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Polymer Era

Relative Importance of the four classes of materials
(Metal, Polymer, Composites, Ceramics)

Evolution of Engineering materials
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Figure 1.1 Schematic diagmmlshnwing_llz_lc relative importance of the four classes of materials (ceramics, composites,
polymers and metals) in mechanical and civil engineering as a function of time. The time scale is nonlinear. (Source: Ashby,
1987.)

Sudden ubiquity of polymeric materials since 20t century



Organic (C,N,O) polymers

Polyethylene (PE) ——e =

I-?-I
I—?-Z

i
Polyvinyl chloride (PVC) —(li-(l:- ¢ r
I
Polytetrafluoroethylene (PTFE)— ik - —f—(lz— '|_| H
1
Polypropylene (PP) L - _E;..?..
il-i lii H CH,
Polystyrene (PS) -G =
1
(©
P
Polymethyl methacrylate (PMMA) —f—(l:—
H (it—o—CH3
o}

Polyester, Polyamide

Carbon-based polymer backbone
(C, N, 0)

Limited to incorporate various functions into polymeric materials



Metallopolymers
Polymer backbone containing metals (esp. transition metal)
a Static binding b Dynamic binding
— —2n+
o 5 @ ) )
N= =N = —
J{p(ngu)_g _ ﬂ=\[ o n Zn(CI04L N‘S=\ ( /=<3 TSH” _ N\\ =N OCgHy =N
Pt——= = n N = = N — N = = N----Zn----N__ > H=—-< =< _N
/| \ /] \ s N/ \ /] \ g NP ‘ ~27 <
P(n-Bu), J > 27 >—/ ~27 JON=G CgH170 /N__/N
n N’N\. CgH170 /N\N N,N\ CgH170 /N‘N r =
- —In 2nicio
€ Main chain d Side chain g Dendritic
§ 2: . OR
fsnt oc"\:;::nc;co og
OR
g RO OR O/\Q/
& OR
N N-N
72 ? Cu &:y
N N=
RO ; ~o [ _N-cu-N_)
e Linear OR O\\QOR
o
Rod OR
OR

I. Manners, Nat. Mater. 2011, 10, 176.



P-block Polymers

i} -
LS—sit
T I N R o |
i— = | —
| | | @

n n n - -n

polysiloxane polyphosphazene  polysilane poly(ferrocenylsilane)

I. Manners, ACIE 1996, 35, 1602.



General Challenges

Chain Growth Methods
] gaqa — '{"9“9‘}'
n
e-a " M Conventional synthetic protocols to organic polymers
- are difficult to use for inorganic polymer synthesis
@, — 18841,

oo — ‘o-at,

Step Growth (Condensation) Methods

' X—<E)-X
(iii) x—@-x XX {‘al : _@—
B v " " @y
(iv) ok . il
+ =<V &l

v EE-OEK - - -
X X
: - .-

D. P. Gates, Chem. Soc. Rev. 2015, ASAP.




General Challenges

Chain Growth Methods

(i) ‘B‘:‘B S— —FB—QQ-}- =

(ii) > ,
— 1084
X xn
@ — 1081
X xn

Step Growth (Condensation) Methods

(iii) x-@-x XX l‘a]
B v 4

fiv) + —W-’

v EE-OEK - - -
X X
: - .-

Key issue

Reactive but stable multiple bonds involving inorganic elements

Suitably strained inorganic ring compounds

Highly pure monomer/stoichiometric imbalance

D. P. Gates, Chem. Soc. Rev. 2015, ASAP.



General Challenges

Chain Growth Methods

107 ®=®

i @
X

Step Growth (Condensation) Methods

(iii) x-@x XX I,a]
B v 4

fiv) +

v -
v) Y X XY

) +

Key issue

Reactive but stable multiple bonds involving inorganic elements

Suitably strained inorganic ring compounds

Highly pure monomer/stoichiometric imbalance

Organic spacer
-> conventional organic reaction

D. P. Gates, Chem. Soc. Rev. 2015, ASAP.



Group 13 : Boron

Poly(borazylene)s
R. .B. .R
N N
//Bxlrl’rB\H//
- R “n
1
Me
MeN/B\NMe
| (MEasl):NR e
Me \N/ Cc
Me
Rz H | Me
AE
M TENM v,
¢ 7% {Me,ShnR 22N
Cl-B._ _2B-Ci
N
e
Rz H | Ma
9110
WMo H
Hﬁ/N\\}!B \C-C‘H
N
HNw _NH 125°C
\E/N

