ABSTRACT

PATIL, ROHAN RAMDAS. An Investigation intole Structure of Polymer Brushes using
Degrafting as &trategy (Under the directioonf Dr. Jan GenzeandDr. Douglas Kiserow

This PhD thesis aims to develop experimental protocols and measurements tools that
provide detailed information about the properties of surface grafted polymer assemblies
(SGPASs) on flat impenetrable surface. SGPAs, often colloquially referred to as polyme
brushes, have become an active field of study in the recent two decades due to their potential
in tailoring physicechemical properties of material surfaces, and probing the effect of
confinement due to substrate on controlled radical polymerizatenatom transfer radical
polymerization, ATRP) originating from initiator centers anchored chemically to the surface
(i.e., Aigrafting fromod). The two key attributes
study involve molecular weight distribution (MDY and the grafting density.€., areal density
of polymeric grafts on the substrate), as they hold the key to comprehending the characteristics
of SGPAs. We report on a novel and efficient way to degraft grafted polymer chains grown by
t he nAgr aof tmentgh ofdr ofomm om t he surface. Speci fic
fluoride (TBAF) for degraftingpoly(methyl methacrylate) (PMMA) brushes from silica based
substrates TBAF attacks selectivelthe Si-O bondsat the linker point between the subsrat
and the PMMA chain and does not cause any chemical changes to the polymer chain itself.

We demonstrate that TBAgoverned cleavage removes nearly all PMMA grafts from the
substrate. The cleaved chains are then collected and their MWD is charactsinzesize
exclusion chromatography. Using MWD and dry thickness of the polymer layer we determine
the grafting density of PMMA and find a value of 0.5 chaing/mhich is independent of the
reaction conditions during the ATRP. This Thesis also attemptshéa light into the

mechanism of degrafting by studying the kinetics of the process. The initial grafting density of



the polymers is found to play an important role. In addition, the degrafting process can be
controlled by varying the incubation time, TBA.oncentration in solution, and temperature.

We demonstrate that it is possible to reuse this degrafted substrate for growing new polymer
brush layers without using any physical or chemical cleaning/activation method. This notion
is further utilized to arate a variety of surface spatial patterns such as grafting density gradients

or 2D patterns of homopolymer and copolymer brushes.
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Figure A.10. Weight fraction of PMMA chains (Wwdegrafted from flat surfaces (black lines)
as a function of number average degoépolymerization (i) for PMMA brushes grown
for a) 6, b) 9, ) 12, d) 16, €) 20, and f) 24 hrs witd"@ou=0.010 (see experimental
section for detail s) . The expguamdbdal( 6o
method to distributions featuring the models of Scldimm (red), ATRP (green),
Wesslau (blue), SchukElory (cyan), and Smitkt al. (magenta).............cccvvvveeeeeee. 163
Figure A.11. Polydispersity index (PDI) vs. number average degree of polymerizatign (N
for PMMA chains degrafted from flat surfaces (black star) grown for a) 6, b) 9, c) 12, d)

16, e) 20, and f) 24 hrs with @0)/Cu(1)=0.010 (see=xperimental section for details).
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The experiment al dat-aqwea r 2 cdhodftds dsttibutiossi ng t
featuring the models of Schulamm (red square), ATRP (green circle), Wesslau (blue

up-triangle), Schul#lory (cyan dowrtriangle), and Smithet al (magentadiamond).

Figure B.1. High resolution C 1s spectra for striages corresponding to Figure 1. The y axes

scales are matched for eBMPUS,-&grafted and eBMPUS redeposited while the

Figure B.2. Dry ellipsometric thicknessfh and wat er pw) oneBMRUS(Epngl e

initiator degrafting, redeposition and PMMA brush layer (P) grown after degrafting by

Figure B.3. a) Scheme to create polymer patterns by TBAF degrafting of OTS, initiator
deposition and PMMA brush growth, (b) Optical images of the PMMA bpastern on

silicon substrate. The size of the entire substrate is approximately 4.3 cm x 11Z4m.



1. Introduction and Dissertation Scope

1.1 Introduction

Surface grafted polymer assemblies (SGPASs), often referredobioquially, as polymer
brushes, have become an active field of research in the last two det&iesh systems
comprise polymer chains attached (physically or chemically) to a substrate or an interface. The

polymer chains can be synthesized in bulk and attachedto asaface o known as #fg

t oo pol y. Alematiely, palymer brushes can be grown directly from the surface via

a plethora of polymerization techniqgues; ter
presented in this PhD Thesis pertainesm@ri mar
pol ymerization on a flat silicon substrate.

Agrafting toodo when generating polymer brushe
The primary purpose of this PhD Thesis is an exploration into the techniquesrthat ca

be utilized to measure the relevant properties of such a system. The determination of these

properties is crucial for fundamental studies as well as for development of various applications

involving polymer brushes. There is a correlation between th&hlproperties, such as the

molecular weight and grafting density, to macroscopic properties such as friction coefficient,

swelling, wettability,etc For example, the friction coefficient of a fluorinated polymer brush

is a strong function of the graftirdensity and molecular weight of the bridsfhe swelling

behavior of ply(methyl methacrylate) (PMMA) brushes in a poor solvent scales with the

grafting density of the systefn.



The results reported in this PhD Thesis are presented as four distinct chapters. Chapter 2 is a
literature review of the various techniques that are available and utilized for mgather

various properties of polymer brushes. It will provide the reader with insight on the choice of
the technique to investigate a grafted polymer system. The choice of the measurement
technique depends on the desired property, the system attribateie geometry of the
substrate, the physical, and chemical properties of grafted polymer such as its solubility in
solution.

Chapter 3 offers a detailed insight into a novel technique to measure the molecular
weight and grafting density of PMMA brushg®wn on flat silicon substrates as displayed in
Figure 1.1 The pol ymer i s fAdegraft ede& ndartyain t he
polymer chains are removed from the substrate in an efficient manner by cleaving the bond at
the base of the polymewithout degrading the polymer itself. The compound called tetrabutyl
ammonium fluoride (TBAF) is utilized to perform this task due to its specificity and low
toxicity.>® The polymer brushes are grown using atom transfer radical polymerization (ATRP)
where the rate of polymerizatiocan be controlled by varying the ratio of copper based
catalysts. A grafting density value of 0.5 chaing/iswletermined which is independent of the

ATRP conditions.
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Figure 1.1. Scheme showing the degrafting of a polymer brush using TBAF and

characterization of properties such as thickness, wettability and molecular weight distribution
to get the complete picture.

The kinetics of the degrafting process is studied in more det&@hapter 4. The degrafting
characteristics of polymer brushes bear an analogy to chemical reaction kinetics. A chemical
reaction involves changes in the concentration of chemical species as a function of time, which
can be measured, and information alibetrate constants and mechanism of the reaction can
be inferred. In a similar manner, the grafting density can be monitored as a function of time to

gain understanding of the mechanism of the degrafting process. By employing an orthogonal



gradient apprazh, we are able to study the degrafting for different initial grafting densities on
a single sample.. The concentration of the TBAF in solution is large enough to be considered
constant, hence, it has no effect on the reaction kinetics.

Application of thedegrafting technique is demonstrated in Chapter 5. The degrafting
process itself is chemically mild and the resulting substrate is reusable without activation by
conventional ultraviolet ozone treatment for growing new polymer brush layer. Patterns such
ascontinuous gradients can be created usingdtpping techniquan a TBAF solution. A
hydrogel stamping technique similar to microcontact printing can be utilized to create localized
patterns of desired shapes. The incubation time, temperaturecandntation of TBAF
solutionare varied independently to obtain the desired polymer brush surface pattern. The
degrafing method can be extended from brushes tarmagjlane monolayers to create surface
patterns as wellbecause they have silabased attachmemwith the substrate. We further
discuss that organosilane monolayer surface patterns can themselves serve as a platform for
creating polymer brush surface patterns.

Chapter 6 provides an outlook into future research work utilizing degrafting of grafted
polymer brush systems. When growing a second polymer block on top of an existing polymer
brush {.e., macroinitiator), synthesized by living polymerization, the conditions for initiation
are different since the active chain end is not present on the ffeeesas in the case of
surface attached initiator. Tl@tiation of this second polymer block depends on the physical
properties oftie first layer of polymer brush such as Huvent conditions, mobility of the

chain endetc This effect can be studidy monitoring the thickness of the second block after



polymerization. A fluorescent dye can be attached by use of click chemistry to the active
polymer ends before and after growing the second block, which can then be quantified using
fluorescence micr@®py. Information about the stability and attachment of silzased
monolayers can be obtained in a systematic manner by degrafting using TBAF. This can be
carried out by varying the base group, the mesogen type/length, and the head group and
observing teir degrafting characteristics. Gradient approach can be integrated in each study

to make the experiments maficient andsystematic.
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2. Determining the Attributes of Surface-anchored Polymer Assemblies

using Analytical Methods

2.1 Introduction

The purpose of this chapter is to seassa guide foreveryonelooking to characterize the
properties osystems involvingrafted polymechainsby providing insightinto thechace of
technique for givensystem. There have besaverareview papers related to this topid/e
incorporate some of that work heespeciallythe work of Hoshinoet al, which gives an
excellent overview for how syhecotron radiation tools can be utilized for measuring properties
of polymer brushes ditat and convex geometriésVe intend to providersexhaustivepicture
focusing on the appropriate experimental technique for a given attribute or property of a grafted
polymer systenwith the help of examples that the reader can relate his system to

The key properties that we are interestednivolve the molecular weightfMW)
distribution, the grafting density Uoj the attached chains, the polymer chain orientation and
the spatialdistributionprofile of certain speciewithin the graftedayer. The techniques vary
based on the property to be determined, the geometry of the substrate, the type of grafted
polymer, chemistry, solubilitypolymerlength and grafting density. This chapter is divided
into three parts on the basistb& geometry of theubstrate which can be (i) flat, (iKpncave
(e.q.,inside porespr (iii) convex €.g.,0n nanoparticles)We first startwith techniques that
pertaingo determming the properties of polymer brushes on siabstates since it is the most

commonly used platform. We then explore concave and convex geometries.



2.2 Flat substrates

Flat substrates are the most commonly used geometries because of the wide range of
techniques that can be performed for characterizafibey also serve as benchmarks or
controls for other geometries. We have focused and divided the sections with titles mentioning
the property/attribute along with the technique utilized to measure that property. We further
discuss, citing examples in theeliature, what systems this technique would be appropriate for

and what are its limitations.

2.2.1Direct measurement of molecular veight1 Size Exclusion Chromatography (SEC)
Size exclusion chromatography (SE&@s been one of the most widely used teginmifor
determining the molecular weight distribution (MWD) of bulk polymers because of its
versatility and accuracy. Howevéor a grafted polymer system, we have two major problems
for its utilizationespecially for polymer brushes grobmmii g r a fotmon gp oflry m{®r i z at i
The polymer chains arehemicallyattached to the surfachence we have to remove them
from the surfacandpass them througihe SEC the bulk polymer grown in the same solution
as the brushes is sometimes utilized but the prieseft those bulkgrown polymersare not

the samas those grown from the substfai®) The amount of polymeric material present on
the surface is extremely small and hence requires the use of very sensitive detbatbrs,
also places a detection limit for the system studied.

We have approached to solve some of these prabilertihis PhDThesis;the procedure will

be described in dail in Chapter 3 Here isjust a briefoverview. For neutral poly(methyl



methacrylate) (PMMA) brushes grown on silicon substrate (with a thin layer on silica present
on the top), we utilized compound called tetrabugtmonium fluoride (TBAFRJhatcleaves
selectively theSi-O bond at the base diie polymer substrate and etclaagaya part of the

silica layer>* We refer to this processf cleavingnear the substrate surfages 6 degr af t i
The procedure is edttivein removingnearlyall the polymeric material and the reagent is
mild enough so that the substratavsilable for further use for 1@eposition of a new initiator

and growth of new polymer brush layd@ihe collected polymearan bepassed through SEC

with sensitivedifferential refractive index (DRI) detector tbtain data whichcan thenbe
converted to MWD using conventional calibratigRigure 2.1). The number average
molecular weight (M) can be calculated from this MWl e usedTHF instead ofoluene as

a solveat ancethedn/dcof the polymefsolvent systens highand hencéhe sensitivity of the
detectionis increasedSpectroscopic ellipsometwyas used in conjunction witBEC to obtain

the dry thicknesghp) of the brush films and using mass balabesed Huation (2.1) the

grafting density value of ~ 0.5 chains/Awas calculated.
I (2.1)

Her e i's the bul ki potl lyeneAv ag Sush atgchniguewsmbNe r .
useful ifalarge enough substrate of uniform polymer brcah be created. The substrate size
utilized was 4.2 cm x 4.2 cand the minimum thickness required was 48 nm. Sizisbased

on the detection limit of the DRI detectwasdetermined by benchmark experiments carried

out using bulk polystyrene PS of higblydispersity index (PDI). Thdegraftingtechnique is

destructive in naturas it severs the chemical attachment of the chhirishe substrate and



10

the polymer itself is left unharmed. A key limitation of this technique is that we may not have
a good slvent for every polymer, especially polymers with lower critical solution temperature
(LCST), e.g., poly(Nsopropyl acrylamide) (PNIPAM), poly(dimethylaminoethyl
methacrylate) (PDMAEMA), may be harder to degraft since higher temperature will collapse
thestructure and make it harder for the TBAF molecule to reach the point of detachment. This
places an upper limit on the degrafting temperature and hence an upper limit on the rate of
degrafting. Some polymers may also be prone to forming complexes witk t8&f which

would change the MWD measured using SEC.

J; eBMPUS S/ pvua ATRP Mechanism (with UVO)
:> (Initiator) ’ - Cu®™ > Deactivator - slows down reaction
o—go Cu® > Activator - speeds up reaction
I
Si wafe! % : T
&
a)
N %}_,. %@@ .
atees e
MW ——
Growing Collection Passing through
Polymer . Degrafting ) of Polymer , GPC/SEC for
Brushes Chains MW analysis
Bulk density —__ Avogadro’s no

Tetrabutyl \_\_ / Grafti_ng oy = h 1,; Ny
Ammonium —\_\ Density n
Fluoride (TBAF) ))

dry thickness (h) «< op x@

Figure 2.1. Scheme showing degrafting of poly(methyl methacrylate) (PMMA) brush layer
from silicon substrates using tetrabut@mmonium fluoride (TBAF) and further
characterization using size exclusion chromatography (SEC).
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The degrafting approach has also been implemented by Sggraterhere they synthesized
a custom initiator prone to cleaving upon irradiation with UV Iiyfihe limitation here was
that UV light is absorbed by nearly all organic compounds including polymer which may cause
them to degrade or result into undesired side reactions. Concentrated sulfuric acid has also
been employed to cleave polyelectrolyte brigsith as Poly [{@methacryloyloxy)ethyl}
trimethylammonium chloridePMTAC) and further chacterized using SEC to determine its
MWD.®

In the case of gold or metal substrate, thiol based imiadre commonly used. The
strength of the sulfur/Au bond is weaker in comparison to siloxane bond on silica surface. The
polymer chains grown here could be degrafted by simply heating the system in a good solvent
although a reductive environment such as in the presence of bromine is favorable. Polymer

chains can then be collected and analyzed using a SEC.
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2.2.20ptical Propertiesi Ellipsometry i Thickness and More

Ellipsometryhas become one of the most popular techniguesd t r ue ffawguickk hor s
and reliable measurement of thin film propertiesthe commonly used reflective mode, we

measure the changethe polarization of the incident light. The complex reflection coefficient

is given as

" — OAUQ (2.2)

Where Q@ and o are ellipsometric parameters
phase differenc@Ellipsometry measures the change in pldarization of the incident light
on the sample which depends on its optical properties and geometric arrangement of optically
distinguishable layers.
Thethicknesf the filmis the most common measurement that is obtdiyealmodel
fit althougha lotmore information such as the amount of embeddeisturé, co-solvency®
can be obtained helimitation of ellipsometry (or any reflectivity or scattering technique, be
it visible light, X-ray, electros or neutrom) is that it is highly dependent on model fitting. If
one has a good understanding of tlaure of thesystem the fit to the data is reliablend
meaningful. Characterizing arandnew system can be challenging and shalldays be
backed by measuremeifitsm othemon-model basetechniques. For example, a reliable way
to know the thickness of a polymer brush (or any polymer) film wouldyb®FM using the
scratch techniqué! Although it is cumbersome and time consuming, it is worth checking a

few sampleso be consistent
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The measured change in the polarization depends on the dielectric constant of the film,
thickness and arrangement of layers in the sample. In the visible range (890306), most
polymers exhibit no absorption, thus the dielectric constant can be represented by a simple
refractive index (RI) valueMost polymer brush films can be fitteding simple Cauchy Model
which givesRI as a function of wavelength of lighor a given material Spectroscopic
ellipsomety instrumentsare capable aloing measurements over a wide rangavafelengths
and the choice of range depends on the system godsiderationThe refractive indicemj
of most polymers lie between the values of 1.4 and 1.6 but the exact value can be determined
by a fit with ellipsometric datalf the exact value of thefor pure polymer is known then the
fitted value can be udgo determine the amount of a different component, for example, water
presenin the system whichas asignificantlydifferent refractive indexnvater = 1.33)can be
estimatedVariable angle spectroscopic ellipsometric (VASE) setliks the VASE by JA.
Woollam) alsoallow measurement over a wide range of angle to elimitneffects of
incident/reflection angle

The Rl is affected by the density and composition of the polymeric film, for example
due to presence of water which may have a diffdrRéniKooij et al utilized this fact to get an
optical segment density profile of PNIPAM brush layer to monitor its temperature induced
transitionin situ.!? They modeled the PNIPAM film as consisting of two layers, a dense layer
near the underlying substrate and a dilute layer exptzsatlvent. An effective medium
approximation was assumed for the dilute layer which considers the RI of both solvent and the

polymer. Since the thermal transition is relatively faster than spectroscopic measurement time
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(on the order of minutes) a singlavelength and fixed angle measurement was carried out for
faster measurements while temperature was varied. A RI profile for high, medium and low
grafting density brush layers was obtained in titBrection at temperatures ranging around
the LCST!? The advantage of doing ellipsometry here is thais itelatively simple in
comparison to more advanced techniques like neutron reflectivity which essentially provides
a scattering density-arofile.

The IRVASE made by J.A. Wallam Inc. can measure ellipsetric data in the
infrared wavelength regime. $& most polymeric materials absorb in IR region of the spectra,
the absorption part of the dielectric constant contains features that are analogous to a FTIR
spectra. This absorbing region of the spectrum provides information about the chemical nature
of the polymer while the neabsorbing region can be utilized to determine the thickness of
the polymer film. The limitation here is that the sensitivity is lower than regular ellipsometry

hence the measurements times are much longer (usually on the ordersjf h

2.2.3 Optical Propertiesi Surface Plasmon ResonandeThickness and More

Surface plasmon resonance (SPR) measures the change in refractive index of an interfacial
region between a noble metal and a liquid. Balamuregah studied the LCST traitgon of
thermoresponsive PNIPAM brushes on gold substrate usingSRR. transition above the
critical temperature into an insoluble state increases the density of PNIPAM due to collapse
which increases the refractive index of the film near gold substrate. They observed that the

local concentration of polymer in the brush and their confinement to the surface imparts unique
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film behavior. The result is that PNIPAM brushes do not exhibit a sharp transition at LCST;
rather it is a broad transition extending fromi1@0°C depending othe properties of the
brush!*'4The advantage of using SPR here is thatitu monitoring can be carried out, the
temperature and fluid environment can be controlled with time to obtain dynamic behavior.
The disadvantage is that the surface has @ th@ble metal, i.e., Au or Ag (for visible light),

or a more exotic substraieg., Al-doped ZnO (for IR light), and the sensitivity is limited. For
most cases related to measuring grafted polymer optical propettigsometry is preferred

over SPR.

