206 i
k9 n 178 i
k 88 n 173 i
k 8 n 161 i
k 40 n 157 i
k79 nl48 i
10 k 83 n139i
11 k 81 (sc80)n 140 i

12 k 8 sc8 n 140 i 2
(1) D. Demus & H. Zaschke, Flussige Kristalle in Tabellen Il, VEB
Deutscher Verlag, Liepzig, 1984; (2) current.
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=Q

0

1 K,CO,, EtOH
“Hy=CH(CH,),,,Br + HO C—OEt »CH,==CH(CH,),..0 C—OFE:
reflux, 18 h

30-78% yield
J o yie 1) NaOH, H,O/EtOH, reflux 12 h
2) HC
73-94% yield

i

|
ct=chct.0—( _H—L—on
CH,

DCC, DMAP, p-TsOH
CH,Cl,, 25°C, 12h
12 HO OH | 89.919 yield

0

CHj,
] II
CH,=—CH(CH,), , O Co oC O(CHy), ,CH=CH,

F(CF;),1, AIBN
toluene, 70°C, 15h
54-849% yield

CH,
I 0

I
F(CFngHzHé(CHQH_lo@%O@ —@-O(CHQH_Z(I:HCHZ(CFZ)IHF

Bu;SnH, AIBN
toluene, 70°C, 18 h
54-92% yield

Q
F(cmm(CHz)no‘Q—'éO—O- —Q—O(cm)nmmm

Brz, hv, benzene, reflux, 5h
25 56% yield

CHQBI'

0
Il Il
F(CF?)m(CHgHO—Q—-COGO C—@-O(CHQ)H(CFZ) mE
TBAH, THF, reflux, 12 h
25-45% yield

COOK

o)
F(CFg)m(CHz)n(}—@—i(iZO oc’:i—©70(c1—12)n(c5)m1:

oy



CH;
I i
F<c&>m<cm)no—©—co OC—Q‘O(CHz)n(CFz)mF

Phase Transitions (°C)

89 sc 123*% 55 177 i
99 S¢ 147% SA 171 i
107  sc 176% s 191 i

99  sc 176%  s4 191
92 sc 162% s, 189
113 sc 171% sa 185
95 Sc 169* sa 176
106 sc 205 sp 214
101 Sc 197 SA 208
99 Sc 197 SA 204
104 S¢ 190 sa 193
124 S¢ 215 SA 222
119 sc 208 sa 216
129 sc 206 sa 212
120 sc 197 sa 200

130 sc 218 sa 226
121 S¢ 214 sa 221
130 sc 211 sa 217
124 sc 201 sa 205

o bhlooonUnhijocoh U h|ooh Uik ooV |13
NN PRI RN ] o o Y= - [N NN RSV RIS =
RERRIRERRRIRRRARRIARSRR(RRR

prds i paie jmde | ks pumis pude pubo] pmis jumks paeds jude | jumie pumis pmbe i

CH;

| e .8
H(CH,),,O—@—CO OC—Q—O(CHZ)RH

n | Phase Transitions (°C)
1 k 166 n 252 i

2 k 187 n 248 i

3 k 138 n 200 1

4 k 115 n 206 i

5 k 90 n 178 1

6 k 88 n 173 i
-7 k 86 n 161 i

8 k 40 n 157 1




=

°
O

0O 0O .
1l I
K0 mdoc@ o

YO6

1) YQ\r
II}T Ph
Bu0%y M
tEuO’
‘2) PhCHO
Ph
Ph
X
FO
O
i i
F(CF;),,(CH,0 o 0 C_Q_ O(CHy),(CFp)F
Temp. Theor. GPC
n {m Solvent oC Solution [M]o/{To | Max10-4 | Mpx10-4 pdi
6 {8 |THF 25 turbid 32 4.8 0.2 2.1
6 |7 |CH2Clz 25 ‘turbid 40 55 2.9 1.3
6 |7 [toluene 25 precipitates 40 5.5 29 1.3
14 16 |1,3-(CF3)2Ph{ .40 | homogeneous 50 6.2 5.8 1.5




?0

O

o
I I
F(CFn(CHY,0—  )—C oc--@— O(CH,),(CR,).F
n|m

Phase Transitions (°C)
104 sc 226 s 234 i

o B (oL B |OOONLh
o sl e olio o0 L BECN SEN BER I o W o 0N o ) W o) )
e g g0 0Q e oo oo O e O0g 00 g9
pode ptd pks pmda | i s dmbe e e ke

CH;

