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ABSTRACT

A THERMAL APPROACH TO THE GENERATION OF
STABLE DIBLOCK COPOLYMER TEMPLATES USING THIN FILMS

MAY 2006

JULIE M. LEISTON-BELANGER, B.S., ROCHESTER INSTITUTE OF
TECHNOLOGY

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Thomas P. Russell

Thermally crosslinkable diblock copolymers were studied for their ability to

self-assemble and microphase separate, creating polymeric domains on the order of

nanometers that could be stabilized with the application of heat. Selective degradation

of the uncrosslinked phase afforded a nanoporous template. The stability of these

phase-separated structures is crucial for subsequent device fabrication, especially when

one of the components is removed to create a nanoporous structure. Nanoporous

structures can be used for the fabrication of nanoscopic materials, lithographic

templates, and selective filtration on the nanometer size-scale. This dissertation focuses

on the synthesis and characterization of novel diblock copolymers and their use in the

creation of stable nanoporous templates via thermal crosslinking.

Two methods were used to this end. The first involved the use of

benzocyclobutene chemistry to create thermally crosslinkable styrenic polymers,

namely poly(styrene-r-vinyl benzocyclobutene) (PSBCB). PSBCB was synthesized via

living free radical polymerization using a hydroxy-functionalized alkoyamine initiator.

This polymer was used to initiate D,L-lactide via ring-opening polymerization, to create
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a diblock copolymer with a base degradable poly(lactic acid) (PLA) block. Thin films

(-30 mn) of PSBCB-Z)-PLA polymer, on a gold-coated substrate, were shown to

microphase separate with cylindrical domains ofPLA oriented perpendicular to the

substrate. Annealing the polymeric thin films, followed by subsequent thermal

crosslinking, stabilized the microphase-separated structure. The PLA cylinders were

removed using base to afford a nanoporous template. These nanoporous templates were

shown to be thermally and solvent stable, unlike their uncrosslinked PS-6-PLA analogs.

The second method to generate thermally stable nanoporous templates, used

polystyrene (PS) as the uncrosslinked block and polyacrylonitrile (PAN) as the

thermally crosslinkable block. Polystyrene macroinitiator with a bromine end-group

(PS-Br) was synthesized using living anionic polymerization techniques. The PAN

block was synthesized using atom transfer radical polymerization (ATRP), with the PS-

Br as the initiator. These polymers were used to create carbonaceous replicas of the

microphase separated structure using a completely thermal process. The PAN block,

when heated to 250 °C, undergoes stabilization and crosslinking to create a ladder-like

polymeric network. Further heating to 600 "C under nitrogen, leads to the pyrolysis of

the microphase-separated structure, creating nanoporous carbon templates.
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CHAPTER 1

DIBLOCK COPOLYMERS

1.1 Introduction

Diblock copolymers, consisting of two chemically distinct polymers, joined at

one end, can be used for a wide variety of applications such as surfactants, fillers,

commercial polymers with tailored properties, and templates and scaffolds for the

fabrication of nanoscopic objects. The latter of these uses holds promise as a means to

overcome photolithographic limitations.'"^ Diblock copolymers self-assemble into

microphase-separated morphologies, where the domain size is dictated by the size of the

polymer chain and, therefore, is nanoscopic in size. The microphase separation

behavior of diblock copolymers is based on the segmental interaction parameter, x, and

the total number of segments comprising the diblock copolymer.'*'^ Experimentally, i

can be determined using methods such as small angle neutron scattering (SANS) .

Alternatively, % can be calculated^'^ from the Hildebrand solubility parameters, 6, and

the average molar volume, v, of each of the blocks using equation 1.

X ~ (vaVb) " (•)

kT

^ = Nilnf + N2ln(|)2 + "^A^it (2)

kT

The interaction between the segments can further be described using the Flory-

Huggins equation (see Equation 2), where is the volume fraction of component i. The
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phase diagram describes where phase separation or phase mixing occurs.' This diagram

is an excellent first approximation for the phase separation behavior of incompressible

systems. The interaction parameter, x, is only enthalpic in origin which limits this

equation to the prediction of order-to-disorder transition (ODT) behavior, where mixing

occurs with increasing temperature, T, where x ~ 1/T. Compressible systems, however,

have to be treated separately, since entropy has a marked effect on the phase behavior.

This type of system may exhibit lower disorder-to-order transition (LOOT) phase

behavior that can be accurately approximated using a compressible regular solution

theory (CRST). CRST takes into consideration the thermal expansion of each segment

and volume changes associated with each block. ^
'^

Figure 1.1. Generalized Morphology diagram for diblock copolymer morphologies.

Adapted from Hawker et al.^ and Matsen et al'*.

G S'
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Upon phase separation, diblock copolymers can exhibit a wide range of

microphase separated morphologies, including spheres (S), cylinders (C), bicontinuous

(or gyroid, G), and lamellae (L) (see Figure 1.1). The specific phase depends on the

volume fraction of each block. For example, as the volume fraction of block A is

lowered, the morphology varies sequentially from lamellar (equal blocks ofA and B) to

bicontinuous, to cylindrical, to spherical, and finally to a disordered state. The phases

themselves arise from the curvature induced at the interfaces between the two blocks,

such that the free energy is minimized. These self-assembled, microphase-separated

morphologies have been explored for a variety of uses. This dissertation however, will

only focus in detail on the use of diblock copolymers as nanoporous templates.

1.2 General Template Methodologies

Microphase separation, especially in thin films, is not without its own

complexity. Once phase separation occurs, the ability to orient the phase-separated

morphology and to create the long-range lateral order needed for templating

applications can be challenging. The alignment of the microdomains of diblock

copolymers using external fields such as shear, confinement, solvent annealing, electric

1 2 12 20
fields, patterned substrates, and neutral brushes has been studied in detail. '

'

Template formation using these aligned structures can be achieved by the removal of

one of the components. Techniques such as UV, thermal, ozone, ion beam, and

chemical etching processes have been developed to generate nanoporous films by

removal of the minor component.^
''^^ The resulting nanoporous films are finding

applications as scaffolds and templates for the fabrication of nanostructured materials

27-3

1

and advanced microelectronic devices.
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Removal of the minor component alone, however, is not sufficient. The surface

area produced by the array of nanopores is large and the surface energy needs to be

considered for the stability of the nanoporous structure. The energetic cost for

producing the pores is significant such that, if the matrix were mobile, the pores would

collapse. Consequently, the matrix must be immobilized to preserve the porosity. In the

past, this has been accomplished by chemically crosslinking the matrix, crystallizing the

matrix, or by keeping the matrix polymer below its glass transition temperature (Tg).

The chemical crosslinking of PS-Z?-PLA thin films using RUO4 has been explored with

subsequent removal of the PLA to give a crosslinked nanoporous film.^^ Other studies

have appeared on the use of dicumyl peroxide to crosslink PI-^-PDMS with subsequent

removal of the PDMS phase."'^^ PaMS-6-PHOST systems, using a photo-acid

generator to promote small molecule crosslinking, have also been studied. However,

the addition of small molecules has limitations, including the incorporation of

undesirable chemical functionality or metals associated with the crosslinking reaction.

Selective degradation by ozone or reactive ion etching (RIE) has been used to produce

nanoporous templates. ' While being useful for nanolithographic templates, the

resulting nanoporous polymer films may have unknown chemical functionalities,

produced by the ozone or RIE process, that could limit subsequent chemical

modification of the nanoporous polymer templates.

Diblock copolymers containing a high Tg block can be used to increase the

allowable processing temperature before collapse of the porous template.

Poly(cyclohexylethylene) (PCHE) containing diblock copolymers yield nanoporous
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templates that resist collapse up to 136 °C, near the Tg of the PVCH block " However,

for temperatures above Tg, the pore structure collapses.

An attractive way to stabilize the matrix, while reducing the number of

processing steps, is to incorporate thermally crosslinkable groups into the matrix block.

This eliminates the need for small molecule crosslinking agents or the use of UV light.

Additionally, the extent of crosslinking can be controlled by the number of

crosslinkable groups incorporated into the chain during synthesis, which permits the

physical and mechanical properties of the template to be controlled. From a

manufacturing viewpoint, a purely thermal process streamlines the fabrication of the

template, since crosslinking simply involves increasing the temperature following the

standard thermal annealing used to orient and order the microdomain morphology.

Thus, there is no additional handling of the film to produce a stable template.

1.3 Basic Diblock Copolymer Synthesis

Diblock copolymers, created from vinylic monomers, are typically synthesized

using living polymerization techniques, which give excellent control over the molecular

weight distribution. Diblock copolymers of low polydispersity (PDI), typically <1.10,

depending on the method of polymerization, are usually targeted for their

reproducibility in fabrication and predictability of phase behavior. The effect of PDI

has been studied and shown to have a mixed effect on the end morphology. Variations

in PDI have a definite effect on the phase separation behavior, with an increase in the

domain size with increasing PDI."*"*'^^ Some studies even indicate that a large PDI can

result in a morphology different than that for a comparable low PDI diblock copolymer

37 38

of the same volume fraction^^ which is consistent with theoretical calculations.
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These studies indicate that a low PDI is not required to have microphase separation,

providing the interaction between the two blocks is sufficiently unfavorable.

The basis for living polymerizations is that there is a fast initiation followed by

propagation, without termination. In order for a polymerization to be considered living

it has to meet certain criteria, including a narrow PDI, number average molecular

weight (Mn) that varies linearly with conversion, the number of polymer molecules is

constant and the ability to continually add monomer to the growing chain.^^'""^ Living

polymerizations are typically done by anionic, free radical or cationic mechanisms. The

first two will be the focus of the synthetic sections in Chapters 2 and 3 of this

dissertation, and are described in detail in this section.

In Chapter 2 the polymeric materials were synthesized by a combination of

living free radical and ring-opening polymerization techniques. Nitroxide-mediated

polymerization (NMP)'*''''^, a living free radical polymerization, is one of many

techniques used to polymerize styrene. In Chapter 2, an alkoxyamine initiator is used,

which involves similar initiation and propagation events through homolytic cleavage of

the carbon-oxygen bond. During nitroxide-mediated polymerization, the concentration

of free radicals in solution is kept low to decrease the number of termination events.

This is a result of the nitroxide-monomer "dormant" species being favored in the

reaction equilibrium (see Figure 1.2). In addition, since the number of radicals is kept

low, and the amount of "dormant species" is dominant, the reaction takes longer than a

typical free radical polymerization (i.e. using azo- or peroxide-based initiators).

Although these polymerizations are called "living" free radical, they are typically not
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run to 100% conversion, since the higher the conversion, the greater the probability of

termination or chain transfer events.

Figure 1.2. Nitroxide mediated polymerization (NMP) mechanism, shown here
usmg TEMPO and an initiator fragment (I). Note that the equilibrium favors the

dormant species.

O—

N

•O—

N

X mols styrene O—

N

Another type of living polymerization used in Chapter 2 involves the ring-

opening polymerization (ROP) of D,L-lactide to create poly(D,L-lactic acid). This ROP

can be done using organic-based (DMAP-derived) catalysts, tin catalysts, aluminum

catalysts, as well as other transition metal catalysts.
"^^'"^^

The proposed mechanism

works through the activation of the initiator (typically an alcohol) for attack on the

carbonyl group of the lactide, to promote ring-opening (see Figure 1.3),
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Figure 1.3. Ring-opening polymerization (ROP) of D,L-lactide usi
triethylaluminum (AlEts).^^

Another living free radical mechanism, used to create the PAN polymers in

Chapter 3, uses atom transfer radical polymerization (ATRP). As in NMP, the

concentration of free radicals is reduced to prevent termination, except this time the

radical concentration is mediated through a reduction-oxidation reaction with a

(typically) copper catalyst (see Figure 1.4). A variety of catalysts, ligands, initiators

and monomers can be used for ATRP and are best described in a review by

Matyjaszewski et al.'^^
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Figure 14. Atom transfer radical polymerization (ATRP) of polyacrylonitrile. The
hgand used to solubilize the copper species is not shown for clarity.
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The final polymerization technique utilized herein, to create bromine-

functionalized polystyrene (PS-Br) in Chapter 3, involves a living anionic mechanism.

Living anionic polymerization uses a propagating carbanion to create homopolymers

and diblock copolymers
43,48,49

There are a wide variety of anionic initiators that can be

used to create these living polymers.^^'^' The control of a living anionic polymerization

is due to the elimination of protic and electrophilic impurities that would cause

termination. The rate of reaction depends strongly on the ion-pair separation, which can

be tuned by the polarity of the solvent used for the reaction, and by the addition of salts.

An example of the anionic polymerization of styrene is shown in Figure 1.5

9



Figure 1.5. Living anionic polymerization of polystyrene and sample termination
mechanisms.
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1.4 Overview

All of the aforementioned polymerization techniques were used to create the

diblock copolymers in the following Chapters (2 and 3). These diblock copolymers

were studied for their phase-separation behavior and were explored for the creation of

nanoporous templates. Chapter 2 in this dissertation discusses a method by which a

nanoporous template can be created using poly(styrene-5to/-vinyl benzocylobutene)-6-

poly(D,L-lactic acid) (PSBCB-6-PLA) via a two step method. These two steps involve

thermal crosslinking through the benzocyclobutene (BCB) pendent groups, and

subsequent base degradation of the minor poly(lactic acid) (PLA) component. Chapter

3 focuses on a different polymeric system using polystyrene-Z)-polyacrylonitrile {?S-b-

PAN), where a nanoporous thin film can be created using a purely thermal process to

crosslink the film and degrade the minor PS phase. Exploration of the behavior of PS-

10



iscusses
b-?AN in various solutions is briefly discussed in the Appendix. Chapter 4 d

possible applications for the templates, designed in Chapters 2 and 3, as well as some

ideas for future work.
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CHAPTER 2

BENZOCYCLOBUTENE-BASED TEMPLATES

2.1 Background

Benzocyclobutene has been explored for its ability to undergo crosslinking

reactions with the application of heat, allowing for the generation and stabilization of

polymeric structures. It has been used for the generation of low dielectric media",

crosslinked polymeric nanoparticles", surface modifications^^ and is commercially

available in Dow's cylcotene^M electronic resins^'*'^^ The temperature at which

crosslinking occurs (above 170 °C) is well below the decomposition temperature of

many polymers, such as polystyrene (PS) and poly(lactic acid) (PLA), yet is high

enough for easy incorporation into copolymer backbones using radical polymerization

mechanisms, without the worry of gelation during the reaction.

In this chapter, benzocyclobutene is used to create a diblock copolymer in which

the major component is thermally crosslinked and the minor component is base-

degraded to produce thin films with hydroxy-functionalized nanopores (see Figure 2.1).

Specifically, BCB units were randomly placed along a PS chain, the major component,

while PLA constituted the minor block. The thermal crosslinking ofBCB has been

shown to produce robust block copolymer templates when the minor component was

PMMA.^^ Alternadvely, with poly(styrene-5to^vinyl benzocyclobutene)-6/oc^-

poly(lactic acid) (PSBCB-^-PLA), the PLA can be removed leaving hydroxyl-groups

lining the pore walls (See Figure 2.1). Similar work using uncrosslinked PS-6-PLA

nanoporous monoliths demonstrated that the alcohol groups lining the pore walls could

be easily functionalized at conditions below the Tg of the matrix. In our approach,
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using PSBCB-6-PLA, the nanoporous templates are crosslinked and base degraded

giving primary alcohol groups within the pores, potentially opening facile routes to

post-functionalization, even at elevated temperatures This chapter focuses on the

synthesis and characterization of these diblock copolymers and their corresponding thin

films,

Figure 2.1. General schematic of nanoporous template formation. Magnified
regions show the details of the crosslinking reaction and pore functionalization

after degradation.