2.2.4 Polymer Brush Conformationi Optical Reflectance

Varmaet al have developed a microscepased optical setup to monitor the conformation of
thermoresponsive behavior of PNIAM brushes on glass substiémsity profiles were fitted

to the spectral reflectivity data in optical range using a simple model, as shbiguiia 2.2

They confirmed the process of vertical phase separation that takes plagetiRitemperature
transition across LCST. Okaa# al utilized reflectometric interference spectroscopy (RIfS)
on thin PNIPAM hydrogel attached to a surface in a custom microfluidic setup to determine
its dynamic transition propertié&This technique can be extended to brushes if they are grown

on the surface by grafting from polymerization.
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Figure 2.2. (a) Reflectance spectabtainedrom high grafting density brush of thickness 108

nm as a function of temperature. Solid lines are the measured spectra, dashed lines are the best
fits obtained with the profiles displayed in panel (b). (Inset) Swelling et a function of
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2.25 Molecular weight, grafting density and morei Atomic Force Microscopy

Atomic Force MicroscopyAFM) is a powerfumethod usetb determine the local propes

of a grafted polymer systeniihe adhesion profile of the eigdafted polymer chain to the AFM
tip can be obtained from approach/retraction of the tip. Such a measuremolves the
adsorption of the pgier chain to the tip usually byirect approacHcf. Figure 2.3, the
stretching of the polymer at the free end away from the surface gives the force miufde
the separation at the bond rupture is used to eitha contour length of the polymer. If the
grafting density is sufficiently low then a single molecule can be adhered to thkeigijs
referred to asingle molecule force spectroscogy distribution of the contour lengths is
generally obtained by peating this procedura large number of timesver the entire
substrate, this data can then be converted intaridpolydispersity index®DI) knowing the
length of each monomer. Howeyavhen the grafting density is higher, the estimation of
contour legths is harder since multiple chains adhere to the tip of the &tfikke same time
Moreover, the tip may not be able to penetrate the layer completely and as a result, contour

length is not measured for the entire graft.
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Figure 2.3. Schematic of Steps during Force Spectroscopy Measurérents
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Butt et al studied the stretching foresdistance curves for polystyrene (PS) grafted on silicon
surfacan cyclohexane and poly(ethyleoride)/poly(metharylic acid)(PEO/PMAA)diblock
copolymer adsorbed with tH&MAA block to aluminum oxidsurfacein aqueous mediurt.
Force spectroscopy e@asurements involving adhesion of the attached polymer chain to the
AFM tip and subsequent approach/retractiowes us the stretching force profile as a function
of the distance from the surfasigown inFigure 2.3andFigure 2.4 They derived a simplified
version of the de Gennésxpression based on Alexant¥dor the force between the AFM
tip and surface grafted polymer chains given below for 0.2 < BAL9.
MM oumsTqQ 7 (2.3)
Here G is the grafting densi t yface (De graltingt he s
substrate and the AFM tip),olis the equilibrium thickness of the polymer brush, T is the
absolute temperature and is the Boltzmann constant. The grafting density calculated here
for the grafted PS chains was a moderate value @fla:Bains/nrh The tip of the AFM was
roughly parabolic in the direction perpendicular to the grafting substvhtke the radius of
curvature of was ~50 nm. These are well studied geometries and hence a simple expression for
force profile can be obtainél The force per unit area for the parabolic AFM cantilever tip
was obtained using this equation
O vYvYs3sTQ 7 (2.4)
A simple geometric model gave a good qualitative estimate but not an accurate value for the
zero distance or noffseto between the grafti

distance is one of the key problems of this technique. §ithe data to avorm-like chain
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(WLC) modelgave a more accurate value of the persistence lengthn¢}nd the contour
length (Lo) of the chain. A distribution of the contour length was obtained by repeating the

approach/retraction multiple times, thisgus the distribution of the chains (PDI).
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Figure 2.4. Force curve measured between polystyrene grafted to silicon and silicon nitride
AFM tip in cy-demperatre af 85¢C and at 525 Bpprdach and retraction
usuallyshowed an exponentially decaying repulsive force (a). In about 15% of the force curves,
adhesion peaks were observed when retracting the tip (b) done at24 °C.
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Yamamotoet al were the first to study and measympertes of high grafting density
poly(methyl methacrylate) (PMMA) brushesf about 0.4 chains/n using force
spectroscopy measuremeht$®A spherical silica particle probe attached to the cantilever was
utilized under toluene as solvent. They obtained the true distatvweedmethe stdace and AFM
tip by using thescratch techniquevhere the region at the boundary between a scratched and
unscratched area is imagedhis is probably one of the most accurate and reliable
measurements that can be obtained for the thickngsslyher brushes and has been used
widely by AFM user€? The true equilibrium thickneg&e) of the brush was obtained which
is the critical distance at which the repulsive force is detectable. The weight average contour
length (Lcw) was obtained from M obtained fromSEC of freepolymer grown in the same
bulk solution as the brusknowing the monomer unit length (0.25 nm). We now know that
this My is not an accurate representation of a grafted polymer systawertheless the
gualitative trends still hold. The results showed that longer chains are more resistant to
compression. Ira related studyYamamotoet al investigated®MMA brushes with varying
graftingdeni sty (0. 07 2cbut@gonstant@ull chainclemgthi {if's JLasoaled
a s"whiere nvariedfrom03 to 0.5 nm with increasing 0.
were utilized to obtaitthe contour lengtiLc).

Al-Maawaliet al studied the polydispersity of poly(dimethyl siloxane) (PDMS) chains
attachedy 6égrafting tod Sincdthedrafingdersitysvasliow,siagles ur f &
molecule force spectroscopy wasrformed and a reasonalggod match between the AFM

and SEC data was obtaineoodmaret al also used force spgoscopy measurements for



22

PNIPAM brushes of moderate grafting density (0.087067 chains/nf).2*2°A SisNa4tip was
used and the decompression profile of the adsorbing brush was studied. The separation
between the AFM tip and the surface underlying polymer brushes at the maximum force
corresponds to the maximum fraction of adsorbed chains and gives a goodragiador the
contour length of the chain. PDI was then calculated from the weight fraction as a function of
molecular weight which was obtained from the derivative of the force profile and by fitting a
log-normal distribution. They also obtained the &d PDI by cleaving the polymer brushes
from the surface and usirf8FC to obtain the entire distribution independently. It was realized
that the M obtained from the force specsompy method is dependent on thef the polymer
brushes, for lowel the valies were significantly underestimated. This was because in the high
G brush regime (where the distance between the neighboring chains is less than twice the radius
of gyration) the formation of a large number of segnatgntontacts having separation sreall
than the contour lengik enabled

AFM can be asuitabletechnique for characterizimgplymer brushes locally, i.e., on a
specific location of a sample. To this end, they can be convenient for characterizing grafted
polymer assemblies gradiensampe, where at least one of the brush attributes §.eMW,
branching, etc) varies gradually across the sample in eithidirectional or(for the case of
two attributes)orthogonaldirections The method to determine the,Mnd { by degrafting
approacldoes not workvhen there are local changes on the sajfimi@xampleona gradient
sample created by the dipping techniqugapor deposition of chlorosilandbwe are to study

theMiand 0O dependence on the pos.idroscopymethodt i me
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can be applied to measurenthat the @erypositionon the sampldf the sample is larger than
what ismeasurable by the AFM can be broken down into smaller pieces and each of them

measured separatedypd a completprofile can be crated

2.2 6 Scattering Length Density Profiles- Synchrotron Radiation Based Techniques
Neutron Reflectivity (NR) is a powerful method for determining the concentration profiles
(and hence conformation) of grafted polymer systems at a nanometer séalesoinfaces.
The advantages of using NR for characterization are that (i) it is-dewtructive technique
becausdhe neutrons interact only with the nuclei of the atomsit can provide contrast
between the molecules of similar chemical species different isotopes (deuterium vs
hydrogen), (iii) they can penetrate thick substrates and provide information about buried
interfaces. The disadvantages are (i) large (5 cm and higher in diameteflatibtsdstrates
are requiregd(ii) the reflectivity data is usually complex to fit, (iii) access to NR measurements
is difficult due to limited number of facilities present. In NR, the specular neutron reflectivity
is obtained as a function of wave vectortransferq4 " si nd/ & wheridena i s
or reflection of the neutron beam. A scattering length density (SLD) profile can then be fitted
based on assumption of a model.

The use of NR started in the 1990s with work from polymer brush characterization by
Hamilton, Satija, Fetterst al beghning with the study of the segment density profiles of
adsorbed diblock copolymers, a system similar to grafted polymer britsfid=etterset al.

studied the density profile of end grafted polystyrene in good and theta sSlizentterated

t
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solvents i.ed-toluene (good solvent) ardicyclohexane (poor solvent) were used to obtain
sufficient contrast and the measurements were done over a range of temperatures. They were
able to obtain a-density profile where they observed stretching and contracting of the brush
layer under different solvent and temperature conditions. A number ofediffgrafted
polymer systems were studied using NR in this manner in the following years.

Ivkov et al° studied he brush height and chain density profileld®S brushes under
solvent flow. Hamiltoret al®! studied the density profile afpposing polymer brush layers
under confinement. Ekt al3? studied the density profiles of PS brushes of different MW
grown by ATRP on silica substrates from which they obtained the scattering length density
(SLD) prdiles. They obtained a parabolic density distribution for the polymer volume fraction
as a function of the distance from the surface shoviguare 2.5

Hoshinoet al carried out NR studies of poly zwitteriongolymer brushes namely
poly[3-(N-2-methacryloyloxyethytN,N-dimethyl) ammonatopropanesulfonat€dPMAPS)
poly(2-methacrjoyloxyethyl phosphorylcholine)(PMPC) and polyelectrolyte brush of
poly[2-(methacyloyloxy)ethyltrimethylammoniumchloride] (PMTAC)! SLD profiles for
these layersvas studiedunder different salt concentration (NaClinO) ranging from O to
0.5 M. They successfully estimated the volume fraction praditeshe balance of polymer
polymer and polymesolvent interactions was studied with dependence on salt concentration.
Galvinet al were able to measure the SLD prediforPDMAEMA brushes at various relative
humidities (RH) ranging from 10% to 95%D-0O was used to obtain contrast between the

hydrogen in the polymer layer and deuterium in the water vapor.
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Figure 2.5. (A) Reflectivity profile for two different molecular weight PS dry films. The 20K
reflectivity profile is decreased by 2 orders of magnitude for clarity. Line fits to the data are
based on the SLD profiles shown in (B). (C) Volume fraction profiles dbPtur different

MW with power law fits (dashedy.
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2.27 SomeTools for Thermally Responsive Polymer Brush Characterization

Recently there has been significant interest in the study of thermally responsive pawaters,
as PNIPAM, which show an LCST transition behavior. Above the LCST the polymer is
collapsed, while below the LCST the polymer is expanded. Thistegibbule transition
which occurs close to human body temperature, is of interest for various appicaich as
tissue engineering, permeatioantrolled filters, actuators:3’

The nature ofhte transition itself is of importander grafted polymer brushes with
LCST, and it can be characterized in a number of ways since it involves changes in the film
thickness, density, composition and a resulting change in optical and mechanical properties
that is measurable. Monitoring the system using force sensing techniques such as AFM or
surface force apparatus is a good way to understand the range of adhesive and repulsive forces.
Some other techniques that have been utilized for temperature transrgom-situ
ellipsometry, neutron reflectivity, quartz crystal microbalance and suplasenon resonance
spectroscopy.

Malhamet al. used scaling analysis of the ratio of thickness between polymer brushes
swollen in good solvent and dry thickness to determine the grafting density and chain length
of the grafted PNIPAM chain¥.They used surface for@pparatus (SFA) in a manner where
PNIPAM brushes were decorated on both a flat surface and the probe to measure the force
distance curves. Within the frame work of AlexandeGenne$-3°they derived the following

expression for swelling ratio in a good solvent

o — - (2.5)
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A

Where 6éab6 is the monomer size (nm, measure o
the grafting density and d is the distance between the grafts amdgsg For high grafting
densityt he value of 3 = | was found to give the
Gaussian in nature. The calculated values were in the range of 0.090.4 chains/nrh The
pull-off forces obtained from the SFA agptus also gave some idea about the mechanism of
the adhesion and were found to be independeat dhe limitation of this method is that it
requires the use of a good solvent conditi on
great advantage that measuring swelling ratio is relatively simple by measuring thickness
using ellipsometry or optical reflectivity.

Orskiet al have attempted to get anderstanding of the thermodynamics and grafting
density of PMMA brushes by swelling them in various solvents and characterizingRlay X

Reflectivity (XRR) though they were unable to calculate an accurate vasu® of
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2.28 Mass dangesi Quartz Crystal Microbalance (QCM)

QCM measures changes in the mass loading and/or the changes in viscoelastic properties. The
polymer brush layer that is to be characterized is usually grown on a silica sensor surface and
the change i n the f un dfaachabmatioadndtheedsspatian(@)es f r e g
monitored. Sugnaugt al created poly 3 methacrylamido phenylboronic agiPMAPBA)

modified QCM sensors and monitored glucose absorption from sofiffoh.e s hfivdst i n g
established as a nearly linear function of the glucose concentration in the surrounding solution.

In a similar manner, the degree of post polymerization reaction may be monitored when the
polymer brush film on QCM sensor is exposed to reaction emaiansince it could result in

a change in mass of the system. Jehal studied the LCST transition for PNIPAM brushes

grown on the quartz sensor coated with silicon dio%id&he depression in phag@nsition
temperature for gredd PNIPAM was found to be a ndinear function of the salt
concentration. Others have d9@CM to monitor thermal transition such as collapse above the

LCST for polymers such @&VMEQMA* and PNIPAM 48,
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2.29 Quialitative surface chemistry determination

For benchmarking and various other reasons, the chemistry of the polymer brush needs to be
characterzed at different stages of a given process. Some of the commonly used techniques
are Xray Photoelectron Spectroscopy (XPS), time of flight secondary ion mass spectrometry
(TOR-SIMS), transmission and reflection mode Fourier transform infrared spectroscopy
(FTIR) and ultraviolewisible spectroscopy (UWis).

XPS is sensitive to the top ~10 nm organic and ~1 nm inorganic surface. The incident
X-rays themselves can penetrate much deeper but the photoelectrons that are ejected from the
inner shells of atomsvhich carry the chemical informatipcannot travel more than the above
mentioned distances. This places limitation on how deep we can probe the surface, however
the sensitivity is very high near the surface, and in fact, by increasing the angle afgacide
(measured from the normal to substrate), the sensitivity can be increased even more. The data
obtained from XPS does provide a direct proof of the presence of certain atoms and their rough
composition in the film. Using high resolution measurementsddain key peaks, one could
also obtain information about chemical bondirigThe limitation of XPS is that the
measurements need to be carry out in high vacuum, thus without the presence of solvent.

In TORSIMS, the surface is irddated with pulsed ion beam usually with energy of
~25keV, and the emitted secondary ions are characterized using mass spectrometry. The
technique is sensitive to the tof2Ihm surface and both positive and negative ion spectra can
be collected, which ¢n reveal different information. The disadvantage is that since it is a

mass spectrometry based detection, we detect the ion fragmenie andmical information
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obtained is indirect and depends on the peak assignment. One has to be careful witly assigni
the peaks of a given m/z ratio to a chemical fragment. Proper calibration helps with the
accuracy but the data should be treated qualitatively since the instrument operating conditions
have a strong influence on the data obtained. Similar to the XPSSIMS measurements

are carried out in high vacuum. In some instances,-${S measurements can be carried

out in a cryogenic seatp, which would facilitate having solvent entrapped in the sample.
However, we are not aware on any report that wouldzetithis mode of TOfSIMS in
measuring the properties of grafted polymer layers.

FTIR for polymer brushes can be carried out in reflection, transmission and attenuated
total reflectance (ATR) mode. The sensitivity is limited due to the small amount efimhat
present. A preferable configuration to maximize the signal to noise ratio is using transmission
mode for a polymer brush film grown on both sides of a substrate, for example, a double sided
polished Si wafer. UWis spectroscopy can also be carriedl on polymer brushes grown on
quartz surface. This gives some chemical information based on absorption peaks in UV regime
but the sensitivity is limited such as that for FTIR.

Sum frequency generatittis another technique sensitive to the chemistry of the very
top monolayer of a surface or an interface. Uosdlal studied the interfacial structuré o
poly(vinylpyridine) brushes with various side chains lengths exposed to dry nitrogen, water
vapor, liquid water and aqueous electrolyte solutfomformation about the presence of
chemical moieties such as OH group and the conformation/orientation of the side chain on the

top layer was obtained.
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2.3 Concave surface

Polymer brush grown on concave surfaces, such as poresagpicttations in creating
switchable permeable membrattegnhancing nanoscale transpband more. We provide
here a few examples where the properties of the system were determined.

Gormanet al studied the growth of PMMA Bide the concave substrates namely
porous silica and anodic alumim oxide with pore sizes 50 nm and 200 nm respectively.
The popus slicon was used as a supptarstudy the molecular weight distribution of polymers
by utilizing desorption ionization on silicon mass spectrometry (DME. It is avariant of
an established technique called matmssisted laser desorption ionization AMDI-MS)
which requires the use of an organic matrix to immobilize the polymer to be studied, and this
reduces the signal of interest. DIDE overcomes this limitations since it does not require
any matrix and hence relatively small amount of polymerlmadetected. The MS detector
here gave direct information about the MW distribution however a practical upper limit of 15
kDa was foungdue to significant increase in the signal to noise ratio above it. They concluded
that the increase in the confinemeard, going from convex to flat to concave substrate lead to
decrease in the molecular weight of the grown polyionesh.

PNIPAM grown in nanopores of tragkched PET were studied using AFM to obtain
both MW andl. Radjiet al. grew PNIPAM brushes by ATRiRside the PET pores of size 80
nm and 330 nnprespectively* The PET film was thenryo-microtomed to expose the pores
andit wasfurtherstudiedusing AFM under water. The approach fovselistance profilevas

fitted with Alexandeland & Gennes model to get the grafting densit/daworm like chain
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modelwas used to estimate the chain length from the retract pre8le®scribed in section
2.2.5 The properties were earlier studied by Aletral for PNIPAM grown in tracketched

PET for the same pore diameters using AFM aid/Tcoupled with electron energy loss
detector’® They used XPS to first confirm the growth of the PNIPAM brushes on the outside
surface of the PET film, AFM was utilized to find the thickness of the filmfdrge
spectroscopy experimenighe morphology of the PNIPAMrushes inside the nanopores was
determined usingcanning electron microscop$EM) andtransmission electron microscopy

(TEM) equipped with electron energy loss spectroscopy detector (EELS).

(a) Grafted PNIPAM
layers

/\

——
Membrane Shrunk
PP"’;NT. dissolution PNIPAM
Jymnesis I in PFP chains
PNIPAM-g-PET PET PPy-NT
membrane
(b) Core-shell nanotube

observed by TEM

4

Figure 2.6. Schematic representation of the process used to prepare PN#PRAMOoréshell
nanotubes and TEM picture of stained PNIPARy nanotube¥.
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The thickness of the brushes inside the pores was determined using original t&axx@ate
methodshown inFigure 2.63° Polypyrrole (PPy) nanotubes were synthesized inside the
nanopores above the PNIPAM brushes by a reaction betweendfelyrrole solution. The
membrane was placed between two half cells containing the respective solutions and the
reaction between them created a polymeanotube. The PET film was then dissolved in
pentafluorophenolPFP)at 30°C and the resulting core shell nanotubes were deposited on a
carbon grid. ThePolypyrole nanotubes (PRYT) were then stained with RuGand then
analyzed using TEM. Knowing theverage pore diameter before PNIPAM was grown and
comparing that with the diameter ofetimanotubes obtained from TEMe thickness of the
PNIPAM brush layer inside the nanopoxeas obtainedin the same papeflem et al also
reportedthe temperature ssitive properties such as the permeabiliipugh the PNIPAM
nanopore coated PET filmisy measuring the conductiviegross the poreShe method was

based on detecting the changes in the membrane pore size by monitoring changes in electrical

resistivitywith temperature.
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2.4 Convex Substrate

Convex surfaces, such as that of nanopatrticles, decorated with grafted polymer chains form an
important class of materials owing to their versatility in controlling #ptaticle interactions

in colloidal suspensits, and potential applications that make use of the optical absorption or
electron transport properties of the polymer and nanoparticle material. The distribution of the
nanoparticles inside the polymer matrix is also important and polymer brushes imetbbili
particles are commonly used to enhance compatibility or to control the separation of particles.
Determination of the conformation of the polymer brushes is important for such applications.
Various scattering techniques that utilize visibleray light and neutrons can be used for
measuring the properties and are discussed in this seéstiore techniques like dynamic light
scattering (DLS) and-ray photon correlation spectroscop¥PCS) could perform time
dependent measuremertd provide us with infonation about the dynamical properties of a
polymer brush. Direct removal of polymer brushes by cleaving the bond followed by use of
SEC has been done to obtain direct measurement of the MW of the polymer bfublegs
were grown by pnmperzationt®r® A methbd canrhechgsenldepending on the
length and time scale of the phenomena of intefégtire 2.7 taken from Hoshinet al®

shows the various techniques that are available.
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Figure 2.7. Time and length scale of a hierarchal dynamical structure in polymers and the
corresponding analytical techniques that can be used to measure it.

