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Abstract 
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Professor René M. Overney 

Department of Chemical Engineering 
 

Nanoscale constraints impact the material properties of both organic and inorganic 

systems. The systems specifically studied here are (i) nanoconstrained polymeric systems, 

poly(l-trimethylsilyl-1-propyne) (PTMSP) and poly(ethylene oxide) (PEO) relevant to gas 

separation membranes (ii) Zwitterionic polymers poly(sulfobetaine methacrylate)(pSBMA), 

poly(carboxybetaine acrylamide) (pCBAA), and poly(oligo(ethylene glycol) methyl 

methacrylate) (PEGMA) brushes critical for reducing bio-fouling (iii) Surface properties of 

N-layer graphene sheets.  Interfacial constraints in ultrathin poly(l-trimethylsilyl-1-propyne) 

(PTMSP) membranes yielded gas permeabilities and CO2/helium selectivities that exceed 

bulk PTMSP membrane transport properties by up to three-fold for membranes of 

submicrometer thickness. Indicative of a free volume increase, a molecular energetic 

mobility analysis (involving intrinsic friction analysis) revealed enhanced methyl side group 

mobilities in thin PTMSP membranes with maximum permeation, compared to bulk films. 

Aging studies conducted over the timescales relevant to the conducted experiments signify 

that the free volume states in the thin film membranes are highly unstable in the presence of 

sorbing gases such as CO2. To maintain this high free volume configuration of polymer while 

improving the temporal stability an “inverse” architecture to conventional polymer 

nanocomposites was investigated, in which the polymer phase of PTMSP and PEO  were 

interfacially and dimensionally constrained in nanoporous anodic aluminum oxide (AAO) 



membranes. While with this architecture the benefits of nanocomposite and ultrathin film 

membranes of PTMSP could be reproduced and improved upon, also the temporal stability 

could be enhanced substantially. The PEO-AAO nanocomposite membranes also revealed 

improved gas selectivity properties of CO2 over helium. In the thermal transition studies of 

zwitterionic pSBMA brushes a reversible critical transition temperature of 60 oC in 27 nm 

films was evidenced, indicating changes in molecular conformations with respect to the 

temperature. pCBAA and pEGMA brushes displayed no thermal transitions, suggesting that 

the molecular conformations of these systems were insensitive to temperature in the 

investigated regime. The surface energy of a dimensionally constrained inorganic system, 

graphene is studied via local Hamaker constant determination from a single graphene layer to 

bulk graphite. Intrinsic friction scattering analysis of dipolar fluctuations of the Van der 

Waals interactions between an atomic force microscopy tip and graphene layers revealed a 

four-fold reduction in the surface energy from bulk HOPG to graphene. A numerical analysis 

based on electron energy loss spectroscopy confirms quantitatively the results. 
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Chapter 1 

Introduction 
Interfacial and Transport Properties of Nanoconstrained Inorganic and 

Organic Materials 

 
Dimensional and interfacial constraints have been found to significantly impact material and 

transport properties of both organic and inorganic systems. Novel electronic and optical 

properties are observed in semiconductor nanostructures like quantum dots, nanowires and 

nanotubes owing to their unique structural dimensionality and quantum confinement effects 

which find applications in the fabrication of contemporary electronic devices.1-3 For instance 

large enhancements in quantum efficiencies were reported in ZnS nanocrystals doped with Mn, 

as the particle size reduced below 5 nm.4 Similarly a systematic blue shift from 900 nm to 800 

nm in the photoluminescence emission of InP nanowires was observed as the diameter was 

reduced from 60 nm down to 10 nm.5,6 Quantum confinement effects on the electronic transport 

properties have also been observed in interfacially confined polymeric semiconductors below a 

critical film thickness.  The photoconductivity of the optoelectronic assembly based on 

polyquinolines, well known n-type electron transporting polymers were found to be dependent of 

the film thickness of the polymers in the critical thickness regime of 25-60 nm.7  

The exotic properties of nanostructures arise because of their large surface to volume ratio 

and hence understanding and controlling their surfaces is critical for their applications. Surface 

reconstruction, a process by which the atoms of the surface attain a structural arrangement 

different from the bulk, is shown to be responsible for large optical band gap reductions in 

semiconductor nanocrystals which ensues because of  the unbalanced interatomic forces 
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experienced by the surface/interfacial atoms.8 Unlike the fluid-fluid interfaces, the solid-fluid 

interfaces are characterized by ‘surface stresses’ (fij) which differ from the surface free energy 

(σ) and is given as follows9,10 for isotropic cases: 

 
dA
dAf σ

σ +=  1.1 

In a general frame work: 

 

ij
ijij e

f
∂

∂
+=

σ
σδ  1.2 

 Where δij is the Kroniker delta, A is the surface area and eij is the strain.9,10 While there are 

varied reports on the dependence of surface energy of metallic nanoparticles like Ag with 

particle size11, major consensus is that the surface energy of nanoclusters is decreasing with 

decreasing particle size.12,13 The critical diameter at which bulk-deviations occur in Ag 

nanoparticles is ~ 1nm. The silver nanoparticles experience a surface stress which depends on the 

hydrostatic pressure as shown below for a spherical particle:10   

 
κ
r

a
af rr

Δ
−=
2
3  1.3 

Where a is the lattice constant, Δa is the change in the lattice constant, r is the particle radius, 

κ is the compressibility factor. Similar to the surface energy of nanoconstrained Ag particles, the 

surface energy of the graphene sheets, the atomic lamellar sheets of graphite, was found to 

decrease going from bulk graphite to single layer graphene.14 As discussed further in Chapter 5, 

this could be attributed to the fact that since graphite is an atomically layered structure, the 

surface atoms are less disturbed in comparison to surface atoms in nanoclusters/nanospheres. 

Graphene, one of the allotropes of elemental carbon, is a planar monolayer of carbon atoms 

arranged into a two dimensional (2D) honeycomb lattice and exhibits intriguing mechanical, 
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thermal and electronic properties.15 Owing to its exotic structural and electronic properties it is 

being pursued as composites, in electrodes, transparent coatings, and in other lamellar designs 

where the surface properties of graphene are of critical importance.16-18 The surface properties of 

graphene, such as wettability, hydrophilicity and surface charge, are critical in determining its 

device performance.19 

While inorganic materials such as ceramics, metals, oxides exhibit size limitations below 10 

nm, interfacial effects in polymers are found to be relatively far reaching over several hundreds 

of nanometers. Deviations in glass transition properties20-22, relaxations23,24 and gas transport 

properties25-27 have been reported in polymers subjected to dimensional and interfacial 

constraints. Specifically polymeric systems relevant to gas transport membranes (Chapter 2&3) 

and non-fouling zwitterionic coating applications (Chapter 4) are studied in this research project. 

Polymeric membranes have been extensively studied for gas separation applications as they 

involve relatively lower capital and operation costs, possess excellent processibility and ease of 

operation in comparison to their inorganic counterparts like zeolites and porous carbon 

sieves.28,29 The economic feasibility of using a given polymeric membrane is primarily evaluated 

by its gas permeability coefficient (PA) and selectivity (αA/B). An increase in permeability 

amounts to a smaller membrane area, and thus, a decrease in operational cost. Higher selectivity 

results in value added higher purity gas products. Unfortunately, a rather general tradeoff 

relationship between PA and αA/B has been recognized for neat polymeric membranes that results 

in a reduction of the selectivity with increasing permeability. This is illustrated with the 

“Robeson Plot” in Figure 1.1 for CO2/N2 separation. Robeson compiled an exhaustive amount of 

literature data involving many polymer membranes for a variety of permeation species, and 

found the membranes to be transport limited, as indicated by the solid lines of Figure 1.1.30 The 
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transport limitation in neat polymeric membrane systems has been shown to be circumvented 

with appropriate hybrid polymer composites consisting of dispersed inorganic phases, in which 

interfacial constraints were shown to push the selectivity and permeability beyond the Robeson 

line into the attractive region of higher selectivity (Figure 1.1).31  

"

Figure 1.1: Robeson plot of CO2 permeability and CO2/N2 selectivity. Robeson’s upper bound line is 
given by PCO2=kαij

n, with the CO2 permeability PCO2, the αij selectivity and the fitting constants k  ≈ 
3.1×107 , n ≈ -2.9  pertinent to CO2/N2 separation 

 

In our most recent study, which is discussed in greater detail in Chapter 2 for CO2/helium 

separation32, and CO2/N2 separation33 (Chapter 3), the transport properties for interfacially 

constrained poly[l-(trimethylsily1)-1-propyne] (PTMSP) membranes could be pushed into the 

attractive region of the Robeson plot, Figure 1.1. 

 Novel membranes that involve interfaces (also referred to as mixed matrix membranes) 

have emerged as an attractive route to enhance the transport properties of polymeric properties.34 

Freeman and Merkel incorporated nonporous fumed silica (FS) nanoparticle filler with 

trimethylsilyl surface groups into poly(4-methyl-2-pentyne) (PMP)34, poly[l-(trimethylsily1)-1-
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propyne] (PTMSP)27, which resulted in a remarkable enhancement in  gas permeability with 

increasing FS loading. Polyacytelene based polymers, such as PMP, PTMSP and their 

analogues35-38 are microporous, ultra-high free volume, glassy polymers which exhibit very high 

gas permeabilities.  Furthermore, these polymers also exhibit preferential selectivity to large 

organic vapors over smaller, permanent gases, often termed “reverse selective” membranes. 

Owing to its extremely high permeabilities, PTMSP exhibits transport properties close to the 

upper bound performance (Figure 1.1). Another polymeric membrane system which has garnered 

attention for the CO2/N2 separation is poly(ethylene oxide) PEO. Recently extremely high CO2 

permeances were reported in poly(ethylene oxide)-poly(butylene terephthalate) (PEO-PBT) 

copolymeric systems which were found to increase with a decrease in film thickness.39  

 Surface resistance to non-specific protein adsorption and cell adhesion is critical for the 

performance of many systems, such as medical implants, marine coatings and drug delivery 

carriers.40-42 Zwitterionic polymeric brushes are shown to be extremely effective in inhibiting 

biofouling by surface hydration mechanism creating a physical and energetic barrier for 

biomolecular adsorption/adhesion.40,41,43-45 Interfacial and dimensionally constrained systems 

such as ultra-thin films and densely packed zwitterionic brushes are shown to exhibit improved 

anti-fouling properties.45-47  

 Common to all these observations made above for both polymeric and inorganic systems  

involve nanoconstraints which improve/alter the material properties. Hence it can be seen that 

elucidation of how exactly the interfaces affect the observed material properties is extremely 

relevant for the rational design of novel organic and inorganic systems. So the present research 

work seeks to: (i) establish a fundamental understanding of the origin responsible for the 

enhancement of transport properties in the interfacial region of confined polymers that have 
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been shown to impact global transport properties of nanocomposites (Chapter 2), and (ii) make 

the interfacial region the dominant phase by incorporating the polymers into porous systems 

(inverse nanocomposites), and thus, generate stable “bulk” polymeric hybrid membrane systems 

(Chapter 3) (iii) investigate the inter/intra-molecular association states of zwitterionic polymers 

through thermal transition studies (Chapter 4) (iv) determine the surface energy of graphene 

layers (Chapter 5). Along these lines, the experimental techniques that were used and have been 

developed for probing the material properties are described in Chapter 6. Finally the 

conclusions of this work and the future outlook are presented in Chapter 7. 
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Chapter 2 
Enhanced Gas Transport Properties and Molecular Mobilities in Nano-

Constrained Poly[1-(trimethylsilyl)-1-propyne] Membranes 

"

2.1.  Introduction 
"
Polymeric membranes are gaining wide attention in separation processes owing to their 

economic viability and operational flexibility.1,2 Poly(l-trimethylsilyl-1-propyne)(PTMSP), a 

high free volume glassy polymer, exhibits extraordinarily high gas permeability coefficients and 

high organic-vapor/permanent-gas selectivities. These unusual transport properties in PTMSP are 

attributed to its high fractional free volume (FFV) of about 0.34,3 caused by the inefficient chain 

packing involving rigid carbon-carbon double bonds, bulky trimethylsilyl and methyl constituent 

groups, coupled with poor inter-chain cohesion.4-6 PTMSP has been shown to possess a bimodal 

distribution of small and large free volume elements with average sizes of 0.4 nm and 1.4 nm,7 

which demands careful attention when choosing a transport model. 

