POLYMER CHEMISTRY-II

Chapter 5

Condensation Polymerization and Step
Polymerization 6B &5ZF T RE

2015-9-16


mailto:cejlm@zju.edu.cn
mailto:cejlm@zju.edu.cn
mailto:cejlm@zju.edu.cn

5-0 5|

Wallace H. Carothers: {RIE R S5 H
K2 BRI H 2= 77, R EWRI o s
& 52 &4%(Condensation polymer) /il 5% 58

E¥)(Addition polymers ) K28,

Wallace H. Carothers

CH-OH B-1,4-glycosidic bond #EH # 1896.4 1937 4
2 B —
OH
O. OH L0 i,
OH - J e | O 1HO 1
» HO 0O d O

OH o

OH - OH 1.
B-D-glucose , C¢H,,0¢ Cellulose

(CcH,,O.),

105


http://upload.wikimedia.org/wikipedia/commons/0/07/Cellulose_Sessel.svg

Val-Gly-Ser-Ala

O O CHa
” . Glycine | H li . )\
H ] o OHH
_ O O
Hs;C CH; Serine OH
L-Valine Zi& % L-Alanine N & &

—

)

BX (@i-H-22-") , tetrapeptide




AR Y5

AlZIZEH (Myoglobin, Mb): H— S5 AREEFT— A 1L 21 21 %
FARMPIEEEH; ee: NIRAHZ FigfFE Az EE




Ry Adenine Thymine Hajit
IRToRPY

5" end o
u__F/“— NHZ 3' end
“’ "
- -"-H

Phosphate- S . R
deoxyribose n"'f{; H N
backbone -~ [.- "INL

Q-

DNA 3' end Cytosine J o

Guanine jming 5 end
5 4

DNAM BB HELE#4) -
MsEEY T —
FH A T B AR HT R
o (RHER: &bk
) i S8 B 2 I T D
A P i R T
IRETE B BE s W)
HAMEEEAE AR E X
WER T 235 44

x;


http://upload.wikimedia.org/wikipedia/commons/e/e4/DNA_chemical_structure.svg

Paul J. Flory: IRRIBERNHNIBERE

KR53
FEBE  EHEA

> AR LRER, RRAEARDT 7
THEREEE RN ; EEMRSH,
MRRELREEDY “WM5ILR" i
7R i

> B RNISFE: BERNVIEISE
FRIEEK, RNEAFEBEHNT
TEDM: AEMNRESTEPRMFR
ERET, B#EF—ME, RNES
A ZBEMBEY

1910.6 —1985.9
OCO00 @800
00 0O0_,000
CO0OO0O0 “0Oee
O000 @@ OO0

o8 O

tres o3
rredgeed

Fig.| A generic representation

of a step-growth polymn.



> ERSRRDRENS TRMRNEEMK, BERKE
A FRMKIEERA; ERRRUAES “W31%" W
h EREE RS S FREAY, AREEKHR R MR
AMIH FHIES, MEEROBEYS TERERK.

1800 |
1600
51400 .
S FIG. 2
* 1200 |
- Living chai Comparison of
@ -growth .
| molecular weight vs
3 600 | conversion plot
= a00 | between step-growth
200 | Step-growt and living chain-growth
0

polymerization.



TABLE 1. Typical Polymers Formed by Condensation Reactions

Type Polymerization Reaction
Polyamide  ZEW;fi% H,N-R-NH, + HO,C-R'-CO,H— H-{NH-R-NHCO-R'-CO-)7 OH + H,O
Polyester Kig HO-R-OH + HO,C-R'-CO,H— HH{0O-R-OCO-R'-CO);; O+ H,O

Polysiloxane &4kt  CI-SiR,-Cl —=HO-SiR,-OH— H<0O-SiR;)7 OH + H,0O

H H
Phenol-formaldehyde I,
+ CH,O +6CH2 +HO P T2 8 1
n

Urea-formaldehyde H,N-CO-NH, + CH,O—3— HN-CO-NH-CH, )£ + H,0 , WREEHIJI

Cellulose(naturalling occurring) degradable to glucose: — CgH15,0, )5 + HoO—> CgH1,04
Melamine-formaldehyde N ]

7 N [ /N\
HaN=C”™ SC=NH, + CH,0 — THN—C” SC—NH-CH,1* + H,0
N\ /,N N\ //N
(IZ C|3 = ZR[E U i
NH2 L NH2 N

RKEBP R NERTELRENIE!



TABLE 2. Step polymerization by non-condensation reaction

Addition || ||
0=C=N-R-N=C=0 + HO-R-OH———C-NH-R-NH-C-O-R-0 - JlI Bl KL
. * . .
NH(CH,)sCO———>—NH(CH,)sCO¥+ Ring-open polymerization FFIf 5z [/
e p
-HO 17 N\
QOH * OG5 L O~ Oxidation-coupling S IBEE
CH3 i CH3 In
I O
-NaCl
(}< >_ ONa —5— —Nav,
T @ +CF© i @C' 160°C
A o 0
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CHs o) N substitution




> BERAERN () NRAFELBESTRAKRE:

A bifunctional / multifuctional monomer: a monomer /% & gEH| Bk
{ possesses only one type of functional group

A single monomer containing both types of functional BFMERERIR R
groups — Bk

n NH,—R=NH; + n HO,C—R'-CO,H —> Hﬁ—NH—R—NHCO—R'-COJmOH * (2n-1)H0

n H;N—R—CO,H — H—~NH—R—CO—|-OH + (n-1)H,0

nA—A +n B—B —> —|-A—AB—B]
n A—B > ——AB—]

BEETFHENBN Y FREN, BERLTRERNERET TERGYER
5%, lh I BESENET(>98-99%) 4 R EEEXLHAMENS D
TFE. BETREHNUERNIIGEE: BHBFE. F1EE™ERRIL
&}_‘—ﬂiﬂ,\ EE'J&}_‘—O
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HO-R-OH + HO,C-R'-CO,H — HO—R—OCO—R'-CO,H + H,0
dimer
+HO-R-OH —» HO—R—0OCO—R'-COO—R—0OH + H,0
HO—R—OCO—R'—COZH{
+HO,C-R'-CO,H—>» HO,C—R'-COO—R—0OCO—R'-CO,H + H,0

trimer
HO—R—OCO—R'-CO,H—> HO—R—OCO—R'-COO—R—0CO—R'-CO,H
tetramer
RERMNERE=
n-mer + m-mer —» (n+ m)-mer @ ATEXNMNFFZ
8] [z R IR 7 1

