INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materals (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6° x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

ProQuest Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISSERTATION

SURFACE MODIFICATION OF POROUS POLYMERIC MATERIALS

USING LOW-TEMPERATURE PLASMAS

Submitted by
Michelle L. Steen

Department of Chemistry

In partial fulfillment of the requirements
for the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado

Fall 2001

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3038660

®

UMI

UMI Microform 3038660

Copyright 2002 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learming Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, M1 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COLORADO STATE UNIVERSITY

September 18, 2001

WE HEREBY RECOMMEND THAT THE DISSERTATION PREPARED
UNDER OUR SUPERVISION BY MICHELLE L. STEEN ENTITLED SURFACE
MODIFICATION OF POROUS POLYMERIC MATERIALS BY LOW-
TEMPERATURE PLASMAS BE ACCEPTED AS FULFILLING IN PART THE
REQUIREMENTS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY.

Commiittee on Graduate Work

XN, Yoty

Adviso@?? f wﬁ

Department Head

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT OF DISSERTATION

SURFACE MODIFICATION OF POROUS POLYMERIC MATERIALS
USING LOW-TEMPERATURE PLASMAS

This dissertation describes plasma surtace modification of porous polymeric
materials for permanent hydrophilicity. Our modification strategy entailed treating
commercial polymeric membranes downstream trom an inductivels -coupled radio-
frequency plasma source. The results presented in this dissertation demonstrate that H.0
plasma treatment achieves hyvdrophilic moditication ot polysultone (PSH. polyethersultone
(PES). and polyvethylene (PE) membranes. The observed increase in hydrophilicity
observed for PSt. PES. and PE membranes is a direct result of covalently-bound O-1.
C-0. and C-O_(e.g. C=0. O=C-0) groups introduced by plasma treatment. Furthermore.
our hydrophilic membrane moditication is permanent as plasma-treated membranes remain
wettable tor more than one yvear after treatment. The depth of penetration ot the
hydrophilic membrane moditication achieved was explicitly tested. Specitically.
environmental SEM images ot the membrane cross sections wetting i sir show whether
hydrophilic surfaces were created throughout the porous structure. Overall. the extent

and permanence of hydrophilic modification was correlated to the interactions between the

il
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membrane and reactive plasma species and the degree of penetration ot plasma specics
through the membrane.

This dissertation examined the underlving chemistry ot the H.O plasma surtace
modification system using three gas-phase analvtical techniques.  These analyses provided
a comprehensive profile of plasma species and extensive data on the molecular-level
chemistry from the gas phase. to the plasma-surtace interface. o the actuad surtace
moditication. Characterization of gas-phase species. including those penctrating the
membrane thickness. as well as molecules generated at the membrane surtace during
moditication was pertormed using optical emission spectroscopy and mass spectrometry.
Plasma-surtace interactions of OH radicals were assessed with our direct. non-intrusive
radical-imaging experiments based on laser-induced fluorescence (LIF) Collectively.
these experiments provide information about the underlying chemistry occurring during
surface modification and. ultimately. attord better process control tor plasna treatments of
polymeric materials.

Our LIF-based radical-imaging and mass spectral experiments were also brought
to bear on a second plasma surtace modification system to understand the mechanisms
through which surfaces are made hydrophilic during NH: plasma treatment. Interactions
of NH and NH, radicals with polymer and metal substrates during NIH. plasma processing

were investigated using our radical-imaging experiments. Gas-phase species. including
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nascent plasma ions. were identified using mass spectrometry. To investigate the role of
ions on the formation of NH, radicals in the gas phase and at the surtace. ions were
removed (>98%) from the plasma molecular beam prior to interaction with the substrate.
Surface interaction results for NH and NH., with and without ions provide the basis tora
discussion of possible surface interactions tor the poly mer and metal substrates examined.
This dissertation also emploved plasma deposition to produce tatlored surtace
coatings tor microporous polymeric materials.  These coatings. designed tor specitic uses.
were integrated throughout the porous structure. Considerable control ol the film
chemistry was achieved through downstream and pulsed plasmas. In additon. a
combination of syathetic strategies were employed to synthesize coneentric-tubular
Aupolymer micro- and nanostructured composites.  This involved the use of template
synthesis 10 produce the inner gold tubules and plasma deposition to create the outer
tubules. These systems demonstrate the range of materials chemistry and surface
properties possible for integrated composites prepared using plasma deposition as one ot

the synthetic steps.

Michelle .. Steen

Department ot Chemistn

Colorado State University

Fort Collins. Colorado. 80323-1872
Fall 2001
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CHAPTER1

INTRODUCTION AND OVERVIEW

I'his dissertation chapter provides an introduction to plasma surtace moditication
of poly meric materials. Modes of plasma generation and components ot the plasima
sy stem contiguration are brietly described.  The types of plasma surtace moditications and
alternate surtace moditication methods are also discussed. This chapter also places the
dissertation rescarch in broader scientific context and addresses the major hy potheses
driving this work. [n addition. an overview ot the rescarch presented in Chapters 3-7 s

provided in this chapter.
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1.1 BACKGROUND

The tollowing sections provide usetul information to tamiliarize the reader with the
fundamentals of plasma science. components of the plasma system contiguration. and the
types of plasma surface moditication.

LLLT PEASMA FUNDAMENTALS. Plasmas are generated by supplying enerey
to a neutral gas causing the formation of charge carriers.” Although there are a number ol
way s to supply the necessary energy tor plasma generation. applying an clectric ticld o a
neutral gas is the most commonly used method. Energy s transterred by the electric ticld
to tree electrons in the neutral gas. These charge carriers acquire high energies as they are
accelerated by the electrie field. Typically. average electron energies range from | o 10
eV with some individual electrons possessing energies much higher than the averaec.
which correspond to veny high electron temperatures o 107K s aresult, inclastie
collisions between electrons and molecules generate more clectrons as well as 1ons. ree
radicals. and molecules in excited states. The electrons do not. however. achicve
thermody namic equilibrium with gas molecules in such a “nonequilibrium™ or low -
temperature plasma. Thus. the enormous utility ot fow-temperature plasimas is directly
related to their ability to induce chemical reactions at relatively low gas temperatures
(<1000 K). without thermal degradation ot the underlyving substrate.

All of the species generated in the plasma can interact with polymer surtaces.
These gas-phase species include electrons. reactive neutrals. positive ions, and photons.
including highly energetic vacuum ultraviolet photons. In general. the nature ot the

interaction ot the plasma species with solid surtaces ts determined by plasma reactor
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‘ed

configuration and processing parameters.  The major structural components of’ the plasma

)

reactor configuration are: 1) a vacuum chamber to house the plasma and the substrates:
a pumping system to evacuate the chamber: 3) a gas inlet: and 4) an excitation source to
impart energy to the gas. The excitation source is an electrical power supply (direct or
alternating current). which can vary in frequency and power. The type o excitation
source greatly atfects the densities and energies of the electrons., and theretore. the degree
ol dissociation of the feed gas.' The studies presented in this work solely use inductiy cls -
coupled radio-trequency (rf) plasmas. generated by applying an ahernating clectric tictd.
Additional factors that intluence the densities and energies of plasima species include the
plasma system contiguration and processing conditions. as discussed in the tollowing
seetion.

1.1.2 PLASMASYSTENM CONFIGURNTIONS. Tn certain plasna system
configurations. substrates reside directly in the chamber housing the plasma. Becausce the
plasma exists at a greater electrical potential than any surface with which itis in contact.
positive ions tfrom the plasma are acceelerated 1onward the substrate surtace. Depending on
processing conditions and system configuration. the average energy o ions striking the
surtace can be varied from several ¢V to 1000 eV.* These ions can have a major etlect on
chemical reactions occurring at the plasma-surface intertace. and. in some cases. can
impart enough energy to a solid surtace to remove material (sputtering).  Although this is
desirable in some applications (i.c.. plasma ctching). ion bombardment can lead o
considerable substrate damage.

In alternate reactor configurations. substrates reside in a location remosed trom
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3
the plasma and. therefore. are not subjected to bombardment trom ions aceelerated toward
the substrate surface.” Furthermore. charged species can be lost by clectron-ion
recombination reactions prior to interacting with the substrate. Such plasma system
configurations. referred to as “downstream™ or “remote ™. effectively eliminate the
undesired ettects of ion bombardment and can produce materials with unigue properties.
An alternative to downstream and remote continuous wave (CW) plasmas is the use off
pulsed plasmas to decrease energetic species bombardment.” [n this contiguration.
modulating the rt power allows charged species to decay or recombine during the time oft’
period of the pulse sequence. Plasma radicals. on the other hand. typically possess much
longer lifetimes than ionic species generated in the plasma. Because ol this litetime
ditterence. the substrate is primarily exposed to radical species in pulbsed plasma sy stems.
L3 PLASMA SURFACE MODIFICATION. Plasma processing can produce
wide range of surface chemistries depending on the selection of process gases. plasma
svstem contiguration. and processing parameters. all ot which can be adjusted 1o
chemically andor physically modity polvmer surfaces. s aresult. any of the tollowing
plasma surtace modifications. or combinations thereot. can result: 1) plasma deposition: 2)
plasma etching: 3) chemical surface modification: and 4) plasma-induced grali
copolymerization. For example. proper selection ot gases trom which the plasma is
generated can result in deposition of organic or inorganic 1ilms.” Whereas plasma ctehing
removes material. plasma deposition occurs when precursors to the deposited [ilm.
generated by tragmentation ot the parent gas. react at the surface to form a stable solid

film. Depending on the plasma system contiguration and selection ot process gases.
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ctching and deposition can simultancously occur by chemical reactions. physical means
(i.c. sputtering). or a combination of these two mechanisms.” Ultimately. the dominant
process occurring during plasma processing is dictated by the interactions ol plasma
species with each other and the surface.

An alternate approach to plasma surface moditication is implantation ol new
functional groups into the existing polymer backbone.  Thus. the third categorn of plasma
surface moditication. chemical surtace moditication. results when gas-phase species react
at the surtace to form stable products with physical and or chemical properties that are
difterent from the bulk.” Radicals. ions. clectrons. metastables. and photons generated in
the plasma can all interact simultancously with the polymer surtace. Fhese species can
impart enough energy to break polymer chains. creating tree radical sites in the polyvmer.
Reactive neutral species. primarily radicals. can combine at these sites. thereby altering the
surtace chemical composition,”

By far. oxygen is the most commonly used plasma tor chemical surtace
moditication. but other commonly used systems include NH N Cand THO plasmas. The
processes by which plasmas modity surtaces include removal ot a weakly bound surtace
layer by oxidation. cleaning by removal of adsorbed materials. crosslinking the polvimer.
and chemical reaction.® Although a number ot chemical reactions are possible in these
svstems. plasma radicals are generally accepted to be the priman reactive species in
initiating a modification reaction sequence.” ™" Hansen and coworkers proposed that O
atoms in O, plasmas induce chemical reactions at the surtace o implant C- O, O and

CO.H groups at the polymer surface.”” whereas H.O plasmas produce similar polsmer
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surface compositions.” Low-temperature plasmas of ammonia and nitrogen-hydrogen
mixtures result in creation of surtace amine groups and improvements in wettability for a
variety of polymers. including the relativelyv-inert polytetratluoroethy lene (PTFE). ™ The
observed improvements in the wettability of polymer surfaces were attributed to these
alterations in surtace chemistry.

The fourth plasma surface moditication is plasma-induced graft copolymerizaton
(PGC). which entails gratting of a thin. highly adherent coating or film with the desired
surface properties. In PGCL polymers are first exposed to a plasma ce.g.. A to ereate
radicals at the surtace. Modification occurs when the radicals ereated at the surtace
initiate polymerization of a gas- or liquid-phase monomer. vielding gratt polymers on the
surface. Vinyl monomers are frequently used as they polymerize rapidly at the plasma-
treated polymer surtace. PGC s a tast and highly effective means ot hydrophilic surtiace
madification. [tis also suitable tor hyvdrophobic moditication with uorinated monomers.
Although not included in this dissertation. PGC methods are currently being developed in

the Fisher laboratories.'

1.2 SCIENTIFIC CONTEXT

Because of their attractive thermal. mechanical. and clectrical properties. polymers
are important to a number ot technological tields. including the biomedical. separation.
microelectronics. food packaging. and printing industries."™' "™ Technological advances in

these areas often require modification of the polymer surface or microstructuring for

pattern detinition. both ot which are achievable with low-temperature plasmas.* ™ Plasma
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technology has been applied in the microelectronics industry since the late 19605 tor
stripping of polymer etching masks. deposition of diclectric thin films. and etching
processes for microstructuring.™ =" 77715 Although the use of plasmas has been
spearheaded by the microclectronics industry. plasmas are used in other industries o tailor
the surtace properties of polymers tor specitic uses through deposition of thin Hilms with
the desired surtace properties or through chemical surface moditication.™”

Under certain circumstances. low-temperature plasma treatment is an attractive
alternative to other polymer surface moditications. \hernate methods include mechanical
abrasion: treatment with solvents. caustic solutions. or acids:™ eraft polymerization of
polar monomers tfrom reactive sites generated at the surliaee (by wet or plasma
technigues):™ ™ absorption ot a polymer trom solution: ™ and photochemical methods.

For example. the surtaces ot fluoropoly mers. which are intrinsically difticult o modity .
require treatment with reagents such as sodium napthalene. which detuorinate. unsaturate.
and partially oxidize the bulk polymer to a depth of a few hundred nanometers.  In
contrast. plasmas can alter the surface composition, wettabihity . and adhesion withowt
changing the propertics of the bulk material.” Plasmas are “dr ™ processes. climinating the
waste disposal issues associated with “wet™ chemical processes. Moditication is 1y picaily
very fast. in many instances taking only seconds. Overall. plasma modification has distinct
advantages over alternate surtace moditication methods in breadth ot application. with
virtually unlimited number ot available gas and surtace chemistries.

The literature contains a numerous examples and several reviews of plasma

treatment for polvmer surface modification.™ Plasmas have been used o provide
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biocompatibility of matenials such as poly(methyImethacn late). poly v invichloride). und
polyurcthane.™ As noted in Section 1.1.3. chemical surface moditication via functional
group implantation has been used since the 1960's 1o improve the wettability of polyvimers,
Morcover. plasma deposition increases polymer versatility by senerating non-fouling
coatings on sensors and membranes: anti-scratch coatings on compact disks:
biocompatible coatings on biomedical devices: and barrier films tor tood and
pharmaceutical packaging.™ ™ ™7 Recently. downstream and pulsed phisima reatments
have also been used in these applications to reduce surtace damage of polymers and create
films with unique chemical properties. ™

Despite the apparent advantages ot plasma surtace moditication and the enormous
industrial utility ot plasmas to improsve the surtace propertics ot polymers. there is
currently hittle use of this surface maodification strategy in farge-scale polymeric membrane
production. This is a considerable disadyantage to the membrane industey as surtace
maodification ol commercial poly meric membranes is a promisig approach to
circumyenting the inordinate expense of developing new membrane materials and
broadening the types of membrane surface chemistries available for a variety ot
applications.™ For example. thermoplastics. such as polssulfone (PSt) and
polyethersultone (PES). are widely used because of their unique bulk properties.
However. problems associated with the hydrophobicity ol these materials severely fimits
their long-term use in many applications.” As a result. hydrophobic membranes must be
made hydrophilic prior to use in most separation processes. Based on the technological

and industrial utility of plasmas to improve the wetting properties ot polymers. one
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9
method toward achieving the desired change in hydrophilicity is to treat PSEand PES
membranes with a low-temperature plasma.

H,O-based plasmas have been used to modity PSIH plane and hollow Tiber
membranes tor hvdrophilic modification. For example. Astardjani. Segui. Aurclle. and
Abidine (ASAA) observed that PSTmembranes were signiticantls more hydrophilic after
air and H,O plasma treatment. as evidenced by a decrease in the water contact angle.”
Ulbricht and Beltort also reported improvement in the hydrophilicity of PSTmembranes
treated with a 30:30 He:H.O plasma.’” In the latter study. the treated membranes were
completely stable if stored in water: however. loss of the plasma-induced hydrophihicin
occurred upon storage in ambient conditions. This is consistent with structutal
rearrangement of the polymer atter plasma treatment to minimize surlace enerey.” 5 Such
reports of [ow-temperature plasma treatment ot poly meric membranes resulting in
transient and or irreproducible hydrophilicity deter industrial use of plasma surtace
moditication in large-scale membrane production.

We believe that the transient hydrophilicity reported by other rescarchers is
attributed to poor understanding. and theretore. poor optimization ot the plasni process.
Many studies have concentrated on correlating poly mer surtace moditications o specitic
plasma conditions.”” * which provide simple refationships between the density of species
originating in the glow discharge and surtace modification induced in polymers. For
example. ASAA optimized plasma processing conditions of PSf membranes by
establishing relationships between: 1) plasma parameters: 2) the composition of the gas

phase. particularly OH radicals believed to be responsible tor surface moditication: and 3)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0
the composition and wetting properties of the membrane surtace after plasma treatment.
Accordingly. optimal conditions giving the maximum contact angle change and surtace
oxidation corresponded to the plasma conditions that produced the greatest intensity ot
OH radicals in the plasma. Such studies correlating the identity and concentrations of
species present in the plasma to specific polymer surface moditications provide usetul.
albeit somewhat indirect. information about the gas-surlace intertace in plasma surtace
moditication systems.

ASAA proposed that OH radicals produced in air and H.O plasmas modify PSEby
producing covalently -bound C=0. C-0. O-H. and O-C -0 groups at the surtice.” AS
suggested that plasma-generated OH radicals may combine with surtace atoms w produce
C-0 bonds via process 1.1,

CH. CH.OH

-C- -0l - -C- el

Although this process explains the empirical relationship between the gas-phase
relationship of OH radicals and the incorporation of some functional groups. itis limited in
that it does not account tor the observed incorporation of C=0 and O-C =0 groups into
PSt. Furthermore. given the susceptibility ot alcohol groups to subsequent oxidation

reactions. it is unlikely that these would be the only tunctional groups incorporated by

plasma treatment.
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1.3 STATEMENT OF DISSERTATION RESEARCIH

The primary goal of this work was to make commercial PStand PLI-S membranes
permanently hydrophilic using low-temperature plasmas. As a result. we worked closely
with the membrane industry to develop a surface modification that would suit their
application needs.  According to industrial standards. a method tor making hydrophobic
membranes hydrophilic must satisty the tollowing criteria: 1) the surface must be moditied
with no alteration to the bulk properties of the membrane: 2y the moditication must be
permanent” and withstand prolonged use in a separation process as well as repeated
sterilizauon: and 3) all membrance surfaces in the porous structure must be hvdrophilic.
Our strategy toward achieving these objectives was to use our understanding ol plasma
chemistry o optimize membrane processing.

Another important goal of this work was to understand the underlying chemistry in
plasma surtace modification systems. Formulating reliable chemical mechanisms tor
plasma moditication of polymers is particularly ditticult given the complexity of plasma
chemistny: a wide variety of species are generated in the gas-phase. including tons,
clectrons. metastables. and radicals. In addition o gas-phase reactions between these

species. surtace interactions can also take place between gas-phase particles and solid

*We do not intend to contuse the reader with the use of the word. “permanent™
This word is generally accepted in the membrane industry to denote “shelt lite™. which is
defined as the period of time during which a material may be stored and remain suitable
for use. Typically. a viable surtace modification must have a minimum shelf lite of one
vear. Furthermore. the modification must withstand prolonged use in a separation process
and repeated sterilization by steam cleaning.
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surfaces. both the reactor walls and the substrates being processed. Determining the
nature of these gas-surtace interactions is critical to identification ol plasma reactions
involved in surtace moditication. and controlling the overall plasma process.
Understanding how cach species influences the surtace interactions of other plasma
species s also essential tor deciphering the underlying plasma chemistry and physies.

In general. knowledge about individual plasma species. their interactions with the
surtace. and the surtace moditication is necessary to understand these non-cquilibrium.
complex chemical systems.  Theretore. a multi-taceted approach was adopted o elucidae
the chemical reactions involved in surtace moditication. This entailed independent study
of all aspects of the plasma system: the surtace. the gas-phase. and the gas-surtice
interface. Our combined experimental approach. a signiticant departure tfrom traditional
plasma studices. is poised o provide relevant. and currently unavatlable. chenueal
information about plasma systems. Henee. the unifving hy pothesis o this work was that
our combined approach atfords process control by considering the molecular-ley el
chemistry as well as achieying the desired membrane surface properties.,

Our combined approach was brought o bear on two important plasma surtace
moditication systems. H.O and NI1.. to identify the reactive plasma species and the
contribution of these species to the overall surface modification. In the THLO system. our
hypothesis was that O radicals generated in the plasma are the primary reactive species
involved in hydrophilic membrane moditication. [t this hypothesis is correct. then we
would expect surtace loss of Ol radicals during plasma processing ol poly meric

membranes. which we can determine experimentally. Our second hy pothesis was that OFH
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radicals produced in H.O plasmas modity PSt membranes by producing covalently bound
C=0. C-0. O-H. O-C=0 and sulfate groups at the surtace. Although it is inteasible o
assign exact mechanisms without any Kinetic information about these sy stems. the
predictive value of organic structural theory should not be underestimated. In addition to
oxidation ot the methyl group as proposed by ASAA. we believe that there are at least

two other locations for oxidation on the polymer backbone as represented in Schemie 101,

Posation |

N
N\
',=\\ ?“- ',r:\\ =\ ﬁ _
PR —_— —— | S, W— | —— T ,
\ . | RN 7/ N\ 4 ” ) !
—_— cH, — __._,/ o —_—
/
/ Position ¥ 7/
/ / n

v -
Positinn | Position 2

Scheme 1L

Oxidation at position 1 by a plasma species. presumably OH radicals. vields an aldehs de.
which can be oxidized turther to vield a carboxylic acid group. as shown in Process 1.2,
A secondan oxidation pathway is at the sultur (position 2. Scheme 11 resulting in
sulfate-like groups. given in Process 1.3. Oxidation at the ether linkage is shown in
Process 1.4, [t surtace moditication does indeed occur via the oxidation pathways we
proposed. then we would expect incorporation of a variety ot chemical moicties into PSI
by H.O plasma treatment. including C-0. C=0. O-C=0. O-I1. and sultate groups.

The work involving the NH. plasma surface modification system was primarihy
motivated by previous studies in our group. First. we have used NH: plasmas o increase

the hydrophilicity of metallic and polymeric substrates. including porous polymeric

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-1

R—o—\@i};—\}w— « —> w—
1lm o

R—"‘O}:—C :>—°_|< —> U5 p— \__—_/
0

C—p

'———\‘ I '
I\'—°—<\J— LD\J o— R

S ——

R—o——(’:\

Process 1.2 Oxidation at position 1. Scheme I.1.

CH,

" Gt/

/,—_—'\‘
—> R—o—<\ |

'——C—\\
' \

14

-%hiM

J—_—

C—-" (o e R
| \ /
+H L‘ )

[}

C—w

cH,
+ I H0

Cl—z .=
/.\——o—- R
| i

CH,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

= i7=_ . /A

L]
- N _ . _
/ v” / .
o p Hal'h €=Pp () == ——B——u-m.(—)n—* aith
' \: /> \ — T\

+4,0

Process 1.3  Oxidation at position 2. Scheme 1.1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

oW

— / _—
/

7 — Y — hd Her’

o \ / Helt’ €& H= e (Y =l (—)u__\—>—— R

n—/——\"—‘uwu’
_\—/_

Process 1.4  Oxidation at position 3. Scheme | 1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



membranes.* ™ These results are consistent with previous work of NITT plasma treatment
of polymers resulting in higher wettability relative to untreated surfaces.”
Modification occurs via amine functional group implantation primarils by NI radicals.
Second. we have also previously reported extensive RIS studies of N radicals in N
plasmas. including translational temperatures for both beam and scattered species as well
as surtace reactivities for a number ot substrates.™ ™ Our [RIS reactivity data show than
NH. radical production oceurs at the surface of nearly all substrates during N1 plasn,
processing under most experimental conditions, suggesting that other species in the
molccular beam are contributing to the surface generation ol NI
A tundamental question originated by these data revolves around the mechanian:
for observed surtace production of N One hy pothesis, put torward in our presious
NH. study . was that gas-phase NH radicals contributed to surtace production ot N1
This can be envisioned as occurring via one or both ol the two processes civen m
Processes 1.5,
Ny - Hiadsy - NHuag) S
NH(g) = Heads) - NHeads) - Hiadsy - NHuag) (h S
Process 1.3a represents an Eley-Rideal-type process.” wherein a reaction oceurs between
a gas-phase species and an adsorbed species. betore the gas-phase reactant has
equilibrated with the surface. Process 1.5b is a Langmuir-Hinschelwood-ty pe process.
wherein both reactants are equilibrated on the surtace prior to reaction. While |ley -Ridea
and Langmuir-Hinschelwood processes are used extensivels to describe reactions that

occur in solution catalysis™ and in ultrahigh vacuum (UHV Y systems.” they altond a
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reasonable means with which to discuss possible surtace interactions that result in
generation of NH.. [f either of these processes transpires at the plasma-surfice intertace.

we would expect that NH radicals would be fost at the surftace.

