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Polymer surface modification with mono-
functional groups of different type and density
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General intention

plasma-enhanced formation of

monosort functionalized polymer surfaces

X X X X X X X

polymer
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Functionalization of polymer surfaces by plasma modification

adBaAA

polymer

Unspecific functionalization

e.g. formation of different O functional groups
by exposure to oxygen plasma

I Specific functionalization
polymer

e.g. formation of functional groups of one type

by bromination, combination with chemical processes,
pulsed plasma polymerization of functional groups
carrying monomers
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Plasmachemical surface functionalization of polymers
Unspecific and specific functionalization

O, plasma OH OH OH OH OH OH OH OH
pulsed plasmapolymer
ﬂ polymer substrate
OH O 0 COOH O\H OH COOH COOH COOH COCH
| || / \ | V | pulsed plasmapolymer
polymer substrate polymer substrate

pulsed plasmapolymer
polymer substrate

polymer substrate

unspecific surface functionalization specific surface functionalization

-old process- -New process-
Result: maximal 25-28 different Result: maximal 18-40 monofunctional
(multifunctional) O functional groups per (monosort) groups per 100 C atoms at
100 C atoms at the polymer surface the polymer surface
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Problems with the unspecific functionalization

Broad variety of different functional groups is formed,
which is derived from the composition of the plasma gas

The cause of the broad product spectrum is the excess of energy in the

plasma, which is much higher than the activation energy of an
ordinary chemical reaction
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energy distribution of electrons in the non-isothermal plasma
$
binding energies in organic molecules
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(radical formation and crosslinking)
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— ~ cracking of aromatic rings

- (,,polymerization“ of benzene)
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Elemental processes in the non-isothermal plasma

Collision processes

C—> 1 e + A 0 A+ + e + e ionization
2 e + A O A* + e excitation
3 A* + B O A + B* + e Penning ionization
4 Ax O A + hv radiative desactivation
5 At + B O A + B re-charging
6 At +e + M O A+ M* recombination by three body collision
7 At + e O A + hv radiative recombination
8 A"+ B O AB* ion-molecule reaction
9 A* + B O AB* + e- Hornbeck-Molnar process
10 ABCD* + e- O ABCD* recombination with internal excitation of vibrations
11 AB* + e- O A* + B dissociative recombination
12 A*+B-+M O AB + M* recombination of ions

or
A+ B + M*

13 A + e (+M) O A- (+ hv, M*) formation of negative ions
14 |AB + e O At + B- + e lon-pair formation (at high kinetic energies)

|:> le+A O [At+er1+en ionization activation of styrene
example |ionisation energy (eV)|dissociation energy (eV) _— — %

A\
CFs 178 /53 = S
CHBr3 10.5 2.4 (Br), 4.0 (H) -
CH4 13.0 4.5
CoF 10.1 4.2 — " —
C.H, 115 50 activation of azobisisobutyronitrile (initiator .
CoHe 10.6 4 7 (CH2),-C(CN)-N=N-C(CN)-(CHy), —> 2 (CHC(CN) + N, Ca. 1.1 eV
CH3;COOH |10.4 0 . . . .
CH§CH2_OH 106 EO ; E ; The further chain propagation is exothermic, needs
CsHs 9.3 4(H), 115 (C=C) no further energy !!!!
4.4 (H)

yEBAM

Federal Institute for Materials Research and Testing Berlin, Department VI.3: ,Analysis and Structure of Polymers®



Elemental processes in the non-isothermal plasma

energy consumption
pressure
(Pa)
102 Processes atw
distribution of induced energy
15% 10% 65% 10%
100 ’H
pressure in the non-isothermal plasma
>
102 vacuum UV
20 nm < A < 200 nm uv
C-Cy_ oo C-Hy_ & VIS
10 processes in the volume
0 20 40 60 80 100 [%

Percentage of consumed energy in the plasma referred to the power-input
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Available ways to produce monosort functionalized polymer surfaces

1 oxidation in the O, plasma followed

by a wet chemical reduction of O func-

tional groups to OH groups

2 Formation of C radicals by plasma

activation followed by grafting

3 Selective plasma bromination

4 Grafting of spacers at C-OH, C-Br sites

5 Pulsed plasma polymerization of

functional groups carrying monomers

6 Plasma-initiated radical copolymeri-
zation of functional groups carrying
comonomers with chain-extending

comonomers

> BAM

<|3H |C|> ?HO $OOH OH OH OH OH
O, plasma reduction _ 11 selectivity: 60%,
~ | POLYMER o POLYMER ' |9.14 0H /100 C
2Mg
- SE&8SS
Ar plasma £ ** grafting SOLYMER ca. 5 groups /
> POLYMER >
acetylene plasma 0 100 C atoms
Br Br Br Br
HCBr3 or Br, plasma 1 | | selectivity: >85%,
> POLYMER 40 Br per 100 C
NH, NH,  NH, NH, atoms
2 2 ? OH OH OH OH  NH, NH, NH, NH,
0SS0 8 8 8 { ( ( {
chemical grafting Cl) (|3 Cl) <|) <|3 c|> <|3 <|3 lluH rlle rluH rluH
silanes, dioles, diamines POLYMER POLYMER POLYMER