BLRERNIVKFR: ERNMPARFREEK, BZREZEEGEH
NENEBSTF=E (>5000~10000) . I TFTXRXZHESRBERN, &
RNAEAMEZREREN 1Y%, MEREMEFEENE~108FET.
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Table 3. Rate constants for esterification (25°C) in homologous compounds

Molecular size (n)  kx10*for H(CH,) CO,H  kx10* for (CH,) (CO,H),

I 22.1

2 15.3 6.0
3 7.5 8.7
4 7.5 8.4
5 7.5 7.8
6 7.3

8~17 71.4-7.7
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ARERNAIRIRX : 7 FRTHEKX (RMEZRHMEBRKX) > 9 FE5)
el (EURE) T > BaeRIEMTRE

> FFE B e FH & ROE M AT B s Bl RV AlFE S5 ZR (collision frequency),
AN A2 M T 2N 1 I3 HIOE 28

> HTHREH, SEERANmEA LA MG rEs M (REM , E4E
BICH S 7 Fitiml) B sE ARV EshEe Nintt & 70 F R 2 e 158

> BRI SEREETERERN B RS L EEIMBERIRALE.

“FEM REAHIRIEE: AEBENEMHIEESS/ MBS
FEIEEKX, BERNMIGH Y EIZF (diffusion-controlled), 7EiX
BT, HTHREESNMERESE A REFEHRENHTEERENE
RE A RlHE SR .



5-2 BLBERNINNF

0 . OH o -
K (A) () HA: AR — 0B
OH 5 o SR 1AM I R
wr—C—OH + OH = sn— C—OH (5-2) Y T
(A) K4 W(JL)H(A')(”) iﬁﬂ.A@ILﬁQ\ X—J‘EFI
on 5 KRR RN
Ww—(:Z—OH 2= o C-Ov + H,0 + HA (53) | TEALT
v OH (A) - -

ERERRKRSEHET, EIR&MN Eqgs.5-2. 5-3 AN AIE R, B
k,=0; RERFARTNARENHFERR:

_ -d[COOH]

ki [C(OH)] = ksK[COOH][OH][HA]

R = dt = k3[C(OH),][OH] (5'4)} ~d[COOH]
K, ~ [COOHI[HA]

K = (5-5)

(5-6)



. BELRE

NEFESMNGERRES, [HA] ] [COOH] B, (5-6)REF (KM k&IF
RS AT E HR R HEAL O

~d[COOH]
dt

MFAZHBAKRE, [COOHIF[OHIRIEFEFIAILFITEM. H,
Eq.5—7$57’3:
-d[M]

= k [COOH]?[OH] (5-7) SRt

= KM]? [M] = the concentrations
dt of COOH or OH groups
or
-d[M] t Integration* ot = 1 (5-8)
[M]® M [Mo®

(M],: BRESBEMNRIBRE; M]: XMt RESRBENRE



EX: RMNTZE (The extent of reaction, p) — fEXEIZIt 2

ZRMEERE T
i, fERSZIt, [-CO,H] 8¢ [-OH]:

[M] = [M]o - [M]op = [M]o(1 - p) (9-9)

Combined
with (5-8)

4 )

1 2
= 2[M]q kt + 1 -
- p)? [M]p kt + (9-10)

\. J
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ig: ZENNTFHEIFEZERENIRER
> {K#E1LZE[X Low-conversion region

i. NIRRT RIETE: —-OH, -CO,H - —C(0)O-(fiEd), S
R BB MR AR . EARFE R X BRI S N 2R B 275

i. AREURXENDRERS, HIKERE “HE” #ESERTRE
P . HSE,  “VHET WAE G HRRAE MR ER B IR T,
ii. ZECEEMRAETRIIE CBN) o 05 LUK B X B 8] 4 B (Eq.5--8),
RLZA SRR R R 22 s (H BL1/(1—p) 2%t B TRT A  (Eq.5-10), T 51 A\
T NIERIRZE
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_ _ Mg

Mg: the mean of the molecular weights of the
Mn=Mg X, + Mg M

= + Me two structural units. ‘
> (1-p) ° - .
Mgg: the molecular weight of the end groups.

(5-12)
for a high or even modest MW polymer

Mo
(1-p)

M, =My X, = — = 2[Mlgkt + 1

(5-13) 1-p) ‘ (5-10)

Combinating with Eq.5-11+

X2= 1+ 2[M)Zkt l
(5-14)

> X, ~ V2 EgA%ﬁ%El‘L}ifhﬁTlEﬂEﬁi@ﬁﬂE Z1%, RMNAIHFRAN
(Fig.in P ). Kk, ARBED TERSYFTELE KK NATE]

> BEERNIHIT, BNRGEQC)MEKERETE GREMEXR) .
> M, EEERSFEN—F! (BMEWRTY FENTFHE)
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- d[COOH]
dt

= k3K[COOH][OH][HA]
(5-6)
HA: H,50, or [HA] is the concentration of the catalyst,

p-CH;CH,SO;H , which remains constant throughout the
Yy course of the polymerization.

