Chapter 3

Step Polymerization



Introduction o

2 step polymers are;

o Table 3.1
4 grouped by Ilnklng structure Class of Polymer Structure of Linking Group
heteroatoms in main chain Polyether O
& reaction of functional groups ]‘Z":ys‘”ph‘d" ST
olyester O
il
2 molar mass range of 1E4 — 1E5 T CmO
Polycarbonate 0
more often, 15000 — 30000 VYYD PN
chain polymers ~ one order higher Folyamide @_N
considering i
Polyurethane 9]
property N
processability B
Polyurea 0
0 prepared by Wrﬁ_g_Nw
polycondensation noon

polyaddition



Linear step polym’n

2 monofunctional monomers (f=1) = no polym’n

CH3_(”:_OH + HO_CH2CH3 — CHg_(”:_O_CHz(:Hf; + H20

0 useful for MM control, when needed

2 difunctional monomers (f=2) - linear polym’n

Ho—(”:@g—(m + HO—CH,CH,~OH —
0 0
HO—LE(HZ—O—CH2CH2—OH + H,0

O 0

2 f >2 - non-linear polym’n Section 3.3



Polycondensation polymers

0 polyesters
a RA,+RB, step polym’n [diacid + diol]
n HO—C—R~C—OH + n HO—R,~OH —

H()Jrglj—Rl—(”:—o—Rz—o{;H + (2n—1) H,0

= at high Temp with catalyst (under reduced pressure)
= for high conversion and MM

diacid halide (faster) or diester can be used instead of diacid

n X—(HZ—RI““"?E—X + n HO—R,—OH ——

X1 C~R;~C—0—R,~04-H + (2n-1)HX
X = Cl or Br - . "

n Me-O-CO-R,-CO-O-Me



Polycondensation polymers

0 polyesters (cont’d)

0 ARB step polym’'n [self-polycondensation]

nHO-R—C—-OH —— HTO-R-C--OH + (n-1)H0
O O

stoichiometric balance kept automatically

HO-R-COX is not available. — not stable
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2 polyamides
0 synthesis analogous to polyester
RA,+RB, [diacid (or diacid halide) + diamine]

n Ho—g—Ri—E—OH + n HhN—R,~NH, —

O O
H H

I I
HOqL(”Z—Ri——(RZ~N~R2—N$H + 2n-1)H,0
O O

ARB with amino acid
H

l
n HN—R—C-OH — H+NWR—§+OH + (n-1)H,0
1
O 0O
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Q polyamides (cont’'d)

H H
— Al - - | |
2 nylon = aliphatic polyamide *PN—(CHz)s““N—ﬁ—@Hz)s—(H? s
nylon xy O O
. . AN Jo\ J
= X = number of C in amine v e
6 carbons 10 carbons

= y = number of C in acid
nylon 610; nylon 6 10;
nylon 6.10; nylon 6,10;

nylon 6-10
nylon x

= X = number of C in repeat unit
= from ARB step or (more frequently) ring-opening polym’n

Table 7.1 p170

even-odd effect Figure 17.37 p442
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2 polyethers

0 polycondensation ~ not popular
RA, of diol

n HO—R—OH — Ho—%Rwo%;H + (n—-1)H,0

RA,+RB, [dihalide + dialkoxide]

+ - -+
n X—R;—X + n MtO—R,—O Mt
— +
X =Cl, Br, I X—RiJro——RzmomRIerRz—o Mt + (2n—1) MtX
Mt = Li, Na, K n-1
2 ring-opening polym’n of cyclic ether ~ more popular
Table 7.1 p170



2 engineering plastics (EP)

2 high thermal and mechanical properties
withstand high temperature and load
for engineering applications, replacing metals
high-performance polymers [18&]
<cf> functional polymers [7|&M
<cf> commodity or general-purpose plastics < chain polym’'n

Q structure? contain (aromatic) rings Table 3.2 p25

2 5 EPs ~ polyamides, polyesters, PC, polyacetal, mPPO

PAs ~ aliphatic and aromatic
aramid = aromatic polyamide (fiber)