allylalcohol, acrylic acid, allylamine

Y

allylalcohol, acrylic acid, allylamine

|

butadiene, ethylene, styrene

selectivity: 50-80 %, 5-10 spacer / 100 C atoms

cl)H <|)H cl)H <|)H C|200H C|200H (|:OOH llqu r}le rlqu rlqu
POLYMER POLYMER POLYMER
selectivity: 55-95%, 31 OH, 24 COOH per 100 C
Cl)H lOH Cl)H (|)H (|)H (|)H Cl)H
POLYMER POLYMER POLYMER

range of variation: 0- 31 OH /100 C
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Applications
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Applications of functionalized polymer surfaces

SYOIRAVISZY- O-Si(OCHs),-CH,-CHy-CHy-N=CH-CH,-CH,-CH,-CH=N-CH(CH;)-COOH

biomolecule grafting ﬁ
- Rhniiendie i metal layer metal layer
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Ly o e ] [ e
S "-l ” OH OH OH OH OH OH OH OH =
- Jd_'qﬁa A1 <:| pulsed plasmapolymer layer |:> adhesion model
I,'._J;E#'ﬂ’ vawh | polymer substrate "
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water drop reactor ", o Q
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wrapping of nanoparticles
M gmfmaﬂ@@ IintLQe nanotu b@&rch and Te;jor Chr?m atogtaphlc phasesb of Polymers* 11




Principle
of (chemical) interactions between metal atoms and MODEL surfaces with functional
groups of different type, concentration and bonding to the polymer

metal layer metal layer metal layer metal layer

TEIALE  ELLEELA ITATILE I51ET]
ddiadddPy daddde nll I,

functionalized functionalized functionalized
polymer surface polymer surface polymer surface

interaction between

uniformly functionalized model surface functional groups and functionalized
polymer surface
metal atoms
homopolymer copolymer functional groups bonded to
different types of functional groups (maximum density of (variation of the density of spacer molecules of different
functional groups with functional groups) length
respect to the stoichiometry (flexible bonding of metal to polymer)

of the monomer)

\_ /
e

unspecific functionalization monosort functionalization
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Chemical interactions between metal atoms and functional
groups of different type

W=New  W-Wechselwirkungsenergie, N=Zahl der Gruppen, w=Wechselwirkungsenergie / Gruppe
N=ceLeA  c-molare Konzentration, L-Loschmidtzahl, A-Flache

i=1.....m — Arten der Wechselwirkungen L [f ¢ = c(Funktionalisierungsgrad)
i=1
oxygen plasma (28 O per 100 C):
metal layer OH
SO hObao : Cro
R R W:A[ﬂ_@gm COOH
=1

tigere R

functionalized

polymer surface C-0-Oe
C-O-C
C-0-0-C
metal layer >C=C<

2000000

'? ? ? ? ? ? ? W=ALL [¥ C« 6w allylalcohol plasma (31 OH per 100 C):

OH

functionalized
polymer surface
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Functionalization of polymer surfaces in the

Y BAM

O, plasma
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Functionalization of polymer surfaces in the O, plasma

maximum pretreatment -

result:

range of minimal changes in orientation,
but with sufficient functional groups and
high metal-polymer peel strengths

e o) ' T

. 100 4
After 1 -2 s treatment in the 80\ — m— anisotropic orientation .-40
O, plasma a complete : . R o L 30
surface functionalization | Self-Assembled Monolayer (SAM) 20 £
IS reached. ¥ from octadecyltrichlorosilane (OTS) | " L('E
= =
.. . = : : = —10 o
Up to 2 s the original orien- b o L w6 n B
. §=] =
tation of macromole_cules at s b SS inonentation’ ' ' ' ' ' Luao E
the polymer surface is largely @ I [ 3O
remained (angle-resolved = ... C emi-crystallizationq 20 E
NEXAFS measurements). S ., [ / S
g & PP —e—0(C (%) - 1008
2 '400£ L R an|sotrop|c orientation T
Up to 2 s maximum peel g T 1110
6 8 10 12 14 16 18
strength in the AI-PET 00 T
- q I;:M"’ O—O/C (%) - 40
composite were measurea. B0 —-a--wetAl peel strength (N/m)
60 A~ m-anisotropic orientation %
: LN - 20
01 PET .
20 R U - 10
B T
04 T T T T | T ? T -0
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Federal Institute for Materials Research and Testing Berlin,

treatment time (s)