/ c:-. c:> Q
,
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2.2 Synthesis

PSBCB-6-PLA was synthesized using a combination of nitroxide-mediated

polymerization and ring-opening polymerization (ROP) techniques. A general outline

of the complete reaction scheme is given in Figure 2.2. Initial studies used an

alkoxyamine initiator with a protected hydroxyl end-group to create the PSBCB, which

was deprotected prior to PLA polymerization. These polymers behaved in the same

manner as their unprotected counterparts, therefore, protection of the hydroxyl

functionality was deemed unnecessary. The protected polymer has been labeled within

the text for clarity and consistency (see Table 2.1).
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Initial studies used an 18 kg/mol diblock copolymer (PDI = 1.05) made using

the protected PSBCB homopolymer, designated as polymer "G" (see Table 2.1). For

this diblock copolymer, the tert-butyldimethylsilyl (TBDMS) protecting group was

removed from the starting PSBCB homopolymer (polymer "A") using 1 .0 M tetra-n-

butyl ammonium fluoride (TBAF) in THF (see Appendix A). The synthesis of the

diblock copolymer does not require protecting the hydroxyl group, so preparation of

subsequent diblock copolymers were done without the protection/deprotection step.

Figure 2.2. Synthesis of poly[(styrene-r- benzocyclobutene)-b-D,L-lactic acid].

+ +
1) Bulk, 120°C

P(S-co-BCB)^ OH

84% 16%^
1)AIEt3, benzene

24h, R.T.

2) D,L-lactide, 80°C

84% Y>16%

The hydroxy-functionalized alkoxyamine initiator was synthesized according to

CO

established procedures , and provided by Dr. Eric Drockenmuller (IBM Almaden

Research Center). The initiator was a sticky transparent brown solid, whose purity was

verified through NMR.

The vinyl benzocyclobutene monomer was synthesized from the 3-

bromocyclobutene precursor, which was provided by the Dow Chemical Company.

14



Synthesis of the benzocyclobutene precursor was initially attempted using various

procedures^^-^^ such as the 1,1,2,2- (or 1 ,2)-dibromobenzocyclobutene intermediate

followed by removal of the halogens, but met with very little to no yield. Another

method using chlorine-substituted BCB was found, but not attempted.^'-'' A recent

review published by Sadana et al.^^ summarizes the various methods that can be used to

create BCB and substituted BCB. The most reliable method, to date, to generate BCB

materials is through flash vacuum pyrolysis procedures'^ which were not explored in

our laboratory since the supply from Dow chemical was enough for these studies.

The synthesis of the vinyl-BCB monomer was based on an established

53
procedure

,
using Grignard and Wittig reactions, as outlined in Figure 2.3 (see

Appendix A for details). An attempt to use a tin reagent, via Stille coupling'^'^^ to

convert the bromo-BCB directly to the vinyl-BCB monomer, met with mixed success,

since both the starting material and target monomer have almost identical boiling points

and have similar elution characteristics using column chromatography (tested with a

70
variety of solvents). The reaction was carried out, but the reaction mixture could not

be easily purified. Therefore, the reaction as outlined in Figure 2.3 was used to create

the vinyl-BCB monomer used in these studies.

Figure 2.3. Synthesis of vinyl-benzocyclobutene.

1) Mg

2) DMF

H2C=PPh3
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Poly(styrene-r-benzocyclobutene) (PSBCB) was made using the hydroxy-

functionalized initiator, styrene and vinyl-BCB in bulk at 120 °C (see Appendix A) "

The styrene used for all the PSBCB hompolymers was used as received, without

removing the inhibitor. The resulting PSBCB homopolymer was diluted with

tetrahydrofuran, precipitated in methanol, then dried. These hydroxy-functionalized

homopolymers were used to create the PSBCB-^>-PLA diblock copolymers. The PLA

blocks, on all the aforementioned diblock copolymers were grown using D,L-lactide

and AlEts in benzene, adapted from a previous procedure (see Appendix A).^^ For a

typical reaction, a polymerization tube with a Teflon stopcock was charged with

PSBCB-OH (0.3 g), heated briefly with a heat gun under vacuum, and then backfilled

with nitrogen. This was repeated three times. Then under positive nitrogen flow, with

the stopcock completely loosened, AlEts and benzene were carefully added via gas-tight

glass syringes. The polymerization tube was then quickly vented through a bubbler,

sealed, covered in aluminum foil, and allowed to react overnight at room temperature

(see Figure 2.4). This method was preferred over a septum-sealed flask, to prevent

contamination from the septa, as well as to achieve a tighter seal to prevent the

introduction of air or moisture. Keeping a septum-sealed flask under positive nitrogen

pressure (vented through a bubbler) would be another route, but there would need to be

an extra drying step of the nitrogen to eliminate water contamination.
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Figure 2.4. Polymerization tube and reaction set-up.
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The following day (-16 hours later), the reaction mixture typically appeared

yellowish. This did not seem to affect the resulting diblock copolymer, and may very

well be the color of the activated hydroxyl end-group, although studies were not done to

confirm this. D,L-lactide was added to the polymerization tube in a glove bag under a

nitrogen atmosphere. The tube was sealed, removed from the glove bag, and heated at

80 °C for 7 hours. The polymers were isolated by precipitation into acidic methanol

(MeOH/HCl). Characterization of the diblocks was done using NMR and size

exclusion chromatography (SEC).

The resulting homopolymers and diblock copolymers studied are summarized in

Table 2.1 . For clarity, throughout the remaining chapter, the polymers will be referred

to by their letter designation. Multiple small batches of diblock copolymers with

similar volume fractions ofPLA were synthesized, as opposed to one large batch, due to

the slow degradation of the copolymer over time. It was noticed that after > 6 months,
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each batch of diblock copolymer behaved differently in microphase separation studies

No apparent change was noted in the NMR or SEC of these polymers, so the

degradation occurring was minute, but enough to affect the results. Synthesis of

batch of polymer every ~6 months produced consistent results.

a new

Table 2.1. Homopolymers and diblock copolymers studied. Number average
molecular weight (Mn) is given in kg/mol.

iNOieDOOK

iNumDer
Polymer

PSBCB-OH
Mn PDI BCB^

PSBCB-5-PLA
Mn^ PDI

VolV Ul

fraption

PLA^
iviurpnoiogy

JML-2-10 13 1.06 0.26 0 N/A
JML-2-65 B 11 1.09 0.16 0 N/A
JML-2-32 C 3.4 1.09 0.26 0 N/A
JML-2-55 D 9.6 1.08 0.14 0 N/A
JML-2-57 E 11 1.08 0.22 0 N/A
JML-2-53 F 11 1.10 0 0 N/A
JML-2-21 13 1.06 0.26 18 1.05 0.24 Cylinders
JML-2-70 H 11 1.09 0.16 19 1.08 0.36 Cylinders
JML-3-25 I 11 1.09 0.16 20 1.17 0.38 Cylinders

JML-3-26 K 11 1.09 0.16 19 1.13 0.36 Cylinders

JML-3-23 L 11 1.09 0.16 29 1.22 0.58 Lamellae
JML-3-28 M 11 1.09 0.16 13 1.09 0.13 Disordered

JML-2-43 0 3.4 1.09 0.26 1.2 1.13 0.23 Disordered

JML-2-59 P 11 1.10 0 14.7 1.17 0.22 Spheres/Cyl.'

Notebook numbers are in the following format: JML-notebook number-page number
^ This polymer was made using the TBDMS protected initiator followed by

deprotection after the PSBCB homopolymer was made.
^ Mole fraction ofBCB in PSBCB homopolymer as determined by NMR.
Mn of diblock determined from *H NMR

^ Volume fractions determined using the densities: PS= 1.06 g/mL, PLA= 1.25 g/mL.
^ Disordered structures were confirmed by SAXS and SFM. Further studies were not

persued.

This sample did not show higher order reflections in SAXS, although SFM was

consistent with either a cylindrical or spherical morphology.

2.3 Instrumentation

Size exclusion chromatography (SEC) measurements were used to characterize

the homopolymers and diblock copolymers. SEC was also used for the degradation
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studies, and to study the sol fraction in crosslinked films. SEC was done in THF at a

flow rate of 1 .0 mL/min, versus polystyrene standards, using three polymer laboratories

PLGel 5 ^im Mixed-D columns, a Knauer K-501 HPLC pump, Knauer K-2301 RI

detector, and Knauer D-2600 dual wavelength UV detector.

Bulk characterization of the morphology was done using small angle x-ray

scattering (SAXS). SAXS measurements, as well as in situ temperature-dependent

SAXS studies, were performed under vacuum using an Osmic MaxFlux x-ray (Cu Ka,

0.154 nm) source with a Molecular Metrology, Inc. camera consisting of a 3 pinhole

collimation system, 150 cm sample-to-detector distance (calibrated using silver

behenate), and a 2-dimensional, muhiwire proportional detector (Molecular Metrology,

Inc.).

All crosslinking studies were done using a hot plate in a glove bag. This

allowed for the ability to crosslink the films under a dry, nitrogen atmosphere, or to

vary the atmosphere's humidity as necessary.

Swelling studies were done on crosslinked homopolymer films to determine the

number of crosslinks. Measurements of film thicknesses were taken in situ, using a

Filometrics Interferometer Model F20 with FILMeasure v. 2.4. 3 software.

Base degradation studies on crosslinked thin films were done using polarization-

*7
1

modulation infrared reflecfion-absorption spectroscopy (PM-IRRAS) PM-IRRAS

was performed on a Thermo Nicolet Nexus 670 FT-IR Spectrometer equipped with a

PEM module including a Hinds Instruments PEM-90 photoelastic modulator system

and a liquid nitrogen cooled MCT-A detector. The difference reflectance measurements

at 83° angle of incidence were collected for total of 1024 scans in the range of 4000-750
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cm al a resolution of 4 cm". The ratio taken between the spectra and those of

previously scanned metal substrates was used to obtain the desired signal from the thin

films.

Thin film images were taken using scanning force microscopy (SFM) and

transmission force microscopy (TFM). SFM was done in both height and phase

contrast modes using a Dimension TM3000 scanning force microscope. TEM images

were obtained using a JROL 2000KX transmission electron microscope at 200 kV.

Thermal degradation studies on the bulk powder were done using

thermogravimelric analysis (TGA). TGA studies were done using a TA Instrument

Series 2050 Thermogravimetric Analyzer. Polymer powder (~2 - 5 mg) was heated at

5 "C/min under either air or nitrogen.

2.4 Characteri/ation

2.4.1 Microphase Separation Behavior

For each of the diblock copolymers in Table 2.2, small angle x-ray scattering

(SAXS) was used to determine the bulk morphology. This was accomplished by drop

casting films from chlorobcnzene solutions (-5%) onto Kapton films, allowing them to

dry under a blanket of nitrogen for an hour, then drying them overnight in vacuo. For

some polymers, the morphology was difficult to determine from SAXS, due to weak or

missing higher order refiections. hislead, TFM was used to confirm microphase

separation and to determine the morphology in the thin films. The d-spacing values

Irom SAXS measurements, as measured using the first order refiection, are given in

Table 2.2.
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Table 2.2. D-spacing values and corresponding calculated domain
determined from SAXS.

sizes

Notebook

Number'

JML-2-21

JML-2-70

JML-3-25

JML-3-26

JML-3-23

JML-3-28

JML-2-43

JML-2-59

Polymer

H

K

M
O

d-

spacing

(nm)

18.5

18.9

22.5

19.2

15.1

12.5

No peak

14.4

Calculated

Domain Size

(nm)

11

14

17

14

8.8

8.2

Observed

Domain
Size^

(nm)

10 (S)

14 (S)

19 (S)

14 (S)

16 (S)

Vol

fraction

PLA'

0.24

0.36

0.38

0.36

0.58

0.13

0.23

0.22

Morphology"

Cylinders(X/T)

Cylinders (T)

Cylinders (T)

Cylinders (T)

Lamellae (X)

Disordered

Disordered

Spheres/Cyl.^
^Notebook numbers are in the following format: JML-notebook number-page number
Domain size observed from SFM (S)

^
Volume fractions determined using the densities: PS= 1.06 g/mL, PLA= 1.25 g/mL
Disordered structures were confirmed by SAXS and SFM. (X) designates that the morphology

was determmed from SAXS in bulk, and (T) is from TEM thin film studies.

^This sample did not show higher order reflections in SAXS, although SFM was consistent with
either a cylindrical or spherical morphology.

^Calculated assuming a cylindrical morphology.

The corresponding domain sizes, as determined by SFM, are also given in Table

2.2. In the case of polymer L, the domain size was difficult to determine using SFM

from the parallel orientation of the lamellae in the thin films. The domain sizes can also

be calculated, assuming a sharp interface, using the SAXS first order reflection and

volume fraction ofPLA, also included in Table 2.2.

An in situ temperature study using SAXS was done to determine if the bulk

morphology underwent an order-to-disorder transition (ODT) upon heating. If this were

the case, then it would be difficult to stabilize the microphase-separated structure by

thermal crosslinking due to the competing ODT transition. A sample of polymer G was

studied and it did not undergo an ODT up to 220 °C (the limit of the instrument), which

is above the temperature where the BCB groups undergo crosslinking (-170 °C) (see
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Figure 2.5). The other polymers studied also did not undergo an ODT within the range

used for annealing and thermal crosslinking.

The PSBCB-6-PLA copolymer that was studied in the SAXS temperature study

(polymer G) was found to self-assemble into a cylindrical microdomain morphology in

the bulk, where the first and second order scattering peaks were found at scattering

vectors, relative to the first order reflection, of 1 : V3 (See Figure 2.5). The 2D SAXS

pattern shows a diffuse ring, indicating the presence of many small grains of

hexagonally-packed cylindrical microdomains with no long-range order. The other

diblock copolymers (H, I, and K) only exhibited a first order peak, with no higher order

reflections, but were also found to phase separate into cylindrical morphologies as well,

as determined by SFM and TEM studies on thin films (see Table 2.2).

Figure 2.5. SAXS peaks from a bulk sample cast from chlorobenzene onto Kapton
indicate a cylindrical morphology. Multiple temperatures were examined in situ

from 120 °C to 220 "C.

1

100 -

0.05 0.10 0.15

22



2.4.2 Crosslinking Experiments

PSBCB homopolymer thin films (-140 nm) were cast from 5% chlorobenzene

(3000 rpm) onto silicon wafers. Films using PSBCB homopolymers A and B, were

studied under different thermal histories: unheated, heated to 170 °C for 2 h, heated to

170 °C for 2h + 200 °C for 30m, heated to 170 °C for 2h + 200 °C for Ih, heated to

1 70 °C for 2h + 200 °C for 3h, and heated to 1 70 °C for 2h + 200 °C for 5h. After

thermal treatment, each film was introduced into a glass container with a quartz

window. Nitrogen was bubbled through THF at a flow rate of 23 mL/min and passed

over the thin film sample in the container (see Figure 2.6). Measurements of film

thicknesses were taken in situ, prior to THF introduction and after reaching equilibrium

at 21 °C, using an interferometer. The heated samples reached an equilibrium swelling

thickness after ~7 min, whereas the unheated films dewetted from the substrate after ~7

min. The swelling measurements reported for the unheated films are prior to dewetting,

Figure 2.6. Swelling experimental set-up.
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Measurements were taken using several similar film samples for each heat

treatment, and normalizing them to the initial film thickness/film volume for

comparison. The normalized change in volume was compared for each heat treatment

(see Figure 2.7). The amount of swelling reached a plateau after heating for 170 "C for

2 h + 200 °C for 5 h. This indicates that the maximum amount of crosslinking

obtainable for this system occurs after this heat treatment, and heating for longer

periods of fime will have little effect on the crosslinking density.