FOH Oy

H Kevlar®
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a5 EPs (cont’'d)

| T/
polyesters ~ partially or fully aromatic J[<O @Cﬁoﬁc’)

= PET, PBT, PEN, Vectra(n), --- Vectran® LCP

polycarbonate cH; :
J[@@ % J[l

H
(l:O
H

polyacetal (POM)
modified PPO ~ PPO blended with PS { }

a super EPs

polysulfone (PSF) + 3 @J(

polyimides (PI) 3 C\N

PES, PEEK, --- \gij\g\“ Kapton®
0 0 !


http://www.vectran.net/vectran1.pdf
http://www.vectran.net/vectran1.pdf
http://en.wikipedia.org/wiki/File:Polyphenylenether.svg
http://en.wikipedia.org/wiki/File:Polyphenylenether.svg
http://en.wikipedia.org/wiki/File:Polysulfone_repeating_unit.png
http://en.wikipedia.org/wiki/File:Polysulfone_repeating_unit.png
http://en.wikipedia.org/wiki/File:Polyoxymethylene.svg
http://en.wikipedia.org/wiki/File:Polyoxymethylene.svg
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FEEK
FP
FAS FES LCR
FEI Wecka
P
i FPS-SF
P i
PA 4, &
< PR
(=]
B
o T':D':s Th
o PCT
[
PFS-MAF
oFs Forinon
P
e —edaness
Celanex
Celoon Curanex
P PSS Corgcon
Hoes lkaform
ke el
AES [1=)
mpszt Froduck awalable trough Ticona
Price
= High Perlonmance Plashcs Acronans
AR = acrdonifrie-bulbdieneskyrene HTH = high kemperalre polyam de nodon)
oao” = cwclic dlefin copdymer LZF = liquid cryshkl pdymer
FF = luoopclymers A = polyamide &a o)
BAS = pdyan ide & [mdon) Fas = podyard aullkore
PAd & = pdwanide 4.l BT = pdwoycldhexyleredimetidens krephhalale
BT = pdrbutdens erephbalake FEI = podweher mide
FEEK. = pdwebereberksime FET = podwehdens krephbalak
FES = pdweher sulfme PP = modified polvphendene ooide
o8 = pdwaome bidens (polvacenl) FFSF = polvphensyens aolfide (glas:z Rled)
FFS-8F = pdwphensens adfide imineral Rled) FSl = polyaul ore
FRA = pdyphhdam de P = polwarbonate
SPS = ondiolkch: polvshrens
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0 conducting [conductive] polymers

1 I polv(acetvlene olv(pvirole olt(thiophene
Q structural characteristic? polybenyind) TR pollf brophcee)
0 some CP prepared by K=X /@\ /@\L
polycondensation ¥ .
(p p 24 - 2 7) polv(para-phenvlene) polv(3 4-ethlenedioxvthiophene)
o PPP PEDOT
Wittig, Heck, or 7\ SN\
. c C
McMurry coupling TR AT A
for PPV .

polv(phenvlene sulfide) poly(para-phenylene vinylenc)

0 some by chain polym’n ops .

(Section 8.3 pp194-197) @S@ ‘%

more popular

polvaniline
PANI
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2 polysiloxanes

0 = siloxanes? (p27) - polymerized siloxanes (better)

R] Rl 1
| |

n Cl“*?iwCl + n+1)H,O ——r HO*"-?iWO——H + (2n HCI)
R2 _R2

2 silicones = silicon-containing polymers
silicone # silicon # polysilicon

2 PDMS ~ most popular
silicone oil, rubber, resin
depending on MM and/or crosslinking

higher MM silicones by ring-opening polym’'n (Ch 7)



Polyaddition polymers

no small group released - not condensation, but addition

0 polyurethanes (PU)

a RA,+RB, [diilsocyanate + diol]

1 O:CmeR]_N:C:O + n HO*Rz_OH -
i i
+C—N—R;~N—C—0—R,0}
H H

2 wide range of monomers p29
aromatic or aliphatic diisocyanate
small to polymeric diol ~ give rigid to rubbery PU

Ch 3 Sl 14

0 segmented copolymers ~ thermoplastic PU [TPU] Section 9.4.1

0 polyureas o o

i |
0 RA,+RB, [diisocyanate + diamine] JrC*I;J—RIWI]J—%MI]JmRQ—M?