Department VI.3: ,Analysis and Structure of Polymers®

Influence on functionalization and supermolecular structure

Monomolecular layer

of a C,4 aliphate at the surface of a
Si-wafer (SAM) as model for a
polyethylene surface

Polypropylene foil without XPS
identifiable additives and
surface oxidations

PET-Mylar foil without XPS
identifiable additives (only

Si) and its thermal evaporation
with 300 nm Al
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Functionalization of polymer surfaces in the O, plasma

maximum pretreatment — loss in supermolecular structure measured by NEXAFS

330

330

OTS, untreated OTS +2s O, plasma
20° 20°
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L
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§ 90 90
o
difference spectrum 20°-90° difference spectrum 20°-90°
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OTS +4s O, plasma QTS +8s O, plasma
>_ o PaYaYe
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(al . aliphate (CagHa7SiCly)
=]
D
N 55°
©
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Functionalization of polymer surfaces in the O, plasma

functionalization and degradation of LB layer of stearic acid at exposure to oxygen
plasma measured by means of SEIRA (Surface-Enhanced IR Absorption)
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<
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<
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Functionalization of polymer surfaces in the O, plasma

combination of plasmachemcal functionalization — chemical reduction of O groups to OH

— COOH
— C-0-O-H
O, plasma B
>
CHO
_ >C=C<
— C-0-C
F1s
I 01s Cls
. 0, plasma + +TFAA
=
S Mo
= 0, plasma + TFAA
177}
Voo
=
g 0, plasma
o
[ I~ U\/\NW
N polypropylene
[ TFAA derivatization: -OH + O(CO-CF), -~ -O-CO-CF, + CF,-COCH

700

>

600

XPS

BAM

500 400 300 200
binding energy (eV)

COOR, COOH - OH

reduction with B,H, C-0-O-H, C-0-O-R - OH

> >C=0, CHO - OH
>C=C< - OH
C-0-C O C-0-C

reflectance

1785-C=0 (TFAR) 1223-C-F, (TFAA)

LE 1550, plasma, BH/H,SO, + TFAA

E 1550, plasma BH, + TFAA

PE; 1550, plasma +TFAA ‘w
PE; 1550, plasma
PE + TFAA

1 |
3000

2500 2000 1500 1000
wavenumber [cm ]

FTIR
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Chemical graft reactions at plasma-introduced OH groups

combined process: plasmachemical oxidation in the O, plasma and wet-chemical reduc-
tion by B,H,, LIAIH, or vitride™ as well as introduction of spacer or biomolecules

-COOH -OH -0-Si(OCH3),-(CH,)3-NH,
> | >C=0 > |-OH > | -0-Si(OCHs),-(CH2)3NH;,
Of OH OH
P . .
= functional  reduction b ' ionalizati
0, plasma n by OH groups  H,N-(CH,)3-Si(OCH3);  NH, functionalization
2 groups B,Hg (diborane) by aminosilane

-0-Si(OCH3)-CHy-CHy-CHp-N=CH-CH,-CH,-CHp-CHO
-0-Si(OCH3);-CHy-CHy-CHy-N=CH-CH,-CH,-CH,-CHO
OH

.

glutaraldehyde
(OHC-(CH,)5-CHO) B
glutaraldehyde - modified

-O-Si(OCH3)2-CH2-CHZ-CHZ-N=CH-CH2-CH2-CH2-CH:N-CH(CH3)-COOH
> 'O'Si(OCH3)2'CH2'CH2'CH2'N:CH'CHZ'CHZ'CHZ'CH:N'CH(CH3)-COOH

alanine _OH
(NH2-CH(CH3)-COOH) amino acid - modified
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element/carbon ratio x 100

element/carbon ratio x 100

grafting of undecenylsilane (8 per 100 C)

Results of spacer introduction

O, plasma + B,H, + spacer
AD |- - r e
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N | o I grafting of dioles (5 per 100 C)
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Degradation behaviour of polymers

»(BAM

exposed to the O, plasma
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Cy edge

Normalized Partial Electron Yield [a.u.]

7T

Changes at the surface of PET

NEXAFS results: Loss in orientation and aromaticity
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90°

_——~_90-20°

‘ence

L—

280 300 320

o.*
ﬂstr.onq diffet

Oy edge
5200 540 560
Y BAM

1s O, plasma

280 300 32

o

177

\ddi

520 540 560

4s O, plasma

777
777

Wwu € = yjdap uoneuwojul

f small difference= |
g5 N0 orientation remained 355

N
1777

Wwu G = yidsp uonew.ojul

1

520 540

hv - BESSY’s HE-TGM 2 beamlir

60 s O, plasma

residual difference=
orientation remains in deeper

layers

Federal Institute for Materials Research and Testing Berlin, Department VI.3: ,Analysis and Structure of Polymers*

22



Degradation behaviour of polymers exposed to the O, plasma
behaviour of different polymers