MeN/B\r\'IMe

et

Precursors to Boron-Nitride ceramic ([BN],)

Newp—NEZ o, P :

/ \NMe

High yield

(2)

| Stable and volatile Me,SiCl

=B \/BME
Y \N/

Oligomer or highly cross-linked polymer
(poor solubility, hard to characterize)

Increase solubility

Chem. Rev. 1990, 90, 73



Group 13 : Boron

Poly(cycloborazane)s

R H
B,
Ar-C=N" 'N=C
H B H
FY
R H n
R H
RBH, B N=C—R—C=N + R—BH,
NC-Ar—CN > —<Ar-C=N_ N=C
(R = Mes, Trip) H 'B H H H,
B—R B—R'
THF, r. t. R H ] > N=C—R—C=N  N=—=C—R—C=N
3a-e H._B: H H g—g H H
H H
S S S Mg
@SI SI@— {Q} % \ \ \ % — e {H_E_N: :N=C
b's X b'e N H/
x=2 CgHq7 R™ H /n
x=3 d;x=1
e;x=2
M, =4800-9400 M, =1800-4200
PDI 1.4-2.8

PDI=1.5-1.6

Yellow fluorescence in both solution and solid state

J. Organomet. Chem. 2003, 680, 27



Group 13 : Boron

Polymer containing organboron heterocycles (B-quinolate)

TC

B-quinolate

-
RO X
B —

[Pd cat.]

4a;R= C6H13
4b; R = CyyHas

Green-blue fluorescence material
Low quantum yield

OR Various quinolates

x

“n
43 : Mn=3200 PDI=1.7
4b : Mn=8800 PDI=2.4

(benzoquinolates, aminoquinolates, quinolone thiolates, etc.)

Macromolecules 2007, 40, 6



Group 13 : Boron

Polymer containing organboron heterocycles (B-quinolate)

): Y Green-blue fluorescence material
Q} O N Low quantum yield

e X OR Various quinolates
I I O (benzoquinolates, aminoquinolates, quinolone thiolates, etc.)
RO \b
- “n
4a; R=CgH
4b R = Coghlos 4a : Mn=3200 PDI=1.7

4b : Mn=8800 PDI=2.4 Macromolecules 2007, 40, 6

Hex Hex

n-Hex n-Hex n BrB O'O BBr,
- +
B‘
D Q Hex Hex 2nMeZSnBr Q O

t-Bu t-Bu n Meﬁn{ A\ / X —8nMe, PF-BBr
Ar =
g S S g Hex Hex
MeO- —OMe = N Oij
PF-BBr
| n-Hex  n-Hex T Hex Hex /qj\ Hex Hex m
O - - (0]
Thermally stable (<300 °C) / . Y . N, /
| | 8 8
L N—g 0.0 N Soluble o o
Q Q PF-BM R =Me PE.BO R=H
PF-BT R=/Pr PF-BQN R = CgH,NMe,
Mn=14300 PDI=1.2
| +Bu tBu |, Post-functionalization

5 Macromolecules 2009, 42, 3448 Angew. Chem., Int. Ed., 2009, 48, 2313




Group 13 : Boron

Polymer containing organboron heterocycles (BODIPY)

Polymer A Polymer B Polymer D

Polymer E
Highly emissive
molecule

Various AB-alternating copolymer (-ABABABABABAB-)
by Sonogashira, Suzuki, Stille coupling polymerization

D. P. Gates, Chem. Soc. Rev. 2015, ASAP.

Ni(COD), (2.2 equiv)
COD (2.2 equiv) BODIPY homopolymer
BPy (2.2 equiv), PhMe Mn=2630, PDI=1.59
DMF, 80°C,72h RSC Adv., 2013, 3, 10221
H1305B,CGH13