O O
il Il
F(CF;)m(CHy) nO——Q‘ CO —O— O C‘-QO(CHZ)H(CFZ)mF

n | m Phase Transitions (°C)
4 6 k 106 sc 205 sa 214 i
5 6 k 101 sc 197 sp 208 i
6 6 k 99 sc 197 sp 204 i
8 | 6 | k104 sc 190 sa 193 i
4 7 k 124 se 215 sp 222 i
5|7 k119 sc 208 sa 216 i
6 7 k 129 sc 206 sp 212 i
8 7 k 120 sc 197 sa 200 i
4 8 k 130 sc 218 sA 226 i
518 k121 sc 214 sa 221 i
6 | 8. k130 s 211 sa 217 i
8 8 k 124 s¢ 201 sp 205 i
(C. Pugh & S.V. Arehart, unpublished results.)
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Synthesis of Conjugated Macromolecules for
Electronic Applications

James M. Tour
Department of Chemistry and Biochemistry
University of South Carolina
Columbia, SC 29208
Tel. 803-777-8517
Fax: 803-777-9521

R R

He source H‘GH
R R R ER /



G -2 ="Wrw U

000'SY - 0002 = "W
0006 - 0001 ="
BjEp NS [elousn)

=
gl=
72

S

H

S
lesyy = H

O i 7/ \ - " g
H

H Y

HD S Ino QE _Ino‘opd _ s
ey N\ ] o= = M, \N
\\ // g ig
H
HO _Ino‘foled _Ino(olpd_
8y = Te—= D
J N e
H
oz@o ‘
Ino QE ino @E 7=\
ey \\ // \I/ 0 0

69



Ph Ph Ph Ph
0 4y

306 amu

h
+ 1/5 O — m “
CsHs

254 amu

N\ 7

Ph

__ heat
———=  Polymer but not a polyphsnylene. -
Y CeHg Missing IR bands at 935-810 and 880-795 e

OO
\/

23° twist

220 twist' by MMX (extended n—calculations)




R
HoN O
> ‘Q’; % = or
] NHZ O A
Rn RO NH, O
Br—@—Br + M
HaN 0
R
s
2 i 0
Br. CHy 1. HNO,, heat Br: G BuCLCNL Br B
o D mE——
2. KMnO,, NaHCO, cl 70%
FeC Br 3 cicococ i Br * Bu B
74% 0]
T NH(t-BOC)
Br. 3 1. Pd(PPhg)s {6 mol%),
Bu HOLB DME, 2 M NasCOs
Bu Br 2. H+
° S7% Bu-n
Very soluble
Br Br . Br
1. HNO;3 , H2804 NHAc 1. HNOa, HaSOs NH(BOC)
- 2. SnCiz-zHgo
Br Y incacc!f 20 18 3.NaH, (B0C),0  (BOOWN" T
80% 38%

&/

ngs

: ;
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i ;
§ 3
p—

Br O Br O
o I NaNg, CHCly N, | _tBUOH, hv
¢ H,O, n-BugNBr N3 - N2
o FBr . O Br i
Br Br
NCO NH(BOC)
OCN | (BOC)HN
- - 50% )
Br i L
NH(BOC) 1. CHali (3 equiv) NLi(BOC)
(BOC)HN 2. tBuLi (6 equiv) (BOC)LIN

Br Li

>90%

B
NH(BOC)
(BOC)HN

Bishoronic ester can be purified
by chromatography on charcoal
then crystallization (57% yield).

of [ O

——e
———— e




HNBOC

HNBOC
o)
Cg_a(o“} (HOCH;CHz)sNH d‘*{‘:}'“

78% 0

1. PA(PPh,), (3 mol %)
DME, N32003 (aq. 2 M)

23

2.4
R = CHa, 25%

1. CH4COC! Ne—=

2. Pd{dba), (3 mol %),
PPhy (14 moi%y, . Q Q
DME, NaHCO; (aq, 2 M)

3. H

R = CHy, 98%

1. CH3C0,COCH,

/
\

2. Pd{PPhg)s (3 mol %)
DME, Na,CO; (aq, 2 M)

a.H
R = C4Hg-n, 81 A:
. O 0. B’ 0 R O
Br: NH(BOC
’@»NH‘BOC’ Pd(PPhy)s, DME (80C)
R Br (BOC)HN NaHCOj,, H,0, 80°C
0 NH(BOC)
R
R = n-C4Hg, 45-61% yield

M,, = 18,200; M, = 9,700

R = n-CyzHag, 97% yield

R R M, =105,200; M, = 28,400
H+

H CizHzs
(BOCN ©
__ — 1. THF, {ilm cast
N\ /
\ 7 2. HCVYEtOAC
HNBOC 0 3. Et3N, NaOH
5 H-H25012 Jn
M, = 28,400 ° film
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_ -R -
B CF;COH
HNBOG O
. H ——
n
1, R = n-C4Hy, 63%, 5, R = n-C,Hg, 90%
» R=n-CgHg, 90%
2,R M;,::g,aso, %Mﬂ =18 6, R = n-CypHys, 97%,
y U= TR0 q5R05, o, 7, R = p-(CgH4)-CgHy+-n, 99%
M, = 28,400, M,/M, = 3.70 P-(CeHa)-CeHir
3, R = (CHQ)SOH, 82%,
insoluble
4, R = p-(CgH,)-CeH,-n, 80%
M, = 18,500, M,/M, = 2.75
Optical Absorption Data
Compound A in solution (nm) A of solid (nm)
1 CH2Cl2: 250, 306 (sh) 248, 308 v
j
2 CH2Cl2: 250, 388 250, 398
4 CH7Clp: 254 224
5 CH2Cl2/TFA: 374, 396, 426 (sh), —
514, 520 (ed)
6 CH2CI12/TFA: 376, 400, 428, 478, 463-490
516, 530 (ed)
7 CH2Cla/TFA.: 356, 376, 402, 458, 482