1.4 OVERVIEW OF RESEARCIH

The viability of plasma surface modilication systems (e.g. O H.OL Ar Ho o
produce the desired polymer surtace propertics was investigated using the inductiveh -
coupled rf plasma reactor described in Chapter 2. These studies explored the varation of
process parameters. such as reactor geometry. polymer material., plasma power, treatment
time. and gas-phase composition.  Fhe resulting surfiace properties were analy zed by the
characterization technigues desceribed in Chapter 2 to determine the etiects ol these
variables on the surface properties. Results from these analyses are reported in Chapters 3
and 4.7

Chapter 2 also describes three gas-phase analytical tols used o investigate the
chemistry ot H.O and NH. plasma surface moditication systems. Characterization ol gas-
phase species as well as molecules generated at the poly mer surface during plasma
modification was pertformed using optical emission spectroscopy (OFES), mass
spectrometry (MS). and laser-induced tluorescence (LIF). Ot these. vur LiF-based
[maging ot Radicals Interacting with Surtaces (IRIS) technigue is uniguels suited o
provide relevant mechanistic intormation about plasma sy stems. ™
Experimentally-determined surface loss coetlicients are obtained in vire and attord direct

information on plasma-surface interactions. Chapters 3 and 6 describe reactivity
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measurements for OH and NH radicals. respectively.” ™ These measurements were made
under ditterent plasma processing conditions by vaning parameters such as feed gas.
plasma power. and substrate material. The role of ions on the radical-surface reactivity
was explored by placing a grounded mesh in the path of the molecular beam to remove
charged species prior to interacting with the substrate. Chapter 6.

Chapter 7 describes alternate surface moditication strategies tor porous polymeric
materials. Here. plasma deposition was used to produce tailored surtice coatings lor
microporous materials. Ot the model systems deseribed in Chapter 7. S10). and
Huorocarbon poly mers were applied to microporous supports to achiey e contormal
coverage of the underlying structure.™ The resulting tilm chemistn was controlled via
downstream and pulsed plasma treatments. In addition. Chapter 7 describes the
combination of plasma deposition and template ssnthesis™ o prepare concentric-tubular

composite materials.™
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CHAPTER 2

EXPERIMENTAL METHODS

I'his dissertation chapter has three sections. The first seetion of this chapter
contains a description of our plasma reactor used to process polymeric materials. The
types of membrane materials employed in this study and the experimental conditions tor
materials processing are described.  The second section ot this chapter provides a detanled
list and description of surface analyses.  The third section ol this chapter describes the gas-
phase analytical methods used to study the molecular-levet chemistry in plasmia surface
modification systems. The components of the imaging ot radicals interacting with surfaces

(IRIS) apparatus are also described in this section.
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2.1 MEMBRANE TREATMENTS

2.1.1 GENERAL. Unless otherwise noted. plasma treatments were pertormed in
the tubular. glass inductively-coupled. low density rt'(13.56 MI2) reactor shown in Fig.
2.1a." " Some design changes were made to better suit porous materials. Specitically.
glass cvlindrical membrane holder (30 mm diam.) orients the membrane perpendicular to
the gas tflow. This allows maximal exposure and penetration ot the plasma through the
thickness (- 125 um) of the membrane. This specially designed membrance holder
ditterentiates our work trom prior studies by facilitating moditication of the entire
membrane cross section. Fhe membrane holder was situated in the glass reactor 9 em
downstream trom the most intense region of the plasma glow o mimmize plasma-induccd
damage to these relatively tragile matenials. In addition. Chapter 3 describes the use of
two alternate reactor geometries. shown in Figs, 2. 1band 2. 1c¢.

2.1.2 HYDROPHILIC MEMBRANE MODIFICA TION. Chapters 3.4 and 3
entail 1,0 plasma treatment ot a variety of polymeric membranes tor permanent
hydrophilicity. A number of plasma systems were explored. including 100" Ar. 100",
He. 100% O.. 100°% H.O. 15% H.O.. H.0. and 30° Ar H.O. In addition. plasma
treatments with H. (23 W. T standard cubic centimeters per minute. seem low rate. 100
mTorr pressure. 2 min) are described in Chapter 5. The flow of teed gases ranged trom |
to 20 scem and was controlled by an MKS mass tlow controller. Prior to use. liguid
samples underwent several freeze-pump-thaw cyeles to remove trapped atomospheric
gases and were then introduced into the reactor trom a 100 ml. Pyrex glass sidearm

vacuum flask with Tetlon stopcocks. The vapor pressure was controlled (within =2%a)
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Figure 2.1  Schematics of different plasma reactor configurations used to treat
polymeric membranes: (A) our standard reactor used to process

membranes; (B) L-shaped reactor; and (C) T-shaped reactor.
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using a Nupro bellows-sealed metering valve. For the 30:30 ArHLO system. the HL.O
pressure was allowed to stabilize prior to the addition of Ar (4.8 grade). Thus. the amount
ot H.O admitted to the reactor is constant (£ 2%). The pressure in the chamber was
monitored with an MKS Baratron capacitance manometer which is insensitive to ditfering
gas compositions.

The extensive parameter study performed included 3-100 W applied rt power (/).
30-100 mTorr chamber pressure. and treatment times from 0.23 o [0 min. From this
study. the optimal conditions tor hydrophilic moditication were determined 1o be H.O (no
additives). 25 W applied rf power. 30 mTorr pressure tor 2 minutes. Fhese conditions
were used inall experiments unless otherwise noted.

Chapter 3 describes plasma treatment of polysultone (PSH membranes. Tigure
2.2a shows a cross-sectional scanning electron micrograph (SEND ol an assmmetrie PS4
membrane. The term “assmmetric™ refers to a distinet pore gradient with gradual
transition from much smaller (< 0.1 pum) to much larger pores (210 ) across the
thickness (~ 123 um) of the membrane.’ The farge and small pore sides ot the membrane
are referred to as the “open™ and “tight™ sides. respectively. Assmmetric PSEmembranes
are commercially available (US Filter) with average pore sizes ranging trom 1.2 jum (BIS
5)to ~0.01 pm (ultrafiltration. UF). BTS33. BTS80 and UF membranes were primarily
used in these experiments.  For consistency. the open side of the membrane was oriented
closest to the inductor coil: however. identical results were achieved with the tight side
upstream. A\ non-porous PSt resin (Westlake Plastics) and commercial polycthersultone

(PES). polyethy lene (PE). and polytetratluorocthylene (PTFE) membranes were also used.
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Figure 2.2 SEM images of the various porous polymieric host materials employed in
this study: (A) cross section of an assmmetric PSEmembrane: (B) track-
ctched PET membrane: (C) microporous PE membrane: and (D) non-

woven PET fibers.
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2.1.3 ALTERNATE MODIFICATION STRATEGIES. Chapter 6 reports
svnthesis of three difterent porous composite materials employing plasma deposition as
one of the synthetic steps. These model systems demonstrate the range of materials
chemistry and surface properties possible for composites prepared by plasma deposition.
All three systems used the plasma reactor shown in Fig. 2.7a. The first system used gold
tubes (200 nm-2 .am) prepared by template svnthesis. This method entails deposition of
the desired material in the pores of template track-ctehed polyester (PE T membranes.
Fig. 2.2b.° An electroless deposition method previously deseribed in detail was used o
deposit Au to produce a Au tube or tiber in cach pore.” The membrane was then removed
with hexatluoro-2-propanol to reveal free-standing Au structures. o torm a \u polymer
composite. an outer tubule of the electronically conductive polymer polypyrrole was
deposited on the Au tubules via a pulsed pyrrole plasma (376 duty exvele.” 200 W peak
applied rf power. pressure = 130 mTorr).”

[he second system used ~100 .om thick microporous ssmmetric PLomembranes.,
Fig. 2.2¢. and non-woven PET tibers as host materials, Fig. 2.2d. In this systemean S0,
thin tilm coating was deposited from a hexamethy idisiloxane (HMDSO) O. ¢1:9) plasina
(P =23 W: pressure = 100 mTorr).* The third system invohved hydrophobic membrane
modification of BTS3S membranes. Fig. 2.2a. This system used pulsed
hexatluoropropylene oxide (HFPO) plasmas to deposit a thin tluoropoly mer membrane

coating. The optimal conditions for achieving the desired surface properties were 16%s

"Duty cyvcle is detined as the ratio of on time to total ¢xcle time multiplied by Too.
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duty cycle. 300 W peak applied rf power. pressure ot 230 mTorr.” These latter two
systems used the membrane holder to tacilitate moditication ot the porous structure.

The optimal conditions reported above were determined by exploring the
parameter space of each plasma system. Optimization of these systems involved
establishing relationships between: 1) the plasma parameters (e.g. plasma power. pressure.
treatment time): 2) the membrane composition (X-ray photoelectron spectroscopy. XPS):
and the wetting properties (contact angle measurements) ol the surtace atier plasma
treatment. As thin tilm characterization was ditticult to perform on these nonplanar
substrates. Si waters and KBr pellets housed in the plasma reactor during deposition were
analyvzed by FTIR. varable-angle spectroscopic elipsometrns (VASE) and protilometry as

deseribed in the following section.

2.2 CHARACTLERIZATION METHODS
2.2.1 BUBBLE POINT ANALYSIS. The bubble point of the membrane is the

pressure of air needed to expel liquid (e.g. water) trom the pores of the membrane.”
The relationship of the bubble point (P) to the average pore diameter (d) ot the membrane.
the surface energy ot the wetting liquid (7) and the contact angle (6) between the wetting
liquid and the membrane surface is given by equation 2.1,

BP = (4vcos6)d (2.1
Thus. the bubble point provides intormation about the wetting properties with a particular
liquid for a membrane with a known average pore diameter. Likewise. the average pore

diameter can be determined by porometry using a completels wetting liquid (0 = 0).
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Bubble point measurements were obtained with a home-built apparatus consisting
of a sample holder (49 cm). a pressure gauge and a compressed air ey linder (4.8 graden.
Prior to obtaining a bubble point measurement. the membrane was immersed in 100 ml. of
the wetting liquid. Due to the hydrophobicity of PSt. the membranc was first wet with a
50:30 isopropy! alcohol (IPAYH.O solution. The aqueous [PA solution was gradualhy
replaced with deionized water to effectively wet the pores with water.  Fhe wet membrane
sample was placed in the sample holder between two protective metal sereens with the
tight side of the membrane upstream of air low.  The delivery pressure was then slowly
increased until a breakthrough pressure (i.c. the bubble pointy was observed on the
pressure gauge located downstream from the sample holder. U nless otherwise noted.
bubble points for treated membranes were measured within 24 hours ot plasima treatment.
The average pore diameter was determined independently using porometry and
porisimictry within a tew days of plasma treatment at US. Filter and Millipore
Corporation. respectively

2.2.2 CONTACT ANGLE MEASUREMENTS. Independent o bubble pomnt and
porometny analyses. changes in the hydrophilicity induced by plasma treatment were
assessed from static contact angles measured by the sessile drop method. In Chapters 3
and 6. these measurements were performed with a contact angle goniometer (Ramé Hart
Model 100)." All contact angle measurements were made on both sides ot water drops at
ambient temperature. immediately after | uL drops were applied to the surtace and the
needle tip was removed from the surtace. The hysteresis ot the water drop was evaluated

by measuring the contact angle on both sides ot the drop. In addition. measurements were
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made on both sides of the untreated and treated membranes. For each sample. three drops
were placed at difterent locations and the average of these measurements is reported for at
least three samples. Unless otherwise noted. contact angles were measured immediately
after plasma treatment.

In Chapters 4. static contact angles were measured by the sessile drop method with
our new contact angle goniometer (Kriiss DS 10) equipped with video capture. The
automatic dosing teature of the DSA 10 dispenses a water drop with a known volume
(1 «l.) on the membrane surtace and subsequently withdraws the needle. The video
capture system images the water drop on the membrane surtace. The advancing C\ the
drop makes with the surtace s analy zed by one of six contact angle protiles available with
the DSA 10 imaging software. To ensure no errors were introduced by selection ota
fitting routine. our CA values were verified with two contact angle profiles ceircle fittimg
and height-width tor contact angles of 13-75 ). Measurements were made on both sides
of the membranes. using three drops placed at ditferent locations on the membrane. Here.
reported CA measurements are the average of the measurements made by the cirele titting
method tor at least three membranes. {Unless otherwise noted. contact angles were
measured immediately after plasma treatment.

For most of the plasma-treated membranes. static CA measurements were
impossible to perform as the water drop disappeared into the membrane (i.e.. contact
angle ot 0°). To quantify the time it takes for the water drop to completely disappear. a
series of images were acquired in the movie mode ot the DSA 10, Ina iy pical acquisition.

an image was recorded every 30 milliseconds and a water CA was determined tor cach
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image by the circle fitting method. Contact angle as a function of the age ot the drop was
then plotted to determine the time it took tor the membrane to absorb the drop. Unless
otherwise noted. these data were obtained immediately after plasma treatment.

2.2.3 ACCELERATED AGING STUDIES. We also analyzed contact angles and
bubble points of H.O plasma-treated membranes exposed to extremes in heat and
humidity. Chapter 3. To simulate hot. humid conditions. plasma-treated membranes were
placed in a glass. eyvlindrical membrane holder moditied to it inside a conventional
pressure cooker. The pressure cooker was then heated until the pressure inside reached
~13 psi above atmospheric pressure or - 121 7C. Onee these conditions were reached. the
membrane was steam-treated tor 13 minutes. Plasma-treated membranes were also
exposed to high. dry temperatures by heating the membranes at 130 Cand 170 Cina
conventional oven for times ranging from minutes to hours.

2.2.4 MEMBRANE STACKED ASSEMBLIES. In Chapters 3 and 4.
penetration of our H,O plasma treatment was demonstrated by treating multiple
membranes simultancously. = For example. two PSEmembranes were stached in the
membrane holder such that both open sides ol the membrane taced the inductor coil. A~
result of stacking the membranes. the sides ol the membranes on the interior ol the stached
assembly were not directly exposed to the plasma. We then measured contact angles on
all tour sides of the membranes immediately atter plasma treatment.

2.2.5 SCANNING ELECTRON MICROSCOPY. SEM images were obtained
using a Phillips 305 microscope with an accelerating voltage ot 20-30 keV and a spot size

of 50 nm. Prior to SEM analysis. the membrane was attixed to a standard SEN sample
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stub by double-sided Cu tape (3M) with the open or tight side face up. depending on
which side was imaged. Cross-sectional SEM images were obtained by freesze-tracture of
the membrane in liquid nitrogen. To prevent surface charging during SEN analysis. a thin
film (20 nm thick) of Au was sputtered onto the surtace of all samples prior to imaging.

In Chapter 4. H.O plasma-treated PLS and PE membranes were also evaluated as
they wet by an Electroscan Environmental SEM 3 (Phillips Electron Opties) located at
Millipore Corporation. Bedford. MA. A portion of cach treated membrane sample was
freeze-tractured to expose the membrane cross section and mounted on a Peluier stagee
cooled to 3 C. The samples were oriented tight side to the top ot the frame. The ST
chamber was evacuated to 3 Torr and then flushed with H.O vapor to 10 Torr using the
flood control. When the chamber pressure reached 3 Torr a second time. the chamber was
again tlushed with H.O vapor to 10 Torr. This procedure was repeated a third tume o
ensure saturation of the chamber environment with H.O vapor. The chamber pressure
was then maintained at 7 Torr. Fine adjustments to both chamber pressure and stage
temperature were made to maintain liquid H.O on the sample stub, \ series of images ot
the membrane wetting i site were acquired with the Orion Image Acquisition System,
using a beam accelerating voltage of 10 kV.

2.2.6 X-RAY PHOTOELECTRON SPECTROSCOPY. XPS analyses were
pertormed on a Surface Science Instruments S-probe spectrometer focated at the
University of Washington. NESAC-BIO center and on a PHIS800 spectrometer located at
CSU. The Washington system has a monochromatic Al K, X-ray source (/v = 1486.6

¢V). hemispherical analyzer. and resistive strip multichannel detector. A low energy ¢ 3
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¢V) electron gun was used for charge neutralization on the nonconducting samples. Tor
all samples. multiple spots were analyzed. Similar conditions were used to collect spectra
on the CSU instrument. The compositions were determined from 0-1000 ¢V survey scans
acquired with an analyzer pass energy of 130 ¢V, The high-resolution C, . O, cand S
spectra were acquired at an analyzer pass energy of 23 ¢V and collected ata 33 takeot?
angle. which is the angle between the surface normal and the axis of the analy zer Iens.
Spectra and compositional analyses obtained on the two instruments were nearly identical

2.2.7 FTIR. Transmission FTIR spectra on Si walers and KBR pellets housed in
the plasma reactor during deposition were obtained ex vice with a Nicolet Magna 760
FTIR spectrometer using a resolution of'8 em™ and averaging over 128 scans.” The | TR
spectrometer was purged with N. during spectra acquisition. Spectra were corrected only
for a sloping baseline.

2.2.8 VARIABLE-ANGLE SPECTROSCOPIC ELLIPSOME TRY. Si waters
housed in the plasma reactor during deposition were analy zed by a Woolam VASE 32
cllipsometer. Spectra trom 637 and 75 were acquired from 240 1o 1700 nm for three
locations on cach sample. All experimental data were simulated using a Cauchy model
with tilm thickness being the only adjustable parameter. Films deposited with 90%a0). 10",
HMDSO plasmas were also reproduced with the SiO. model available in the VASE32
software.” Film thicknesses were independently contirmed by protilometny. In these
measurements. a portion of the Si substrates was masked during deposition and then the
resulting step height was measured with a Sloan-Dektak 11\ protilometer. Deposition

rates were caleulated by dividing the average film thickness determined by profilometn

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PP
~1

and VASE by the deposition time.

2.3 GAS-PHASE ANALYTICAL METHODS

2.3.1 OPTICAL EMISSION SPECTROSCOPY. All three reactors shown in Fig.
2.1 were fitted with a replaceable tused silica window located at one end of the reactor.
The placement of this window in the Figs. 2.1a and 2.1b designs allows coaxial
observation of plasma emission. The OES portis oriented perpendicular to the plasma
emission in the configuration shown in Fig. 2.Tc. Plasma emission was imaged onto the
10 mm entrance slit ot an Ocean Optics S2000 triple spectrometer using three opuical
fibers. The spectrometer is equipped with three 1800 grooves nm holographic gratings
and three 2048 clement linear charge coupled deviee-array detectors. allowing detection otf
wavelengths trom 423 10 715 nm. Enussion signals were integrated for times between 0.3
and 2 s.

2.3.2 DOSIMETER FOILS. The amount of ionizing and UV radiation generated
in our glow discharge was quantified with RISO B3 film dosimeters with a dose range ol
5-100 KGy. Chapter 3. The dosimeter films (~ 20 pm thick). used as received. were
placed either in the coil region or 9 em downstream (Fig. 2.1a) and treated with a 23 W
H.O plasma. Upon exposure to ionizing radiation. the tilms change trom clear o pink.
allowing tor analysis with UV-Visible spectroscopy (Perkin Elmer). From spectra taken
between 750 and 250 nm. an absorbance maximum was observed at 334 nm. The
intensity of this maximum has been correlated to the amount ot ionizing and UV radiation

exposure to the dosimeter tilm by RISQ National Laboratony . Roskilde. Denmark.
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2.3.3 RADICAL-IMAGING EXPERIMENTS. The IRIS method. Fig. 2.3, has
been described in detail previously.'” In a typical IRIS experiment. feed gases enter a
cyvlindrical. glass tubular reactor similar to that shown in Fig. 2.1a. rf power is applicd and
a plasma is produced. Expansion of the plasma into a ditferentially -pumped vacuum
system generates an effusive molecular beam consisting of virtwally all species present in
the plasma. including the species ot interest. Based on mean-tree path caleulations. once
the species exit the plasma chamber. a collision-tree molecular beam is formed. such that
minimal loss of species oceurs prior to the interaction region.

An excimer-pumped (XeCL 100 mJ. 100 Hyy wnable dye laser beamy intersects the
molecular beam downstream trom the plasma source and induces Tuorescence ot'a
particular species in the plasma molecular beam. Spatially -resolved LIF signals are
collected by an clectronically -gated. intensiticd charge-coupled deviee ([CCH)
located perpendicular to both the molecular beam and the faser beam. dircetls above the
interaction region. A substrate is rotated into the path of the molecular beam and [ IF
signals are again collected. Ditterences between the spatial distributions with the surtace
in and out of the path of the molecular beam are used to measure the ratio of incident
radicals in the molecular beam to those scattering oft the surtace.

A complete description of the model used to quantity [RIS surtace reactivity data
is given elsewhere.'" Briefly. our model calculates the spatial distribution of the radical
number density along the laser path tor molecules in the molecular beam and scattering
from the surface and is based on the geometry ot the RIS apparatus. For the scattered

molecules. the model assumes a cosine distribution about the surface normal along the
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Figure 2.3  Schematic of the [RIS instrument.
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laser path. The calculation also assumes all ot the incident molecules scatter from the
surface. To determine the scattering coefticient. S. ot the radicals. the generated curve for
the scatter is multiplied by a scaling factor to best tit the experimental data. We define
surface reactivity. R. as |- S. Thus. R can be considered as an etfective surtace loss
coefticient tor a given species.

In the present work. the IRIS method was used to examine the surlice interactions
of reactive species in two polymer maodification systems: 1) OH radicals produced in H O
plasmas: and 2) NH radicals produced in NH. plasmas. In both [RIS studies. a 340 nm
cutoft tilter was used between the chamber and the ICCD o minimize collection ol light
from plasma emission. The ICCD camera had a 1.0 us gate width, while the gate delay
varied between 163 and 1.93 ps. Individual images were obtained with 4~ 4 binning.,
integrating tor 60-300 sec. One-dimensional cross sections of the data were produced by
averaging 20 columns of pixels (~7 mm) along the laser path. Because we were operating
in the power-saturated regime of the laser tor both molecules. no corrections tor faser
power were made.

In Chapter 4. IRIS data were generated by collecting OH LIF signal produced by
307.05 nm excitation (Rhodamine B) ot the A°T -X-TT (0.0) transition. To eliminate
background etfects. signal acquired using an oft-resonance frequency at 30713 nim was
subtracted from the 307.05 nm data (i.c.. on resonance). Data were obtained with a too®,
H.O plasma as the source of the molecular beam. collimated by two slits with widths ot
1.2-1.53 mm and 1.3-1.6 mm. The sidearm vacuum flask (250 ml.) was heated to maintain

a constant H,O vapor pressure of 30 mTorr (£ 2%). measured inside the plasima reactor
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with an MKS Baratron capacitance manometer. Data were collected at 25, 75 and 123
W applied rt power using the substrates listed in Table 5.1.

In Chapter 7. [RIS data were generated by collecting NH LIF signal produced by
the 336.030 nm excitation of the A'I1 - XY (0.0) transition. The 336.030 nm data were
corrected tor background signal trom the laser and the plasma. Data were obtained with o
100% NH; plasma as the molecular beam source. The first collimating shitwas 1.2-1.4
mm wide and was mounted on a liquid nitrogen cold shield cooled 1o =200 €. The
second slit was 1.4-1.7 mm wide. The total source pressure was maintained in the 40-00
m Torr range. and the tlow rate was 20 scem. NH scatter coetticients were obtained as
function of plasma power (72 = 753-225 W) tor polyimide. PTFE and platinum substrates.
The effects of ion bombardment on the surtace reactivity of NH were investizated by
placing a grounded mesh (gm) screen on the last detining shit to remov e charged species.

2.3.4 MASS SPECTRAL EXPERIMENTS. The addition o a mass spectrometan
(Dycor 100) to the IRIS apparatus allows identitication of both neutral and ionic species i
the molecular beam. Fig. 2.4." Data tor the HLO and NH. plasma molecular beams were
acquired with the tonizer of the mass spectrometer set to 30 ¢V, Disabling the ionizer of
the mass spectrometer allows identification and detection ot the nascent ions generated in
the plasma. All of the reported spectra were background subtracted. correcting tor the
spectrum obtained with just the molecular beam (i.e.. no plasma). Additionalls. data were
collected tor the NH; plasma molecular beam with and without the gm. Chapter 7. With a
membrane on the beam collimating slits. inset of Fig. 2.5. only those species permeating

the membrane are detected by the mass spectrometer. Chapter 3.
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Figure 2.4  Schematic of the moditied molecular beam apparatus used to perform mass
spectral experiments. Inset shows detail of the mass spectral experiment
when a membrane is placed on the beam collimating slits. In this
configuration. plasma species permeating the membrane are detected

downstream by the mass spectrometer.
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CHAPTER3

LOW-TEMPERATURE PLASMA TREATMENT OF
ASYMMETRIC POLYSULFONE MEMBRANES

FOR PERMANENT HYDROPHILIC SURFACE MODIFIC VTHON

Reprinted with permission from: M FSteen. o Hymas, oD Flves o NCE Cappseand
. R. Fisher. Journal ot Nlembrane Scicnce. Vol IRKC 97114 2oa
Copyright 2001, Elsevier Science

This dissertation chapter contains results tfrom a tull paper published . Jowrnal or
Membrane Science. The manusceript was written by M. L. Steen and edited by Protessor
E. R. Fisher. This chapter describes permanent hydrophilic moditication ot imicroporous
and ultratiltration polysultone membrances. Membrane processing conditions and the
plasma reactor configuration are discussed. The results of extensive materials
characterization for plasma-treated membranes are presented. In addition. this chapter

explores the extent and permanence of the hydrophilic moditication.
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3.1 INTRODUCTION

Asymmetric membranes are ubiquitous in numerous ultrafiltration processes (e.g.,
food and dairy industries, pharmaceuticals, water treatment).' Furthermore, asymmetric
polysulfone (PSf) membranes are the mostly widely used as PSf, a thermoplastic, is heat
and somewhat chemically resistive. One issue with using these membranes in protein-
based separations is membrane fouling, which is partially the result of the hydrophobicity
of PSf. This problem severely limits the long-term use of these membranes in many
filtration systems. Thus, it is desirable to use a polymeric membrane with a hydrophilic
surface, requiring the use of a wetting agent. Extractables from the wetting agent may
leach out of the membrane. causing contamination of the permeate and loss of
hydrophilicity. Thus, developing a robust treatment to make PSf membranes hydrophilic,
has been an important but elusive goal *

Other issues associated with making PSf membranes hydrophilic include
penetration of the treatment and alteration to the bulk properties of the matenal.
Conceivably, a particular method may modify the outer surfaces of the membrane without
achieving the desired modification inside the pore cavities. Furthermore, the treatment
should not overly reduce the permeability (i.e., water flux) of the membrane. Other
adverse physical changes to be avoided include embrittlement, shrinkage, and pinhole
defects. Therefore, the optimal method for making polymeric membranes more wettable
would achieve the desired modification to all surfaces of the membrane without altering
its bulk physical properties.