2.4.1 Dynamic Light Scattering (DLS)

Due to the geometry of nanoparticles causing an increase in the available volume for the
polymer chains there are changes in regime observed as we go outwards and away from the
surface of the particles. A nanoparticle with concentrated polymer brush (E§iBje near

the surface has a critical distangeabove which the regime is sewdilute polymer brush

(SDPB). This argument was originally presented by Daoud and Gbfmmstar shaped
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polymers emerging from a point, and later extended to polymer brushes on nanoparticles with
radius s by Ohno®! The brush height scales in a different manner for each regime and this is
important because it affects the apparent particle size and th@antiete interaction. DL$s

a simple way to obtain the brush height by measurement of hydrodynamic ragius éR

dilute solution. This has been utilized by various groups to study scaling of polymer Bfushes.
Since the measurements are carried out in a solution in which the polymeric nanoparticles are
dispersed one should be careful thatd@pends ortie type of solvent, and in case of aqueous
solution the salt concentration and pH should be noted. Thermogravimetric analysis and direct
measurement of MW by SEC are often used in conjunction to DLS to verify the MW of the

polymer chains especially iftheyr e synt hesi zed by Agtafting f

2.4.2 Morphology- Transmission Electron Microscopy

The core of the nanoparticles (usually silica or metal) often has very different electron density
from that of the outer layer which is a gef polymer. Due to the spherical geometry of a
nanoparticle the grafted polymer brush exhibits two regimes, concentrated polymer brush
(CPB) and semdlilute polymer brush (SDPB) based on aforementioned Daoud and Cotton
model®° This fact is utilized to create flexible nanoparticle asagerlatticestructureS* Such

a system could have superior mechanical properties, which were studied using TEM. Here the
chain entanglement and the phenomenerating common in bulk polymeric material, was
observed and is seen imet TEM image irFigure 2.8 The interaction between the polymer

chains grafted on the particléle grafting density and length of the chains define the ordering
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of particles and the intgrarticle spacing. Studying the macroscopic properties like elastic

modulus is critical here and TEM can be a useful tool for studyfig it.

Figure 2.8. TEM of Si0-S770 thin film depicting craze formation. The fibril length L is
determined as the maximum (observable) length of fibrils formed between two particle centers.
Scale bar is 200 nm. (b) lllustration of the structural parameters of entanglement netfork. R
and ° denote the entb-end distance and contour length of a chain segment between
entanglement points, respectivéty.
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2.4.3Neutron and X-ray scattering techniques
Kikuchi et al studied the dimensions of two zwitterionic polyelectrolyte brushes namely
poly[3-(N-2-methacryloyloxyethyN,N-dimethyl) ammonatopropanesulfonat§PMAPS)
and poly(2-methacryloyloxyethyl phosphorylcholine) (PMPQOmmobilized on silica
nanoparticles usingmall Angle Xray Scattering (SAXSPMPC is soluble in deionized water
at room temperature while PMAPS is not and it has an upper critical solatigerature
(UCST). The extension of the chains as a function of the concentration of NaCl electrolyte
solution was establishéd® The dimensions of the chains in salt solution with varying
concentrations were actualized by looking at the scattering length density profiles. Above a
certain concentration of NaCl, the PMAPS chains swell due @ogehshielding causing a
decrease in the int@hain attraction. On the other hand, no significant swelling is observed
for PMPC since the integhain attraction is unaffected.

Horeet al studied the conformation of deuterated PMMA nanocomposite camgaini
PMMA-grafted FeOs nanospheressing Smallangle neutron scattering (SAN&ymbined
with self-consistent field theory (SCFT) calculatidiStudying the conformation is importan
to understand and predict the diffusion of polymers within the nanocomposite. Using the SANS
measurementthey were able todirectly probe the concentratgalymer brush (CPB) and
semtdilute polymer brush (SDPBggions of the grafted polymarterface.Chevginyet al in
multiple publications have demonstrated the utility of SANS, SAXS and TEM for studying the
system ofpolymer corona grafted on particles inside a polymer matarg with theoretical

modeling®® 7
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2.44 Measuring Dynamical Properties

X-ray photon correlation spectroscopyPCS is a technique similar to DLS that utilizes
partially coherent Xays to obtain information about microscopic dynamic phenomefna (
Figure 2.9. Akgunet al’, Hoshinoet al!, and others have demonstrated the practicafity

this technique by measuring the properties of polymer brushes on flatesand silica
nanoparticles. The scattered intensity from a random arrangemenatbérersexhibits a
speckled pattern which is a function of the instantaneous arrangemedrihee arechangs

in this pattern over time, hence it contains informatdout the dynamics of the system.
Although the technique is similar to DLS, the use afa)s which have a shorter wavelength
allows the study of smaller length scales on the order of nanometers. The disadvantage is that
since high brilliance of Xays isnecessary, a synchrotron source is required to do the
measurements.-¥ays also have a high transmittance becauseéhah multiple scattering is

often negligible. Due to this XPCS has been utilized to study various concentrated colloidal
suspension&? . Akgunet al’ revealed surface fluctuation polystyrene and poly¢butyl
acryl at e dnthe brdends 628 ZL@ nm above the glass transition temperature and

no relaxation was observed in the timaaow of 0.17 1000 s. Hoshint al! obtained
information about the relaxation timemnd sukdiffusive motion of PS grafted silica
nanoparticles. They observed the soslaval | ed

decay of the most probable density fluctuatidneto caging by neighboring particles.
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Figure 2.9. Schematic of Xay photon correlation spectroscopy (XPCS) measurement
techniqué.
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2.5 Conclusions

We have assembled a number of examples as a guide and a list of techniques that are utilized
in measuring the properties of grafted polymer systems. The choice of a technique is made not
only based on the mearable property but also the ease in terms of the amount of time and

resources required. We have attempted to highlight various problems one could encounter and

the range of properties that can be measured for a grafted polymer system.



42

2.6 References

(1) Hoshino, T.; Tanaka, Y.; Jinnai, H.; TakaharaJAPhys. Soc. Japa2013 82 (2), 1i
12.

(2) Genzer, IMacromolecule006 39, 7157 7169.

(3) Patil, R.R.; Turgmaittohen, S.; Grogl , JACS Ma€rd ked.r o w,
2015 4 (2), 251 254.

(4) Patl, R.R.; Turgmas€ o h e n, S. Gr o gl , dangmuitk01§ Zr o w, D
(8), 2372 2381.

(5) Kang, C.; Crockett, R. M.; Spencer, N. Macromolecule2014 47 (1), 269 275.

(6) Kobayashi, M.; Terada, M.; Terayama, Y.; Kikuchi, M.; Takahardylacromolecules
201Q 43 (20), 84098415.

(7) Park, C.S.; Lee, H. J.; Jamison, A. C.; Lee, TARS Appl. Mater. Interfacex)16 8
(8), 558i 5594.

(8) Azzam, R. M. A.; Bashara, N. MEllipsometry and Polarized LightNorth-Holland
Publishing Company: New York, 1977.

(9) Galvin, C. J.; Dimitriou, M. D.; Satija, S. K.; GenzerJJAm. Chem. So2014

(10) Edmondson, S.; Nguyen, N. T.; Lewis, A. L.; Armes, SL&gmuir201Q 26 (10),
7216 7226.

(11) Yamamoto, S.; Ejaz, M.; Tsujii, Y.; Matsumoto, M.; FukudalMiecromolecule200Q
33(15), 56025607.

(12) Kooij, E. S.; Sui, X.; Hempenius, M. A.; Zandulied. J. W.; Vancso, G. J. Phys.



(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

43

Chem. B2012 116(30), 9261 9268.

Bal amurugan, S. ; Mendez, S.; B a lLamgmwir ugan,
2003 19(7), 2545 2549.

Harmon, M. E.; Jakob, T. a. M.; Knoll, W.; Frank, C. Wacromolecule2002 35,

5999 6004.

Varma, S.; Bureau, L.; Débarre, Dangmuir2016 32 (13), 3152 3163.

Okada, F.; Akiyama, Y.; Kobayashi, J.; Ninomiya, H.; Kanazawa, H.; Yamato, M.;
Okano, T.J. Nanoparticle Re015 17 (3), 148.

Butt, H. J.; Kappl, M.; Mueller, H.; Raiteri, R.; Meyer, W.; Ruhe,adngmuir1999 15

(7), 2559 2565.

de Gennes, P. @dv. Colloid Interface Scil987, 27 (3-4), 189 209.

Alexander, SJ. Phys1977, 38(8), 983 987.

Israelachvili, JIntermolecular and Surface Forces (Third EditipB8)yd ed.; Elsevier
Inc.: San Diego, 2011.

Yamamoto, S.; Ejaz, M.; Tsuijii, Y.; Fukuda, Macromolecule200Q 33 (15), 5608

5612.

Schuh, C.; Lomadze, N.; Ruhe, J.; Kopyshev, A.; Santdr,FhysChem. B2011 115

(35), 1043110438.

Al-Maawali, S.; Bemis, J. E.; Akhremitchev, B. B.; Leecharoen, R.; Janesko, B. G.;
Walker, G. CJ. Phys. Chem. B001, 105(18), 39653971.

Goodman, D.; Kizhakkedathu, J. N.; Brooks, DL&1gmuir2004 20(15), 6238 6245.



(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

44

Goodman, D.; Kizhakkedathu, J. N.; Brooks, DL&Engmuir2004 20 (8), 3297 3303.
Satija, S. K.; Majkrzak, C. F.; Russell, T. P.; Sinha, S. K.; Sirota, E. B.; Hughes, G. J.
Macromoleculed499(Q 23 (16), 38603864.

Field, J. B.; Toprakcioglu, C.; Ball, R. C.; Stanley, H. B.; Dai, L.; Barford, W.; Penfold,
J.; Smith, G.; Hamilton, WMacromoleculed4992 25 (1), 434 439.

Auroy, P.; Mir, Y.; Auvray, LPhys. Rev. Letl992 69 (1), 93 95.

Karim, a.; SatijaS.; Douglas, J.; Ankner, J.; FettersAhys. Rev. Letl994 73 (25),
3407 3410.

Ivkov, R.; Butler, P. D.; Satija, S. K.; Fetters, LLAngmuir2001, 17 (10), 2999 3005.
Hamilton, W. A.; Smith, G. S.; Alcantar, N. A.; Majewski, J.; ToonfeyG.; Kuhl, T.

L. J. Polym. Sci. Part B Polym. Phy#004 42 (17), 3290 3301.

Ell, J. R.; Mulder, D. E.; Faller, R.; Patten, T. E.; Kuhl, TMacromolecule2009 42
(24), 95239527.

Sui, X.; Di Luca, A.; Gunnewiek, M. K.; Kooij, E. S.; Van Blitterswijk, C. A.; Moroni,
L.; Hempenius, M. A.; Vancso, G. Aust. J. ChenR011 64 (9), 1259 1266.

Xu, F. J.; Zhong, S. P.; Yung, L. Y. L.; Kang, E. T.; Neoh, KBi®macromolecules
2004 5 (6), 2392 2403.

Mitsuishi, M.; Koishikawa, Y.; Tanaka, H.; Sato, E.; Mikayama, T.; Matsui, J.;
Miyashita, T.Langmuir2007, 23 (14), 74727474.

Alem, H.; Duwez, A. S.; Lussis, P.; Lipnik, P.; Jonas, A. M.; Demou§ife@mpagne,

S.J. Manb. Sci2008 308(1-2), 75 86.



(37)
(38)
(39)

(40)

(41)

(42)

(43)
(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

45

Lokuge, I.; Wang, X.; Bohn, P. W.angmuir2007, 23 (1), 305 311.

Malham, I. B.; Bureau, LLangmuir201Q 26 (7), 4762 4768.

Gennes, P. G. D&98Q 1075(19), 10691075.

Orski, S. V.; Sheridan, R..; Chan, E. P.; Beers, K. Bolym. (United Kingdom2015
72, 471 478.

Sugnaux, C.; Klok, H. AMacromol. Rapid Commug014 35(16), 1402 1407.
Jhon, Y. K.; Bhat, R. R.; Jeong, C.; Rojas, O. J.; Szleifer, I.; Genkéacdomol. Rapid
Comnun. 2006 27 (9), 691 701.

Laloyaux, X.; Mathy, B.; Nysten, B.; Jonas, A. Mangmuir201Q 26 (2), 838 847.
Ishida, N.; Biggs, SMacromolecule®01Q 43(17), 72697276.

Ma, H.; Fu, L.; Li, W.; Zhang, Y.; Li, MChem. Commun. (Cami2009 No. 23, 3428
3430.

Annaka, M.; Yahiro, C.; Nagase, K.; Kikuchi, A.; Okano,Plalymer.2007, 48 (19),
5713 5720.

Ishida, N.; Biggs, S.angmuir2007, 23 (22), 1108311088.

Liu, G.; Zhang, GJ. Phys. Chem. BO0O5 109(2), 743 747.

Shen, Y. RNature1989 337(6207), 519525.

Uosaki, K.; Noguchi, H.; Yamamoto, R.; Nihonyanagi)JSAm. Chem. So201Q 132
(48), 1727117276.

de Groot, G. W.; Santonicola, M. G.; Sugihara, K.; Zambelli, T.; Reimhult, E.; VOros,

J.;Vancso, G. JACS Appl. Mater. Interfacé2013 5 (4), 1400 1407.



(52)
(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

46

Chen, QLangmuir2014 30(27), 81198123.

Gorman, C. B.; Petrie, R. J.; Genzemdcromolecule2008 41, 4856 4865.

Radji, S.; Alem, H.; Demoustiethampagne, S.; Jonas, A. M.; CuenotMacromol.
Chem. Phys2012 213 580 586.

von Werne, T.; Patten, T. E. Am. Chem. So2001, 123 7497 7505.

Bo, H. G.; Beers, K.; Matyjaszewski, K.; Sheiko, S. S.; Mo2BD1, 4375 4383.

Tsuijii, Y.; Ejaz, M.; Sato, K.; Goto, A.; Fukuda, 2001, No. Figure 1, 8878878.
Baum, M.; Brittain, W. JSociety2002 610 615.

Ohno, K.; Akashi, T.; Huang, Y.; Tsujii, Wlacromolecule201Q 43(21), 88058812.
Daoud, M.; Cotton, J. B. Phys1982 43(3), 531 538.

Ohno, K.; Morinaga, T.; Takeno, S.; Tsuijii, Y.; FukudaMacromolecule007, 40
(25), 91439150.

Dukes, D.; Li, Y.; Lewis, S.; Benicewicz, B.; Schadler, L.; Kumar, S. K.
Macromokcules201Q 43 (3), 1564 1570.

Matsuda, Y.; Kobayashi, M.; Annaka, M.; Ishihara, K.; Takahard,afgmuir2008
24(16), 87728778.

Choi, J.; Dong, H.; Matyjaszewski, K.; Bockstaller, M.JJRAm. Chem. So201Q 132
(36), 1253712539.

Choi, J.; Hui, C. M.; Schmitt, M.; Pietrasik, J.; Margel, S.; Matyjazsewski, K.;
Bockstaller, M. RLangmuir2013 29 (21), 6452 6459.

Kikuchi, M.; Terayama, Y.; Ishikawa, T.; Hoshino, T.; Kobayashi, M.; Ogawa, H.;



(67)

(68)

(69)

(70

(71)

(72)

(73)

(74)

a7

Masunaga, H.; Koike, J.; Horigome, M.; Ishihara, K.; Takahar&oym. J.2012 44

(1), 121 130.

Hore, M. J. a; Ford, J.; Ohno, K.; Composto, RQL3 1i 26.

Chevigny, C.; Gigmes, D.; Bertin, D.; Jestin, J.; Bou&dit Matter2009 5 (19), 3741.
Chevigny, C.; Jestin, J.; Gigmes, D.; Schweins, RCBIa, E.; Dalmas, F.; Bertin, D.;
Bougy/F. Macromolecule201Q 43(11), 4833 4837.

Chevigny, C.; Dalmas, F.; Di Cola, E.; Gigmes, D.; Bertin, D.; dgiu; Jestin, J.
Macromoleclles2011, 44 (1), 122 133.

Akgun, B. ; UYur , G. ; Jiang, Z. ; Narayanan
H.; Sinha, S. K.; Foster, M. DMacromolecule®2009 42 (3), 7371 741.

Lurio, L. B.; Lumma, D.; Sandy, a R.; Borthwick, M. a;li/g P.; Mochrie, S. G;
Pelletier, J. F.; Sutton, M.; Regan, L.; Malik, a; Stephenson, Bh{s. Rev. Let200Q

84 (4), 785 788.

Banchio, A. J.; Gapinski, J.; Patkowski, A.; Haul3ler, W.; Fluerasu, A.; Sacanna, S.;
Holmgqvist, P.; Meier, G.; Lettga, M. P.; Nagele, G2hys. Rev. LetR2006 96 (13), Ii

4.

Riese, D. O.; Wegdam, G. H.; Vos, W. L.; Sprik, R.; Fenistein, D.; Bongaerts, J. H. H.;

Griibel, G.Phys. Rev. LetR00Q 85 (25), 54605463.



48

3. Degrafting of Polymer Brushes and Study oT heir Molecular Weight and

Grafting Density*

3.1 Introduction

Polymer chains tethered to a surface by one or more covalent bonds form surface grafted
polymer assemblies (SGPA). Grafting of macromolecules to surfaces results in a loss of
translationalentropy of the chains and has, in turn, profound effect on chain structure and
conformation of the macromolecules. The grafted polymers adoptaasb| ed A mushr o
conformation if the distance between neighboring grafts is greater than the radiugiohgyra

of the chain (). When the average distance between two neighboring grafts is lesgthan R

the macromolecular grafts enterthecsa | | ed Abrusho conformati on,
to neighboring chains cause the polymers to stretch perpdardiydo the surface, as explained

by Alexander and de Genng$. In spite of the aforementionadassification schemes, often

ti mes all grafted polymer systems are collo
interplay among the microscopic properties of polymer brushes, such as, the molecular weight,

the grafting densityif. the number ofgrafted polymers per surface area), the chemical
composition of the grafts as well as the sequence distribution of the chemical units along the
grafted chain, influences the macroscopic behavior in SGRA (ettability, lubricity,

modulus response tetimulus).

* This chapter contains material publishedACS Macro Lettes, vol. 4(2), pp. 25254, 2015

andACS Langmuir, vol. 31(8), pp. 2372381, 2015, © 2015 American Chemical Society. It

is reprinted here witpermission from the publisher.
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For those reasons polymer brushes have been studied extensively with regard to
creating surfaces that respond to external stif(jlican be patternéd, or can exhibit anti
biofouling!®12, ultralow frictiont¥® and highly adhesivé characteristicsTwo general
favored methods exi st to prepare grafted po
involves growing polymer chains in bulk solution followed by deposition on the surface
through physisorption or chemisorption. WHhite molecular weight () of the chains can
be determined in advance the process yields polymer grafts with a low grafting dég)sity (
due to the steric hindrance of adsorbing che
method the polymer chainsrgw directly from initiator centers attached to the surface. While
this method gives a highés, it is laborious and challenging to accurately deternipand
Mn. For growing weldefined surface initiated (SI) polymers, aside from free radical
polymerzation (FRP), a wide range of controlled radical polymerization (CRP) techniques are
available, such as atom transfer radical polymerization (A¥RB)reverse atom transfer
radical polymerization (RATRP)Y? reversible addition fragmentation chain transfer
polymerization (RAFT3, and nitroxide mediated radical polymerization (NMRP)ATRP
has been widely used given its versatility and relatively benign reaction conditions and is
expected to give a narrow molecular weight distribution (MWD) of SGPAs.

The conformations of polymer brushes onfaces are governed by the complex
interplay among Mandd,, solvent quality, and the curvature of the substat is difficult
to access directly through experimant Often, the mass balance equation is employed, in

which 0y is calculated using the known values of dry padyrthickness (§) and M
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n : (3.1)

In Equation 81), NAi s Avogadrods number and jlpfors the
pol ymeric grafts prepared by the Agrahting
is measuredirectly for polymers synthesized in bulk andassessed after grafting onto dry

samples. In contrast, calculatiiggf or systems prepared by the 0
more challenging becausenNMs unknown a priori. Previous attempts to remgolymer
brushes from substrates after fAgrafting frot
specialty initiators that would cleave after being exposed to external radiagipby light).