506, 549, 580 (ed)
p-sexiphenylene CHCI3: 318
PPP (calcd infinite My, ) 344
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. 1. KMnOq, Hz0
S CHs  70% fuming HzS504 Br S CHs - oyrdine
HC” N Bry, 120°C HG” “NZ >pr 2 CICOCOCH
‘j 79% 65%
o)
1. NaNa, n-Bu,Br Br HNBOG Q\,' HNBOC
H0, CIGHCHZCl = —_— © =
] pr ot ‘ P fa)
2. +BuCH, heat BOCN N~ TBr BOCNI N 113
72% o
o)
Br Dl
cl N/ Br
0
o}
B
n-BuCu-SMe, f l = C,Hg-n -
60% n-Cat N® “Br
0
o o o
Hac)l\)l‘ocﬂzcﬂ, 1. KOH, HO - ,U\ﬁnoa _1.20,NaOH NaOH /E ]/ 1.860;
%:Aomg’h‘fo‘ 2, o2 2. CICococ
73% 45% 87%
- s
NHB
1. NaNs, n-Bu,NBe /[/ j’ 1. sBULYTMEDA o-8 ,Nl NHBOC

e ¢

2. +BuCH BOCNH™ N o BOCNH” “N” -0
) 2. MeOB_
o O
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B n-CHoBI _ C_/\ NBS HNO,, H,S0, (fuming) (72% yield)
./ (rCiHg) N'Br /N\ THF Br—Q—Br -

ot
NaOH, Hz0, CH.Cl, B 80% Y or HNQ; (67% yield)
90%

1 2

oA )
Br—z_—j"Br —— BI’I\S;BT
R+ N+
Bu Bu

I—z

IR: 1718 cm™
MS: Calc'd: 311. Found: 311.

Elemental Analysis:
~ Caigld Found
Cy 30.89 30.90
Hy 2892 2.92
Br, 51.39 51.25
N 4.50 4.48
QO 10.29 10.45
0 o HO, 8]
Z/ S NaBH,, MeOH —z/_g—sr
B\ > “tomnocC N
éu 55 % Bu

CgHg, 100°C
100 %

A @,
—E—j—Br -
Br ?;l+

Bu

- 0 o~ 0 ?u
7\_‘5 N+
if Cu (bronze) _ /s ) Sl
B\ yZ B T ome “Ne A
Bu 56% bod %
| A n/2 .
|
IR: 1697 cm™ SEC: M, = 5,000 i
M, = 6,260
MJM, =125
Elemental Analysis: 4-Point Probe Conductivity:
c ggal&%d Es3_40 Intrinsic: 1.4 x 105 Q" om™?
He  6.00 6.71 l, doped: 4.2 x 1074 Q@1 em™
N 026 8.06
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i

R lq

R=H,12=420 nm
R =nCyHg, A =385 nm

CCl, & =520 nm

THF, A =512 nm

EtOHTHF (1:1), A = 503 nm
acetons, A = 482 nm_

Stabilization of the polar ground state
increases the n-x* transition energy.

CClYy —
8 THF/NaOH (ag) ------
£ |
<

300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Yoy



Absorbance

8] 0 N
i uc
/)N _Z/_K_,’ bas.e
\ ~acid

-—H
- NE
Bu o 0 Bu
- - ={n/2)-1

CCly, A = 520 nm

THF, & = 512 nm
EtOH/THF, (1:1) =503 nm
acefons, A = 482 nm

- (n/2)-1

THF/NaQH {aqg), A = 881 nm
HMPA, L =901 nm
NMP, A =746 nm

9]
!
Al Ng _Z/_K_ base

I:h- N+ acid
1
Bu o] s Bu
- —~{n/2)-1
3

300 400 500 - 600 700 800 900 1000 1100
Wavelength (nm)

as



O O g lO O

N ___:MNEQ

I

y o
Bu O 0O Bu
a “(n/2)-1
Amax = 783 nm

Intrinsic conductivity: 6.9 x 10° Q™ cm™
I, doped conductivity: 3.5 x 10° Q™" cm™

Indligo Amax = 602 NM
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C-ngggBr _ (I \) NBS . Br_ﬂ—ﬁr
N N