In dense polymeric membranes with free volume elements less than ~0.5 nm, molecular 

transport is driven by the concentration gradient of the penetrant across the membrane and is best 

described by the solution diffusion model 8  which is further discussed in Appendix A. In these 

membranes, the free volume elements exist as statistical fluctuations, appearing and disappearing 

at the same timescale, as gas molecule permeation through the membrane. According to this 

model, the gas permeability coefficient (P) is defined as, 

 DSP =  2.1 

where D and S are the gas diffusivity and solubility coefficient, respectively. As the 

selectivity of the gas component A over B is determined from the permeability ratio, 
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the transport is either diffusion or solubility dominated. If a membrane exhibits higher 

permeability to the larger molecular gas species, due to higher condensability compared to the 

smaller  light gas counterpart, the process is often referred to as ‘reverse selective’ transport.9-11 

This applies to CO2/helium transport through PTMSP, where the solubility ratio dominates,10 as 

CO2 possesses a higher sorption coefficient in PTMSP than helium. In contrast, pressure driven 

convective pore-like flow transport mechanisms are found for mass transport systems with free 

volume elements that exceed ~1 nm in characteristic dimension, and are fixed in size and 

position relative to the time scale of permeant motion.8 

Owing to the presence of relatively large free volume elements, PTMSP emerges as a 

transitional polymer, with molecular transport occurring via a combination of Knudsen flow and 

solution diffusion mechanisms.5,8,11 Due to its high free volume, PTMSP behaves as an 

ultramicroporous membrane, with interconnected microvoids,12 resulting in pore flow dominated 

gas transport.5 High reverse selectivities towards larger gas components in mixed gas transport  

were  attributed to specific adsorption of the larger permeates within the walls of interconnected 

free volume elements, thereby creating resistance to transport of smaller, permeate gases.10 

PTMSP possesses a high glass transition temperature (Tg) in excess of 250o C and degrades 

thermally before it reaches Tg. 13 

Apart from its high gas permeability, PTMSP also exhibits unusual transport properties when 

subjected to external constraints, as found in the case of nanoparticle based composites.11,14,15 

For instance, Merkel et al. observed that gas permeabilities in PTMSP systematically increased 

with increased concentration of nanoscale, non-porous, fumed silica (FS) particles.11 Converse 

results were obtained for the reverse selectivity. It was concluded that PTMSP’s inefficient 
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packing was further enhanced by the incorporation of FS nanoparticles, resulting in free-phase-

transport, i.e., Knudsen diffusion, which positively impacts permeation but reduces reverse 

selectivity. Apart from the enhanced free volume, interstitial cavities (mesopores) were also 

observed to be formed due to particle aggregation in PTMSP nanocomposites leading to a 

decrease in selectivity.16 Particle-polymer interaction effects on transport properties of 

nanocomposites were also investigated in PTMSP nanocomposite studies involving MgO and 

TiO2 nanoparticles.14,17 Both studies reveal increased gas permeabilities compared to bulk 

PTMSP for higher particle loadings (> 7-10 nominal volume %) due to void generation caused 

by particle aggregation.  

To obtain “particle aggregation free” access to interfacial properties, it has been shown that a 

planar confinement of thin films yields results quantitatively equivalent to those found in 

nanocomposites.18,19 As planar arrangement imposes uniform interfacial confinement on the 

polymer matrix, it provides an interfacial system that can be analyzed more accurately without 

the complication of particle aggregation. In regards of the material studied here, this approach is 

well founded, considering the low interfacial interaction (~100 mJ/m) between PTMSP and 

SiO2.20  In the study presented here, we compare the transport properties of free standing thin 

film PTMSP membranes with the thermo-mechanical properties of SiO2 supported thin PTMSP 

films to probe the effect of molecular relaxations on interfacially imposed transport alterations. 

This involved the systematic analysis of CO2 and helium permeabilities as a function of the 

membrane thickness, and measurement of local molecular mobilities that were extracted from 

nano-thermo-mechanical probing.  
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2.2. Experimental Section 

PTMSP (SSP-070-10gm, lot 9H-15058 Gelest, Inc.) was dissolved in cyclohexane (SSP 

4878-02, lot H07623 & G38629, Mallinckrodt Chemicals) at room temperature, producing 

solutions of concentrations varying from 0.3 to 1.0 wt.% that were subsequently filtered with a 

0.2 µm Nylon (Whatman) filter. Anodic aluminum oxide (AAO) membranes (Anodisc 25, 0.2 

um, 13 mm Whatman, Inc.), which served as supports for PTMSP films, were attached to 

aluminum discs with 3 mm holes in the center via an epoxy (5 Minute®, Devcon), exposing the 

sample area for gas permeation. These membranes were dried for 24 hours before the PTMSP 

films were spin coated to ensure complete curing of the epoxy, thus preventing any possible 

contamination of the films. Furthermore, these aluminum discs with the AAO membranes were 

attached to the silicon substrate during spin-casting to prevent both direct exposure to vacuum on 

the spin chuck (that holds the sample in place) and possible infiltration of the PTMSP solution 

into the pores of the AAO membranes. Films of different thicknesses were prepared by spin 

casting 100 µL of the PTMSP solution at speeds varying from 1000 rpm to 6000 rpm for 1 min 

on 200 nm pore AAO membranes. Thicker films were fabricated either by solution casting or by 

spin casting multiple layers of PTMSP to build up the thickness. A cross-sectional view of the 

spin casted PTMSP membranes for gas permeation measurements is shown in Figure 2.1. For 

IFA measurements, samples ranging in thickness from 200 nm to 1.4 µm were prepared by spin 

casting 1.0 and 2.0 wt.% PTMSP solutions on <1,1,1> silicon wafers pre-cleaned by sonication 

in acetone (10 min) followed by methanol (40 min), and then UV/Ozone cleaning (UV/Ozone  

Bioforce) for 20 minutes. All the films were dried under ambient conditions. Thin PTMSP films 

were dried for 18-20 hours, while the thicker films (>1 µm) were dried for about 36 hours.   
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Figure 2.1: Cross sectional view of PTMSP film sample spin casted on AAO over the aluminum support 
with center hole (diameter 3 mm) for gas permeation. 

 

Permeability measurements were performed using an isobaric permeation system, with 

regulated gas flow feed to the upstream side of the membrane while the downstream side was 

maintained at atmospheric pressure. A purge valve was used to vent the gas and remove any 

contaminant gases present in the line. The downstream permeate gas flow rate (dV/dt) was 

determined using a bubble flow meter.  For each upstream gas pressure (p2), measurements were 

repeated until a steady state in the permeate gas flow rate was observed, which was then 

recorded. The observed average time to reach steady state was about 5-10 minutes. The 

downstream pressure (p1) was maintained at atmospheric pressure for all the experiments. The 

gas permeability, P (1 Barrer = 10-10 (cm3(STP) cm)/cm2 s cmHg) was determined from the flux, 

J (cm3(STP)/cm2.s), the membrane cross-sectional area, A (cm2), the thickness, l (cm), and the 

externally controlled differential pressure, ∆p (∆p=p2-p1), (cm Hg) as: 
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where patm is the atmospheric pressure in cm Hg, T is the temperature of the gas in Kelvin, 

(dV/dt) is the gas flow rate in cm3/s.   Membrane thicknesses were measured by contact mode 

scanning force microscopy (SFM) (Easy Scan 2, Nanosurf GmbH) of a scratch made on the 
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PTMSP surface penetrating the thickness of the polymeric film, avoiding perturbing/damaging 

the supporting AAO membrane after the gas permeabilities had been measured. Gas permeation 

behaviors were measured in two ways: (i) the initial gas analyzed was CO2 followed by helium 

on neat PTMSP films on a series of samples with thicknesses between 200 nm to 4 µm, (ii) the 

order of the permeates was reversed, i.e., the membranes were exposed first to helium and then 

to CO2, and for this measurement a new set of neat membranes were used.   

Local energetic investigations were performed on PTMSP thin film samples on silicon 

wafers with intrinsic friction analysis (IFA) involving contact SFM (Explorer, Veeco Inc.) with a 

custom heating stage. IFA,21,22 as described in detail in the Experimental Techniques Chapter 

(Chapter 6) is a spectroscopic contact mode SFM method that is highly surface sensitive. It 

provides energetic information about the thermally active modes, such as molecular and sub-

molecular mobilities.  

Lateral force measurements over a 1 µm scan range were performed at temperatures ranging 

from 30 to 114 oC. Levers (PPP-CONT, Nanosensors) with nominal and lateral spring constants 

of ~0.2 N/m and 80 N/m, respectively were used.  Prior to the experiment, the levers were 

conditioned and calibrated.  Conditioning of the cantilever tip and calibration of the cantilever 

torsional spring constant involved pre-scanning on well prepared silicon wafers.22,25 Tip 

conditioning involved two steps: (1) chemical-mechanical polishing of the tip on the silicon 

wafer, and (2) surface passivation of the polished tip surface with the material to be investigated 

(i.e., PTMSP). In the course of the conditioning process, which eliminates sharp tip asperities, 

the torsional spring constant is obtained via a blind calibration.25 All the IFA studies were 

performed in a glove box with a dry nitrogen atmosphere (<10% humidity).   
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2.3. Results and Discussion 

With 757 nm and 4 µm thick PTMSP films, two representative film thickness regimes are 

contrasted relative to their CO2 permeation properties as a function of the pressure drop 

(∆p = p2 - p1) across the membrane, Figure 2.2.  

"

Figure 2.2: Comparison of CO2 permeability coefficients as function of the pressure drop, ∆p, of 
relatively thick (4 µm) and ultrathin (757 nm) films with bulk  (115 µm) membrane data 5, that 
serve as the basis for the DMS model extrapolation (solid line). 
 