The miniscule amount of degrafted material generaitad the thin film also leads to problems

in the accurate characterization of molecular weight. For this reason, several research groups
estimated M of the grafts by measuring the,Mf polymers made simultaneously in solution

using sacrificial initiatorg%2° This approach has limitations in that surfzaed bulkinitiated

polymers do not experience the same reaction environimenptdnfinement, monomer or/and

catalyst concentratiorgtc). Recent computer simulations have revealed that the molecular
weight distribution of densely grafted polyn
differ significantly from that of polymers synthesized under identical conditions in bulk. The
SGPAs tend to have lower Mand a higher polydispersity index (PDI), especially for systems

with a high@p.3® Mn of polymer brushesds also been measured indirectly using swelling

ratio*®in a good slvent but this method cannot provide information about both MWD and PDI

of the system. Other methods have employed nanopattities porous materiafd as

substrates with large surface aréagrow sufficient amounts of polymer for analysis. The
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potential drawback of these curved geometries is that the curvature of the surface may impose
varying degrees of confinement. The degree of confinement may in turn affect the delivery of
monomer andcatalyst to reactive centers or may otherwise change the reaction
environmeng>34

To overcome the aforementioned limitations associated with determinmnépiv
Agrafmedpdlryomers, it is crucial to measure
direct analytical methods on the same surface on which the grafts were formed. As mentioned
earlier, one method of characterizing the molecular weight distribution (inglidihis to
degraft the polymer chains from a large surface area and collect a sufficient amount of material
to analyze using a sensitive analytical method, such as MAI@H or size exclusion
chromatography (SEC). Silicon (Si) substrates are commonty asenodel surfaces for
growing SGPAs, where the monolayer of surface initiators is attached hy.ar80i Sisubstrate
bond to the thin layer of silica at the base. Hydrofluoric acid (HF) solution has been used to
degraft polymer chains by breakiniget Si O bonds and dissolving the silica layer on the
substraté?333> However, HF is toxic and its use requires special protection and training.
Initiators with certain cleavable functional grotfisave also beensed for degrafting. These
methods utilized strong acitisbase® or an external energy source, such as UV fgfftand
hence cannot be employed for all initiaplymer systems. Moreover, in certain instances
the application of a harsh chenliar chain degrafting may degrade the polymer and may not

cleave the bond at the linkage site on the substrate. In other instances, degrafting may not be



52

guantitative such that a small amount of the grafted chains remains on the substrate, which
introduces error in determining Mand ultimately(p.

In this work, we employ SATRP to grow poly(methyl methacrylate) (PMMA)
brushes on silica surfaces and utilize tetrabutyl ammonium fluoride (TBAF) to remove
guantitatively the polymeric grafts from the substrhy cleaving the linkage between the
initiator and the silica support. TBAF is a common source of fluoridg igRs* and is
available in THF solution with small amounts of water present for dissociation. 'TbesF
have a strong tendency to attack Si atomsii®3ionds. The $F bond has a considerably
high energy of formiéon (bond energy = 644 kJ/mtd)and hence it is thermodynamically
favored. The CF bond also has a high energy of formation (bond energy = 484 K3/ il)
the process is much slower and does not result in degradation ofgpaliiains (at least not
in a short period of tima,e., ~24 hours, seAppendixA). We further show that polymers
grown on a flat silica wafer as small as 4.2 x 4.2 cam be employed to degraft and collect a
sufficient amount of polymer (minimal dry thicess 48 nm) whose MWD can be determined
by SEC equipped with a sensitive differential refractive index (DRI) detector. We use the
values of M determined from the SEC studies in conjunction with dry thicknesses measured
by ellipsometry to calculaté, usng Equation3.1). The PDI values of the degrafted polymers
range between 1.05 and 1.35 and do not exhibit any strong correlation with either the
cu/Ccu® ratio or the polymerization time. We also detect a small dependengeoof

cu/cu?V. Specifically, we report thail, increases slightly with increasing ®uCu®. we
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attribute this behavior to smaller number of chain terminations under more controlled reaction

conditions,i.e., higher C{"/Cu®.

3.2 Experimental Section

All chemicalswere purchased from Sigr#ddrich and used without further purification unless
otherwise specified. Methyl methacrylate (MMA) was passed through columns of inhibitor
remover to remove monomet hyl ether hydroquir
obtaned using Millipore Elix 3. Anhydrous toluene was prepared using molecular sieves (4

A), which were activated under vacuum by heating them for 25 minutes using a heating gun.
Copper (Il) chloride was purified by dissolution in ethanol and precipitatitvexanes. The

surface initiator (142-bromo-2-methyl)propionyloxy undecyltrichlorosilapnéeBMPUS) was

synthesized as described in the literafdrdCS grade methanol was purchased from Fisher
Scientific. Silicon wafers @oloped, orientation<100>) were purchased from Silicon Valley

Microelectronics. TBAF was purchasad a 1 M solution in THF from Sigr#ddrich.

Initiator deposition

A monolayer of e BMPUS was deposited on the silicon substrates (4.2 cm x 4.2 cm area). The
substrates were cleaned by rinsing with methanol followed by sonication in methanol for 10

mins and then drying under a stream of nitrogen gas. The wafers were then placed in an
ultravioletozone (UVO, wavelengths 184.9 nm and 253.7 nm) chamber for 15 mins to

generate free hydroxyl OH) groups at the surface. The eBMPUS solution was prepared by
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addng 80 pl of a 5% w/w of 8MPUS (in toluene) stock solution to 80 ml of anhydrous
toluene. Two backo-back, UVGQtreated silicon wafers were placed in a glass container that
was filled with eBMPUS solution, capped with argon, sealed, and placed in feaet8rC

for 24 hours. After deposition was complete, the wafers were thoroughly rinsed with toluene

and dried under nitrogen.

Growing the surfacgrafted PMMA brush layer

ATRP solutions of four different catalyst ratios of C#/CLCI (CU"/Cu) were made. The
concentration of CuCl was kept constant and only the amount of Ga€Vharied. Each batch

was made by adding MMA (176.34 g, 1.76 mol), methanol (137.51 g, 4.29 mol), DIW (37.75
g, 2. 1 -bipyridyl (11.12 g, ZIWN]L mmol), CuCl ($5g, 35.6 mmol), and Cue(4
different amounts for 4 solutions). The four®®Cu® ratios were 0, 0.005 (Cugl24.2 mg,

0.18 mmol), 0.01 (48.3 mg, 0.36 mmol), 0.015 (96.7 mg, 0.72 mmol). The solutions were
mixed and degassed by bubbling with armm®25 minutes. Each solution was then transferred

to 4 different custom reaction chambers; each with one pair oftbdwkck, eBMPUS coated
wafers located ~1.5 cm above from the base allowing space for a stir bar. About 80 ml of
MMA ATRP solution was dded to each chambhemd the stibar insured proper mixing of

the solution for homogeneous concentrations throughout the reaction mixture. The reaction
chamber design also enabled an argon flow for a few minutes before being sealed and isolated
from theoutside atmosphere. The reaction was carried out at room temperature for 6, 9, 12,

16, 20 and 24 hours to obtain 4 or 6 different thickness (and hafd¢erithe PMMA brushes.
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The reaction was stopped by opening the apparatus to air, rinsing the witfieesxcess
methanol followed by sonication in methanol for 5 minutes and drying with a stream of
nitrogen gas. Finally the wafers were cleaned by rinsing with acetone and drying with nitrogen.
Degrafting the PMMA brush layer

Each wafer piece was putanglass jar containing a 25 ml solution of 0.04 M TBAF in HPLC
grade THF. Flat bottomed glass jars were used to minimize the amount of degrafting solution.
The samples were incubated atG5using a water bath for 24 hours. The solution was then
colleced and rotovaped to ~1 ml of concentrate, which was then filtered through 0.2 pum
polytetrafluoroethylene (PTFE) filters and passed through the SEC with THF. For the kinetic
study, small samples (1 cm x 0.8 cm) were cut from a large 1 cm x 8 cm parartomdining

the PMMA brush layer and the individual samples were subjected to different conditions by
varying the TBAF concentration, the temperature of solution, and the incubation time. In the
AppendixA we provide evidence that TBAF does not affectphaperties of PMMA chains

(i.e., no chain cleavage).

Characterization

Size exclusion chromatography (SEC) was carried out using a Waters 2695 separations
module. A light scattering detector (MiniDawn, Wyatt Technology Co.) and a differential
refractive ndex (DRI) detector (Optilab Rex, Wyatt Technology Co.) were attached in series,
however only data from DRI was used for &halysis. The setup had 3 columns in series (M

ranges: 0.5~30, 0.05~100, 5~600 kDa) and the mobile phase was THF with a flofnOt&8te o
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ml/min. The columns and detectors were maintained & .2%onventional calibration was
done using nine polystyrene standards from Fluka ranging from 2 to 400 kDa. The static water
contact angle was measured using a contact angle goniometer (9@06, Ramé Hart) with
DIW as the probe liquid. The thickness of polymer grafts on the substrate was determined
using variable angle spectroscopic ellipsometry (VASE, J.A. Woollam Co., Inc.) with 3 angles
of incidence (65, 70, 7hand measurements aspots for each large sample (4.2 cm x 4.2 cm)
at varying CU"/Cu® ratios. The polymer layer thickness was obtained by fitting the
ellipsometry data using al8yer model with silicon primarily at the bottom, intermediate silica
(SiIO) layer,andato pol ymer oO6Cauchyd | ayer. For the
measured using a fixed angle (Y@llipsometer (Auto EL, Rudolph Research) with three
measurements per small sample (size: 1 cm x 0.8 cmay Xhotoelectron spectroscopy
(XPS) was caied out using a SPECS FlexMod instrument with AUK sour ce (exci
energy 1486.7 eV). The takdf angle measured from normal to the surface wasBfergy
calibration was established by referencing to adventitious Carbon (C1s line at binding energy
of 285.0 eV). Survey scans were taken with 0.5 eV steps and 0.04 s dwell per point and a pass
energy (kasy setting of 24. High resolution XPS scans were taken with 0.1 eV steps and 0.5
s dwell per point with Rsssetting of 20.

Time-of-flight seconday ion mass spectrometry (TEHMS) was employed to
determine elemental and molecular information from the surface of the material with high
spatial and mass resolution. A finely focused, pulsed primary ion beam was rastered across the

surface of the sampland the secondary ions emitted at each irradiated point or pixel were
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extracted into a time of flight mass spectrometer, mass filtered, and counted. The analysis was
conducted using a TOGEIMS V (ION TOF, Inc. Chestnut Ridge, NY) instrument equipped
with a Bi™ (n = 1- 5, m= 1, 2) liquid metal ion gun. The analysis chamber pressure was
maintained below 5.0 x mbar to avoid contamination of the surfaces. For high mass
resolution spectra acquired in this study, a pulset Bimary ion beam with 45° incident

of angle at 25 keV impact energy and a pulse with less than a 1 ns width was used. An electron
gun was used to prevent charge buildup on the insulting sample surfaces. The total
accumulated primary ion dose for data acquisition was lessltiabd ions/cn?, which is

within the static SIMS regime. For high mass resolution mass spectra acquisition, the mass
resolution on Si wafer i s about ~8000 m/ e&em
spectra obtained were calibrated using@, OH", Cy, respectively. The positive secondary

ion mass spectra were calibrated using&i, C:Hs*, CsHs", CaH7".

3.3 Results and Discussion

3.3.1 Degrafting proof of concept

To test the use of TBAF as a viable agent for degrafting polymer chains from silica substrates,
we chose a model system of PMMA brushes grown BATRP from eBMPUS initiator
centers chemisorbed to native silica layers (thickness ~1.5 nm) of silicon .wafeesdry
thickness of layers on the substrate) (wvas measured using ellipsometry, the chemical
composition was characterized byrXy photoelectron spectroscopy (XPS), and tofiflight

secondary ion mass spectrometry (FOIMS), and the wettability fothe substrate was
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determined by contact angle measurements using deionized esat@ras the probeFigure

3.1 shows the results of XPS analysis along wittamddpw for samples at various stages of
preparationj.e., the bare silica surface (bla¢lgfter initiator deposition (red), after PMMA
brush growth (blue), and after PMMA brush degrafting from the substrate using TBAF (green).
The cartoons on the left of the figure illustrate the sample configurations. Thetridat@d
silicon wafer (blackhas a very
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Figure 3.1. XPS scans for four different samples, color coded with the cartoons on the left.
The thickness and contact angle are plotted on thesidatfor the same 4 samples.

small amount of adventitious carbon (binding energy [BE] ~285 eV) before deposition; this is
further demonstrated by the low intensity carbon high resolution specteiguire 3.2. This

surface is hydrophilic as indicated by the low valualg¥; UVO is therefore an efficient
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method to remove organic impurities from the surface in addition to generatingi &tivier
attachment of the initiator. The substrate cleaning step is followed by deposition of the
eBMPUS (red) initiator monolayer (thickness £.6.2 nm), which shows an increase in carbon
peak intensity and the appearance of a bromine peak (BE ~70 eV). For both of these surfaces,
we detect peaks for silicon (BE ~99 eV) and oxygen (BE ~533 eV) from the underlying silica
layer (thickness ~1.5 nm)When the 184 10 nm thick PMMA brush layer (blue) is grown

from the eBMPUS initiator centers, the escape electrons from silicon cannot reach the surface
and cannot be detected. Here we only observe carbon and oxygen signals in PMMA. In
addition to athickness increase, there is a concurrent increasin for the substrate,
corresponding to PMMA. The PMMA brush layer was incubated in 0.1 M TBAF &t &0

6 hours in order to degraft the polymer from the substrate. After degrafting the PMMA layer
with TBAF, the thickness of the top layer (green) reduces dramatically to 0.4 + 0.1 nm.
Concurrently, thebw drops significantly but it remains higher than that of the corresponding
bare silica. XPS detects the reduction of the layer because thes signalsponding to silica

can now be resolved. However, there are small carbonaceous residues present on the substrate
that may originate from remaining grafted polymer chains, unactivated eBMPUS molecules,

or can be simply present due to adventitioubaar
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Figure 3.2. High resolution XPS spectra of the C 1s peak for the four substrates shown in
Figure 3.1. The various types of bonds are depicted in dashed, dotted anidttiedhines.

For the PMMA brush, the ratio of the areas of the peaks corresponds to theratmsiof the
different bonded carbons.

In Figure 3.2 we plot high resolution C 1s XPS spectra for the four substrates discussed
previously. The XPS spectra weredmvoluted by fitting individual peaks corresponding to
various carbon bonds. Those al®wn by the dashed (C=0), dotted@(, and dasldotted
(C-H and GC) lines. The solid black line is the sum of all the individual peaks. For the

PMMA brush layer, the peak areas of C=@QCand all other carbon atoms give the ratio of
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1:1:3 which coresponds to the PMMA atomic composition. The synthetic components of O
1s for PMMA also match the atomic composition of PMMA (8ppendixA) confirming its
presence. The absolute intensity of C 1s peaks for the eBMPUS monolayer and degrafted
substrate is tatively weak as compared to the PMMA layer. The ratio of areas in the degrafted
substrate is visibly different from that of the PMMA layer, indicating that a minuscule amount
of PMMA could remain to be present on the surface after degrafting. TOF Sipé8raents,
however, provide indisputable evidence that all PMMA was removed from the substrate and
that the carbon signal detected on the surface of the degrafted wafer originates likely from
adventitious carbebased impurities. Ifkigure 3.3 we plot the TOS SIMS spectra collected

from silica substrates exposed to 0.1 M solution of TBAF (black), the eBMPUS initiator layer
(red), the PMMA brush layer (blue), and the substrate after degrafting PMMA with TBAF
(green). The characteristic fragments for PMMA. CsHs0,! (m/z=85) and €H3O*
(m/z=56) are not prominent in the TBAF treated and degrafted substrate, whilg'SiHO
(m/z=77) is seen for the degrafted substrate. In addition, the presence of Br (m/z=79) is
detected in only in the eBMPUS sample. T@F SIMS spectrum of the degrafted substrate
resembles that of the TBAfFeated silica and is very different frothat of the PMMA brush

layer.
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Figure 3.3. TOF SIMS spectra collected from (top to bottom): an,&idbstrate treated with
TBAF (black), SiOx substrate coated with eBMPUS ATRP initiator (red), after PMMA brush
growth (blue), and after degrafting the PMMA brush with TBAF (green). The images on the
right depict 0.5 x 0.5 mAmareas on the sample corresponding to various mass signals marked
in the spectra. The color scale depicts the counts/second. It ranges from 0 (blagk) to C
(white), where Gax= 30 for GH3O", SiHOs, and GHsO2", and Gnax= 18 for Br.



63

1_ | 1 L I v 1 44 1 L I N
5 % Crapr =001 M 7
: - hPMMA=120 nm :
. |
+
: + =}
+ +
T
o
N ]
— 0.1 .
-Cﬂ_
o
1 m 30°C 7
0.014 ™ 50°C 4
T v T T T ' T v 1 ' T
0 10 20 30 40 50

TBAF degrafting time (hrs)

Figure 3.4. Relative brush thickness (i.e., tidependent thickness normalized by the initial
thickness) of a PMMA brush as a function of TBAF degrafting time at three different
temperature. The original dry thickness of the PMMA brush was ~120 nm and the
concentration of the TBAF solution was 0.01 M.

3.3.2 Kinetics of degrafting

We studied the PMMA brush degrafting process by varying the initial thickness of the PMMA
brush, the concentration of TBAF, the temperature, and the exposure time to TBAF. A detailed
study reporting on the kinetics of degraftiisgorovided inchapter 4 Here we offer only a

brief discussion. Figure 3.4 shows the variation of thickness normalized with the initial
PMMA dry thickness (b~120 nm in this case) as a function of incubation time in TBAF at a

concentration of 0.01 M. The dry thickness represents the amount of material present on the
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surface as a function of time. This data provides a measure of the extent of degrafting. The
normalized PMMA brush thickness decreased exponentially with incubation time and the rate
of degrafting increased with increasing temperature of the TBAF solution. Based on the data,
TBAF degrafting appears to follow double exponential behavior indicatitg distinct
regimes, which are an initial fast rate and a later slow degrafting rate. As will be discussed
elsewhere, assuming Arrhenius type kinetics for the decay, we get a low average initial
activation energy of ~101 kJ/mol and a final activatiorrgg of ~52 kJ/mol. The kinetic
experiments offer a way to precisely control the thickness of the brush layer by varying the

incubation time, the temperature or the concentration of the TBAF solution.

3.3.3 Molecular weight distribution

Distribution of nolecular weights of the degrafted PMMA chains was assessed via size
exclusion chromatography (see experimental section for details). The black lifigsina

3.5 correspond to PMMA chains grown from substrates via ATRP &t/Cu’ =0.01 for a)

6, b)9, c) 12, d) 16, e) 20, and f) 24 hrs. With increasing polymerization time the elution
curves shift towards higher molecular weights and broaden, as expected. To quantify the SEC
data and gain insight into the mechanism of suriatiated polymerizatia, we fit the
experimental data to several molecular weight distribution models. The calculated MWD
curves are plotted ifrigure 3.5 for the SchulzZimm (SZ, red lines), ATRP (green line),

Wesslau (W, blue lines), Schuftory (SF, cyan lines), and Smitt al. (S, magenta lines)
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models. Detailed description of the various models and the method of fitting are provided in
the AppendixA.

From the fits inFigure 3.5, it is visually evident that only the first three models provide
a suitable descrijgn of the experimental MWDs. The Schiory and Smithet al.
distributions capture the general shape of the experimental data but fail to provide a good fit.
In order to probe the quality of the fits of the various models to the experimental molecular
weight distributions, inFigure 3.6 we plot PDI as a function of the number degree of
polymerization, N, as determined by experiment (black star) and obtained from modeling the
experimental data using the aforementioned models (other symbols). Thth&tdsHta was
obtained by minimizing the distance between the distributions and the model as measured by
the KolmogorovSmirnov statistic (KS, seeAppendixA).*® The sections af) in Figure 3.6
correspond to the same sectionfigure 3.5. The insets ifrigure 3.6 show the KS statistic
between the fitted model and experimental distributionsfywegi our observation that the
SchulzFlory and Smittet al.distributions are inadequatedescribing the experimental data.
In general, the SZ, ATRP, and W distributions capture the properties of the experimental
MWDs well as indicated by low values thfe K-S parameter and a good match between the
PDI and N obtained from experiment and those obtained from the three respective models.
The AppendixA contains a detailed analysis of samples prepared with otHefazfy ratios
and polymerization times. The fits obtained by the various models exhibit the same trends as

those described here for ®Cu=0.01.
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Figure 3.5. Weight fraction of PMMA chains (Wwdegrafted fom flat surfaces (black lines) as
a function of number average degree of polymerizatioi it PMMA brushes grown for a)

6, b) 9, c) 12, d) 16, e) 20, and f) 24 hrs witH"@Gu"=0.010 (see experimental section for
details). The experimental datanedit by minimizing the distance between the model and
data as measured by the Kolmoge®mirnov (K-S) statistic. The distributions tested were
SchulzZimm (SZ, red lines), ATRP (green line), Wess(&\, blue lines), SchutFlory (SF,
cyan lines), and Smitét al. (S, magenta lines).
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From the data ifrigure 3.6, it is challenging to determine which of the three models
is the best; however, the ATRP model seems to fit the data consistently bettbetB&Znand
W models for the majority of the samples. Turgman Cohen and Genzer previously reported
that the MWD of pol ymer br-misateemlynenzatipnecaned by
be described by the SZ distributfén Although Mastaret al. developed an ATRP model for
continuously stirred tank reactors with no termingtipwe argue that it is also applicable for
these results since the SGPAs discussed here were grown with a large excess of monomer and
relatively low monomer conversions. This assured that monomer concentration around the
brush remained approxinedy constant as long as effects due to the monomer diffusion to the
surface are negligible. Importantly, one can conclude that the PMMA brushes do not exhibit
excessive terminations due to the high quality of the fits to the ATRP model, which does not

take termination into account.