] \)
N (n-Bu)N'Br 1 THe \
i NaOH/H,0, CH:Clz Ciotps 1% CioHas

68%

o~ 0
HNO; (70%) BrIS_BT _Cu (bronze)
Ooc [}, + DME

630/0 012H25 62?0

7 \\‘
~
O T i T 1 i ) T l L3 T I F T l T ] i ¥ 1] T T T I T T
300 400 500 600 700 800 900 1000 1100
Wavelength (nm}

Spectrum of dodecyl-containing polymer in (a) CCly (—),
(b) THF/agueous NaOH (— —), and (c) HMPA (- - -).
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X, a
‘ b
o
s

o. 0 © ©
Pd{dba), (10 mol%) i
l—t\?—l +  Bugn RN T ASPh; (40 mol%) N n
é J‘ Ph-Me, 120°C Bu
89% M, = 2010
MWIMI'I =1.24
o. 0O
»
W n
Bu THF

0.6

0.4
8
g
'E -
o
2
<

0.2

o7 !
280 350 420 490 560
Wavelength (nm)
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i 1
R

Affect of Salts on th; Optical Properties of Butyl- and OEG-Containing Polymers

Entry Polymer Solvent Salt (0.2 M) A (om)

1 0OEG MeOH 484

2 OEG MeOH LiCiOg4 492

3 OEG MeOH NaClO4 488

4 OEG MeOH KClO42 488

5 OEG MeOH LiFe 487

6 OEG MeOH LiCl 485
7 OEG MeOH LiBr 484

8 OLG MeOH NaF 486

9 OEG MeOH NaCla 488
10 OEG MeOH NaBr 489
11 OEG MeOH KF 485
12 OEG MeOH KCla 488
13 OEG MeOH KBa 490
14 OEG MeOH Lil 480, 816
15 OEG MeOH Nal 459, 850
16 OEG MeOH KI 465, 876
17 OEG CH)Cl, 518

18 OEG CHoClp TBAIY 518
19 OEG CH,Cl, TMABE¢ 518
20 OEG CH,CI, TBAPFg 517
21 OEG MeOH/THEF (9:1) 493
22 OEG MeOH/THF (9:1) Lil 476, 818
23 0OEG MeOH/THF (9:1) Nal 474, 850
24 OEG MeOH/THF (9:1) K1 458, 863
25 Butyl MeOH/THF (9:1) - 480
26 Butyl MeOH/THEF (9:1) Lil 477
27 Butyl MeOH/THF (9:1) Nal 479
28 Butyl MeOH/THF (9:1) Kl 478
29 Butyl CH,Ch> - 518
30 Butyl ~ CHxCiy TBAI 516
31 Butyl MeOH/THF (9:1)| Nal + 18-C-6 487
32 Butyl MeOH/THE (9:)| KL+ 18-C-6 486

oThis salt was only partially dissolved in MeOH. YTBA= tetrabutylammonium. ¢TMA =

tetramethylammonium.
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electron beam
. lithography
Cross-Section: photolithography
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M. A. Reed
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Yale University
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. RAPID SYNTHESIS OF CONJUGATED ORGANIC OLIGOMERS
SYNTHESIS OF "MOLECULAR WIRES” WITH END GROUP CONTROL

X— A—Y o~
X——A{A-——Y
|
X— A-A-A-A—Y

|

X—A-A-A-A-A-A-A-A—Y

\l

XmA-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A—Y

|

etc.
Br CHoCH;, CHzCH,
s ClzNi(dppp) (0.1 mol %) g CgHg s ™
89% B42% E
CH,CHa
=—TMS 7\

ClPd(PPha) {2 mol %) 5 X

Cul (1.5 mol %) TMS

FPraNH, THF

97%

CH,CH,

LDA, | l—& CH,CH,
CH,CH e
d\ ”
Pd/Cu S \\\ S '//
CH,CH 90%
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3 /? —@—C_C—Suuea
EtaNg C=C—SiMeg \ Pd/Cu

9,
\. KoCOs /  T8%

96%

R R
Etz”a—@—CEC—@-CEC-SEMea -

R = 3-sthylheptyl

/——— —@—c..c«»@-c_c-sma
100%

R R
EtaN3 @‘CEC*QC-C—SIMea P:ii(;u
KGO0,
MeOH

98%

R R A R
Etzua—G—csc—@csc—@—csc-@—csc-sma
A ol

R = 3-ethylheptyl
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in situ deprotection of the thiols, during depositions,
may solve the isolation and instability problems.

Model Studies:

O
_ base
23°C \

Base ‘Solvent Ratio of acetate to thiot after 18 b
n-ProNH CDClg 1:5

n-ProNH CDCls, CH30OH 1:4

n-PrNH with ACOH  CDCla 1:9

n-Pr,NH/DMAP (cat) CDCla 0:10

NH4OH THF-dg 0:10 (10 min)
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How will rigid-rod aromatic a,c-dithiols order between gold probes?
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" Molecular Electronics
Success Stafus

(1) Nanoprobes can be constructed. Mechanical break junctions provide a probe
assembly for conductance testing of a single molecule.