>

100

D [0}
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| |
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Degradation behaviour of polymers exposed to the O,
plasma or to corona

SEC results
radio-frequency microwave corona
0s : I——20s I 0s
PET o 60s ‘\ s MW s Corona
I \ I 120s i
I——300s

PS
00 100 10 100 100 10°
r 0s Corona
L 5s
10s
P C 15s

10° '03 10 10° 10° 100 100 100 10 10° 100 100 100 10 10
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Degradation of PS in the O, plasma
crosslinking, Thermal Field Flow Fractionation (ThFFF) results

100 — 1 r . . r T 1T T T T T T Tr 1

Results: 10’ linear species
After 10 s O, plasma treatment %0
80% of the 230 nm PS layer L= thickness: 230 nm
are (weakly) crosslinked. 3 % crosslinked species

= E 60-

3T

S5

S =

= O

o X 40-

i

3

s & 20-

0 I ' I ' I v I I ' I

‘sletletet Neteletes
0 20 40 60 80 100 120 140 160 180
time of exposure to the O, plasma [s]

Thermal Field Flow Fractionation of a thin polystyrene layer for
characterisation of the crosslinked part of the polymer (MALLS
detection = Multi Angle Laser Light Scattering), which was exposed
to the O, low-pressure plasma.
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Degradation behaviour of polymers exposed to the O, plasma

Results:

4 different degradation
types of polymers at ex-
posure to the O, plasma
were found:

regular photo-
oxidative degradation
(PET, PC)

depolymerization
(PMMA, PS)

random degradation
(PEG, PP)

crosslinking (PE, PVC)

MALDI-TOF-MS
Unbehandeltes
Unbehandeltes Polymethylmethacrylat
Polyethylenglykol (PMMA)
(PEG) (i |
Os M U lj h
-.mh-'lass ! Ij:a‘rge o | o :r,.,.,.um“ U}LJ ll.U_-'L s 00 M0 0 W0 M

il
155 I I I
ek | FISRTTaRTAIT | i " m

Mas / Charge

[ 55 / Ehlua-rge

Abbau zu eiper |
neuen Molgkular- ,
gewichtsvefteilung '

Lo shli i T .31.:”’.. i i

i rh"l-:n-s ! l:r;mrge

Mass [/ Charge

1205

W%MM M i Andpla
1 i

. |
.. ' U | \ ‘ \ 15%
I dall ”.r* -.’lJI.JLln}'jhl'.hll-.-",'..'nJA_,\ —_—

i0s

|
ANy J'r"J.lllu"J- LA

Shift in der Molekulargewichtsverteilung

Ml "

Mass / Charge

2 examples of molecular weight degradation
of polymers exposed to the O, plasma






Br concentration [Br/C x 100]

Plasma bromination

A

HCBr, plasma
Br, plasma

reaction after Williamson and Gabriel

C—Br

C—Br

p< BAM

5 10
time of exposure [s]

Na-(0-CHp-CH,),-OH

Na—(H N-[CHz]G-NHz)

»
>

-
Y

15 20

C-(0-CH,-CH,),-OH

C-HN-[CH]s-NH

/OH
HZC\CH
2
HO O/
\CH \CH
H C/ 2 H C/ 2
OH 2 \O 2 \
/ / Ve
HoC H,C HoC,
\ \ \C
/OI-| /CI-Iz /CHZ / K
HoC 0 0 0
\ \ \ \
/CH2 /CHZ /CHZ /CH2
HoC H,C HoC H,C
2! \ 2 \ 2 \ 2 \
0 0 0 0

polypropylene

T

OO ONOONO/ONOLONOLONOu N, O~ O - N O oSO o NO o0
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Principle of pulsed plasma technique

CONTINUQOUS WAVE PLASMA

plasmainitiated fragmentation and polyrecombination ("atomic polymerization")
A S

@O plasma CH m polyrecombination )
fragmentation m CH }
C

A N

highly crosslinked, unsaturated and radical-rich product of irregular structuire

PULSED PLASMA

plasma activation + radical gasphase polymerization

\ ‘ '

monomer linear (atactic) products
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Polymer produced in the continuous-wave plasma

g

H,C s ,-::H-'":";-T
A e SH=CH.__  _ew”
S B ] N Ycn,
o
H‘c‘fa& e 2
Y
\-\?H:’
F e .
L g L ow-molecular weight product
H I 2
CH“'C"
CHy-=-CHy
b e, b
M LCH, |
jcﬂi f{'l*cktzﬁi?n‘%
T Eh on, &
A H‘-én 1 5 3
& x?ﬁc TH,
"R Yot
bty M Hyla,
cﬂ,nm Hy é“p CHy £ty i}"‘?"