One option is to treat PSf membranes with a low-temperature plasma to achieve
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the desired change in hydrophilicity.”* Plasma moditication of polymeric membranes is a
logical extension of the technological and industrial utility of plasmas to improve wetting
properties of polymers.*® As noted in Chapter 1. surtace oxidation by plasma treatment
(e.g. O, and H.,O) improves the wettability of polvmers such as polyeths lene (PE )Y and
poly(methyl methacryvlate):” however. there is also a lack of permanency resulting trom
surface rearrangement for these treatments.” Indeed. previous attempts to make PSt
membranes hydrophilic by plasma treatment. primarily with O. plasma. resubted in only
transient hy drophilicity with contact angle changes within 24 hours of plasma treatment.
Furthermore. only the outer membrane surtace was moditicd.

As noted in Chapter 1. there are two main works in the literature that focus on
using H.O-based plasmas to modity PStmembranes. The tirst entails H.O and air plasma
treatment of polyetherimide and PSt plane and hollow fiber membrances tor hydrophilic
modification. The second describes H.O- He plasma treatment of polsacery lonitrile and
PSt ultrafiltration (UF) membranes te promote anti-louling properties.”  Ncither ot these
studies investigated the extent of plasma moditication through the cross section ot the
materials. Limited chemical analysis is provided in both studies. making it ditticult to
determine the actual chemical and physical changes resulting tfrom plasma treatment.
Moreover. the first work did not report the permanence of the hyvdrophilic moditication
and the second work found that the membrane modification was not permanent upon
storage in air. with significant contact angle increases over time.

Here. we report results tor a H.O plasma treatment developed in our laboratory

that renders PSt membranes completely hydrophilic. Treated membranes remain wettable
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for a minimum of eighteen months after plasma treatment. The dramatic change in
wettability we observe is a result of chemical changes in the membrane induced by plasma
treatment. Furthermore. we have substantial evidence that our H.O plasma treatment

penetrates the thickness of the membrane. equally moditving both sides of the membrane.

3.2 RESULTS

3.2.1 HIYDROPHILIC SURFACE MODIFICATION. The nomenclature used 1o
categorize PSt membranes (Table 3.1) corresponds to the nominal bubble point of the
membrane. For example. BTS3S and BTS80 membranes have nominal bubble points of
55 psi and 80 psi. respectively. Table 3.1 shows bubble points measured in our laboraton
for untreated PSt membranes. The bubble points measured were typically 10 psi higher
than the nominal bubble point for the material. BTS3S membranes gave the best
agreement between our measurements (37.0 = 5.3 psi) and the nominal bubble point. Asa
result. BTS33 membranes were used in our initial parameter space study of applied plasma
power. 1,0 vapor tflow rate (pressure). and treatment time. BTS33 membranes were
treated with a 25 W H.,O vapor plasma (50 mTorr total pressure) for times ranging from
15 seconds to 10 minutes. Figure 3.1 shows there is a 20-23 psi increase in the bubble
point for all treatment times examined (0.25-10 min). An increase in the bubble point
could be a result ot a decrease in the contact angle or a decrease in the oserall pore
diamcter. Hence. the observed change in bubble point for treated membranes may
correspond to an increase in hydrophilicity or to adverse physical alteration in membrane

structure as a result of plasma treatment.
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Table 3.1. Bubble points measured for untreated PSt membranes.

Membrane” Average Pore Size (um) Bubble Point (psi)"
BTS3 1.2 146 =1.7
BTS25 0.43 404 =29
BTS35 0.2 370=3.3
BTS80 0.1 92.6=3.2
UF ~0.01* N

“The numbers 3. 23, 35 and 80 reter to the nominal bubble point of the membrane with
water.

"Bubble point determined in our laboratory.

“Molecular weight cutott ~100 KD.

“Could not be tested as pressures higher than those used tor a standard test are required.
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To ascertain whether the plasma adversely altered the physical properties (i.e. pore
size) of the membrane. SEM images were obtained for treated BTSSS membranes. Fig.
3.2. The open sides of the membranes were imaged as these sides were oriented closest to
the plasma glow during treatment and were. therefore. more likely to be physically
damaged by the plasma than the downstream sides. These images are compared to that of
an untreated membrane (Fig. 3.2a). It is evident that prolonged exposure to H.O plasma
( > 10 minutes) introduces visible pitting of the membrane surtace. thereby increasing the
porosity of the membrane (Fig. 3.2¢). Membranes treated for 2 minutes. howeser. do not
exhibit any structural damage (Fig. 3.2b). Applied plasma powers ~23 W also adversely
aftect the structural integrity of the membrane. as demonstrated by the image in Fig. 3.2d
tora 100 W H.0 plasma treatment.  Thus. high applied rf’ powers and prolonged plasma
exposure were avoided and typical treatments employed relatively low plasma powers (23
W) and pressures (30 mTorr) for short times (- 2 min).

In addition to SEM analysis. changes in pore diameter ot PSEmembranes were
quantified by porometry. Porometry resuits for treated BTS3S membranes are
summarized in Table 3.2. These results indicate that the average pore size or mean tlow
pore (MFP) is negatively affected by plasma treatment. Overall. pore sizes are ~33%
larger than pore sizes for the untreated: however. the pore sizes of the treated membranes
are nearly identical to the values obtained for BTS335 membranes treated with a wetting
agent.” Therefore. our plasma treatment produces comparable results to those obtained by

the convention of applyving a wetting agent to make hydrophobic membranes hydrophilic.
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Figure 3.2  SEM images of BTS55 membranes: A) untreated; B) treated with a 25 W
H,O plasma for two minutes, C) treated with a 25 W H,O plasma for ten
minutes; and D) treated with a 100 W H,O plasma for two minutes. All
images are taken of the open side of the membranes, upstream during
plasma treatment. No physical changes were observed on the tight side of

the membranes, regardless of plasma conditions.
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Table 3.2 Porometry data for untreated and treated PSt membrancs.

Membrane* Mean Flow Pore (um) Max. Pore (um) Min. Pore (um)
untreated BTS535 0.165 0.212 0.133
treated BTS33 0.221 0.327 0.178
untreated BTS80 0.084 0.100 0.080
treated BTS80 0.095 0.164 ).082

*UF membranes could not be tested as the tight pores associated with these membranes

require pressures higher than those used for a standard test.
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To determine whether H.O plasma treatment improves the hydrophilicity of PSt
membranes. water contact angles were measured on both membrane surtaces immediately
after plasma treatment. Table 3.3 summarizes the results of these measurements. For
both sides of the untreated membranes. the average contact angle is ~90°. Contact angle
measurements on treated BTSSS membranes were impossible to perform as the water
drop immediately disappeared into the membrane (i.c.. contact angle ot 0 ). This
effectively demonstrates that these membranes are rendered completely water-wettable as
a result of H.O plasma treatment.  Furthermore. the upstream and downstream sides ot the
treated membranes are both completely wettable. This is an important result as it suggests
that the plasma penetrates the thickness ot the membrane (<123 pm). thereby equally
modifving both sides of the membrane.

For comparison. we also placed a non-porous PSt resin in the membrane holder
and treated it with identical plasma conditions. Table 3.3 includes the results of contact
angle (CA) measurements betore and immediately atter plasma treatment. The side of the
resin closest to the inductor coil (Side ) was more wettable after treatment than betore
treatment. However. the downstream side (Side B) was not as wettable as the upstream
side. suggesting that the complete modification of PSt membranes is related to their high
porosity. One possible explanation for the observed decrease in the CA on the
downstream side of the resin is the low (but non-zero) gas permeability ot the polymer.

We tested the etfectiveness of the H.O plasma treatment by extending the study to
other PSf membranes. BTS80 (0.1 um diam.) and UF (~0.01 pum diam.) membrances

(Table 3.1) were treated with a H.O plasma for 2 minutes. Table 3.3 lists the contact

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



¥
N

Table 3.3. Contact angles® for untreated. treated and aged PSt matenials.

BTS5S BTS80 UF

open tight open tight open tight
untreated 90.0 £9.0° 86.2+=93° 79.7=4.7° 79.0=2.0° 643=4.7° 663 z=47°
treated wettable wettable wettable wettable wettable wettable

PSf resin
Side A® Side B¢

untreated 73.0 = 2.0¢ 71.0=2.0°
treated 14.9 = 3.5¢ 44131

*Values reported are the average of a minimum of three drops on cach side ot the material.

"Side A faces the inductor coil during plasma treatment.

*Side B is downstream trom the inductor coil during plasma treatment.
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angles measured on both sides of these materials betore and after plasma treatment. These
results are analogous to those obtained for BTS33 membranes. Both sides of BTS80 and
UF membranes were rendered completely wettable as a result of plasma treatment.
Porometry results obtained for BTS80 membranes betfore and after plasma treatment are
similar to those obtained for BTS33 membranes (Table 3.2). Overall. an increase in the
pore sizes associated with BTS80 and BTS33 membranes is observed atter plasma
treatment. As noted above. this phenomenon is also observed for membranes treated with
a chemical wetting agent.

3.2.2 PERMANENCE OF HYDROPHILIC MODIFICATION. We have
examined the permanence of our plasma treatment by measuring contact angles and bubble
points tor samples aged days. weeks. and months atter plasma treatment. Figure 3.4
shows the eftect ot aging on the average bubble point of treated BTS3S membranes. The
average bubble point. analyzed immediately atter plasma treatment. is 73 = 2 psi. This is
~20 psi higher than the average bubble point tor untreated BTS33 membranes (37 = 3
psi). Figure 3.4 tllustrates that the average bubble points measured tor samples aged tor
up to one month decrease slightly from the average bubble point of samples analy zed
immediately after plasma treatment. but remain ~20 psi higher than the average bubble
point of untreated BTS35 membranes. These results indicate that the change in the bubble
point observed for plasma-treated membranes is not affected by aging.

The most compelling evidence for the permanence of our hydrophilic moditication
is contact angle measurements made on plasma-treated samples stored under ambient

laboratory conditions. BTS33. BTS80. and U'F membranes remain completels wettable
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Figure 3.4  Bubble point as a function of time after plasma treatment for BTS55.
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tor at least eighteen months after plasma treatment. [n contrast. previous attempts to

make PSt membranes hvdrophilic by plasma treatment resulted in significant contact angle
changes within 24 hours of treatment.™ Our results clearly indicate that our plasma
treatment of both microporous and UF PSf membranes is permanent. as it withstands
long-term aging under ambient conditions.

3.2.3 ACCELERATED AGING STUDIES. The permanence of the hydrophilic
membrane moditication was further tested by subjecting plasma-treated BTSS3
membranes to accelerated aging. These experiments exposed membranes to extremes in
humidity and temperature (¢.g.. steam. boiling H.O and ~“dn ™ heat).  The permanence of
the moditication was then determined by measuring contact angles and bubble points atter
the wet or dry treatment. CA measurements tor the steam-treated membranes indicated
they were less wettable than plasma-treated membranes without steam treatment:
however. a visible contact angle could not be measured on cither side ot the steam-treated
membranes. Specifically. steam-treated membranes did not immediately absorb the water
drop. but absorbed the drop in - 60 seconds. Although steam-treated BTS3S membranes
do not lose hydrophilicity. steam treatment atfects the instantancous wettability ot the
membranes. However. the average bubble point of plasma-treated membranes analy zed
after steam treatment (72 = | psi) is essentially unchanged trom the average bubble point
measured immediately after plasma treatment (73 = 2 psi).

Plasma-treated membranes were steam-treated under the same conditions three
times in succession. drving between steam cycles. Contact angles were measured on cach

side of the membrane tollowing the last steam treatment. The results obtained tor multiple
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steam treatments were similar to those obtained for membranes stecamed only once.
Overall. the steam-treated membranes did not immediately absorb the water drop but
instead absorbed the drop in <90 seconds. Likewise. the average bubble points obtained
for membranes steamed multiple times are identical to the average bubble point obtained
for membranes steamed only once. Therefore. repeated steam treatments do not cause
turther losses in hvdrophilicity.

As another test of extreme conditions. plasma-treated BTS3S membranes were
placed in a clean beaker of boiling H.O (M) tor one hour. The membranes were then
allowed to completely dry in air. CA measurements pertormed atter treatment showed an

increase to ~63  tor both sides of the membranes. While this is a significant increase. it is

We also examined the ettect of hot. drnv conditions on the hydrophilicity induced by
H.O plasma treatment by heating plasma-treated BTS33 membranes inan oven. Contact
angles were measured on both sides ot the membrane after heat treatment. Contact angles
measured tor membranes heated at 130 °C as a tunction of heat treatment time are shown
in Figs. 3.5 and 3.6. Overall. heat treatment has a deleterious ettect on the plasma-
induced hyvdrophilicity as CA changes are measured atter heat treatment: however. the
plasma-treated membranes never reverted to the degree of hydrophobicity associated with
the untreated material. For example. Fig. 3.5 illustrates that the average CA tor both the
open and tight sides of the membrane does not exceed 60° even atter heating tor four

hours at 130 °C. This is similar to what was observed tor the boiling H.O experiment.
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There is a significant difference in the time required for the open and tight sides to
lose plasma-induced hydrophilicity. Fig. 3.6. Specifically. the contact angle on the open
side increases to > 60° if heated for 2.5 minutes or longer at 130 °C. Conversely. the tight
side of the membrane remains wettable until heated tor ~10 minutes at 130 *C. This eftect
is not dependent on the orientation ot the membrane in the oven during heat treatment. as
the tight side remains wettable for much longer (~8-10 min) than the open side (~2 min)
under «// heating conditions.

Results tor plasma-treated membranes heated at 170 °C are also shown in Fig. 3.0.
At this higher temperature. the contact angles on hork the open and tight sides increase o
>60° after being heated for 2.5 minutes. Theretore. heat-treating at higher temperatures
causes an immediate decay of the plasma-induced hydrophilicity. in contrast to the gradual
decay observed tor membranes heated at 130 °C. Notwithstanding. the plasma-treated
membranes never revert to the degree of hydrophobicity of the untreated material even
after 4 hours at 170 °C.

3.2.4 PENETRATION OF PLASMA TREATMENT. We devised an experiment
to turther investigate the penetration of the plasma treatment by treating multiple
membranes simultaneously. Two membranes were stacked in the membrane holder such
that both open sides of the membrane faced the inductor coil. As a result of stacking the
membranes. the sides of the membranes on the interior of the stacked assembly were not
directly exposed to the plasma. We then measured water contact angles on all tour sides

of the membranes immediately after plasma treatment.
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Figure 3.6  Contact angles tor plasma-treated BTS33 as a tunction ot heat treatment.

Treated membranes were heated in a conventional oven at 130° C (closed
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treatment.
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Table 3.4 includes the results for experiments in which two BTS33 membranes
were simultaneously treated for either 2 or 3 minutes. In both cases. the surtaces of the
membrane closest to the inductor coil (surtaces 1 and 2) were completely wettable atier
plasma treatment. Likewise. the open side ot the second membrane (surtace 3) was also
completely wettable after plasma treatment. The only way the surfaces on the interior of
the stacked assembly (surtaces 2 and 3) could be treated by the plasma is it the plasma
penetrated the thickness of the membrane closest o the inductor coil.

For the 2 minute plasma treatment. the surtace farthest downstream trom the
inductor coil (surface 4) was less wettable than the other three surfaces of the membranes
in the stacked assembly. Although surtace 4 was not completels wettable. a decrease in
the contact angle relative to the untreated membrane was obsenved. Increasing the
treatment time to 3 minutes resulted in all tour surtaces of the membranes being rendered
completely wettable. These results estimate the depth of penetration of our plasma
treatment to be at least 230 um or the thickness ot two membranes.

We also investigated whether the porosity of the PSH membranes atfects the depth
of penetration of plasma treatment. Table 3.4 summarizes the results of multiple
membrane experiments performed for BTS80 and UF membranes at ditferent treatment
times. For both sets of experiments. the surtaces ot the membrane closest to the inductor
coil (surfaces 1 and 2) are completely wettable after a 2 minute plasma treatment. In
contrast to the results obtained for BTS35 membranes. surtaces 3 and 4 of treated BTS80
and surfaces 2. 3. and 4 in the UF experiment were not immediately completely wettable

after a 2 minute plasma treatment. These results indicate that the low porosity associated
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Table 3.4 Results for multiple membranes experiments.

Treatment Time (min) H,O Contact Angle*
Side | Side 2 Side 3 Side 4
(open)” (tight)® (open)* (tight)*
BTS535 2 wettable wettable wettable 353510
BTSS55 3 wettable wettable wettable wettable
BTS80 2 wettable wettable 62.7=27" wetted <60 ¥
BTS80 5 wettable wettable welttable wettable
LF 2 wettable wetted <90 s wetted <90 57 333 = 3
UF 6 wettable wettable wettable wettable

*Values reported are the average of a minimum of three drops on cach side of the material,
*Side of membrane closest to coil.

*Sides of membrane on interior ot stacked assembly.

“Side of membrane tarthest downstream from coil.

“Water drop did not immediately absorb. but was completely absorbed in the time

indicated.
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with these membranes aftects the throughput of the plasma necessary to treat those sides
not directly exposed to the plasma glow. All four surtaces of the BTS80 and UF
membranes can be rendered completely wettable by increasing the treatment time. with UF
membranes requiring the longest treatment time (~ 6 min) to obtain wettability tor all tour
sides. This suggests that the relatively low porosity of the UF materials slows. but does
not prevent simultaneous plasma modification ot multiple membranes.

3.2.5 SURFACE COMPOSITION. We ascertained the chemical changes that
occur in PSt membranes as a result of H.0O) plasma treatment by XPS analysis. Tables 3.3
and 3.6 summarize the results from XPS analysis tor treated and untreated BTS3S
membranes. The elemental composition tor the untreated membrane is in excellent
agreement with the structure of PSE. Table 5.5, In addition. no significant ditterence in
composition was detected between the open and tight sides of the untreated
BTS35 membrane.

The results in Table 3.3 indicate that H.O plasma treatment increases the oxygen
concentration ot PSt membrane surtaces. Data for membranes aged - 1-4 days show the
oxygen content for both sides of membranes (~22%q) is significantly higher than that tor
the untreated membrane (~12%). Specitically. the increase in the high binding region of’
the C,_ spectrum upon treatment is consistent with the presence of ketonesaldehyvde and
carboxylic acid’/ester groups. Table 3.6 provides the detailed results of the C,_ spectrum
for untreated and treated BTS55 membranes (aged ~1-4 days). As a result of plasma

treatment. the CH, percentage decreases relative to the untreated material. This decrease

is counterbalanced by an increase in the percentages of C-O and C-O_ groups. As there
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Table 3.5. XPS results for controls. untreated and plasma-treated BTS33.*

Material XPS Atomic Percent
C 0 S F N

PTFE 33.8=0.2 66.2 =0.2
TFAA-PS 99.9 = 0.1
TFAA-PVAr 44.9=0.2 204 =02 34.6 = 0.1
Stoichiometric st 84.4 12.5 X o o
untreated PSt (open) 843 20.8 12.0=0.5 3.7:=03
untreated PSt (tight) 84.5=0.2 11.8=0.1 3.7=0.3
treated PSf(open)! 744 =02  221=03  26=0.1 0.7 =0.2
treated PSH(tighty  73.7 0.6 213 =01 26=0.1 0.6 =0.1
aged PSf(openy's  67.7 26.3 2.0 1.0
aged PSft (tight) 74.7 21.8 24 0.6
untreated open-TFAA'82.2=0.2 15.0=0.2 35=0.1 1.2=0.2
untreated tight-TFAA 80.6 = 0.4 13.7=0.2 3.8=02 1.3=02
treated open-TFAA 731 = 0.8 18.9=0.3 2.8=0.1 42=02 06=03
treated tight-TFAA 72,1 =08 18.8 =0.1 24=0.1 3.7=03

*Unless otherwise noted. all data were acquired ~1-4 days atter plasma treatment.

"Negative derivatization control.

“Positive derivatization control.

“Trace impurities (<1%) of atomic silicon also detected.

“Data acquired on samples aged ~1 vear. Errors on these values are estimated to be =1%o.

"Trace impurities (<1%) of atomic sodium also detected.
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Table 3.6 XPS C, Percent tor controls. untreated and plasma-treated BTS35.*

Sample XPS C,, Percent
CH, C-0 C-Ox* Ck., CF,

PTFE 100
TFAA-polystyrene* 100
TFAA-polyvinylalcohol 28 25 23 24
PSt 83 I3
untreated PSE (open) 84 16
untreated PSt (tight) 83 17
treated PSt (open) 75 19 9
treated PSY (tight) 74 18 8
treated PSt(open)- TFAA 76 17 6 I

“Data listed were acquired ~ -4 days atter plasma treatment.
*C-0, is the total amount of C=0. O=C-O. ete.
“Negative derivatization control.

Positive derivatization control.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

are no C-O, groups present in the untreated material. these tunctional groups must be
introduced by the plasma treatment. From the high-resolution S, spectra. a small amount
of sulfate-like groups were also introduced by the plasma treatment. These results suggest
that the increase in hydrophilicity observed for H.O plasma-treated membranes is indeed a
result of the formation of covalently bound hydrophilic tunctional groups.

The membranes were further derivatized with trifluoroacetic anhydride ( FFAN) 0
detect the presence of OH groups introduced by plasma treatment. Quantitication of the
surface alcohol content was obtained using the tritluoroacetic anhydride (TFAN)
derivatization technique. This allows ditterentiation between C-O-H and C-0-C. In this
procedure. hydroxyl groups are converted to OCO)CE, groups via an esteritication
process.” " As shown in Table 3.6. a small number ot Ol groups 170, as 3 I atoms are
substituted for cach OH group) are incorporated: however. itis essential to consider
possible cross-reactions and derivatization efticiencies when anals zing the results ot the
TFAA derivatization experiments.'' Thus. this should be considered as an upper limit to
the amount ot OH present on the surtace of the membrane.

XPS analysis was also pertormed on treated samples aged ~1 vear. Overall. the
membranes retained their increased oxygen content and the same tunctional groups were
detected in the C,, spectrum. There was. however. an additional increase in the oxygen
content (~26%) tor the open side of the membrane. relative to the tight side (~22%). This
ditference is likely the result of a higher concentration of trapped radicals on the open side

of the membrane as it was the side directly exposed to the plasma.
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3.2.6 ALTERNATE PLASMA TREATMENTS. To determine the eftects of
various possible reactive species in our plasmas and for comparison to previous literature
results.*”'* the alternate plasma systems of 100% O,. 100% Ar. and 100% He were
examined. With O, plasma treatment. both surtaces of BTSS3 were rendered completely
wettable after plasma treatment. Similar to prior attempts to make PSt membranes
permanently hvdrophilic by O. plasma treatment. the improvement in hydrophilicity was
not permanent and significant contact angle increases were observed within 3 days ot
treatment. With both the Ar and He plasmas. only the upstream side became hydrophillic.
The downstream side displayed reduced contact angles ot =75 . Upon standing. contact
angle increases were observed within days after treatment. Thus. all three plasma
treatments do afford temporary changes in wettability. but none are permanent
moditications. Moreover. the rare gas plasmas do not equally modity both surfaces.
suggesting complete penetration by reactive species is not achieved in these systems.
3.2.7 CHEMICAL COMPOSITION OF H.O PLASMA. One important tactor

contributing to the observed difterences in membrane treatments between the HLO system
and the alternate plasmas discussed in Section 3.2.6 is the chemical nature ot the plasma
species. Figure 3.7a shows an optical emission spectrum of a 23 W H.O vapor plasma (30
mTorr). providing data on the excited-state gas-phase composition of the plasma. This
spectrum identifies the presence of OH radicals (at 306.95 and 309.14 nm). as well as H
atoms (at 486.18 and 6356.45 nm) in the H.O plasma. No emission trom other species is
observed.

Figure 3.7b shows the OES spectrum of a 25 W H.O vapor plasma (30 mTorr)
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when a PSf membrane is placed horizontally directly in the coil region of the plasma
reactor. While emission from OH and H atoms is still evident in this spectrum. there are
clearly strong emission lines at 282.68. 297.02. 312.71. 329.75. 483.17. and 319.48 nm.
Less intense emission lines are also observed at 348.50. 430.75 and 360.67 nm. All of
these new lines can be attributed to emission from CO in the plasma.'” This obsenvation

confirms we are oxidizing the PSt. as CO is a known product ot most pols mer oxidation,

3.3 DISCUSSION

As mentioned in Section 3.1. several groups have previously noted improved
wettability for PSH membranes as a result of plasma treatment: however. there are several
compelling ditterences between the results described here and previous studies. These
include: 1) demonstration of complete penctration of the moditication: 2y degree and
permanency of plasma-induced hydrophilicity: 3) degree o chemical moditication: 4)
consideration of structural damage by plasma treatment: and 3) understanding of the
underlying chemical processes. The following sections discuss these points in detail.