— /\§N \I}I A\ Various AB-alternating copolymer (-ABABABABABAB-)
N j  COF | ABA
B n by Sonogashira, Suzuki, Stille coupling polymerization
/N
H13Cs CeHis
pyrazabole




Group 13 : Boron

Polymer containing organboron heterocycles (Azaborine)

HNBé

plnB \ / Br ——

BN-M

HN—/Q
Wy

NH-pi interaction

E 72 E
YaraY,

anti

E E E

TN NN\

syn

trans-cisoid PA

Angew. Chem., Int. Ed., 2015, 54, 11191



Group 13 : Boron

Dehydrocoupling polymerization (Amine-Borane)

Aminoboranes : potential hydrogen storage materials

Rh(cod),][OT H
- [caﬁl[ ! o [Rh] cat RNASNR
PhPH-BH3 : > P-B RNH,#BH; —= UL+ RNHBHL,
1o —ca. 2 equiv H, N
-H, PhH R
R =H, Me, Ph
8
O- P(tBu)2
IrH2 0.3 mol%
O- P(tBU)z Polyethylene/polypropylene
Analogue
RNH,eBH, =—fRNH-BH, ;- + H, (2)
THF, 10 M, Boron-Nitride ceramic precusor
° ° i 2 a-g
R = H, Me, nBu 0 °Cto 20 °C, 20 min

Mn=55200, PDI=2.9

After pyrolysis at 900 °C

Angew. Chem., Int. Ed., 2008, 47, 6212



Group 13 : Boron

Me. Me Xantphos
1 0.2 mol%
HoB NMet, ———» ,@B /) Bu
FP 2
IVIe H Rh—
polyaminoborane th NIVIeg,
M, =22700, PDI=21 1

THF increases molecular weight
(M, =52 200, PDI = 1.4)

H, acts to chain transfer
(M, =2 900, PDI = 1.8)

Scheme 2. Suggested Pathways for Dehydropolymerization,
Dehydrogenation, and Hydroboration®

On—Metal Dehydropolymerization

RHN—-BH,
n HaB NRHZ
H—I[M] NHR 5> H,RN{H,B'NRH}BH;

H3BNRH2 [M] ’ B/ _n H2
~H, 3

H3B-NRH,

Off-Metal Dehydrocoupling

Scheme 19. Postulated Pathway, Based upon the Suggested
Intermediates, for the B—N Coupling Event in H;B-NMeH,
Dehydropolymerization®

B-H activation Rh
[Rh]—ﬂﬂ N-H activation (Rh] eH
HZMQ\ BH, - HM&B__H BH,
HZB— —H, \H
"insertion”
cATAR B-N bond forming
fast
QAEHz
BH
—H, R/ 2 Rh]
CAT-Polymer <= HM H =——= HM
HaB-NMeH B
HsB-NMeH, HZB eH B 2 o eH
BH3 BH3
BH *H eH Mo H E\H H MeH
—_—
(R g Bﬁ Rh] B
H; Hzn BH; Hy n 3

CAT-Polymer

“[Rh] = [Rh(Xantphos)(H)]".

J. Am. Chem. Soc., 2014, 136, 9078



Group 13 : Boron

Poly(arylene/vinylene/ethynylene boranes)

Mg, ArB(OMe), A
Br Br > B _ __
(Ar = Mes, Trip) =/ A =Ar - :
(R = Me, Oct, Dodec) RO n Ph
12a-e

RO
14
EOE ?g@jﬁ E@ﬁ

OC1qaHas OC2Hzs
L= >//:/\< — | AI’B(OMe)Z_; ’V —_— >//:/\< — IB Ar = da b C
C12H250 {CqusO o §§- _éé Q.Q ‘Z‘[
n
A : :
Low MW

bulky substituents needed for air/moisture stability



Group 13 : Boron

Poly(diboraanthracene)s

Sl THT | R0
S o

17a;R=H
17b; R = On-Bu

(n-Bu):ﬁn@Sn(n-Buh Q

Br—B B—Br - B B
@ Air-sensitive
n
18
Mes S Mes
I I
. I N B I N . ME3SI'1@_SI’IME3 PN B I N / \
r —br -
A [Pd. cat] L~ g~ S
i [ Air-stable
Mes Mes n