Figure 2.7: Swelling experiments in THF vapor using PSBCB homopoiymer thin
films (-140 nm) at various stages of thermal treatment. PSBCB homopoiymer A,
containing 26% BCB units (dark circles); PSBCB homopoiymer B, containing

16% BCB units (open squares).
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The swelling data can be used to calculate the number of segments between

crosslinks, Nc, using

Nc = JLJLot_ (3)

K'/^
-
1)

This equation is used for the uni-directional swelling behavior of surface-

attached polymer networks, adapted from classical swelling arguments,^'*'^'' since the
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polymer being swollen is immobilized on a substrate. Ne can be calculated using the

volume fraction of polymer (cj)) in the swollen network, the polymer-solvent interaction

parameter (x), the average swollen thickness (Le), and the thickness of the dry film

(Lo)7' For our system, x is approximately 0.006 using the solubility parameters from

the literature for THF and PS and Equation 1.^^ The average molecular weight between

crosslinks (M^) can then be calculated using Ne and multiplying by the molecular weight

for a styrene repeat (see Table 2.3).

Table 2.3: Crosslinking values calculated for homopolymer PSBCB thin films after
different thermal treatments using the data from Figure 8 and Equation 1.

Thermal Treatment % Swelling Me
(g/mol)

26% BCB 170 °C2h 64% 23.5 2442
170 °C2h + 200 °C 30min 36% 12.0 1251

170 °C2h + 200°C 1 h 24% 8.6 894

170 °C2h + 200°C3h 17% 7.1 739

170 °C2h + 200°C5h 14% 6.5 673

2.9-3.8'' 300 - 400"

16% BCB 170 °C2h
170 °C2h + 200°C 1 h

170 °C2h + 200°C3h
170 °C2h + 200°C5h

89%
45%
29%
28%

39.2

15.2

10.0

9.7

5.8-6.7"

4079

1582

1041

1012

600 - 700"

^Number of segments between crosslinks calculated using equation 3.

^ Number of segments calculated assuming 100% crosslinking and uniform distribution

ofBCB groups along the chain

The average Mc for the templates after crosslinking at 1 70 °C for 2 hours +

200 T for 5 hours is -670 g/mol and -1000 g/mol for the 26% and 16% BCB

containing polymers, respectively. This is higher than the theoretical molecular weight

between crosslinks calculated assuming complete BCB crosslinking and uniform

placement ofBCB groups. The higher Mc would indicate that the all the BCB groups
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are not fully crosslinked, due to limited diffusion and availability of nearby BCB

groups, since the BCB groups crosslink in pairs.

After crosslinking occurs, the amount of soluble material, or sol, decreases until

all of the polymer chains have become part of the crosslinked matrix. Size exclusion

chromatography (SEC) was used to determine the temperature conditions upon which

no more sol could be extracted. Thin films (-30 nm) of polymer G were spun onto gold

coated silicon wafers, ~1 cm x ~1 cm, heated and extracted in 1.0 mL of THF (see

Figure 2.8). The unheated sample dissolved completely, whereas the sample heated at

1 70 °C for 1 hour, cooled, and extracted with THF for 30 minutes did not completely

dissolve, indicating that the majority of the chains were crosslinked. Heating a similar

film (not exposed to THF) an additional 200 °C for 1 hour, caused further crosslinking

and no soluble polymer was extracted.

Figure 2.8: SEC traces (UV detector at 254 nm) for the sol fraction of the thin

films of polymer G extracted using THF at room temperature. Unheated sample
(solid black line); Sample heated at 170 "C for 1 hour, cooled, and extracted with
THF for 30 min (dotted gray line); sample heated additional 200 °C for 1 hour
(solid gray line). The variation in intensity between curves corresponds to the

amount of polymer extracted.

•0.2-1 1 1 1 r-

166 17.1 17.6 18,0 185

Retention Volume (mL)

Swelling studies on the homopolymer films, and evaluation of sol fractions in

diblock copolymer thin films, indicated that heating at 170 °C for 2 hours + 200 °C for 1
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hour was sufficient to crosslink the majority of the chains, where 200 "C for 5 hours

was needed to achieve maximum crosslinking. When crosslinked PSBCB is used as the

matrix in a nanoporous structure, it is important that the film does not collapse upon

subsequent modification and processing of the nanoporous template. While heating the

film results in enough crosslinks to cause the disappearance of the sol fraction, this

number of crosslinks may not be enough to immobilize the nanoporous structure. The

necessary number of crosslinks for pore stability can be determined from the modulus

required for pore stability. The modulus of the matrix required to maintain the

nanoporous structure in the films can be estimated from the surface area produced by

pore formation, the surface energy, and pore diameter, using the arguments of

Muralidharan et al. The modulus required to stabilize a nanopore with a given radius

(r) can be estimated using the surface tension (y) of the matrix, in this case, crosslinked

polystyrene. Assuming the matrix behaves as an infinite elastic solid and the polymer

behaves as an incompressible solid, then

2Er >1

3y (4)

The modulus can then be used to determine the molecular weight between

crosslinks (Mc) needed to keep the porous morphology from collapsing by

E = 3pRT

Mc (5)

While the nanoporous structure will not collapse below the glass transition

temperature (Tg) of PS, the concern is that subsequent modification of the nanoporous

structure at higher temperatures may lead to pore collapse. Therefore the stability of the

nanoporous matrix at a higher temperature (473 K), well above the Tg of PS, was
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were

calculated using the above equations, to detei-mine the number of crosslinks necessary

for sufficient crosslinking. The density (p) and surface tension of PS at 473 K

calculated to be 0.9671 g/cm^ and 27.7 mN/m using the bulk values for PS at 200 ''C.^^

Using the above equations, the modulus required to support a 14 mn diameter pore in a

PS matrix at 200 °C was calculated to be -5.93 MPa. This modulus can be achieved by

having an M, of < 2 kg/mol. The M, for the PS matrix with 16 mole percent BCB in

the PS block (polymer H) is -600-700 g/mol, assuming 100% crosslinking of the BCB

along the chain and a uniform distribution ofBCB groups. For comparison, pores with

a diameter of 10 nm, require an Mc - 1 .4 kg/mol to support the porous structure, which

is much greater than the Mc ~ 300-400 g/mol calculated for the PSBCB matrix used

(polymer G), assuming complete crosslinking of the 26 mole percent BCB groups.

According to Table 2.3, the experimental Mc obtained by heating the film for

170 °C for 2 hours + 200 °C for just 30 minutes should create enough crosslinks to

stabilize the porous structures, when compared to the theoretical calculations using

Equations 4 and 5. This however is not the case as will be discussed in the "Template

Stability" section. In order to maintain the nanoporous structure without collapse, the

film must be crosslinked at 170 °C for 2 hours + 200 °C for 5 hours. With this heat

treatment followed by PLA degradation (discussed in section 2.5), SFM and TEM

observations confirm the retention of the pores in the films well above the Tg of PS for

the polymers studied (polymers G, H, I, K).
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2.5 Nanoporous Template Preparation

2.5.1 Thermal degradation

Ideally, a completely thermal process for the creation of nanoporous templates i

desired, where subsequent heating after crosslinking removes or degrades the minor

component. To determine if a completely thermal route is possible using PSBCB-6-

PLA, TGA and SEC were used to determine if the FLA degraded upon heating. TGA

experiments (5 "C/min) done in air and under nitrogen, using PSBCB-Z)-PLA (polymer

K) and PS-^-PLA (polymer P), are shown in Figure 2.9. The TGA data shows that

there are no volatiles given off prior to the decomposition of the PS domain (-350 X).

This means that the PLA does not decompose via chain scission or unzipping

mechanisms to release small molecules, so heating alone cannot be used to remove the

PLA domains.

Figure 2.9. TGA studies of PSBCB-b-PLA and PS-b-PLA analog at 5 'C/min.
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TGA data, however, is limited to mass loss, and therefore does not show if the

PLA degrades by decomposing into non-volatile fragments, or if the PLA block simply

cleaves at the junction point with the PS block. These two possibilities, nonvolatile

fragments or cleavage, would not result in a completely thermal process for template

formation (since the PLA would still need to be washed out). It would, however, cut

down on the use of other unnecessary chemicals for degradation.

To determine if there was any degradation occurring, SEC studies were done on

an uncrosslinked PS-6-PLA analog (polymer P) containing no BCB. The BCB

containing polymers could not be used, since upon heat treatment they crosslink and

become insoluble. Solutions of polymer P in chlorobenzene were drop cast under

nitrogen, onto ~1 cm x ~1 cm silicon wafers, so that -2-3 mg of a thick polymer film

was on each wafer. These wafers were then dried overnight under a stream of nitrogen

prior to heat treatment. The resulting films were several microns thick. When the PS-

h-?LA films were heated for various times under an air atmosphere (ambient

conditions), degradation did take place, as evidenced by SEC (see Figure 2.10). This

degradation, however, most likely resulted in the oxidation of the PS matrix, and may,

therefore, introduce unwanted chemical functionality.
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Figure 2.10. SEC studies of the degradation of PS-b-PLA under ai

1
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Ideally, the decomposition of the PLA should be done under an inert atmosphere

to prevent oxidation reactions. Similar films heated in a glove bag under dry nitrogen

did not show any degradation (see Figure 2.1 1). This data does, however, show

something very interesting. At higher molecular weights, there is the appearance of a

small peak, corresponding to approximately twice the molecular weight of the diblock

copolymer. This is most likely due to the recombination of radicals formed on the PS

ends of the diblock copolymer, where the alkoxyamine is located. This does not offer

any quantitative data, but it is interesting to see that at least some of the chain ends may

78
still contain the alkoxyamine end group, consistent with previous studies.
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Figure 2.11. SEC studies of the degradation of PS-b-PLA under nitrogen.
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The degradation studies shown above indicate that the FLA can only be

removed in an environment where air is present. Since the experiment done in Figure

2. 10, was done on a hot plate on the lab bench, there was a possibility that the

degradation could also be due to moisture, since the environmental humidity was not

controlled. A separate set of studies done under nitrogen at 40% humidity gave the

same results as Figure 2. 1 1, indicating that oxygen is responsible for the degradation

seem in Figure 2.10, and not humidity alone.

Since the thermal degradation ofPLA could not be done under a nitrogen

atmosphere at the temperature ranges used, this was not a viable route for the

preparation of the nanoporous templates. Instead, the removal of the PLA domains had

to be done using chemical degradation with a basic solution.
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2.5.2 Base Degradation

Because thermal degradation does not seem to be a useful route to the

preparation of nanoporous templates, an alternate chemical etching method must be

used. Previous work using PS-6-PLA polymers to create uncrosslinked porous

monoliths, used a 0.5 M NaOH solution in 50:50 methanol:water to remove the PLA.''

This approach was applied here to create nanoporous crosslinked templates.

The template preparation involves first crosslinking the template, followed by

degradation of the minor component (see Figure 2.1). The templates created herein

were made from thin films (-30 nm) of the PSBCB-6-PLA diblock copolymers. Films

were spin-coated from 1% chlorobenzene solutions onto a 35 nm gold surface. Gold

coated silicon substrates (35 nm Au, on a 2 nm Cr adhesion layer) were prepared in-

house on precleaned Si wafers. Crosslinked samples were prepared by annealing under

nitrogen at 170 °C for 2 hours, then heating to 200 °C for 5 hours (unless otherwise

noted). This temperature and time combination was determined from the swelling

experiments to give the maximum degree of crosslinking, which is needed here for

nanopore stability (as will be further discussed in the "template stability" section).

The thin film behavior of four PSBCB-Z?-PLA polymers, polymers G,H,I and K

were studied in detail using SFM and TEM. All of these diblock copolymers

microphase separated into cylindrical microdomains ofPLA in thin films, despite the

slight difference in volume fractions. This is consistent with the observations of

Hillmyer and coworkers for the non-BCB containing PS-6-PLA analogs. The

majority of the template preparation studies were done using polymers G and H. where

polymers I and K were used to confirm the results (not shown). The average center-to-
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center distances of the 1>LA cylindrical microdomains were 21.4 nm (d-spacing= 18.5

nm) and 21.8 nm (d-spacing- 18.9 nm) for polymers G and 11, respectively, as

measured by SAXS, with cylinder diameters of 10 and 14 nm as measured by SFM,

respectively (see Table 2.2).

Studies were performed to determine the length of time needed in order to

achieve maximum PLA removal. For this, SEC and polarization-modulation infrared

reflection-absorption spectroscopy (PM-IRRAS) were used to monitor the removal of

PLA from thin nims on gold substrates. SEC studies were limited to uncrosslinked

samples, due to insolubility of the crosslinked films. Uncrosslinked films of polymer 1 1,

were subjected to various base treatments and SEC was used to determine the extent of

degradation (see I-igure 2.9). It was found that the maximum amount of PLA was

removed after 7 hours of degradation.
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crosshnked films after base degradation for different lengths of time, as specified,
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A similar 30 nm film of polymer H was crosslinked at 170 "C for 2 hours +

200 "C for 5 hours, and base degraded for 7 hours. PM-IRRAS studies on this film

indicated that not all of the PLA was removed. This may be due to inaccessibility of the

FLA within the pores, and is consistent with the blocked pores seen in TEM studies (see

Figure 2.14). The IR data shows that 87% of the PLA is removed, as monitored by the

disappearance of the carbonyl peak. As these base degradation results indicate, the

optimal amount of time to remove the maximum amount of PLA is ~7 hours,
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Degradation of the PLA block can also be achieved using MF-319'rM (Rohm and

Haas), a commercially available chemical developer used in lithography that contains

aqueous trimethylammonium hydroxide and surfactants. A similar base degradation

study was done using this developer and it was found to completely degrade the PLA

block, in a 30 nm thick film, after 5h as monitored by SEC (see Figure 2.14). The

studies reported herein, however, used the sodium hydroxide solution, with 7 hours

soak time, followed by a 50:50 methanol:water rinse, for the PLA degradation to create

the nanoporous templates, unless otherwise noted.
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2.5.3 Template Characterization

The morphology of the nanoporous thin films, before and after base degradation,

was characterized using scanning force microscopy (SFM). Degradation of the PLA

using a sodium hydroxide solution produced nanoporous films (Figure 2.15) where the

majority of the PLA could be removed by soaking the film (still on the substrate) in a

basic solution for 30 minutes. Complete removal of the PLA required 7 hours of base

degradation, as determined by SEC and PM-IRRAS (see Figures 2.12 and 2.13). SFM

of films that were heated and base degraded for various times, showed the appearance

of a porous morphology upon degradation as noted by the appearance of pores (dark

spots) in the SFM height images (see Figure 2.15).
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Figure 2.15: SFM images of PSBCB-/,-PLA (a) as-cast and (b) annealed at 170 "Cfor 2 hours then base degraded for 30 minutes. Annealed at 170 "C for 2 hours
crosslinked at 200 «C for 5 hours and then base degraded for (e) 90 minutes ani
(d) 11 hours. Scale bar = 100 nm. Left images are height, scale= 5 nm, and right

images are phase, scale = 20° (for a and b), 30" (for c and d ).

Although the SFM characterization shows that the microphase-separated

structure is oriented perpendicular to the air surface, further characterization was needed

to determine if the pores maintained their orientation and penetrated through the film.