These data are compared to permeability coefficients provided by Srinivasan et al.5, 

involving significantly thicker “bulk” PTMSP membranes (~100 mm) that show, as  expected, a 

decrease in the permeability of sorbing gases in glassy polymers with increasing gas pressure, 

∆p. 5,26 Gas transport in glassy polymeric systems is frequently described in terms of a dual mode 

sorption (DMS) model,26,27 i.e., 
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that relates the total permeability P to the membrane’s upstream and downstream pressures, p2 

and p1, respectively. The first term on the right-hand side in Eq.2.5, which is reflective of the gas 
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permeation through a densified polymer matrix, represents the product of the Henry’s law 

solubility parameter, kD, and the penetrant diffusion coefficient, DD. The second term, containing 

the Langmuir sorption capacity parameter CH, the affinity parameter b, and the diffusion 

coefficient through the Langmuir sites DH, takes account of the permeation through the excess 

free volume elements in the polymeric matrix. Applying the DMS model to Srinivasan et al.’s 

data set, and extrapolating it towards low pressures, Figure 2.2, reveals a reasonable 

correspondence with our 4 µm data set. The thinner films (represented by the 757 nm film), 

however, do not conform to the DMS bulk membrane model, neither regarding the permeation 

magnitude that reveals unexpectedly high permeabilities at low pressure drops, nor its gradient. 

While we will argue in this paper that the observed enhancement in gas permeation originates 

from finite size constraints acting on the polymer matrix, the strong dependence of the 

permeability on pressure will be shown to be caused by accelerated aging of ultrathin PTMSP 

films when exposed to CO2.  

The impact of aging on the permeation properties of PTMSP for the sorbing gas, CO2, and 

the non-sorbing gas, helium, is documented in Figure 2.3 (a,b). Ultrathin polymer membranes are 

known to exhibit accelerated aging that is caused in part by both the non-equilibrium nature of 

interfacially constrained systems,28-30 and the plasticizing effect of sorbing permeates in glassy 

polymers.31 We found for relatively thick films (> 1 µm), Figure 2.3(a), the CO2 permeability 

coefficient initially increases and then saturates at 36 × 103 Barrer; this corresponds well to the 

performance of bulk membranes (see Figure 2.2). The increase in permeability of CO2 in 

micrometer thick PTMSP membranes, as shown in Figure 2.3(a), originates from plasticization 

effects caused by strongly sorbing gases like CO2. Similar time dependent CO2 permeation 

behaviors have been widely observed in a variety of glassy polymers.32,33 Over the time scale of 
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observation, our micrometer thick membranes did not exhibit physical aging, which is apparent 

from the constant permeability coefficient of ~36 × 103 Barrer, which was maintained up to ten 

hours, a time scale that is relevant for the thin film study presented here. In contrast to CO2, 

helium transport, measured through another fresh membrane of similar thickness without prior 

CO2 exposure, revealed, over the same time period, a steady permeability coefficient (as 

anticipated from a non-sorbing gas) of around 6 × 103 Barrer, Figure 2.3(a).  

For ultrathin films (< 1 µm), Figure 2.3(b), the initial increase (sorption period) in CO2 

permeability is, as expected, much faster than that of thicker films. Extremely high maxima in 

permeability coefficients of 90 × 103 and 19 × 103 Barrer for CO2 and helium, respectively, are 

observed. These values are almost three times the bulk permeation values, and are indicative of 

increased free volume in interfacially constrained ultrathin films. The sharp drop in CO2 

permeability is an indication of accelerated aging in thin PTMSP films that dominates the 

plasticization effect in the polymer caused by the sorbing gas, an argument that has also been 

made for ultrathin Matrimid™ films, although over a longer time period.34  It can be assumed 

that local confinement effects (i.e., thin film confinement) imposed by interfacial constraints in 

thin PTMSP films are affected much more rapidly by plasticizing effects of CO2, leading to 

accelerated aging. Along this line, it has to be noted for future reference that, if physical aging 

were suppressible, an even higher permeation maximum could have been expected. Helium also 

revealed a permeability reduction in ultrathin PTMSP films from 19 × 103 Barrer to 6 × 103 

Barrer, Figure 2.3(b), although the rate of aging is significantly lower than that of CO2. The 

reduction in helium permeability over time indicates that thin PTMSP films also undergo 

physical aging without the influence of conditioning effects, such as those caused by the 

presence of sorbing gases like CO2.   
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Figure 2.3: Temporal development of CO2 and helium permeability coefficients in (a) thick 
PTMSP membranes (2.4 µm and 2.7 µm) and (b) thin films  (600 nm and 370 nm) are shown, for 
differential pressures varying from 0.27 to 0.61 atm. CO2 permeability coefficients are represented 
by filled symbols and those of helium with open (unfilled) symbols.  
 

 Having addressed the impact of aging, which, for ultrathin films is driven by non-

equilibrium free volume relaxation modes, and is further accelerated in the presence of a strongly 

sorbing gas, we are now ready to present and discuss PTMSP thin film permeation properties. In 

Figure 2.4(a,b), the CO2 and helium permeability coefficients are compiled for 240 nm to 4 µm 

thick PTMSP membranes. The permeability coefficients of CO2 and helium shown in Figure 

2.4(a,b) were all evaluated at low pressure drops (∆p = 0.2 atm) for consistency, even though the 

helium permeation was largely independent of the pressure drop applied across the membrane. 

The plots in Figure 2.4 reveal non-monotonous permeation vs. thickness functional behavior for 

both CO2 and helium in the sub-micron regime, while films thicker than ~1.5 µm show 

permeability coefficients coinciding with bulk values of 36× 103 Barrer and 6 × 103 Barrer for 

CO2 and helium respectively. Permeation maxima are observed at around 750 nm. It is important 

to note that the helium permeation measurements in Figure 2.4(b) involved PTMSP films that 

have not been previously exposed to CO2. To warrant time invariant comparisons, it is to be 

noted that the permeability coefficients of CO2 for the investigated thick films (> 1 µm) were all 
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recorded three hours after the exposure to CO2, i.e., when steady state values could be obtained 

for the permeability coefficients over the time frame of the experiment, as shown in Figure 

2.3(a). For thin films, the exposure time was restricted to 15-30 minutes before recording the 

permeability coefficients to reduce the associated aging effects, as shown in Figure 2.3(b). 

Furthermore, all the measurements in thin films were completed within two hours. The 

permeability coefficients of helium were obtained after 30 minutes of gas (helium) permeation 

for both the thick and thin films, and the measurements were taken within two hours of gas 

exposure time for consistency. To ensure that the bulk deviating transport properties in the 600-

750 nm films were not a consequence of polymeric impregnation into the pores of the supporting 

AAO membranes, we determined bulk equivalent thicknesses, that is,  lbulk = PΔp/J. Thereby, we 

assumed bulk permeation behavior of CO2 (i.e., P = 35 × 103  Barrer5), and substituted for the 

measured Δp and J (the permeation data of 600-750 nm films shown in  Figure 2.4). The 

resulting equivalent thicknesses, lbulk, significantly underestimate the PTMSP film thicknesses on 

AAO determined by SFM (lbulk ≈ 260 nm for Δp = 0.27 atm and J = 2.745 cm3(STP)/cm2.s for a 

SFM determined film thickness of 600-750 nm), confirming no PTMSP impregnation into AAO.  
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Figure 2.4: Permeability coefficients of (a) CO2 and (b) helium, as function of film thickness. A 
maximum in the permeation behavior is observed at film thicknesses of 600 to750 nm for both gases. 
 

To provide an explanation for the non-monotonous permeation behavior of PTMSP in the 

thin film region, we conducted an energetic molecular relaxation mobility analysis based on 

intrinsic friction analysis (IFA). 21,22,35,36 The IFA methodology, as described in the experimental 

section, has been shown to be a reliable spectroscopic method to extract energetic molecular 

mobility information from thin polymer systems. It is important to note that the activation 

energies obtained by IFA are not diffusion activation energies, but activation energies related to 

molecular relaxation.  In Figure 2.5(a), a representative IFA friction-velocity master curve for an 

860 nm thick PTMSP film on silicon oxide is shown, revealing in the inset of Figure 2.5(a) an 

activation energy of 5.6 ± 0.2 kcal/mol. From similar friction-velocity data sets, activation 

energies from 200 to 1400 nm thick PTMSP films could be determined, as compiled in Figure 

2.5 (b). The activation energies were found to vary from 4 to 7 kcal/mol, depending on the film 
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thickness. In the thick film regime (> 1 µm) the activation energies are  5.4±0.3 kcal/mol, which 

were attributed to the rotation of the methyl groups on the PTMSP backbone, 37 the only mode 

that is thermally active, as per molecular conformational calculations.37 Changes in the activation 

energies associated to the thermally active modes allow us to draw inferences about how the 

confinement affects the state of the polymer.  The minimum in the activation energy of 4.0 

kcal/mol at 600-650 nm in (b) signifies a maximum in the local rotational mobility of the methyl 

groups.  Further, this coincides with the CO2 and helium permeation maxima observed in thin 

film membranes, as shown in Figure 2.4. The link made here between molecular mobility and 

gas transport involving glassy polymers finds support in other studies, such as the quasi-elastic 

neutron scattering study by Kanaya et al., in which  a linear relationship was observed between 

the oxygen diffusion coefficient and local side-chain molecular mobilities in polyacetylenes.38   

 

The three IFA identified thickness (t) regimes can be interpreted as follows:  

 

• t < 300 nm: In the ultrathin film regime, the observed higher activation energies indicate 

restricted molecular mobilities, representative of interfacial molecular alignment with 

increased packing densities, as reported, for instance, by van der Lee et al. for thin 

PMMA films,39 although it should be noted that these observations occurred in thinner 

films. This is not surprising as PMMA is much more flexible than the highly rigid 

PTMSP molecules.  

 

• t > 800 nm: In the thick (bulk-like) film regime, the activation energy saturates to a 

constant value, indicative of bulk like polymeric structural properties. 
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• 300 nm < t < 800 nm: The local and temporal anisotropy of polymer packing and 

relaxation acts as the driving force for “autodiffusion” 40,41, i.e., interdiffusion of the 

polymeric chains during the naturally occurring temporal annealing process, when the 

solvent is driven out. Paired with the inflexibility of PTMSP’s rigid backbone, a loosely 

packed polymeric phase is established within the intermediate film thickness region. 

Thus, the observed minimum activation energies in Figure 2.5(b) at 600-650 nm, which 

reveal maximum molecular side-chain mobilities, originate from higher free volume in 

the polymer phase. This is in agreement with permeation and free volume studies 

involving SiOx/PTMSP nanocomposites that report enhanced free volume within the 

polymer phase, and suggest the presence of interconnected channels.11 The observed 

maximum in gas permeabilities (Figure 2.4) for film thicknesses of ~750 nm also 

supports the argument of high free volume in the polymeric phase. The apparent delay to 

reach bulk permeation properties at ~1.5 µm compared to the mobility analysis at ~800 

nm film thickness is due to the integral effect of permeation measurements. 