The Equ (5-15) applies to reaction d[M]
between stoichiometric — = k' [|\/|]2 [M] = [COOH] = [OH]
g?ancﬁg.”tra“ons of the diol and dt— (5-15) k': deterinable rate constant
Integration .-~~~
P
ot = 1 B 1
M M [M] = Mo - Mlop = Mo(1 - p) ~ (5-9)
(5-16)
Y g
or
= [M]pk't + 1
1-
(1-p) (5-17a) (5-17b)
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i. HWERG: KR, =ZRJe CED BOREY 5 46 3R 75 SR /5
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iii. DHORG MNAEBEBAREAL R T RN IEEE S, 0. R
(Zools/ o alRhe) » H AR S B A Rl A Bl B

> XTI RA R, ANRHB R G BRI —,
Y E RIS (A—A + B—BEA—B) , 3 /122K & Eq.5-14
8¢ Eq.5-17477 AT .
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5-3 AIERELRE RN (EwBA/THES:
| SRR BRFNEE S 44 T 1
NP

[MWCOOH + e OH == van CO-Onnn + HyO } EF AR P FHITHIR]

FRE = B4&
S IR AL B AL BB A MAHMB S

BT : SFE?
[M],: -OHHI-COOH MM E; p: BRIPH A | HAKE—FERRNH
i 1) ) N FE i FEMIARMEFEE ; RN
pIM],: [ BEIE 2P AT g 3 Tk 5 [COO] M FIR BT B AR
([M], - p[M],): “F4i5if-OH fl -COOH fyikfg. | BV EEE) )

[COO][H,O] (PIMp)? p?

=T lcooHion] T (M- pMg2 YT BT T O
KL/2 — 1
P=""1, (5-20) Xn = 1-p) (5-11)

N J
Y
Yn =1+K!2 l‘ (5-21)



Table 4. Effect of equilibrium constant on extent of reaction and
degree of polymerization in closed system

Equilibrium constant (K) b X,
0.0001 0.0099 1.01
0.01 0.0909 .10

I 0.500 2

16 0.800 5

81 0.900 |10
361 0.950 20
2401 0.980 50
9801 0.990 100
39601 0.995 200
249001 0.998 500

A degree of polymerization of 100 (X ), corresponding to a MW of ~10*
in most systems can be obtained in a closed system only if the K is
almost 107



. W E AR

E:X = ° K - (5'22) E v — 5_11 E
;R@EI’TJC : [M]O (1 _ p)2 : Xn (1 ] p) ( ) .
N R
Y
H,O]X
K = p[H,O]X, (5-23)
__[COQIHO]  — (p[M]p) [Mlo
~ [COOHJOH] (Mo - p[Mo)? :
(5-18) o~ il V Combined with Eq.5-11
K[M]
[Ho0] =——=——= (5-24)
xn (xn - 1)

i (X)25RBHOmELE xR, Bl (X,-1) =X,
ii. ATIRBFAFHNREE, [H,0] IbHEE—EE; K KIEXFE
KERKE[M]BIEX, BREEHMEZIEX.



Table 5. Effect of water concentration on degree of
polymerization in open, driven system. ([M], =

K X

n

0.1 1.32b
100
500

I 2
100
500

16 5
100
500

81 |10
100
500

361 20
100
500

2) [H,O] values are for [M], =5

.18 b
5.05 x 10-5
2.00 x 10

2.50
5.05 x 104
501 x 10

4.00
8.10 x 103
3.21 x 10

4.50
4.09 x 102
|.63x 103

4.75
0.183
7.25 x 103

5 mol/L)

[H,0O]? (moles/liter)

®) For a closed reaction system at equlibrium.

g

i. K [E#X, F&
HEMTESIN
Rk, FIREIFTE
REE, AR
= 1[H,0].

ii. RIEBFERIAE
&F, Bithzittt
Bist A s R =
HI[H,O].

iii. ¥=HIKBRER
e TIRBIFRER
&E (9F£)
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=T EEHEIR N Z Ny

RERA: FETARIREAIRERMESEFEITE SRS TERE

HoN=R=NH, + HO,C-R'-CO,H — H—{—HN-R-NHCO—R'-CO—f-—NH—R~NH,
(excess)

HO,C-R'-CO,H + H,N—-R—NH,— HO CO—R'—CONH—R—NH+CO—R'—CO H
2(excess) 2 2 2 + " 2

REEB: MALERERRBHE
H,N-R—NH; + HO,C-R'-CO,H + PhCO,H —>

Ph—CO—HN-R-NHCO—R'-CO—-—NH-R-NHOCOPh



II. EELE
Typer.. A—A+B—BRE (W: ZxEMxiR), B—BI=E

A-A B-B
EEEAEE N, Ny  N,=A-ABARE 265 Ny = B-BHEARE 245
e 3viE da r=N,/Ny E <

AR T2 (NA+Np)/2 Bl Ny(+ 1/1)/2
S NREE - FERIZI, AFREH O R4 RN 73808 p
W, F—rz, BERBIRAESNEDEN: mp

KZ M (B8 WMAERRR»E:  (-p)

KRZHRM BRE) KAEREHEL: N,(1-p)
FHRHE, AKZHKkMN GRE) WBERRBIMSE:  (-rp)
KZE5RMNM GEE) KBERERIE: Ng(1—rp)

IR : RENAERBIIBMBEREHMNZM=TRXNBEM D Finda 28!

E R E—£RAMEE2 N HE,
R, BEMDTRE: NA<1-p>+2 Ng (1 - p) |




> HIIREE X)) FTEHETHRUBREMS FEE, MEEERETT
METFA—A F B—B B{KDFaE!

H 14 AN [F
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Xn = N5 (1-p)+ Ng (1-rp)]/2 T 1+47- 2rp %J\:Fﬂﬁ%ﬁ'gtt r
o PR A2 p

it SAMNEEFRAELIFISEHRAET, Bl r=1.000, Eq.5-25 B
A
= 1
X = 5-11
{ 1-p) } (>4
Hit2. HEBERN100%TERET, B p=1.000, Eq.5-25 B )3:
NEBRBEEE, p

(5-26) AIEMREEAET1ER
AIRESFT1.

(L+71)
(1-r1)

Xp =
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Type 2. Type 3.
A—A +B—B (FE/R)+B A—B+B
(internally supplied stoichiometry)

Na N
r= Ng + 2Ng, (5-27) [r: Ng + 2Ng (5-28)
Ng:: the number of B molecules Na = Ng
Na = Np = the number of A—B molecules.
N /\ - s WA U= R/E\‘ ; =W = =B B4 #H
[EIHIISR -

> NI (5-25) 1 (5-26) [E4#FiEFT2ERU2F02883.