Transmission electron microscopy (TEM) was used to look through nanoporous thin

films to confirm the pore orientation. Thin film samples used for TEM studies were

removed from the gold surface by floating the film onto an aqueous solution of

potassium iodide and iodine (40 g KI, 10 g I2 and 400 mL water) and picking up the
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films using copper grids. TEM results of the base degraded films indicated that the

cylindrical microdomains were oriented normal to the surface over large areas and

penetrated through the film (see Figure 2.16). Since the microdomain size of the

PSBCB-Z)-PLA is -1/2 of the film thickness, TEM provided strong evidence of the

orientation of the pores. For stronger evidence that the porous morphology penetrated

through the films, a thin film was coated with carbon and embedded in epoxy to "flip"

the sample, to allow SFM imaging of both the top and the bottom of the film. For

embedding, films still on the substrate were coated with a few nanometers of evaporated

carbon, then embedded into epoxy and cured at 60 °C overnight. The embedded films

were removed from the substrates using liquid nitrogen, exposing the underside of the

films. SFM done on the underside of base degraded films, indicated that the cylindrical

microdomains spanned across the film, from the surface to the substrate (see Figure

2.16). There is an added surface roughness due to the embedding of the films.
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Confirmation of the perpendicular orientation of the nanoporous structure is

important for possible templating strategies. The ability to control the orientation of the

microphase separated morphology, either parallel or perpendicular, is an important tool

for the reproducible fabrication of nanoporous templates. It is also important to have

control over the lateral ordering of the morphology. Thermal and solvent annealing

(with benzene, chlorobenzene, etc.) were attempted to improve the long-range ordering,

but the attempts met with poor and inconsistent results, usually resulting in a mixed

perpendicular and parallel orientation of the microdomains.
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lase-

All the thin films studied favored a perpendicular orientation of the microph;

separated morphology on the gold substrates. A few studies done on thicker films

indicated that films > 80 nm thick on the gold substrate resulted in the parallel

orientation of the morphology as measured by SFM. The ability to create templates of

varying thickness, with consistent orientation of the morphology would be ideal for a

variety of applications. One way to create perpendicular orientation of microphase

separated morphologies is by the application of an electric field.
'^''^''^

Preliminary

studies using electric field alignment were done on thicker films of PSBCB-6-PLA, and

show that perpendicular orientation is possible over ~ 1 micron (see Figure 2.17). Films

were prepared for the e-field alignment by spin-coating an 8% toluene solution onto a

gold-coated silicon wafer. Subsequent electric field alignment was performed as

previously described*^^ using a 50 V/|am e-field. The TEM samples were prepared by

coating the films with carbon, embedding them in epoxy, and microtoming thin slices.

These slices were then placed on copper grids and the PS domains were selectively

stained using ruthenium tetraoxide. The as-cast sample (no heat applied) and the

sample heated at 1 70 °C for 2 hours (not shovm) both exhibit parallel orientation of the

microdomains with the substrate. The perpendicular alignment of the microdomains

was not seen until the film was heated between 170 °C and 200 °C over several hours.

It is not clear when the alignment actually began to take place, but it is clear that full

alignment over the entire film was not possible (under these conditions) due to the

competing crosslinking reaction of the BCB groups.
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Figure 2 17 Electnc field alignment of PSBCB-A-PLA. a) as-cast, b) and c) areas
of mixed alignment after e-f.eld, d) area of full alignment. Arrows indicate the

direction of the electric field. Scale bars= 100 nm.

a)
Top of Film

^ ^ ^
Substrate ^ m

Further studies are needed to determine the ideal conditions for the electric field

alignment of PSBCB-/?-PLA. Previous work showed that the addition of salts to

diblock copolymers can enhance the ability to orient the domains using an electric field,

through an increase in the dielectric constant difference between the two blocks
80,81

This method is currently being explored by the same group to enhance PS-/?-PLA

orientation. The results reported herein, however, focus on thin film behavior on gold

substrates, since the thin films consistently exhibited perpendicular orientation without
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the need for added external fields. Therefore, the films used in the following studies

were -30 nm thick to ensure perpendicular orientation of the domains.

2.5.4 Template Stability

The thermal crosslinking of the matrix is, as would be expected, critical. With

PS-Z>-PLA the porous film, produced by removal of the PLA, is not stable upon heating.

Pore collapse is seen when the films are heated to 200 °C. Even with PSBCB-6-PLA,

where there are BCB groups present for crosslinking, the crosslinking must be

performed before removal of the PLA to prevent collapse of the pores.

Insufficient crosslinking quickly leads to the collapse of the porous structure as

seen in Figure 2.18. Heating the film to 170 for one hour, followed by base

degradation, is not enough to stabilize the nanoporous morphology. Subsequent heating

at 170 °C for just 5 minutes results in complete pore collapse.

Figure 2.18. Insufficient crosslinking resulting in pore collapse. Films of polymer
G, a) heated at 170 °C for 1 hour and base degraded for 30 min b) subsequent

heating at 170 °C for 5 min.
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In order to prevent pore collapse, the amount of crosslinking needs to result in a

modulus that will support the porous structure, as was calculated using equations 4 and

5. Although SEC (see Figure 2.8) indicates that the sol fraction is minimal after heating

the films for 1 hour at 200 °C, the film is not sufficiently crosslinked after this time.

SFM studies of the stability of the porous films after crosslinking for 1 hour show the

destrucdon of the porous morphology (see Figure 2.19). Without adequate crosslinking,

although some pores are still evident, fissures and cracks develop.

Figure 2.19. Insufficient crosslinking resulting in pore collapse. Films of polymer
G, a) heated at 170 "C for 2 hours plus 200 °C for 1 h and base degraded for 30

min b) subsequent heating at 200 °C for 5 min and c) 20 min.

I

Also, a similar result is seen when insufficiently crosslinked films are exposed

to solvent (see Figure 2.20). While there are enough crosslinks so that the majority of

the film does not dissolve, there is the appearance of cracks similar to those seen in

Figure 2.19. This indicates that the Mc is too large to support the porous structure.
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Figure 2.20 Insufficiently crosslinked porous films exposed to solvent. Films
polymer G a) heated at 170 T for 2 hours plus 200 "C for 1 h and base degraded

for 30 mm b) subsequent THF soak for 30 min and c) 90 min.

According to the calculations using equations 4 and 5, however, pore collapse

would not be expected. When the calculations for the molecular weight between

crosslinks needed for pore stability is compared to the experimental values obtained in

Table 2.3, the porous structure should be stable after heating for 170 °C for 2 hours +

200 °C for 1 hour since this heat treatment yields a lower Mc than should be needed.

However, this is not the case as evidenced in Figures 2.19 and 2.20. This is most likely

due to the assumptions made in the calculations for pore stability, which do not take

into account the presence of the sol fraction, nor the possibility for unequal distribution

of the BCB groups as they crosslink.

These results indicate that using equations 4 and 5 for this system, give a poor

representation of the Mc needed to maintain the porous structure. Based on the

assumptions made for the calculation, it overestimates the Mc needed for pore stability.

Therefore, the thermal treatment that was used, 170 °C for 2 hours + 200 °C for 5 hours.
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was detennined from the swelling experiments to give the maximum amount of

crosslinks for the system (see Figure 2.7). This amount of crosslinks was sufficient to

maintain the structural integrity of the pores, even when they were exposed to harsh

thermal and solvent conditions (see Figure 2.21). These porous films are solvent

resistant and do not dissolve or delaminate from the substrate upon soaking. Films

soaked in THF at room temperature for 3 days, or treated more harshly by placing in

refluxing benzene for 3 hours, maintained the porous structure, as evidenced by SFM.

Heating studies done on the porous films show minimal collapse of the porous structure,

in that the pores are maintained but show a slight rounding of the edges.
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Figure 2.21
:

SFM .mages ol porous films subjected to various thermal and solvent
conditions, (a base degraded for 1 Ih then heated at 250 "C for I hour (b) basedegraded for 30 minutes then heated at 200 »C for 11 hours (c) base degraded for

30 minutes, then soaked in TIIF at room temperature for 3 days (d) base degraded
tor 1

1
hours then submerged in refluxing ben/.ene for 3 hours.

Scale bars = 100 nm.

Therefore, to sufficiently crosslink the thin films for solvent and thermal

resistance, the films were annealed at 170 '^C for 2 h, and then crosslinked at 200 "C for

5h under a nitrogen atmosphere. Since the nanoporous films have hydroxyl

functionality within the pores, the ability to withstand harsh reaction conditions opens

up a wide range of possibiliUes for subsequent pore modification,
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2.6 Conclusions

In summary, a crosslinkable diblock copolymer, PSBCB-6-PLA, was

synthesized and used to create nanoporous thin films. The PSBCB block, containing a

thermally crosslinkable group, was used to immobolize the microphase-separatcd

morphology, while the minor PLA block was base degraded. The ideal conditions for

crosslinking were determined to be 170 °C for 2 hours + 200 "C for 5 hours, while base

degradation using 0.5 M NaOII was done in 7 hours. These conditions afforded a

nanoporous template with cylindrical pores oriented perpendicular to the substrate that

were stable to subsequent thermal and solvent conditions. The process presented here

for the fabrication of nanoporous templates is simple, requiring minimal handling of the

film and eliminating the need for UV irradiation, ion etching or secondary chemical

modification to remove the minor component.
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CHAPTER 3

ACRYLONITRILE-BASED TEMPLATES

3.1 Background

Acrylonitrile-based materials have been used extensively as carbon precursors,

especially for the formation of carbon fibers. Poly(acrylonitrile) (PAN), and related

acrylic copolymers, undergo thermal stabilization and can be subsequently heated to

form thermally stable carbonaceous structures.^^'^^ This thermal behavior ofPAN has

been heavily characterized over the past several decades using techniques such as

pyrolysis gas chromatography, solid-state NMR, IR, mass spectrometry, TGA, XRD

and elemental analysis.^^"^° Some of the reactions that occur during PAN degradation

are shown in Figure 3.1. When PAN is heated between 250 °C-300 °C it decomposes

by cyclization and aromatization of the nitrile side groups, resulting in the formation of

short cyclized ladder-like sequences. This stabilization is typically done in an air

atmosphere which aids in the intermolecular crosslinking reactions. After this

stabilization step, the PAN can then be pyrolyzed at temperatures > 600 ^C, where

further intermolecular crosslinking occurs, resulting in the formation of honeycomb-like

carbonaceous structures. These carbonaceous structures still contain heteroatoms, that

are not completely removed until the sample is heated to >1600 ^C, yielding a graphitic

structure.
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Figure 3.1. Thermal degradation mechanisms of VAN.'''''-''' Some of the reactions
that occur during a) stabilization under air, b) pyrolysis.
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Diblock copolymers containing PAN can be used to create carbonaceous

replicas of microphase separated morphologies. Here, polystyrene-/)/ocA:-

polyacrylonitrile (PS-Zj-PAN) was used to create carbonaceous nanoporous templates

During the pyrolysis step, the PAN converts to carbon and the sacrificial PS domains

undergo degradation, generating pores in place of the PS domains (see Figure 3.2).

Unlike the BCB-containing diblock copolymers discussed in the Chapter 2, PS-6-PAN
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can be used to create a completely thermal route for the generation of

templates.

nanoporous

Figure 3.2. Carbonaceous template formation via stabilization and subsequent
pyrolysis of PAN containing diblock copolymers. PAN is shown as the matrix is

this diagram. The minor component is a sacrificial non-graphitic forming polymer
which is removed during the pyrolysis step.
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Diblock copolymers containing PAN have been studied previously, and have

been explored for their ability to form carbonaceous structures. Another clever

method for the creation of nanoporous carbon structures was demonstrated by Dai et

al.^^, where a resorcinol-formaldehyde resin was polymerized within a microphase-

separated PS-Z?-PVP template, and subsequent carbonization lead to an ordered

nanoporous carbon film.

PS-Zj-PAN copolymers, however, have not been studied in detail, nor has the

limit for xN been explored, with many groups focusing on larger diblock copolymers

(>20 kg/mol) for their phase separation studies.^^'^^'^^ Diblock copolymers of PS and

PAN are particularly interesting due to the strong non-favorable segmental interactions,

X, between styrene and acrylonitrile. Since the order-to-disorder transition depends on

the product, ^N, where N is the total number of segments in the copolymer, then N can

51



be made small while maintaining the block copolymer in the microphase separated

state. This, of course, means that the microdomains and resulting carbonaceous

structures can be made smaller, with dimensions of -10 nm readily achieved. This

chapter focuses on the generation of carbonaceous templates from PS-^)-PAN diblock

copolymers, of relatively low molecular weight, to generate nanoporous materials with

features -10 nm.

3.2 Synthesis

Previous attempts to synthesize poly(styrene-6-acrylonitrile) were done using

anionic or free-radical methods using dialkylphosphines. These met with mixed

results.^^"'"'^ Poly(ethylene oxide-6-acrylonitrile)^°', poly(vinyl alcohol-6-

acrylonitrile)'^^ and poly(2-ethylhexyl methacrylate-6-acrylonitrile)'°\ have also been

synthesized using different polymerization methods. The synthesis of diblocks

containing polyacrylonitrile is challenging, due to the limited number of solvents that

dissolve PAN. Controlled bulk polymerizations are difficult because PAN is not

soluble in its own monomer, causing gelation and loss of control over the reaction.

Bulk ATRP ofPAN has been done to create diblocks, where PAN is the minor

component (<10%) and has a molecular weight <3000 g/mol.^^ The reaction is usually

aided by the addition of a solvent such as ethylene carbonate or dimethylformamide

(DMF).^'^''^^ Recently, PAN-6-PS polymers were synthesized by atom transfer radical

polymerization (ATRP) techniques, using a polar aprotic solvent, to overcome the

challenges associated with the instability of the propagating PS-Br end groups.
'^'^

In the

synthetic scheme described herein, the styryl bromide end group was avoided, allowing
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for the successful initiation of acrylonitrile by ATRP polymerization in a polar protic

solvent.

For the creation of PS-^-PAN diblock copolymers, the Umited solubility of PAN

in common solvents is further complicated by the even smaller number of solvents that

dissolve both PS and PAN. Ideally, a random copolymer of PS and PAN in place of the

PAN block could be used to overcome solubility issues. However, these acrylonitrile

containing random copolymers cannot be pyrolyzed to graphitic structures. When

acrylonitrile is copolymerized with styrene, it loses its ability to crosslink into a

graphitic structure due to chain scission at the styrene-acrylonitrile bonds. Therefore,

attempts to pyrolyze the structure results in the decomposition of the polymer.

With the advent of ATRP, certain polar monomers that could not be

polymerized using typical living anionic procedures, can now be polymerized in a

"controlled" fashion, enabling the synthesis of multiblock materials. Acrylonitrile has

been shown to polymerize under ATRP conditions yielding polymers with

polydispersities as low as MJU,, -1.1, with molecular weights ranging from 1,000-

10,000 g/mol.'*^''^^

In this chapter, a combination ofATRP and living anionic polymerizations were

used to synthesize a series of PS-Z?-PAN diblock copolymers. A bromine-functionalized

PS macroinitiator was used to grow PAN by ATRP using a copper catalyst (see

Figure 33).
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Figure 3.3. Synthetic scheme for PS-Z>-PAN polymers.
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DMF, 70°C

Typically, rigorous conditions are used for anionic polymerizations, involving

the use of break-seals or the transfer of reactants in the gas phase, through a Schlenk

line to the reaction vessel. These rigorous conditions are necessary for targeting high

molecular weight polymers (>200 kg/mol), but is not necessary for lower molecular

weight polymers where minute impurities are tolerable due to the large concentration of

initiator used. The technique used herein has been described previously for the

synthesis of PS-^-PMMA diblock copolymers. However, a major limitation of this

technique involves the use of gas-tight glass syringes, which can introduce atmospheric

moisture contaminants to the reaction flask causing the reaction to terminate. The

reaction vessel for the living anionic polymerization is shown in Figure 3.4.
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Di.fnf«1'' ^T'Z '"'""P "''"^ ^"'""'^ polymerization of styrenc. a)
Distillation set-up for styrene, b) Reaction vessel used for anionic polymerization.