3.3.1 PENETRATION OF MEMBRANE MODIFICATION. A major ditterence
between our work and prior studies is that we have demonstrated explicitly that
penetration of both microporous and UF membrane moditication is complete such that a//
surtaces of the membranes are treated. To understand why we have achieved such
complete modification. it is instructive to point out the experimental dittferences between
our work and three relevant investigations ot plasma penetration ot porous materials.

First. a recent study by Johansson and Masuoka (JM) examined the penetration of pores in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72
polycarbonate (PC). polv(vinylidene tluoride) (PVDF). and nvlon membranes by plasma
forming species using a butane plasma.’” A significant change in the surface contact angle
was observed with the track-etched PC membranes: however. no contact angle changes
were found with the nylon and PVDF atter plasma treatment. This was largely auributed
to the membrane thickness and the tortuosity of the PVDF and nylon membranes in
comparison to the track-etched pores of the PC membranes. Second. Yasuda and
coworkers have explored the penctration of nonworen labrics using tluorocarbon
plasmas.” They found that some penetration was obtained. but it was dependent on the
porosity of the materials (~90%) and the nature of the tluorocarbon gas. In both studices.
polymer-torming plasmas were employed. leading to deposition ot a chemically ditterent
material on the membrane surfaces.

In the third work. Onishi and comorkers used plasma graft copolymerization
(PGC) to hydrophilize polypropylene membranes tor blood plasma separation. ~ PGC
involves exposure of a polymer surface to an Ar plasma tor surtace activation. The
activated polymer is then exposed to a polyimerizable monomer. which is then gratied onto
the polymer surtace. This system deposits an appreciable amount ot material on the
membrane surtaces. which was observable in Onishi’s SEM images.'” Based solely on this
result. they claim complete moditication of the entire cross section. Note that. similar to
the techniques employed by JM and Yasuda. the PGC method deposits a chemically
ditferent material onto the membrane surface.

[n contrast to these three works. we observe complete penetration of our highly

asymmetric membranes for a variety of pore sizes. We attribute this extensive membrane
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modification to the unique design of our membrane holder. which allows maximum
penetration of the plasma through the membrane. We believe that JM did not achieve
complete penetration of their membranes. primarily because of their experimental design.'”
Yasuda et al. did observe some penetration. but did not optimize their experimental design
to achieve modification of all membrane surtaces.'™ Although Onishi and coworkers may
have achieved some penetration. it secems unlikely given their high deposition rate and an
experimental design not optimized tor complete pencetration as the membranes were not
oriented perpendicular to gas tlow.'’

Choice of plasma system also appears to be a controlling tactor in membrane
penetration. For example. Yasuda et al. did not achieve complete pencetration of their
nonwoven tabrics when polymer-torming plasmas (e.g. C.F, ) were used. ™ Complete
penetration was observed. however. using a non-polsmer torming plasma (e CF,).
similar to the results obtained here tor H.O plasmas. Our results tron inert gas systems
demonstrate. however. that complete penetration is not achieved by all non-polymer
forming plasmas. We believe these difterences are due primarily to the chemical nature ot
the reactive species present in the plasma.

We have also shown the etfectiveness ot the H-O plasma treatment is not limited
to microporous PSf membranes. but is also eftective for membranes with smaller pore
sizes. The results obtained for BTS80 and UF membranes show that the pencetration of
the membrane modification is extensive regardless of the average pore size (i.c. porosity )
of the membrane. Thus. it is not clear that the pore size or the tortuosity ot the

membranes is controlling the ability of reactive species to modity our membranes.
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Demonstrating that complete penetration has been achieved is challenging as the
interior of a porous material is difficult to probe. Our multiple membranes experiments
explicitly show that penetration ot our membranes by the H.O plasma is occurring. In
these definitive experiments. even the interior surfaces of stacked membranes become
hyvdrophilic. Other studies in our laboratories contirm. through environmental SEM
(ESEM) data. in situ wetting of the entire membrane structure. Chapter 4. Moreover.
penetration is not dependent on the membrane material as we have also achieved complete
moditication of both polyethersultone and polsethylene membranes. Clearly. the extent of
our membrane moditication technically ditterentiates our work trom other studies
involving hydrophilic moditication of membranes.

3.3.2 DEGREE AND PERMANENCY OF MODIFICATION. Although other
studies have reported hydrophilic changes as a result of plasma treatment. the changes
have not been permanent. For example. Ulbricht and Beltort (UB) reported that PSEUEF
membranes were significantly more hydrophilic after 30:30 He:H.O (23 W. 200 m Torr. 30
sec) and 100% He (23 W. 100 mTorr. 30 sec) plasma treatment as evidenced by a
decrease in the contact angle.” These measurements were pertormed on membranes
immersed in water for 1-3 days after plasma treatment. UB tound that the treated

membranes were completely stable if stored in water: however. surtace rearrangement

‘Note that the authors measured octane’water contact angles because the airwater
contact angles were < 20°. For octane/water contact angle measurements. the membrane
is in the “wet” state and. therefore. is less susceptible to wicking etfects.
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occurred during storage in ambient conditions resulting in contact angle changes.”
Astardjani. Segui. Aurelle and Abidine (ASAA) also observed contact angle changes tor
PSf membranes treated with air and H.O plasmas.® However. the authors did not include
data on the stability of their plasma-treated membranes. Comparatively. our hydrophilic
membrane moditication is permanent as treated membranes remain wettable tor over a
vear upon storage in air.

One ot the key factors atfecting the permanence of the treatment is the chemical
nature of the plasma. For example. the wetting properties ot polsthy droxy buts rate-co-
9%ghvdroxyvalerate) tilms have been studied as a function ot the type of plasma treatment
(e. g. Ar. O. H.O and H.O. plasmas).”™ Of these. H.O and H.O. were considered milder
treatments. as they resulted in less surtace etching and cross-linking of the polymer. The
degree of crosslinking was tound to influence the permanence ot the plasma treatment as
H.O and H.O, plasma-treated tilms lost hydrophicility upon standing sooner than tilms
treated with Arand O, plasmas. Loss of plasma-induced hydrophilicity is generally
attributed to chain migration from the surtace to the bulk to minimize surface energy
hence. the degree of cross-linking attects the tacility with which the chains can migrate
trom the surtace into the bulk.”

Exposure to environmental extremes such as heating in an oven or exposure to

boiling H.O increases the hydrophobicity ot our plasma-treated membranes. In both

“These data are for membranes treated with a 25 W He plasma (100 mTorr) tor 30
seconds. Permanency data were not provided in Reference 4 tor UF membranes treated
with a 50:30 He:H.O plasma.
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cases. chain motion is likely the cause of loss in hydrophilicity tor treated membrances
exposed to high temperatures as heating has been shown to increase chain motion in
polymers.” This type of change in plasma-modified polymers with high temperatures has
been observed for hydrophobic treatments of polystyrene.™ Similarly. a degradation in
adhesion properties of polyimide:polyvimide plasma treated intertaces has been observed
upon exposure to humid environments.” Notwithstanding. our membrances are stable
when stored in ambient conditions.  Although extremes in heat and humidity have a
deleterious ettect on the degree of wettability. the membrane never reverts to its
untreated. hydrophobic state. We attribute the permanency of our moditication to the
milder. optimized plasma conditions employed in our study. It is also likely refated to the
extent of moditication as the treated membrane surface area is signiticantly higher than
that for a one-sided treatment. Some surtace rearrangement oceurs atier plasma treatment
as the XPS analysis shows the oxygen content increases over time (~ | year after
treatment) tor the open side of the membranes: however. no measurable decrease in the
hydrophilicity is observed on either side. even 18 months atter treatment.

3.3.3 DEGREE OF CHEMICAL MODIFICATION. The permanency ot the
hydrophilic membrane modification developed in our laboratory is also likely related to the
chemical changes in PSf as a result of plasma treatment. Incorporation ot new. more
hvdrophilic tunctional groups that are covalently bound to the polymeric backbone results
in permanent modification. Indeed. the oxygen concentration increases to more than 20%

after plasma treatment (Table 3.5) as new C-O_ and a small number ot Ot [ groups are

introduced by plasma treatment. This increase is the same for both surtaces of the treated
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membranes. further demonstrating equal modification is occurring.

These results are consistent with previous studies of surtace oxidation of many
types of polymers by plasma treatment (e. g. O.. air. H,0. H,0,).” = ASAA also reported
an overall increase in the surface oxyvgen concentration and wettability of PStas a result of
air and H,O plasma treatment.® UB also noted a slight increase in the oxygen content due
to He:H,O plasma treatment.” These studies. however. did not report the amount of
surface oxyvgen detected.

3.3.4 CONSIDERATION OF STRUCTURAL DAMAGE. We also treated PSE
membranes with inert gas H.O plasmas. but did not determine any added benetit with this
gas mixture. Although diluents can increase the fragmentation ol H.O in the plasma ti.e.
increase the concentration ot OH radicals). the addition ot a diluent may also have a
deleterious eftect as it could lead to etching of the polymeric material. These thin. porous
materials are highly susceptible to plasma-induced damage and. theretore. require special
considerations in experimental design.

All of the conditions employed here are refatively mild (low applied rf power and
pressures as well as brief treatment times). Furthermore. the membrane is placed 9 ¢m
downstream from the inductor coil. limiting exposure to energetic species. ASAA also
pertormed treatments as much as 45 cm downstream from the inductor coil:* however.
relatively extreme plasma conditions were still employed with applied rf powers as high as
200 W (at 150 mTorr). Although UB operated under milder plasma conditions (23 W',
100-200 mTorr). the ettect of He on the physical properties ot their PSH UF membranes

was not explored.”
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Although our membranes did not appear damaged by H.O plasma treatment on the
scale of the SEM experiment. treated BTS33. BTS80. and UF membranes all exhibited an
increase in average pore size. as determined by porometry. The increase in pore diameter
resulting from plasma treatment is. however. comparable to the increase in pore diameter
observed for membranes treated with a wetting agent. UB also observed a signiticant
increase in the water tlux after He:H.O plasma treatment. suggesting adverse pore size
changes.”

3.3.5 UNDERSTANDING OF THE UNDERLYING CHEMISTRY. Many
studies have concentrated on correlating polymer surtace moditications to specitic plasma
conditions. which provides simple relationships between the density ol species originating
in the glow discharge and surtace modification induced in polymers. For example. ASAN
optimized plasma processing conditions of PSt UF membranes by establishing
relationships between 1) plasma parameters (power. pressure and distance trom the
inductor coil): 2) composition of the gas pnase (OES). particularly OH radicals believed to
be responsible for surtace moditication: and 3) membrane composition (XPS) and wetting
properties (contact angle measurements) ot the surtace after plasma treatment.”
Accordingly. optimal conditions giving the maximum contact angle change and
concentration of oxygen at the surface corresponded to the plasma conditions that
produced the greatest intensity of OH radicals in the plasma.

There are several caveats to this tvpe of empirical approach. ASAA observed
excited-state OH radicals generated under the same conditions employed to treat PSEUF

membranes. The mechanism by which excited-state OH radicals are likely produced in
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H.O plasmas is given in eq. (3.1).
e+H,O0 - OH -H -¢ (3.1
Although this reaction accounts for OH radicals in the plasma. the authors did not identity
the species present in the plasma during plasma processing ot a membrane. We have also
identified the presence of excited-state OH radicals in a H.O plasma under the same
operating conditions we use to process PSf membranes (Fig. 5.7a). Morcover. we also
identificed the presence of additional species generated on/y during plasma moditication of
PS{ membranes. The OES data in Fig. 3.7b show the presence of excited-state CO. which
are not observed in a H.O plasma without a PSfmembrane. Fhus. we were able to detect
reactive excited-state plasma species as well as excited-state products ot the reaction with
PSf.
More importantly. an empirical approach does not provide information about the
actual interactions ot OH radicals with the surtace ot the membranes. data critical o
elucidation ot the mechanisms responsible for moditication of the surtace properties off
PSE. Interestingly. independent data in our laboratories using laser-induced tluorescence
(LIF) to measure gas-phase densities of ground-state O radicals also indicate that higher
applied rt powers lead to higher OH concentrations in H.O plasma. Chapter 3.~ Data in
Fig. 3.2. however. show that higher powers result in plasma-induced damage to the PSY
membranes. Clearly. more detailed information is needed for a complete understanding ot
the mechanisms involved in PSf membrane moditication.
ASAA proposed that OH radicals produced in air and H.O plasmas modity PSt by

producing covalently bound C=0. C-O. O-H. and O-C=0 groups at the surtace. as
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evidenced by XPS data. By comparing the results obtained tor polvacry lonitrile and PSt
UF membranes treated with H,O:He and He plasmas. UB also concluded that PSf is more
susceptible to modification by oxygen-containing plasmas.’” ASAA proposed that
plasma-generated OH radicals may combine with surtace atoms to produce C-0O bonds via
eq. (3.2).

CH, CH.OH
| | (3.2).
-C- - Ol - -C- -1
Interestingly. we have observed essentially no change in the C-O groups ot the polymer
after plasma treatment (Table 3.5). Furthermore. results obtained trom TFAA
derivatization indicate only a small number (~1%0) ot” alcohol groups introduced by the
plasma. There is. however. a signiticant increase in the number of CO| groups. such as
aldehyde-ketone and carboxylic acid ester groups.  Although these croups could be
introduced by oxidation of alcohol groups plasma-generated by reaction 3.2, oxidation
may occur at other sites in the polymer backbone.
In addition to oxidation of the miethyl group as proposed by ASAAL we believe
there are two other locations for oxidation on the polymer backbone as represented in

Scheme 1.1.
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As detailed in Chapter 1. oxidation at position 2 vields an aldehyde. which can be further
oxidized to vield a carboxylic acid group. A secondary oxidation pathway is at the sultur
(position 2) resulting in sulfate-like groups as seen in the high resolution S, spectra.
Additionally. oxidation can occur at the ether linkage (position 3). Finally. our XPS
results indicated the presence of nitrogen on the treated samples suggesting the presence
of amide-like groups. possibly at position 2. These groups are likely the result of radical
quenching by air atter plasma treatment. Theretore. the detailed chemical intormation we
obtained trom XPS clearly contirms our hy pothesis of concurrent reaction pathways. in
contrast to the unidirectional mechanism suggested by ASAA.

Itis also possible that additional oxy gen may be incorporated at the surtace by
post-plasma treatment radical quenching with atomospheric oxyvgen. ™ Indeed. this has
been observed previously tor plasma treatment of various polymers. For example.
Griesser and coworkers found a continuous increase in the oxygen content over time for
fluorinated ethylene propylene (FEP) and polstetratiuoroethy lene treated with ammonia
plasma.” The O C ratio. measured as 0.0 immediately atter plasma treatment. increased
tour-told within 10 days of plasma treatment. This increase was attributed to oxidation of’
trapped radicals and subsequent secondary reactions. XPS analysis of our samples aged
~1 vear did show an increase in oxygen incorporation on the open side ot the membrane.
For our samples. however. the O/C ratio only changes from 0.30 on the ~ 1 dayv-old
samples to 0.39 on the ~1 vear-old samples. Furthermore. essentially no change in the
O/C ratio is observed on the tight side of the treated membrane. Although post-treatment

oxidation may be contributing to the increase in surtace oxygen observed here for aged
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membranes. we believe oxygen-containing radical species in the H.O plasma are primuarily
responsible tor the chemical moditication of PSt. Indeed. direct evidence of the nature of
the plasma-surface interactions is needed to ultimately define the contribution ot plasma

treatment to the observed changes in the composition and wettability ot PSt.

3.4 SUMMARY

The results described here demonstrate that the H.O plasma treatment dey eloped
in our laboratory achieves permanent and complete hydrophilic moditication ot PSY
membranes. Furthermore. this study encompasses microporous as well as UF membranes.
illustrating the universality of this method. As discussed in Chapter 4. we have also
treated ditferent polymeric membrane materials to achieve permanent and complete
hydrophilic moditication. Our H.O plasma similarly modities these membranes regardless
of material. Hence. we have developed a general method for rendering asy mmetric
polymeric membranes permanently and completely hydrophilic.

To turther explore the molecular-level chemistry in this system. we have studied
the surtace reactivity of OH radicals during H.O plasma processing of PSt and other
polymeric membranes. Chapter 5. Results from our direct. non-intrusive radical imaging
experiments provide chemical information about the plasma-surtace interactions occurring
during processing. Thus. our combined experimental approach atfords better process
control by considering the molecular-level chemistry as well as achieving the desired

membrane surface properties.
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CHAPTER 4

HYDROPHILIC MODIFICATION OF POLYMERIC MEMBRANES BY

LOW-TEMPERATURE HLO PELASMAN TRENTMEN

I'his dissertation chapter contains results from a tull paper submitted tor
publication W Jowrnal ot Membrane Science. The manuseript was written by N T Sieen
and cdited by Protessor L2 R, Fisher. The coauthor was AL C. Jordan, This work
continues our studies on plasma moditication of hydrophobic materials tor permanent
hydrophilicity. The role of membrane material (composition) and structure (degree ot
asymmetry) in the moditication were investigated.  This work demonstrates that the exient
and permanence of hydrophilic moditication can be correlated to: 1) the mechanisms of
interaction between the polymer and reactive plasma species: and 2) the degree ol

penetration of these species through the porous structure.
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4.1 INTRODUCTION

Microporous polymeric membranes are commercially available in a variety of pore
sizes and composition to address the needs ot nearly any separation process. including
filtration of particulates and macromolecules from aqueous streams.! The membranes
used in these applications are generally constructed from durable thermoplastics (e.g..
polysulfone). the majority of which are hvdrophobic.” As a consequence. the surtace of
these membranes must be rendered hyvdrophilic through the addition of a wetting agent
and/or by chemical moditication ot the membrane structure prior to use in agueous
separations. [ssues frequently encountered with these methods include a lack of
permanency of the moditication and unmoditied arcas in the pore structure.”* Henee. an
optimal method tfor making hydrophobic membranes wettable would achieve permanent
hyvdrophilicity and uniform modification of all membrane surtaces.

Chapter 3 reported a H.O plasma treatment developed in our laboratory tor
asymmetric polysultone (PSt) membranes that achieves permanent hydrophilicity ot these
hydrophobic membranes.” The permanence of the hydrophilic moditication is a direct
result ot covalently-bound sulfate. O-H. C-O and C-O_ (e.g.. C=0. O-C=0) groups
introduced by plasma treatment. Furthermore. H,O plasma treatment modities the entire
membrane cross section of these highly asymmetric membranes. We attribute this
extensive membrane modification to the unique design of our membrane holder. which
orients the porous materials perpendicular to the plasma. allowing maximum penetration

of the plasma through the membrane.

We have also examined the underlving chemistry of the FHLO plasma surtace
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modification system using three gas-phase analytical tools. Chapter 3.” These analyses
provided a comprehensive profile of plasma species and a tairly extensive set of data trom
which mechanistic information was gleaned. Characterization of gas-phase species.
including those penetrating the membrane thickness. as well as molecules generated at the
membrane surtace during modification was performed using mass spectrometry (MS) and
optical emission spectroscopy (OES). Plasma-surtace interactions ot Ol radicals
generated in the plasma were assessed with our direct. radical-imaging experiments based
on laser-induced fluorescence (LIF). Results show OH has a moderate reactivity ot ~30%,
at the surtace of the polyvmeric membranes emploved in this study. These data indicate
OH radicals are involved in our hydrophilic membrane moditication. Furthermore. the
same moderate OH reactivity was measured for PSt. poly cthersultone (PES) and
polvethylene (PE) membranes. suggesting that H.O plasma treatment is general o a
variety of membrane materials.

In this chapter. we have extended our H.O plasma treatment to PES and PE
membranes to investigate the role of membrane material (chemical composition) and
structure (i.e.. degree ot asymmetry) in our hydrophilic moditication. The wetting
properties ot PES and PE membranes were evaluated by contact angle (CA)
measurements and environmental SEM (ESEM). CA measurements as a tunction of the
age of the sessile drop on the surface quantitied the amount of time it took for the plasma-
treated membranes to wet. ESEM images show the extent of hydrophilic moditication
through the PES and PE cross sections. Overall. we demonstrate that the wetting
properties and surface compositicn can be correlated to the de

gree of penetration of

&
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molecular species generated in the H,O glow discharge.

4.2 RESULTS AND DISCUSSION

4.2.1 MODIFICATION AND PERMANENCE. The images acquired with our
DSA 10 goniometer (Figure 4.1) demonstrate hvdrophilic modification ot hydrophobic
PES membranes by H.O plasma treatment. For clarity. the two sides of the membrane.
the open. upstream side (closest to the plasma) and the tight. downstream side ot the
membrane will be reterred to as Surfaces | and 2. respectively (Fig. 4.2a). CAdataasa
function of the age of the drop tor untreated and plasma-treated PES membranes are
shown in Fig. 4.2b. Note that the contact angles on the open (6953 = 0.1 ) and tight (63.0
= (.1 ) sides ot the untreated membrane do not signiticantly change with drop age. For
the plasma-treated membranes. the CA decreases rapidly with drop age until the drop
completely disappears. within 2 seconds tor both sides ot the PES membrane. Fig. 4.2b.
This suggests that the plasma penetrates the thickness ot the membrane. thereby equally
modifving both sides of the membrane. As noted in Section 4.1, these results are
consistent with [{.0 plasma treatment of microporous and ultrafiltration (UF) PSt
membranes. Figure 4.2b also shows CA data as a tunction of drop age tor treated PES
membranes aged for ~9 months. demonstrating that both sides ot the membrane still wet in
< 2 seconds. Hence. no significant change in the wettability occurs as a result ot aging.
This is also consistent with our results for H,O plasma-treated PSt membranes. which
withstand long-term aging (>18 months) under ambient conditions.”

In contrast to PES membranes. PE membranes treated under identical conditions
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show a ditference in the degree of wetting between the opposing sides of the membrane
(Fig. 4.3a). Specitfically. for Surtace 1. the water drop disappears within 25 seconds of
being applied to the membrane. In contrast. the water drop never completely disappears
from the downstream side of the treated membrane. Note. however. Surtace 2 does show
significantly improved wettability in comparison to untreated PE. with an overall decrease
of ~90~ in the contact angle. PE membranes were treated tor longer than 2 minutes to
improve the wettability of Surtace 2. Figure 4.3b shows CA data as a function ot drop
age for PE membranes treated with a 25 W HLO plasma tor 4 minutes and 9 minutes. For
PE membranes treated longer than 2 minutes. it takes < 13 seconds tor the drop to
disappear from Surtace I. whereas the average C\ on Surtace 2 remained - 40 . Hence.
increasing the treatment time atfords some improvement in the wettability of both
surtaces. The downstream side. however. does not become completely wettable even with
the 9 minute treatment.  Additional parameter optimization included increasing the applied
rf power () and chamber pressure. Membranes treated with 2 =23 Woat 100 mTorr tor
2 minutes showed no turther improvement in the wettability on the downstream side with
an average contact angle ot ~41 . Similar results were obtained tor PE membranes
treated with P =35 W at 50 mTorr for 2 minutes. PE membranes treated at 2 > 35 W
were. however. visibly charred. consistent with plasma-induced damage observed tor PSt
membranes treated with high P.°

Most significant is that moditication ot PE membranes is not permanent. with
changes in the CA measurements observed within 48 hours after plasma treatment. Fig.

4.3c. Specifically. the upstream side of the membrane took longer to completely wet
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plasma treatment. All measurements were made on Surface 1 (closed

symbols) and Surface 2 (open symbols).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(~30 seconds) and CA increases of ~20" were observed on Surface 2. Further loss of’
hydrophilicity was observed for plasma-treated membranes aged tor longer times in
ambient conditions. Atfter | week. Surtace 1 was no longer completely wettable. with an
average CA = 25.1 £ 0.4° and the average CA on Surtace 2 had risento 75.1 = 8.4 .
Surface 2 becomes even more hydrophobic (CA ~ 90 ) 2 weeks after plasma treatment.
Fig. 4.3d. CA data as a tunction ot drop age for plasma-treated PE membranes aged -9
months indicate an average CA on Surface 1 ot 451 = 0.4 | Fig. 4.3d. Although this is a
significant increase trom the 2 week data. the upstream side ot the membrane does not
revert to the same degree of hydrophobicity as the untreated material (122.5 = 0.6 ). even
atter 9 months. In contrast. the average CA measured on Surface 2 atter 9 months. was
~118.8 = 0.2 . nearly the same as the untreated PE membrane.

Similar losses in hydrophilicity upon storage are typically observed tor many
plasma-treated polymers. For example. poly mers moditied to create a hydrophilic surtace
and stored in contact with air ofter revert to a state ot lower surtace energy within hours
or days of treatment.”* Aging of surface-moditied polymers is attributed to migration ot
polar surtace groups into the polymer and untreated polymer chains to the surtace.
structural rearrangement to bury chemical groups introduced at the surtace. and/or
chemical reactions with atmospheric oxyvgen and moisture. Loss ot the surface properties
induced by surface treatment is observable in changes in the air/water contact angles. as

demonstrated here. and by surface spectroscopic methods (e.g. XPS). Hence. the aging

etfects we observe for our plasma-treated PE membranes are consistent with the post-

treatment surface restructuring typically observed for moditied polvmeric surfaces. In
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contrast. no measurable decrease in hydrophilicity is observed tor our plasma-treated PES
and PSf membranes. even after long-term aging.

4.2.2 SURFACE OXIDATION. XPS analysis (Tables 4.1 and 4.2) indicates the
chemical changes that occur in PES and PE membranes as a result of H.0) plasma
treatment. Results tor PS membranes are also included tor comparison.” As shown in
Table 4.1. the elemental composition for the untreated membranes is in excellent
agreement with the known structures of PSt. PES. and PE. In addition. no signiticant
differences in composition were detected between the opposing sides ot the untreated
membrancs.