> kiR (5-25) . (5-26) NESFHE—TEIE: BERNIBERL
FIELE (r) NHARIERIBNIBEEIEZERREBFALZ. BXLERIFERHF
k. ZMHERFESHERAMLELAETH: 5, BN K. o
AR iRE"

> EREEREP, BiEEESEE G NNkl R NYK BT LE T
SLLARBFEREE; AMPNELTREBEHEEZCRNTHHITHEZE TG
WirHE. mE, Mkl kML EEERRZ).
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Molecular-Weight Distribution ﬁ?ég;ﬂi?%g%%gil-
o 1 & H] T A—B 1 25 ik 14
I 7 FESHERBNIES (A—A + B—B){E A&,

| RNIEE p |
RN Z] 6, BEReBACE MNP E  FERZ e, FE—EreBAKAE RN TR
. KIMNEAH x NMEHMBTNESGY ¥ (c-mer) KR
RIME—0F — (x—)MABBHE LR NANARRN) — FIHEE

it MABREENZ CRERROEEN p, W, (x- ) MABRARERE
BT ST R B MEEERTR, B: p

MAEREBIR MR (1-p)
ZMR—BREMHD T (B x MEHEITT) BBER: N,=p~ (1-p) (529)

A—A B—B A—A B—B A—A B—B A—A B—B

SiMHRITE: 8 (8-mer)
AERH: C&a NP7 KRN (58D 11




HER: N, (Bx M BTREY 0 TR = EREMRESYTH

x-SR (x-mer) K E 7 B BLE/RTE - N, =N,/N

x-BIKEI D T3 : N, =Np*'(1-p) (5-30) N = BHIREM 0 TR
R RS BT S EOIN, N, BHREISFH: N=N,(1-p)

W, (5-30) A5 N:  Ny=N,(-p)p* (5-31)

WR A AL i E, W, x-BAENRESH(W)N: W, =xN,/N,

G (531, FE: W,=x(-p)*p* (5-32) (W =xMN,/M,N,)

1 (5—30) M (5-32) 73 Al 45 H T &L B L RGN Nphf W E 7
RN RE TR XL/ A7 8 F PR Efx n] JL 43 4 (most probable)
8% FloryBX, Flory-Schulz 434
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‘ A, tex EIERFET

g p 2 03875 Carothers 524 HIVEEE.
‘ p =0.9950 FIG. Weight-fraction distribution for
N~ ... —— Sl linear polymerization.
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II. PFESHTE Breadth of Molecular-Weight Distribution

HPREE (X)) MEMREGE (X,) TUATABEHRESTHRBMEED
R BIHES SR

HHDTFEM,)— HER M =WIEN, N, 271 &AM 1155 F (x-

HOPSYDi- X sS4 SO =YNM SN, mer) FJERE; x= 15

FEINSFEM): M =SW Wxi%éj\%%j"j/wxﬁg%% (X-
ATEM) w=2WM, mer) [1)J51 & 434X

M IR TR LG BT 7 X, = IxN, YN, N, Zx-mer ] BE IR (B=) 70 3L

TEMBRHHIREE: =YxN,  (5-33) N, =p'(I —p) (5-29)

BB (5-29) F1(5-33): X =Sxp'(l —=p) = X, =1I(1-p)

MAERBUSHETNS x 5w (5.34) W x(lpiie! (532
FrmasEnEag. o 20 O30 Wexmppt 653

A (5-32) F1(5-34): X, =x2p (1 —p)2 = X, =(1+p)/(1-p)

AN (1+p)
~ (5-35)

=)
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HEAEX, /X, 5 EHEM, M BRI 2 5l . BER MNIZE p
HtEE, X /X, FHERFEE T2, EX /X, HEFRAE 2 75 8i5 4
(polydispersity index, PDI).

WL RE NP0 B A X, /X T 2.

EEENM T, EREREY (RER. BKMgS) SKEZRERN.

0 O
H H
H——N-R-C—=—OH + H——N-R-C—}+OH
H o9 H oD
—» H—{-N-R-C—}OH + H—{-N-R-C—)};OH

IR A H RSN, 5 T s oA AF A Flory 40 Al (W5 —30f15—
2D o HHESCH N EWE A REY 0 TR R A IE
RHEITCHAMERCHME, PIT B e Bl im UE rsE vH T30 i
JeR. RiRR NHFENEWRT TEST.



SCRIK 2] 1% -
2GRV 0T EnAARmEREL2, U Flory
HIGE T 28 0 A B A SE 1
45 28 A [N e L BLEBTE TR G, 3 45 ST
o EAEEUN T2
] 122 - ) A 5 Sk -
|. Yokozawa,T. et al. Prog. Polym. Sci. 32, 147—-172(2007)
2. J. Polym. Sci. Part A: Polym. Chem. 48, 1357-1363(2010)
L AERE NN RIERIE R R CRR R RN AR
PHEHD 2
2. FEPSLI A RN S5
3. RMRIES: G RRME? Butsc?
M2 5 B34, pdffg .
PPTJE ~+ kil & 4-5A
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Table. 6 Some kinetic and thermodynamic parameters of typical step

polymerizations

Reactants

HO(CH,),,©OH + HO,C(CH,),CO,H
HO(CH,),OH + p-C,H,(CO,H) ,

HO(CH,),OH + CIOC(CH,) ;COClI

H,N(CH,) ,NH, + HO,C(CH,) ;CO,H

Piperazine + p-C,H,(COCI),

m-OCNC,H,NCO +
HO(CH,),0CO(CH,),CO,(CH,),OH

C,H;OH + CH,0O

-
(°C)

161
150
58.8

185

60

75

k x103
(L/mole-sec)

7.5 x102

E

a

(k}/mole)
59.4

AH =-10.9 k}J/mole

2.9

1.0
107-108

0.4 ¢

41
100.4

31.4

77.4

NOTE:

9k, value
b acid-
catalyzed
average k
for all
functional
groups



I. ZERE—RRSENERN

> REZUELTRERNERHENKE, HENRREH: 103
liter/mole-sec. R SEFAIR MIRRIK

> iEEE (40-100 kJ/mole) ST ZHERFHIMBRN. FERER
F(150—200°C) > SHRNIMK. BEMEIN. [EHE

> WHPBE LSRG MNBEHR (UH) K-> REFTHILLBES

ATREESTTEREY, ELRERNEIIEEZ SRR FIHE

. MANRNAFRESEZDVEIRMRD

i. RMNVIGES, FEITESRIENFEITE

nLEﬂ—i%m%%%ﬂﬁﬂﬁ—WHE%H$WMﬁ%%ﬁﬂﬁ%

=2
v. MAEENFR (RMEE. BES) WaTFERRE~IEED
)



. RS EBESLH G E

REHR:
n CIOC-R-COCI + n HO-R'-OH —> —(~CO—R-COO—R'-O—}+— + 2n HCI
n CIOC-R-COCI + nH,N-R'-NH, —» —{—CO—R-CONH—R'-NH—7— + 2n HCI

ﬁollapsed film
~—

FEAaR; FHKS

»3 | /\ NN /N
%m%é;@@%éJ

FIG. Interfacial Diamine |
g in water
polymerization, < Polymer film forming
e S A Wy at interface
removal of polymer Diacid chloride in | _
film from the interface.  °rganic solvent R

= HRY B R ARG AEARE T BRI AR, Frimat el
R TR R G

= FEMAH I SN TE A S T B CTEA™ 6 0 5 2 [ 20

VER A A SN o6 F e TR BRI . T

T FSEff): Bhlrls, AERIEEWN. BEERERR



5-7 EEAREY]

Rig: —EM_TEEEEEENY, ERERNE%ES.
REEUENEAERN, ATREESDTFETNNERTIK.

Side reactions:
HOCH,CH,OH —> HOCH,CH,0OCH,CH,OH + H,0

~R-COOCH,CH,0CO—R» —» ~»»R-COOH + H,C=CH—OCO—Rw

> —> CH4;CHO + = R-COOCO—R ww»
—scission
HeRIx N B2 BFIBK . oI IR . iR I 2 [A] I

7K
BIRBFEENER - WETERSE > BERN - BEWHTE.
> B SN AP AR B s . 54

BXIE W SR (PET) : 7, L (B TFREWE P HEL
ZEkE TG, diethyl glycol units); 25 (0 (I TAELE L)



Poly(ethylene terephthalate) | S 2 — RS S A 7, S i R 4 e AT
PET %4 =t

1st satge: a solution polymerization
150-210°C
H3C02C©COZCH3 + 2 HOCH,CH,OH —> HOHZCHZCOZCQCOZCH2CH20H + 2 CH;OH

2nd stage: a melt polymerization

270-280°C |
HOH,CH,CO,C CO,CH,CH,0H —g e g H["OCH;CH,0,C CO——OCH,CH,OH
- n

+ (n-1) HOCH,CH,OH

4L Zn(OAc),, Mn(OAC),, etc. (15t stage); Sb,O; (2"d stage)
MEAC # IS AR BT R 7RSS — B O B Re B BE K U R 2™ 4 AL 7 vk o
%:Bﬁﬁﬁﬂ@@%ﬁfﬁtﬁ%m%ﬂ‘ﬂ:%%ﬁgEl‘] o

PET: mp. 270°C, JJ2EsmfEly WItE. Husss 1 (150-175°C) . REF It
P2 i T 7K AR 5 771

Engineering plastic, fiber application (wearing apparel, curtain, upholstery)



[Polycarbonates R xPREs }

i 0
CHs 0 — CHs3 >;_
v~y pon on I o to( ) :
CH3 CI Cl | CH3 In

> REHTWE~: FERETLZ. CH.C,
THF, CH;OCH;, dioxane, etc.

» Polycarbonate based on bisphenol A

(PC): RZHPCILEM (7, 150°C). LRI
15 RE(15~130°C) ﬂﬁTﬁaEﬂZ@tbPETEﬁ

A WL 77 5 PETAH =4
Applications: food contact,
medical (sterilizer),
glazing and optical
(aircraft windshields,
eyeglasses, etc.)




[Polyamides iy i }

n H2N(CH2)NH2 + n H02C(CH2)C02H 3 n[

"O,C(CH,)CO5 210°C .~
"H3sN(CH,)gNH3"
nylon salt

H—-NH—(CH,)e—NHCO—(CH,)—CO—|-OH + (2n-1)H,0

A stoichiometric balance of amine and carboxyl groups is '.

obtained by preliminary formation of ammonium salt (nylon ®

salt). e &k P

> BTN NG . &2

> MW LR E: 4 SRR N I TH R B e ] g
High strength, flexibility, toughness, abrasion resistance, .-
dye-ability, self-lubricating, low creep, and resistance to e

solvents, oils, bases, fungi, and body fluids. The main
limitation: moisture pickup with resulting changes in
dimensional and mechanical properties.

Applications:  apparel,  carpets, upholstery, tire
reinforcements, ropes, parachutes



http://upload.wikimedia.org/wikipedia/commons/b/bd/Fishing_In_Orissa.JPG

Aromatic polyamides 75 ik ZEEt % | " by@{'\'@i

H,N NH, CIOC cocl NH NHC co
e U e Y
n

trade name: Nomex
%NH@NHCO*@*CO% + NHCO@
n n
N\ J
Y

Kevlar
Exceptional heat and flame resistance, very high Mp (=
500°C), ultrahigh strength, and better resistance to
solvents, chemicals, and oxidizing agents. Kevlar has
higher strength and modulus properties compared to
Nomex.

» The applications are those where one needs very high
flame resistance (clothing for fire fighters and welders), heat
resistance (ironing board covers, insulation film for electrical
motors, aerospace and military), dimensional stability (fire
hose), or strength and modulus (circuit boards, ship
mooring ropes, auto tire cord ).




E Polyurethane
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I. 1K Branching A-B +A—-A (A;) ERE
A f, functionality

“W‘”—A—BA—BA—BA—BA—BA—I—AB—AB—AB—AB—AB—AB—A—“"W‘
A

iii. IREmITREYD T
rorkERN, BEAEKSHE
FimEBHERMNERERA (BRIE
AERERIB A HEERN—H
AER .