H H H

H
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0 Diels-Alder polymers

2 cycloaddition of diene and dienophile

Icf o ﬁi
Y OAi\ ) %j J00-150 °C j\o)\o/\ijjgjﬂoj\o/\(ﬁ

0 may give ladder polymers
high heat resistance [fit#w] and thermal stability [Zv&ZE¥]
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2 bismaleimide (BMI) resins

0 0
A
n L‘(N_AI-_MNP/J + n HoN—Ar—NH,
S(O} \ ‘BMI resin’ ~ prepolymer
0 0 | 0 0 |
= HH | H . NHTAr—NH [ 9
W N—Ar—N ‘ /<N——A1'—N>L T J<N~—A;——~N>\\;'
\< V\NH—AI"%"-NH H | H
© © I O O | 0 o)

n—1

2 further reaction [crosslinking] using (bis)maleimide group
C=C or multifunctional amine

O composite matrix or high-Temp adhesive ~ better epoxy

» composite ~ polymer + filler [carbon, ceramics, ---]

» polymer blend ~ polymer + polymer



Theories for step polym'n

0 assumption: principle of equal reactivity of ft'nal grp
a (number avg) deg of polym’n, x,

0 based on number of monomer units, not repeat units

iIn RA,+RB,, monomer unit # repeat unit
n HO—(HJ—RI—%?—OH + n HO—R,—OH

H0+(”:—R I—E—O—RQ—OtH + (2n—1) H,O

\ J \

\

In ARB, monomer unit = repeat unit

n HO-R—C—OH H=O-R-C—-OH + (n-1)H,0
n
O O

\ J

end group? ignore

a M, =X, M,
M, = (mean) MM of monomer unit = [MM of repeat unit] / 2




Carothers theory for MM
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0 Carothers theory for stoichiometric balance (# A = # B)

2%, = No/N A-A --- B-B

N, = initial # of molecules ﬁ-ﬁ g—g

N = present # of molecules A-A -—- B-B
a extent of reaction [conversion] , p A-A-—-B-B

p = # ft'nal group reacted/initial # o L

— (NO —_ N)/NO 1500014_ \-'WEICH,I‘EI—Ond-HO{CH,}“,—O—AM
—_ mﬁtcn,;.ﬁ—0|cu,|m—o_m+H20
N=No(1-p) > | _ 1 °
xi] = ";-“2 1o
1—p X

A For high x (MM), high p is critical.
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2 Carothers theory for imbalance

a reactant ratio, r = N,/Ng
N, = # of ft'nal group A =Ny r (r < 1, defined)
N = (Ny+Ng)/2 = Ng(1+r)/2

N = [{Na—PNa} + {Ng—PNp}] / 2 = rNy(1=p)+ Np(=rp)

2
_ 1
DXnZNO/N - Xp = o
I+r—2rp
r=1->x,=1/(1-p) Table 3.3 p31
p=1->x,= (1+n)/(1-) When p =1 = .99,
A For high MM, r and p close to 1 necessary. X =67

r = 1 < high purity monomer and accurate feed



2 controlling MM (not too high) by
2 stopping reaction early ~ not practical

2 imbalanced monomer feed
slight excess of one monomer
lowering r
chain end still reactive

2 addition of monofunctional monomer

RA,+RB,+RB or ARB+RB
methanol in polyester synthesis

lowering r N,
 —
Ny +2Ngg

chain end inactive '\ 1 RB as effective as 1 RB,

Ch 3 S/ 20



Statistical theory for MM

0 developed by Flory
0 probability of finding a x-mer, chain with x monomer units
P(x) = p(1 - p)
2 number of x-mers
Ne=NP(X) =No (1-p2p<t  gpp 1931 P

p =095
— — p=098
--------- p=0.99

N=No (1-p)

2 P(X) vs X
number [mole] fraction

Monomer is of the largest
number.

as p up, P(x) gets broader

0 50 100 150 200 250
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2 weight fraction of x-mer
w, = N,M, / NoMy = N, XMy / NoM, = X N,/ N,