He

el
S Crosdinked product
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Chemical (radical) polymerization

activation of styrene

—— o
o
<5 ’ iS ca.leV

activation of azobisisobutyronitrile (initiator) o
(CHy),-C(CN)-N=N-C(CN)-(CHJ), == 2 (CH5)C(CN) + N, Ca. 1.1 eV

- For a radical chain propagation one initiating step is needed
- Vinyl or acrylic monomers are well-suited for a radical chain polymerization
- Using AIBN as initiator or activating styrene directly about 1 eV is consumed for initiating the chain

- After initiation the chain propagation does not need additional energy, reaction heat is form
(exothermal reaction)
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Comparison classic and plasma polymerization

energy level catalysis / adsorption / chain
. S85ptsessece,
energy necessary for polymerization eed—— e
5 eV 5 oV 5 oV liquid monomer macromolecule
lev OeV 0eV catalyst
start propagation  start propagation start P o000000,,
- ()

radical polymerization cont. wave plasma

radical propagation

e o o o
o © 0 o
o © o o
gas pressure / collision rate ° *.°
I
e o eo o radical grafting from gas phase
¢ ¢ ... chain termination
plasma  atmospheric o . ﬁ ﬁ ﬂﬁ ﬂ ’H
10 Pa pressure
10,000 Pa
radical dispropertionation recombination transfer
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Monomers suited for chemical (radical) polymerization

OCH,

O p
a / - H=C - —¢—on—-

|
|C=O (I::O CH3
Monomer Polymer OCHs OCH,
styrene methylmethacrylate

weII-suite(_j, low ac@ivation eneray, well-suited, low activation energy
molecule is stable in the plasma, ’ :

intermediate styryl radical is resonance m0ﬂomer moIecuI.e hr? > t(landency tofragment
stabilized at the ester group in the plasma

H,C=CH  acrylonitrile well-suited o sonic acid e
c';EN tendency of oxygen uptake HzC—l acrylicacid  well-suite

and reaction at the CN group COOH gfe(éaétgﬁylatlon/decarbonylatlon

CH,=CH-CH=CH,  butadiene  suited, tendency of crosslinking

moderately qualified unqualified

. o aromatics aliphatics
H,C=—=CH allylalcohol H2C=(|3H allylamine  allyl monomers has low reactivity, benzene -nexane
(|:H2-OH CH,-NH, radical intermediate tends to toluene cyclohexane
resonance stabilization and DACH

therefore, to chain termination

H,C==CH, ethylene low reactivity, tends to branching and crosslinking
ethers, ketones, aldehydes
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Pulsed plasma polymerization

The chemical contribution to the pulsed plasma polymer formation is obviously by comparing the deposition
rates in the continuous and in the pulsed plasma. The effective plasma-on time in the pulsed plasma was 10% of
that of the cw plasma, however, the deposition rates are similar.

B continuous plasma = 100 Epulsed plasma, this work Elreferenced to same plasma-on times

3 particle bomjbardment and VUV irradiatian during plasma treatment
acetylene 3 duty cycle =Z0.1 e.g. only 10% of particlé bombardment and VUV irradiation !!
ethylene
100% plasma-on
styrene 0% plasma-on
<—
100% plasma-on
allylalcohol
+ 1000 % plasma-off
allylamine
A duty cycle of 0.1 was applied, e.g. the plasma was burning only during 10% of the: total treatment time
acrylic acid
0 500 1000 1500 2000 2500

normalized deposition rate

G-values of pulsed plasma polymerization are ca. 2500 and the mean polymerization

degree is 25 indicating regular radical polymerization.
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Pulsed plasma polymerization
dependence of the deposition rate on plasma-off time at given pulse duration (30 L)

200 400 600 800 5000

/L
T T T T T T T T 7/ — 3.0

40

—=e—ethylene 100 W (plasma-on 30 us)

3 —m—allylalcohol 100 W (plasma-on 100 pis) @~ allylamine 300 W (plasma-on 30 ps) ° ]
—a—allylalcohol 100 W (plasma-on 30 ps) ——allylamine 50 W (plasma-on 30 ps) / 1%°
30 4
25 - o /o/ - 2.0
—o

20

15

deposition rate [nm/min]
" deposition rate [nm/min]

10

|
[M Uiwywu] abeirem Jad ares uonisodap -

|
S}
2}

0 . . . . .
100 200 300

— 0,0

0 200 400 600 800 5000

0
Result: plasma-off time [us] plasma-off [us]

The ethylene pulsed plasma polymerization shows a maximum of the deposition rate at plasma-on / plasma-off:

30 ps-on/ 60 ps-off (1:2)

allylalcohol
30 ps-on /20 ps-off (1:0.7)

allylamine

30 ps-on/ 75 ps-off (1:3)

ethylene
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Shake-up satellite in the XPS C1s region and valence band
spectra of pulsed plasma polymerlzed polystyrene