Schlenk

Line

The PS-Br macroinitiator was synthesized at room temperature in benzene (see

Appendix A for details). All of the glassware used for the living polymerization (with

the exception of the benzene still) were flame-dried prior to use to remove any adsorbed

water. The benzene was stirred over sodium and bcnzophenone and distilled just prior

to use. Benzene was added directly from the still head to an evacuated flame-dried
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flask equipped with a glass stir bar, nitrogen inlet/outlet and Teflon stopcock (as shown

in Figure 3.4). The flask was then placed on a stir-plate under a positive nitrogen flow.

The benzene was titrated with a small amount of a mixture of sec-butyllithium and

styrene, until the orange color just barely persisted. Then, the calculated amount of

sec-butyllithium solution was added via syringe to the stirring solution. Styrene,

distilled over calcium hydride (see Figure 3.4) and stored under nitrogen just prior to

use, was added via glass syringe to the reaction flask. The reaction flask was sealed and

the reaction was allowed to proceed for 3 hours at room temperature. Ethylene oxide

was added to the reaction until the color associated with the living anion vanished (~5

minutes). The reaction flask was then sealed, and stirred overnight (-16 hours). An

excess of 2-bromoisobutyryl bromide was added to the reaction flask and the polymer

was precipitated in methanol and dried under vacuum overnight. The macroinitiator

was characterized by SEC in THE and NMR; Mw= 2.1 x 10^ Mn= 2.0 x 10^ and PDI =

1.09.

This PS-Br initiator was then used to synthesize the PS-Z)-PAN diblock

copolymer. In a typical polymerization, the polystyrene macroinitiator, CuBr and

4,4'-dinonyl-2,2'-dipyridyl (dNbpy) were added to an oven dried polymerization tube

equipped with a Teflon stir bar. The polymerization tube was backfilled with nitrogen 3

times, and then dimethylformamide (DMF) and acrylonitrile (AN) were added. The

acrylonitrile was purified through a plug of basic alumina to remove the inhibitor, just

prior to polymerization. The tube was then freeze/pump/thawed 3 times, backfilled

with nitrogen and reacted at 70 °C for varying times. Multiple reactions were done
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using the same starting PS-Br (2.0 kg/mol), and aliquots were taken to monitor the

growth of the PAN for reaction times up to 4 hours and 62% conversion (see Table 3.1)

Table 3.1. PS-/>-PAN polymers synthesized.

Notebook
Designation^

Polymer
Reaction

Time
(mm)

Total

Mn
Mn PAN
(NMR)"

Conversion'^
Volume'^
0/ pAM
/o r MIN

Total Mn of

diblock

(GPCf
PDl'

JML-2-20 SANa1 2 9^1 n 01 u 1 .4 18.7 11100 ~1.11

JML-2-11 SANbl 10 oouu 1 oUU 20.5 37.1 18000 1.19

JML-2-1

1

SANb2 20 oouu \ oUU 21

A

44.9 20000 1.28

JML-2-12 SANrI '^0 HUOU ZUDU O O "7
00.7 48.1 21300 1.34

JML-2-1

1

W 1 VI ^ ^ 1 1 ?0 49nnH^UU on coU.o 49.9 22600 1.30

JML-2-1

1

SANb4 40 4400HHUU ^4UU 41 .b 52.1 22500 1.36

JML-2-1

1

1 VI ^ £. 1 1
'SO 4Fif^n

'fDOU ^DDU 0D.4 54.6 24800 1.34

JML-2-1

1

V 1 VI L. ^ 1 1 SANbfi fiO\J\J ^?00oouu oouu M /a9
IN/A 59.9 27700 1.26

JML-2-20 SANa2 60 4610 2610 37.9 54.1 N/A^ N/A^

JML-2-12 SANc2 60 4790 2790 45.9 55.8 25700 1.385

JML-2-12 SANc3 120 5260 3260 53.1 59.6 26000 1.48

JML-2-12 SANc4 150 5300 3300 56.3 59.9 N/A^ N/A^

JML-2-20 SANa3 180 5670 3670 54.1 62.4 N/A^ N/A^

JML-2-12 SANc5 180 5650 3650 58.5 62.3 25900 1.57

JML-2-12 SANc6 240 6000 4000 62.0 64.4 32600 1.46

a Notebook designation JML-notebook number-page number. Samples with same notebook

numbers are different aliquots from same reaction, b Mp was determined using the dried

polymer sample in DMS0-d6 c Conversion was measured using aliquots of the reactions (a, b,

c) at different times and using the integration of the DMF peak at 7.95 ppm as an internal

standard to measure the disappearance of the monomer peaks, d Volume fraction was calculated

from the NMR data using dps==1.06 g/ml and dpAN^1.17 g/mol. e Significantly higher using

SEC is typical of PAN containing samples when compared to NMR; SEC relative to PS

standards, fNo correction was done to account for peak tailing from instrument, which may

account for a broadening in PDI (see Figure 3). g Data is not available due to limited quantities

of material.

The kinetics data, as a function of conversion, for the ATRP polymerization of

the PAN block are given in Figure 3.5, using the data given in Table 3.1. The number

average molecular weight, Mn, is shown to be linear as a function of conversion, one
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indication of a controlled reaction, and typical for an ATRP polymerization. The PDl

increases as a function of conversion, possibly due to deactivation of the copper catalyst

by the DMF, as suggested by Matyjaszewski et al.^^ Even with this increase in PDI, the

diblock copolymers microphase separated in bulk and in thin films, as will be discussed

in the "microphase separation" section.

Figure 3.5. Kinetics data for the polymerization of acrylonitrile using a polysty
macroinitiator.
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The values of Mn shown in Figure 3.5, determined using NMR, differ drastically

from the molecular weights determined from SEC (see Table 3.1). Unfortunately,

PAN-containing polymers interact with typical SEC column packing materials resulting

in a broadening of the distribution by tailing, or odd peak shapes, that can be strongly

influenced or screened by the addition ofDMF soluble salts. Even with the

addition of salts to screen interactions, the peak shape can still be influenced by
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impurities such as water, the type or brand of SEC packing material, and even the age of

the columns (as per discussions with Polymer Lab technicians).

Also, when calibration standards such as PMMA or PS are used, the molecular

weights corresponding to the PAN peaks can be off by an order of magnitude, which

has been seen here (see Table 3.1 and Figure 3.6), and in other diblock copolymer

studies where PAN is one of the blocks.'''^'* The M„ determined from NMR for the

PAN block was the more reliable method for the characterization of the PS-^-PAN

since the PS macroinitiator was well characterized before the polymerization of the

PAN block.

Figure 3.6. Difference in the number average molecular weight between NMR and
SEC measurements using DMF with 0.01 M LiCl.
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The synthesis of PS-6-PAN polymers can also be extended to larger molecular

weight polymers. However, since greater amounts ofAN are needed to get higher

molecular weight PAN, the issue of solubility in the reaction media plays a crucial role.

While these higher molecular weight polymers provide some synthetic challenges, they

also exhibit some interesting solution properties, as will be discussed in Appendix C
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The microphase separation behavior discussed in the rest of this chapter uses the lower

molecular weight polymers from Table 3.1, unless otherwise noted.

3.3 Instrumentation

NMR was used to characterize the polymers using a 300 MHz Bruker

spectrometer. Number average molecular weights (Mn) were determined by 'h NMR in

CDCI3 (for polystyrene samples), DMS0-d6 (for low molecular weight diblock samples

made using the 2 kg/mol PS-Br), and DMF-dy (for the higher molecular weight diblock

samples). NMR was also used to determine AN conversion by taking aliquots of the

reaction at different times and measuring the DMF to acrylonitrile peak ratio.

Size exclusion chromatography (SEC) measurements were used to characterize

the starting PS-Br macroinitiators and diblock copolymers. SEC of the PS-Br was done

in THF at a flow rate of 1 .0 mL/min, versus polystyrene standards, using two polymer

laboratories PLGel 5 ^im Mixed-D and one PLGel 5 |am 50A columns, a Knauer K-501

HPLC pump, Knauer K-2301 RI detector, and Knauer D-2600 dual wavelength UV

detector. SEC of the PS-6-PAN diblock copolymers was done in DMF (0.01 M LiCl) at

0.5 mL/min flow rate using a Hewlitt Packard (HP) series 1050 HPLC pump and a HP

series 1047A RI detector, versus polystyrene standards.

Bulk characterization of the morphology was done using small angle x-ray

scattering (SAXS). SAXS measurements were performed under vacuum using an

Osmic MaxFlux x-ray (Cu Koc, 0.154 nm) source with a Molecular Metrology, Inc.

camera consisting of a 3 pinhole collimation system, 1 50 cm sample-to-detector

distance (calibrated using silver behenate), and a 2-dimensional, multiwire proportional

detector (Molecular Metrology, Inc.).
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PAN stabilization was done using a hot plate with an air inlet/outlet for in-house

compressed air. This allowed for the ability to stabilize the films under a dry, air

atmosphere.

Thin film images were taken using transmission force microscopy (TEM). TEM

images were obtained using a JEOL 2000KX transmission electron microscope at 200

kV. Film thicknesses were measured using a Filmetrics Interferometer using a silicon

oxide calibration wafer and also by SFM.

Thermal degradation studies on the bulk powder were done using

thermogravimetric analysis (TGA). TGA studies were done using a TA Instrument

Series 2050 Thermogravimetric Analyzer. Polymer powder (~2- 5 mg) or thin films

still on the silicon substrate, were pyrolyzed (after stabilization) using TGA.

3.4 Characterization

3.4.1 Microphase Separation Behavior

A few of the diblock copolymers synthesized were chosen for microphase

separation studies (see Table 3.2). SAXS and TEM were used to study the microphase

separation behavior of these diblock copolymers, in bulk and thin films. SFM was not

used since the roughness of the spin-coated film varied drastically from sample to

sample, and microphase separation was rarely seen in the micrographs. The roughness

was most likely due to the inability to cast a perfectly smooth film due to the small

amount of humidity present during the casting conditions.

61



Table 3.2. PS-A-PAN samples used in the microphase separation studies

Polymer
I^^action Time Total M,, PAN „ . , Volume*^^"'^"^^^

(min) Mn (NMRf Conversion^ PDf
SANb3 30 4200 2200 30 5 499 Ho
SANbS 50 4650 2650 36.4 54 6 1*34

SANb6 60 5300 3300 N/A^ 59 9 1 26
SANa2 60 4607 2610 37.9 541 n/A'^
SANa3 180 5668 3670 54.1 62.4 N/A^

a Mn was determined by NMR using the dried polymer sample in DMSO-dt b
Conversion was measured using aliquots of the reactions (a, b, c) at different times and
usmg the mlegration of the DMF peak at 7.95 ppm as an internal standard to measure
the disappearance of the monomer peaks, c Volume fraction was calculated from theNMR data using d|.s=1.06 g/ml and dpAN=1.17 g/ml. d Data is not available due to
limited quantities of material, e No correction was done to account for peak tailing from
instrument, which may account for a broadening in PDI.

SAXS was performed on three representative samples; SANb3, SANa3 and

SANb6. Bulk samples of these materials were prepared by drop casting from 5% DMF

solutions onto a Kapton film and heating on a hot plate at 120 °C for several minutes to

evaporate the majority of the DMF. The film was removed from the hot plate and

further dried in a vacuum oven overnight prior to the SAXS measurements. The

scattering peak in SAXS yielded d-spacings of 12.5 nm (for sample SANb3), 13.1 nm

(SANb6), and 14.2 nm (SANa3). No preferred orientation or long-range order of the

microphase-separated domains were seen in the data, as was evidenced by the diffuse

rings seen in the 2D scattering patterns (see Figure 3.7). The SAXS data alone did not

prove microphase separation, and TEM was needed to confirm microphase separation.

It is important to note that the samples used for the TEM and SAXS studies were

slightly different, with the exception of SANa3. The reason for using the different

samples was due to the limited supply of SANb3 and SANb6. Consequently diblock

copolymers with similar volume fractions were chosen to complete the studies.

62



b) SANb6, c) SANb3. Curves are offset for clarity. iDset is a representative 2D
SAXS scattering pattern.

0.06 008 0.10 0,12 0,14

Thin films of PS-^-PAN were used for the TEM studies, so that microtoming

was not necessary. Thin films were spin-coated at 1000-3000 rpm from either 1% w/w

or 5% w/w DMF, DMAc, or DMSO solutions onto silicon wafers having a 200 nm

silicon oxide layer. The casting conditions for these polymer solutions were extremely

important due to the hygroscopic nature of the solvents. Therefore, the wafer was

heated using a hot air gun just prior to spin-coating to facilitate the evaporation of the

solvent. An alternate method that proved to be equally effective was to pass a light

stream of dry nitrogen over the wafer during the spin-coating process. If neither of

these approaches was used, the result was a very rough film that appeared hazy or

opaque due to large aggregates of the polymer.

After the films were cast, they could be removed from the silicon oxide substrate

using an aqueous HF (5%) solution and floated onto a copper grid. TEM done on the
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as-cast PS-6-PAN thin film samples (-30 mn thick) showed no indication of the

microphase-separated morphology, due to insufficient electron density contrast, so

staining was needed. Upon staining with RUO4 for 30 minutes to selectively stain the

PS domains' '\ the microphase separation was evident. However, if the as-cast samples

were heated at 250 °C for 2 hours in air, the cyclization reaction of the nitrile groups,

provided enough electron density contrast to see the morphology clearly (see Figure

3.8).

Figure 3.8. TEM images looking down through films of PS-A-PAN (SANa3), (a) as-
cast from DMF then stained with RUO4, and (b) Stabilized at 250 "C. The stained
sample shows PS as the dark regions, and the stabilized sample shows PAN as the
dark regions. Large dark spots are from contamination during the RUO4 staining

process. Overlays are "zoomed in" regions of the underlying TEM images.
Scale bars= 50 nm.

It is evident that there is no preferred orientation of the morphology under these

casting conditions. Studies using other solvents, such as DMSO and DMAC were also
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performed and gave similar results. The pyrolysis behavior of the thin films cast from

various solvents, and the effects of thermal annealing are shown under the "template

preparation" section. The values for the domain spacing from TEM on the thin films,

agrees with the values obtained from the SAXS measurements.

3.4.2 Thermal Degradation

The bulk thermal degradation of PS-Z>-PAN, PS and PAN polymers was studied

using TGA. The polymers were studied under nitrogen and air up to 600 °C, (see

Figure 3.9). Between 250 °C-300 °C there was a loss in weight when the PAN-

containing diblock copolymers and homopolymer were degraded under nitrogen. This

is consistent with what has been observed, and can be attributed to the random chain

scission of the polymer, corresponding to a loss of hydrocarbons, such as AN or

• • • 83
propionitrile. This weight loss is not seen in the air-degraded samples, since heating

PAN in the presence of air stabilizes the polymer, promoting the cyclization of the

nitrile groups, so the only degradation seen in the 250 °C-300 °C range is from the

uncyclized portions of the PAN^^ (see Figure 3.1). Further heating under air, however,

results in the complete degradation of the polymers, whereas, heating to higher

temperatures under nitrogen results in a char yield that is proportional to the amount of

PAN present in the polymer. The initial weight loss in the PAN homopolymer sample

was most likely due to residual solvent or adsorbed water. It is also important to note

that the PS homopolymer does not begin degrading until -300 "C and by 400 "C it is

completely degraded by random chain scission' Since this temperature is well below

the pyrolysis conditions used to convert the PAN structure into carbon at 600 °C, it
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guarantees that the PS domains in the PS-Z,-PAN microphase separated structure are

completely degraded by the time the PAN domains are converted to carbon.