(2) Molecular frameworks can be rapidly synthesized to the required dimensions.

(3) Self-assembly or self-organization appears to provide an approach to the required
molecular placements.

(4) The molecules can be "stapled" into position with the proper functional groups.

(SI) "Molecular alligator clips" can be constructed by proper functional group selection
for the ends of the "molecular wires".

(6) Molecules with potential device-type properties can be synthesized.
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Controlling PS Architecture
During Free Radical Polym.

- Irene Li and B. A_ Howell
Central Michigan University

K. Matyjaszewski, T. Shigemoto
Carnegie Mellon University

P. Kastl, R. Koster, D. B. Priddy, Pat Smith
The Dow Chemical Company, Midland, MI

» Design of PS Architecture - Four Options

* Review Four Basic Styrene Polymerization
Chemistries

* Review Free Radical Polymerization Chemisﬁy
- Effect of acid

* Broadening Dispersity by Design

~ ® Narrowing Dispersity ~ Nitroxyl Mediated
Styrene Polymerization

oo



Architectural Control of PS

Control structure

of end-groups \ /

~ Isotactic (mp = 240°C)
n
1
, / \
Control range Branching

of value of n

Comparison of Styrene

Pol : echanisms

Anionic - initiation, propagation, & termination steps are sequential
- narrow polydispersity (Mw/Mn <1.1)
- termination step controlled —> control of end-group structure
- polymerization feed must be purified
- not yet comumercial for homoPS

Cationic - Used commercially to make very low MW PS
- polymerization feed must be purified

Ziegler - Metal complexes - stereospecific polymerization
- polymerization feed must be purified
-being commercialized by Dow & IPC

m Free

Radical - initiation, propagation, & termination simultaneous
- broad polydispersity (Mw/Mn > 2)
- multiple termination paths lead to a varjety of end-groups
- polymerization feed need not be purified
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Diels-Alder ‘@ styrene .
dimerization {” } < pp

"Mayo Dimer"

‘styrene
PSe l Kct~ 10 " polystyrene

CO -

Ph
phenyltetraline
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Acid Catalyzed Styrene Pblym.
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Nitroxyl Mediatec
Styrene Polym. (NMS

e Rizzardo & Solomon (Australia) -

R -
R+ + l | TEMPO R O'N\ >
80% .
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| Rizzardo & Solomon

- Cs
2 30 DSEYl l_mic
£ s 0-N
S BzO
= a0
T=130C @
o time=>5.5 hr
=9 T T a
] 2000 4000 60;)0
CSA Concentration {ppm) PD = 1..2

Acid increases polym. rate but also broadens PD!

Yol



Spontaneous Styrene Polymerization at 140 °C
in the Presence of 5 mmolar TEMPO

1004
=~ 1.6
80 = ~1.55
. «
o =
= = 1.5 "'"
2 so- b3
-
~1.45
40
= 1.3
29 T T T 1.35

T T
10 ] 30 40 59 40 10
2enemar Caaversien (%)

Spdntaneous Initiation - 140 °C

300 2.2
250 = - 2
3 2004 -8 _
: :
; 150 . —-1.5 ;
100 - ™ ha1.2
50 v t T r 1.2

0 2.5 5 1.5 10 12.5
Nitroxide {mmolar)
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e Why does PD increase with conversion -

« Why does PD increase when trying to make
high MW |

e Why does acid increase polym. rate

» Why does acid increase PD
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Mw/1000

\Q( 136 °C | &i)

+ ——r

T e '
| 2 TMPEP

| Chain-end Model

- for NMSP

500 2.2
———  Mw neutral
o A enaupoaes  Mw/Mn ncuEral P
400 - dt‘ \\ -~ Lk~~~ Mwacidic
1) \ A Mw/Mn acidic
<& p | ~1.8
- . =
LR E
P>
= 1.6 =
- 1.4
‘ 0 T 1 1.2
: 5 10 15

[TMPEP] (mmeol/L)
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. TMPEP Initiation - Acid vs Neut.
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Decomposition Mechanism

B N ) ) ) S Y A A AN A OO C OO SO A AL AOOCOG XM E OO MO ik e bt

In kisec

Toluene

- §
-l TCB Ea=28.4 kcal/mol
‘ & d6-DMsS0 Ea = 24 .2 kcal/mol
=12 ] I T I
L3 2.35 2.4 2.45 2.5  2.55

T X 1000
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Is Chain-end Decomposition Significant?