L L A | Tt ¢ 1 T B T T T \|/B T
x10 C 1s A i
— | A ,J‘
S| e f 3 ™\
S, <, L
? Shake -up \. ? Mj‘ \1}. ')
c 2] \
Q [t )
g ‘\ 2| Pk LS
pulsed plasmaPS | = ﬂr
\ .
A amsmenspmsoy ey St st oo U ,
T - pulsed plasma PS Mh’ﬂ*ﬁ'*
205 200 285 280 30 25 20 15 10 5 0
binding energy [eV] binding energy [eV]
S0 A E VB
7 C1ls S C
= ~Afnra Mg ] _ o/ ‘\
<, Bl = j ""’m\
- Shake-up o % /-r ‘
3 > \ n
= / = ™
£ / N
reference \
bt ? - \"\. PS "‘M
e e — reference
o 12|95I - I2'9OI - I2|85I - I2|80 3102'52|01|51|0:'::(|)
binding energy [eV] binding energy [eV]

Result: identical C1s and valence band spectra of pulsed plasma polystyrene and reference PS
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NEXAFS (near-edge
X-ray absorption

fine structure) spectra
of pulsed plasma PS
and reference PS

5 pulsed plasma polystyrene
1 p*ringl C-K edge

normalized PEY [a.u.]
e

TT T T 7T TTT | ISLILILILEL L | | BLISLINLINCANLINL I B B I I N L B B A TTT T T T TTTT TTTTT

270 280 290 300 310 320 330
photon energy [eV]

54 p* . polystyrene reference
Result: comparable NEXAFS ' et C edge -
spectra of pulsed plasma = 4'_
polystyrene and reference PS g 3 o
E | ring2
2 2 t s g
s ’*ﬁ\/’\d’\
!'. o
E .................
= 1_ ............
g | | Jj \ .
N J polymer chain S*C-H

T I LU B I L AL I L
270 280 290 300 310 320 330
photon energy [eV]
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FTIR spectra of pulsed plasma PS in the region of nCH

Result: The aromatic rings remains intact, however, the polymer backbone is changed

108 — n(CH), ncHy 3001
106 —
104 —
(<D
U -
<
S 102 -
= | complete conformance
% 100 - in the NCH,,ymatic \nS(CHZ)
= 2850
98 — loss in conformance
] in the in the NCH_;ppakic
964 — Polystyrene standard
1 - Pulsed plasma polystyrene (100 W) n.(CH)
944 Pulsed plasma polystyrene (50 W)~ *°%°
' T ' T ' T '
3200 3100 3000 2900 2800

-1
wavenumberécm
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Pulsed plasma polymerisation of styrene

characterised by the molar mass and its distribution measured by Thermal Field

Flow Fractionation
1,80E-007
7 | continulous wave plasma -
1,60E-007 — pulsed plasma
-
1,40E-007 —
1,20E-007 — g cw plasma PS, 3 W
. g 0.008 pulsed plasma PS, 3 We".
1,00E-OO7 _ 19.4 kDa ,Eg
E 1] s e & 10
s, g
—. 8,00E-008 — ———————7— =
"% n 5000 20000 25000 300%@ 0,004
% molar mass [Da] Z:‘
£ 6,00E-008 - / =
- - low-molecular weight 2
4,00E-008 PS (99.9 %) 2 Rk j
2,00E-008 - R S
- branched PS (0.01 %)
0,00E+000 - : ~
pulsed plasma PS cw plasma PS
-2,OOE_OO8 ) ) lllllll ) ) lllllll ) ) lllllll ) ) lllllll ) ) lllllll ) ) lllllll ) LA
10000 100000 1000000 1E7 1E8 1E9 1E10 1E11
molar mass [Da]
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Stability of pulsed plasma polymers

Oxygen uptake of plasma polymer layers after exposure to air
NO radical quenching

< 0-OH - NO 0-NO, olefin
0-0-+- NO— diene
- NO
| -
=
%)
o :
- :
= :
(@) :
(&) :
@) : )
-~ ; vinyl monomer
@) ; ) y
7p) |
o i
>
| | I | |

0 10000 20000 30000 40000

time of exposure to air [min]

Result: cw and ppPS show a similar good stability at exposure to ambient air. In contrast the pulsed plasma acetylene,
butadiene and ethylene pick up high concentrations of oxygen. NO quenching stabilized the layers. Information depth:
5-10 nm.
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Functional groups carrying plasma polymers

B MM Federal Institute for Materials Research and Testing Berlin, Department VI1.3: ,Analysis and Structure of Polymers*
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Homopolymerisation

Polymer (substrate) surface functionalization by pulsed plasma polymerization of
functional groups bearing monomers to thin layers of (relatively) defined chemical
composition and structure

allylalcohol acrylic acid

n H2C:CH‘_’CH2'OH n H2C:CH‘_’CH2 n H2C:CH'COOH

COOH COOH COOH

MA/ JM/ PPy

COOH COOH COOH

M\ J\)\A/ )\)\K/

COOH COOH COOH

LT A A
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intensity [cts.]