19



Group 13 : Boron

Borole-containing polymers

Promising ion sensor

CgHq7 CgHy7

1) Ni(cod),
2) PhBr

20; xiy = 9:1

Mn=22900, PDI=1.78

CN

F-, CN-
Luminescence quenching

Br-, CI,

No effect

J. Polym. Sci., Part A: Polym. Chem., 2008, 46, 2878



Group 13 : Gallium

Heavier group 13 elements : inherent moisture/air instability

5 —— biphenyl
E — model 3 O O
- il R O WS
Ni(cod)z n E Me,N---Ga o
2,2'-bipyridyl -
MezN\ 1,5-cyclooctadiene _ Me,N---Ga polymer 1 s (e
Ga 'Bu DMF - t-Bu 12% model 3
80 °C M, = 3500 240 260 280 300 320
14 h Mw = 5400 Wavelength (nm)
I | n=74
tBu Weak, but still conjugation exists
OC1oH21 [ Bpin Pd cat.
monomer Pd cat.
. Cs:C0s : P
C10H21O tOluenef HEO n \O C|_PCI|_NH2

80 °C C1oH2/0
: B 0 L P(t-Bu)s
oin pin Me,N---Ga polymer 2
-Bu

OC10H21 50%
M, = 8800
M,, = 13000
t-Bu n=29.9
n = M, / (molecular weight per unit)

Chem. Commun., 2014, 50, 15740



Group 13 : Gallium

Ring opening polymerization of Gallaferrocenophane

NMe, }\IMez

1) nBulLi, Et,O, -78°C —
Br ) 2 : i \ // GaCl, (1) isotactic

2) GaCls, Et,0, -78°C —» r.t.
\Ca Ga, i: Ga ii Ga

B

.

5 6 (79%) C
heterotactic F } ‘ ‘
Ga Ga Ga l‘ \
" e ~
MezN \g ||\ | |
. | -
. . Et20 r.t Q\ Ga' syndiotactic ~ Ar r E\r |\J“
@Fﬁ : :' Ga Ga Ga | " \
. -2 LiCl ~/ L
: H -2/3 tmeda @ Mez \Qe \C@ i
2/, tmeda 7 70 (45%)
Mw=36000

J. Am. Chem. Soc., 2010, 132, 1794



Group 14 : Silicon

Polysiloxanes

I
Si-0
I
~n
850 kTon/year

Post-functionalizing by
Hydrosilylation

I H,0
Cl— Sll Cl ———

m Chain-growth
I

-Si-0 Acid/Base
I X ﬂk‘
and

/
-H,0

|
HO+Si-O+H
|| 'y Step-growth

R R H, R
Sli—O Sli—O Sli—O
ol n H n ER" Jp
R" Vo R"EH
branched/linear R" (E=0,S, NH)
[cat.] [cat.]
I'Q. -H; $
Sl— H Sll—O R"E SII_O
R' n R' n
branched/fmear

example S
H{—sli—o}ﬁli—H Ph"~0 °
CH3 I, CHs H2PtClg o
[cat.] o)
* O OMe CHs 1 CHs
Ph/voo o \\/‘%s:;i—o]—s:i

O CHs 1y CHy|

"0 ome

29




Group 14 : Silicon

Polysiloxanes by metal-catalyzed reaction

dehydrocoupling

CHy CHa [(Pd cat] Gt s
H'SII §|—H + H-E—H > E;)l SII—E

CH; CH, CHj CHj n
32a;E=0
32b; E = NH
RhCI
PhMe Me Ph Ph Me Me ph [ ‘[i;‘iﬁ’d)]z Ph Me Me Ph
- : + g f ' - - r =) . .
i i i i > Si__Si. Syndiotactic polymer
Ho S0 hon  H SN0 Sy Ha o”'~o™ o]l i
33

hydrosilylation

CH "RU(CO)(PPh3)2" CH H

7 o [cat] e
H—Sli—R : > Sli—R—(I;—O

CHs CH; CHs |,

343 Acid/base-sensitive polymer



Group 14 : Silicon

Polysilanes

Wurtz Coupling Metal-catalyzed

| dehydrogenative |
CI-S|>i- cl Electroly5|s ‘{SI% couplmg H- Sli-H

Scheme 25 General synthetic methodologies to polysilanes.