3.3.4 Grafting density of polymeric grafts on the substrate

M, and Up play a critical role in defining the conformation of SGPAs. It is known that
controlled polymerization techniques like ATRP generate a narrow MWD and<d RDor
bulk polymers. Here we aim to understand the effect of ATRP catalystiratiogncentration

of deactivation/activation G%/Cu®) and polymerization time on the molecular weight
distribution for surfacénitiated ATRP. Equation (1) desces the relationship betweén

and M, for polymer brushes viash To determindlr we need to measure \df polymers

degrafted from the silica substrates. We have tested the sensitivity of the differential refractive
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index (DRI) detectoof the SEC andound that a minimum polymer sample concentration of
0.1 mg/ml is needed to get a reasonable signal without any significant loss in fidelity of the
data. This critical value was determined by analyzing monodisperse and polydisperse polymer
samples of know molecular weight at different concentrations and studying the shape of the
eluograms (seéppendix A). Based on this threshold concentration, the minimum dry
thickness of PMMA required on a 4.2 cm x 4.2 cm substrate is ~48 nm. For thicknesses less
than 481m but greater than 24 nm we have combined the degrafted solution from two identical
substrates such that the mass of polymer remains above the threshold amount.

The ATRP catalyst ratia.e., CU"/Cu) controls both the rate of polymerization in
the bulk and the monodispersity of the product. Based on bulk data a hi§h@@ucatalyst
ratio is expected to lead to a slower growth rate leading to more control of the polymer
distribution resultingn lower PDIs? Figure 3.7 shows k, Mn, and PDI as a function of
polymerization time for different values of ®UCu®. The b and M, increase nearly linearly
with increasing polyrarization time in agreement with standard ATRP results. The dry
thickness growth rate increases from 4.4 to 6.6 nm/hr when the ATRP catalyst ratio decreases
from 0.015 to O, respectively. The initial polymerization rate for <6 hr is likely higher but
camot be determined due to limitations in the sensitivity of our SEC set up. After 24 hours of
polymerization the living nature of polymer growth is no longer sustained and the thickness

starts to plateat?.>°



69

2.0 2.0
a) 8 10" b) 3 10" .
1.8 £ o & *l{ 18 < |
8 10? v 8 102 A
U.) 0:) " ®
1.6 M8 1.6 X
1.4 - %Qg T 1.4 &‘:\Qg e
| * experiment | ]
ﬁ B Schulz-Zimm
® ATRP
124 A Wesslau 1.2 *
Schulz-Fl
. 3 e | »
200 400 600 800 400 600 800 1000
2.0 2.0
©) 3 d 3
1.8 € 1.8 £
% ?
161 N 1.6- e
2
1.4 . 1.41 S
o s 1.2- Woma
1.0 : . ; 1.0 ; ; :
800 1000 1200 1000 1200 1400
2.0 , . 2.0
e) 3 f)
1.8 £ 1.8 £
g 8
(/)] w
1.6 N 1.6 x
1.41 @ 1.4- ®
1.2 m 1.2 a
1.0 , . 1.0 . : :
1000 1200 1400 1600 1400 1600 1800
N

n

Figure 3.6. Polydispersity index (PDI) vs. number average degree of polymerizatipmofN
PMMA chains degrafted from flat surfaces (black star) grown for a) 6, b) 9, ¢) 12, d) 16, e) 20,
and f) 24 hrs with C8#/Cu®=0.010 (see experimental section for details). The experimental
data were fit by minimizing the distance between the inadd data as measured by the
Kolmogorov+Smirnov (K-S) statistic. The distributions tested were Scldimm (SZ, red
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et al. (S, magenta lines).
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The bottom ofFigure 3.7 depicts the values of PDI for the various!@Cu® ratios as a
function of polymerization time. Generally, the PDI values for all samples are higher than
those grown in bulk using ATRP under identical polymerization conditions (typically <1.2).
Because of the large scatter in the data (1.05 ~ 1.35) it is difficult to identify clear trends. The
average values (and their standard deviation) shown by the dashed lines split the data into two
groups. Specifically, for Gli/Cu® =0 we obtain PDI%.188 0.015. This value is somewhat
larger than the PDIs determined for polymerizations witf’@u(">0, where PDI equals
1.1470.020, 1.13%90.028, and 1.148.028 for C{"/Cu? equal to 0.005, 0.010, and 0.015,
respectively). This trend, if real, is consistent with the notion that polymers grown under
controlled conditionsie. CU"/Cu®>0) exhibit lower PDI. These findings are in line with
previous computer simulationghich revealed that altering the life time of active growing
polymers in surfacéitiated polymerizations at constant grafting density of the initiators

exhibits only minor changes in the PDI of the growing brushes.
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In Figure 3.8 we plot M, as a function of fi(data fromFigure 3.7). The slope of this graph

is proportional to the inverse Gf based on Equation (1). Regressing the data for all catalyst
ratios and setting ptEOXE7+0.012 ehnin/rehprt Figureo3.9 wes r o
plot thelp, for the individual values of Gli/Cu® and we observe a slight increase in tige
with increasing CY/Cu®. We attribute this apparent changeljto a combination of the
effect of fast initiation and a detection limit of the SEC. The ATRP initiatikes place nearly
instantaneously based on results for bulk initiatfoithis is further supported by the fact that
we use a hybrid initiator/catalyst halide system withbBged initiator (eBMPUS) and €l

based transition metal ion, chloride being the more stable bond tends to forft early.
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We consider our calculatég a lower bound because of the characteristicair measurement
methods, discussed hereafter. The dry brush thickness measured by ellipsometry accounts for
every (macro)molecule attached to the substrate regardless of its length. This, in principle, also
includes all the unreacted initiators on tdsrate. On the contrary, the measurement of the
MWD by means of SEC is not likely to detect every single polymer chain on the surface. In

fact, it is likely that the MWD in our samples has tcand high molecular weight tails that
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our instrument failsa detect due to lack of sensitivity. By necessity, we expect and assume
that the effects of these two tails will largely cancel out when computing trghdvn in

Figure 3.8.
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However, it is possible that the low molecular weight tail of the distribution is larger than the
high molecular weight one, including short polymers that only grow at the onset of
polymerization and any initiators that never polymerized. If this is the case, then the value of

Mn calculated herein with SEC is an overestimate and the slope shéwgure 3.8 is larger
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than the true value making the grafting density smaller. This canpbereed as follows. At

a lower C{"/Cu" ratio the chains grow rapidly and suffer from a higher rate of early
terminations, thus creating short chains, which are below the detection limit of the SEC. Thus
the measured Mor low CU""/Cu® ratio isskewed towards a higher value resulting in a lower

dp (cf. Equation 1). In contrast, for higher @iCu® ratio the reaction will be more controlled:;

as a result, the formation of shorter grafts due to early termination will be suppressed. Even if
additional chains initiate after the first polymerization commences, their growth will very
likely be hindered bystearic hindrance to delivery of the catalyst and monomer. The
polymerization is carried out in methanol/water system which is a poor solvent for PMMA
chains>® This will lead to limited swelling of the polymer chains causing them to adopt a
collapsed state further hindering tw@wth of any short chains.

It is worthwhile to compare our findings with those of Katgal° who performed
similar measurements for brushes comprising either poly(lauryl methacrylate) or polystyrene.
Although the authors of that study did not explore the effects 8fCu" ratio, they repded
that theli, was independent of the polymerization time, which is in agreement with our study.
Furthermore, thé, Kanget al.reported for polystyrene was very close to the one calculated

for PMMA in this study.
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3.4 Conclusions

We have demonstrated/eble technique for degrafting PMMA brushes from flat siliesed
substrates using TBAF, and we determined their molecular weight distribution using SEC. The
degrafting rate for chains on the substrate can be controlled readily by varying the
concentréion of TBAF, the temperature, and sample incubation time in TBAF solution. The
grafting density for all PMMA brushes was found to be 0507012 chains/nf for
polymerization times in the range 6 and 24 hours irrespective of the ATRP
deactivator/activir ratio {.e., CU""/Cu). The thickness and Mhowed the expected trends

for an ATRP mechanism but the PDI did not reveal any significant dependence on the
deactivator/activator ratio. The values of PDI were marginally higher than those typically
observed in bulk polymer grown under similar conditions. We attribute growth under
confinement as the major cause of the deviation from the living nature of the polymer. This is
what makes a grafted polymer system unigue, a higher grafting density. Aidgher
cu/cu® does result into an apparent increase in the grafting density, which is an outcome of
low early termination combined with detect limits of SEC for very short and sparsely populated

chains.
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4. Studying the Kinetics of Degrafting Polymer Brushes

4.1 Introduction

Surface tethered (or grafted) polymer chains form an impoctass of materials for surface
modification. Visually, they appear like polymer films but the chemical attachment to the
underlying substrate imparts novel behavior such as swelling/deswelling or stability in various
solventst? The distance between the attachments points of the chains on the surface, which is

a measure of the surface grafting density, dictates the conformation of polymeric grafts. When

the distance between neighboring chains is suffitiesmall the chains interact, stretch, and

form structures referred to as Abrusho, as o
the chains on the surface is larger than the dimension of the polymer and there are no inter
chain contactsHigure 4.1). The unique properties of grafted polymer systems are utilized in
applications such as creating stimuli responsive sud&cesntibiofouling coating$ 8,

controlled lubrication/adhesidi® and patterned surfacés’.

Grafting Density
-

-

Dry Thickness

Brush Regime Mushroom Regime

gt o o p

Figure 4.1. Schematic of a polymer brush indicating the key parametdng thickness and
grafting density. The difference between Abr
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Determination of the properties of aandgr aft e
forms the basis of this PhD Thesis. We have demonstrated in Chapter 3, that tetrabutyl
ammonium fluoride (TBAF) is a versatile and effective reagent for degrafting and further study
of polymer brush propertie&® However,the process of degrafting polymer chains from the
substrate is not yet completely understood. We endeavor to understand the mechanism of
degrafting polymeric grafts by studying how the rate of degrafting is affected by the initial
grafting density of thgrafted system on the substrate, TBAF concentration in solution, and
the temperature of the TBAF solution.

We have focused primarily on a simple model system of grafted poly(methyl
methacrylate) (PMMA) in the brush regime. These brushes are grown sitidtat substrates
with a thin layer of silica present on top of the silicon support using aestlblished atom
transfer radical polymerization (ATRP) protoé®f3 The idea behind this study is that the dry
thickness of the brush, whichisrelatedtothegraitg densi ty, i s represen
i.e. concentration in a chemical reaction. For a typical chemical reaction, we monitor the
concentration of species as a function of time. Using this, we can deduce information such as
the rate constants anke order of the reaction. In a similar manner, we intend to study the
degrafting process by observing the change in grafting density as a function of time. The effect
of concentration of TBAF and the initial grafting density of the system is varied s\stally.
The various rate constants derived for such an analysis are put forward to explain the degrafting

of PMMA brushes from silica surfaces.
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We first study the effect of the initial grafting density and TBAF concentratiggnélCon the

rate of degrtiing. In that respect, we utilize an orthogonal gradient approach, to carry out the
experiments in an effective manner, and to study a wide range of parameters on a single sample.
In the orthogonal approach, we first form a uniform layer of PMMA brusthersubstrate.

We then immerse the sample vertically into the TBAF solution at a steady rate to form a
grafting density gradient of PMMA brushes in one direction. The same is then rotated 90
degrees so that a second degrafting in TBAF solution takesiplaolutions on various TBAF
concentrations. The set up enables determining the effect of the initial grafting density of
PMMA brushes on degrafting kinetics. The degrafting is monitored by measuring grafting
density, which is inferred from the dry tkitess measured by ellipsometry. Using Equation
(4.1) and assuming an initial grafting density of 0.5 chainéfandense brushe$the grafting

density for every dry thickness is calculated:
" — (4.2)

where Up is the grafting density of the polymer chains,i$ the dry thickness, Nis the
Avogadrodés number, } nis tBe nantber avbragk koleduamweight. y a n
While carrying out this study, in most cases we will keep the initiartd hence the M
constant for consistency and varyby degrafting.

In an attempt to investigate the mechanism of brush degrafting, at the base of the
polymer/initiator region, the change in the grafting density is modeled usiges reaction
Thereason for considering a series reaction is the nature of the attachment of the organosilane

bonds present at the base of the polymer brush. TBAF has a tendency to-Foloongs which
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will occur by breaking the SD links. As shown irFigure 4.2the chlagosilane based initiator
could attach by all three points to the surface (at the extreme), or it can fornplkamen
network featuring SO-Si silanes that further stabilizes the attachment of the silanes to the
substrate.The latter may be formed by camsation reaction among neighboring silane
molecules once they attach to the surface (or even before they attach to the substrate).
Generally, the degrafting characteristics depends on the type of attachment of the initiator to
the substrate. Investigagjrstability of the brushes on surface (or model silane compounds)
may provide additional information about the nature efumictional silane attachment to the
substrate, which is not known. When degrafting takes place, up to three bonds break; there are
possibly multiple steps involved in degrafting the chains, depending on the original structure
of the silane selassembled layer. We model this complex set of reactions as-stepo
process. In the first step, we consider breaking all but one bondsoldathe silane to the
substrate. In the second stee consider the breakage of the last remaining bond that liberates
the chain from the substrate. For orthogonal gradient experimenissep the temperature
constant at 40 °C, varyrgar and studyshorter incubation times (~100 mins).

We further take into account the effect of temperature by carrying out the degrafting at
three different temperatures of TBAF solutioldée carry out these experiments on discrete
but uniform samples of PMMA brush lay® obtain the dependence of the brush thickness as
a function of time, degrafting reaction temperature, and the concentration of TBAF in solution.
For discrete degrafting experiments, we vafgaAe and temperatures witlongerincubation

times (~24 houps
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1 point of attachment

eBMPUS
Initiator Poly (methyl metacrylate)

- (PMMA) layer
\ o ;Ti\o/j:\o/T\ ‘/7'\0/5\‘;
/T = o

—o O\ 3 points of attachment

Si Si, Si, Si,
Si <100> A S /(I,; MRS

Figure 4.2. A schematic of the system under study. The polymer brush used is poly(methyl
methacrylate) (PMMA), which is grown from eBMPUStiator centers using ATRP. The
right portion shows two of the possible extremes of how the chlorosilane based initiator is
attached to the silica substrate by either 1 point or 3 points (at the extreme) to the surface.

Sioy —>

4.2 Experimental cetails

All chemicals were purchased from Sigma Aldrich and used unless spetifedise. Methyl
methacrylate (MMA) was passed through a column of inhibitor remover to remove
monomethyl ether hydroquinon€opper (ll) chloride wasurther purified by dissolution in
ethanol followed by precipitation in hexanesSilicon wafers (pdoped, orientation <100>)
obtained fromSilicon Valley Microelectronic{SVM) were used as flat substrates for all
experiments. TBAF was purchased as a 1 M solution in THF but was dilutedA@$hgrade

THF (SigmaAldrich) to obtain the solution of a desired concentration.
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Initiator deposition and polymer brush growth

The procedure established eaftevas used to depossturface initiatoy (11-(2-bromo2-
methyl)propionyloxy undecyltrichlorosilane (eBMPUS)he surfaces were cleaned and
activated using ultravioledzone (UVO) treatment prior to initiator deposition. For large
substrates (4.2 cm x 4.2 cm) the deposition was carried out in the custofi stene two
samples were placed battkback ineBMPUS solutiongapped with argon, sealed, and placed

in freezer at18 C for 24 hoursPMMA brushes were synthesized using ATRP for a catalyst
ratios, CuCk/CuCl (Cu"/Cu®) = 0.05 by grafting from polymerization following earlier
proceduré? The polymerization time was 24 hours which gave a dry (ellipsometric) thickness

of ~100 nm.

TBAF degrafting and aking gradients by dipping method

For the initial kinetics experiments, uniform samples of PMMA brush layer fronothem
sample (1 cm x 8 cm) were divided into 8 equal parts (1 cm x 1 cm). The samples were
incubated individually for different times in the TBAF solution of a given concentration. This
gave us discrete but uniformly degrafted samples of various gratimgjtiés. A continuous
gradient in grafting density was prepared by the dipping method. It was carried out in a custom
Plexiglass box that was saturated with THF vapors, with the dipping and heating setup placed
inside the box. For the orthogonal gradisainples, the conditions for the first dipping were
kept consistent across all samples. These condition used were 0.1 M TBAF solution at 40 °C;

the dipping rate was 0.4 mm/min with a total dipping time of 100 mins and a total length dipped
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of 40 mm. The send degrafting was carried by rotating the sample 90 degrees relative to the
first dipping direction to get an orthogonal gradient. TBAF concentrations of 0.01, 0.05, 0.1

and 0.3 M were used.