The results in Tabie 4.1 for plasma-treated membranes indicate that H.O plasma
treatment increases the oxyvgen concentration tor all three membrane materials. An
increase of ~8-10%q is observed on both sides ot PES and PStmembranes with a
concomitant decrease ot ~8-10% in the carbon concentration.  Furthermore. both sides of
PES and PSt are equally moditied by plasma treatment. suggesting penetration ol the
plasma through the membrane. Likewise. there is a substantial incorporation ot oxygen in
the treated PE membranes. which originally contained no detectable oxyvgen. Table 4.1.
For PE membranes. however. the oxygen content on the upstream side is considerably
higher (~24%) than that detected on the downstream side (~13%). A decrease in the
carbon content is also observed for plasma-treated PE membranes. Again. a larger
decrease is observed on the side facing the plasma (~28%) than on the downstream side
(~16%). These data suggest incomplete penetration of PE membranes by the plasma

under the same conditions which showed complete pencetration of PStand PES.
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Table 4.1 XPS results of untreated. treated. and aged PSt. PES and PE membranes.

Material

XPS Atomic Percent

C O F N
Stoichiometric PSf 84.3 12.0 3.7
Stoichiometric PES 75 18.8 6.3
Stoichiometric PE 100
untreated PSE 845=05 118=05 37=z0.1
treated PSt (open)” 744=02 221=035 26=0.1 0.7 -0.2
treated PST (tight)** 73.7=0.6  21.53=z0.1 260=0.1 0.6 = 0.1
untreated PSH- TFAA 82.2=0.2 13.0=0.2 A3 -0 1.2:=0.2
treated PSt(open)- TFAA"69.4 = 1.4 18908 26 =04 S0=0.1 19 =04
treated PSt (tight)- TFAA 75.1 0.8 189=03 28:=0.1 42:0.2  06:=03
aged PSt (open) 67.7=1.0 26.5=1.0
aged PSK (tight) 747=1.0 218:=24
untreated PES (both sidesy75.3 =09 171 =206 68 =04
treated PES (both sides)” 67.9=1.1 252=035 47:0.2 1.4 :-00
untreated PES- TFAAY 754=04 178=04 066=10.2
treated PES- TFAAP 701 0.7 203=06 350=0.1 34 =05 09 =02
untreated PE (both sides) 100
treated PE (A" 723235 235=1.7 0.8 =02
treated PE (B)™ 84423 154=2.1
untreated- TFAA 100
treated PE- TFAA 82006 12.2=05 30203 07=04
aged PE (A)™* 16x1.0 16.7=1.0
aged PE (B) 95010 350=1.0

! trace impurities (<1%) of atomic sodium also detected
" trace impurities (<2%) of atomic silicon also detected

‘trace impurities (<1%) of atomic chlorine also detected
¢ side A is facing the coil and side B is the downstream side during plasma treatment
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Table 4.2 XPS C,_ Percent for untreated and treated PSt. PES and PE membranes.

Sample XPS C,, Percent
CH, C-0 C-Ox*

Stoichiometric PSf 83 23
Stoichiometric PES 83 17
Stoichiometric PE 100
untreated PSt (both sides) 84 16
treated PSt (open) 75 19 9
treated PSK (tight) 74 I8 8
untreated PES (both sides) 83 17
treated PES (both sides) 76 19 3
untreated polyethylene (both sides) 100
treated PE () 74 18 8
treated PE (B) 86 7 7

*C-0_ is the total amount ot C=0. O=C-0). ctc.
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Table 4.2 provides detailed results for the C,_spectra tor untreated and plasma-
treated PSf. PES. and PE membranes. The increase in the high binding region of the €,
spectrum upon plasma treatment is consistent with the presence of ketonealdehyde and
carboxylic acid/ester groups. As there are no C-O_ groups present in the untreated PSt
and PES materials and no C-O_ or C-O groups in the untreated PE membranes. these
functional groups must be introduced by plasma treatment. Furthermore. both surtaces of’
PStand PES membranes are equally moditied by the plasma. [n contrast. the number off
C-O groups introduced on Surface | (~18%0) of PL: membranes is more than double the
number introduced on Surface 2 (~7%). This increase in C-0 and C-O_ groups is
accompanied by a decrease in the CH content. Plasma-treated membranes were turther
derivatized with TFAA to detect the presence of OH groups.” As shown in Table 4.1,
TFAA derivatization of PSt. PES. and PE membranes contirmed a smail number ot OFH
groups ( - 1-3% as 3 F atoms are substituted tor cach OH group) are introduced by plasma
treatment. Overall. the tormation of C-O. OH. and CO_ groups at the poly mer surface by
plasma treatment is likely responsible tor the signiticant improsement in wettabiliny we
observe for our materials." These results are consistent with previous studies of surtace
oxidation of ditterent types of polymers by ditterent plasma treatments (0. air. [.0.
H.0.)."

OES provides turther evidence that PSf. PES. and PE membranes are oxidized by
H-O plasma treatment. We emploved OES to determine the excited state gas-phase
composition ot our H,O plasma. Fig. 3.7a. These data identitied the presence of OFH*

radicals (at 306.95 and 309.14 nm). as well as H* atoms (at 486.18 and 636.43 nm) in the
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H.O plasma. Figure 4.4 shows the OES spectra obtained during H.O plasma processing
of PES and PE membranes. These spectra are nearly identical to that obtained with a PSE
membrane in the reactor. Fig. 3.7b. While emission from OH and H atoms is still evident
in these spectra. there are clearly strong emission lines at 282.68. 297.02. 312.71,. 329.75,
348.50. 450.75. 483.17. 519.48 and 560.67 nm. All of these fines can be attributed 10 CO
in the plasma.'” The formation of gas-phase CO during plasma processing ot all three
membrane materials confirms we are oxidizing these polymers. as CO is a product off
polymer oxidation."’ The production of CO during plasma treatment of PE is significant
because PE does not contain oxygen. suggesting that gas-phase CO and the ony genated
carbon centers on the polymer backbone are indeed the product of plasma-surtace
reactions.

Mechanistically. surtace oxidation of PI: proceeds primarily through abstraction ot
H atoms from the surtace.” ' and reaction of a plasma species. presumably OLL at these
activated sites.”™ Formulating refiable chemical mechanisms tor PStand PES is more
ditficult because both poly mers contain a variety of tunctional groups. increasing the
number and complexity of possible plasma-surtace interactions.  Although oxy genated
carbon centers in PSf may be formed by hydrogen abstraction from the methy |
substituent.' this is not the only oxidation pathway for PSt membranes. As discussed in
Chapter 3. additional locations for oxidation on the PSt backbone include a secondan
oxidation pathway at the sultone group which results in sulfate tormation. contirmed by

our XPS data.
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membrane and (B) a PLE membrane in the reactor.
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Results for PES membranes also support additional reaction pathway s as the same degree
of modification is achieved even though PES does not contain the methyi group present in
PSf. Conceivably. surface modification of PStand PES may result trom hydrogen
abstraction trom the phenyl group. present in both materials. However. abstraction of this
hydrogen as well as the a-hydrogen atom in aromatic polymers is ditticult. leading o
scission of more labile bonds along the polymer chain.™

The differences in the reaction mechanisms of aliphatic and aromatic polvimers is
related to the case of surtace moditication. primarily as a result of energy requirements tor
bond scission. In Chapter 5. we proposed that moditication ot PSE proceeds through
cleavage of C-S. C-C. C-O. or C-H bonds. Similarly. with PES. the C-O(~2.3 ¢V)and
C-S (~1.1 ¢V) are broken during plasma treatment.  In contrast. the C-H ¢ 4.3 ¢V and
possibly the C-C (~3.8 ¢V) bonds are broken during PI moditication. Note that the
energy requirements for bond cleavage increase in the tollowing way: C-S - C-0~ C-C -
C-H. Consequently. the ease of polymer moditication tollows a similar trend as PStand
PES are easier to modity (i.e. milder conditions produce desired surtace properties) than
PE. This s clearly consistent with our C:A and XPS data tor all three membrane materials.

Interestingly. we identified the same plasma-polymer intertacial reaction products
and intermediates during plasma processing of ail three membrane materials. As discussed
in Chapter 3. our LIF-based radical-imaging experiments contirm that OH reacts with the
same moderate reactivity (~50%) at the surtace of PSt. PES. and PE membranes.”
Furthermore. CO is produced in the gas-phase during plasma moditication ot PSYt. PES.

and PE. Although OH and CO are present in the gas-phase during processing of all three
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membrane materials. the reaction mechanism by which OH reacts at the surtace and CO is
generated at the surtace ditfers for PE membranes. Hence. the mechanisms of interaction
between the polymer and plasma depend not only on the nature of the reactive species
generated in the plasma. ultimately defined by the plasma conditions. but also on the
chemical composition of'the polymer.'

In addition to the degree of modification. the permanence of the plasma treatment
can also be attributed to the composition of the polymer. Specitically. the rigidity of the
aromatic backbone of PStand PES may reduce poly mer chain migration from the surtace
to the bulk. thereby retaining the moditied polymer chains at the surface. ™ Thisis
consistent with our CA and XPS data. anaiyses typically used o monitor aging ot
moditied surfaces. As previously noted. no signiticant changes in wettability occur as a
result of aging PStand PES membranes tor prolonged periods -1 veary. In addition.
Table 4.1 shows that treated PSt membranes aged tor ~ 1 yvear retained their increased
oxygen content and the same functional groups were detected in the XPS C, spectrum.,
There was. however. a slight increase in the amount ofoxygen ¢ 4%4) on the open side off
the membrane. presumably from reaction with atmospheric oxyvgen. ' The downstream
side of the membrane. however. did not show any additional oxy gen incorporation. with
an O/C ratio of 0.29 immediately after treatment and after storage in air tor ~1 vear.
Thus. no significant changes in surtace composition were observed for aged PSE
membranes.

[n contrast. both sides of the PE membranes showed considerable compositional

changes within 6 weeks of plasma treatment (Table 4.1). Specitically. the O'C ratio
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decreased trom 0.33 to 0.20 on the upstream side of the membrane. Morcover. the
downstream side showed an even larger decrease in the O C ratio from 0.18 t0 0.03. With
a 95% carbon content and an average CA of 118 = (0.2 . the aged membranes closcely
resemble untreated PE. These data are indicative of extensive surtace rearrangement.
resulting in a nearly complete loss ot hvdrophilicity tor our plasma-treated PE membranes.

4.2.3 MEMBRANE STRUCTURE. In addition to chemical composition. we must
also consider the physical structure of the membranes o accurately describe plasma
moditication of porous polymeric materials. Figure 4.3 shows SEM images of the PES
membrane surtaces. These images illustrate the high degree of ass mmetny associated with
these membranes as the open side. Fig. 4.3a. comprises much larger pores (0.8-9.0 L)
than those on the tight side ot the untreated membrane (0.3-1.2 Lomy. Fig. 4,30,
Conversely. PE membranes have a more gradual pore gradient than that ot assmmetrice
PES. Figure 4.6a shows the open side of the untreated PE membrane has pore diameters
ranging trom 0.3 to 1 «m. and ~0.3 ..m pores on the opposing side. Theretore. the
porous structure ot PE membranes is less open than that of asy mmetric PLS.

Water tlux experiments and bubble point measurements tor untreated PES and PL:
membranes provide further evidence of the difterences in membrane structure. The open
structure of the untreated PES membranes attords an order of magnitude increase in the
water flux relative to untreated PE. Table 4.3. Morcover. the isopropanol (IPA) bubble
point (inversely proportional to pore size. equation 2.1) for untreated PE membranes is
signiticantly higher than that for untreated PES membranes. Table 4.3. These data arce

consistent with our SEM images. again illustrating that the porous structure of PES is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(A)

<)

Figure 4.5  SEM images (5000X) of the (A) open and (B) tight sides of an untreated

as well as (C) open side of a plasma-treated PES membrane (25 W. 2 min)
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(B) |

(C) ¥

Figure 4.6  SEM images (10.000X) of A) the open side of an untreated PE membrane.
B) the tight side of an untreated PE membrane: C) the upstream side ot'a
membrane treated at 25 W for 2 minutes; and D) the upstream side of a PE

membrane treated at 25 W for 9 minutes.
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Table 4.3 Water flux and bubble point measurements tor PLS and PE. membranes.

Membrane Flux (gfsd/psi)* Bubble point (psi)
untreated PES 194.63 2455
treated PES 249.70 2224
untreated PE 16.89 41.79
treated PE 21.68 38.10

*Experiments performed at 13 psi. gisd = gal (v
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significantly more open than that of PE.

Comparison of SEM images for treated and untreated PES and PE membranes
allows for determination of plasma-induced structural damage to the membranes. SEM
images of the open sides of treated PES and PE membranes are shown in Figs. 4.5¢ and
4.6¢. respectively. Surface | of cach membrane was imaged as it was the side closest o
the plasma glow. and. theretore. most susceptible to physical damage. Comparison to the
images tor untreated PES (Fig. 4.5 and PE (Fig. 4.6a) membranes confirmed that our
treated membranes are not significantly damaged by plasma treatment. Specitically. no
visible pitting of the membrane surface is observable in the images of the treated
membranes. similar to results for H.O plasma treatment of PSE membranes under identical
plasma conditions. Chapter 3. We did. however. detect structural damage to PSY
membranes with longer treatment times (~ 10 minutes) and higher applied rt" powers (100
W). Fig. 3.2, In contrast to PSt membranes. the structural integrity of PE membranes was
not adversely atfected by prolonged exposure to the plasma. Fig. 4.6d. [onger treaiment
times did not. however. atford any advantages in terms of the wettability of PI°
membranes. [t should also be noted that the downstream placement of the membrane
holder in the plasma reactor minimizes exposure of all of our membranes to ionizing
radiation.” We have explicitly shown this using dosimeter foils. as discussed in Chapter 3.

One difference between the SEM images of the untreated and treated PE
membranes not observed with our PSf or PES membranes is the disappearance of some of’
the fiber-like structures spanning the entrance of the pore cavities on the upstream side.

Fig. 4.6c. Although this structural change is clearly the result of plasma treatment. no
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visible pitting ot the membrane surface was observed. even at high magnitication
(10.000X). Furthermore. a ~23% increase in the water tlux is observed tor PES and PE
membranes after plasma-treatment. Table 4.3. This increase in water tlux is consistent
with our SEM results. indicating a more open structure for the plasma-treated
membranes."” Bubble points measured for plasma-treated PES and PE also indicate a
slight increase in pore size tor the treated materials. Table 4.5, These data are consistent
with porometry data tor treated PSTmembranes. indicating 33 increase in the average
pore diameter as a result of plasma moditication. Table 3.2,

4.2.4 PENETRATION OF HYDROPHILIC MODIFICATION. To determine the
depth of penetration ot the membrane structure by the plasma. two PES membranes were
placed in the membrane holder and simultancously treated with a 25 W HLO plasma tor 2
minutes. Fig. 4.7a. Figure 4.7b shows C:A data as a tunction of drop age tor all tour
membrane surfaces in the PES stacked assembly. The surtaces of the membrane closest to
the plasma (Surfaces | and 2) wet in <1 second of applying the drop to the membrane
surface. Likewise. the open side of the second membrane (Surtace 3y wetin - 2 seconds.
Hence. the interior surtaces not directly exposed to the plasma (Surtaces 2 and 3) were
treated by the plasma. confirming complete penetration of the membrane closest to the
inductor coil by the plasma. In contrast. it took considerably longer. ~33 seconds. tor the
drop to wet the surface ot the membrane farthest downstream (Surface 4). Similar results
were observed for PSt membranes where Surfaces 1. 2. and 3 were wettable after plasma
treatment and a small CA was measured on Surtace 4: however. increasing the treatment

time to 3 minutes resulted in complete wettability ot all four surtaces of PSt stacked
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Figure 4.7 ) Schematic illustrating a stacked assembly of PES membranes with the
open sides of the membranes (surtaces 1 and 3) oriented toward the plasma
and the tight sides ortented (surtaces 2 and 4) downstream. By Contact
angle as a function ot drop age tor stacked assemblies of PES membranes
treated with a 25 W H.O plasma for 2 minutes. Measurements were made
immediately after plasma treatment tor Surtace | (closed circles): Surtice 2
(open circles): Surface 3 (closed triangles): and Surtace 4 (open triangles).
The inset shows contact angle as a tunction of drop age tor Surtace 4
(open triangles) ot a PES stacked assembly treated with a 25 W H.O

plasma for 3 minutes.
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assemblies. Table 3.4. Similarly. increasing the treatment time of multiple PES membranes
also made all four surfaces wettable within 2 seconds. Fig. 4.7. Hence. for PStand PES
membranes. the depth of penetration of the plasma was estimated to be ~150-300 ..m or
the thickness ot 1-2 membranes.

Figure 4.8a shows CA data as a function of drop age for two PE membranes
treated simultancously with a H.O plasma. In contrast to PSt and PES stacked
assemblies. only Surface 1 was wettable after plasma treatment. Those surtices on the
interior of the stacked assembly (Surfaces 2 and 3) were untreated by the plasma. as
evidenced by contact angles of ~120 . These data suggest vens ittle penctration o the
first membrane by the plasma. Note that a decrease in the CA of <20 was. however.
observed on Surface 4. Figure 4.8b shows CA data as a tunction ot drop age for PE
stacked assemblies treated tor 3 and 9 minutes. Note that. in contrast to PStand PES
stacked assembilies. increasing the treatment time to 3 minutes did not attord complete
wetting of Surtaces 1-4. Indeed. the surfaces on the interior of the stacked assembly
(Surtaces 2 and 3) treated tor 3 and 9 minutes were sull unchanged by the treatment. with
contact angles of ~120 . Increasing the treatment time of PE stacked assemblies did.
however. atfect the wettability of Surtaces 1 and 4. With a 3 minute treatment time.
Surface | is essentially the same as for a 2 minute treatment. but a CA decrease ot ~60
was measured tor Surtace 4. The 9 minute treatment time atforded further improyement
in wettability for both surfaces. with Surtace 1 wetting in <10 seconds. and the average
CA on Surface 4 decreasing to ~30 . Fig. 4.8b.

One possible explanation for the CA decrease tor Surtace 4 of the PE stacked
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Figure 4.8  Contact angle as a function of drop age tor stacked assemblies ot PE

membranes treated under ditferent conditions. ) CA data tor membrances
treated with a 25 W HLO plasma tor 2 minutes immediately atter treatment
for Surtace | (closed circles): Surtace 2 (open circles): Surtace 3 (closed
triangles): and Surface 4 (open triangles). B) Data for membranes treated
with a 25 W H.O plasma for 3 minutes and 9 minutes. Surface [ is
represented by closed circles and Surtace 4 by open triangles. Data shown
for surtaces 2 and 3 is tor a 3 minute treatment. The data tor PE stacked
assemblies treated for 9 minutes. not shown tor clarity. are identical to that

tor the 3 minute treatment.
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assembly at all treatment times is the non-hermetic scal between the membrane and the
membrane holder. Indeed. Chapter 3 discussed similar results for a non-porous PSt resin
treated in the membrane holder with a 25 W H,O plasma for 2 minutes. Specitically. both
sides of the resin showed improved wettability. including the downstream side not directly
exposed to the plasma. Table 3.3. For comparison. a stacked assembly ot PSt resin
(2 picces) was placed in the membrane holder and treated with a 25 W H.O plasma tor 9
minutes. Similar to PE membrane stacked assemblics. Surtaces 1 and 4 showed a
significant improvement in wettability. with constant contact angles of ~23 _a decrease off
~30  trom the untreated material. No change in the CA was observed on the interior
surtaces. indicating that they were not treated by the plasma. As the non-porous PSt resin
has a near-zero permeability. plasma treatment of the side farthest downstream is likels the
result of penetration of the plasma around the non-hermetic seal between the membranes
and the holder. This percolation of the plasma around the membrane does not. however.
attect the CA on the interior surfaces ot PS{ resin and PE membrane stackhed assemblies.
In contrast. all surtaces of our PStand PES membrane stacked assemblies were
completely wettable after plasma treatment.  Although permeation of the plasma around
the membrane may contribute to the wettability of Surtace 4. Surtaces 2 and 3 of PSt and
PES stacked assemblies must be treated by penetration of the plasma through the
membranes.

Our multiple membrane experiments confirm that all four surtaces ot PStand PES
stacked assemblies are treated by the plasma. Demonstrating that the interior of the

porous structure is also moditied. however. is challenging as the interior ot a porous
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material is ditficult to probe. ESEM images of the membrane cross sections wetting in-
sity explicitly show whether hydrophilic surtaces were created throughout the porous
structure. Figure 4.9 shows an ESEM image of the cross section of a treated PES
membrane exposed to a saturated H.O vapor environment. This image shows complete.
instantaneous wetting ot the entire membrane structure when exposed to water vapor.
Specifically. the wetted areas appear dark and smooth. indicative of unitorm wetting with
no water droplet formation.” Hence. Fig. 4.9 demonstrates we have achieved hydrophilic
moditication ot the entire PES membrane cross section.

A chronological series of ESEN images ot a plasma-treated 1 membrane are
shown in Fig. 4.10. As shown in the tirst image (Fig. 4.10a). PE initally wets ~20 um
into the cross section trom Side 1 (bottom of image). tollowed by wetting trom Side 2
(top of image) also ~20 um into the structure (Fig. 4.10b). This wetting pattern is
consistent with our CA data. which indicate a ditterence in wettabilits between the
upstream and downstream sides ot the membrane.  After extended exposure to H.O vapor.
portions of the cross section achieved complete wetting from top w botton ¢ g, 4.10¢).
However. bands of non-wetting structure remain sandwiched in the interstitial area as
indicated by the presence of H.O droplets on these hydrophobic arcas. Hence. our ESEM
data is indicative of non-uniform modification ot the surtaces and interstitial pore area ot
PE membranes. Furthermore. a substantial amount of the PE porous structure is not
moditied by plasma treatment. potentially contributing to the observed loss in
hyvdrophilicity by migration of untreated polymer chains to the surtace.

These results are consistent with our mass spectral experiments detecting plasma
ep
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Figure 4.9  ESEM image of the cross section ot a PES membrance wetting in sire and
instantaneously. Dark areas of the image indicate complete wetting of the
membrane. The tight side of the membrane is oriented at the top of the

image.
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Figure 4.10 A chronological series of ESEM images (a-¢) of the cross section ot a PL
membrane wetting in sirn. The tght side of the membrane is oriented at
the top of the image.  Note that incomplete areas of wetting are lighter than

areas of complete wetting,
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species permeating the membrane cross section as well as gas-phase species generated
directly in the plasma. Although Chapter 3 discusses our MS results in detail. Table 4.4
provides an abbreviated list of species present in a 23 W H,O plasma molecular beam as
well as those species detected downstream trom PES and PE membranes. Although these
data show that some of the same species present in the plasma were detected downstream
from PES and PE membranes. it is clear that only a few plasma specics penetrate PE
membranes. Hence. the extent of hydrophilic maoditication through PES and PE
membrane cross sections can be correlated to the degree of penetration of plasma species.
Furthermore. the ability of plasma species to penetrate PES and PE membranes is related
to membrane structure. with more plasma species detected downstream trom the more

open asymmietric PES membranes.

4.3 CONCLUSIONS

H.O plasma treatment is a versatile method for treating a variety of porous
materials as PSIL PES. and PE membranes all demonsteate improv ed wettaniline atier
plasma treatment. XPS analysis contirms that H.O plasma treatment chemically modities
all three membrane materials similarly by incorporating ox) gen-containing functional
groups. Significant differences in the degree and permanency of hydrophilic maodification
were. however. observed for PE membranes. Although Surtaces 1 and 2 tor treated PSE
and PES were indistinguishable. differences in both wettability and oxvgen incorporation
were observed tor the upstream and downstream sides of treated PE membranes.

Furthermore. our ESEM images show non-unitorm wetting ot the PE membrane cross
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Table 4.4 Mass spectral analysis of gas-phase specics.

Conditions m.'z (amu) Probable Assignments
H.O plasma molecular beam’ 1.2017.18.28.32 | H.H.. OH. H.O. CO. O.
Downstream from PES membranc® 1.2.28.32 . H..CO. 0,
Downstream from PEE membrane* 232 .. O.

*Source conditions were: 100%0 H.O. 25 W applied rtf power.
"Species permeating through the thickness ofa PES embrane
*Species permeating through the thickness ot a PE membrane.
YExperimental details are provided in Chapter 2.

“Detailed results are provided in Chapter 3.
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section. with large areas of the porous structure unmoditied by plasma treatment. Our
membrane stacked assemblies and MS experiments demonstrate that incomplete

moditication of the PE membrane cross section can be correlated 1o the degree of
penetration of the plasma through the membrane. [n contrast to the permanent
hydrophilicity of treated PES and PSf membranes. aging treated PE membranes resulted in
a considerable loss of hydrophilicits. We attribute these changes to structural
rearrangement of the polymer chains to decrease surtace energy . Overall., the degree and
permanency of hvdrophilic modification depends on both the chemical composition of the

polymer and the membrane structure.
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CHAPTERS

IDENTIFICATION OF GAS-PHASE REACTIVE SPECIES AND CHE NHC ]

MECHANISMS OCCURRING AT PEASMA-POLYMER SUREACE INTEREACTS

Ihis dissertation chapter contains results trom a full paper submitted for
publication to Langnuar. The manusceript was written by MU T Steen and edited s
Professor E. R, Fisher. The coauthor was C. L Butoi. The work presenied here
cncompasses a systematie study of the underlying chemistry of the HLO plasma s face
maditication. This chapter describes characterization ot the gas-phase as well as
molecules generated at the membrane surtace during plasma moditicanon s e o
phase analytical tools. In addition. alternate plasma reactor configurations were explored
to examine the formation of reactive species and the etfects of tons on the surtace

moditication.
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5.1 INTRODUCTION

As discussed in Chapter 1. plasma modification of polymers oceurs when gas-
phase species react at a surtace to form stable products with physical and or chemical
properties that difter from those of the bulk polymer.'** Reactive neutrals. ions.
electrons. and photons generated in the plasma can all interact with the poly mer to alter
surface chemical composition and wettability.* " As a result. the nature and energy
distributions of the species impinging on the polymer surface ultimately determine the
observed change in the surtace properties. ™" Electron impact processes influence the
density of these species: however. direct energy transter arises from ions and metastables.
Alternatively. plasma species can abstract atoms from the surtace and break polsmer
chains. Radical species can combine at free radical sites ereated in the polymer and
implant new tunctional groups. thereby altering the surtace composition of the polymer.