Figure 3.9. TGA studies of PS-6-PAN and homopolymers heated at 5 "C/itiin,
under a) nitrogen, b) air.
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The TGA studies show the weight loss resuhing from the formation of volatile

products. However, the data does not indicate whether or not the diblock copolymer

has a thermally cleavable junction point. Since the junction between the two blocks is
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an ester, the thermal stabihty of that point is in question. A higher molecular weight

PS-Z)-PAN diblock copolymer sample (25 kg/mol total, PDI= 1.25, 43% v/v PAN,

notebook JML-3-27) synthesized using the same method as outlined previously, was

drop cast onto a silicon wafer and heated to 250 °C for 2 hours under nitrogen. The

heated sample was extracted with DMF (with 0.01 M LiCl), and SEC was used to check

for homopolymer PS. The majority of the heated diblock copolymer did not dissolve in

the DMF. SEC done on the sol portion shows a broadening of the diblock copolymer

peak, consistent with the stabilization of the PAN block (see Figure 3.10). The starting

homopolymer PS-Br (13 kg/mol, PDI= 1.06, JML-1-89) is also shown for comparison.

The SEC data does not show the evolution of a PS homopolymer peak, which would be

prominent in the chromatogram if the diblock copolymer junction point were thermally

labile. Also, since the sol fraction can be seen using the UV detector, it is a strong

indication that the PS is still attached to the crosslinked diblock copolymer.

Figure 3.10. SEC of the sol fraction of stabilized PS-Z>-PAN heated to 250 °C for 2

hours under nitrogen. PS-Br and PS-Z>-PAN were dissolved at 1 mg/mL in DMF,
and the heated sample (2 mg) was extracted with 1 mL of DMF. Chromatograms

are not normalized.
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3.5 Nanoporous Template Preparation

3.5.1 Template Pyrolysis

As was discussed in the background section, the formation of carbon fibers only

occurs under a strict process of stabiUzation followed by pyrolysis. A similar heat

treatment was applied here to convert the microphase separated film into a

carbonaceous template. First, thin films of PS-Z>-PAN were heated at 250 °C under air

for two hours on a hot plate, then cooled and placed into a TGA furnace. Pyrolysis was

done in the TGA, under nitrogen, by heating the films at 20 °C/min from room

temperature to 600 °C and holding the temperature at 600 °C for ten minutes. This heat

treatment converts the PAN domains to carbon and degrades the PS domains (see

Figure 3.9), leaving holes in place of the PS. The microphase separation and pyrolysis

behavior of thin films of three of the PS-6-PAN diblock copolymers were studied in

detail; SANa2 and SANb5 (54% v/v PAN), and SANa3 (62% v/v PAN). Microphase

separation of these polymers occurs on the -10 nm size-scale, due to the large value of

X and low molecular weight.

Finding a solvent that dissolves both the PS and PAN blocks was challenging

due to the limited solubility ofPAN. The images in Figure 3.8 are from thin film

samples of PS-6-PAN that were spin-coated from DMF. Similar films were prepared

using DMSO or DMAC, 1 % solutions. Sample thicknesses before stabilization and

pyrolysis, ranged from 1 8 rmi - 46 nm (depending on the spinning speed). All three

solvents have varying polarities and vapor pressures, but under the same casting

conditions, gave similar results. Several films were spin-coated onto silicon wafers

having a 200 nm layer of oxide, stabilized and then pyrolyzed (see Figure 3.11). Since
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stabilization and pyrolysis increases the electron density contrast by stabilizing the PAN

and removing the PS, no stain was needed for these samples.

Figure 3.11. The effect of different casting solvents on the morphology of the
carbonaceous films. Thin films were spin-coated using SANa2 from (a) DMF andSANbS from (b)DMAc and (b) DMSO solutions, all stabilized at 250 "C for 2

hours, and pyrolyzed. Insets are of expanded areas of the underlying TEM
micrographs. Scale bars = 100 nm.
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For all the solvents used, the morphology does not appear to orient in a preferred

direction. Attempts were made to orient the microphase-separated structure by thermal

annealing (see Figure 3.12). Solutions of polymer SANa2 in DMF were spin-coated

onto 200 nm SiO substrates, annealed at 150 °C for 18 hours under vacuum, stabilized

for 2 hours at 250 °C, then pyrolyzed. Even annealing at temperatures above the glass

transitions of PS (Tg~80 °C) and PAN (Tg~100 °C)''' did not result in a preferred

orientation or rearrangement of the morphology. This is expected, however, since the

PAN may contain crystalline regions, with a melting temperature (Tni~320 °C)' ^\ This

is above the decomposition temperature of PAN. It has been shown, however, that

rapid heating to this temperature can result in the melting transition with little to no

decomposition of the PAN, then after a certain period of time at that temperature

decomposition occurs."^ Therefore, the thermal energy needed to create the mobility to

anneal the structure, competes with the cyclization ("decomposition") of the nitrile side-

groups. Further studies need to be done to optimize the casting and annealing

conditions to afford an ordered array of microphase-separated polymer domains with

preferred orientation either perpendicular or parallel to the substrate.
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a^Sr DMVh^'^rnMr'';"^''^'-'-'*^^ P^*^"^^-*^- ^^^^2 spin-coated using,a) 5 /o DMF, b) 1% DMF solutions, annealed, stabilized, then pyrolyzed c) and dare comparable films without annealing to a) and b) r.pectiv^ ^nleiste o^^^expanded areas of the underlying TEM micrographs. Scale bars = 100 nm.

The thin films that were studied all show the presence of a few "holes" or voids

after stabilization and pyrolysis, as can be seen in the TEM images (see Figures 3.1

1
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and 3.12). While some of these holes can be attributed to the removal of the PS

sacrificial block, larger holes are more likely due to volume contraction of the film

during stabilization and pyrolysis, (further supported in the "Stabilization" section of

this chapter). Studies on the pyrolysis ofPAN to create carbon films and fibers have

shown that -50% of the polymer weight is lost during the carbonization process; two-

thirds of which is lost during the initial stabilizafion process.^^'^°'^'^ This loss of weight

also corresponds to a significant volume change for the carbon fibers and films, with a

volume shrinkage of-25% between 200 °C-300 °C.^'' PS-6-PAN thin films coated on

200 nm SiO substrates also undergo a change in volume. During this volume shrinkage,

the film remains adhered to the substrate, so that only the thickness of the film changes.

Optical microscopy was used to study this thickness change after stabilization and

pyrolysis (see Figure 3.13). The films in Figure 3.13 were lightly scratched and SFM

measurements were done to monitor the change in thickness. The as-cast samples were

100 nm and after stabilization at 250°C were 70 nm. After the final pyrolysis step, the

resulting film was 32 nm thick. These volume shrinkages are larger than what has been

seen for PAN, which may be due to additional volume contraction from the removal of

the PS domains.
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Figure 3 13. Optical microscopy images of thicker films of SANa2 cast from DMF
onto 200 nm SiO. (a) as-cast (b) stabilized at 250 «C for 2 hours under air (c)

pyrolyzed at 600 C under nitrogen. The image shows a distinct color change due
to the change m film thickness and no cracking of the films upon heating.

3.5.2 Effect of Stabilization

As was stated earlier, the stabilization and pyrolysis conditions were used based

on similar methods used for the creation of carbon fibers. A quick study was done

using the PS-Z?-PAN polymers to probe if the stabilization prior to pyrolysis is necessary

for the replication of the microphase-separated structure into a carbonaceous template.

The stabilization step starts the intra- and intermolecular reactions that are needed to

stabilize the structure prior to pyrolysis (see Figure 3.1). Without this initial

stabilization step, the competition between chain scission and cyclization during the

pyrolysis step (at 600 °C under nitrogen) would lead to the destruction of the thin film.

This can be seen in Figure 3.14, where a thin film sample (-30 nm) of SANa2 (54%

PAN) was broken into two pieces: one half was stabilized then pyrolyzed, and another
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half was just pyrolyzed. The sample that was quickly heated to 600 °C shows gaping

holes in the film and no preservation of the microphase separated morphology. The

stabilized, then pyrolyzed samples, however, show that the morphology remains, now in

a carbonaceous form, and the sacrificial PS domains have been removed.

Figure 3.14. Carbonaceous film formation using thin films of SANa2 cast fromDMF (a) stabilized and pyrolyzed, (b) unstabilized and pyrolyzed. Overlays are
"zoomed-in" regions of the underlying TEM images. Scale bars= 200 nm, inset

scale bars= 100 nm.

According to this data, there is a possibility that the holes seen in Figure 3.1 1 are

due to insufficient stabilization. To test this, samples similar to those in Figure 3.1

1

were stabilized in air for 4 hours (instead of 2 hours), then pyrolyzed (see Figure 3.15).

The resulting films, however, still show the presence of small holes, even though there

was an increase in stabilization time, indicating the holes are caused from volume

contraction. The films shown in Figure 3.12 also support this conclusion, since the

thicker films show less holes than their thinner counterparts, indicating that the thicker
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films are less prone to cracks and holes from volume contraction due

amount of material.

to a greater

^'T^ ^'}t^^^T.
of increased stabilization time. Both films were spin-coated,

then stabilized for 4 hours, and pyrolyzed. A) cast from DMF, b) cast from
DMAC.

3.6 Conclusions

Diblock copolymers containing PS-/?-PAN were synthesized by a combination

of living anionic and ATRP polymerization techniques, and were shown to phase

separate for low molecular weights. SAXS and TEM data indicate poor lateral

ordering, but distinctive phase separation. Attempts to orient the microphase-separated

structure by using different casting solvents and thermal annealing, gave the same

results as the unannealed counterparts. The PAN domains could be successfully

converted to carbon, through stabilization and pyrolysis, while the sacrificial PS

domains were thermally degraded. This is a promising method to obtain nanoporous

(<10 nm) carbonaceous films using diblock copolymers that have strong microphase

separation behavior.
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CHAPTER 4

APPLICATIONS AND FUTURE DIRECTIONS

4.1 PSBCB-A-PLA Project

The PSBCB-Zj-PLA project, as discussed in Chapter 2, shows a process by

which thermally stable nanoporous templates can be created.^^ The process presented

here for the fabrication of nanoporous templates eliminates the need for UV irradiation,

ion etching or secondary chemical modification to remove the minor component. In

addition, the amount of crosslinking can be "dialed-in" at the start, through modification

of the number of crosslinkable groups on the polymer and/or tailoring the crosslinking

conditions. The majority of the work done on this project focused on the use of thin

films for the generation of these templates. Future work in this area could focus on the

use of thicker films, to create nanopores with higher aspect ratios. Preliminary work, as

shown in Chapter 2 (see Figure 2.17), indicates that the electric field alignment of these

polymers is possible for thicker films of PSBCB-6-PLA to generate the perpendicular

alignment of the PLA domains (with respect to the substrate).

In addition, these nanoporous films contain hydroxyl groups, remaining after the

degradation of the PLA, which should be located along the pore walls. Attempts were

made to address these hydroxyl groups, but the characterization met with difficulty due

to the small amount and low density of hydroxyl groups along the pore walls (see

Appendix B). Typical methods of characterization gave results that were inconclusive,

since the sensitivity of these instruments was pushed to their limits. Future work on this

could involve using nanoparticles to address whether or not the functionality is
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accessible, although even this will have its own challenges (refer to Challenges section

of Appendix B).

If addressable, the hydroxyl functionality within the crosslinked nanopores

provides a versatile tool for incorporating and exploring chemical reactions in

constrained geometries. Since these nanoporous templates resist collapse under thermal

and solvent treatments, a vast library of chemical reactions could potentially be used to

address the hydroxyl-lined pore walls. Modification of the pores could have potential

applications in such areas as lithography, where the template is used as a mask, or in

selective filtration, where the nanoporous film is placed onto another microporous

support to enhance filtration of smaller/chemically specific particles (see Figure 4.1).
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Figure 4.L Possible applications for modified nanoporous crosslinked templates, a)
lithographic methods with or without pore functionalization, b) selective filtration

via pore wall functionalization.
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From a commercial standpoint, it is nice that the amount of crosslinking can be

dialed-in from the start and that subsequent degradation can be done using a

commercially available developer (MF-319™, Rohm and Haas), as mentioned in

Chapter 2. However, there are some challenges that need to be addressed before this

polymer can be used for the aforementioned applications. The first challenge, as

previously mentioned, is the difficulty in proving the addressibility of the hydroxyl

groups in the porous structure. The second challenge is that this polymer can only be
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can
made using a two-step polymerization method, whereas, for example, PS-Z,-PMMA

be made in "one-pot". The third challenge is the lack of availability of the monomer. It

is not commercially available (yet) and involves either complex synthesis or flash-

vacuum pyrolysis. Once these limitations are overcome or accepted, this method to

create nanoporous templates becomes easier to scale-up for the exploration of its

potential uses.

4.2 PS-A-PAN Project

The PS-6-PAN project, as discussed in Chapter 3, provides a completely thermal

route to the generation of stable nanoporous templates using thin films."^ While the

microphase separation behavior is maintained and can be converted into carbon, the

microphase-separated morphology lacks orientation. Future work on this project may

involve finding ways to orient the morphology, such as solvent annealing or electric

field. A more promising method, however, for the orientation of these polymers is to

use confined geometries. It has been previously shown that the microphase separation

of diblock copolymers is maintained within the porous structure of alumina

membranes.' Not only does this result in the orientation of the microdomains of

the polymer over microns, but it also allows for unique microphase separation behavior,

such as the formation of concentric cylinders'^° or helices'^' (see Figure 4.2). In

addition, theoretical calculations support the morphologies seen, and suggest other

distinct morphologies based on the degree of confinement, volume fraction of the two

blocks and surface energies of the two blocks.
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Figure 4.2. Introduction of diblock copolymers into confined geometries. Cross-
sections shown are for the concentric cylinder morphology.
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Introduce polymer 2) Anneal or heat to crosslink
into template
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using base microtome, and stain

This method is currently being applied to the PS-6-PAN polymers to produce

unique carbonaceous structures, such as amorphous carbon nanotubes.'^^ In addition,

these carbonaceous structures can, theoretically, be turned into graphitic structures with

the application of heat > 1600 °C. Future work on this project will use PS-Z)-PAN to

attempt to produce unique graphitic structures.

In addition to using PAN to create carbonaceous structures, there are also other

random copolymers ofPAN that can be used to the same end. The use of random

copolymers, typically acrylic based, imparts favorable processing properties, such as
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increased solubility in a variety of solvents and reduced melting temperature.
«^

Copolymers ofPAN containing MA, MMA, VA, and VBr have been studied for their

use as carbon precursors.«^ There is a point of diminishing returns, however, since the

incorporation of too many non-acrylonitrile units in the copolymer actually decreases

the mechanical properties of the resulting carbon structure, as was noted in the case of

carbon fibers." Random copolymers ofPAN also require increased and gradual

stabilization when compared to their PAN homopolymer counterparts. Therefore, the

synthesis of random copolymers to help with the processing properties would be a

favorable route to pursue for the confinement studies described in Figure 4.2, as well as

for the studies of thin film behavior.
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APPENDIX A

EXPERIMENTAL SECTION

A.1 PSBCB-A-PLA Project

A.1.1 Materials

Tetrahydrofliran (THF) and benzene were dried over sodium and benzophenone,

and distilled under nitrogen just prior to use. Dimethylformamide (DMF) was distilled

under reduced pressure over magnesium sulfate. 3-Bromobenzocyclobutene (BrBCB)

was provided by the DOW Chemical Company. The hydroxy-fUnctionalized

alkoxyamine initiator was provided by Dr. Eric Drockenmuller (IBM Almaden

Research Center), made using established procedures.^^ Styrene, chlorobenzene

(Aldrich), tetra-«-butyl ammonium fluoride (Aldrich), «-butyllithium (2.89 M in

hexanes, Alfa Aesar), methyltriphenylphosphonium bromide (Alfa Aesar, 98+%),

magnesium turnings (Fisher), and triethyl aluminum (Aldrich, 1 .OM in hexanes) were

used as received. D,L-lactide (Aldrich) was recrystallized from ethyl acetate. All

glassware, unless otherwise mentioned, was dried in an oven at 250 °C overnight, and

cooled under dry nitrogen just prior to use.