allylalcohol OH

Pulsed plasma homopolymers
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Structure of pulsed plasma homopolymers
ThFFF of pulsed plasma-polyallylalcohol

Result:

pulsed plasma
polyallylalcohol shows a low
or moderate molecular
weight

p< BAM

intensity MALLS 90° [mV]

0,060

0,055-
0,050-
0,045-
0,040-
0,035-
0,030-

0,025 +

Dr =55°C
pulsed plasma polyallylalcohol
PS standards Easical 1

3040 kDa

330 kDa

retention volumina [ml]
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Homopolymerization
Measured yields of functional groups at polymer surfaces using the pulsed
plasma polymerization of functional groups carrying monomers

Monomer XPS  measured|C1s peak | Derivatization
elemental
composition (%) | fitting(%) |results

Retention |X per [pmol per | X per 100C

of X (%) [nm2 |mm? limit 33 gr.
Acrylicacid |90 (O) 80 73 1.5 2.2 » 24 COOH
Allylalcohol 1100 (O) 75 95 1.8 2.9 » 31 oH
Allylamine  [>100 (N) 100 55 1.1 1.9 »

yield f number /
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Homopolymerization
Ageing of functional groups-carrying plasma polymers

stability of pulsed plasma polymers during storage NH, retention in allyl amine plasma

poly(allyl alcohol) OH - no OH deficit polymer in dependence on wattage and
. plasma mode
during storage

.. - 12-18 NH,/ 100 C
poly(acrylic acid) COOH - no COOH deficit

- cw 'OU/S@O/
4 7 m
during storage - —

16

ST
4 NH’)

Problem: < 80% of NH, could be derivatized

poly(allylamine) NH,
- reaction at NH, group
- post-plasma introduction of > 15% O

2

number of NH_ groups per 100 C atoms
|

20

0 | T T T T T T T T T T T |

post-plasma O introduction 50 100 150 200 250 300
of poly(allyl amine) | 3437 N/100C —— pused e
15 0 e
170/100C € 3 | theoretical N concentration 32
© S j \m/_ (5
£ S 28 _— . - 28 3
— \ -
T .0l g 2 -NH,® -NH-R or -N<R' "R
o = 20 L 20 =
o [5) J L =
= o 16- N -166
5 2 ] ey
O 54 % ] u m O . [ g
4 pulsed O — N
0 . . 0 A s S B A B — 0
I ' ' ' 50 100 150 200 250 300
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0 10 20 30 40
L wattage [W]
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Copolymerization
functional group carrying comonomers and chain-extending comonomers
for varying the density of functional groups or
functional group carrying comonomers and bifunctional comonomers
for chemical crosslinking

H,C——CH—cC H,C——=CH—C H,C——CH—C
+ +
j 2 HC=—CH, CH,——CH—CH=CH,
o C
‘ C C C C
homopolymerization copolymerization chemical crosslinking
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Copolymerisation
C1s peaks of pulsed plasmapolymers of ethylene, allylalcohol and
-allylalcohol copolymer

12000

—m— ethylene
1 —@—allylalcohol
10000 4 —A— copolymer
i ethylene-allylalcohol 60:40
8000 - 286.4 eV = C-OH
S 6000 - _
S, o
= | o
L 4000 - oX a
D N
kS ] xR
A’ﬁ 2
2000 - AQ_A
- : : QQﬁ%ﬁDDDD
0 -
) | ) | ) | ) l ] l T
292 290 288 286 284 282 280
Result. binding enerﬁy [eV]
The C1s signal of the copolymer is the linear combination of the spectra of homolymers
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deposition rate [nm/min]

deposition rate [nm/min]

Copolymerisation - deposition rates
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Copolymerization

XPS measured densities of OH groups of an ethylene-ally! alcohol, a butadiene-ally!
alcohol and a styrene-allyl alcohol copolymer using the derivatization with TFAA

OH groups [per 100 C atoms]

p< BAM

30

24

18

ethylene

12 —

maximal concentration: 33 OH groups/100C

ethylene

homopolymerization
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absorbance

Copolymerization
FTIR measured measured nOH of an ethylene-allylalcohol copolymer
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surface energy [mN/m]

60

Copolymerization
surface tension of an ethylene-allylalcohol copolymer

300 W
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Result: The number of OH groups correlates with the polar contribution to the surface energy

p< BAM
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Results of maximum polymer surface functionalization

or) o1 o1 &~ LW DD

6

p< BAM

by applying different plasmachemical methods

Process Yield [%]
O, plasma and B,H, reduction 10...14
Grafting to radicals 2.7
Bromination 20...40
Grafting of spacers 4...9
Homopolymerization-OH 28...31
Homopolymerization-NH, 12...18
Homopolymerization-COOH 18...24
Copolymerization 0-31