"  

Figure 2.5: Activation energies in PTMSP obtained from IFA. (a) Representative IFA master curve for 
860 nm thick PTMSP film over a temperature range from 31oC to 113 oC, revealing an activation 
energy of Ea = 5.6 kcal/mol (inset), attributed to the methyl side group rotation. (b) Enthalpic 
(activation) energies of the methyl side group rotation for film thicknesses between 200 and 1400 nm. 
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Although the large length scales over which interfacial constraints affect the polymer matrix 

are at first sight astonishing, they have been observed in the literature for rigid polymeric 

systems, such as conjugated polymers.42 Polymer chain flexibility and inter-chain cohesive 

energies were found to have strong influence on the free volume and transport properties in 

glassy polymers.4,6  

Since this study addresses only single component gas transport, we have to differentiate the 

order in which gases flow through the membrane. For this purpose, we present in Figure 2.6, 

CO2 and helium permeability coefficient data involving ultrathin (663 and 757 nm) and thick 

(1.43 and 1.54 µm) membranes that were exposed to both gases in different orders. One film of 

each mentioned film thickness pair was first exposed to helium, i.e., 663 nm and 1.54 µm thick 

films (filled symbols), followed by CO2 permeation. The order was reversed for films of 

thickness 757 nm and 1.43 µm (open symbols), wherein the films were exposed to CO2 first. It 

can be seen from Figure 2.6 (a), that the CO2 transport is essentially unaffected by any preceding 

helium exposure, regardless of the film thickness. This is expected, as helium, a light permeate 

gas, has low condensability in PTMSP and hence does not alter the polymeric matrix. A 

corresponding result was also found for helium; that is, helium permeation through thick films 

did not depend on prior CO2 transport, Figure 2.6 (b). The findings are different, however for 

helium permeation in the ultrathin film regime, where the permeation coefficients depend on the 

membrane CO2 history, Figure 2.6(b). In the ultrathin film regime, i.e., the 663 nm thick PTMSP 

membrane, which was first purged with helium, ultra-high helium permeabilities around 28 × 103 

to 30 × 103 Barrer were found. These values differ significantly from the helium permeation after 

CO2 exposure, which was around 9 × 103 to 10 × 103 Barrer, as found for the 757 nm film in 

Figure 2.6(b). This indicates that CO2 permeation results in accelerated aging for ultrathin films, 
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an aspect we addressed earlier, Figure 2.3(b), and discussed in terms of a reduction in the overall 

free volume. Once again the total timeframe of exposure to CO2 in the case of thin films was 

restricted to less than 2 hours, while the thick film data were collected after steady state values 

were achieved, as discussed above in the context of Figure 2.3 and Figure 2.4. Helium 

permeation data was also collected in the same timeframe as discussed above for both thick and 

thin films.  

"  

Figure 2.6: Comparison of (a) CO2 and (b) helium permeability coefficients of ultrathin (663 and 757 nm) 
and thick (1.43 and 1.54 µm) PTMSP membranes, exposed initially either to helium (663 nm and 1.54 
µm) or CO2 (757 nm or 1.43 µm).  Filled symbols and solid guiding lines in Figure 2.6 (a) and (b) 
represent films that were exposed to helium first. Open symbol data points and dotted guiding lines 
represent films exposed to CO2 first. 

 

The impact of CO2 permeation and interfacial constraints on physical aging in PTMSP and 

helium permeation is illustrated in Figure 2.7(a,b) for thick and thin film systems. The schematic 

represents a simplified visualization of the interplay between the pore distribution and transport 

properties of PTMSP before and after CO2 exposure. Bulk PTMSP films possess a distribution of 

small and large pores (cavity sizes of about 0.4 to 0.5 nm and 0.75 to 1.4 nm, respectively 7,43). 

Our results indicate that, in thin films (< 1 µm) prior to CO2 exposure, helium experiences less 

resistance to flow, evidenced as higher gas permeabilities, suggesting enhanced free volume. 
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However, when exposed to CO2, which yields an accelerated physical aging effect in thin films, 

the free volume elements shrink (collapse) resulting in a decrease of the helium flux, as shown 

on the right of Figure 2.7(a).  On the other hand, in thicker PTMSP films, where interfacial 

effects are lost, and thus, the free volume elements are smaller than those in ultrathin films, aging 

effects over the same (short) time scale of ~10 hours are significantly less prominent, leaving the 

helium transport indifferent to the membrane CO2 history, Figure 2.7(b). It is to be noted that the 

schematic in Figure 2.7 is only a simplified depiction of a possible impact of CO2 permeation on 

the polymer matrix, and does not capture all the probable scenarios that can affect the free 

volume distribution in the polymeric matrix or the transport properties. For instance, CO2 

plasticization can induce physical aging leading to pore collapse of larger pores, and thus, a  

decrease in the number of pores, as well as a decrease in the size of the small pores.43  

Finally, we turn our attention to the resulting CO2/helium selectivity of thin PTMSP 

membranes, based on data presented above. The “reverse selectivity” of CO2 over helium, i.e., (

HeCOHeCO PP /
22

=α ) is presented in Figure 2.8, for both gas flow order scenarios. Monotonous 

enhancement in reverse selectivity was observed with decreasing film thickness in films exposed 

to CO2 first. Thicker films (> 1 µm) exhibit HeCO2α values between 5 to 6, corresponding well to 

the literature.5,10 Thin films, such as the 240 nm films, however, reveal remarkably high values 

of up to 17. Note that the aging effect caused by CO2 in thin films (discussed with Figure 2.3 and 

Figure 2.6(b)) is also pertinent to mixed gas permeabilities, and is overemphasized in this study 

by exposing the membrane to a 100 % CO2 gas stream before exposing it to helium.  
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Figure 2.7: Schematic representation of the impact of CO2 permeation and interfacial constraints on 
physical aging of PTMSP and helium permeation (a) for thin/interfacially impacted, and (b) thick/bulk-
like membranes. 

 
Enhanced selectivities of condensable gases over light gases through thick PTMSP 

membranes were already reported earlier, in the case of mixed gas permeation.10 Selectivity 

enhancements were attributed to the partial blocking of the free volume elements by the 

condensable gas component, causing a hindrance to the flow of the light gas component in the 

gas mixture. It is important to note that, in mixed gas studies,10 the light gas component 

permeabilities were considerably lower in comparison to single component gas permeation 

values, but, the condensable gas component  permeabilities remained unaltered. Similar behavior 

was also evident here for CO2 in both thick and ultra-thin films, Figure 2.6(a). Based on our 

single gas permeation results presented here, we argue that mixed gas studies of CO2/helium 

involving ultra-thin films would result in a further enhancement of the CO2/helium selectivity. 

This argument is based on (i) the simultaneous blocking effect towards helium permeation due to 
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the co-permeation of strongly sorbing gas like CO2, as well as, (ii) the strong plasticization 

effects of CO2 found in confined ultrathin films. An opposite trend in selectivity is observed for 

ultra-thin film systems if purged first with helium, also shown in Figure 2.8, as expected from 

the high permeation values of helium in the ultrathin film region, Figure 2.6(b).  

"

Figure 2.8: CO2/helium selectivity in PTMSP as function of film thickness reported in two different 
orders: (i) Films purged first with CO2 followed by helium. (ii) Films purged first with helium followed 
by CO2. The reverse selectivities shown in both the scenarios were obtained at ∆p=0.2 atm. 

 

2.4. Conclusions and Summary 

Interfacial constraints in ultrathin PTMSP membranes resulted in structural adaptations in the 

polymer matrix that gave rise to enhanced gas permeabilities and bulk deviating CO2/helium 

selectivities. Gas transport properties of PTMSP, analyzed as function of the membrane 

thickness, revealed a non-monotonous gas permeation behavior of CO2 and helium, with an 

approximate three-fold enhancement than bulk values for thin film membranes of ~750 nm 

thickness. Based on the molecular energetic mobility analysis (IFA) of the thermally active 

modes in PTMSP, we can conclude that the interfacially induced structural adaptations in 

PTMSP lead to an increase in free volume for films of 400 to 800 nm thickness. This termination 

is based on the mobility enhancement found in the methyl side groups within this film thickness 



27"
"

regime. However, our aging analysis revealed that these “free-standing” ultra-thin membrane 

films physically age within hours due to the plasticizing effect of the sorbing gas component that 

causes a free-volume collapse.  

It is important to note that the membranes discussed here possess merely air-polymer 

interfaces. Thus, it could be argued that, in the presence of solid interfaces (as in 

nanocomposites), the polymer high-free volume phase could be stabilized by stronger interfacial 

constraints. This would, however, require an appropriately high loading density of nanoparticles, 

to confine the polymer to regions of critical length scales. As discussed for PTMSP, the length 

scale is around 400 to 800 nm. The problem for PTMSP is that it is notoriously difficult to blend 

with nanoparticles such as silicon oxides due to particle aggregation, resulting in void generation 

for high particle loadings.14,17 The formation of voids in nanocomposite membranes give rise to 

alternate gas transport modes such as Knudsen flow, masking diffusive transport properties.14  

Considering that interfacial effects were found to impact material and transport properties for  

many polymer systems, such as the glass transition,40,44,45 relaxation28,29 and gas transport 

properties,46 the findings presented here have wider implications. For PTMSP nanocomposites, 

solutions have to be found to capitalize on the interfacial polymer region surrounding the 

particles without jeopardizing the permeation properties by particle aggregation at high particle 

loading density. Furthermore, other materials with less impressive gas transport properties than 

PTMSP might provide comparable properties to bulk PTMSP but with high temporal stability, if 

interfacially constrained. That said, our on-going research focuses on IFA screening of thin film 

membrane materials on functionalized and unfunctionalized inorganic surfaces, the 

establishment of critical length scales that lead to increased free volume, and its translation to 

nanocomposite membranes.  
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Chapter 3 

Transport and Stability Enhancement in Interfacially and Dimensionally 

Constrained CO2 Selective Polymers Embedded in Nanoporous Sieve 

Membranes 
#

3.1 Introduction 

Separation limitations in the gas permeability and selectivity of pristine polymeric membranes 

have recently been shown to be circumvented by selected organic-inorganic nanocomposite 

membranes.1,2 With the incorporation of nanoparticles in polymer matrices, such as  nonporous 

fumed silica (FS) into poly(4-methyl-2-pentyne) (PMP)3,4 or poly[l-(trimethylsily1)-1-propyne] 

(PTMSP)5 multifold enhancements in the gas permeability relative to their neat counterparts 

were achieved. Similar observations as for FS particles were made involving MgO and TiO2 

nanoparticle filled PTMSP composites.6,7 It was hypothesized that adding nanoparticles to rigid 

bulky substituted polyacytelene systems, such as  PTMSP and PMP, disrupt molecular packing, 

thus, resulting in an increase in the polymeric free-volume.3,5 An increase in free-volume could 

be experimentally confirmed in PTMSP/FS nanocomposites via positron annihilation lifetime 

spectroscopy (PALS)  and attributed to inefficient chain packing, owing to the rigid and twisted 

conformation of PTMSP chains.5,8 In search for reverse selective polymers for CO2 extraction a 

system that has garnered increased attention recently is poly(ethylene oxide) PEO. The high 

affinity of CO2 to ether oxygens in ethylene oxide, is responsible for the CO2/light gas separation 

properties.9,10 However the strong tendency of PEO to crystallize is detrimental for gas 

permeability, and thus, current efforts are focused towards designing PEO based membranes 

with reduced crystallinity.10 Methodologies for mitigating crystallinity in PEO include, for 
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instance, the use of low molecular weight PEO (also referred to as poly(ethylene glycol)(PEG) 

for molecular mass below 20,000 g/mol). Other approaches involve microphase separated block 

copolymers with PEO and polyamides11,12 or polyimides13 segments, revealing amorphous PEO 

phases within a rigid mechanically supportive matrix, or highly branched, crosslinked PEO 

containing systems.14 Poly(amide-6-b-ethylene oxide)(PEBAX)–silica hybrid membranes were 

shown to exhibit improved gas transport properties over the neat polymer.2 Blends of 

poly(ethylene oxide)-poly(butylene terephthalate) (PEO-PBT) copolymer and polyethylene 

glycol-dibutyl ether (PEG-DBE) were shown to exhibit outstanding CO2 permeabilities  of 

~750  Barrer with CO2/N2  reverse selectivity of ~40,15 placing it at the Robeson limit.  