— 2 px-1
=x (1 -p) p* N, = N, (1 — p)2 p*L
0 W, VS X a0 Iliig 3.1(b) p35
MM distribution curve ;)
P N Bl p=0.90
usually presented 0.032 p=095| -
A _ | 1‘ —_— — pi8.98
> P up; 0024p 1+ LT p=071 |
i

= Max moves to higher x [MM].
= Distribution gets broader. = 0,016

0.008

/ .-
0.000 *
0
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a M, vs M,

O M, = X POOM, = 2 (1 - p)p*L xMy = Mo(1 - p) Z x p?

— MO / (1 - p) Xn — 1/(1_p) ixp“"l) _ (l mp)—z

x=|

aM, = 2 weM, = X x(1-p)?p*t XMy = Mo(1-p)? X x2 prt
- MO (1+p)/(1_p) ixzp(""” =+ p)(lwp)_3

x=]

apblorD, | Mw_j.,
M,

‘most probable [Flory(-Schultz)] distribution’
When p - 1, PDI - 2



2 MM distribution
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a Flory distribution ~ M /M, /M, = 1/2/3 (when p = 1)
2 theoretically PDI < 2; in practice PDI > 2

2 distribution curve and avg MM

10* w;

T
4.0

3.0

2.0

1.0

0.0

M, =100.0 kg mol~*

M,, = 199.9 kg mol ™!

M, = 299.8 kg mol™?

Fig 1.4 |

. I
0 200

1 1
400 600
M,/ kg mol™!

800

1000

max at M,?

W, =X (1 -p)? p

dw,/dx =0 =
x==1Inp=1/(1-p)=x,




Kinetics of step polymn
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~VvA + Banv + catalyst L rABArv + catalyst
2 equal reactivity - all k’s are equal indep of size
0 rate of external-catalyzed polym’n
k'[cat] = k
1 _d[Al/dt = —d[B]/dt = K[A][B][cat] = k[A][B] o2
L[A]=[B] =c
100 | | T .
0 —dc/dt = kc? p=.99
0 [ (=1/c?) dc = [ k dt il
0 (1/c) — (1/c,) = kt O 1p=.98
¢ =cy(1-p) SR :
1 1/(1-p) = cokt + 1 o0k Fig 3.2(a) p38
oL’.. ‘ ’

l
0 200 400 600 800

(a) t/min
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0 rate of self-catalyzed polym’n
A is catalyst awa ftnal group (eg -COOH in polyesterification)

0 —d[A]/dt = K”[A][B][A]

200 pP=.93
L[A]=[B]l=c
0 —dc/dt = k”c? 150 1 )
0 (1/c?) — (L/c,?) = 2Kt T 100 {p=.90
L c=cy(1-p) -
0 1/(1-p)? = 2¢ 2kt + 1 ol Fig 3.2(lo)l p38
. . ‘
a very slow ~ impractical o
2 Actually, equilibrium rxn (b) tfmin

2 Equilibrium consideration requires removal of eliminate
products!



Ring formation (cyclization)

o  wo {
HOQO v C— QH >

- (Ii:—mo
O
2 Cyclization favored for 5, 6, 7-membered rings.

2 Cyclization interferes the growth - lower MM

2 Intramolecular vs intermolecular rxn
2 unimolecular vs bimolecular rxn
2 Inter favored at high conc’n = bulk process preferred

Ch3S8/27



Step polym’n processes
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2 For high MM

2 high conversion (p =2 1)
long reaction time, high Temp
use of catalyst

shifting equilibrium by removing small molecule like water
may need high vacuum

0 stoichiometric balance (r - 1)
use of high purity monomer
self-polycondensation, ARB
multi-stage polym’n

2 avoiding cyclization
bulk, no solvent



Polyethylene terephthalate (PET)

2 direct esterification of TPA and EG not popular
< difficulty in stoichiometry control at high Temp

0 (two-stage) transesterification preferred

0 1st stage
. DMT . EG
CH30—5©-(”3—0CH3 + (2+x) HOCH,CH,0OH — was popular
eXCess (easy to get DMT)