AL PPPIE DL L5 LA L S L T AOALSRRRR el

Overlay of TI\«[PEP Decomp 8: Styrene Polym
Kinetics Initiated using 12 mmolar TMPEP (140 °C)
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Effect of Air on NMSP ‘

. :
AT i e el AL e e e e O el e L i 8 A Ao e a7 R T o T 722
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Conclusmns.

. C . Chams are constanﬂy dying during NMSP
S 0__A1r accelerates the dying process -

NMSP Research Challenges T

. How to make High Mw (>100K) PS with
truly nan'ow PD (<1 1) |

° F1gurmg out why ac1d broadens PD
“7/



il
WeEeEmaT  Apeasces o F o= e

R Aren £ CUFOL.'?Mé‘f\‘}L,;_T[b/L/

Ry

H. Tarres H At tad o

U""“’E”\’brry ar A AKron/

Dr. K, Flecuweackd
o, 0 o Toaes

M. Aaarery

L. corisrouw
> A Huvexsrz=r
OF. S.¥. Kt
pi, IS e
£ R SAaTERE |
035 Towt-
00 weRsTLER

IR, R, Bowwgauy

L —

Ar

CONDITIONAL PROBABILITIES

NO SOLVENT EFFECT
PB/A) = — 1
1+r A 'B'ﬁ
f
- SOLVENT EFFECT
/ ‘/
P(B/A) = 1

THE TERMINAL MODEL

K

« R1=Ky11/Kiz
PMy - + My, —125 pp,-
K -
PMg - + M —21 PMy R2™K13/K21
K
PM, s+ My —225 pM, -

by M+ Ma
My £
My S M

n-Add Fraction
- written as “‘Bi‘%' rm, etc.

— fraction of menomer units of a given type

that are gentered.in a4 Particular n-add.

BAB area

Ip5™ Total acea



: RIZATION
(e NT _EFFECTS IN COPOLYMERIZTAT onte? SOLVENT_EFFECTS TN COPOLYME

Mncromol. Sci., Rev. Hacromol. Chem., €20,

K. Plochocka, .
| -] TONIZABLE, CHARGED OR FPOLAR MONOMERS €7 €1981).
CH ,—CH- COOH CHawCH-CN L. Minsk, €. Kotlachik, R. Daxlak, J. Polym. Sci., Polym.

Chem. Ed., 1L« 353 (1970,
Hy Ha

‘K. Plochocka and H. J. Harwood, Polymer pPreprints, 1%, ]

SHaTETeoeH CHa=GmeN (1978) .
. -{: }l A. Chapire, Eurep. Polym. J.. 9, 417 (1973
R iﬁ = A. Suggote, Hakromol. Chex., 180, 679 (1979).
S ==

f J. Harwood, sakromol. Chem., sakromol, Sy=mp. 10/11, 331

{1987, of pp M35
) OPMERS CA R
3 ® roN PABLE OF HYPROGEN BONDING . Y. Park, E. R. Santee, H. J. Harwood, Eur. Polym. I. 25.
) THa 651 (1989)-
CH p=CH~CONH . GHy=C—-CONH,

1.0

cn,—cn-@-mcn, but not cxa—cu—ﬁ—rz(cn,),

[ ] DRAMATIC REACTIVITY RATIO VARTATIONS
DEPENDING ON SOLVENT CHOICE OR pH

® ATTIRIBUTED TO: . .

&) ELECTROSTATIC REPULSION OF
CHARGED MONOWERS . 0.6

b) CHANGES IN MONOMER REACTIVITY
{m-~valuas) .

c) PARTICIPATION OF MONOMER s
COMPLEXES . 0.4

d)} HYDROGEN-BONDING OF MONOMER
WITH SOLVENT.

a) SOLVENT DIELECIRIC EFFECTS.

1
Hathacrylle Acid
in Polymer

Methscrylic Acid -
sStyrene Copoly-cri:uim

0.2 (Flochocka, 1978}
x 1 L
. T.0 Hole L Methat
0.2 0.4 0. o-8 Acid in Feed
MAA-STYRENE -
- . %
200 £
o
Sl : Ne STYRENE-ACKYLAMIDE COPOLYMERIZATION
waw AN : Minsk, Kolarchik, Darlsk 1973
: B g\ !
< .
.\ / 1.0
B g
" a 0.8 .
£ 8
b E
7}
ET B o
: 2
-
F g
- 0.4
.. - -
E o Renzene
E a : Menrenltrile
g _L ] i i E 0.2 & ¢ 1,4-Noaane
o 100 & 1 Ethamol
i | o @ hesn
Mose & 5§ in Copolymers E
0 ooz 0.4 oe 0.8 1.0
§-Centered Triad Fractious
DE IN MOROMER FEED.
for S-MMA Copolymers in Dioxane (open MOLE FRACTION OF ACRYLANI

points) snd CCI. {solid points)
O® - Tusn
AL A - fgg
O.W - fucsussu



s

NTRASEQUENCE CYCLIZATION OF
POLYACRYLAMIDE ’