Interfacial and dimensional constraining effects on the polymer matrix could also be 

observed in planar thin film configurations.16-18  An energetic analysis of the methyl side group 

rotation in PTMSP thin films on SiOx showed a prominent increase in the methyl mobility 

supporting the assumption of free-volume enhancements in constrained planar films.17 The CO2 

and helium gas permeation in free standing thin PTMSP films of corresponding thicknesses also 

surpassed the bulk polymeric properties. Similarly further higher CO2 permeances than those 

found in PEO-PBT+PEG-DBE were reported in ultra-thin films of PEO-PBT copolymeric 

membranes.19 The permeances were found to increase from 0.8 m3(STP) m-2 h-1 bar-1 to 

5  m3(STP) m-2 h-1 bar-1, as the film thickness reduced from 170 nm to 45 nm, the highest 

permeance values for CO2 through PEO based polymers. The CO2/N2 selectivity in the ultra-thin 

films (~45 nm) was found to be 60. Yave et al. proposed that interfacial confinement of the 

polymer could be causing altered molecular relaxations/mobilities, which influence the transport 

properties of the polymer.19 
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That indeed thin planar films can be compared to nanocomposites has been shown earlier in a 

study of planar free standing polystyrene films that showed analogous changes in a free-volume 

critical property, the glass transition temperature,  as found in polystyrene-silica nanocomposites. 

16,18 Thus, the findings from planar thin film studies support the assumption of free-volume 

enhancements in polymer nanocomposite membranes for particle loading densities that yield a 

critical polymer dimensional confinement, as illustrated in Figure 3.1(a) with the parameter ξ.  

However accelerated physical aging of thin films20-22 and particles aggregation with 

consequential interstitial transport in nanocomposites8 pose challenges in their practical 

applications. 

#

Figure 3.1: Interfacial dimensional constraints identified by the dimensional parameter ξ are transposed 
from (a) nanoparticle-based composites and ultra-thin films to (b) systems within which the polymer is 
incorporated in nanoporous membranes. 

 

It is the critical dimensional parameter ξ, obtained from thin-film studies, and shortcomings 

addressed in nanocomposites and thin films that are of particular interest in this study. We report 

on imposing comparable dimensional constraints on PTMSP and PEO as found in earlier thin-
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film studies, by incorporating them into straight cylindrical, sieve-like, inorganic nanoporous 

membranes, Figure 3.1(b). The PTMSP-AAO hybrid membrane study will show that such 

organic-inorganic hybrid membranes not only yield improved permeation and selectivity 

properties over pristine bulk PTMSP, but also a twenty-fold reduction in physical aging, if 

compared to thin PTMSP films, which have been found to be particularly susceptible to free-

volume collapse in the presence of sorbing gases.17,20,21 PEO-AAO hybrid membranes on the 

other hand reveal improved CO2 selectivity, while the gas permeation fluxes were controlled by 

the top bulk PEO layer.      

The porous membranes of choice for this study were anodic aluminum oxide (AAO) 

membranes due to their straight and well dimensioned pore sizes.  The AAO membranes are 

being extensively employed as templates to grow organic nanostructures owing to their uniform, 

highly dense nanoscale porous configuration.23-26  They have also been investigated as a property 

altering confining support system for polymer membranes.27 A recent study of poly(tert butyl 

acrylate) (PtBA) impregnated into the pores of AAO membranes (pore size ~200 nm) resulted in 

a CO2 permeability transport enhancement that was found to exceed the virgin bulk polymer 

membrane property fifteen-fold.27 The increase was attributed to the constraint-induced-

structural alterations of the polymer matrix, causing enhanced free-volume, i.e., molecular 

mobility, in PtBA, as supported by the observed reduction  in the glass transition  of ~20 oC from 

the bulk PtBA value. 

3.2 Experimental Section 

The PTMSP (Gelest, Inc.) was dissolved in cyclohexane (Mallinckrodt Chemicals) at room 

temperature, producing 1.0 wt.% solution that was subsequently filtered with a 0.2 µm Nylon 

(Whatman) filter. The AAO membranes (Anodisc 25, 0.2 µm, 13 mm Whatman, Inc.) were 
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functionalized with octyltrichlorosilane (Acros Organics)  prior to  the impregnation of PTMSP, 

following a well-established silanization procedure28 to render the pores hydrophobic. The 

procedure involves a pretreatment of the AAO membranes by heating them to 300 oC for 

4  hours, then soaking them in 30 % hydrogen peroxide solution at room temperature, followed 

by boiling in water for 30 min and then drying them at ~80 oC for 1 hour. Silanization of AAO 

membranes was accomplished by immersing the pretreated membranes in 

octyltrichlorosilane/toluene solution (volume ratio 5mL:150 mL) under an inert nitrogen 

atmosphere for three hours. The functionalized membranes were then washed in toluene, ethanol 

and water to remove any unreacted silane from the membrane surface. The PTMSP was 

impregnated into the pores of the silanized AAO membrane of thickness Lc via vacuum suction 

at the bottom of AAO and pipetting 1% PTMSP solution on the top (Figure 3.2). Full 

impregnation is indicated by wetting/bubbling of the polymer solution at the outlet (bottom 

surface) of the AAO membrane. Filled hybrid membranes were dried in ambient conditions for 

two days to ensure solvent evaporation. The vacuum assisted solution impregnation method, 

leaves a remnant top layer of PTMSP at the membrane inlet side, as illustrated in Figure 3.2, and 

shown in Figure 3.4. The accumulated top bulk PTMSP layer is thinned down to a thickness (Lb) 

of  3 to 5 µm via chemical-mechanical etching using cyclohexane. After additional 36 hours of 

drying in ambient conditions and for an hour under vacuum, the hybrid membranes are glued 

with an epoxy (5 Minute®, Devcon) to aluminum support plates that possess 3 mm holes in the 

center for gas permeation. The transport properties of the hybrid PTMSP-AAO membranes are 

compared to unconfined micrometer-thick pristine bulk PTMSP membranes that were fabricated 

by multilayer spin casting of PTMSP on AAO membranes. Thereby AAO served only as 

support, revealing no measurable polymer impregnation.17  Scanning electron microscopy (SEM) 
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was used to image the cross-section of the membranes. The samples were sputter-coated with 

gold-palladium using a SPI Sputter™ Coater (Structure Probe, Inc.; West Chester, PA) and were 

analyzed with a JEOL 7000 SEM with a beam voltage of 10 kV (Electron Microscopy Center, 

University of Washington). Energy dispersive Spectroscopy (EDS) was used to characterize the 

chemical compositions of the membranes. 

PEO-AAO membranes were fabricated by initially dissolving PEO (Molecular weight: 4×106 

g/mol, PolySciences, Inc. Lot # 587082) in acetonitrile producing 2 wt.% solution and drop 

casting ~100 µl of the solution on the surface of AAO membrane#(Anodisc 25, 0.2 µm, 13 mm 

Whatman, Inc.). The membranes were dried under ambient conditions for 24 hours followed by 

annealing in vaccum oven for 5 min at 70 oC. The hybrid membranes are glued with an epoxy (5 

Minute®, Devcon) to aluminum support plates that possess 3 mm holes in the center for gas 

permeation. Bulk unconfined PEO membranes were prepared by drop casting 2% PEO solution 

on AAO supported unconfined spin cast PTMSP membranes prepared via the procedure 

described above. There by any PEO impregnation into the AAO membrane could be prevented 

and these membranes could be used as bench-mark for assessing the performance of bulk 

unconfined PEO films and comparing them to hybrid PEO-AAO membranes.  

Permeability measurements were performed by the constant volume variable pressure method 

which is further elaborated in Chapter 6.10  Gas permeability (1 Barrer= 10-10 cm3 (STP) 

cm/cm2 s  cm Hg) was calculated from the steady-state rate of pressure increase in a fixed 

downstream volume: 
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#
Figure 3.2: Schematic of hybrid polymer-AAO membrane, (a) before polymeric impregnation and (b) 
after impregnation, defining the relevant system parameters, Ac, Lc, Lb and the pore diameter ξ’. The total 
projected area A is consistent with the area of the ad-layer. 
#

where Vd is the downstream volume (cm3), L= Lc+Lb is the overall hybrid membrane thickness, 

p2 is the upstream  absolute pressure (cm Hg), R is the gas constant (0.278 cm Hg cm3/cm3(STP) 

K), T is the absolute temperature (K), (dp1/dt)ss and (dp1/dt)leak are the steady-state rates of 

pressure rise (cm Hg/s) in the downstream volume at a fixed upstream pressure and under 

vacuum, respectively. The (dp1/dt)leak was less than 1% of (dp1/dt)ss. The thickness  of the bulk 

layer (Lb) on the top of AAO membranes (Figure 3.2) was measured by contact mode scanning 

force microscopy (SFM) (Easy Scan 2, Nanosurf GmbH), after the gas permeabilities have been 

measured, from a scratch made through the polymeric ad-layer, avoiding damaging the 

supporting AAO membrane. The stability performance of the confined PTMSP membranes was 

evaluated by tracking the permeabilities of helium and nitrogen at pressure drop (Δp) of 0.54 atm 
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for 15 days through an impregnated PTMSP membrane, freshly prepared via the same procedure 

as described above. A similar aging study was performed on thick PTMSP film, to compare their 

aging performance with that of constrained PTMSP in the AAO pores.#

3.3 Results and Discussion 

#

3.3.1 PTMSP-AAO hybrid membranes 
#
The SEM image and EDS spectrum of the cross section of a silanized AAO membrane are 

shown in Figure 3.3(a) and (b), respectively. Peaks of aluminum, oxygen, gold and palladium 

corresponding to the elemental composition of AAO and the sputter coated Pd-Au layer were 

evidenced in the EDS spectrum.  The low intensity silicon peak is indicative of an ultrathin 

silane coating. In Figure 3.3(c) helium permeability is compared for neat, silanized, and silane 

functionalized PTMSP impregnated AAO membranes. A 16 % helium permeation reduction was 

observed for silanized AAO compared to the neat AAO, indicating that functionalization of 

AAO did not result in pore clogging. The drastic reduction in the gas permeation by four orders 

of magnitude is a first indication of successful PTMSP incorporation into AAO.  