O O
I [
HOCH2CH20—C©—C“OCH2CH20H + 2CH30H + xHOCH,CH,OH

or
TPA EG
O O s .
HO—&@(”:—OH + (2 +x) HOCH,CH,0H — 1 Is popular
excess (faster, no need
i D MeOH recovery)

I i
HOCHZCHZO—CQ‘C—OCHZCHgoH + 2H,0 + xHOCH,CH,OH

BHET
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0 2nd stage
at higher Temp
EG pumped out under high vac

O O
Il Il
n HOCHQCHQO—C@C“OCHQCHQOH

O @)

Il Il
C@C—OCHQCH?_OJfH + (n—1) HOCH,CH,0H
n

O automatic stoichiometry

HOCHQCHzo“%



Nylon 66
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2 melt polym’n of ‘nylon salt’
separated by recrystallization
stoichiometry kept

O O
il Il
n H,N—(CH,)¢—NH, + nHO—C—(CH,;);~C—-OH

Hexamethylene diamine l Adipic acid

0
N o= 7o
n HyN—(CH,)s—NH;0~C— (CHy);~C—O nylon salt

|

0 0
il il
HJ{NH—(CHZ)G—NHMC—(CHQ)L;C+OH + (n-1)H,0

n



Interfacial polymn

0 polycondensation at agueous/organic interface

0 Reaction must be fast.

use of diacid halide rather than diacid
Schotten-Baumann reaction polwmeﬁbim A

0 0O
Il I
n HQN_(CHg)ﬁ’"NHZ + n C]_C_(CHz)g_C_‘CI
Hexamethylene diamine Sebacoyl chloride

Solution A

|

0 o)
}1{NH_(CHﬂ6Pﬂ1é(CHﬂgéﬁ}“Cl + (2n-1)HCI

n

Polyamide film —s>

Solution B

2 High MM achieved < stoichiometry kept

2 typically with vigorous agitation
commercial process for PC

CH
i Q NaOH
n HO (|3 OH + nCl—C—Cl —

CH,




Polymerization processes
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0 4 types
2 bulk polym’n —~ monomer (+ initiator) only
2 solution polym’n ~ monomer(s) (+ initiator) in solvent
polymer precipitates ~ precipitation polym’n
0 suspension polym’n ~ monomer + initiator in non-solvent

2 emulsion polym’n ~ monomer and initiator in different phase

2 only bulk and solution processes for step polym’n

2 bulk more favored
low viscosity
low heat evolution



Non-linear step polym’n
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2 monomer with f>2 - branching - crosslinking
0 HOOC-R-COOH + R'(OH), > S o o o o

| I Il i I /
—O~R-0—C-R-C—0~R~0~C~R-C~0-R|
9 A\
RA, + RB; T
RA, + RB, + RB; ~ general =0
ARB + RA, + RB; —odrdlod
|
ARB + RB; - branching only 2_0
ARB; > HBP R—C—0—R'—0—

2 gelation ~ network formation

2 gel point ~ at which the first network molecule is formed



Network polymers

p42 ‘Network polymers are termed resin.” ~ wrong
= network polymers = crosslinked polymers
= resin [#§] = thermoplastic resin + thermosetting resin

2 phenol-formaldehyde resin [phenolic resin]

OH OH OH OH

H addition CH,OH CH,0OH HOH,C CH,OH
+ o >
H
i ) (f=2) CH,OH CH,OH
=3
\ OH OH
, CH, CH,OH
condens’n @( @ . 1o
OH OH

al /
- H,0 OH OH
CH,OH < CH,OCH,
Q + HZO

CH,OH
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QO prepolymers

resole [resol] ~ aldehyde xs = more addition - polyalcohol -
cured by heat

OH OH OH
HO OH

novolac [novolak] ~ phenol xs = more condens’n - polyphenol -
cured by hardener like ‘hexa’ (HMTA)

OH OH N
CH, CH, ci, CH, Al
//jr /) N 2% CHy CHz
)&/ \-— N I
HO HO OH M
. CH CH,

2 i N
. . OH el
0 thermoset, adhesive, coating @f e
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2 amino resins = UF resin + MF resin