A.1.2 Synthesis

A.1.2.1 Benzocyclobutene Carbaldehyde (ald-BCB)

The ald-BCB was made based on established procedures.^^ Magnesium turnings

(2.88 g, 120 mmol) were added to a 500 mL round-bottom flask, containing THF (50

mL) under nitrogen. To this mixture, 4 drops of 1 ,2-dibromoethane were added. Using
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an addition funnel, BrBCB (20.0 g, 109 mmol) and 25 mL THF were added dropwise.

The resulting exothermic reaction, caused the THF to reflux. After this initial addition,

THF (25 mL) was used to rinse the addition funnel, and was added to the reaction

mixture. The flask was then heated at reflux, under nitrogen, for an additional 45

minutes, until the solution was greenish-brown. The reaction was then cooled to 0 °C,

and DMF (1 5.0 mL, 210 mmol, distilled over MgS04) was added dropwise. The

reaction was then once again heated to reflux for 15 minutes, and cooled. The reaction

solution was then poured over 150 g of ice, and acidified to pH = 4 using HCl (aq), to

react with all the remaining magnesium. The solution was then neutralized using a

saturated sodium bicarbonate solution, and extracted with 3 x 200 mL of diethyl ether.

The ether was collected, dried over MgS04, filtered, and evaporated to yield the crude

product (15.3 g). The reaction progress was checked using TLC with 10% diethyl ether

in petroleum ether (Rf Aid-BCB = 0.25, Rf BrBCB = 0.65). The ald-BCB was purified using a

silica column with 10% diethyl ether in petroleum ether, with the unreacted starting

material (BrBCB) eluting first. Yield= 9.88 g, 68%. [Note: The ald-BCB must be kept

in the freezer, since it decomposes readily at room temperature to an insoluble white

solid. This solid can be removed from the ald-BCB by filtration.] 'H NMR, (300 MHz,

CDCI3), 5 - 9.94 (s, IH, CHO), 7.73 (d, IH, Ar-H), 7.57 (s, IH, Ar-H), 7.21 (d, IH, Ar-

H), 3.24 (br s, 4H, CH2).

A.1.2.2 Vinyl Benzocyclobutene (vinyl-BCB)

The vinyl-BCB was made based on established procedures.

Methyltriphenylphosphonium bromide (32.4 g, 90.9 mmol, PhaPCHaBr) was added to a

500 mL round-bottom flask equipped with glass stir bar (shown in Figure 3.4b). The
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flask was sealed and heated gently using a heat gun, under vacuum, to remove moisture.

Freshly distilled THF (150 mL) was added, and the flask was backfilled with nitrogen.

The solution was cooled to -78 °C using a dry ice/acetone bath, and ;7-butyllithium

(30.6 mL, 88 mmol) was added dropwise. The reaction was then warmed to room

temperature to destroy any unreacted /7-butyllithium. The resulting yellow/orange

solution was then cooled back down to -78 °C. The ald-BCB (9.55 g, 72.3 mmol) was

diluted in dry THF (45.4 mL) and added to the reaction. After addition the reaction was

allowed to warm to room temperature, and stirred for two hours. The reaction was then

treated with saturated ammonium chloride and saturated sodium bicarbonate, filtered

over Celite, and washed with petroleum ether. This was evaporated to remove the

majority of the petroleum ether and THF. More petroleum ether was added to

precipitate the phosphorous salts, followed by filtration and further evaporation. A

silica gel column, with 1 0% ether in petroleum ether as eluent, was used to purify the

vinyl-BCB (Rf vinyi-BCB= 0.75). After the vinyl-BCB was retrieved, the eluent was

switched to pure ether to recover the unreacted ald-BCB. 'h NMR (300 MHz, CDCI3),

6 = 7.25 (d, IH, Ar-H), 7.18 (s, IH, Ar-H), 7.03 (d, IH, Ar-H), 6.73 (dd, IH, CH^CHz),

5.70 (d, IH, CH=CH2), 5.18 (d, IH, CH=CH2), 3.19 (s, 4H, CH2).

A. 1.2.3 PSBCB-OH and PS-OH Homopolymers

Hydroxy-terminated poly(styrene-r-benzocyclobutene) (PSBCB-OH) was made

using established procedures.^^ Vinyl-BCB (1.30 g), styrene (5.0 mL, 4.52 g), and

initiator (128 mg) were added, in bulk, to a polymerization tube, freeze/pump/thawed

for 3 cycles, then sealed. Polymerization was done at 120 °C, between 11-16 hours, or

to approximately 75% conversion. The resulting polymer contained 16 mol% BCB
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groups. The hydroxy-terminated polystyrene (PS-OH) analog was made using the exact

same procedure as outlined above, omitting the vinyl-BCB monomer, and using styrene

instead. The molecular weights and PDI information are summarized in Table 2. 1 . 'h

NMR (300 MHz, CDCI3), 5 = 6.2 - 7.3 (m, 5H from styrene, 3H from BCB units, Ar-

H), 3.
1
(br s, 4H, CH2 from the cyclobutene ring), 1 .2 - 2.2 (m, 3H, CH-CH2 from

PSBCB backbone).

A. 1.2.4 PSBCB-A-PLA and PS-A-PLA Diblock Copolymers

For polymer G (see Table 2.1), the tert-butyldimethylsilyl (TBDMS) protecting

group was removed using 1 .0 M tetra-«-butyl ammonium fluoride (TBAF) in THF. The

TBAF solution (0.5 mL) was added to a solution containing the protected polymer

(1 .Og) in THF (4.0 mL) and stirred at room temperature for 24 hours. Acidic methanol

was added to quench the reaction and the polymer was precipitated into methanol and

filtered. The synthesis of the diblock copolymer does not require protecting the

hydroxyl group, so preparation of subsequent diblock copolymers was done without the

protection/deprotection step.

The PLA block was grown using D,L-lactide and AlEts in benzene, adapted

from a previous procedure. For a typical reaction, a polymerization tube with a Teflon

stopcock was charged with PSBCB-OH (0.3 g), heated briefly with a heat gun under

vacuum, and backfilled with nitrogen. This was repeated three times. Then under

positive nitrogen flow, with the stopcock completely loosened, AlEt3 (25 |aL of 1.0 M,

Aldrich) and benzene (5.0 mL, distilled over sodium and benzophenone) were carefully

added via gas-tight glass syringes. The polymerization tube was then quickly vented

through a bubbler, sealed, covered in aluminum foil, and allowed to react overnight at
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room temperature (see Figure 2.4). This method was preferred over a septum-sealed

flask, to prevent contamination from the septa, as well as to achieve a tighter seal to

prevent the introduction of air or moisture.

The following day, D,L-lactide (0.625 g, Aldrich, recrystallized from ethyl

acetate and stored in a desiccator under nitrogen) was added to the polymerization tube

in a glove bag under a nitrogen atmosphere. The tube was sealed, removed from the

glove bag, and heated at 80 °C for 7 hours. The polymers were isolated by precipitation

into acidic methanol (MeOH/HCl). After drying and preliminary characterization,

unreacted PSBCB homopolymer was removed using cyclohexane (-30 mL for each 0.5

g of polymer) at room temperature, followed by centriftigation. Characterization of the

diblocks was done using NMR and size exclusion chromatography (SEC). 'H NMR

(300 MHz, CDCI3), 6 = 6.2-7.3 (m, 5H from styrene, 3H from BCB units, Ar-H), 5.2

(m, IH, CH from PLA), 3.1 (br s, 4H, CH2 from the cyclobutene ring), 1.2-2.2 (m, 3H,

CH-CH2 from PSBCB backbone), 1.6 (m, 3H, CH3 from PLA). The molecular weights

and PDI information are summarized in Table 2.1.

A.2 PS-A-PAN Project

A.2.1 Materials

Styrene (Fluka) was distilled over calcium hydride and stored under nitrogen

immediately before polymerization, .yec-butyllithium (1.4 M in hexanes) and ethylene

oxide were obtained from Aldrich and used without further purification. Benzene was

distilled over sodium/benzophenone. Acrylonitrile (AN) (Aldrich, 99+%) was passed

through a plug of basic alumina (Alfa Aesar, activated, basic, 96%) prior to use.
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Dimethylformamide (DMF) was distilled under reduced pressure over magnesium

sulfate or used directly from a bottle of anhydrous DMF. Copper (I) bromide (Aldrich,

99.999%) and 4,4'-dinony1-2,2 '-dipyridyl (dNbpy) (Aldrich, 97%) were used as

received.

A.2.2 Synthesis

A.2.2.1 PS-Br Macroinitiator

Benzene (300 mL) was added to a flame-dried flask (see Figure 3.4b) equipped

with glass stir bar, nitrogen inlet/outlet and Teflon stopcock. Addition of reagents was

done under a positive nitrogen flow. Sec-butyllithium solution (actual 1.2 M, 0.75 mL)

was added via syringe to the stirring solution. Styrene (20.0 mL), distilled just prior to

use (see Figure 3.4a) was added via syringe to the reaction flask that was cooled in an

ice bath due to exothermic initiation. After 10 minutes the ice bath was removed to

prevent benzene freezing. The reaction flask was sealed and the reaction was allowed

to proceed for 3 hours at room temperature. Ethylene oxide was bubbled through the

reaction until the color associated with the living anion vanished (~5 minutes).

[CAUTION: Ethylene oxide is very toxic!] The reaction flask was then sealed, and

stirred overnight (-16 hours). An excess of 2-bromoisobutyryl bromide (1 .6 mL) was

added to the reaction flask and the polymer was precipitated in methanol and dried

under vacuum overnight. The macroinitiator was characterized by SEC in THF with:

Mw== 2.1 X \0\ Mn= 2.0 X \0\ and a PDI - 1.09. The higher molecular weight

macroinitiators were made using the same procedure, with less initiator. 'H NMR (in

CDCI3) end group analysis: 3.93 (br m, 6H, PS-CH2-CH2-0-CO-C(CH3)2-Br), 3.73 (br
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m, 2H. PS-CH..CH,-O.CO-C(CH3)2-Br), 3.30 (br m, 211, PS-CHz-CH.-OH, from

aliquot before acid halide addition).

A.2.2.2 PS-A-PAN Low Molecular Weight Diblock Copolymers

The polystyrene macroinitiator (0.50 g), CuBr (30 mg) and dNbpy (160 mg)

were added to an oven dried polymerization tube equipped with Teflon stir bar. The

polymerization tube was backfilled with nitrogen 3 times, and then DMF (4.0 mL) and

AN (2.0 mL) were added. The tube was then freeze/pump/thawed 3 times, backfilled

with nitrogen and reacted at 70"C for varying times (see Table 3.1). The polymer was

precipitated into methanol and characterized with DMF (0.01 M LiCl) SEC and NMR.

'H NMR (300 MHz, DMSO-dc), 8 = 6.28-7.38 (br m, 5H, Ar-H), 3. 1 3 (br m, 1 H,

PAN), 2.00 (br m, 2H, PAN), 0.45-2.3 (br m, 3H from PS).

A.2.2.3 PS-A-PAN Higher Molecular Weight Diblock Copolymers

Higher molecular weight diblock copolymers (such as JML-3-27 from section

3.4.2, and JML-3-30 from Appendix C) were made using a similar method. The

polystyrene macroinitiator (JML-1-89, 13 kg/mol, PDI = 1.06, 0.50 g), CuBr (5.1 mg)

and dNbpy (29.2 mg) were added to an oven dried polymerization tube equipped with

Teflon stir bar. The polymerization tube was backflushed with nitrogen 3 times, and

then DMF (4.0 mL) and AN (2.0 mL) were added. The tube was then

freeze/pump/thawed 3 times, backfilled with nitrogen and reacted at 70"C for 2 days.

The polymer was precipitated into methanol and characterized with DMF (0.01 M LiCl)

SEC and NMR. 'H NMR (300 MHz, DMF-dy), 6 = 6.42-7.39 (br m, 5H, Ar-H), 3.30

(brm, IH, PAN), 2.29 (brm,2H, PAN), 1.1-2.6 (br m, 3H from PS). The resulting
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polymers were JML-3-27 (25 kg/mol total, PDI = 1.25, 430/0 v/v PAN) and JML-3-30

(28 kg/mol total, PDI = 1.33, 52o/o v/v PAN). [Note: Higher concentrations ofAN were

attempted to obtain a greater conversion ofPAN in a shorter time, but the polymer

precipitated readily in the reaction media, even at low conversions.]
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APPENDIX B

HYDROXYL FUNCTIONALITY ACCESSIBILITY IN NANOPOROUS

PSBCB-5-PLA FILMS

B.l Overview

Several reactions were explored in order to address the hydroxyl functionality of

30 nm films with aligned pores. All of the reactions that were attempted gave

inconclusive results. This was most likely due to the sensitivity limits of the

instruments used for the characterization, since these reactions are done on relatively

thin films. Similar reactions have been done on soluble PS-Z>-PLA bulk monoliths,

characterized by NMR, and have shown that the hydroxyl groups resulting from PLA

degradation are accessible.^^ Here, the attempts to prove the addressibility of the

hydroxyl groups in thin films are explained in detail, as well as the challenges that are

faced when trying to characterize reactions within crosslinked thin films.

B.2 Reactions Attempted

Several different reactions were attempted, keeping in mind the best methods of

characterization. For example, carbonyl groups were added since they absorb strongly

in IR and electron dense transition metals were chosen for TEM. These reactions were

done using ferrocene (for IR, TEM, and EDX measurements), sorbyl chloride or low

molecular weight polyisoprene (IR and to stain with OSO4 for TEM), and rhodamine

(for fluorescence) (see Figure B.l).
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Figure B.l. Attempts to address the hydroxyl functionality within the pores. List
of reactions attempted and characterization used. All results were inconclusive.
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Attempts to anchor ferrocene on the pore walls was done using benzene

(distilled over sodium and benzophenone), and ferrocene carboxylic acid (Lancaster,

98%). The ferrocene carboxylic acid was converted to the acid chloride using oxalyl

chloride, based on a previous procedure.
^^"^ The acid chloride (26 mg, deep red

crystals), was added to 10 mL of benzene in a polymerization tube under nitrogen,

resulting in a 0.01 M solution. The concentration of ferrocene was chosen arbitrarily,

since in order to achieve a ratio of 1 :1 of acid halide:hydroxyl group, a very small (-10'

g) amount would be needed, and would have resulted in a very dilute solution. A 1cm x

1cm wafer with a crosslinked nanoporous template on its surface was dropped into the

reaction flask. A similar wafer was placed into another flask, for the control, containing
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a 0.01 M solution of ferrocene (unfbnctionalized) in benzene. Both were sealed and

heated at 64 °C for 4 hours, without stirring, then removed from the flasks, and

subjected to several benzene washes. The films were dried, removed from the substrate

using an iodine etch and looked at under TEM. The nanoporous template did not show

any increase in electron density around the pores, in either sample. Another batch of

films was analyzed, while on the substrate, using EDX, but a peak corresponding to iron

was not seen. The reaction was repeated using a higher concentration of acid halide in

benzene (0.04 M) for the reaction, but still gave the same results. Thin films were also

analyzed by IR using PM-IRRAS, while still on the gold substrate, but no signal for the

carbonyl peak was seen.