CH o CH + a
- *\F{ “\?“ D JC*\{“*\?H -
[at Loy

L. I A

l

h-
{2‘0 Ha,o/ “HTYO-€
GC—J.VS -
CH 23T
1.1—1 |H
Gc—l"? -0 e C=O & =1T78.0
i i =
OH NH

IF NO FYDROLYSIS.
=
£, - - 0.1356

-2
?’.’«c-l—-- - O.8644

TRIAD FRACTIONS FOR wvel, —MaAaN
COPOLYMERS PREPARED IN
CYCILOHEANONE AND HEXANE

1] Lo W
MYM vvy
HVH - vy

Trisd {rachiors
)
AR
T
1
Triad frecriacs
2
W
]
1

MYy
HYY

4 0,5 1.0 ] o5 . 13
1.9

[} 10
MHH vHY

(O]

HHM YHY

Triad {ractions
=
[1.]
n
1
Teled fractions
-
[t.]
T

z
Y
-

[}
0 05 5.0 ] 0s 19
Heoc L2

J.R. Suggate, Malcromel .
Cchem., 180, 679 CLS79> -

CTION OF CYCLIZED IMIDE UNITS IR
zg%gb%s TREATED WITH HCl GAS VERSUS
c

)

OMTENT.

o
8 o
*
-
i
N
ut
an o
5E
=)
ol
Bﬁ
Ba 0.4
EE a genitAs
E [ penzonltrile
4 ez & ¢t 1.,4-Diezanc
g‘ & : Ethanol
a : DHSO
" 1 A L n L
° 6.t 0.4 .6 0.8 1.0
HOLE FRACTION OF STYRENE IN COPOLYHER
VINYLIDENE CHILORTDE - MAN

COPOLYMERS

Triad
Fraction

g.0 0.2 0.4 0.6 0.8 1.0
Hole Fraction VDC



SOLVENT EFFECTS IN STYRENE - MMA
COPOLYMERIZATION

T.P, Davis, Polym. Commun., 31, 4472 (1990).
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TONSEQIENCES OF THE ""BOOTSTRAD EFFECT'

@ NONPOLAR SOLVENTS WILL ¥FAVOR THE

INCORPORATTON OF FOLAR MONOMERS INTO
COPOLYMERS. (THE GROWING COPOLYMER
PROVIDES A BETTER ENVIRONMENT FOR
THE POLAR MONOMER THAN DOES ‘THE
SOLVENT-MONOMER COMBINATION).

® ALL REACTIVITY RATIOS REPORTED FOR

POLAR HMONOMEER COPOLAWMERIZATIONS ARE
PROBABLY TN ERROR.

# PREVIOUSLY REPORTED PENULTIMATE EFFECTS

MAY BE MANIFESTATIONS OF THE BOOT-
STRAY EXFFECT.

@ NEW METHODS NERD TO BE DEVELOXED

- FOR EVALUATING REACTIVITY RATICGS WHEN

POLAR MONOMERS ARE INVOILVED.
EQUILIBRIYIUM DIALYSISE IS A POSSIBLE
APPROACH .

THE “"BOOTSTRAFE MODEL' FOR
COPOIYHERIZATION

A e e e S

POLYMERIZATION AND COPOLYMERIZ j
ARE POLYMER MODIFICATION REACTIUNE

THEY CAN BE INFLUENCEDR BY FAR-
TTITIONING OF REAGENT BETWEEN
FREE SOLVENT.
AND THE
SPHOMATINS OF
POLYMER COILS®™ o

TN POLYMERIZATION AND COFOLYMERT-
ZATION, THE DOMAIN IS THAT OF A
CROWING POLYMER CHAIN AND THE
MONOMER IS THE REAGENT .

THUS A GROWING COPOLYMER CHAIN CA
CONTROL THE RELATIVE COMNCENTRATIO
OF MONOMERS IMN THE VICINITY OF
TTS PROPAGATING END AND IMNELUENCE
ITTS OWN FORMATION.

A N e e —I s

FEATURES OF SYSTEMS INFLUENCED
BY THE BOOTSTRAP EFFECT

Selcctivities of initiating radicals should be independent of salvent choice, even

‘though reactivity ratios appear to depend on solvent choice.

Sequence distributions of copol ers prepared from & given pair of monomers

should be identical for copolymers having the same compasition imespective of
the sotvent used for their preparation.

Copolymer: should have "upued":mcmm'l‘hecomposiﬁmx of copolymers
pmpuvdﬁ‘omnghmoopolyma-hﬂmsbmldbedcpmdcmmchﬂnlengm.

Chain transfer reactions should also be influenced by solvent and by the
boostrap effect.