N SRR AZER4DFH !

i H—I1R BN EREERERE
B (HKTF28¢, BEEX
ERBE—r it
EERAEP LR (AE
JT)

ii. X (A-B + A) HEER KRR,
F5—I1RBEaY7 FXeeiH
A—"A S ).

wn—1> -0 -0 >-m>-W



II. 3Bk Crosslinking ‘ A-B+ A;(f>2)+ B-B l

WA—BA—BA}—A—AB—AB—A B—AB—AB—ABA—|—AWW‘ > ﬁﬁ%i%ﬁ;ﬁﬁ%%ﬂﬁﬁi&m

A
; S WRREEER, RETERE
: P xm

Crosslink < i g\@ > ?ﬁﬂﬁ_ﬂ*lﬁ/gelation: T WK K
;i A I AP SR B (AN TR
: ons EOUI) . REEAT
L8 . £ T4 T B RE KB

S g e Y
% é > EER 5 /gel point: I £
: L EEWRARE. Ml kR

TR L imshtE, A pe LTt

A—B +B—B+A,—> £ > Bt

A—A+Be— A % 4 ST BR Y
A—A + B—B + Bf—> B2 AR 2

Af+ Bf—>

mmw—w>—w>—|—>w
>
ii
f



> B (Ge) HETIHZZEREYHEER
BATCRR T — 1S RHIMEE (Network) ; AR
AIE{E— 1 EM ERKSF.

> HHLGEERIN, AN 45 A 1) SR e Al A
BB (Sol) WA AR A E, B
e R SEIEAT , B T 5 R A S TR i
B, W E T, BREA RS
> REERNIREEZR

RE M ZBR} Thermosetting

polymers (thermosets) : 3ZEX%B

B, R-TiaE (BTRIMERIR
WKLE) - TiEMHE

REBIMEERRL Thermoplastics: M
AETEIL, RN, dE3ZERZEERL. o
LR BERIENRERNE
IR E 2R IR ZER]



http://upload.wikimedia.org/wikipedia/commons/b/b2/Plastic_household_items.jpg

[TI. Carothers Equation: X, — o

|

avg = ZI\Iifi / ZI\Ii (5'33) J

fog: FHIEREE
N.: B BERAS, WK i 15 T3

2 mole (:ZHOH

1. A,

CH,OH COLH
3 mol
Snon ] N hcom Tag = (233 +3x2)/(2+3) = 2.4

BE e A HHE

B IR T EEON N,

RIEEABEN  Nf,

AN IRAE S NIT IR Ja BIFE N Z1 ¢, R R T80 N,
n, caeMERE: 2(N, - N)

[ NAE p =2(N, = N)/N,f,,, (5-34)




P fan - anavg (3-39)
— N eq. 5-34 _ 5 5
Xn = Xp = 535) P = 5.37
N A pfavg (-35) © favg (3-37)

— _J
~—

Carothers equation

. H il — 2B ~H R (2:3 molar ratio):
Pc= Z/fc:tvg =2/2-4 - 0833
2. 1 mole HiH / 5 mole B — HIE

Javg =13/6 =217 e 3= F B4 EKY?
P.=2/217 = 0.922 A HK?

F3#2(5-35)#(5-37)(NEH TR ERZAHHEFHIIFR !




2. A, BEBERIHAHE R&RMIZEM

ST ETERAY: A e tH B S AE

TR ERY

froo = 2 x (Functional Group),,n_excess RRz4); Hithid
avg

the total number of all molecules PRIEEN UL
H, E3£ER&

SFF2: = 2x3/(1+5)=1 . N
KMl 1= [OH]/[COOH] = 03 \—rﬁM?l;?% EREE
WEHTEMEXRE, TEEKETTEREGY! Y TR !

See: Pinner, S.H. J. Polym. Sci. 21,135 (1956)

FErE=tHER Ay A By

HREK: fa fo f5

/R Ne Neo Ny | oo 2NarNdo)
- I an

BE: Ap MA S HMHFAKERERIA; A Nj+Ne+ Ny

%lé\iﬁ < B%I%\iﬁ (5‘38)



==

ITEX EEDE .

LI R IY R A H A~ Eq. 5-255 Carothers 5 #2Eq. 5-35/&

HEH?
i 2
Xn = > - of Carothers equation
"~ Plavg (5-35)
<
— Na (1 +1/71)/2 1+r
Xn = = (5-25)
. [Na (1 -p) +Ng (1-rp)]/2 1+r-2rp
5 FE PN SN 2R

1) 10 mol A-A +10 mol B-B +1 mol B

2) 10mol A-A+ g mol B-B +1mol B

AP IET RSB RN (p=1) WEREGE. WIEHHELS
R BPEG 2R ?



IV. it REESERRS
BE:i. MAERXEEGEAEERR (NMrET2FXK0N)

ii. F—SFHPEGRACEAINEFEERN (NEESTFRRTURE)
YWEH o ——arnFHRERGZHET FE—ERRIER (leads to)
A—XUBETHMER. EATTEHNZSEREEFARASIET. 7
YBRTZENEREN A “HHE” . o FREWT “BEE BUBEE:

a branch unit

' ~Sa
A-A + B-B + Ay — As;—A(B—BA—A),B—BA— Ay
N iy y (5-39)
multifunctional a chain segment
monomer n = 0 ~ any infinity

BRRURFIE: SREREEAS REI(A)H
FF&, N—PBT RS RA( - )&
HEPELHFERIZ BT, £E
EXMERBIBEER/(f - 1), B, BT
FIlEA SR o, -

o, =1/(f-1) (5-40)



A —A(B-BA-A),B-BA-A ;. (5-39)

BB SIS 21, i AR [ MR EE N Pa
F B S MR A: Ps

A FARIRSARA S K p
i, BRED S AL ITEAE S R pep

n, F—BHEPIEA-ACEMNIIBZE:  pg—p)

AT (5-39) IR KL 2 7> T BEBUIMEZE : palps(1— p)palpep

XFRTE FInin A, 1535240 250 a=ppep/l1—paps(1—p)] (5-41)
KN pg = rpa (r= A 5 B R[5 tt) a=rp2p/i-rp2(1-p)] (5-42)