Wurtz Coupling : incompatible with functional substituents
polymodal MW distribution

Electrolysis : Low/medium MW

M-cat : Low/medium MW

Wurtz coupling

Qﬁr + CHy + 2 Na



Group 14 : Silicon

Polysilanes (Ring opening polymerization)

Making suitable cyclic monomers is challenging

o ————— —

Me\ /Me
Me, PN Me NU” Me r\jde Me h|f|e f~|/|e hide I\Ide hrle I\lde hlfle
~Si  Si~
Me™™ 7 Me +S|—S|—S|—St—8| Si—Si—8i—Si—Si
,Si-—Si-. <-50°C T A Y Y A Y I
Me™ Me Me Me Me Me Ph Me Me Me Me Ph
Me Ph
\oom temp. / room temp. work-up
/ e ./ 'Ne: ./ e / 2
SIi _sth SII Sil s" S|I Si Sl
]
si. S si_si_ si__s \ J
87 TPh s P ST Si—Si
k| a 5 8 .
run initiator (mol %) solvent additives temp, °C time, h yield,! % Myt My/My®
1 Bu/NF (2) THF none -20 1.5 17 3100 1.67
2 BuNF (2) THF none -78 24 82 8000 (6900)¢ 1.76
3 Bu,NF (2) DME none -50 3 74 7000 1.76
4 MegSiK (2) THF HMPA -20 1 3 3900 1.62
5 MegSiK (2) THF HMPA -50 2 68 17000 1.26
6 MegSiK (2) DME HMPA -50 5 35 2000 1.26
7 Me;PhSiK (2) THF none -78 27 0
8 Me;PhSiK (2) THF HMPA -78 17 81 58000 1.78
9 Me,PhSiK (20) THF HMPA 78 8 79 25000 1.69
10° Me,PhSiK (10) THF 18-crown-6 -78 1 83 7400 (4700)¢ 1.28
3 Me,PhSiK (5) THF 18-crown-6 -78 2+5 80 26000 (10900)9 1.48

Macromolecules, 1994, 27, 2360



Group 14 : Silicon

Polysilanes (Ring opening polymerization)

ROH/amine  _|

@ & cl

C|-—-Sli_sli—C| hv SI

- — 1
ci-$i-Si~c| &l

cl Cl 35 R,NH

on
_SII
| OR/,,

Both substituents couldn’t tolerate under Wortz coupling

HsC.. _CH H5C n-Bu ,
HeCo S Bl /HoC. SCH,  SECBUL
3Gy o Se~giT 3 [init.]

7l A,
Ph Ph
Masked disilene

36a
Ry
—-Sli Angew. Chem., Int. Ed., 1998, 37, 1441
| NRy n
36b
Me
\S ~M |) n-BuLi
BupN-. s Cfinit] Mo e _CHsCOCI_
-~ Sl—Sl
d / wEoH | g N “n Mn=53000 PDI=15
(I'}H3 F-Bu PH
S||_S|l meso:racemo = 1:3-1:9
CHg CHs |
37 Me | Mo reagent Me M
Bu Sl—Sl Sl—Sl
Me CI Me R

39
R= alkyl, aryl, OBu

J. Am. Chem. Soc., 1989, 111, 7641

All about substituent variation



Group 14 : Silicon

Secondary structure

M — 1 1

Mixture of M- and P-

— WY

Predominate M- or P-

type helices type helix
H Et H Et
wCH3 wCHj3 CH3 CFs Hgl K
H H H 2
5! S {‘ '%7 i i 7 Influence of the substituents
n n = | n n n
Et XX H3Co.. H... H3Co..
Oj; Bu H HaC H
41a 41b 41c i-Pr i-Pr i-Pr
41d 41e 41f
R
\I}I/ CHs
CHs Linen N’:R
Chiral diamines, -BulLi NH,CI (sat.) AAANS
R EE— S v VYW
THF, -78°C {_ |I%"4
+si+ CH;
C‘H {_S'll_)—" i i
s oh, PS-3-12 Chiral ligand