Chapters 5 and 4 reported plasma moditication of polysultone (PSH.
polyethersulfone (PES) and polyethy lene (PE) membranes tor permanent wettability.
PSt. PES. and PE surtaces are completely wettable immediately after plasma treatiment
and this wettability remains more than a vear atter treatment. The permanence of the
hydrophilic modification is a direct result of covalently-bound O-H. C-O and C-O_(e.g.
C=0. O-C=0) groups introduced by H.O plasma treatment. Furthermore. complete
penetration of the plasma through the membrane is achieved with our experimental design.
Accordingly. environmental SEM (ESEM) contirms complete wetting ot the entire porous

structure (1 situ.

To turther explore the molecular-level chemistry. we determined the gas-phase
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composition of our H.O plasma under the same conditions used to process polymeric
membranes (25 W. 50 mTorr. 2 min.). Excited-state OH and H atoms as well as H, were
identified in the optical emission spectrum.'>"* At the low plasma powers used to treat
our membranes. no emission from excited O atoms was observed. Clearly. all ot the
species generated in the plasma. including ions and UV photons. may contribute to plasma
modification. Direct evidence of the nature of the plasma-surtace interactions. however. is
needed to ultimately detine the contribution of specitic plasma species to the observed
changes in composition and wettability. Hence. our first step toward this end was to
identity excited-state species generated only during plasma moditication. For example.
OES confirmed the presence of excited-state CO. not observed without a membrane in the
reactor. Fig. 3.7. Thus. we were able to detect reactive plasma species as well as products
of the surface moditication ot PSt. PES. and PE.

Polymer moditication processes can turther benetit from a thorough description off
the actual chemical reactions occurring within the plasma-poly mer intertace.” One such
study was performed by Badyal and co-workers. who identitied and monitored the time-
dependent concentrations of plasma-polymer interfacial reaction products and
intermediates.'” These experiments entailed mass spectral detection of gas-phase species
permeating across the plasma-polymer interface during O. plasma surtace modification of
a low-density PE tilm. A rapid rise in the concentration ot oxidized permeant species.
H.O. CO. and CO.. along with consumption of reactant O. was obscrved. indicating that
surface oxidation coincided with plasma ignition. Mechanistic information was gleaned

solely from mass spectrometric sampling at the oxygen plasma-polymer intertace and XPS
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analysis of the plasma-treated surface.

In this chapter. mass spectral experiments similar to those pertormed by Badyal
and co-workers were performed to examine plasma-surtace interactions occurring during
processing of polymeric membranes. In our experiments. gas-phase species permeating
porous membranes. were detected by mass spectrometry. In addition. all gas-phase
species generated in the plasma. including nascent ions. were characterized through mass
spectral identification. The contribution of these ionic species to the overall plasma
process was assessed by utilizing reactor designs that limit bombardment by charged
species.  Furthermore. the amount of ionizing radiation the membranes are exposed to
during plasma processing was quantitied with dosimeter foils.

Although mass spectrometry is useful for identifving plasma species. our Imaging
of Radicals Interacting with Surtaces (IRIS) experiments are uniquely suited to provide
relevant mechanistic intormation about plasma systems.™ This highly selective. laser-
induced tluorescence (LIF) technigque allows identification and independent study of one
specitic radical in a molecular beam populated with many ditterent species.
Experimentally -determined surtace loss coetticients (or sticking probabilities) are obtained
in situ and provide direct information on the physical and chemical mechanisms occurring
at the plasma-surface interface. Here. the IRIS method was used to study OH radicals ina
100% H.,O plasma molecular beam during plasma processing of polyvmeric membranes.
We have previously emploved RIS to study OH radicals interacting with 300 K SiO. and
Si;N;, substrates. tinding an intermediate reactivity of ~0.3 with these materials.™ ' We

have also used [RIS to study other polymer moditication systems. Specitically. CF. and
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NH. radical species were studied in plasma systems used to modity polymers by plasma
deposition (hexafluoropropylene oxide. HFPO). etching (C.F,) and tunctional group
implantation (NH;)."* A range of surtace interactions was observed. depending on the
dominant plasma process in each svstem.

Collectively. the three experimental techniques used here (OES. LIF. MS) provide
extensive data on the underlying chemistry in the H,O plasma moditication system. from
the gas-phase. to the plasma surtace interface. to the actual surface moditication. OFFS
was used to identify excired-stare species present in the plasma under the same conditions
used to process the membrane as well as during plasma moditication. Our LIF-based
radical-imaging experiments attord identification ot ground-siate radical species and
elucidation of steady -state plasma-surtace interactions. Mass spectral experiments provide
data on both ncutral and ionic species. Accordingly . the combination ot all three
techniques provides a nearly complete profile of plasma species.  T'o support the gas-phase
characterization of the plasma. X-rav photoelectron spectroscopy (XPS) data are also
presented along with contact angle measurements. In addition. alternate plasma reactor
configurations arc used to examine the formation ot plasma species and the etfects ot ions
on the surface moditication. For comparison to our H.O plasma surtace modification.
gas-phase and surface analysis data are also included tfor membrane treatments using an 1.

plasma.

5.2 RESULTS

5.2.1 OES. Figure 5.1a contains an OES spectrum obtained tor a 23 W .0
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plasma under the same conditions used to process membranes. This spectrum shows
emission from OH and H radicals as well as H, in the plasma. No emission tfrom other
species. including O atoms. is observed. Figures 3.1b and 3.1¢ show the OLS spectra tor
plasmas at higher applied rt powers (). Although these signals do not represent absolute
intensities. emission from OH. H. and H. clearly increases in intensity with /. suggesting
more of these species are produced at higher . Additional emission lines. observed at
410.09 and 434.15 nm are attributed to the more energetic atomic hydrogen lines. T and

H.. respectively.™ Also observed at the higher rf powers are emission lines at 436.8.

th
(D¥]

3.1.5343.6. 615.60. and 648.16 nm. These lines. assigned to emission from excited O
atoms.™ demonstrate that O atoms are formed at higher 2. presumably by increased
fragmentation ot the parent gas.

Alternate reactor designs. The OES spectrum shown in Fig. 3.2a was obtained
using the L-shaped reactor. Fig. 2.1b. and that in Fig. 5.2b was acquired with the T-
shaped reactor design. Fig. 2.1¢ using 25 W H.O plasmas. In the L-contiguration. the
majority of charged species (e.g. ions and electrons) are Tost at position 2 by
recombination with the reactor wall. In the T-contiguration. the OES port is refativels
remote from the plasma. [n both configurations. however. the OES spectra show the
presence of OH and H radicals as well as molecular H.. similar to results in Fig. 3.1a for
our typical reactor design. Again. no emission from O atoms is observed ina 25 W [{.0
plasma. regardless of reactor design. Hence. the same neutral species are present in the

plasma. regardless of reactor design.
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Figure 5.1  Optical emission spectra ot a 25 W H.O plasma (30 mTorr) acquired at ()

25 W:(B) 75 W:and (C) 125 W in our standard plasma reactor.
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Plasma-surface interactions. OES was also used to detect excited-state species
generated during membrane processing at 25 W. Figure 3.3 contains OES spectra
obtained with two difterent polymeric membranes in the plasma reactor. Fig. 3.3a shows
the OES spectrum obtained with a PE membrane. and clearly indicates emission lines
attributable to CO at 282.73. 297.12. 312.61. 329.84. 450.653 482.90. 319.23, and 360.43
nm.”' None of these emission lines were observed without a membrane in the reactor. Fig.
5.1. The observed generation of CO) here is consistent with OFS spectra obtained during
plasma processing of PStand PES membranes'™ " and contirms that we are oxidizing
these materials.™ In contrast. however. emission from CO is not obsenved in the OES
spectrum obtained tor a 25 W H.O plasma with a PTFE membrane in the reactor. Fig.
3.3b. The absence of CO indicates that this low power plasima does not eftectively oxidize
PTFE. a material known ftor its chemical inertness. Interestingly . emission tfrom CO is

)
(LU T TN

observed in the PTFE system when the applied rt’ power is increased to 100 W, Fig. 3.3¢.
Note that HF* is not observed during plasma processing of PTFE membranes at any
power.

Alternate plasma treatments. H, plasma was chosen as a comparative system to
the H,O plasma because these two systems have many of the same reactive species. As
expected. Figure 5.4 shows emission from H radicals and H. in the OES spectrum
obtained for a 25 W H, plasma. Emission from these species is also observed in the H.O
plasma under similar conditions. Fig. 5.1a. Additionally. CO was not observed in the OES
spectrum of a H, plasma with a PES membrane in the reactor. Fig. 3.4b. which implies

that the membrane is not efficiently oxidized by the H. plasma treatment. Likewisc. no
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CO emission was observed during 25 W H, plasma processing of PE and PTFE
membranes. Notably. however. CF. emission (at 220-280 nm) " is obsernved in the OES
spectrum of H, plasma with a PTFE membrance in the reactor. Fig. 3.4c.

We have also examined the results of H, plasma treatment on the surtace
properties ot PES. PE. and PTFE membranes using contact angle measurements. For
PES. an increase of ~15° was observed in the contact angles measured on both membrane
surtaces atter treatment. creating a more hydrophobice surtface. With PIi. no signiticant
change in contact angle was measured on either membrane surface tollowing H. plasma
treatment. For PTFE. a decrease of ~10-157 in the contact angle is observed. creating a
less hydrophobie surtace. This is. however. only a slight improvement in the
hydrophilicity as the contact angles on treated PTFE remain -100 . [n contrast. 1.0
plasma treatment resulted in more hydrophilic surtaces tor both PES and PE. and no
discernible change in the wetability ot PTEE.

§.2.2 LIF. We have previously reported the LIF excitation spectrum tor O
radicals in a 100% H.O plasma molecular beam.™ Comparison to literature spectra
verifies that the fluorescing species is indeed O™ [n the present work. we have
characterized the composition of the 1.0 plasma molecular beam by determining the
relative amounts of ground-state OH in the molecular beam as a function ot applied rt’
power. Fig. 5.5. OH LIF signal is detected at all 2. with formation of OH increasing
rapidly with P. Because we are saturating the probed transition. these intensities
correspond to the relative densities for OH.

Plasma-surface interactions. PSt. PES. PE. PTFE membrane materials
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were used in our IRIS studies to determine the steady-state reactivity ot O radicals at the
membrane surface during H,O plasma processing. Figure 3.6 shows three [RIS images
depicting OH LIF signals using a 125 W H,O plasma molecular beam and a PES
membrane. In Fig. 5.6a. LIF signal from OH radicals just in the molecular beam is
imaged. whereas Fig. 5.6b contains LIF signal tfrom both incident OH radicals as well as
OH radicals scattered from the membrane surface. The difterence between the images
shown in Fig. 3.6b and Fig. 3.6a provides a spatially -resolved image ot the OH radicals
scattered from the membrane surface. Fig. 3.6¢. Clearly. there is a significant number off
molecules leaving the plasma-treated substrate.

Figure 3.7a shows the data ot Figs. 3.6a and 3.6¢ converted to cross sections
along the laser axis. The broad spatial distribution and the shift ot the scattered signal
peak maximum away from the molecular beam maximum indicate the O radicals scatter
with a cosine angular distribution. Also shown in Fig. 3.7a are simulated curves tor the
incident beam and tor scattered molecules. assuming an absorption-desorption mechanism.
with R =0.47. Averaging several data sets sields an overall valuc of R - 044 =003 Tor
comparison. Fig. 3.7b shows a representative set of experimental and simulated curves for
OH radicals interacting with a PTFE membrane using a 75 W H.O plasma. These data are
also reproduced by the simulation assuming an absorption-desorption mechanism. with R
=0.55. Averaging several data sets leads to an overall value of R = 0.47 = 0.06 tor these
conditions. OH R values obtained for different microporous membranes as a tunction ot
applied rf power are listed in Table 5.1. These data confirm moderate OH reactivity ® -~

0.5) for nearly all substrates and applied rt powers. The values measured
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Table 5.1 Surtace reactivity (R) values determined tor O generated in a H.O plasma.*

Substrate Applicd rf Power (W)

Material 25 75 125
PES 0.45=0.05 0.49=0.1 0.44 = 0.03
PTFE 0.31 =0.07 0.47 =0.06 0.31 =0.03
PE 0.50 = 0.05 — (.42 =0.03
pSt® 0.56 = 0.07 0.48 = 0.10 0.40 = 0.07
UF-PSt* — 047 - 006 0.27 - 0.03
PSt Resin 0.40 = 0.03 0.44 = 0.03 (.46 = 0.04

‘Dashes indicate reactivity values were not obtained tor these conditions.
"These substrates were BTS-35 membranes from US Filter.

*These substrates were ultratiltration membranes with an average pore diam. ot -0.01 .m.
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here are very similar to OH R values measured previously for 300 K SiO. (0.35 = 0.1
and Si:N, (0.57 = 0.05)"" substrates during H,O plasma processing.

Notably. some of the R values in Table 5.1 significantly deviate trom R = 0.5,
First. applied rf power has an etfect on OH reactivity on PStand PTFE membranes.
Microporous PSt and ultrafiltration (U'F) PSt both show a decrease in R with increasing
power. Of these. the effect was more pronounced tor UF PSEmembranes at /7 = 125 W,
In contrast. R values measured at non-porous PSH substrates remain fairly consistent tor
the three applied powers studied here. This is also true tor PES and PE substrates. A
second trend in the reactivity values with power was obsersed tor PTFE. Herel R
increased trom 0.31 = 0.07at 2 =23 W0 0.31 = 0.05at 2 = 123 W, Possible
explanations tor these results are discussed in Section 3.5,

§.2.3 MS. Mass spectral data tor a molecular beam generated troma 23 W H.O
plasma are shown in Fig. 3.8. The spectrum in Fig. 3.8a. corrected tor the background
H.O molecular beam (i.e. no plasma). was obtained using the tonizer of the mass
spectrometer. The observed peaks represent either neutral species 1onized by the mass
spectrometer or nascent ions present in the molecular beam. The most likely assignment
tor signalsat 1. 2. 16. 17. 18.28. and 32 amu are H. H.. O. OH. H.0. CO and O. and or
S. respectively. The background-corrected spectrum obtained with the 1onizer disabled is
shown in Fig. 5.8b. The observed peaks in this spectrum represent nascent ionic species
present in the plasma molecular beam. There are clearly tewer species present in this

spectrum with only two major peaks at 2 and 18 amu. attributable to H. and HL.O .

respectively.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



139

Plasma-surface interactions. Our mass spectrometer was also employed to study
plasma-membrane interactions by aftfixing the membrane to the beam collimating slits. Fig.
2.4, In this contiguration. only molecular beam species permeating the membrane were
detected. Figure 5.9 contains four mass spectra. The background corrected spectra in
Figs. 5.9a and 3.9b were collected downstream trom a PES membrane with and without
the ionizer. respectively. Figure 3.9a contains signals trom H. H.. CO. and O, and or 8.
whereas Fig. 3.9b clearly shows that no nascent ions are detected downstream from the
membrane. The spectrum in Fig. 3.9a also contains an over-subtraction of the region
between 16 and 19 amu because not all of the molecular beam species. Fig, 3.9a. penctrate
the membrane. Figures 3.9¢ and 3.9d show similar results obtained tor a PE membrane
attixed to the beam collimating slits. indicating only a tew species (He, Ocand or Sy
penctrate the PE membrane. Furthermore. no nascent ions are detected downstream
from the membrane. Fig. 3.9d.

5.2.4 DOSIMETER FOILS. The level of ionizing radiation our membranes
experience from plasma ions and UV photons was assessed by dosimeter foils at various
locations in the ditferent reactor contigurations. Dosimeter toils were placed in the coil
region and at the membrane location during processing with the standard reactor
configuration (Fig. 2.1a) and the T-shaped reactor (Fig. 2.1¢). [n both contigurations. the
membrane is exposed to ~10 kGy of radiation during 25 W [1,0 plasma treatment. In
contrast. the amount of radiation generated in the coil region of the plasma is ~20 KGy.
This is consistent with the observation that membranes treated directly in the coil region

display obvicus damage and can be destroved even under mild conditions.
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The downstream treatment. however. does not result in damage to the membrane surtace
under the same conditions."

5.2.5 XPS. While the gas-phase is the tocus of this Chapter. it is important to
note the major chemical compositional changes that occur to the polvmers during plasma
moditication. Figure 5.10 shows the C,_ spectra for a PE membrane treated ina 23 W
H.O plasma. demonstrating the incorporation of signiticant amounts of oxygen in the
treated sample. Note that CH_ groups contribute 100°. to the high resolution C
spectrum for untreated PE. Table 3.2, Details ot the C,_analyses tor all ot the membrane
materials studied here are also listed in Table 3.2. In general. oxygen incorporation is the
major result of the moditication process tor the nonfluorinated polymers. Although liule
oxygen incorporation is observed with PTIE. pronounced detluorination is observed with
both the H.0 and H, treatments. Table 3.20 This has been observed previously with H.

plasma treatment of Hluoropolymers. ™

§.3 DISCUSSION

As noted in the Introduction. the identitication of reactive species and the plasma-
surtace interactions occurring during polvmer processing constitutes an important step in
determining the reactions involved in surtace modification. Through our combined
experimental approach. mechanistic implications tor [0 plasma processing are drawn
from independent study of the surface. the gas-phase. and the plasma-surtace intertace. Of
these. the plasma-surface intertace is the most ditticult to characterize. Our [RIS results.

however. attord detailed chemical information about the intertace not available through
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Table 5.2. Abbreviated XPS results tor plasma moditication ot membranes.”

% contribution to C,,

Membrane Material o/C CH, CO co.” CF, | OH (")
ratio
Untreated PST 0.14 84 16 0 - 0
Treated PSt 0.30 74 19 9 - 1.7
Untreated PES 0.23 83 17 0 - ()
Treated PES 0.37 76 19 h 1.1
Untreated PE 0.00 100 0 0 : 0
Treated PE 0.38 74 I8 8 1.7
Untreated PTFE 0.00 0 0 0 9y 0
PTFE (25 & 100 W H.O) 0.03 - - - 88
PTHE (23 W HLy 0.06 - : - 03

*More detailed XPS results can be tound in references 12 and 13, Data are listed tor
analysis of the upstream (tacing the plasma) side ot the membrane. Analysis of the high
resolution C,_ spectrum provides percentages for the carbon centers (CO. CO L CE.

PCO. is the total amount of C=0. O-C=0. clc.

*No values are listed for the CO and CO_ peaks as a unigue peak it ol the C. specira
could not be obtained due to a low binding energy tail below the CF. peak. This tail
contains contributions from added oxygenated species and detluorinated species from the

PTFE membrane.
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studies concentrating on isolated aspects ot either the plasma or the surface moditication.
Moreover. the combination of [RIS with the gas-phase data presented here (both OES and
MS) and the surface analysis data'~'"* provides a relatively complete chemical picture of
the overall process.

Formulating reliable chemical mechanisms tor plasma moditication of polymers is
particularly ditticult as polymeric substrates often contain a variety of surface moeities.
increasing the number and complexity of possible plasma-surtace interactions.
Understanding the tundamental aspects ot pols mer moditication is turther complicated by
the observation that rearrangement. additional surtace oxidation. and tunctional group
migration can occur on a rapid time scale.” Moreover. difterent pols mers may be
maditied by the same plasma via difterent mechanistic routes. Al ot these factors
contribute to the ditticulty in assigning exact mechanisms tor plasma-mediated processes.
Below we discuss our results as a tunction ot the polymer being moditied. with a tocus on
the specitic mechanisms acting in cach case.

8.3.1 PStand PES. Of the polymer materials studied here. PSY contains the
highest number of ditferent moieties. including pheny . ether. methy | and sultone groups.
Scheme 1.1. As discussed in Chapter . oxidation occurs at all three positions indicated in
this scheme. The evidence tor this comes largely from XPS data. which indicate that a
substantial number of carbony| groups. such as aldehyde. ketone. and carboxy lic acid are
introduced by plasma treatment. Table 5.2. In addition. production of gas-phase CO is
observed during plasma processing ot PSf membranes.'- Most significantly. our direct.

non-intrusive IRIS experiments confirm that OH reacts with a ~30% probability at the
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surface of PSt membranes. Table 5.1. Combination of OH radicals with surtace atoms
resulting in the changes in surface composition noted above must occur through cleavage
of C-S. C-C. C-0. or C-H bonds. As shown in Chapter 1. cleavage of the C-H bond on
the methy| group by OH is the only path that would result in direet tormation of an alcohol
group in the membrane. However. this C-H bond requires the most energy to break
(~4.5¢V).* which may partially explain why only a small number ot alcohol groups are
incorporated in the treated material. Table 3.2,

Note that our [RIS results show a decrease in the OH reactivity with increasing rf’
power for the PSt substrates, Table 3.1, There is a slight decrease in R values with
BTSS3 between P =25 and 125 W and a more pronounced decrease with the less porous
UF-PSt. The lower reactivity and thus higher O scatter at the higher rf powers is likely
the result of increased ablation ot the polvimer surtace at higher powers. Indeed. we hinve
observed considerable damage occurs when these membranes are treated at 72 = 100 W,

Similar to PSt. PES membranes also exhibited an increase (~3%0) in the number ot
C-O, groups atter plasma treatment. Fable 3.2 Overall. PES onidation likely oceurs
through scission of the ether linkage (position . Scheme 3.1). A secondan oxidation
pathway at the sulfone group results in sulfate tunctionalitics as evidenced in the high
binding region of the S., spectrum.'>"" Hence. the C-O and C-S bonds are broken during

functional group implantation. This mechanism is consistent with the formation of CO

“All bond energies are derived from thermochemical data tound in: S. G. Lias. J. L.
Bartmess. J. F. Licbman. J. L.. Holmes. R. D. Levincand W G. Mallard. .. Phyvs. Chem.
Ret Data 17, Suppl. 1 (1988).
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during plasma modification of PES membranes as observed in our OES and mass spectral

experiments.

Scheme 5.1
In addition. IRIS data confirm the same moderate O reactivity measured tor PSY
membranes. Table 3.1. In contrast to PSt. OH reactivity values tor PES have no
Q=23 e\ and C-§ nds. 1
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the C-O (=23 eVyand C-S (= 1.1 eV bonds. Hence. increasing the energy of the reactive
species by increasing P has a less pronounced etfect on the surface reactivity when the
material being moditied does not require high eneruy tor bond cleavage.

5.3.2 PE. We have already established that PE. a simple hydrocarbon. is
chemically moditied by H.O plasma treatment in a similar fashion to PStand PES. PE
also exhibited a signiticant incorporation ot both C-0 and C-0) groups atter plasma
treatment. Table 3.2, with considerably more C-O groups than C-O_ groups. Notably. CO
was also observed in the gas-phase during plasma treatment of PE. Given that PE does
not contain any substituted carbons or oxygen groups. these results demonstrate that gas-
phase CO and oxygenated carbon centers covalently bound to the poly mer backbone are
indeed the products of plasma-surtace reactions. Mechanistically. these reactions proceed
through abstraction ot H from the surtace and reaction of a plasma species. presumably

OH. at this site. Hence. the C-H (~4.3 ¢V) and possibly the C-C (~3.8 ¢V') bonds are
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broken during PE modification. Similar to PES. our IRIS values experimentally
determined for PE membranes do not significantly deviate from R = 0.5, This suggests
that increasing the energy of the reactive species also has a less pronounced eftect on the
surface reactivity when the surface bonds cleaved are of approximately equal strength.

5.3.3 PTFE. Ot all the polymers studied here. PTFE is the most hydrophobic and
theretore. the most challenging material for hydrophilic membrane moditication. Although
H.O plasma treatment presents a possible hydrophilic moditication strategy tor PTEE via
H atom abstraction of surtace tluorine to form HE. PTFE membranes treated with 1.0
plasmas remain highly hydrophobic with contact angles ot ~ 1107, XPS results indicate no
oxygen incorporation occurs with H.O plasma treatment at cither 23 or 100 W Table 3.2
Furthermore. CO is not observed during plasma modification. suggesting poor onidation
of this highly inert material by a 25 W H.O plasma. Mcechanistcally. moditication ot
PTFE must proceed by breaking the C-IF bond. a strong bond (~3.53 ¢V relative to the
C-S. C-C.C-O and C-H bonds in PES. PSt. and PE. all of whichare - S eV,

The relatively high energy requirement tor C-1 bond scission helps explain our
IRIS measurements for PTFE. which increase from R =0.31 = 0.07 at 23 Wito R = 0.31 =
0.05 at 125 W, This means that at low rt’ powers. ~30% of the incident OH are lost at the
surface and ~70% desorb. At higher powers. the probability of loss and the probability of
desorption are essentially the same. ~30%. Previous IRIS work described this behavior as
a competition between desorption of physisorbed OH and its loss by reaction on the
surtace. With PTFE. this reaction is most likely at an active site created through

defluorination of the polymer by H atoms. This detluorination is supported by our XPS
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results for both H.O and H, plasmas. Table 5.2. and has also been observed previously n
the plasma treatment of a variety of fluorinated polymers.” Although the OES data in Fig.
5.1 demonstrate that at higher rf powers. there are more H atoms with higher energies. the
XPS data suggest the same level of defluorination occurs for both 25 and 100 W H.O
plasmas. This behavior has also been observed previously by Clark and coworkers in the
H, plasma treatment of PTFE and polyvinylidene tluoride (PVDF)." Although
detluorination was treatment time dependent. at fonger treatment times (60 s). the tinal
extent of reaction was independent of rf power. with a maximum ot -80%s of the fluorine
in the polymer surtace being removed. Regardless of the level ot defluorination. the
creation ot more reactive sites at high powers likels leads o increased surtace reactivin
tor OH.