#
   

Figure 3.3: (a) SEM cross-sectional view of a silane functionalized AAO membrane. (b) EDS elemental 
composition spectrum of silanized AAO pore walls (c) Comparison of helium permeabilities of a neat 
AAO membrane with that of silanized and PTMSP impregnated AAO membranes. 
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SEM cross-sectional analysis of the AAO membrane, Figure 3.4 (a), documents with 

polymeric rods that stretch through the entire length of the AAO membrane, the quality of 

PTMSP impregnation. A close-up view of the rods is provided with the inset of Figure 3.4 (a). 

The EDS spectra on PTMSP wires reveal prominent silicon and carbon peaks corresponding to 

the silicon and carbon atoms in PTMSP, Figure 3.4 (b). The EDS spectra taken on the pore walls 

of AAO expose, as expected, a relatively low carbon peak and a vanishing silicon signal, Figure 

3.4 (c). Peaks of aluminum, oxygen, palladium and gold were also observed in the EDS spectra 

that correspond well to the elemental composition of AAO and the sputter coated Pd-Au layer, 

respectively. The SEM cross-sectional analysis in Figure 3.4 (a) also shows the surface ad-layer. 

 

#
Figure 3.4(a) SEM cross-sectional view of functionalized AAO membrane impregnated with PTMSP 
(before chemical-mechanical etching). The inset of Figure 3.4 reveals a close-up view of the polymer 
rods. The elemental composition of (b) polymer rods is contrasted to (c) AAO walls as revealed by the 
EDS spectra. 

#

The permeation properties of the AAO confined PTMSP phase are evaluated with a resistance 

model,29,30  in which the total permeation flux, Qt,i of the composite membrane is given by the 

resistances of the confined polymeric phase in the AAO pores, Rc,i, the surface ad-layer, Rb,i, and 
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that of an effective interfacial resistance, Rint,i, capturing the transition from the confined 

polymeric phase in the AAO pores to the bulk phase in the surface-ad-layer, i.e., 

Thereby, i, represents the permeate gas, and Δpt,i  stands for the pressure drop across the entire 

membrane. The permeation resistance within the confined PTMSP phase and the ad-layer are 

provided by  

where Lc and Lb, Pc,i and Pb,i,  and Ac and A represent the thicknesses, permeabilities and cross-

sectional areas of the confined phase and the surface ad-layer, respectively, as illustrated in 

Figure 3.2 (b). The area of gas permeation in the confined phase depends on the porosity ‘ρ’of 

the cylindrically porous AAO membrane, i.e., Ac = ρA. The average porosity of the AAO 

membranes was determined by SEM to be 0.41(±0.08). In the current model, any gas permeation 

through the solid walls of AAO membrane is neglected. 

PTMSP bulk permeability values, Pb,i,, were obtained from free-standing film membranes that 

were prepared on top of unimpregnated porous AAO substrates (see details elsewhere17) 

according to  

 

 
( ) 1−++=

Δ i,int,i,bi,c
i,t

i,t RRR
p
Q

 3.2 

 

 cic

c
ic AP

L
R

,
, = ,   Ac = ρA 3.3 (a) 

 AP
LR
i,b

b
i,b =  3.3 (b) 

 

 

1

,

,

−

"
"
#

$
%
%
&

'
=

Δ AP
L

p
Q

ib

b

t

bulk
it  3.4 



40#
#

where bulk
i,tQ stands for the bulk permeation flux. It was argued that for a high-permeability 

polymer like PTMSP, the effective area of permeability for porous membrane supported ultrathin 

polymeric films is limited to the open conduits (pores) of the supporting membrane, i.e., an 

effective surface permeation area of ρA.17,30 The same argument can be made here too for the 

PTMSP ad-layer, as illustrated in Figure 3.5.###

#
Figure 3.5: Schematic of the gas permeation through hybrid PTMSP-AAO polymeric membranes. For 
ultrathin polymeric films (or ad-layers as indicated) of high free volume, it can be assumed that the 
effective transport area is congruent to the area of the porous AAO sieve membrane,  ρA, due to limited 
transport dispersion laterally. 

#

Bulk permeability values for CO2, He, N2 of 28×103 Barrer, 5.9×103  Barrer and 

5.8×103 Barrer, respectively,  were deduced at 0.6 atm from the flux data  (Figure 3.6), and 

found to be in good agreement with the widely reported literature values.31-33  For the 

determination of permeability of the constrained polymeric phase in the AAO pores, Pc,i, the 

interfacial resistance Rint  in Eq. (3.2) can be ignored, as PTMSP, extruded through the AAO 

pores into the ad-layer, forms a continuous material phase at the interface (Figure 3.5).   

Figure 3.7 shows the flux data for CO2, He, N2 through the hybrid PTMSP-AAO membrane 

from which Pc,i was determined, according to the appropriately adjusted Eq. (3.2), i.e.,  
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with Lb = 2.90 ± 1 µm and Lc = 60 µm (thickness of the AAO membranes). Permeabilities of 

PTMSP in the confined phase (Pc,i) deduced from the flux  data (Figure 3.7) are provided in 

Figure 3.8. The source for the large error bars in the permeability (Pc) determination (Figure 3.8 

(a) and (b)) is due the thickness variation of the PTMSP remnant top ad-layer.  

#

Figure 3.6: Pressure-difference normalized flux data, t
bulk
it pQ Δ,   for a thick (3.1±0.5 µm) unimpregnated 

PTMSP membrane as a function of the upstream gas pressure (gauge). 
 

Based on Figure 3.8 (a), CO2, He, and N2 permeabilities in PTMSP’s confined phase (Pc) are 

found to be independent of the gas pressure over the current range of measurements. They 

exceed the bulk values (Pb) four- to seven-fold. While comparably high permeability values were 

found in ultrathin (< 1 µm) PTMSP membranes, they showed strong pressure dependence that 

originated from CO2- induced plasticization.17    
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#

Figure 3.7: Pressure difference normalized flux data, tit pQ Δ, of a hybrid  PTMSP-AAO membrane as a 

function of the upstream gas pressure (gauge). 

#  
Figure 3.8: (a) Constrained phase permeabilities (PC) of CO2, helium, and nitrogen as function of 
upstream gas pressures. (b) Constrained phase permeabilities (Pc) of CO2 measured in a cycle of 
increasing and decreasing upstream pressures.  

Typically, sorbing gases like CO2 exhibit pressure-dependent permeabilities in glassy 

polymeric bulk membranes at high gas pressures (Δp > 1 atm) that is usually described by the 

dual mode sorption (DMS) model.31,33  The here found pressure independence of permeability in 

the low-pressure regime for CO2 is in good agreement with the DMS model.  The absence of any 

significant pressure-permeation hysteresis of CO2 within the time frame of the experiment, 
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Figure 3.8 (b), indicates that AAO embedded PTMSP membranes  are stable, i.e., do not show 

severe plasticization induced aging as found for ultra-thin film PTMSP membranes.17 

From the permeabilities of single gas components, we deduced the membrane selectivities, 

i.e., HeCOHeCO PP /
22

=α  and 
2222 NCONCO P/P=α . The average values are provided in Table 3-1 

together with the permeability values. Table 3-1 reveals an increase in the CO2/He selectivity 

from 4.7 in bulk membranes to that of 6.7 in the AAO confined PTMSP phase. A similar 

improvement over bulk values is also found for CO2/N2 selectivity from 4.8 to 6.9. The 

enhancement in the gas selectivity of CO2 with respect to helium or nitrogen suggests that the 

free-volume elements are providing increased sorption sites for CO2, benefiting CO2 transport 

over the non-sorbing gases He and N2. The selectivity values in the confined PTMSP phase are 

also improved over the free-standing thin film PTMSP membranes. 

!

Gas!Permeability!!

(103!Barrer)!

Relative!Permeability!

(P/Pb)!
Selectivity!

CO2! He! N2! CO2! He! N2! CO2/He! CO2/N2!

Bulk!PTMSP!!! 28#±#5.5# 5.9#±#1.1# 5.8#±#1.1# 1# 1# 1# 4.7#±#0.3# 4.8#±#0.3#

Constrained!
PTMSP!in!AAO!
pores!!

187#±#18# 28#±#1.7# 27#±#0.8# 6.7# 4.8# 4.7# 6.7#±#0.2# 6.9#±#0.3#

Planar!confined!
PTMSP!!750'nm'
film17!

117# 27# .# 4.2# 4.6# .# 4.3# .#

Planar!confined!
PTMSP!!250'nm'
film17'

42.4# 13.3# .# 1.5# 2.3# .# 3.2# .#

Table 3-1: Permeabilities, selectivities and relative permeabilities of CO2, helium and nitrogen through 
interfacially and dimensionally constrained PTMSP, and bulk PTMSP membranes. Free-standing thin 
film values were obtained after 24 hours of drying,  as described elsewhere.17  

 

#
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The data compilation in Table 3-1 shows for PTMSP comparable helium permeation values 

around 27,000 Barrer for both the 200 nm radially confined polymeric phase within AAO, and a 

free-standing 750 nm thin-film membrane. The four-fold permeability improvement in both 

confined systems over bulk PTMSP can be attributed to enhancements in the molecular 

mobilities of the polymeric phases that result from altered densities due to the confinement 

effects on the chain conformations.34 The molecular mobility increase in PTMSP if interfacially 

confined was confirmed in thin-film studies and attributed to a free-volume increase.17 Similar 

enhancements in free-volume have also been reported in AAO-constrained PTBA  membranes 

27, and nanoparticle-based composites of PTMSP.5,8 

Looking back at Figure 3.1, it was argued for a comparable dimensional parameter ξ between 

thin-film and nanoporous confined membrane systems, which is in contrast to the 750 nm and 

200 nm confinements of PTMSP respectively. However one has also to weigh in, besides the 

dimensional constraints, the history of the material, i.e., the solvent residence (evaporation) time 

during the annealing process. The structure of the solid condensed phase of PTMSP with its 

bulky side-groups and rigid conjugated backbones can be expected to be strongly dependent on 

how fast the solvent evaporates. The thin free-standing PTMSP film possesses an evaporation 

area/thickness ratio that exceeds the one of the AAO confined phase by about two orders of 

magnitude. Thus we conclude that the AAO confined phase had more time to anneal towards its 

bulk equilibrium structure, than the thin film, yielding a confining dimensional parameter ξ that 

can only be matched by thicker free-standing films.    