Chiral diamine ligands used:

J. Organomet. Chem., 2014, 772-773, 143



Group 14 : Silicon

Polycarbosilanes (Ring opening polymerization)

Scheme 1
HsC, "\ _.CHgj Pt(acac), CHg
/S] S|\ > _{‘S|_CH2‘]‘
HaC™ /" 'CHj hv, room temperature oH n

3

Controlled/living polymerization

n-BuLi MeOH n-Buy .

n E-éi (%;Z,\/}H
Me, THF-hexane n
1a —'48 OC 23

5
] 200
E Monomer
4_: Addition
] . 150
% 37  Calcd <
= z 100
" ] s
s 27
) 50
]
'|—<
0 T T T T T
0 0 20 40 60 80 100 120
I

0 50 100 150 200 Time (min)

Macromolecules, 1999, 32, 6003

J. Polym. Sci., Part A: Polym. Chem., 1997, 35, 3207



Group 14 : Silicon

Rosi'™ i) neBuLl finit] [ R B
| 1) n=puLl [Init. .
iy MeOLi, MeOH | 1. = ™2
n-Bu R n
48a; R = t-Bu, R' = sec-Bu
48b; R = i-Bu, R' = t-Bu
i) t-BulLi i i
Mes | finit.] Mes i
s=C_ o 19 ¢
Mes CH»,t-Bu Mes CH-
-Bu |

49



Group 14 : Germanium and Tin

Wurtz Coupling

| or MFeSé H 1 equiv £BuLi Mesé _C,H i) t-BuLi [init.] é'\:':sg
Electrolysis e -Li e X GiyMeOH N

Cl-Ge-Cl Mes LiF Mes  CH,tBu ) MeOH Mes CH,

| t-Bu

n
53
Wourtz coupling Metal-catalyed Ra rely re po rted
| or | dehydrogenative
Electrolysis couplin
cl-sn-Cl AL {Sln]L prng H-Sn-H
_H2

n



Group 16 : Sulfur

Polysulfur
S,_:.S,S\S,::_S 95.3 °C s,z.s,sﬁs.:‘,_s 159°C 3{8“‘(3)*’81:‘3 440-1040 °C s,
/ ___,.S N ” .__,.S " n
S7°~g S—°~g
o B 93 X =2-8
25°C

Inverse-vulcanization

G,

AN

i

Y

N

=
‘ S

v,



Group 16 : Sulfur

Poly(arylene sulfide)

QL
v ox— x PhOPh (KI)
n 270°C

FOsDs—Caro—st

S-S
O O diphenyl ether
e o

()
28




Group 16 : Sulfur/Selenium

Poly(selenophene)s

Br— % _-Br MMg [/Se\] FeCl; or Se

U 2) [Nicat)] l\\_//J *Electrochemical U

n polymerization

PEDOS —
0] O
NBS /Z/_ﬁ\ Ni(cod),
/ ar o Br\ ] )
O O 0O O
FeCl; or Electrochemical polymerization o
U I
Se /\ L Se 1,
0 O

I~ g™ I



Group 16 : Sulfur/Selenium

Poly(selenophenylene vinylene)s

R2 HZ Br- OC12H25 Bl" on oy o
/N + + oHC—_X._cHo EtO.] KO'Bu

CHC X CHO + PhyPH,C CHyPPhy U g g\oEl;» .

1 HzsCy20 e o xe s Gy OFf oy \ 7
= 2a) Y= Dodecyl
:: >):: ge b) Y= Octyl Polymer 3XY
R =4 ¢) Y= Heptyl Y=CsHq4 - CyoHzs
. 2 2 OC12H25 V= o e
BuLi = _5.50.0
—_— ‘(-‘F&*CH:CHQCH:CH%— e) Y= Pentyl
X
n
Hz5Cy20

/ PPV 104
= 0.8 -
c
=]
& <
8 0.4
[=
o
§
2 0.2 4
<
0.0 -
'02 T T T T T T T T T T T
1 300 400 500 600 700 800
400 500 600 700 800 a)

Wavelength
Wavelength (nm)
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