0 urea-formaldehyde resin 0
I
urea~f=4 HoN—C—NH,
U + F - prepolymer - hardening Urea
molding, laminating, adhesive
2 melamine-formaldehyde resin NH,
melamine ~ f =6 NA\N
| o Py
reaction, application similar to PF and UF H,N™ 'N° 'NH,
Melamine

utensil, table-top Formica®

_NH2 + CI’IzZO E— _NH_CH:_)“‘OH
HO~CHNH—

—NH-CH,~O—CH,NH— + H,0O
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0 epoxy resins = epoxy

CH,

s
n+2) CICHZ—CI{I—/CHE + (n+1) HO‘@*({,“@*OH
0O CH;
Epichlorohydrin Bisphenol-A
i
NaOH
|5
CHZ—/CH—CHZ"O ?@O_CHZ_QH_CHZ_O@(I:
\ !
0 CH; OH | CH; DGEBA
epoxide
b CHZ—CH—CH2—0© prepolymer
ring N

0 cured by hardener

amine curing (f of DGEBA = 2)
= tertiary amine
= multifunctional amine pp44-45

curing = crosslinking
hardener = curing agent




Ch 3 5/ 39

0 epoxies (cont'd) B R
H,N—-R—NH,
Hy;N—(CH,),—NH— (CH,),—NH, wmcfio—\cm cﬁ(g)—\Cwa
Diethylenetriamine (DETA), f=5
OH (l)H
_ _ W‘J’W‘éH—CH\Q CH,—CH~
anhydride curing (f of DGEBA > 2) N-R-N
v CH— CH, CHZ—(EHNWV\
o OH OH

O o =2
U catalyzing rxn of -OH

0 variety of property and application
dep on structure of prepolymer and hardener
(high-performance) composite matrix, adhesive, coating
electronics part, insulator (PCB)
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a network PU’s
o
CH,TO—CH,~CH+-OH

(EHQ—PO“CHTC]ZHJEOH

2 diisocyanate + polyol
polyether polyol
polyester polyol

(CHy); CHs
CHﬂLO—CHz—(le-};OH
CH,

0 property dep on length of polyol
rigid (MM < 1000) to flexible (MM > 2000)
2 elastomer, foam (sponge)

0
Il

—N=C=0 + H,0 — {WNH"COH — - —NH, + C
0 0

a carbamic acid gas



Carothers theory of gelation

2 gelation [crosslinking] at x, = o

a avg functionality, f

P DN RA, + RB, + RB,

0 extent of reaction, o
P p:Z(No N) _ 2 1_% X. = Ng/N
N U.ﬁw fav Xn
0 gel point, p, g)
Pec = f—

af, ™ > p. v Table 3.4 pa7

0 valid only for stoichiometric balance (r = N,/Ng =1)

like 3 mol of diacid + 2 mol of glycerine
= f,=12/5=2.4>p, = .83

for non-stoichiometric system, See Odian ppl106-108



Statistical theory of gelation
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0 developed by Flory
a0 For RA, + RB, + RA;

2 crosslinking when there exist chain segment like

(;-»AR—AB—R—B|A —R—AB—R—B|A—R—A

2 branching coeff, o

probability of a chain branching point (from A;) meets another chain
from branching (Ay)

probability of having the above chain segment
0 gelation when o = 1/(f-1)

For f = 3, gelation when a = /4.

When o < 1/(f-1), only branching occur.
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2 probability of the chain segment

= palps(= YIpal pay v =N, in A / total N,,

(;-yAR—AB—R—B[A —R—AB—R—B]|A—R—A
Pn  Ps(1-v) Pa Pe ¥

o = PAPBYZ[JDAPB(I - }’)]i = pappY[1—papp(l— 7’)]“1

[:() o

i .
;x_(lmx) forx <1
0 gel point, |
C(f-D r = Ng/N, = pp/py r <1
1 _ ~1/2
_ (pa)e =lr+ry(f—2)]
(PaPs) Tt 7(f—2) A

(pB)c — ’,1/2[1 _!_y(f__z)]*lﬂ



Comparison of theories
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2 3 mol of diacid + 2 mol of glycerine
a by Carothers ~ p,. =2/ 2.4 = .833
0 by statistical ~ p, = 27 = .707
r=1,y=1,f=3
0 experimental (with a few acids), p. = .765
0 Carothers theory overestimates p..