Characterization

The dry thickness of the polymer layer on the&face was measured using spectroscopic
ellipsometry (VASE, J.A. Woollam Cdnc.) with 3 angles of incidence (65, #nd75 ) and
measurements at 5 spots for each large sample (4.2 cm x 4l2eforg degrafting. After

degrafting and making the gradiettte measurement was carried out in a grid fashion with
measurement points spaced & 8m in eachx andy direction. Theellipsometic data

obtained for the polymer brush film were modelsthg a 3ayer model with silicosubstrate

at the bottom, intenediate silica (Si¢) layerinthemiddle and a pol ymar O6Cau
the top, to obtain dry film thickness of the polymer filBince the geometry of the sample and

the dipping rate is known, the incubation time can be related to the positionsamtpie.
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4.3 Results and Discussion

4.3.1Relation between grafting density and dry thickness

The removal of polymer chain from the substrate during the degrafting process is a result of a
chemical reaction, which takes place in the vicinity of poé/mer chain attachment to the

silicon substrate at the-8i bond. We know from Chapter that the majority of the grafted
polymeric material is removed during the degrafting process, which exposes the degrafted
silica substraté’ T h e reféers to the number of chains attached per unit area. As mentioned
ear | i er , pasan anblogmeko contentiation of a reactant in a chemical reaction. If

we keep the initial thickness of the brush constant for a given experiment, we can then assume,
based on Equation (4.1), that the dry thicknes} iéhdirectly proportional to thergfting

d e n s k).t Bhis fhaans that a gradientisnlio u |l d r es ul t piith coastagtr adi e
Mn. Based on earlier results we can assume that the grafting density for PMMA brushes
synthesized by ATRP on eBMPUS initiator is a constant value ofcBabns/nm.*81°
Assumingt h @it s Gt he s ame f orpt)a.e,lradafunctienaftipd, carsbe t h e
obtained from the time dependence gfile., he(t). In the subsequent sections we will look at

Gr(t) to explore the degrafting process.
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4.3.2 Orthogonal gradient experiments

Direction A

Opmma,1
Direction A
Degrafting g
by dipping
in 0.1M TBAF
40 C, 0.4 mm/min
>
Direction B
Direction A
/_ (vary Opuma,1)
Direction A '
\——) >
Degrafting Direction B
by dipping (vary Opuma,2)
in 0.1M TBAF
40 C, 0.4 mm/min
>
Figure43.Schematic for making an or t hB.dDgectiorsl gr ac

A and B corr espevidadn évederespeciiveljt i on i n 0
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Figure 4.3 depicts a scheme detailing the steps leading to the formation of a sample for

studying degrafting using the orthogonal gradient approach. The sample was created in two

steps by the dipping method. In the first step, we take a sample featuring a horaegeneo

PMMA brush and dip it vertically into the TBAF solution. In the second step the sample was

rotated by 90 degcf. Figure 4.3) and the dipping was carried out into solutions of various

TBAF concentrations. For all the orthogonal gradient experimentgkepethe incubation

temperature in TBAF constant at 40 °C, and the dipping rate was 0.4 mm/min. The total

dipping time was 100 mins, which translates to a distance of 40 mm along the substrate. We

refer to this length of time ahort in comparison to latr described discrete degrafting data,

wherein the incubation time is much longer (~24 hours). Th@arGor the first dipping step

was kept constant at 0.1 M in THF, while it was varied from 0.01 M to 0.3 M for the second

dipping step. We denote theiaiti v al ue of gevad(2055 chginsih®.Mrei t y as

grafting density for gradient obtained after the first dipping process (direction A) is denoted as

Opmmaiwhi | e that for the second @wwgrafting (di
The effect of grafting density on degrafting can be sedngare 4.4 where the final

gr af t i n geumelpinpotted wis afudction of initial (aftef* Hipping) grafting density

( #iva1). This particular data set refers to the second gradiemtigping into a solution

havingGear= 0. 1 M. T heawa g8=0 duiia € ithdichteés the hygothetical case when

ono degraftingé takes place (zero incubatiol

the more degrafting has taken place in &bgot € a mo mhn t willde lowereThdlcolors

indicate five different incubation times ranging from 0.5 to 70 minutes. The extent of
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degrafting increases with increasing the incubation time. For a given incubation time, the
extent of degrafting ineras es wi t hpwwvin This ésadeniotedg for dhe 70 mins
incubation time (olive), by the difference between the dotted line (no degrafting) and the actual
data, represented as red arrows. We concur that the rate of degrafting is greater aitragher in

gr afti ngeud @ Mere theyintechain interactions that cause the chain to stretch

outwards cause bond tmwnsgi on that 1 s higher
05 T T T T T T T T T -
TBAF 2™ C =01 M
1 Incubation TBAF ) o
time (mins) ’,f"
044 m 70 e -
® 50
S A 30 L
= v 14 N
5 03] e 05 o< . Y-
2 ° | 7 M
© R v
- r]/ P
) \ ol
S 6Q®® ‘,’ ’
™~ 02_ 'I‘. v _
< L ¢ A 4
= = s
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b "" : ‘ . . I
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Figure44.Fi nal gr afdgwmpgsdansiungt (dn of puvad ti al
on an orthogonal gradient sample for 5 different incubation times ranging from 0.5 to 70
minutes. Both the first and second dipping were carried outdpeG 0.1 M. The length of

the vertical red arrowis a measure of the extent of degrafting for incubation time of 70 mins
(ol i vegwhi=48.099 and 0.486 chains/Am
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4.3.3 Series reaction hypothesis
We hypothesize that the degrafting process of PMMA brushes can be explainsgrmsa
reactionrepresented irFigure 4.5 The various species in the reaction are denoted simply as
A, A* andB. Here specieA represents an ensemble of species comprising the initial state of
the system and partially degrafted polymer chains. It essentially denotegallytmer chains
which are attached by more than oneOSbond either directly to the substrate or to the
substrate and the neighboring chains on the surntageS{O-Si in plane network). The species
A* represents a moiety that is attached to the satesby only one attachment point. Species
B represents fully degrafted polymer chains with no attachment to the surface. The units for
A, A* andB are same as that of the grafting densigy, (chains/nrf).

We assume that the individual reactionsfast order in nature. Moreover, we do not
account for the effect offgar on the reaction. For a given orthogonal gradient sampkagC
is kept constant; hence we assume a pséitgtoorder reaction in @ar. The effect of Gsar
may be included in theate constants as discussed later. We want to emphasize that individual
values ofA and A* cannot be measured separately because we do not know that number of Si
O linkages in the as prepared samples. However, the sum Ais- iepresented by the
instantm e ous val ue o fp) whichasfobtainedby measusng dryyelligsametric
t hi c k n epsl@es notlchaage When A is converted to ¥¢.(no material removal from

the substrate); this r esgiandlateekponerstiaikeidecayt i a |

S
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A+T A"+ X
A+ T2 B +X

Species A Species A’ Species B

Partially degrafted substrate
with a total of more than
1 point of attachment

Partially degrafted substrate
with only 1 point of attachment

Original undegrafted sample
with 3 total points of attachment

1 point of surface
attachment

:\\/r\n/\\n/l\,/\\

3 points of surface
attachment

n/\\ l/\’ : TE'\U /\\ﬂ /\\, /‘\ /;‘—,'\,\ N /\ /%.\
_ “

Figure 4.5. Degrafting mechanism represented as a series reaction. The specieandl, B\
are color coded and represented in the below the reaction. T represents TBAF and X is an
intermediate reactant that is formed during the reaction.

The rate of consumption of speciesan be represented as follows
— fols) (4.2)
In Eq. (4.2) t represents time in minutes &nés the rate constant (mih The rate equation

for A* can be written as

Q6 Qo° (4.3)

Wherek: is the rate constant for*Agoing toB. The equations can be solved analytically to

obtan the following expressions
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5 80 (4.4)
¥ 6 — Q Q (4.5)

Where Ao = o & 0.5 chains/nrhis the initial concentrations of specids The initial

concentrations oA andB are assumed to be zero. Here the conversionAomA™ does not

cause any change in the thickness because the polymer does not leave the surface, hence there

is no change in the apparent grafting density. The set of reactions leading to formation of A*

can be called gwe-degrafting reactionsince they do not result into the polymer chain leaving

the substrate. The reaction going fromt&B, however, denotes the true degrafting process,

wher e t hepcanbeaohsgreeskpenimentally. The measue dacaounts for the total

ofAandAt oget her. Hence we can wpeite the follov
” 0 0 (4.6)

We now have anpaesx pr efsusnicotn ofpcs ioitfall gaftinmeensioyh e r e

shown as Equation (4.7).
" . Q — Q Q 4.7

The series reaction is used to fit data for the orthogonal gradient data from Section 4.3.2. The
Urmva2d at a for 5 di ff er e mivai andthe coardspondingfitst(sblid g d e r
lines) to series reaction are showrFigure 4.6. Here the set of data represenigAg of 0.1

M for second dipping. Ifrigure 4.6 we observe clearly two main regions, an initial plateau

and a latter faster decay. Theegence of this plateau denotegetayin the degrafting process

in the initial stages and it validates @aries reactiorapproach.
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Figure46.Fi nal gr af dwiag) as aduectios oirtcubatigndime for five different
initial g r amudi)iinnag orthogana gradignt gample. The corresponding series
reaction fits are shown as solid lines.
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Figure 4.7. (a) Final grating densiy pwiat) data from the short time data (red) of highest
initial g r amvdi F 0.486 chains/sR) fto Figlré 4.6 long time data (blue)

obtained by degrafting discrete samples and corresponding series reaction fit (violet, solid
line). ) The time shifted data for thepwmiiBhogonse
overlaid on the data in the above plot.
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IntheFigure 4.7(a) w e pvimd 2 iam thé short time degrafting data (red) of highest initial

gr af t i n geuvaie=r0486c¢hains/imM) from Figure 4.6 and the long time degrafting

data (blue) obtained by degrafting discrete samples. The corresponding fit to the series of two
reactions is also displayed (violet) along with the reaction condtaatsdkz. In Figure 4.7

we obseve the initial plateau region, followed by the exponedii@ decay behavior. We

assume thdt >> ki, i.e,, the first reactionA converting toA*) is slower than the conversion

of A* into B. Thus the former reaction is the rate limiting/controlling step in this overall
process. IrFigure 4.7bwe plot thetime-shifted dataf or  d i duva,e Wieen & PMMA

brush is subjected to TBAF for a given amount of tite ti + t2), there isa corresponding
decrease in the thickness and grafting density. This decrease is the same as when the sample is
incubated for shorter times @ndt.), which independently add up to the same total tithe (

The shift factors are derived by interpolationd m tedug2v 6 0t i med data for
i ni tial gr aubiat)ihence thd @ata sollapse on(the master curve.

Our initial hypothesis for the series reaction assumed first order dependence on the
grafting density (in terms of speci@sand A) did not take the effect ofgar into account. In
Figure4.8 welookakias a function of pauai)fdrd differengGea.f t i ng
There is a weak dependence on both; keren c r e as e s  wpdwiahand Geg.MMEea s i n g
solid horizontal lines ifrigure 4.8denote thék; obtained by global fiti.e., a single value for
the entire orthogonal gradient sample (singiea® and wi t h n oeudieTheendenc
global value ok, does increases systematically with ith@ease in €ar which could indicate

that it incorporates the effect ofr&ar.
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Figure 4.8. Series reaction rate constantks a f uncti on of pumad)t i al
for four different Gear. The solid horizontal lines show the &btained by global fit for each
of the four Gegar.

The global fit values ok: andk are plotted inFigure 4.9 The valuek, does not show any
trends with either @ar 0 r punid 1 and we obtain an average value of 1.249+0.93frk;
is plotted linearly as a functiontgar, the slope gives a value of 0.0762 mirsetting y
intercept to zero. Assuming first order dependence esarCwe can write the corrected

equation fork, as

N mix@c aQ¢ (4.8)
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4.3.4 Effect ofTBAF concentration andincubation temperature on degrafting
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Figure 4.10. The grafting density as a function of incubation time for (a) three different
incubation temperatures and (b) three4e for longer times, discrete degrafting, witttial
hr = 120 nm. The solid lines indicate corresponding fits to series reaction.

Figure 4.10plots the discrete degrafting data for longer times carried out for PMMA brush
layer with initial dry thickness of 120 nm. The incubation temperature hascaatie effect
on the rate of degrafting, aiia decxepsescfdasterdor f o r

higher temperatures. The effect of concentration, however, is weaker in compattsanoto

temperatureand i s observable only at | swregsloweri ncuba
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for small values of ar (orange). In all cases, we tend to converge at the asymptotic value

on the time axis.

4.35 Degrafting of other systems

When PMMA or similar neuéll polymer brush systemse., polystyrene (PS) or poly(tert

butyl methacrylate) (PtBMA), that are soluble in THF are subjected to TBAF, they exhibit an
exponentialike decay in thickness; the rate of degrafting increases with increasing incubation
temperature. However, some polymer brush systaras,poly(methacrylic acid) (PMAA),

when subjected to TBAF solution exhibit an initial increase in the dry thickness followed by a
decrease similar to an exponentié decay €f. Figure 4.11). Such an inigl increase is not
observed in PtBMA brushes (similar to PMMA), from which the PMAA brushes are made by
hydrolysis. This could indicate that TBAF could associate and form a complex with the PMAA

(a weak polyacid). Formation of this complex would incre&geapparent thickness of the
system due to association and increase in the sample volume. Concurrently, the degrafting also
progresses since the thickness decreases eventually (albeit at a slower rate). The initial increase
is prominent at a lower tempewag of 25 °C since the rate of degrafting at this temperature is
relatively slow. With increasing temperature, the rate of degrafting increases, while there is
little or no increase in the association. The initial increase in thickness, due to association,
becomes less significant as the incubation temperature is increased, because degrafting
dominates with increasing temperature. The PMAA system represents an interesting example

of the competing effects of complex formation (leading to increasing then#gssk and
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degrafting (which reduces the thickness). The complex formation and the resulting thickness
increase is a weaker function of temperature while the degrafting rate increases significantly

with rise in temperature.
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Figure 4.11. Normalized dry ellipsometric thickness as a function of incubation time for (a)
poly(t-butyl methacrylate) (PtBMA) and (b) poly(methacrylic acid) (PMAA) when incubated
in 0.05 M TBAF solution at 25, 40 and 50 °C.
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4.4 Conclusions

We have presented a simple method aiming to comprehend the process of degrafting of
polymer grafts from silica substrates using an analogy with conventional reaction kinetics. The
rate of degrafting of PMMA brushes by TBAF is a strong funabiaihe initial grafting density

of the polymer brush; it also depends on the TBAF incubation time, TBAF concentration in
solution, and temperature. The trends in the grafting density can be explained by invoking a
simple model comprising a series reactionth first order dependence in the instantaneous
grafting density. The dependence on concentration of TBAF is significantly weaker, and was
deducted to be pseudo first order in nature. Thalpgeafting reactions, which break the initial

set of bonds witout degrafting represent the rate limiting process, while the actual degrafting
of polymer chainsife., cleaving the last existing-8 bond) is relatively fast. Studying other
polymer brush systems, like that of PMAA, could help us understand compé&®8uotg, such

as complex formatioms.degrafting, on the thickness of polymer brushes.
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5. Surface Patterning Using Degrafting of Polymer Brushes

5.1 Introduction

Surface grafted polymer assemblies (SGPAs) comprise polymer chains tethered to a substrate
orinterface!> Such systems are colloquially referre
term Abrusho describes correctly only a part
the grafted macromolecules stretch away from the substrate due to close proxithity of

grafting points and excluded volume interactions. The tethered nature of the SGPAs imparts
additional stability and offers the ability to control polymer conformation by changing the
grafting density ¢r), i.e., the number of grafted polymer chains pait area on the substrate.

Altering the molecular weight (MW), topology and chemical composition (including sequence
distribution of monomers, for the case of copolymersable additional finéuning of the

brush characteristics. In addition warying chemical composition within the individual

polymer chains, some applications demand generating structures with chemical composition
variation in the plane of the substrate. Creating surface patterns on thin films, specifically in
regard to polymer brires, is of immense interest due to potential applications in studying
polymer brush structutgproteinpatterning®, protein adsorption cell adhesio®°, or stimuli

responsive surfacég8!!

*A part this chapt er Creating aurfatespatteras oépolynen publ i
brushes by degrafting via tetrabutyl ammonium fluasidei n nahR&C Adwances, vol.

5, pp. 86120 86125, 2015, © Royal Society of Chemistry.
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Patterned brush surfaces are generated typically by two general methodologies. The
first approach involves creating patterns of initiators on the substrate and then graywmnerp
brushes directly from the substrdieund initiator centers. A pattern of an initiator layer is
formed typically by using photolithographic or soft lithographic methbds,micro-contact
printing!2.  Alternatively, the initiator args may feature gradients in density* or mixed
monolayers featuring two different initiators. The polymer brush is grown by surface
initiated (SI) polymerization, for instance via atom transfer radical polymerization (ATRP).
Previous efforts include the work of Ghet al on depositing patterned thiol based surface
initiator on a gold substrate and growing polymer on top usit§TRP® The patterns of
initiators were generated by employing PDMS starhpad selassembled microsphers.,

The initiator patterns were later translated into polymer brush patterns after growing polymers
using ATRP from lie initiator sites on the substrate. A complimentary technique involves
preparing a uniform layer of initiator and deactivating part of the layer using UV light incident
across a mask® The second approach starts with a homogeneous polymer brush lagér, wh

is subsequently patterned by: 1) chemically or physically altering the existing bragipes (
irreversibly crosslinking a patterned area using UV fQht2) growing new block®nto
predefined regions on the substrate, or by selectively removing chains from the subssirate (
by photocleavin)).  Micrometer scale chemical gradients of quaternized poly(2
dimethylaminoethyl methacrylate) (PDMAEMA) have been prepared by &woal by
controlling the diffusion of alkylating agent through a PDMinnef° Schuhet al created

patterns on a azo functionalized poly(methacrylic acid) brush layer by photomechanical
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degrafting using interference patterns of li§hiei et al used a hybrid approach where the
initiator pattern was deposited on top of a polymer brush layer and thenral gedgmer
brush layer was grown, which amplified the initiator pattérn.

We have demonstrated recently that poly(methyl methacrylate) (PMMA) brushes can
be degrafted eitiently from silicon substrates by using tetrabutyl ammonium fluoride
(TBAF).%?>24 TBAF is a mild degrafting reagent, in comparison to others, such@sads®,
base&’ or techniques which use UV lighit which could damage either the substrate or the
polymer backbone. The kinetics and extent of degrafting can be controlled with high fidelity
by tuning the incubation time, temperature, and concentration of TBAF. TBAF reacts
selectively with the $1O bonds present exclusively at the base of the initiator without affecting
the backbone of the polymer. In teisaptemve demonstrate that variopslymer patterns can
be created on the substrate by controlling the position and time for delivery of TBAF solution.
The substrate can be reused to grow brushes multiple times. We also show that polystyrene
brushes can be degrafted using TBAF followedregrowing PMMA brushes. Partial
degrafting and regrowing of brushes allows us to create regions with diblock copolymer and
homogeneous polymer brushes on the same sub3Jin&dechnique can be extended to make
patterns of monolayers as well althougjeit degrafting characteristics are different. Silane
based monolayers on silicon substrates have similar chemical attachment and vulnerability to
TBAF as earlier mentioned polymer brush layers, but there is no excess bond tension to
accelerate the degrafty process. Monolayer patterns are a useful tool for further surface

modification and they can be created by degrafting with ease and control.
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5.2 Results and discussion

5.2.1 Creating gradients of polymer brush grafting density using @grafting
Degraftig of PMMA using TBAF can be controlled by 1) adjusting the incubation time of the
sample in TBAF solution, 2) varying the concentration of TBAF in solution, and 3) altering
the temperature of the TBAF solution. These attributes are employed in conjumittion
gradual sample exposure to TBAF solution using the dipping method to create a gradient in
grafting density of polymer brusheBigure 5.1 shows the thickness measured over the length
of sample before (blue squares) and after (red circles) dippitigaly in a degrafting TBAF
solution for 2 different specimens. The bottom most part of the substeapoéition 5 mm)
has the lowest grafting density since it is incubated for the longest time in the TBAF solution
and hence has undergone the higkdegree of degrafting.

The Up and hence the corresponding dry thickness of the brush vary gradually across
the sample. Such a substrate represents a true gradientith constant polymeMW since
we begin with a uniform polymer brush layer. This technique is superior to cregting
gradients of br ushes? tayed e dépesiing areimett silana layer me t
using diffusion and then backfilling the substrate withratiator.In the conventional method,
the polymer brush at different locations on the sabs grows under different degree of
confinement, which may cause differences inN\& andPDI of the chains® The dipping
method also offers creating a desitedjradient profile of the grafted polymer on the substrate
by simply programming the dipping rate that corresponds to the desired profile. The ease of

control is the key to having precisiover the degrafting rate by TBAF.
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Figure 5.1. Dry thickness (B of PMMA brushes plotted against the position on a substrate.
Because the initial grafting density of PMMA was constant over the sultbieadey thickness
change is a measure of the grafting density of PMMA brushes. Experimental conditions: a)
Crear=0.1 M, T=25C, dipping rate=0.1 mm/min. b}&ar=0.05 M, T=25C, dipping rate=1.0
mm/min.
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5.2.2 Creating other polymer brush patterns

While the dipping method creates a continuous variation in the thickness, surface patterns with
various inplane shapes of polymer brushes can be created by delivering the TBAF solution to
specific regions on the substrate. Using mmwatact printing, TBAF solion can be exposed

using a hydrogel stamp with a desired shape. Here we used agarose as the hydrogel stamp
material because it is not degraded by TBAF. An agarose stamp was soaked in 0.1 M TBAF
solution in THF for 1 hr. The stamp was then brought mac with a PMMA brush layer
surface for 1 hr. The resulting pattern (mm scale) is visible to eye since the change in thickness
changes the color of the polymer filnFigures 5.2a-5.2c show the initial substrate with
polymer brush, the hydrogel stampgdahe substrate after stamping, respectivelgure 5.2d

shows patterns created by drying drops of TBAF solution. Optical microscopy inrega® (

5.2¢) reveal that distinct regions on the surface are formed due to changing evaporation rate of
the dr@. The inner circle evaporated the latest; hence it will have the lowest grafting density
and hence lowest thicknesg&igure 5.2f shows an optical micrograph of the near interface
region of one of the gradient sampld. (Figure 5.1b) created using theigping method
explained earlier. The region to the left of the dotted line shows the gradation in color due to
gradient in grafting density (and hence thickness) while the region to the right of the dotted
line shows urdegrafted polymer brush layer. &tl these exampleshe incubation time and

TBAF concentration can be varied to achieve greater control over the grafting density of the

resulting pattern.
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500 um
———

Figure 5.2. Surface pattern images on polymer brush containing substrate. a) Substrate coated
with PMMA brush. b) Agarose hydrogel stamp with the desired pattern. c) Substrate after
contact with TBAFsoaked agarose stamp; the grey regions have PMMA removeditethPa

of removed PMMA formed by depositing TBAF drops and letting them evaporate. e) Optical
micrograph of the second drop from the left in d), the dotted line is drawn to guide the eyes
and emphasize the different zones inside the drop. f) Opticabgnagh of the region of the
gradient sample where the gradient ends andagmafted polymer brush region begins. The
dotted line is drawn to separate the two regions. The dimensions of the substrates in a), ¢) and
d)are 1 cm x 4.3 cm.
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5.2.3Reusabilty of substrates

The low concentrations and incubation temperature during TBAF treatment ensure mild
degrafting conditions so that the surface is not etched or damaged and is available for further
and repeated modification. Fgure 5.3 we plotthicknes(hp) and wat erpwontact
for a sequence of initiator deposition and PMMA brush growth steps before and after
degrafting. The first eBMPUS layer (E1) was deposited by conventional methobly first

treating the substrate with ultravioletone (UVO) treatment prior to the solution deposition

of eBMPUS. The second and third initiator layers (E2 and E3) were deposited after degrafting
PMMA and without any UVO treatment. PMMA brush was grown using ATRP as described
in the Experimental secin. Control samples (Control 1 and Control 2) were grown in the
same reaction vessels but had eBMPUS layers deposited by conventional imeethgdjsing

UVO treatment prior to the initiator deposition. The results show that the thickness of the
sampés grown without any UVO treatment is comparable with that on samples prepared by
the UVO-based conventional substrate treatment method. This is an important observation as
it indicates: 1) complete removal of the organic layer via eBMPUS, which hazhted to

earlier?®2*and 2) the ability of TBAF to activate the surface for attachment of organosilanes.
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Figure 5.3. Dry ellipsometric thickness fhbars) and water contaetn g o, bledymbols)

for repeated sequential deposition of eBMPUS (E) initiator and PMMA brush layer (P) grown
after degrafting by ATRP. E1, E2, E3 refer to the first, second and third initiator deposition,
respectively.