Temporal stability of the membranes is a critical parameter to evaluate the performance of the 

membranes. We have evaluated the aging performance of an AAO-confined PTMSP membrane 

by measuring the gas permeabilities of helium and nitrogen over 15 days and compared it with 
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the aging behavior of a thick unconfined PTMSP film (Figure 3.9). Figure 3.9(a) contrasts the 

helium permeability of an AAO-confined PTMSP phase, Pc, to that of an unconfined thick 

membrane and of an ultrathin PTMSP film. In the initial phase, (first measurement taken after 24 

hours of membrane preparation), the permeabilities of both AAO-confined PTMSP and free-

standing thin film PTMSP exceed the bulk PTMPS value four-fold. Over the first 24 hours, the 

thin film membrane aged dramatically, loosing all its initial transport advantages over the bulk 

system. The origin for the fast aging process in thin-film PTMSP was attributed to free-volume 

collapse.17  A continued study over 15 days showed a significantly extended high-permeation 

lifespan for the cylindrically confined AAO system. From slopes of the aging data, one can infer 

an approximate twenty-fold temporal stability improvement of the AAO cylindrical arrangement 

over thin-film membranes for PTMSP.  We can conclude that both the limited free surface 

exposure and the stability provided by the AAO interface are the cause for a significantly 

delayed free-volume collapse in AAO confined PTMSP. The temporal stability of AAO confined 

and bulk PTMSP towards N2 permeation was also analyzed, Figure 3.9 (b). While again a 

reduction in permeability is more prominent for N2 through the dimensionally confined system, 

the rate of aging is faster compared to helium. A similar observation was made by Dorkenoo et al 

35, who found an accelerated reduction in nitrogen permeabilities in comparison to helium in 1 

µm-thick PTMSP films.  It was proposed that the retardation/collapse of free-volume elements in 

thin films impact nitrogen permeation more than that of helium. 
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#  

Figure 3.9: Gas permeability coefficients of (a) helium and (b) nitrogen through the constrained polymeric 
phase of AAO confined PTMSP evaluated as a function of aging time. The aging behavior of thin PTMSP 
(370 nm) membranes is shown in the inset of Figure 3.9 (a)17. The aging behavior of these membranes is 
contrasted to that of bulk-unconfined membranes. 

!

3.3.2 PEO-AAO hybrid membranes 
#
The SEM image of the cross section of AAO membrane impregnated with PEO is shown in 

Figure 3.10.  Cylindrical nanostructures of PEO that stretch through the entire length of the AAO 

membrane were evident.  The solution impregnation method leaves a remnant bulk PEO layer 

which can also be seen on the top of AAO membrane (Figure 3.10). The transport properties of 

unconfined micrometer-thick pristine bulk PEO membranes were investigated for comparative 

studies to the PEO-AAO hybrid membranes. The bulk membranes were fabricated by drop 

casting PEO films on spin casted PTMSP films on AAO membranes (as described in the 

experimental section). Thereby, AAO served as support, revealing no measurable polymer 

impregnation. 
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As mentioned in the experimental section, the constant volume variable pressure method10 

was used to measure the gas permeation rates. The gas flux was measured from the rate of 

permeating gas pressure rise in the downstream chamber of the membrane housing due to the 

applied pressure gradient across the membrane. The rate of increase in the penetrant gas pressure 

of helium and CO2 through a bulk PEO membrane is shown in Figure 3.11(a). The gas 

permeabilities were obtained from the rate of pressure rise utilizing equation (3.1). The thickness 

of PEO film on AAO membrane support was 1.6 µm. 

The permeability of helium and CO2 through thick unimpregnated PEO membranes were 

found to be 1.8 Barrer and 12 Barrer respectively which are in good agreement with the literature 

values.10 The selectivity of CO2/He is 6.67 (Table 3-2). The gas permeation rate through 

impregnated PEO-AAO hybrid membrane is shown in Figure 3.11(b). The hybrid membrane had 

a top remnant PEO bulk layer (3.0 µm) resulting from the impregnation process. Comparable gas 

fluxes of helium and CO2 between the impregnated and unconfined PEO films (Figure 3.11 (a) & 

(b)) represented by the slopes, indicate that the AAO pores were not fully filled with PEO.  If the 

!

Figure 3.10: SEM image of the cross-section of PEO-AAO hybrid membrane. A top remnant bulk PEO 
layer can be seen on the top surface of AAO membrane. The inset reveals the close-up view of the PEO 
cylindrical nanostructures. 
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AAO membrane were fully filled with PEO, the gas flux is expected to be around 60 times lower 

than the flux of the unconfined membrane, since the thickness of the PEO phase would then be 

equivalent to the thickness of AAO membrane (~60 µm thick). This suggests that up on 

impregnation, PEO forms nanotubes instead of solid rods inside the pores of the AAO membrane 

as illustrated in Figure 3.12. Formation PEO nanorods in AAO templates has been widely 

reported 36,37.  

 

The permeability through the PEO-AAO hybrid membrane was obtained from Figure 3.11(b) 

utilizing equation (3.1). The film thickness of gas permeation (L) is assumed to be equivalent to 

the thickness of the top remnant PEO layer since this layer offers major resistance to gas 

transport. The comparison of the permeabilities between the bulk unconfined PEO membrane 

and that of the AAO-hybrid membrane are shown in Table 3-2. It can be seen that while the 

apparent permeability of helium in impregnated PEO membrane is lower than the bulk film by 

~34%, the CO2 permeation is 45% higher. Subsequently the reverse selectivity is enhanced from  

6.7 to 15 in the hybrid membranes.  

 
Figure 3.11: Gas permeation rates of CO2 and helium through (a) Unconfined PEO membrane (b) 
Impregnated PEO membrane 
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Figure 3.12: Schematic of gas transport through hybrid PEO-AAO membrane 

 

This enhanced permeability of CO2 over helium in PEO-AAO hybrid membrane indicates that 

though the gas transport is primarily influenced by the top layer, the PEO nanotubes impact the 

transport of a strongly sorbing gas like CO2, which could preferentially adsorb on to the PEO 

coated pore walls and be transported by a complimentary surface diffusion mechanism in 

addition to the flow through the open conduits (Figure 3.12). On the other hand helium transport 

is not influenced by the PEO coated walls owing to its non-sorbing behavior.  Thus it can be seen 

that this PEO-AAO hybrid membrane configuration facilitates enhanced gas selective transport 

of CO2 over helium. 

 

 Top bulk layer 

thickness (µm) 

Permeability (Barrer) Reverse 

selectivity  

(αCO2/He) Helium CO2 

Bulk PEO film 1.6  1.8 11.9 6.67 

PEO-AAO hybrid 

membrane 

3.0  1.15 17.4 15 

Table 3-2:  Gas permeabilities of helium and CO2 through bulk and impregnated PEO membrane. 
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3.4 Conclusions 

The initial superior gas permeation properties for CO2 and helium observed in free-

standing ultrathin PTMSP membranes could be translated successfully into hybrid AAO-PTMSP 

membranes. The constrained AAO impregnated PTMSP phase exhibited a four-fold  

permeability increase for CO2, helium and nitrogen, and a 40% improvement of the reverse 

selectivity of CO2 over non- sorbing gases (CO2/He, CO2/N2)  in comparison to bulk PTMSP 

membranes. Furthermore, the temporal stability in AAO embedded PTMSP was found to be 

improved substantially by a factor of 20 over its thin-film counterparts. The increase in the 

transport and separation properties were attributed, in accordance to prior film studies, to 

interfacially and dimensionally induced enhancement of the free-volume in the confined phase of 

PTMSP. A dimensional comparison of equally effective transport properties in thin film vs. 

AAO confined PTMSP yielded a ~750 nm thin film to perform similarly as a 200 nm AAO 

confined PTMSP phase. The difference in size of the confining dimensional parameter was 

attributed to the sluggish relaxation of PTMSP, and the solvent residence time (evaporation 

time), which if scaled by the free surface is by two orders of magnitude larger in thin films as 

compared to AAO embedded PTMSP. An enhanced gas selectivity of CO2/He was observed in 

AAO-PEO nanohybrid membranes though the gas permeabilities were comparable to bulk PEO 

membranes indicating that the gas transport is controlled by the top bulk PEO layer but the CO2 

permeation took place through a parallel surface sorption and diffusion mechanism through the 

PEO coated pore walls. 

Overall, the incorporation of polymer into nanoporous membranes provides similar interfacial 

constraints, and with it enhancement in transport properties, as found in interfacially constrained 

systems of thin films or particle embedded nanocomposites. The benefits of polymer hybrid 
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systems include enhanced mechanical and temporal stability, and avoidance of undesired 

interstitial transport caused by particle aggregation, as found in nanocomposites 6,8. In our on-

going studies our focus is on the appropriate functionalization of alternative nanoporous 

templates for polymer injection, and the effective removal of ad-layers at the outside of the 

porous membranes. 
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Chapter 4 

Investigation of Molecular Conformations in Zwitterionic Polymer Brushes 

#

4.1 Introduction 
#

Non-specific protein and biomolecular adsorption is a major challenge in several biological  

applications ranging from medical implants,1 biomedical devices,2 drug delivery carriers3 to 

marine applications.4 Even small amounts of proteins on surfaces are sufficient to cause 

propagation of unwanted fouling. For instance, as little as 7 ng/cm2 fibrinogen was found to 

induce full-scale blood platelet adhesion.5 Typical non-fouling coatings aim to minimize the 

intermolecular forces of interaction between the biomolecules like proteins and the surface of 

interest. The interfacial energy between the surface and water is found to be critical in conferring 

non-fouling properties to the surface.6 Hydrophobic surfaces possess high interfacial energy with 

respect to water, and consequentially amphiphillic molecules like proteins adsorb on their 

surface to minimize the interfacial energy. On the other hand, hydrophilic surfaces with low 

interfacial energy with water, are not thermodynamically favored for the adsorption of proteins 

as the interfacial energy of the surfaces are already sufficiently low.6  

Poly(ethylene glycol) (PEG)7 and oligo(ethylene glycol) (OEG)8 based coatings are widely 

used for the prevention of non-specific protein adsorption. Studies on self-assembled monolayers 

of oligo(ethylene glycol) (OEG) reveal that surface hydration9-11 due to bound water layer 

around the OEG chains as well as the conformational flexibility of the ethylene glycol chains are 

responsible for the prevention of protein adsorption.8 PEG and other hydrophilic materials like 

tetraglyme, dextran and mannitol achieve surface hydration due to hydrogen bonding.12 

Zwitterionic polymers represent another special class of materials that have been shown to 
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exhibit ultra-low fouling properties in several biomedical applications.13-16 Random distribution 

of positive and negative charge residues on proteins lead to a higher susceptibility of their 

adsorption on both positive and negatively charged surfaces. Polyzwitterionic coatings are 

effective in preventing the adsorption of proteins due to their nanoscale homogeneous mixture of 

balanced charge groups.17,18  

Polyampholytes are macromolecular entities which bear, at the same time, positive and 

negative charges on distinct monomers.19 Polyzwitterions are a special class of polyampholytes 

where each monomer carries both the positive and negative charges (Figure 4.1). Sulfonate-

betaines (SB), carboxylate betaines (CB) and phosphonate betaines (PB) are some examples of 

polyzwitterions which are extensively studied for non-fouling coatings. These molecules bind 

water very strongly due to electrostatically induced hydration, which forms a physical and 

energetic barrier to prevent protein adsorption on the surface.13,14 The strength of surface 

hydration is primarily determined by physico-chemical properties of these materials like 

molecular weight, surface chemistry and their surface packing, i.e film thickness,  packing 

density16 and chain conformations.  