2 Molecules larger than average present, which gel earlier.

0 Statistical theory underestimates p..
2 Cyclization wastes reactants.
0 Reactivity of functional groups in A; not the same.



Dendrimers

0 dendritic polymer with regular structure
2 highly branched to form sphere
2 monodisperse MM and symmetric
2 Internal void and dense surface

O property-applications

O compact, no entanglement
—> low viscosity = rheology modifier

2 Internal void - holds catalyst, drug

2 high conc’n of surface group
—> attaching sensor, drug, gene
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i 'L 3
- 2 .
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0 synthesis
0 # of branching unit N, L@ N e
£ @
No = D funelfor =D - O, /
b - b X ~ generation - - — T
p _ \ \
Increases rapidly with generation R
i i \(\ | Core
2 starburst limit A }\

crowding at surface - imperfect surface, broken symmetry
10th generation when f,, = 3; 5G for tetrafunctional

2 methods ~ multi-step € multi-generation
divergent, convergent, mixed, double exponential

2 reactions
must be fast and clean



Ch 3 Sl47

0 divergent approach
G by G from core
repeated coupling — activating [deprotecting]

L«@V ¥

Activate

v‘_r’g\n Link to N ‘W ey |
" @ pbranchin ngunits O —( furface groups 1 W
Core molecule

Fig 3.8 -ivv OifP

surface groups

7\5‘ Ty

=

Link to branching units

Link to
branching
units
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2 convergent approach
wedges [dendrons] connected to core
coupling — activating also
starburst limit also

possible to prepare chemically-asymmetric dendrimer

o

Q,P‘}‘i

———————
Link to inner Aclivate
branching unit focal group

Link to inner
branching unit

Fig 3.9

focal group

-

Link to inner
branching unit
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2 divergent and convergent mixed
wedges linked to 3-4 G dendrimer from divergent

2 double exponential approach
coupling — activating surface and focal group

Activate g

focal
group

Activate
focal
group

Activate
surface

groups D_.:

Activate
surface
groups




Hyperbranched polymers (HBP)

2 dendritic polymer with irregular structure
2 ‘one-pot’ synthesis

0 ARB, monomer ) - : “,<B
AB,, or single monomer method 'y a""<ah’<a

X =2 A/‘B ""<B

no gelation possible B
B B /LM_<B BA/<

a_<ﬂ — ,_<B

A
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0 RA, + RB;
A2B3 or double monomer method
f >2
can crosslink
stop before gel point b 6 o o o o
| i i |
—o—Rf—o—c—R—c—o—fﬁ'—o—é—chi O—R’/\
0 %
(!JZO
R
(|3:0
0 ?
—0~C—R—C—O—K
?
(|ij
R—(|T‘—“O—I|2’—O—
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4 structure
2 distribution of MM and branching
2 branching factor [(average) degree of branching]

N tbr + N term

b hi Fy — :
ranching factos Fig 3.11 p56

total

A
_ (»)
Ntotal — Nfbr + Nterm + I\Ilinear

Branching factor = 12/18 = 0,67

a max 0.5 for AB,, 0.8 for A2B3 HBP



0 property-application
2 irregular but close to spherical

iIrregular inner voids ~ carrier
low viscosity ~ rheology modifier

0 dense surface with functional B

DENDRIMER

iz

Zz

« Well-defined core (1)

« Maximum branching

* [somolecularity

+ Large-number of end-groups (2)
* Almost spherical shape

= Intramolecular cargo space
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HYPERBRANCHED
POLYMER B ;
n\l/m_m;

B
A
| B
AB BA—A a-{
\r/ .
BA—AB
/An B
ps BA—ABR TB‘Q
a—< B—BA
BA BA—AB
.,
AR
BA—A B—<B
B
* Mo core

+ High degree of branching

= Polymolecularity

* Large number of end-groups (B)

= Distribution of globular shapes

» L ess well-defined intramolecular cargo space
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