= pg*p/[r—pg*(1—p)]

55(5-40) K07
(pa)c=1/I[r+rp(f-2)]">  (5-43)



551 -

i. PIEEIHESE r=1,pa=pg=p
a=p*p/[1-p*(1—-p)]
p.=1/[1+p(f-2)]"

ii. Z’_‘Z?EA_A%%’ p =1, ’fﬁ r<i1
Q =Tpy* = pg*/T

p.=1/[r+r(f-2)]/>

iii. LIAFMEAEIRT = 1, p =1, Egs.5-42 Zil! 5-43 WA :

B EEAAGT,

p.=1/[1+(f-2)]"

(5-44)
(5-45)

(5-46)
(5-47)
(5-48)
(5-49)



RERR S A SELE
HRRSBEEHEWNE: RERESYIRIIETE. |Si8xLELF

TABLE. Gel point determinations for mixture of 1,2,3-propanetricarboxylic

acid(1,2,3-H B =#£M8), diethylene glycol (—H¥) , and succinic acid (] &)

Extent of reaction at gel point (p,)

r=[COHIOHE 2 () e (Po)tiony Observed
1.000 0.293 0.951 0.879 0.911
1.000 0.194 0.968 0.916 0.939
1.002 0.404 0.933 0.843 0.894
0.800 0.375 1.063 0.955 0.991

® (PIriory < (P)observed < (P carothers:
RERIRE (P carothers: X, — infinite;
(b mony FIAME: AT IR SERAEE R
& E RS ETNER =



2-9 ZZBELXFIAR Crosslinking Technology

» Thermoset polymers are classified as A-, B- and C-stage polymers:

A-stage, p < p.. Soluble and fusible \J & R] 45

B-stage , p ~ p.. Fusible but is barely soluble wJ#5. fR/VREVA

C-stage, p is well past p.. Highly cross-linked and both infusible and
insoluble

> REIER CEROIRIE | AR BORSSEBUR A B 01 2
L TAE T4 K

TATAERY, SEATEEY)
= G, B A E MR U A A 5 AR T2
2 A TE AT,
= BOH I (v S B OB () SSHIBUR R, X HR
PR A ST S LS T 5 — 45 S



|. Polyesters, Unsaturated Polyesters, and Alkyds

EARES: NOFRES, BFELWAE

O—/_jX—O + HOCH,CH,OH >»{ OCH,CH,00C—CH=—=CH Co}n

N

XEk: GCmEERMAK (St. WA, =ZBERERLE) BEYXERARHEER
N SERY,

O
O @) O
Alkyds - CH?OH O @)
+ CHOH * RCH=C—R-COH —> —

e CH,OH
B s % A5 o o
H CO,H
RCH=C—R'-CO—0-CHy—C—CH,—O 0 cH
H | 3
O C(CHZOH)
§ CO,H

> IKEBERSHIAE : FTRVARER,; o TFHPSIANBESFMHEER, S
FIKM.




IIl. Phenolic Polymers B} RE
> WL BB T ER 4

Phenolic polymers are obtained by the polymerization of phenol (f =3)
with formaldehyde (f = 2). The strong base-catalyzed polymerization yields

mixtures, referred to as resoles (A {AEREERIAE) .

OH

OH
©/CH20H i

CH,OH

OH OH OH OH
HOHZC\©/CH2. i HOHZC\©/CHZO\©/CHZOH
OH OH OH

¢

Hy

OH

CH,OH HOH,C

CH,OH

CH,

CH,OH

HOH,C

Hy

OH

CH,OH

CH,OH

CH,OH

CH,OH

The exact composition and

MW of the resole
depend on the
formaldehyde to
phenol ratio, pH,
temperature and other
reaction conditions.

The resole prepolymer

may be a solid or liquid
polymer and soluble or
insoluble  in  water
depending on
composition and MW.



Crosslinking (curing) is carried out by heating at temperatures up to 180°C.
the crosslinking process involve the same chemical reactions as for
synthesizing the prepolymer — the formation of methylene and ether
bridges between benzene rings to yield a network structure.

OH OH
‘N‘N‘CH2_O_H20 CH2 CHZW OH
‘N"""CHZ CH2W‘N‘
% c|:H2
O CH;
OH
e CH CH, CHp~ CH,—CH, CH,
OH OH
CH,

The polymerization and crosslinking of phenol-formaldehyde is a highly useful
industrial process. However, the reactions that take place are quite difficult to
handle in a quantitative manner.



> Novolac Phenolics #ZB 4y iz 4 B

Phenol-formaldehyde prepolymers, referred to as novolacs, are obtained by
using a ratio of formaldehyde to phenol of 0.7-0.85:1, sometimes lower. The
polymerization is brought to completion using acid-catalysis such as oxalic
acid, hydrochloric acid or sulfonate acids.

OH OH OH OH
e H,C CH, CH, CH, CHynn
+
H PhOH
H2 H2

HOCH,OH —> HOCH,"

OH OH
S H' N OH .
- L + WCHZ CH2 CH )
| _ CH,OH —> | P CH, I e I
OH [;
{ 2\ w C(‘HZ hexamethylenetetraamine
L \/ Jn CH,
NWCHZ CH2"‘N‘"
OH

Curing occurs rapidly on heating with the formation of both methylene and
benzylamine crosslinking bridges between benzene rings.



=11,



http://en.wikipedia.org/wiki/File:Bakelite_Buttons_2007.068_(66948).jpg
http://en.wikipedia.org/wiki/File:Alt_Telefon.jpg
http://en.wikipedia.org/wiki/File:Textolite.jpg

III. Amino Plastics & ZER}

The amino resins or plastics, closely related to the phenolics both in
synthesis and applications, are obtained by the polymerization of
formaldehyde with urea (f = 4) or melamine (f = 6).

v CH,—NH —CO—N—CHy—HN—CO—NHww
6 HN. N. _NH, CH,~NH—CO—N-CHj

e o

HoN™""NH, NYN 2 NH—CO—NH—H,C~N—CO— NH—CH, s~
NH,
777 CHy=NH —CO—N~CH—HN—CO—NH=
h,
S.: :
HOCH,HN™ " "NH,; HOCH,HN™~ “NHCH,OH (|3Hz
e NH—CO—NH—H,C~N—CO— NH—CH, e
o o
C C
(HOCH2),N”""NH, (HOCH,),N™ " "NHCH,0OH 2 NH—CO— N “N—CO— NH—CH, wm
0 \
.C. CO
(HOCH,),N” "~ “N(CH,OH), NH

Mz

J\AA/\,N-/VWV
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IV. Epoxy Resins I E #J 5

Epoxy resins or plastics are typically formed by the reaction of bisphenol A and
epichlorhydrin.