The absolute rates of propagati ctions should be dependent on palymer
radical size and oa solvent choice.
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HYDROXYETHYL METHACRYLATE  /LAURYL

mmmmuwﬁwm METHACRYLATE COPOLYMERIZATION
a0 -
CH2— C—C_G—CHQCHZOH (A)

. -

L)

o
3
CHy= C8 oy @

P 3 apviymar # st b
o

4 Q Bassem
€. 176, T. KITau1, E. Yausda awp T. HATSUMOTO, N 4 0
: - Ouf
PoLYMER J.. 17, 761 (1965) . e
L ] +§ -

A w7 el el

Fiewt 1. Comprsiion cunrs fd ceprtymerzinow
of HEMA 3nd LMA m varics yoncis Tood meas>
v oncemtrition =05 wat 177
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- Copolymerization 100 — —_——
; 90 I a Bulk
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CH; O
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1
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Mole % MAA in Monomar Feed

Copolymer Composition -
Monomer Feed Plot
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TH-NMR Spectrum of a 34/66 MMA/MAA Copolymer
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Fig. 10. '3C-NMR Spectrum of the Carbonyl Region
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_Fig: 17. Relative Resonance Area of Peak
C12 as a Fuuntion of Copolymer Composition
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— Lise of 13C-Enriched AIBN to Investigate Effect
a Be of Solvent on The First Step in
enzene Copolymerization
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Fig. 13. Relative Resonance Area of Peak
C4 as a Function of Copalymer Composition
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Honom. T Fee:ﬂ narios for Copolymers
prepared 0 various Solvencd

[NFLUENCE OF POLYMER RADICAL

INFLUENCE OF POL X MES oo

1ZE ON BOOTSTRAP EFFECT

SIZE ON BOOTSIRAL BEZERS

v.D. Semchikov, et al, Eur. Polym. 1., 26, 883 (19903.
e Eur. Polym. ., 28,681 (1992).

ay

-3 al a2 ad

c,:w’.%"-,—
Fig. 1. The depend: { variativa of chemics} eompatition
ma) of the copolymees: (1) 2MSVP-VA. @) St-MAA and
(3) Si-AN wpat \bic concentration of Injtittors {1) B2. (%)
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Fig. 3. The curves of composition of Si-MAA copobymers
prepared in the presence of [BF] = (l)SandewnUnl.
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Fig. 2. Toe depeadcon: of the {ms) of Q1
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wr agent: (1) RSH, (1) Pi,Ge
) CBr, at 333 K. @ Pa,GeH.
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RELATIVE REACT [VITIES OF
INITIATOR RADICALS TOWARD

MONOMERS IN VARIOUS SOLVENTS (30°C)

Radical Solvemt  kmmafvac ksfkmma
(CHa); CCOOCH3 CgHe 46%3
(CH3)2 CCOOCH3 Ei1QAc 432
(CHz)zCCOOCH3 CH30H 511
(CHapCCN CgHs 29+2 18
(CH3)2CCN Et0Ac 2743 18
{CHapCCN CHa0H 2641 2.1

1. Kristina, G. Moad and D.HL Solomeon, Eur. Polym. L., 28,275 (1992).

DEPENDENCE OF S-MMA
STTION ON MW

COMPOSITION IS A3

v .. Semchikov

. /__—f.Q_._..—-D
o6 o . L Q
1]

e 8P
© AIBN
® Cr,
. Ph;GcH
» Froctions

i 020 30

Fx107?

Fig. 5. The dependence of the somposition (my) of St-MAA
copolymer (M; = 0.5) upon the polymerization degree (P),
prepared at various concentration:s of AIBN (O), BP (@)

and chain transfer agents: CBr, @) PhyGeH (©) or

obtained using fractional precipitation (®). Synthesis con-

ditions for copolymers prepared in the presence of the chain

trapsfer agents and for fcactionation —[AIBN] =3 mal/m?,
313 K, 5% coaversion.
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S-MMA Copolymerivation

+ Terminal Model Reactivity Ratios Adequate to De-
scribe Copolymer Composites and Microstructure

s
e Termination Rates # Linear Function of Composition

+ Propagation Rates are Not Consistent with Terrninal

Model -- Penultimate Model Proposed
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* Sequence Distribution Studies Indicate Penultimare

Effect

* Copolymerization Behavior with CH3CN as Solvent
Resembles Bulk Copolymetrizations when AN Con-
centration is High. Behavior in Toluene Resembles
Bulk Copolymerizations When S Concentration is

High
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S-MMA Copolymerization

¢ Triad Sequence Distribution Data Consistent with
Terminal Model Reactivity Ratios

+ Adjustment of Monomer Ratios Using a Single Boot-
strap Parameter Enables Terminal Model to Accom-
modate Variations of Propagation Constants with
Monomer Feed Composition
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* Application to S-MMA, S-MAN, and §-AN Systems

* Reactivity Ratio Product Should Be Constant for All
Solvents

* Quantification of K, Using Bulk System as a Refer-
ence State
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