[t is also instructive to compare RIS results for O on PEFE to those tor NH..
NH. and CF. on PTFE substrates. We have previously created three categories tor
radical-surtace interactions: 1) systems in which radicals are consumed at the surface (5 -
1. R > 0): 2) systems where radicals are generated at the surtace (5 - 1L R - 01z 3) systems
where radicals are neither generated nor consumed at the surtace. but adsorption-
desorption takes place (S ~ 1. R ~ 0). For example. all OH-substrate interactions reported
here appear to fall into the first of these categories. Table 5.1. Similar to H.O plasma
treatment. the ammonia plasma system interacts with polymer surfaces via functional
group implantation.™" In this system. NH, radicals fall primarily into Category 2 with a
number of substrates including PTFE. in contrast to the present results tor OH radicals. In

addition. the highest increase in surface production for NH, radicals (30 W < P < 175 W)
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was observed for PTFE substrates.” Results for NH interacting with poly mer substrates
(PTFE. polyimide) during NH; plasma processing belong in Category 1 at high powers (7
>175 W). and in Category 2 at low powers (P < 175 W).™* Hence. for the same type of
surface modification process (i.e. tunctional group implantation). difterent patterns in
surface scattering arise trom ditferent radical species.

In the HFPO plasma system. which slowly deposits an ordered CF,-rich
fluorocarbon tilm. the surtace reactivity ot CF. radicals on PTFE appears to belong to the
third category at all 2= Examining the effects of ion bombardment on the radical-surtace
interaction in this svstem showed a signiticant change in the surface reactivity. Under ion-
free conditions. CF. radicals show an increase in the surface reactivity with increasing
power R ~0.2at 2 =33 Wand R -~ 0.4 at /= 1353 Wy and display Category | hehavior,
Thus. PTFE is a substrate that display s all three types of radical-surface interaction
behavior. depending on the plasma process occurring (deposition or implantation).
Clearly. this demonstrates that the type ot data available from [RIS data are important as
not all radical species interact the same way with a particular substrate material.

5.3.4 GENERAL CONSIDERATIONS. Given the number of substrates. plasma
svstems. and techniques discussed here. it is constructive to draw some connections
between these data. Overall. surface moditication of PSt. PES. PE. and PTFE membranes
is directly correlated to the energy requirements tor bond cleavage. a primary step in
functional group implantation. This mechanism is consistent with our XPS results. which
indicate oxidation of these materials and functional group implantation. Furthermore. the

energy requirements tor bond cleavage increase in the following way: C-S < C-O < C-C ~
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C-H < C-F. Consequently. the easc of polymer moditication follows a similar trend as
nonfluorinated polymers are easier to modity (i.c. mild conditions produ.cc desired surface
properties) than PTFE. This mechanism is also consistent with [RIS data for polymeric
membranes. which show that OH has the lowest reactivity on PTFE under the optimal
membrane processing conditions for the nontluorinated polymers (7 = 25 W).

One interesting point about these data is that R(OH) ~ 0.3 under most processing
conditions. regardless of substrate material. s noted above. this valee is similar o what

I

was measured for OH reacting with room temperature SiO. and Si:N, substrates.”™ " One
explanation tor this simtlarity is that. during [RIS experiments. the substrate is exposed o
the full range of plasma species. including undissociated water. hydrogen atoms. and ionic
species such as H. and H.O . As individual species are not tracked in IRIS experiments.

contributions of reactions such as dissociative adsorption ot H.QO. process (3.1). and

recombination ot adsorbed OH and H atoms. process (3.2)

H.O(g) - OHads) ~ Hads) - Ot (g) - Heads) (3.
OHads) = Heads) - 1.0 (2) (3.2

to the measured OH surtace reactivity can not be fully assessed. [n addition. during our
steady-state measurements. the substrate surface may have other physisorbed molecules
and potentially unpaired electrons. all of which are available to react with the incident OH
radicals. Thus. it is plausible that although the underlyving substrates are cither polymers
or Si-based materials. similar surface species may exist on all substrates. This is
substantiated by the observation that H.O plasma treatment ot SiO, waters results in a

completely wettable surface.™ similar to what we observe here with the porous polymer
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membranes.

As a final note. the combination ot OES and [RIS results show that plasma-
generated OH radicals are contributing to the oxidation and creation of hydrophilic
membrane surfaces. Although O atoms may also contribute to polymer oxidation. excited
state O atoms are not observed under the same conditions as thosc used tor membrane
processing (i.e. 2 =25 W). regardless of reactor design. Small amounts of oxy gen atoms
are. however. observed in the MS data even at low rf powers. such that this species can

not be completely ruled out as an oxidant.

5.4 CONCLUSIONS

Three gas-phase analytical tools. OES.MS and LIF. were used to examine the
chemistry of the H.O plasma surface modification system. These analy ses provide a fairly
extensive set ot data from which intformation about the processes involved in surtace
modification can be gleaned. [n addition. our radical-imaging experiments provide
detailed chemical information about the plasma-surtace intertace. Specitically. we hanve
determined moderate OH-surface reactivity (~0.3) tor nearly all membrane substrates and
plasma conditions employed. These data suggest OH radicals are involved in the
hydrophilic surface modification of polymeric materials. Collectively. the data presented
provide a comprehensive picture of the H.O plasma system. trom the gas-phase. to the

surtace modification. to the plasma-surtace interface.
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CHAPTER 6

COMPARISON OF SURFACE INTERACTIONS FOR NH AND NHL RADICALS

ON POLYMER AND METAL SUBSTRATES

This dissertation chapter contains results from a full paper submuitied tor
publication to Journal of Applicd Physics. The manuseript was written by MU T Steen
and edited by Protessor E. R, Fisher. The coauthor was Ko R Kull The aim ol this stady
was to provide insight into the relationship between NH | plasma radicals as well as their
relationship with charged species. and with the surtace during NI plasma surtace
modification. Interactions of NH and NH. radicals with polymer and metal surtaces were
investigated with the [RIS technique. The role of ions on the tormation of N radicals i
the gas-phase and at the surtace was investigated by removing ions from the plasma

molcecular beam prior to interaction with the substrate.
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6.1 INTRODUCTION

Ammonia plasmas are used extensively for producing nitride materials and tor
moditving polymer surfaces.'*** Given the scientific and commercial use ot NH;
plasmas. little is known about the specitic plasma-surface interactions. especially those
responsible for surface modification and growth of new materials. Ot particular interest is
understanding the mechanisms through which surtaces are made hydrophilic during NH-.

plasma treatment.” ¥

We have used NH; plasmas to increase the hydrophilicity of metallic
and polymeric substrates. including porous polymeric membranes.” " These results are
consistent with previous work ot NH, plasma treatment ot polymers resulting in higher

wettability relative to untreated surfaces. '='" Moditication occurs via amine tunctional

group implantation primarily by NH, radicals.”" Indeed. d"Agostino and coworkers have

P

hese reactive plasma species. specitically NH radicals.”” As these studies suggest. it is
renerally accepted that surtace moditication processes proceed through NH | radical-
surface interactions:'” however. a complete understanding of the surtace alteration
processes has not been achieved. Mechanistic understanding ot these plasma-surtace
interactions is critical to rational control of plasma-mediated processes as well as the
development of predictive models.

As described in Chapters 2 and 5. the [RIS technique is a very versatile method tor
studving the interactions of plasma species with substrates. RIS data for radicals

IS 15 1617 IN 19 20

produced in other plasmas. as well as data tor radical-surface interactions in

ammonia plasmas have been recently published.”' = An carly [RIS study of NH radicals in
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NH; plasmas showed NH has very low reactivity with silicon nitride substrates

(~ 0-10%).”* These data were collected using a 45 W ammonia gas discharge and
substrate temperatures ranging from 300 to 700 K. The ettects ot . substrate material.
and other plasma parameters were not investigated. We have also previously reported
extensive IRIS studies of NH, radicals in NH. plasmas. including translational
temperatures for both beam and scattered species as well as surface reactivities tor a
number of substrates.” > Our [RIS reactivity data show that NH. radical production
occurs at the surtace ot nearly all substrates during NH. plasma processing under most
experimental conditions. suggesting that other species in the molecular beam are

contributing to the surface generation of NH..

A tundamental question originated by these data revolves around the mechanism
tor observed surtace production of NH.. We explicithy assessed the intluence ot ion-
assisted processes in the surtace generation of’ N1, radicals during plasma processing ol
two materials. polyimide (P1) and platinum. using the grounded mesh (gm) experiments.
While less NH. desorbs from these surfaces when 1ons are removed tfrom the plasma
molecular beam. NH, was still generated at the surtace without ion bombardment. This
suggests that ion-induced processes are not the only mechanisms through which NH.
surtace generation occurs.

One hypothesis for alternate surface generation mechanisms. put torward in the
original NH, study. was that gas-phase NH radicals contributed to surtace production of
NH.. This can be envisioned as occurring via one or both of the two processes given in

6.1.
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NH(g) - H(ads) - NHJ(g) (6.1a)
NH(g) + H(ads) - NH(ads) - H(ads) - NH.(g) (6.1b).

Process 6.1a represents an Eley-Rideal-type (ER) process. wherein a reaction oceurs
between a gas-phase species and an adsorbed specices. betore the gas-phasce reactant has
equilibrated with the surtace. Process 6.1b is a Langmuir-Hinschelwood-ty pe (LH)
process wherein both reactants are equilibrated on the surface prior to reaction. While ER
and LH interactions are primarily used to describe reactions that occur under ultrahigh
vacuum (UHV) conditions.™ they attord a reasonable means with which to discuss
possible surface interactions that result in generation of NIH.. [t cither of these processes
transpires at the plasma-surface intertace. we would expect that NH radicals would be lost
at the surface. In other words. inour [RIS experiments. SONH) - 1 under conditions that
result in surface production of NH. [SONHL) 1] To direetly demonstrate that processes
6.1 occur. a thorough treatment of NH radical interactions is necessary. Specitically . IRIS
measurements for NH radicals under ion-tree conditions. as a tunction of applied rf power
(/). and with the substrates used in the NH. study are critical to understanding the
mechanisms at play in the NH. plasma surtace modification system. This chapter presents

IRIS data obtained for NH as a function ot these parameters.

6.2 RESULTS
6.2.1 FORMATION OF NH, AND NH RADICALS IN NH. PLASMAS. Figure
6.1 shows the normalized NH_ LIF signal intensities as a function ot . Because we are

saturating the probed transitions. these intensities correspond to the relative species
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Figure 6.1  Relative intensities of (A) NH, and (B) NH radicals in a 100% NH, plasma
molecular beam as a function of applied rf power. Data for NH, was taken
from Reference 21. Also shown are results for NH radicals taken with the

grounded mesh in the molecular beam (open circles).
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densities. Formation of NH, increases rapidly with 2. reaching a maximum at ~100 W',
Fig. 6.1a.”' The decrease at high P is likely the result of increased fragmentation of’ NH.
(i.e. formation of NH and possibly N). This is substantiated by the power dependence of
the NH radical density. which shows a relatively low density of NH atlow Pand a
significant NH radical density at 2 > 120 W Fig. 6.1b. Furthermore. no discernible
decrease in the NH radical density 1s observed at high 2. These data demonstrate that the
relative densities of NH_ species in the plasma molecular beam are strongly attected by /7.
and are patently connected to each other.

6.2.2 RADICAL-SURFACE INTERACTIONS. Figure 6.2 shows three IRIS
images depicting NH LIF signals using a 75 W NH. plasma molecular beam and a
polyvimide substrate. In Fig. 6.2a. LIF signal from NH radicals just in the molecular beam
is imaged. whereas Fig. 6.2b contains LIF signal from both incident NIH radicals as well as
NH radicals scattered from the polyimide surtace. The ditference between the images
shown in Fig. 6.2b and Fig. 6.2a provides a spatiallyv-resolved image ot NH radicals
scattered trom the polyimide surtace. Fig. 6.2¢. Clearly. there is a signiticant number off
molecules leaving the plasma-treated substrate. Figure 6.3(a) shows the data ot Figs. 6.2a
and 6.2¢ converted to cross sections along the laser axis. The broad spatial distribution
and the shift ot the scattered signal peak away from the molecular beam maximum indicate
the NH radicals scatter with a cosine angular distribution. Also shown in Fig. 6.3a are
simulated curves for the incident beam and for scattered molecules. assuming an
absorption-desorption mechanism. with § = 2.65. Averaging several data sets vields an

overall value of § = 2.39 £ 0.12. Note that an S value >1 indicates that NH radical
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Figurc 6.2  Spatially-resolved two-dimensional ICCD images of LIF signals produced
by NH radicals A)ina 75 W NH. plasma molecular beam: and B) with a
polyimide substrate rotated in the path of the molecular beam.  The image
shown in (C) is the ditference between the images shown in () and (B).
corresponding to NH radicals scattering trom the substrate. The lines

indicate the path ot the molecular beam and the laser in the images.
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production occurs at the polvimide substrate during plasma processing at 75 W',

Figure 6.3b shows a representative set of experimental data and simulated curves
for NH radicals interacting with the same substrate at 175 W. These data are also
reproduced well by the simulation assuming an absorption-desorption mechanism. Here.
however. S = 1.08. significantly lower than that measured at 73 W. Furthermore. an S
value ot ~ 1 indicates that NH radicals are neither produced nor consumed at the polyvimide
surface. Thus. the data shown in Figs. 6.3a and 6.3b demonstrate very ditlerent scatter
behavior for NH for the same substrate with 7.

Table 6.1 lists § values tor NH radicals interacting with PL PTFE and Pt substrates
for 2 =75-225 W. Clearly. the substrate material affects the behavior ot NH radicals. For
platinum substrates. a relatively small increase in Sis observed from 75 Wto 123 W,
tollowed by a leveling ofT at high powers. [nterestingly. this trend is nearly identical to
that observed for NH. radicals interacting with platinum and copper substrates.” For both
polvmer substrates. the S(NH) values decrease with increasing /. In contrast. S(NLL)
values increased with increasing £, with the highest observed surface production of NI
occurring at PTFE surfaces at 175 W. S(NH.) and S(NH) tor interactions with the Pl and
PTFE substrates as a tunction of P are also shown in Fig. 6.4.- These data point to very
different scatter behavior with these two molecules. Note that the maximum surtace
scatter of NH, and surtace loss tor NH were observed under the same conditions (2 - 173
W). These surtace interaction results for NH. and NH suggest a connection between
these two species.

6.2.3 MASS SPECTRAL DATA. Insight into the relationship between gas-phase
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Table 6.1 NH scatter coetficients tor CW NH, plasma processing.”
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Substrate

Power

Pl

[

H

Pl (gm)°

PTFE

Pt

e R N R TR R R R R e/ e |

ISW | 259=0.12 1.41 = 0.08 1.95=0.07 { 0.98 = 0.07 1.47 =011

Pt (egm)”

0.
0.

125 W 1.55=0.14 1.50 = 0.07 1.20=0.10 | 119 = 0.07 1.29 = 0.08
175 W 1.02 =0.08 146 =0.08 [ 0.50=0.10 | 1.45 =0.06 143 =012
225W | 0.85=0.10 1.50=0.10 1038 =0.10 ] 1.30=0.20 1.33 =0.11

‘Scatter coetticients determined as deseribed in the text. Errors given sre one standard

deviation of the mean of several data sets.

"Data taken with a grounded mesh screen in the path ot the molecular beam i.e. “ion-free™

conditions).
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Figure 6.4  NH. (triangles) and NH (circles) scatter coefticients tor interactions with
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NH, radicals and ions can be gleaned tfrom mass spectral data of the NH. plasma
molecular beam. Data were obtained with the ionizer on to examine both ionic and neutral
species. and with the ionizer off. to provide information on nascent ions in the plasma.
With the ionizer on. the most prominent peaks in the spectrum oceurred at mez = 1. 2. 15,
16. 17. 18, and 28 amu. corresponding to H . H. . NH . NH. UNH. .NH, .and N, .
respectively. No significant peaks appear in the mass spectrum above 30 amu. Without
the 1onizer. the predominant species observed in the mass spectrum of the beam are N
(x = I-4)and H. . Figure 6.3 shows the power dependence of the ratios of the intensity of
the NH, species (x = [-3) relative to NH, in the plasma molecular beam. Interestingly.
as [ increases. the amount of NH_ (x = 1-3) produced also increases. relative o the
NH, . This increase is most dramatic for the NH. NH, ration. which rises trom 03 at P
=23 Wio ~0.9at 2 =130 W. This observation is consistent with more efticient
ionization processes for the smaller NH_ species or with an increase in fragmentation at
higher P.

MS data collected with and without the gm in the path of the molecular beam
provide information on the extent to which ions were removed. For 2 = 125 W the gm
removes essentially all ot the nascent ions from the molecular beam. Fig. 6.6a. Similar
results were obtained for P = 50-130 W. For P =175 W_ however. a small amount (<.2%4)
of charged species are transmitted through the gm. Fig. 6.6b. With 98-100°0 removal of
the ions in the molecular beam at all /. the term “ion-tree™ is used below to describe data
taken with this configuration. Note that NH LIF intensity data taken with the gm in the

molecular beam shows no change in the relative density of NH radicals. Fig. 6.1a.
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Figure 6.5  Ratio of mass spectral signal intensities tor nascent ions (NH_" NH, .
X = 1 -3) in the NH, plasma molecular beam as a function of applied rf
power. These data were taken without using the ionizer in the mass
spectrometer. The solid lines are linear regression analysis fits to the
individual NH, data sets. withr =0977 and m =506 x 10™* for x = 3.
rr=0967andm=426x 10*forx=2:and*=0900and m=3 11 x 10"
for x = 1. Vertical lines represent one standard deviation error limits based

on averages taken from multiple data sets where available.
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Figure 6.6  Mass spectra of nascent ions (i.e. the ionizer was of!) in a NH; plasma
molecular beam with (A) P =123 W:and (B) ” = 175 W. These data were
obtained with no grounded mesh (solid line) and with the grounded mesh in
the beam (dashed line). The spectra were corrected for background signals

and the gm data has been scaled by: () a factor of 10: and (B) a tactor ot

100.
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Although the use of the gm removes nearly all of the ions from the molecular beam. it
does not significantly perturb the densities or the kinetic energies™' of the neutral plasma
species in the molecular beam.

6.2.4 EFFECTS OF ION BOMBARDMENT. To investigate the eftects ot ion
bombardment in NH, radical-surface interactions. S(NH) values were measured with the
gm for two ditferent substrates. Pl and platinum. Examination of these data. listed in
Table 6.1. provides insight into the role that ions play in the surtace scatter of NH. For
example. the NH gm scatter coetticients are all vers similar. with S(NH) - 1.45 regardless
of substrate material or rt power. With the Pl substrate at high /. comparing S(NH)
values with and without ions shows SCNH) increases when ions are removed trom the
molecular beam. These data suggest that NH scattering 1s suppressed by the presence of
ions at high 2. Conversely. at low 2 with the Pl substrate. removal ot'ions decreases the
measured SONHD values. indicating ions enhance surtace scatter tor NH. fon enhancement
of surface scatter has been observed previously in IRIS experiments tor SiF..”" CF.." and
NH.™ in fluorosilane. fluorocarbon. and ammonia plasmas, respectively. Fhis type ot
behavior is consistent with recent work demonstrating that energetic ion bombardment
vields radicals on surfaces by mechanisms ot neutralization and dissociation and by
sputtering of already deposited films.""~" The ion-induced suppression of radical
scattering (i.e. NH at high P) has not. however. been previously observed in our
laboratories or reported elsewhere.

It is usetul to compare our IRIS results for NH to those obtained previously for

NH, under identical conditions to those described here. S(NH.) and S(NH) values tor

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170
interactions with Pl are shown as a function ot P in Fig. 6.7 As described above. the
S(NH) values decrease dramatically with increasing 2 when ions are present in the
molecular beam. Under ion-free conditions. S(NH) ~1.45 atall 2. In contrast. S(NI.)
values increase with increasing P with and without ions in the molecular beam. However.
the values measured under ion-free conditions are signiticantly lower than those measured
with tons. These two observations clearly suggest that 1) tons are contributing to the

surface generation ot NH.: and 2) additional power-dependent mechanisms may also be

contributing. The relationships between NH. NH.. and ioni¢ plasma species with cach

other and with the surface are explored in the tollowing section.

6.3 DISCUSSION

Qur approach to understanding NH. plasma surtace moditication on a mechanistic
level considers the interactions ot all NH_ plasma species (both neutral and ionic) to
determine which species are active in substrate processing.  All of the data presented here
support the concept that the radicals. ions. and surtaces in this system altect the reactivin
of each other. For example. the gas-phase data show that the NH and NH. radical
densities in the plasma are connected. with the relative densities ot both species being
strongly aftected by 7. Specitically. the NH. density decreases above 2~100 W, whereas
the NH density continues to increase with P. as a result of decomposition of NH.. In
addition. the mass spectral data show that the gas-phase NH_ (x = 1-3) ion density also
increases with P. These data suggest increased fragmentation of larger NH_ and NH,|

-
-

occurs at higher .
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path ot the molecular beam.
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Although the relative densities of plasma species are aftected by plasma
parameters. at all P there are a variety of ionic and neutral species in the plasma molecular
beam. In addition to NH, and NH, . hydrogen molecules. ions. and atoms are also

in2l

present. Each of these species has the potential to influence the surface interactions of’
other members of the ensemble.  This leads to a complex combination ot possible surtace
reactions. making it ditficult to assign exact mechanisms for plasma-mediated surtace
moditications. The correlations we have observed for the two NH_ species. however.
allow us to construct some mechanistic schemes tor surface processes in the NH. plasma
system

To tully consider the data presented here for surtace interactions ot NH radicals.
we must tirst discuss those tor NH.. which have been detailed previously. s noted in
Section 6.1, surface generation of NH. fi.e. SONH.) >1] is observed under most
experimental conditions. Surtace scattering ot NH. can occur through a simple
adsorption-desorption mechanism. process 6.2.

NH.g) = * - NH.ads)y - NHug) (6.2).
where * represents an active site on the substrate surtace and NH, is assumed to be
thermally equilibrated on the surface prior to desorption. We believe this reaction
accounts for a large traction of the desorbed NH. observed in the NH: plasma system. It
can not. however. account for production of NH.. [n addition to process 6.2. NI, can be
tormed through surface reactions involving other neutral beam species. For example.
dissociative adsorption of NH; followed by desorption ot NH.. process 6.3.

NHy(g) = * - Nll.(ads) - H(ads) - NH.(g) (6.3).
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is one possibie pathway to surface generation of NH.. Likewise. NH. can be produced at
the surface through abstraction of a surface hydrogen by NH. processes 6.1.7

By investigating Kinetic energy disposal at the surface. we can hypothesize as to
which of the given processes are more likely to occur. For example. if only process 6.2
occurs. the kinetic energy. or translational temperature (0, ). of desorbed NH. should be
characterized by the substrate temperature. T Likewisc. processes 6.1b and 6.3
involve species that are tully accomodated at the surtace. resulting in desorbed NI with
energies that are characterized by T, By measuring velocity distributions tor NIH.
molecules in the molecular beam and scattered from the substrate. we determined that
scattered NH. molecules possess Kinetic energies that are greater than T under most
experimental conditions. Thus. NH. radicals must be generated (at least in part) by
pathways other than 6.1b. 6.2. and 6.3, Process 6.1a is. theretore. the most likely neutral-
mediated reaction we have considered here that could cause the observed increase in the
translational energy of desorbed NH..

In addition to energy arguments. our surtace interaction results tor NH and NI
also support processes 6.1 as contributors to surface generation of NH.. Speciticalls.
these processes lead to surtace loss of NH radicals. It processes 6.1 are occurring. then
S(NH) should be less than unity under conditions where S(NH-) > 1. As these reaction
pathways suggest. NH radicals are indeed consumed at polymer surtaces (Pl and PTFE) at
P> 175 W_Table 6.1. Moreover. the highest NH, scatter coetficients and the lowest NH

scatter coetticients were measured under identical conditions (Pl and PTFE. 2= 175 W),

Fig. 6.4. Hence. our IRIS results also suggest NH abstraction of H is a likely pathway to
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surface generation of NH, in this system.

In addition to neutral-mediated processes. reactions involving tons can also
contribute to surtace production of radical species. Possible ion bombardment reactions in
the NH; system include sputtering. surface neutralization. and neutralization-dissociation

reactions. as exemplified by processes 6.4-6.6.