0 CHj
(n+2) L2—CH,CI + (n+1) Ho@ c::QOH —— (n+2)HCI +
Aenclo 0§40 omongron o0 £y 0-on

» n < |, liquid prepolymer; n = 2~30, solid prepolymer
» A variety of co-reactants are used to cure epoxy resins either through the epoxide
or hydroxyl groups.

(I)H
(I)H (|3H2—CH—CH2wwv
V"V‘N‘CHZ_CH_CHZ_
LN CHywne + NH,—R-NH, —3» R QH
Polyamines: N CHy;— CH_CHz""W‘”
the most common v CH,— CH CH2

curing agent OH



» Crosslinking of epoxy plastics through the hydroxyl groups of the repeat
units is used for prepolymers with low epoxide contents.

O
o X
CH, OH E)(

the most common curing agent:
phthalic anhydride

CHs
- O@ Q@O—CHz—?HCHz_W
CH3 ?

CO

R

co
o 0
e o@ QQO—CHQ—CHCHZ—W
CH,

= Epoxy resins: high chemical and corrosion resistance, toughness and
flexibility, good mechanical and electrical behavior, and outstanding adhesion
to many different substances.

= Application: coatings (marine, maintenance, drum) and structural
composites (missile casting, tanks, aircraft, automobiles, etc.)



o SNy
g S R I g3

A syringe of "5-minute” epoxy, containing
separate compartments for each of the two
components

An epoxy encapsulated hybrid circuit on a
printed circuit board.

The interior of a pocket calculator.
The processor chip (not visible) in the
centre is covered with dark epoxy




V. Polyurethanes (PU) &5

The synthesis of PU is usually presented via the formation of carbamate
(urethane) linkages by the reaction of isocyanates and alcohols.

n HO-R-OH + n OCN—-R'-NCO —>

@)
HO%R—OCONH—R'—NHCO-O}W R—OCONH—R'—NCO \O/MN/
) |
H
O acts as the
2 ~»v—NCO + H, O —>» wwwHN- C NH~ + CO, blowing agent to the formed
urea linkage structure
0 R
2720 NCO + HN=RU=NHp == o HIN-C-NH—R™—HN=CNH~
0 o :
o )J\O/W_l_ o HN=C —NHw 3 ~v—R'-NCO Flexible foamed products:
| OCN—+R'—NCO w;'gg‘;gﬁgﬁ'ggfgups A B IREFT
o) o :
5 R Il R Rigid fqamed products:
g NN commercial roofing,
OC|)—NH o%\”\l/&o insulation for water heater,
b e and R refrigerators, and freezers.
HN-CO % Solid elastomeric products:

| : o .
ann N=C=NH branching/crosslinking sporting goods (golf balls)
6 source



o oeN{(O)-eH{(D)-Neo
NCO NCO NCO
NCO @cn CHo
24 @—cnz@- NCO n

Polymeric MDl's

PU foam Seamless resin floors


//upload.wikimedia.org/wikipedia/commons/a/a4/MDI_isomers.PNG
//upload.wikimedia.org/wikipedia/commons/0/0e/UVDistressedFlexMoldedFoam800x600.png

VI. Polysiloxanes BiEE Lt

Polysiloxanes: Low-temperature flexibility (T, —100°C), very stable to high
temperature, oxidation, chemical and biological environments.

Polysiloxane fluids and resins are obtained by hydrolysis of chlorosilanes.

“Hs 1,0 s CHs 1o GHs
Cl=Si=Cl W Cl=Si-OH + HO-Si-OH W* O-Si *
- - |
silanol
H,O (FH3
3 v R,Si—OH + CH3SIi(OH); —2>WRZSi—O—SIi—O—SiR2"W‘""
silanol-terminated
polysiloxane H20 Tcat. iiR
CH3Si(OAc); % 2

» Silicone elastomers: Sealants, caulks, adhesives, gasket, hoses, belts,

electrical insulation, and a variety of medical applications (antiflatulent, heart
valves), etc.



2-9 Newer Polymers and Polymerizations

I. Aromatic Polyethers 77 Z2E#

I. The oxidative coupling polymerization of many 2,6-disubstituted phenols to form
aromatic polyethers is accomplished by bubbling oxygen through a solution of the
phenol.

R [ R ]
n Cu”®
2 amine —
R L R dn

ii. Polyetherketones and polyethersulfone synthesized by nucleophilic aromatic
substitution between aromatic dihalides and bisphenolate salts.

-NaCl
n

X: halogen; Y: C=0 or SO,



——O@CO@*O%* polyetheretherketone (PEEK)
- n Ty4143 °C; mp 334°C
_—o@CO@ polyetherketone (PEK)
i n T4 165 °C; mp 365°C

n
__ bisphenol A

S

1

_—0@802@ polyethersuffone (PES) /
i n

Tg
80-230 °C



II. Aromatic Polysulfides 224

Cl@m + Naps —NaCl> C\}sﬁ—

poly(p-phenylene sulfide), PPS

PPS: highly crystalline (60-65%), T, = 285°C, T, = 85°C. It is rated for
continuous service at 200-240°C. flame resistance.
Applications: automotive, consumer (microwave oven components),etc.

III. Aromatic Ponimides B2t I B

CONH— HN
0+ () —
HO,C CO,H

poly(amic acid)

soluble and fu5|ble
- %MW%

Pl: amorphous; excellent resistance to organic solvents, good xidation
resistance and hydrolytic stability.