Selectivity [%]

55

»35
85

80
85-95
40-55
59-75

55-95

7
7
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p< BAM

Metal-polymer interactions

Federal Institute for Materials Research and Testing Berlin, Department VI.3: ,Analysis and Structure of Polymers*
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Metal-polymer adhesion

Peel specimen of PP-Al composites with pulsed plasma polyallylalcohol,

allylalcohol-ethylene, allylamine, allylamine-ethylene and acrylic acid polymer and
copolymer interlayers as adhesion promoters

0, plasma pretreated and Locii of failure:

plasma polymer coated PP surface  +PP cohesive

sinterface PP-plasmapolymer
plasmapolymer cohesive
sinterface plasmapolymer-Al

PP foi' s e peeling

peel zone,

interface \

plasma
polymer
interlayer
(150 nm)

epoxy resin

metal sheet
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Metal-polymer adhesion

Dependence of peel strength of thermally evaporated Al on the concentration of
oxygen at the surface introduced by the O, plasma treatment

metal layer With increasing plasma-
T enhaced introduction of
700 A) A\ Aﬁ Aw A) A\ A) oxygen, using the O,
- X plasma, the peel-strength
600 ? $ | ? ? ? ? _ Al-PET of thermally evaporated Al
1 functionalized Maximum, 20% oxygen onto PP and PE was
polymer surface maximum at 20 O atoms
per 100 C atoms. Higher
values of oxygen
were connected with the
degradation of the polymer
and

the formation of a weak
boundary layer.

500 +

4004 | Al-PP

po\\jp\’ Op\}\ene
300 -

poly(ethylene terephthalate) %\

wet-peelstrength [N/m]

& ’\*5

200 -

* »overetching*

100 4 / formation of a With PET small variations
y /* Weak Boundary Layer ’ of the original percentage
* Al-PE of
T T T ' T T T T T T I oxygen (stoichiometry)
0 5 o202 30 3 40 45 were also related with the
introduced oxygen [O per 100 C atoms] degradation of the
polymer and the formation

of a weak boundary layer.
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Metal-polymer adhesion

Dependence of Al peel strengths on type and density of functional groups at

polymer surfaces

100% acrylicacid _~ COOH-pojpr cohesive
7004 cohesive failure Y P
] adhesive failure . linear fit : : e
600 - OH-adhesive/cohesive - 2 [EE] (0TS (S EEerEt,
< ........................................................................................... D D
. n OH ~ peel strength . 2Z.1:2 | &) groups ~ peel strength
= 500 0® 27 OH/100C ' g g
Z, 1 —m— ethylene-allylalcohol 100 W % B b) cohesive failure
% 4009« allylamine 100 W : 5
§ 200 —»—acrylic acid 100 W parti aIEy
- ] cohesive |
L 200 - 28 ® 30 OH |
] 100 % ethylene ............. ’. < ........
100 _ :
| - Eure cohesive
U * 100 % allylaconol
0 1 ' 1 ' 1 ' 1 ' 1 ' 1
0 5 10 15 20 25 30
concentration of OH, COOH, NH_groups [per 100 C atoms]
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Summary

» 6 processes for monotype polymer » The formation of pulsed plasma polymers of vinyl,
functionalization were compared: acrylic and also allyl monomers is dominated by
- 0, plasma + chem. reduction =11 OH/100C the plasma-initiated (plasma-on) gas-phase
- grafting onto C radicals = 5NH,/100C radu_:al polymer|sat|on“(plas_,ma-off) o
- bromination — 40 Br/100C > Olefines were used as “chaln?extenders_ in th?,
_ copolymers, dienes as “chemical crosslinkers
- spacer-OHonto OHorBr = 8sp/100C and functional groups carrying comonomers in
- pulsed plasma polymerization = 31 OH/100C the plasma-initiated copolymerisation
- copolymerization = 0...31 OH/100C » The composition of polymers/copolymers was
> the introduction of O functional groups onto close to those of reference polymers. However, a
polymer surfaces by oxygen plasma is finished significant number of irregularities are also
after2 s involved, most important branched structures
> in maximum 60% of all O functional groups canbe >  Functional groups bearing monomers were pulsed
reduced chemically to OH plasma polymerised with a degree of retained
> prolonged exposure of different types of polymers functional groups of Following functional groups
: 100 C atoms (55-95% selectivity)
- random degradation
] linkin » The peel strength of Al on plasma polymers
Cross _ g _ _ containing COOH groups was the highest,
- photo-oxidative degradation followed by OH groups and NH, groups without
- depolymerization any adhesion promoting effect
» Crosslinking is finished after 10 s » Varying the density of OH groups (by
> plasma bromination is a highly selective and copolymerisation) the peel strength was
direct way of polymer surface functionalization maximum at high densities of OH groups or
using COOH groups.
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