I (g) = NH (ads) - NH.(g) (6.4)
NH, (2)=* - NH(ads) - NH g) (6.3)

NH, (g) = 2* - NH_(ads) - H(ads) - NH_ (g) - Htads) (6.0,
where | represents any ionic plasma species. X = 1-3 tor process 6.4 and N~ -4 tor
processes 0.5 and 6.6. The eftects of ion bombardment reactions can be clearly seen with
the scattering resulis for NH, shown in Fig. 6.7. When ions are removed from the plasma
molecular beam. SCNH.) values decrease at all 2. but remain above unity tor 72 = 100 W,
A similar decrease in S(NH.) when ions were removed was observed for Ptsubstrates,
These data suggest that although ion-induced processes (reactions 6.4-6.6) are clearly
contributing to surtace generation of NH.. they are not the only mechanisms through
which NH. is produced at the surtace.

Interestingly. the translational temperature of scattered NH. ( €, ) is also atfected
by ion bombardment. Specifically. @, . decreases substantially when ions are removed
from the molecular beam for both Pt and PI. This shows that ion bombardment raises the
Kinetic energy of the NH. radicals desorbing from both substrates. With the Pt substrate.
removal of ions results in @, = T, atall 2.~ demonstrating that the elevated Kinetic

energies were due entirely to ion bombardment. Although removal ot ions decreases €,
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for the Pl substrate. it remains above T, at high P. Thus. ions do not tully account tor the
elevated O, values at high P tor the Pl substrate. These data again suggest that an Eley-
Rideal-type mechanism. process 6.1a. is a contributor to surtace production of NH. on the
Pl substrate.

One additional aspect of our NH IRIS data that remains to be addressed is the
etfects of ion bombardment on NH surface reactivits. NH can scatter trom substrates via
a simple adsorption-desorption process such as that given in 6.2 for NH.. Alternativels.
NH can also be produced by dissociative adsorption of NH.. process 6.7.

NH.(g) = 2* - NH(ads) - H(ads) - NHg) - Heads) (6.7).

Furthermore. processes involving adsorbed NH. or NH. could also result in production off
NH by further dissociation of these species on the surface. generally expressed by process
6.8.

NH (ads) = * - NHiads) = (x-DHeads) - NHeg) = (x-DiHads) (0.8).
This process has been proposed by Selwyn er af. to explain their observations of NH and
NH, reactions on catalytic metal surtaces.™ Specifically. they tound that 90% of NI was
removed by 300 K Pt surtaces with only a small activation energy ot 0.9 = 0.3 keal mol.
Furthermore. the adsorbed NH. readily decomposed to NH and H. In contrast. no NH
was removed by the Pt catalyst at room temperature and an activation energy tor
adsorption of 2.4 = 0.2 kcal/mol was measured. At high T.. desorption ot NH trom the Pt
surtace is observed. whereas no desorption of NH. is observed at any 1. Seiwynand Lin
have thus identified NH as a major decomposition product in catalvtic removal of NH ..~

Processes 6.8 could. theretore. account for our observation of S(NH) > 1 at low .
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Processes 6.8 can also help interpret our results tor NH surface interactions with
polvimide under ion-free conditions. To discuss these results. we use AS. which we define
as S - S, (i.e. the difference between scatter values measured with and without ions).
With ions removed from the molecular beam. NH scatter coefticients decrease at 2 - 125
W.AS> 0. and increase at P =175, AS < 0. One explanation tor these data is the
competition between ion sputtering. process 6.4. and dissociation ot adsorbed NH ..
process 6.8. It NH. is produced by ion sputtering of the NH_ adlayer then a positive
AS(NH.) would be expected. which is indeed what is obsersed atall 2. Fig. 6.7. Under
1on-free conditions. sputtering of the NH_ adlayer is reduced. allowing tor turther
dissociation of NH (ads) via process 6.8. This could explain the negative AS(NH)
observed at high 2. The positive ASCNH) at low 2 is consistent with what was observed
with NI, at all . and is likely the result of eliminating 1on-assisted processes such as
those shown in processes 6.4-6.6.

This is the first time we have observed ditterent AS behavior at difterent /2 in IRIN
studies. Indeed. with NH.. CF..and Sil'. radicals. AN was positive under all experimental
conditions."™ =" The change in sign for AS(NH) that oceurs as a function of P suggests
the densities of plasma species in the molecular beam are controlling the surface
interactions of NH. Specifically. our gas-phase data demonstrates there are more NH_ .
NH radicals. and H atoms at high P. An additional tactor is that Pl contains nitrogen.
which could also be atfecting the production of NH in this system. Additional experiments
in our laboratory to explore ion effects with other polymeric substrates that do not contain

nitrogen are currently underway.
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The idea that substrate material can influence our results is substantiated by our
results for Pt. This catalytic metal substrate vields AS values tor both NH and NH, of
nearly zero at all . Table 6.1." This suggests that the density of individual plasma species
is not critical to the NH, surface interactions. Rather. the substrate material appears to be
more influential. [t is generally believed that d orbital interactions are extremely important
to promoting bond scission on metallic substrates.™ This would suggest that metals such
as Pt should exhibit higher reactivity (i.e. lower scatter) toward incident NH_ species
relative to surtaces that do not readily accept electrons (i.e. polymers). Interestingly.
Selwyn and coworkers observed signiticant ditterences between Ptand Fe as catalysts tor
decomposition of NH.. Specifically. a thermal nonreversibility was observed with the Pt
catalyst. resulting from N poisoning ot the surtace. In contrast. decomposition products
did not appear to poison Fe catalysts. [n addition. the ability of the cataly st to remove
NH_ species was T, dependent. Thus. [RIS studies of NH and NH. reactivity on metallic
substrates as a tunction of T, could turther illuminate surtace behavior in the NH, cataly sis
svstem. Notwithstanding. the results presented in this chapter for both gas-phase and gas-
surtace processes clearly indicate the interactions ot NH. NI and ions are synergistically

related.

"The AS(NH.) values ranges trom 0.17 to 0.32 for P = 30-173 W' as detailed in
reference 22.
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6.4 SUMMARY

The [RIS data presented here for NH radicals in the NH; plasma system ofter an
opportunity to explore the effects of studving multiple species in a single plasma system.
Comparison of previous results for NH. allow us to assert that the surtace interactions of
NH are directly associated with the observed surtace generation of NH.. primarily via an
Eley-Rideal mechanism. process 6.1a. In addition. scatter coeflicients measured tor NH
under ion-tree conditions display scatter behavior not previously obsenved in RIS
experiments. Specifically. the value ot AS relative to zero is intluenced by plasma
parameters. namely 2. We hypothesize that this may be related to the ability of individual
reaction pathways. processes 6.4-6.8. to contribute to surtace interactions.  This is clearly
related to the density of gas-phase reactants in the incident molecular beam.  Although
IRIS experiments do not allow tfor selective elimination ot a particular species trom the
plasma molecular beam. our gm data clearly show ions attect the surtace interactions ol
both NH and NH.. Another variable we have addressed is the ettect of substrate material
on surface reactivity of NH. For catalytic materials such as Pt the substrate appears w
be more influential than species densities on the measured S values. This is clearly an arca

that would be well served by additional [RIS studies.
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CHAPTER 7

PLASMA MODIFICATION OF POROUS STRUCTURES FOR

FORMATION OF CONMPOSIT MATERIALS

Reprinted with permission trom: M. L. Steen. W CLFlon o NCE Capps.oand
E. R, Fisher. Chemistry of Marerials. Vol 13027492732 (2001,
Copyright 2001, American Chemical Society
This dissertation chapter contains results from a communication published m

Chemistry of Materials. The manusceript was written by ML Lo Steen and edited by
Protessor E. R. Fisher. This chapter desceribes the synthesis o three ditterent composite
materials using plasma deposition as one of the synthetic steps. The preparation ol
concentric-tubular Aw'polymer micro- and nanostructured composites by template
svnthesis is discussed. In addition. inorganic polymer and organic polymer composite
membranes were prepared with the surface coating distributed throughout the porous
structure. These systems demonstrate the range of materials chemistry and surface

propertics possible for integrated composites prepared by plasma deposition.
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7.1 INTRODUCTION

We have previously reported template synthesis of concentric composite micro-
and nanostructured materials consisting of an outer tubule of one material surrounding
inner tubes or fibers of different materials.' Composite nanostructures of metals.
semiconductors. carbons. and polymers were prepared by several svnthetic methodologics
including electroless deposition. electropolymerization. carbonization. chemical vapor
deposition (CVD). and sol-gel synthesis. Such materials are considered to have
applications in microelectronics. chemical sensors. and electrochemical energy
production.” Here. we report synthesis of three ditferent composite materials utilizing
Plasma deposition as one of the synthetic steps. First. template-sy nthesized micro- and
nanostructured Au-polymer composites are presented. with the outer material produced
via Plasma deposition. With this system. we show for the tirst time that a high degree of
granularity exists in the morphology of Au nanotubules produced via clectroless
deposition.

We also demonstrate the use of Plasma deposition to produce two ditterent iy pes
of microstructured materials. specifically integrated inorganic polymer composite
membranes and fibers as well as integrated polymer/polymer composite membranes.
Particularly attractive aspects ot Plasma deposition for preparation of composites include
production of contormal. pin-hole free materials with unitorm thickness. availability ot a
wide range of chemistries and surtace properties. and virtually uniimited monomer
selection. Additional control of film chemistry is achievable via pulsed. downstream. and

remote plasmas.’ Here. we demonstrate the versatility ot Plasma deposition by producing

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



184
integrated composite membranes where the surface coating is tailored tor a specific
chemistry. These novel materials have potential applications as replacements tor spun-

glass filters. air-vent filters and biomolecule separations.

7.2 RESULTS AND DISCUSSION

7.2.1 MICROSTRUCTURED AUPOLYMER COMPOSITES. Au tubes (200
nm-2 .m) were prepared tfrom template track-ctched PET membranes using clectroless
deposition as described in Chapter 2.7 The membrane is removed with hexatluoro-2-
propanol to reveal free-standing Au structures.” Figure 7.1a shows a ticld-emission
scanning clectron micrograph (FE-SEM) of Au tubes prepared trom 200 nm template
membranes. This image displays a level of porosity that has not previously been reported
for Au tubes prepared by electroless deposition. This type of granularity has. however.
been reported tor metal nanotubes produced via electrochemical deposition.” [In both
processes. Au particles are deposited at metal complexation sites on the pore walls and
membrane surfaces.” The nanoscopic holes (--30-100 nm diameter) in the structure of the
Au tubes shown in Fig. 7.1a could be the result of a limited number ot complexation sites
on the pore walls. Alternatively. formation ot grain boundaries. defects or vacancies in the
metal could also explain the incomplete congealing of the growing material. Previously
reported SEM images of similar Au structures taken with lower resolution instruments
(only ~50 nm) did not contain enough detail to completely discern the morphology shown
clearly in Fig. 7.1a.

To form a Aw/polymer composite. an outer tubule of the electronically conductive
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Figure 7.1 (A) A high resolution (10° X) FE-SEM of Au tubules grown in 200 nm
membranes after dissolution of the template. Note the high porosity over
the entire surface of the tubules. which is likely caused by the granularity
of the metal. (B) SEM image of Au tubules grown in | um membranes
after dissolution of the template: and (C) SEM image fo the | um Au
tubules with a ~1 pum thick conformal coating of polypyrrole deposited

using a pulsed pyrrole plasmas.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



186

polymer polypyrrole was deposited on the Au tubules through a pulsed pyrrole plasma
(5% duty cycle. 200 W peak applied rf power. pressure = 130 mTorr) using our
inductively-coupled tubular glass plasma reactor described in Chapter 2.* Figure 7.1b
shows a high magnification SEM of 1.um Au tubules prior to plasma deposition and Fig.
7.1¢ shows the same tubules after deposition. It is clear trom Fig. 7.1¢ that the polymer
coating has clearly covered the entire length of the tubules. that the ends are capped with
the coating. and that none of the underlying Au is exposed. Given the relatively high
deposition rate (>1000 A‘min). it is unlikely that the polymer layer tills the interior of the
tubule prior to capping.

FTIR spectra of the polymer layer indicate characteristic pyrrole absorbances such
as N-H stretching at 3400 ecm™'. the =C-H in-planc deformation at 1037-1096 ¢cm™ tfrom
aromatic ring breathing ot pyvrrole. and the -C-H out-ot-plane detformation at 740 em .
Absorption peaks at 2219 em™ (C - N stretching) and 2900 em (aliphatic C-11 stretching).
indicate partial ring-opening ot pyrrole during Plasma deposition. Although thin film
materials have been produced via CW plasma deposition of pyrrole.” ™ our tilms retain
more of the monomer structure because of the milder pulsed conditions. Indeed. we have
shown that pulsed plasmas afford greater control over tilm chemistry in Plasma deposition.
including retention of aromaticity.'' Preliminary results from electrochemical
characterization of the materials shown in Fig. 7.1¢ indicate our plasma-polymerized
polypyrrole tilms are indeed conducting. The two most important results in this system
are (1) that we can achieve smooth. pin-hole tree. conformal and complete coating ot the

porous Au nanostructures (200 nm - 2 «m diam.) and (2) we can tailor the polymeric tilm
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chemistry and thickness as desired. Indeed. we have also demonstrated this capability
with both insulating and conductive polymer coatings. such as pols styrene-like materials
from benzene plasmas.'

7.2.2 INORGANIC/POLYMER COMPOSITE MEMBRANES. Figure 7.2 shows
SEM images of our second system with ~100 «m thick microporous symmetric
polyvethylene (PE) membranes. Fig. 7.2a. and non-woven PET fibers as host materials.
Here. an inorganic coating is applied to the polyvmer substrates using a CW
hexamethyldisiloxane (HMDSO). O. (1:9) plasma (rt power = 23 W pressure = 100
mTorr) which deposits SiO_films."”" To optimize modification of the entire cross section
of these porous materials. the membrane holder desceribed in Chapter 2 was used." Fig.
7.2b demonstrates we have conformal coverage of the PE membrane. where the pore size
is not signiticantly altered and there is no sign of pore tilling. Furthermore. we hanve
shown using ESEM that complete moditication of the membrane cross section is achieved
with our experimental contiguration. Chapter 4. Film growth on the PE membrane
includes tormation ot thin. continuous tibers that span the entrance ol the pore cavities.
Although these fibers are not present in the SEM of the non-woven PET fibers. energy
dispersive spectroscopy (EDS) did detect the presence ot silicon on the plasma-treated Pl
and PET. which was not observed with the untreated materials.

Chemical analyses utilizing X-ray photoelectron spectroscopy (XPS). variable
angle spectroscopic ellipsometry (VASE). and FTIR verified the deposited material is
SiO.. XPS analysis confirms the presence of silicon (~20%) on the treated PE and PET

surtaces. The high resolution O, XPS spectrum contirmed that the deposited material
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Figure 7.2 (A) SEM image of an untreated microporous polyethylene membrane: (B)
the same microporous PE membrane with ~800 A of SiO, deposited from
a 25 W CW HMDSO:0, (1:9) plasma: (C) non-woven PET fibers coated

with ~800 A of SiO, using the same conditions as in (B).
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consists primarily ot SiOQ, groups with stoichiometric O'Si atomic ratios ol 2.6-3.0 tor the
plasma-treated polymers. VASE analysis using an SiO, model'" also confirms that the
plasma-deposited film is SiO,. The model provides tilm thickness. 804 = 33 A. and
refractive index (1.4422 to 1.4702 for 2. = 200-700 nm). agreeing with literature values for
Si0,."”

Figure 7.3 shows a series of transmission FTIR spectra tor SiO_ films deposited
from HIMDSO O. (9:1) plasmas as a function ot apgplicd v power. The prominent spectral
features in these spectra are the absorption bands at ~1070 and ~820 ¢m''. corresponding
to SiO stretching and bending modes. respectivels.™ In addition to these absorbance
bands. tilms deposited at 2 - 30 W have a broad absorbance centered about 3400 ¢em (Ni-
OH stretch). indicating a substantial quantity of silanol is present in the film. Figs. 3a and
3b. No absorbance is detected tor Si-OH species in films deposited at 2 100 W,
demonstrating that rf power serves to eliminate silanol contamination in these tilms. Figs.
7.3¢ and 7.3d also show a decrease in the shoulder on the Si-O absorbance band.™
elimination ot the two absorbance bands at ~924 and 798 ¢cm ' present in Figs. 7,30 and
7.3b.”" and the presence of'a new absorbance band at 804 em'. assigned to the Si-O bend.
All of these spectral features are characteristic of a more stoichiometric. higher quality
SiO, film deposited at 2 = 100W.

Although silanol incorporation is undesirable in many microelectronics
applications. it is a criterion for filter applications needing hydrophilic surfaces. Thus.
Si0, films were deposited using HMDSO/O. (9:1) plasmas at ” = 25 W tor applications

requiring hydrophilic surfaces. Our SiO./polymer composites wet immediatels and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



190

(A) Sion

SO
) NiOH j\{/'\_
pd

(") J\‘/\*

trequency «em

Absorbance (arb. units)

Figure 7.3  FTIR spectrum of tilms deposited trom HMDSO O, (1:9) plasmas with (.\)
P=25WB)P=30W.(C)P=100W:and (D) P = 125 W. The total

chamber pressure was 100 mTorr and the treatment time was 10 minutes.
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completely with water. In contrast. the untreated polymers are naturally hydrophobic with
contact angles ot 105.2 = 6.5°(PE) and 132.9 = 3.5° (PET). More importantly. both sides
of the treated materials were wettable. further evidence that our process moditics the
entire cross section.”’ and that the inorganic layer is integrated throughout the porous
structure.™~" This maintains homogenous porosity throughout the moditied materials.
such that permeation characteristics are essentially unchanged.

Most composite membranes (a dense top layer with a microporous sublayer) have
dissimilar permeation rates across the membrane.” Plasma processes have been emploved
to prepare such composite membranes by deposition o a second polymer onto a
homogencous membrane.™ to deposit a skin laver onto an asymmetric membrane
support.” or to chemically modity the existing skin laver to produce a compuosite
membrane.” [n cach of these examples only one membrane surface was intentionaliy
moditied to produce a selective layer with a specitic chemistry. In contrast. our synthetic
strategy produces membranes with tailored surface properties. without significantly
altering the porosity. To our knowledge. this is the first report of such integrated
inorganic,polymer composite materials.

7.2.3 ORGANIC/POLYMER COMPOSITE MEMBRANES. The third svstem.
microstructured polymer/polymer integrated membranes uses asymmetric polysultone
(PSt) membranes. Fig. 7.4. as the host material. As described in Chapter 3. these
membranes have an average pore size of 1.2 .m on the open side. minimum pore
diameters of ~0.133 «m on the tight side. and nominal bubble points ot 37 = 3 psi. Figure

7.4b shows a PSt membrane coated with ~80 A of a tluorocarbon polymer using
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Figure 7.4  (A) SEM image of the surface of an untreated microporous polysulfone
membrane; (B) the same PSf membrane ~80 A of a conformal CF.-rich
fluorocarbon polymer deposited from a pulsed HFPO plasma; (C) cross
sectional SEM image of an untreated PSf membrane; (D) cross-sectional
SEM image of the same membrane treated with a CW CHF, plasma. Note
that deposition in system (D) drastically alters the underlying membrane

structure.
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pulsed Plasma deposition of hexatluoropropylene oxide (HFPO) (16%0 duty cyele. 300 W
peak applied rf power. pressure of 230 mTorr). Extensive surface analyses revealed these
materials are highly ordered CF, chains. oriented perpendicular to the underlyving substrate
and terminated at the surtace with CF..”* Contact angle measurements made on both sides
of this integrated composite membrane indicate an increase in the hvdrophobicity of the
material. from ~907 to ~110°. again indicating penetration of the plasma through the
porous host. Highly hydrophobic membranes. such as those produced by the HEPO
plasma surface moditication system. have applications as moisture barriers and air-vent
filters.™

Cross section SEM analysis of the treated membrane is nearly identical to that in
Fig. 7.4¢. Morcover. comparison to Fig. 7.4a shows tilm deposition has not ady ersely
attected the porosity of the membrane.  This is confirmed by bubble point measurements.
which indicate no significant change in pore size. In contrast. hyvdrophobic moditication
with a CW CHF, plasma. forming an amorphous tluorocarbon polymer.™ did not result in
contormal coverage of the membrane structure. [rom the cross-sectional images in Figs.
7.4c and 7.4d. it is clear the deposited material has decreased pore diameter. thereby
losing the membrane structure.” The primary reason for the ditterences observed between
the HFPO and CHF; systems is the greater control over tilm chemistry and deposition rate
realized by pulsed Plasma deposition. The HFPO system does. however. demonstrate the
range of materials chemistry and surtace properties possible tor these integrated membrane
systems. Thus. the synthetic strategies utilized here tor these model systems point to

numerous possibilities tor other novel composite materials. We are currently exploring
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some of these possibilities along with potential applications for all three composite

materials presented here.
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CHAPTERS8

RESEARCH SUNMMARY

T'his dissertation chapter recaps the major tindings of this work. particularly with
respect to the hypotheses proposed in Chapter 1. In addition. tuture directions tor this

work are brietly discussed.
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The results presented in this dissertation establish the H.O plasma treatment
developed in our laboratory as a permanent surface moditication for PSt and PES
membranes.'~ To our knowledge. our work is the first report of permanent hydrophilic
membrane modification by low-temperature plasmas. This treatment is also general to
variety of membrane materials and porosities. Furthermore. H.O plasma treatment
modifies the entire cross section of highly asvmmetric polymeric membranes. We attribute
the extensive membrane modification to the high porosity of these materials and the
unique design of our membrane holder. which allows maximal penetration of the plasma
through the membrane. As the hydrophilic membrane moditication developed in our
laboratory satisties several important criteria tor an industrial membrane surface treatment.
turther testing of our plasma-treated membranes in industrial-scale separation processes is
currently underway. In the broadest sense. this work has potential applications tor
membranes used in the biotechnology. pharmaceutical. and tood and beverage industrics
as well as waste water treatment.’

The unitving hypothesis ot this work was that plasma surface modification would
best be understood. and ultimately controlled. through independent study ot all aspects of
the plasma system. The results of this dissertation demonstrate that our multi-taceted
approach attords better process control by considering the molecular-level chemistry as
well as achieving the desired membrane moditication. For example. other researchers
have recommended processing PSf membranes at high plasma powers (7 > 100 W). which
produce the highest concentration of excited-state OH radicals in H.O plasmas.” Although

our direct. gas-phase measurements confirm that the relative densities ot both ground- and
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excited-state OH radicals increase with plasma power. we have also experimentally
determined that higher plasma powers (e.g.. 2 = 125 W) do not attord an increasce in the
reactivity of OH radicals with PSf membranes.” Additionally. we have shown that PSY
membranes are damaged under these conditions.! As a result. we recommend low applied
rf powers and pressures. brief treatment times. and downstream plasma treatment to
minimize exposure to energetic species. Hence. the optimal conditions tor achieving the
desired surtace properties tor PStand PES membranes with minimal alteration to the bulk
membrane properties were 23 W H.O. 30 mTorr. tor 2 minutes.

The results of this study also demonstrated that chemical nature ot the plasma
species is the important factor contributing to the observed ditferences in membrane
treatments between the H.O plasma system and the alternate plasmas chosen tor this
study. As proposed in Chapter 1. OH radicals in the H.O plasma system were determined
to be the primany reactive species involved in hydrophilic membrane moditication. To
supplement the largely empirical approach ot other rescarchers. the role ot OH radicals in
the H.O plasma surface modification system was dircctlv determined with our non-
intrusive radical-imaging experiments.” As expected. surtace loss of OH radicals was
observed under all experimental conditions. Our hypothesis was that OH radicals
produced in H,O plasmas modify these materials by producing covalently-bound C=0. C-
0. O-H. 0-C=0. and sulfate groups at the surtace. Although it is infeasible to assign
exact mechanisms without any kinetic informatton about these systems. we proposed
possible oxidation pathways for PSt'and PES. Chapter 1. Our XPS results contirm

incorporation of a C-O. C=0_. O-H. and sulfate groups and support the concurrent
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oxidation pathways we predicted based on organic structural theory.

A moderate reactivity of ~30% measured tor OH interacting with the polymeric
membranes employved in this study suggests that H,O plasma may be general to a varicty
of polymeric materials. Indeed. PSf. PES. and PE membranes show improved
hydrophilicity as a result of H,O plasma treatment. Despite the moderate reactivity ot Ot
radicals measured tor PTFE membrane surfaces. hydrophilic moditication ot hsdrophobic
PTFE remains an important goal. This suggests that OH is involved in alternate surface
processes. as evidenced by our XPS data showing signiticant defluorination of PTEE by
H.O plasmas. Hence. independent analysis of the surface. the gas phase. and the plasma-
surface intertace was again contributory to understanding the overall polymer surtace
moditication. Future work employing alternate plasma systems and our combined
underway in our laboratories.

The work involving the NH. plasma moditication system was primartly motivated
by the hypothesis that NH radicals are involved in the observed generation of NH. radicals
at the surtace. Indeed. surface loss of NH radicals was observed under the same
conditions that produce NH, at the surface during NH. plasma processing. Chapter 6.
This supports our hypothesis that NH radicals contribute to NH, surface production
through hydrogen abstraction by an Eley-Rideal-type or Langmuir-Hinschelwood-type
process. with the distinction between these two processes being whether NH thermally
equilibrates at the surface prior to reaction.” Although independent data on the

translational energies of incident and desorbed NH. radicals point to an Eles-Rideal
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reaction as the dominant process.” data on the energies of incident and desorbed NIH
radicals are needed to differentiate between thermal (e.g.. Langmuir-Hinschelwood) and
non-thermal (e.g.. Eley-Rideal) processes. Additionally. NH surface interaction results
obtained under ion-free conditions display scatter behavior not previously observed in

IRIS experiments.” Clearly. this is an area that would be well-served by additional RIS

studies
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