5.24 Regrowing polymer brushes without using UVO

We have shown previously that PMMA brushes can be degrafted frons@i6trates without

any degradation and the collected PMMA can be analyzed using SEC to obtain molecular
weight of the polymef3?* Here we demonstrate that the degrafted surface can be reused to
deposit a second initiator layer which can then be employed to grow a different polymer brush
layer. The second layer could be any polymer that can be grown by ATRP; here we first grow

a polysyrene (PS) brush first followed by a PMMA brush. Theay photoelectron
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spectroscopy (XPS) data shownFhkigure 4 provide insight into chemical changes on the
substrate during the technological steps involved in grafting/degrafting/regrafting. lomdditi

for each step we monitor the dry film thicknesg, @olid symbols) and water contact angle

( ®fw, open symbols). The starting substrate is a silicon wafer subjected to UVO treatment
(data not shown), which cleans the surface from organic impurricesraates free hydroxyl
groups needed for the attachment of the eBMPUS initiator molecules. The substrate is then
covered with a monolayer of the eBMPUS initiator (black data). The silicon (Si 2p) and
oxygen (O 1s) peaks (binding energies, BE, ~99 &f¥l-eV, respectively) represent the
underlying silica layer (~1 nm in thickness). The carbon (C 1s, BE ~285 eV) and bromine (Br
3d, BE ~70 eV) signals in the monolayer wigFkh.6° 0 . 1 n mw=a # @ deg further
confirm the presence of eBMPUS on thaface. A polystyrene (PS) brush (red data) with
hr=49° 3 nm is then grown from the initiator sites via ATRP. A strong carbon peak (BE ~285

eV) is detected in XPS but no silicon and oxygen paai&observed since the escape electrons

fromtheunderlyn g si |l i ca cannot pweneasuredts B3 dejemiienct or .

is typical for PS. The high resolution XPS spectra show a characteristic aromatic peak in the
C 1s peak at BE ~292 eV (sAppendixA). This PS polymer brush layer is then degmahft

using 0.1 M TBAF at 5QC for 4 hrs. The green datakigure 5.4 correspond to the sample

after TBAF degrafting. The Si 2p and O 1s peaks in the XPS data are visible again and the
surface 1 s howe4B°a3mdgi A monolayer df the eBMPUS RP initiator is
subsequently deposited (blue) on this substrate but this time without exposing the substrate to

UVO treat ment . The C 1s and Br 3d pwaks

al
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increases to 73 3 deg, close to the original eBMPUSnolayer (black data). PMMA layer

of thickness 82 2 n mw=60d 3 deg) is then grown using ATRP (magenta). The high
resolution C 1s peak in XPS for PMMA layer can be resolved into its synthetic components;

the ratio of their areas matches the stantetric ratio in PMMA (seéppendixA).
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Figure 5.4. XPS scans for 5 different substrates, color coded with the cartoons on the left at
different stages. The dry thickness,(kolid symbols) and wateront a c tow,20peg | e ( d
symbols) are plotted on the rigbide for the same 5 samples.

5.25 Degrafting of half substrate and growing diblock copolymer on other fralf

One can degrathe polymer from selected sections on the substrate agrdweng a layer of

a new polymer brush over the entire substrate. This procedure will lead to the formation of
block copolymers (growth initiated from the remaining polymer brushes, which act as

macroinitiators) and homopolymer brushes that grow from the degrafted regions of the
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substrate. To demonstrate this concept we first grow a PS brush (shown irFigualrénb)

from eBMPUS initiators by ATRP ¢5104.9°0 . 1 n mw=25F @ ded)). A halfof this
substrate is then degrafted by incubating it in 0.1 M TBAF in THF &t %6r 4 hrs resulting

into half area available for new initiator deposition. This substrate is then incubated in
eBMPUS solution followed by PMMA brush grown by ATRP for 24.h Since there are
ATRP active ends on the PS chains, abHFSVIMA diblock copolymer is grown on the PS
covered area while the degrafted region is only decorated with PMMA hompolymer brushes.
The thickness of diblock region was 158.8 n mw=61d 1 deg) and the PMMA only
region was measured as 124.8 . 2  Bw¥59¢ 2{ deg). The substrate areas were
characterized using FTIR. A carbonyl peak, characteristic for PMMA, observed at 1730 cm
is detected in PMMA homopolymer andP$MA diblock regionwhile peaks corresponding

to CH deformation (~1460 cr), aromatic ring vibration (~1493 cthand CH rocking (~700

cmt) for PS! are observed in the PS homopolymer andPRBAA diblock copolymer region.
Thecona ct apwgdl®2 deg) of the diblock region indicates that the PMMA block is

present on the top of the PS brush.
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Figure 5.5. (Top) Scheme of creating a PMMRS diblockpolymer brush on half of substrate
while having PMMA only brush on the other half. (bottom) FEisectra for PMMA region
(blue), polystyrene only (red, control sample) andFRBVIA diblock region (magenta).
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5.3 Monolayer Degrafting and Gradients

The pringple of creating degrafted patterns of polymer brushes using the TBAF degrafting
method can be extended to safisembled monolayers (SAMs) in a similar way. Creating
density gradients of chemisorbed monolayers is of immense interest because they &erve as
platform for further modification, for example, a pattern of initiator monolayer can be
amplified by growing a polymer brush layer on #6f# One would expect the degrafting of
monolayers to be faster compared to polymer brushes since it is congesasltdr for the

TBAF to access the silicon containing bonds. But in fact relatively harsher conditions (higher
T and Ggar) are required to create monolayer density gradients. This indicates that the
degrafting in case of polymer brushes is perhapsea@tet due to the bond tension at the base

of polymer chain created due to the interaction from surrounding polymer chains in brush
regime. The excess tension at the point of attachment could be acting as a catalyst, we will
discussed this further in Chapt4. As a proof of concept we have created a gradient of a
monolayer for a fluorinated, very hydrophobic compounithtoro(1H,1H,2H,2H
perfluorooctyl)silan€dF8H?2). This compound can be degrafted and redeposited without using
UVO on a Si substrate. Theability of such an F8H2 monolayer will depend on the number

of points of attachment to the surface. The gradient itself can then be backfilled with other
molecules such as ATRP initiators (eBMPUS), which can be further amplified by growing
polymer brushesWe can extend this principle for use with any chlorosilane or alkoxy based
attaching molecule because the point of attachment is through silicon atom which is vulnerable

to TBAF.
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5.3.1Monolayer degrafting and re-deposition

The concept of degrafting @lymer brush layer and reusing the substrate for further deposition
can be extended to monolayers themselvesthe attachment and stability of a monolayer is

a strong function of the number of attachment points. To get an understanding of this parameter
we consider two versions of a fluorinated monolayer, a monochloro (M) and trichloro (T)
version of (1H,1H,2H,2Hperfluorooctyl)silane (F8H2) mentioned earlier. The main
difference is that M can only attach to the surface at one point but T may attaainaoyyas

3 points; T could also form an-plane network. The resulting molecular orientation in the M

and T versions of F8H2 is significantly differéAThe monolayers themselves were deposited

by vapor deposition in a closed tRalish exposing the WO activated silicon substrate to a
solution of silane and perfluorodecalin (volumetric ratio 1:4) for 1 minute. We subjected each
of these monolayer coated substrates to TBAF solutionMdri THF at 50°C for 4 hours).

This resulted into degrafting an@activation of the surface for further attachment. The
substrate was then used to deposit, without using UVO, a new monolayer of either M or T.
Figure 4.6examines the degrafting characteristics for each homogeneous monolayer of M and
T type along with raleposition of either M or T on each of them. The first monolayer in each
case was deposited after UVO activation of the underlying substrate while the second layer
was deposited without any UVO treatment. The dry thickness and water contact angle data
indicate that T is more difficult to degraft; b n d&w afe higher in comparison to M for the
same degrafting conditions. The monolayer of T is resistant to degrafting (1) because there are

more bonds that need to be severed (attachment to the substraié a&s implane network
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linking neighboring molecules) in order to degraft them, and (2) there are prone to forming in
plane networks and multilayers which could provide extra stability to the monéfayee.
deposition times, relative humidity and lengththe chains also affect the depositfdihe
TOF-SIMS data for characteristic peak ion counts'pHF" and CFk’, normalized to the Si©

ions, also support the above result qualitatively. It should be noted that the T version both
originally deposited and +éeposited after degrafting gives a higher valuercd Im chiw &b

well as ion count in each case. This is another indication ofssiip@sultilayer and/or a close
packed network formation. This experiment at the very least proves thatdepasition of
monolayers is possible without using UVO treatment, and, that trichlorosilane are in general

more stable and harder to degraft tkiagir monochloro versions.
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Figure 5.7. Scheme for creating gradient of monolayer by the dipping method using TBAF as
the degrafting agent.

5.3.2 Gradient of a fluorinated monolayer

Figure 5.7 shows a schematic depicting the procedure for creating a density gradient in
grafting density of organosilane SAMs, a method similar to that used for polymer brushes. We
will demonstrate here that we can create asiigrgradient of tichloro(1H,1H,2H,2H
perfluorooctyl)silangT). The silicon substrate in this case was about 30 mm long, the initial
uniform monolayer of T was created by vapor deposition process described earlier. The
degrafting gradient was created by dipping 25 mm of the substrate vertically (using a
programmale dipper machine) in a 0.1 M TBAF solution in TBAF held at 50°C at the rate of
0.5mm/min with a total dipping time of 50 mins. Advancing and receding water contact angles
were measured using the O6drag the aesinggd met

the surface. OQur experiments reveal fthat the
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We further use this gradient surface as a platform to create a new gradient in another
monolayer. Here we use eBMPUS, which is the ATRP initiator. The exposed regions on a
gradent of T are activated for a deposition of a new chlorosilane based molecule. We amplified
this backfilled gradient of eBMPUS by growing PMMA brush layer using ATRP. The surfaces

ar e char ac btwe dryellipsametucghickngss (EMMA layer onlgnd TOFSIMS,

the data for which is shownFigure59. The top t wo mguwheeemmimalndi cat

hysteresis is observed for eBMPUS gradient (top beftausehe nonuniformity is partially
reducedowing to covering of the exposed silica sura The chemical composition of this
gradient substrate is revealed by exploring T®MS data, shown by the bottom two graphs,
collected along various portion of the sample. The characteristic ion for eBMPUS gradient is
bromine (°Br- and®!Br) and whilefor PMMA we use the @430 and GHsO, fragments.

There is a gradual change in bromine signal in -BI¥S as a function of position on the
substrate for the eBMPUS gradient. For PMMA, the gradient is sharp because we can only
observethetop~1nmsurface The s ame fpamdasuremeats dneausesittd h e
have a sharp change as a function of position on the sample. In case of PMMA gradient, the
ellipsometric thickness is a clear indicatdrthe formation of a gradient in grafting density.

This gradient in polymer brush is essentially an amplification of a gradient in the monolayer
of eBMPUS.The point of this experiment is to show that the degrafting of a monolayer is a

reliable way for surface modification and to further create patterndyhpobrushes.

d
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Figure 5.9. (Top) Schematic of a backfiled eBMPUS gradient and PMMA brush grafting
density gradient. (Top Left Graph) Sgwati c,
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contact angle for PMMA gradient. (Bottom) TEFMS data with absolute ion counts of (Left)

F, Br and®Br for eBMPUS gradient and (Right),FCsHsO and GHsO2 for PMMA
gradient.
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5.4 Conclusions

We have shown that polymer brushes grown from sbased substrates can be removed
selectively by TBAF. The degrafted substrate can then be employed to grow a new polymer
brush. This process can be repeated multiple timieish makes this procedure attractive to
create chemical patterns on surface¥he properties of the regrown brush layers are
comparable to those prepared by conventional deposition method which employs UVO for
surface activation needed or initiator aktaent. A true gradient of grafting density for
PMMA brushes can be created with degrafting by dipping method in TBAF solution. Spatial
patterns of polymer brushes can be prepared by stamping of molded agarose hydrogel by
microcontact printingWe also ceated gradients of monolayer by the dipping method. The
monolayer patterns by themselves are a great way to create surfaces with desired properties
but they also serve as a platform for further modificat@a.use this fact to create a backfilled
monolaye gradientwhich can then be used to create a gradient in grafting density of polymer
brushes.Combining the knowledge of the kinetics of degrafting and soft lithographic
techniques facilitates creation of a brush patterns with gepthime and oubf-plane control

of grafting density and brush chemical compositilime techniques mentioned in this chapter

may serve as a good starting point for anyone who wants to use monolayers or polymer brushes

for patterning applications.
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6. Outlook

This PhD Thesis delves into investigating viable techniques for studying the properties of
polymer brushes by employing the degrafting approach. To this end, in Chapter 2, we discussed
the plethora of techniques that are available to measure polymerpoopehties published in
literature. In Chapter 3 we presented a novel degrafting strategy that utilizes TBAF, which can
be employed to cleave grafted polymer layers quantitatively from substrate. After collecting
the degrafted polymer and passing it tigh the SEC we can determine the molecular weight
distribution of surface grafted PMMA. Chapter 4 provides an attempt in understanding the
mechanism of the TBAMriven degrafting process by using its analogy to simple chemical
reaction kinetics. The versi#ty of TBAF opens up new avenues for research work with
potential use in degrafting other geometries and new grafted polymer systems. Creating surface
patterns using degrafting by TBAF was put forward in Chapter 5. This can be extended to
study the stality of organosilanebased monolayers on silitize surfaces. In the following

three sections of this Chapter, we present ideas about future work that builds upon our current

understanding of the behavior of grafted polymer layers.

6.1 Future work for degrafting

We have established that TBAF acts as an effective reagent for degrafting neutral polymer
brushes, such as PMMA, from silica substrates. This method can now be extended to other
polymers, such as polymethacrylic acid (PMAA). The results presan@alapter 5 provided

a clue about competing effects arising during the TH®ABed degrafting process. The
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association of tertrabut@mmonium cation with the anionic part of the polymer causes an
increase in the free volume and hence increases the thickifiehe polymer brush layer.
Degrafting, on the other hand, causes a decrease of the polymer brush thickness. Further
information about counterion association can be inferred by studying degrafting of a strong
polyelectrolyte, such as poly[(sulfopropykthacrylate) potassium salt] (PSPMK), exposed to
TBAF solutions. In this case, we surmise that there will be little or no association with the
tertbutylammonium cation and hence the degrafting characteristics will be comparable to that
of a neutral polymer brush. In other words, degrafting will be dominant. For neutral brushes,
such as PMMA and PS, we only observe the effect of degrafting, causingreetisicecrease.

Polymers such as poly(dimethylaminoethyl methacrylate) (PDMAEMA) or
poly(hydroxyethyl methacrylate) (PHEMA) do not degraft in TBAF solution at room
temperature and high concentration (0.1 M) of TBAF. One should note that the preliminary
experiments carried out for PDMAEMA and PHEMA used THF as the solvent for TBAF. The
resistance to degrafting here could be a result of the tendency of these polymers to form
physical networks by hydrogen bonding. It is possible that the degrafting condsiechsvere
not optimized for these systepand it may still be possible by use ofswolvents or higher
temperatures since they have an upper critical solution temperature (UG8 apy case, this
requires further study and optimization.

Understanding the morphology of polymer brushes on particles is of great interest
because it affects the mechanical propsrié the system where these nanoparticles are

utilized. For example, a given polymer chain attached to nanoparticles could exhibit two
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regimes a concentrated polymer brush (CPB) and adituté polymer brush (SDPB)TBAF

can be utilized here for degrafting polymer brushes on convex surfaces such as that of silica
nane or micro particlesthe M, can be assessed with SEC. This was done in the past using
hydrofluoric acid (HF)®, strong aciflor strong base but TBAF offers a far more milder and

safer alternative as detailed in Chapter 3.

6.2 Study of polymer brush reactivty for block copolymerization

The use of living polymerization schemes is ubiquitous in creating surface grafted polymer
assemblied.In case of ATRP, the growing end possess a leal@om which is capable of
further undergoing polymerization when exposed to the right condfith®iblock,
multiblock and gradient copolymer brush structures can be created by simply controlling the
exposure of the substrate to the appropriate polymerization solution and by contraling
dipping rate in the ATRP solutions. The initiation of the second or latter block, however, is not
the same as when initiated from a flat substrate decorated with initiator molecules. One reason
is that, unlike monolayers, the active end could be bumgde the underlying polymer layer
and it may be more difficult for a new monomeatesst. In addition, solvent quality could
place limitations on the mobility of the chain ends, which could, in turn, affect its apparent
reactivity for further polyrarization.

These issues can be investigated by characterizing the reactivity of the end groups of a
polymer brush layer. The active halogen group can be converted into an azideygreagtion

with sodium azidevhich can then be attached by a fluoresclya containing alkyne group
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using click chemistr}t. These reactions should be chosen such that they are relatively faster
and easier than the polymerizatitseif, so that we ensure that it goes to completion. Polymer
ends coated with a fluorescent dye can be visualized and quantified using a fluorescence
microscopy due to its high sensitivity. This can be extended to the third block, and more if
needed. Thismvestigation will help us to quantify the reactivity ratio for graftedldick and
multi-block copolymer systems. Our degrafting approach can then be utilized in conjunction
with fluorescence microscopy to determine change in the molecular weightulistribnd

any apparent change in grafting density when we grow diblock copolymer brushes.

6.3.Future work for monolayer degrafting

The technique to create monolayer gradients on Si substrate, as discussed in Chapter 5, can be
applied to create degrafteeggions ofany organosilane molecule that features chlapo
alkoxy-silaneheadgroup. The attack target for TBAF is in the vicinity of the substirat&tor

region and it depends on the arrangements of H@®inds. These bonds could be connected

to other silane molecules thus forming a netwlikke structure or they may be attached only

to the substrate (although this is unlikely due to high energy penalty associate with bending Si

O bonds). Since degrafting would be directly affected by these mnmg]iit stands to reason

that studying the degrafting characteristics could provide us information about the monolayer

structure.
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Figure 6.1. Schematic of a silaneolecule attached to a silicon substrate and the variety of
parameters that can be varied for a systematic study of its surface attachment.

These parameters can be studied in a systematic way as shéigur@ 6.1 to obtain an
exhaustive picture of therocess of degrafting monolayers. First the number of the attachment
points about the silicon heaptoup can be varied to range from one to three by using specialty
silanes already available in the market. We can then vary the chemical functionalitthebout
silicone tail-group, including chlorg methoxy or ethoxy in this investigation. The
connecting alkane group between takand the head group is referred to as mesogen and its
length can be varied from C3 to C8. Tiad group is present at the jppsite end on the top

surface, which in addition to dictating the surface chemistry, also provides opportunity for



138

further modification by chemical reaction. Both the mesogen andathgroup affect the
ordering and deposition of a silane monolayer.