Another approach to addressing the pore walls would be to use a reagent

containing double bonds that could be selectively stained using osmium tetraoxide

(OSO4). This would result in enhanced electron density contrast for TEM

measurements. For this, sorbyl chloride and low molecular weight hydroxy-terminated

polyisoprene (PI-OH) were used. The PI-OH reaction was not straightforward, since it

required the transformation of the hydroxyl groups on the pore walls to carboxylic acid

halides in order to couple the PI-OH to the pore walls. Attempts were made to convert

the hydroxyl functionality within the pores to the acid halide, using succinic anhydride,

followed by oxalyl chloride. Preliminary studies using a low molecular weight PS-OH,

suggested that the reaction with succinic anhydride did indeed give carboxylic acid

terminated polymer, as confirmed via MALDI-ToF mass spectrometry. However,

characterizing several reactions in a row within the pore was not feasible, and the

supply of PI-OH was limited. The attempts using the sorbyl chloride were also
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inconclusive. Sorbyl chloride was synthesized using oxalyl chloride, based on a

modified procedure'^^ from the sorbic acid precursor. In a typical reaction, benzene

(5.0 mL, distilled over sodium/benzophenone) and sorbyl chloride (1.0 mL) were added

to a polymerization tube under nitrogen. A 1 cm x 2 cm wafer containing the

crosslinked nanoporous template was added to the tube, which was sealed, heated to 65

°C, and reacted for 3 hours. The film was then removed from the reaction and washed

several times in benzene, dried, then removed from the substrate using the iodine etch,

and floated onto a copper grid for TEM analysis. Staining of the film was attempted

using Os04 vapor, but, again, the results were inconclusive. Films still on the substrate

were sent for analysis by PM-IRRAS, but there was no carbonyl peak present.

Fluorescence studies were also attempted, where rhodamine-b was reacted with

the hydroxyl functionality, while still on the substrate. In a typical reaction, DMF (5

mL, anhydrous) was added to N. N'-diisopropylcarbodiimide (DIC)(3.2 mg), 1-

hydroxybenzotriazole (HOBT)(3.8 mg), and rhodamine-b (2.4 mg) in a vial. A control

vial containing DMF and rhodamine-6G was also prepared, since this fluorophore lacks

the carboxylic acid group to react. The films were removed from the reactions after 24

hours at room temperature. The emission maximum for Rhodamine-b is at 625 nm,

with an excitation maximum at 543 nm. Fluorescence measurements were done on the

30 nm film, still on the gold substrate, at 500 nm, with 5 nm slit widths, but no

fluorescence was seen.

In addition, thin films (-30 nm) with aligned pores and thicker films (-200 nm)

with parallel pore orientation (with respect to the substrate), were studied using a

cerium ammonium nitrate reagent '^^
to convert the primary hydroxyl groups to
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aldehydes (see Figure B.2). This reaction has the added feature that there is a cerium

intermediate that is bonded to the oxygen tethered to the pore wall. For a benzyl

alcohol, this cerium intermediate persists (in solution) for ~4 hours, until all the material

is converted to the aldehyde, releasing a colorless cerium salt. For the thin films, TEM

was done to see the cerium on the pore walls, but due to a low concentration of the

hydroxyl functionality, no contrast was seen. A control film that used cerium chloride,

which would not react, also showed no cerium when analyzed by TEM. The thin films

were also analyzed by PM-IRRAS, but no signal for the carbonyl was seen.

In the thicker films, the cerium ammonium nitrate reaction was allowed to

proceed to completion (~ 5 hours), to create the aldehyde, and ATR-IR was used to

check for the appearance of the carbonyl peak associated with the aldehyde. The thick

film was scratched off the substrate and analyzed, but no carbonyl peak was seen.

Figure B.2. Cerium ammonium nitrate reaction to convert primary alcohols to

aldehydes.

(NH4)2Ce(N03)6 + RCH2OH

Ceric Ammonium
Nitrate (yellow)

PCH2R

(NH4)2Ce(N03)5 + HNO3

(red)

PCH2R

(NH4)2Ce(N03)5 + HNO3

(red)

^ RCH20- + (NH4)2Ce(N03)5

(colorless)

RCH20-+ (NH4)2Ce(N03)6

(yellow)

^ n + (NH4)2Ce(N03)5 + HNO3

R H (colorless)

Another method that can be used to address the functionality would be to initiate

another PLA polymerization from the hydroxyl functionality. This also has its own
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challenges, since PLA polymerization could be initiated from any hydroxy!

functionality, potentially even the silicon substrate, and the concentration of catalyst has

to be carefully controlled.

While these may seem like failed reactions that would support the inaccessibility

of the hydroxyl groups, it is more than likely it is just hard to detect such a low

concentration of functional groups. If the hydroxyl groups are accessible, there are a

variety of parameters that need to be taken into consideration, not only for the reactions

conditions used, but for the characterization conditions as well.

B.3 Challenges

There are challenges in designing a method to address the limited functionality

on the pore wall. One challenge is the low concentration of hydroxyl groups lining the

pore walls. The number and concentration of end groups in the nanoporous films can

be calculated using the observed domain sizes in Table 2.2. For example, for a 30 nm

film of polymer "K", the volume of one pore (14 nm x 30 nm) is 4600 nm^ Using the

density ofPLA = 1.26 g/cm\ there is 5.8E-18 g (7.3E-22 mol) of PLA in each pore, and

therefore, there are 440 hydroxyl groups. The surface area of the pore is 1300 nm
,

which means that there is 1 hydroxyl group for every 3 nm . The concentration of end

groups within the film is calculated using the volume fractions established in Table 2.1.

The volume fraction of PLA (0.36), means that there is 8200 nm^ ofPSBCB associated

with each 4600 nm^ pore. The moles of hydroxyl groups for each pore divided by the

total volume ofPSBCB and PLA associated with one pore (-13000 nm"*), gives a

concentration of 0.057 M. While this concentration is reasonable, the small amount of

material from the thin films still pushes the sensitivity limits of the instruments used.
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not
Additional challenges are summarized in Figure B.3, and are complicated by

only the low concentration of hydroxyl groups, but also by the limited methods

available to align the porous structure and to remove the film from the substrate.

Figure B.3. Challenges associated with the modification of nanoporous templates
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Furthermore, the sensitivity of the instrumentation used for characterization has

to taken into consideration. The most promising methods of characterization would be

elemental analysis (if enough material could be collected), IR, and TEM. Of course
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TEM has the added advantage that if a reaction occurs, one can directly observe where

the reaction took place, provided, of course, that the reaction results in a large electron

density contrast. Functionalized nanoparticles could be used, but care would need to be

exercised, since the etching solution needed to remove the film from the gold substrate,

may also destroy the nanoparticles. For example, the destruction of cobalt nanoparticles

was observed when they were placed into the iodine etch solution, resulting in a black

precipitate over a short period of time.

Further attempts to address the hydroxyl groups should keep the above

challenges in mind. Such parameters as instrumental sensitivity and sample preparation

need to be adjusted if thin films are to be characterized reproducibly and accurately.

Future experiments could circumvent the sensitivity issues by exploring larger probes

and larger amounts of material, if possible.
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APPENDIX C

SOLUTION BEHAVIOR OF ACRYLONITRILE DIBLOCK COPOLYMERS

C.l Overview

As discussed in Chapter 4, the use of alumina templates is a route by which

unique morphologies can be obtained from confined diblock copolymers. In order to

explore the effect of confinement on PS-Z)-PAN, it was determined that using higher

molecular weight diblock copolymers would be a better starting point, since the domain

sizes would be larger and, therefore, confinement would play a larger role in

determining the resultant morphology. However, when these higher molecular weight

polymers were characterized using the same methods as their lower molecular weight

counterparts, some interesting solution properties appeared. While low molecular

weight PS-Z)-PAN is soluble in DMSO, higher molecular weight polymers aggregate in

solution, since the PS polymer is not soluble in DMSO. Understanding this solution

behavior plays an important role in future experimentation with these higher molecular

weight diblock copolymers.

C.l Characterization

As noted in Chapter 3, the ~5 kg/mol PS-6-PAN diblock copolymers were

characterized by 'H NMR in DMS0-d6. When this solvent was used to characterize

higher molecular weight PS-6-PAN, it appeared as though the conversion of PAN was

abnormally large and that the PS block was almost non-existent. When the PS

homopolymer, PS-Br (13 kg/mol, PDI= 1.06, JML-1-89), was placed into DMSO-de, it
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became evident that polystyrene was insoluble. Therefore the PS-6-PAN was

characterized using 'h NMR with DMF-d, and was found to be 28 kg/mol total with a

PDI= 1 .33 and 52% v/v PAN (notebook JML-3-30). When the same polymer was

characterized by DMSO-d^, e 8 mg/mL) it appeared as though the PAN block was 81

kg/mol (81 %v/v PAN), using the PS-Br aromatic peaks as an internal standard. The

distinct difference in solution behavior can be seen in Figure C.l.

Figure C.l. Comparison of PS-Z»-PAN behavior in DMSO-de (gray line) and DMF
dv (black line).

c N

7 6 5 4 3 2 1

This NMR data indicates that aggregation is taking place. It is important to note

that the solutions are clear, even though the PS block is apparently not soluble in

DMSO. Dynamic light scattering (DLS) was done on dilute solutions of PS-^-PAN

(JML-3-30) (0.31 g/L - 5.0 g/L), in both DMSO and DMF to determine the

hydrodynamic radii (Rh) of the aggregates. In DMF there are two populations, where

Rh~ 4 nm and 74 nm, whereas in DMSO, Rh~ 26 nm. These were determined from the
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diffusion data shown Figure C.2, (diffusion data for R, ^ 4 nm not shown), using the

viscosities'^^ for DMSO, 1.98 cp (at 25 °C) and DMF, 0.796 cp (at 25 °C).

Figure C.2. Representative DLS data for PS-^-PAN in a) DMF and b) DMSO.
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A couple of the solutions used for the DLS studies (both 5 mg/mL in either

DMF or DMSO) were used for TEM studies . A drop of this solution was placed onto a

carbon-coated copper grid and dried overnight at ambient conditions. The results,

shown in Figure C.3, show the aggregates, without staining, under TEM. The DMF

aggregates appear to be wrinkled more than the DMSO aggregates. This can be
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attributed to the fact that the PS core(s) swell in DMF, so that when the DMF
evaporates the aggregates wrinkle. In addition, DMF has a higher vapor pressure than

DMSO, and therefore evaporates more rapidly. The DMSO aggregates, on the other

hand, have only a minimal amount ofDMSO in the PS center. These conclusions are

further supported by the NMR data (see Figure C.l), because the PS peaks "disappe

in DMSO, indicating that the PS core is "solid-like". Although the sizes of the

aggregates are consistent with those found in solution, there appears to be a larger

distribution of sizes. This is most likely due to the aggregation of the particles as the

film dried, as well as the introduction of moisture as the film dried under ambient

conditions.

ar"
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Figure C.3. TEM of PS-Z,-PAN aggregates from a) DMFi) UMF and b) DMSO solutions atvarious magnifications. Scale bars = 200 nm.

Since the solvents used were very hygroscopic, the role of water in the

formation of these aggregates was explored. Instead of preparing the TEM grids by

placing a drop ofDMF or DMSO solution on a carbon-coated copper grid, and letting it

evaporate under ambient conditions, it was allowed to dry overnight under a nitrogen
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atmosphere at 0% humidity. Similar films were also prepared by drop-casting the

solutions onto carbon-coated silicon wafers (to mimic the carbon coated copper grids)

and silicon wafers with native oxide (to rule out the effect of the substrate). It was

found, for all of the samples dried under ambient conditions, aggregates formed. For

those dried at 0% humidity, no aggregates were formed, and in the case of the silicon

wafers, smooth films were seen. This supports the earlier conclusions in Chapter 3 that

the elimination of water when casting films of PS-Z)-PAN, is the key to smooth,

reproducible films.

Since water has such a profound effect on the aggregation behavior of PS-6-

PAN, the addition of water and its effect on the aggregates in solution was studied.

Solutions of PS-Z)-PAN (JML-3-30) in either DMF-dv or DMSO-de were prepared, as

dry as possible, and 'H NMR was immediately taken. The "dry" results are similar to

those shown in the initial NMR studies in Figure C.l . A stream of air saturated with

water (via a bubbler) was passed over the solution in the NMR tube for 30 min and 50

min. Bubbling through the solutions was attempted, but resulted in very foamy

solutions. The NMR data shows the disappearance of the PS peaks almost entirely,

which is clearly seen in the aromatic region of the NMR spectra (see Figure C.4). It is

important to note that the solutions were all clear, indicating the aggregates were still

smaller than the wavelength of light. The addition of water to the solutions has the

effect of causing the PS cores to apparently expel the solvent, as the solvent/water

mixture becomes less miscible.
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Figure C.4. Effect of water on the aggregation behavior of PS A pam •

.

a) DMF-d7 and b) DMSO-d^. Humid "

PS-^-PAN ,n solution.
air was passed over the solutions for thtimes shown. Figures are offset vertically for clarity.

a)

' r
,

1

^ 7.5 7 6.5 6 5.5

DMF + humid air for 75 min.

(Intensity x 10)

1 ^ 75 min.n
11 30 min.

1 —T
r- 1

\J l./.^yN.^F "dry"
\^

8

b)

7 5 7 6.5 6 5.5

DMSO + humid air for 50 min.

(Intensity x 10)

30 min.

DMSO "dry"

8 6 1 0

104



C.3 Challenges and Future Directions

It would be interesting if the aforementioned aggregates could be converted into

carbonaceous structures. If the aggregates were micelles, then this would allow for

either the creation of "solid" carbon balls or hollow carbon spheres, depending upon the

nature of the solvent. If the solvent prefers the PAN block, as the case is for DMSO,

then the result would be a hollow sphere (see Figure C.5).

Figure C.5. Creation of carbon nanostructures from solution aggregates, a) PAN
selective solvent, b) PS selective solvent.

a)

crosslink
heat

b)

crosslink heat

As is suggested by Figure C.5, the first step in the creation of these structures

involves crosslinking. In order to achieve this, base-induced cyclization was

128 1 29
attempted ' using KOH while the polymer was in solution. However, this resulted

in an orange-colored solution that, when cast onto a carbon-coated copper grid, showed

no aggregates. Optimization of this technique by using various bases and various

solvents may lead to better results. In addition, thermal crosslinking of the aggregates,

while on the TEM grid was attempted. The samples shown in Figure C.3 were heated

to 250 °C for 2 hours. While this heating may have induced crosslinking of the PAN

domains, it also flattened and coalesced the aggregates (see Figure C.6).
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Figure C.6. Thermal treatment of PS-A-PAN aggregates from a)DMF and b)DMSO on carbon-coated TEM grids at 250 °C for 2 hours in air.

Future directions for this project should focus on quantifying the amount of

water and its effect on the aggregation behavior, since studies up to this point have
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focused on the qualitative trends. In addition, attempting o.lter means to crosslink tl,e

aggregates may be worthwhile, such as UV irradiation, small molecule crosslinking or

thermal crosslinking in solution using higher boiling solvems such as sulfolane.

Understanding the solution behavior of PS-6-PAN will aide in other projects where the

higher molecular weight polymers are used, and will allow for the potential creation of

carbonaceous nanostructures with tuneable sizes.
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