Thereactivity of thetail group, such as maleic anhydride, can be studied as a function
of grafting density, using the gradient approach. We can create a gradient of the inert
monolayer roctyltrichlorosilane (OTS) by first depositing it uniformly using vageposition
followed by degrafting using dipping method. This can then be followed by backfilling with
maleic anhydridévased silane. The anhydride groups can be further modified by reaction with
primary amines bearing a fluorescent dye. This fluoresdgamican be subsequently visually
observed and characterized using fluorescence microscopy, which would provide us an
alternate way to TOSIMS for measuring the extent of degrafting. Studying the degrafting of
silane monolayers will provide understandirfgheeir stability on the surface as a function of
the chemistry of attachment (chlorosilareealkoxysilane) and the number of the attachment
points. Such studies would aid in better design and use of monolayers in scientific studies and

surface applicabins.
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APPENDIX A

Effect of TBAF on polymenolecular weight

We tested whether TBAF has an effect on the molecular weight of PMMA. To that end, we
performed control SEC experiments using pure THF solvent, THF containing a high
concentration of TBAF, and PMMA (standard synthesized by anionic paetien; M.° 142

kDa) solution containing various concentrations of TBAF atCsfbr 24 hours. The results

(cf. Figure A.1) demonstrate that the elution time of PMMA is not affected by the presence of
TBAF and that the molecular weight distribution of PMMIluted from TBAF solutions of

various concentrations is identical to that of PMMA in THF solvent only.

Determining the molecular weight distribution of polymers

We have performed size exclusion chromatography (SEC) experiments to test the lowest
sensitvity of the DRI detector to determine unambiguously the molecular weight distribution
(MWD) in our samples. In these tests, we used polystyrene (PS) standards (commercially
available from Fluka) as well as PS and PMMA specimens prepared by free radical
poymerization (FRP), atom transfer radical polymerization (ATRP) and reverse ATRP

(RATRP).
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Figure A.1. DRI signal as a function of PS elution time in SEC collected from pure THF
(black), THF with 0.1 M TBAF (red), PMMA standard (green), PMMA standard immersed in
0.01 M solution of TBAF (blue), and PMMA standard immersed in 0.1 M solution of TBAF
(magenta).

The SEC experiments were carried out using polymer solutions in THF in order to maximize
the refractive index contrast between the polymer and the solvent. For instance, the refractive
indices of polystyrene (PS) and poly(methyl methacrylate) (PMMA)1a86' and 1.48,

respectively. The refractive index of THF is 1.49@nd that of toluene is 1.496.
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Figure A.2. (main) Elution curves as determined by the DRI detector for PS standards
(synthesized by anionic polymerization and obtained from Fluka, with a nominal number
average degree of polymerization of 70 kDa) as a fumaif@olymer concentration in THF.

(left inset) integrated area under the PS elution peak as a function of PS concentration in THF.
(right inset) normalized DRI signal obtained by dividing the raw DRI signal by the PS peak
integrated area (cf. inset osft) as a function of PS elution time.

We tested the sensitivity of the differential refractive index (DRI) detector by passing
polystyrene solutions in THF of various concentrations through the SEC. The samples featured
both PS standards (prepared by anionic polymerization and obtainedlfra & well as PS
and PMMA specimens prepared by free radical polymerization, ATRP and reverse ATRP
(RATRP). We determined that the minimum concentration of polymer solute in THF is 0.1

mg/ml. At this concentration the SEC elution peaks did not exaiiytdistortion due to
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sensitivity limit (seeFigure A.2 andFigure A.3) and provided consistently the same values
of the first moment of the MWD.e., the number average molecular weight, & well as the
polydispersity index (PDI). For a substratedomensions 4.2 cm x 4.2 cm with PMMA layer
(assuming bulk density of 1.18 g/érhthe thickness of a film corresponding to 1 ml of 0.1
mg/ml solution is 48 nm. This is the minimum adequate thickness redairagneasurement

from a single sample.
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Figure A.3. (left column) Elution curves for various PS and PMMA samples as a function of
the concentration in THF. (right column) The number average molecular weight (Mn, red
symbols) and theolydispersity index (PDI, blue symbols) of the respective samples as a
function of PS concentration in THF. The yellow area denotes the range of polymer
concentrations that are safe to use for MWD analysis.
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Molecular weight distribution determined fromperiment

We use the MWDs measured experimentally by SEC to determine the number average degree
of polymerization (N), i.e,, the 2 moment of the distribution, the weight average degree of
polymerization (N), i.e., the 29 moment of the distribution, drthe PDI. DRI SEC measures

the weight fraction distribution ofmers as a function of the number repeat units in each |

mer,i.e,, wi=fxn(N;j). From this:

Nn = o 1
i
= (A3.1)
N, =aw, N,
j:l , (A32)
PDI= Nu
N, (A3.3)

Note that PDI is related to the standard deviation of a distribugiovig®

AN, 8
s=N,&"-1§
N, Y (A3.4)

In the following section we provide mathematical description of several models that describe

the molecular weight distributions in terms of weight fi@ts of an xmer, w(x).
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Poisson distribution
The Poison (P) distribution describes the MWD in a truly living polymerizatien (o

termination or chain transfer). The general form of the P distribution is given by Equation

(A3.5):
eVt
MiTIN T
im T, (A3.5)
In Equation A3.5), v is defined as:
v=N, . (A3.6)
The PDI is defined as:
PDI=1+2
V., (A3.7)
Note that because{X)!=G(x), Equation A3.5) can also be written as:
gvvhit
W. =
] aN, ;
(A3.8)

SchulzZimm distribution

The SchulzZzimm (SZ) distribution is based on a model for chain polymerization and is
sometimes called the most probable distribution. As input, the SZ distribution function uses
Nn, and either N or the PDI. Note that the aforementioned quantities are connected:

PDI = M = %
N, . (A3.9)
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When one defines k and p as:

K = N, 1
N,- N, PDI-1 (A3.10)
0= 1 _k_1.,1
N,-N, N, N, PDI-1 (A3.11)
one can show that
N, =K
P (A3.12)
N, = k+1
p (A3.13)
The weight fraction of an-rer,i.e., wx(x), is given by
N CAKE L A K3
@x pGN @x N
~ gy @ POy 8 oy M -

Equation A3.14) is consistent with the IUPAC definition thie Schulz Zimm distribution®

ATRP distribution

Zhu and coworkers recently presentetheory for molecular weight distribution in ATRP.

While this model has been developed for bulk CSTR, we use it here as well assuming that
conditions in the CSTR are roughly fulfillede(, the concentrations of the monomand the
reactive species are constant). In sudadeted polymerization we work with a large excess

of monomers; we further assume that the concentration of the active species is constant if no
termination takes place. In this model, which assutihasno termination takes place, the

probability that a radical will propagate is given by:
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_ ky[M]
" k,[M]+kq[XC]

(A3.15)
In Equation A3.15), [M] and [XC] are the concentrations of the monomer and the deactivator
(i.e, metal halide),espectively, andgand k are the reaction constants for propagation and
deactivation, respectively.

When we define z as the number of activation cycles, we obtain:

N = z@,
1-1p (A3.16)
N _1+f,+20,
-t (A3.17)
PDI=1+-1 +2
N, z (A3.18)

The weight fraction of afner is given by:

1,2 8N +i-167(1-f,) e
wy= () e SR 1 ) e
u

o& 12 (-1) (A3.19)

where z>0 and p<1. Both z andp are used as an input. Further expanding the sum in

Equation A3.19), one obtains:

° &N, +i-192'1- ) 'e_ 2 e(NJ +i- 1) Z1-f,) "o
a &s By u=aey N
3 NN e e e R e T pa20)

The sum given by Equatio’8.20) can be expressed as:
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2 é}(NJ. +i- 1) zZ(1- f o) te

a e G = ¢R (N, +12- (f .- Dz
AcuN-1) G(-1r § 1f( i ( ) | (A3.21)

whereiFi(a;b;z) is (Kummer confluent) hypergeometric function.

Finally, by combining EquatiorA3.19) with EquationA3.21) one arrives at:

Njlg (1 f )
w, = (1- ) ) J(;Fl(N +1.2- (F - 1)2)
a,) . (A3.22)

Wesslau distribution
The Wesslau (W) distribution is a differential molecular weight distribution similar to Schulz

Zimm distribution, both of which are derived from a general form of most probable

distribution:
1 .1 . & 1 . .4N.30
" Th N, B b R, B
¢ ¢No =2 (A3.23)
where
AN &
b2 =Ing g =In(PDI)
¢ = , (A3.24)
: . ab’o
N, =N, X8, 8
¢ (A3.25)

The Wesslau distribution is referred to as log normal distribution. Another example of a log

normal distribution is the scalled Lansingkraemer distribution.
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SchulzFlory distribution

The IUPAC definition of th&schul Flory (SF) distribution i$:

w; =pN;(1- p)" " (A3.26)

In Equation A3.26) p is an empiricallgletermined adjustable parameter. One can Write:

(- p)" " =expl- pov)) (A3.27)

Thus for k=1and knowing thaG(2)=1 one can recoveAB8.26) from combiningA3.14) and

(A3.27). This distribution implies is that shorter polymers are favored over longer ones.

Smith et aldistribution
Thee distribution due Smitst al (S)°i s used for #Aliving pol ymer.
termination and chain transfer, whete

R

p

Ry *Ri+R, (A3.28)

In Equation A3.28), the parametdy represents the probability that the chain will propagate
rather than terminate.
Further:

pD|:2Lb
2

, (A3.29)

or
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b=2(PDI-1) (A3.30)
Then
w, =AdN, - bR a1 A)(‘?(’Nj AN, - 1)d- bfo" 22
2 H, (A3.31)
In Equation 8.S31), A is the fraction of polymer molecules formed by disproportionation and
chaintransfer reactions. Thus for A=1 termination occurs only by disproportionahide
for A=0 termination takes place by combination. The expression in the first bracket in
Equation A3.31) is mathematically identical to that obtained fpmacondensationi.g., step

growth) polymerizatiort?

w;=N; Q- pf @"" (A3.32)

except now using p insteadlmf In Equation A3.32) p is defied as the extent of reaction (or
the fraction of groups that have reacted or equivalently the probability of that a particular group
has reacted).

Note also the similarity between the expression in the first bracket on in Equation
(A3.31) and the definitio of w; given by the SchutElory distribution,i.e., Equation A3.26).
Specifically, when replacingwith 1-p in Equation£A3.32) one can recover Equatioh3 26).

Recall in the definition of p for the Scheftory distribution, p is assumed to be ampérically-
determined adjustable parameter. This is different from the definition of p given by Equation
(A3.32). Replacing p with-p in Equation A3.32) also recovers EquatioA%.26). Hence,

caution has to be taken with regard to the physical meamidglefinition of p in all cases.
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Modeling experimental MWD
We test how well are the MWD determined experimentally by SEC represented by each of the
aforementioned model s. I n our analysis, w e
A | i yalymerization because the fits were of poor quality. To obtain the best fit to the
experimental data, we employ two approaches. These feature fitting the data using the
Kolmogorov-Smirnov distance statisten d t s ufacleidodo appr oach.

The KolmogorovSmirnov (K-S) distance statistic is obtained by comparing the
cumulative distributions functions of the experimental and model molecular weight
distributions!® Once the two cumulative distributions are obtained, #&¥atistic is defined

as the maximum absolute difference between the two:

K - 5=maxD(Y,D(2),D@,..D(N, . )}

, (A3.34)
where D(X) is given by:
Nimax Nimax
D(X) = a. Wj,experiment - a. Wj,nr‘odel
j=x i=x _ (A3.35)

In Equation A3.35), W experimentaNd Wmodeirepresent the value of the cumulative distribution
for the pmer.
I n addition, for each data set i-aqmua reeadcd

value,c?, defined ag*

N _ 2
e [Wj,experiment Wj,model]

c’=4
=1 Wj,experiment (A3 36)
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Of the two metthadedot thesfichis | ess preferred
in this manner results in a loss of information. In contrast, H&ethod is more rigorous
because it tends to find the best fit to the experimental data nvhifgaining the information

about the functional form given by each respective model.

Dependence of grafting density on brush polydispersity
The grafting density of surfagchored polymers is defined as:
_hy O N,
oM, , (A3.37)

wherehpis the dry film thicknesg, i s t he hubk Adegadtgppsibinumber
the average molecular weight.,M given by:

M, =N, M, (A3.38)
where M is the monomer molecular weight and, ¢ the number average degree of
poymerization, given by:

ax,w,
N, =2 —

ax,
=1 , (A3.39)

where X is number of polymers having a degree of polymerization;.of N
From mass conservation it follows thatis obtained by dividing the total volume of

polymer all units in the film (Woymer) by the sample area (A):

V

— polymer
h, = —Pmer

A (A3.40)
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VpoymeriS @ product of the volume of a monomesg)®nd the total number of segments present:

=V, Ca X, N,
i1 . (A3.41)

Vpolymer

By inserting the expressions given by Equatifh3.38)(A3.41) into EquationA3.37), one

obtains:

V, R xjc"NJ.
A d N,
ax o, Mo
=
ax,
= . (A3.42)

Sp =

Assuming that the density of a polymer is equal to the density of a monomer, one obtains:
Mo =V, @ N, _ (A3.43)

Finally, after some algebra onbtains:

A . (A3.44)
Equation A3.44) recovers the definition of the grafting density as a total number of polymers,
i.e., the numerator in EquatioA8.44), per unit area. EquatioA3.44) demonstrates that the
graftingdensity of polymer brushes does not depend on the molecular weight distribatjon (
polydispersity) of the polymer brushes as long as the number of polymer brushes initiated does

not increase after the polymerization commenced.
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Discussion of modelindné SEC curves

In the paper we presented the polymer weight fraction as a function of the number average
degree of polymerization for PMMA brushes grown via suHadeted ATRP with
CcuW/Ccu®=0.010 for various reaction timesf(Figure 3.5). The exgrimental data were
modeled using the Schulamm (SZ), ATRP, Wesslau (W), SchulEtory (SF), and Smitlet

al. (S) models. The fits were obtained by minimizing th& Ktatistic and the value of the K

S statistic at the minimum was taken as a measuteeafuality of the fit. The results of the

fits were presented ifigure 3.6, where we plotted the PDis. Nn. The results obtained
indicated that the SZ, ATRP, and W models performed very well; the valuaesasfd\PDI
obtained from the models matchesty closely the experimental values of the same quantities.

In contrast, the SF and S models, while they did capture the general shape of the MWD profiles,
failed to reproduce quantitatively the experimental values,@ind PDI.

Here we present plotsmsilar to those irFigure 3.5 andFigure 3.6 for the remaining
cuW/cu® ratios. Specifically, inFigures A.4, A.6, andA.8 we plot the polymer weight
fraction as a function of the number average degree of polymerization for PMMA brushes
grown via surfacenitiated ATRP with Cl/Cu®=0, 0.005, and 0.015, respectively.
Experimentally measured data as well as best fitsed@torementioned models are provided.
FiguresA.5, A.7, andA.9 display the dependence of PDI onfir experimental data as well
as the values obtained from the best fits. Just as for the cH¥€EU=0.010, the fits to the

remaining C"/Cu® concentrations reveal that the SZ, ATRP, and W models fit the



156

experimental data quantitatively well. The SF and S models do not describe the experimental
data well.
For completeness, we alsguamnedadappheadcih:t
from PMMA brushes grown from silica surfaces using ATRP witR"@u("=0.010 for
various reaction times. Note that the fits obtained by #serKethod are plotted Figure 3.5
andFigure 3.6. The models due to SZ, ATRP, W, SF, and S approaches dezipidgtigure
A.10. The PDI vs. Ndependence is presentedFigure A.11. The trends seen HRigure
A.11 match those discussed earlier with regarBigure 3.6. In spite of this agreement, the
K-S method is preferred in fitting the data becausaptures the functional form of the various

model s bettequthadot aepifioldich, as discussed e
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Figure A.4. Weight fraction of PMMA chains (Wwdegrafted from flat surfaces (black lines)
as a function of numbeverage degree of polymerization,\for PMMA brushes grown for
a) 6, b) 9, ¢) 16, d) 20, and e) 24 hrs witH'@Gu"=0 (see experimental section for details).
The experimental data were fitted using the Kolmogé&mirnov (K-S) method to
distributions featuring the models of Schidimm (red), ATRP (green), Wesslau (blue),
SchulzFlory (cyan), and Smitket al. (magenta).
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Figure A.5. Polydispersity index (PDI) vs. number average degree of polymerizatipfofN
PMMA chains degrafted from flat surfaces (black star) grown for a) 6, b) 9, c¢) 16, d) 20, and
e) 24 hrs with C{P/Cu=0 (see experimental section for details). The experimental data were
fitted using the Kolmogora®mirnov (K-S) method to distbutions featuring the models of
SchulzZimm (red square), ATRP (green circle), Wesslau (bludriapgle), Schul#lory

(cyan downtriangle), and Smitlet al. (magentadiamond).
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Figure A.6. Weight fraction of PMMA chains ()degrafed from flat surfaces (black lines)
as a function of number average degree of polymerizatignffgNPMMA brushes grown for
a) 12, b) 16, c) 20, and d) 24 hrs with®Cu"=0.005 (see experimental section for details).
The experimental data were étt using the Kolmogore@mirnov (K-S) method to
distributions featuring the models of Schdlinm (red), ATRP (green), Wesslau (blue),
SchulzFlory (cyan), and Smitkt al. (magenta).
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Figure A.7. Polydispersity index (PDI) vs. number average degree of polymerizatipfofN
PMMA chains degrafted from flat surfaces (black star) grown for a) 12, b) 16, c) 20, and d) 24
hrs with C{"/Cu®=0.005 (see experimental section for details). The expetmhdata were

fitted using the Kolmogora®mirnov (Kk-S) method to distributions featuring the models of
SchulzZimm (red square), ATRP (green circle), Wesslau (blugriapgle), Schulzlory

(cyan downtriangle), and Smitlet al. (magentadiamond).



161

0.02— ) ——
experimen
a) Sc?mlz—Zimm b)
——ATRP
Wesslau
Schulz-Flory
~——— Smith et al
0.01t
0.00 l \\‘§>- : _Aé// ‘ \\>\%§s ‘
- 0 1000 2000 3000 O 1000 2000 3000
0.02—— —————————— [
c) d)
0.01+
ooo-&é//y ‘\\““--—f ‘49//V ‘\\§h~___.

0 1000 2000 3000 0 1000 2000 3000
N

n

Figure A.8. Weight fraction of PMMA chains (Wwdegrafted from flat surfaces (black lines)
as a function of number average degree of polymerizatignfdNPMMA brushes grown for
a) 12, b) 16, c) 20, and d) 24 hrs with®cu"=0.015 (see experimental section for details).
The experimental data were fitted using the Kolmogeéournov (K-S) method to
distributions featuring the models of Schdlanm (red), ATRP (green), Wesslau (blue),
SchulzFlory (cyan), and Smitkt al. (magenta)
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Figure A.9. Polydispersity index (PDI) vs. number average degree of polymerizatipfofN

PMMA chains degrafted from flat surfaces (black star) grown for a) 12, b) 16, c) 20, and d) 24
hrs with C{"/Cu?=0.015 (se@xperimental section for details). The experimental data were
fitted using the Kolmogoro®mirnov (K-S) method to distributions featuring the models of

Schulzzimm (red square), ATRP (green circle), Wesslau (blug¢riapgle), Schul#lory
(cyan downtriangle), and Smitlet al. (magentadiamond).



163

0.02

— experiment

—— Schulz-Zimm b)
ATRP
Wesslau

Schulz-Flory
——— Smith et al

0.01¢

J

0.00 . ; —
1500 O 500 1000 1500

500 1000
0.02

2 001+

0.00 A//

0 1000 2000 3000 4000 O 1000 2000 3000 4000

0.02 . .
e) f)
0.01}
. 2000 4000 0 2000 4000
N

n

Figure A.10. Weight fraction of PMMA chains (Wwdegrafted from flat surfaces (black lines)

as a function of number average degree of polymerizatignfdNPMMA brushes grown for

a) 6, b)9, ¢) 12, d) 16, e) 20, and f) 24 hrs with®€Cu"=0.010 (see experimental section for
detail s) . The exper i me-sfah rinethad (owistnibetions i t t e d
featuring the models of Schuimm (red), ATRP (green), Wesslgblue), Schulz~lory

(cyan), and Smitlet al. (magenta).
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Figure A.11 Polydispersity index (PDI) vs. number average degree of polymerizatipn (N

for PMMA chains degrafted from flat surfaces (black star) grown for a) 6, b) 9, d) 18, e)

20, and f) 24 hrs with GU/Cu’=0.010 (see experimental section for details). The
experimental dat a -sveu aer?dmkthod (edistribusidngfeaturinditee A ¢ h i
models of SchukZimm (red square), ATRP (green circléjesslau (blue ufriangle), Schulz

Flory (cyan dowrtriangle), and Smitlet al. (magentadiamond).

