 

#
Figure 4.1: Schematic of polyzwitterionic brushes grafted on to a substrate 

#
In the pursuit of developing “zero” protein adsorption surfaces in complex biological media 

such as undiluted blood serum and plasma, Jiang et al found that surface resistance to protein 

adsorption was dependent on the film thickness of the polyzwitterionic brushes, pSB 20 and 
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pCB21. A minimum in protein adsorption from 100% blood serum was evident in films of 

optimum thickness around 62 and 20 nm of pSB and pCB respectively. It was suggested that 

while thinner zwitterionic brushes might not form dense enough brushes to resist protein 

adsorption from complex media like blood serum, thicker brushes could self-associate due to 

inter-chain or intra-chain molecular interactions and weaken surface hydration leading to high 

protein adsorption.  

Dry film refractive index which is proportional to the polymer density was shown to be 

another engineering parameter analogous to the film thickness for controlling the protein 

adsorption.22 Furthermore it has been shown that the packing density of polymer chains is 

directly related to the swelling ratios of the swollen to the collapsed film thickness in the relevant 

solution media.16 From a fundamental perspective, the surface hydration and subsequently the 

non-fouling properties of the zwitterionic polymeric brushes are related to the molecular 

conformations which depend on the intricate interplay of the inter and intramolecular dipole 

interactions. It has been shown that the extremely high dipole moment of the zwitterionic groups 

(around 23 D for pSB brushes) gives rise to self-association of polymer chains owing to strong 

inter and intra-molecular associations.23,24  

The objective of the present study was to investigate the thermal relaxations via a transition 

analysis of pSB, pCB brushes to gain insights into the molecular conformation of the polymeric 

brushes. Specifically, we present transition analyses conducted on poly(sulfobetaine 

methacrylate)(pSBMA), poly(carboxybetaine acrylamide) (pCBAA), and compare the results to 

poly(oligo(ethylene glycol) methyl methacrylate) (PEGMA) brushes. 
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4.2 Experimental 

#
 Polymeric brushes of pSBMA, pCBAA and PEGMA were surface grafted on silicon 

wafers by surface initiated-atom transfer radical polymerization (SI-ATRP) following the 

procedures described in detail elsewhere.22,25,26 The chemical structures of the brushes are shown 

in Figure 4.2. The thermo-mechanical analysis of the pSBMA, pCBAA and PEGMA brushes 

was performed by Shear Modulation-Force Microscopy (SM-FM)27 which is discussed in detail 

in the Experimental Techniques Chapter (Chapter 6). SM-FM provides critical temperature 

values that are indicative of possible phase changes or more subtle mobilities within the material 

phase. In polymers, critical temperature values pinpoint to transitions caused, for instance, by 

side-chain relaxations or backbone relaxations (glass transition). This method has been 

employed, for instance, to reveal structural transitions in Nafion, a polyelectrolyte membrane 

material.28 Similarly the phase transitions in poly(NIPAM) brushes were evidenced by the 

SMFM measurement which coincided with the lower critical solution temperature (LCST).29  

 

#

Figure 4.2: Chemical structures of (a) pSBMA (b) pCBAA (c) PEGMA 
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4.3 Results and Discussion 

#
Figure 4.3 (a) shows the contact stiffness of 16 nm thick pSBMA sample measured as a 

function of temperature. Reversible critical transition temperatures around 74 oC evidenced as a 

kink in the contact stiffness were found in two subsequent runs (Run 1 & 2). Transition 

temperature measurement of another fresh sample of similar thickness (sample 2), which was 

heated in vaccum oven for three hours at 90 oC, revealed an elevation of the transition point of 

85 oC. For a thicker pSBMA sample of 27 nm the transition temperature was found to be shifted 

to 60 oC and this difference could be attributed to the differences in the molecular weight of the 

polymer manifested as film thickness.  

# #

Figure 4.3 (a) Transition temperature of 16 nm thick pSBMA brushes (Sample 1) measured in two 
repeated runs (Run 1 & 2). Transition temperature of the another fresh sample of same thickness (Sample 
2) after it is heated under vaccum at 90oC for three hours. (b) Transition temperature of 27 nm thick 
pSBMA brush sample. All measurements were performed at low humidity (<10%) 

 

Extremely high dipole moment of zwitterionic groups (around 23 D 23,24) in sulfobetaines was 

shown to give rise to reversible self-association molecular states, as a consequence of strong 

inter and intramolecular dipolar interactions which are sensitive to temperature.30 The schematic 

of different possible molecular associations of zwitterionic brushes are shown in Figure 4.4. In a 
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solution, sulfobetaines are shown to exhibit both an upper critical solution temperature (UCST) 

as well as an ‘apparent inverted’ lower critical solution temperature (LCST).31 UCST is the 

highest temperature above which the inter and intra-molecular dipolar interactions are broken to 

yield isolated polymer chains that are highly solvated and thus miscible in solution. In aqueous 

solution this would mean that the polymeric chains are in extended state with reduced intra-chain 

associations.  

#

Figure 4.4: Schematic of different possible conformational states of polyzwitterionic brushes. 

 

Analogous thermal transitions have also been observed in polysulfobetaine brushes grown on 

silicon and gold. An intriguing transition thickness was evidenced in poly[2-

(methacryloyloxyl)ethyl]dimethyl(3-sulfopropyl)ammonium hydroxide (poly MEDSAH), a 

sulfobetaine polymeric brush, which transitioned from hydrophilic to hydrophobic state.30 It was 

suggested that beyond a critical thickness, the polymeric brushes collapse from a non-associated 

and hydrophilic state to a super-collapsed hydrophobic state owing to the inter and intra chain 

associations. Furthermore thick poly(MEDSAH) (~200 nm) brushes showed a reversible wetting 

transition at 60oC, where the films transitioned between relatively hydrophobic (advancing 

contact angle θ=60oC), dehydrated state at room temperatures to a hydrated, hydrophilic (contact 

angle θ=20oC) state, analogous to the UCST behavior.30 The magnitude of the contact angle 

change was found to depend strongly on the grafting density.32  However in the present study, 
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the pSBMA samples were initially hydrophilic with the contact angles between 5-10o. This 

indicates that in their initial state the polymeric brushes are in an extended state with very little 

intra molecular interactions. This configuration is expected, since at higher graft densities, the 

chances for brushes to fold back and have contact within its components are low thus restricting 

intramolecular associations.  

#

Figure 4.5: Schematic of molecular conformation of pSBMA brushes before and after critical transition 
temperature 

 

Upon heating, the molecular mobility of the polymeric chains increases conforming from an 

inter-molecular associated state into a ‘non-associated’ hydrophilic state as shown in Figure 4.5.  

This behavior would be similar to the UCST transition reported for polysulfobetaines in 

solution.31 The observed changes in molecular conformations indicate that the anti-fouling 

properties of pSBMA would be dependent on the temperature. Furthermore pSBMA could 

potentially be used as a thermo-responsive material utilizing its reversible thermal transitions in 

the molecular conformations. 

 The thermal transition behavior of pCBAA and PEGMA brushes of comparable thickness 

as the pSBMA brushes investigated is shown in Figure 4.6. No apparent transition behavior was 

found in the pCBAA films in the temperature range investigated (Figure 4.6). These brushes 
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were hydrophilic to begin with and from the absence of any thermal transitions, it can be 

concluded that these films do not undergo any conformational changes and continue to remain 

hydrophilic in the temperature regime of 30 oC to 80 oC. No clear transition behavior was seen in 

PEGMA films as well (Figure 4.6(b)). Previous studies on solution properties of PEGMA 

revealed LCST at 90 oC.33 There is a possibility that in the present case the PEGMA brushes 

could exhibit transition behavior changing from ‘hydrophilic’ state to a collapsed ‘hydrophobic 

state’ at temperatures greater than the range we have investigated (>100oC).  

#
!

#

Figure 4.6: Thermal transition analysis of (a) pCBAA brushes and (b) PEGMA brushes grown on silicon 
substrate. 

#

4.4 Conclusions 

#
In this work the thermal transitions of pSBMA, pCBAA and pEGMA brushes were 

investigated to gain insights into their molecular conformations. pSBMA brushes showed a 

critical transition temperature of 60-75oC in 27 and 16 nm films respectively analogous to the 

critical solution temperature behavior of the sulfobetaines. We hypothesized that upon heating 

the polymeric brushes, which are initially in slightly extended state due to intermolecular 

associations, transition into a ‘non associated state’. Owing to the reversible nature of the 
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transition behavior observed, these brushes could be potentially used as thermo-sensitive 

materials. No changes were observed in the molecular conformations of pCBAA films in the 

same temperature regime, indicating that pCBAA is stable over this temperature change and 

hence no changes in their ultra-low fouling properties would be expected. Similarly no thermal 

transitions were evidenced in PEGMA films in the present range of temperature. 
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Chapter 5 

Local Energetic Analysis of the Surface Energies for Graphene from the 

Single Layer to Graphite 

#

5.1 Introduction 
#
Graphene, the atomic lamellar building block of graphite, excites scientific interest, owing to 

its exceptional electronic and mechanical properties, its exotic nature as a two-dimensional 

atomic crystal, and diverse applications in electronic, photonic, photovoltaic, electrochemical, 

and sensing devices.1 Being employed in composites, in electrodes, transparent coatings, and in 

other lamellar designs 2-11, the surface properties of graphene are of critical importance. Chemical 

treatments and surface functionalization in the many routes of production for graphene and its 

derivatives have been found to exert a profound effect on the surface energy of graphene, thereby 

opening up multifarious opportunities for surface engineering of graphene-based devices.12-16 

Thus, while the surface energy of graphene is regarded pivotal in the design of novel 

functional materials, its determination is still eluding us. Current efforts in determining the 

surface energy of graphene remain disputed.17,18 To this end, we herein employ a microscopic 

technique that provides direct access to the surface energy, i.e., more precisely, the Hamaker 

constant. The aim of this work is to investigate the surface energy of graphene as a function of 

the layer number, from the monolayer up to bulk graphite. This involves a local energetic 

analysis, specifically an atomic force microscope (AFM), where AFM tip scattering on active 

modes specific to the materials involved, is Arrhenius analyzed. This methodology, known as 

Intrinsic Friction Analysis (IFA), has been prior to this study successfully utilized in the analysis 

of the energetics of thermally active rotational and translational modes in organic systems.19-21 
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IFA is here for the first time employed to analyze dipolar fluctuation modes that are responsible 

for the van der Waals dispersion interaction. 

5.2 Experimental 

#
IFA experiments were performed with an AFM (Explorer, Veeco Inc., CA) with an 

integrated custom heating stage using a contact mode silicon lever (PPT-CONT, Nanosensors, 

nominal and lateral spring constants of ~ 0.2 N/m and 80 N/m, respectively) at atmospheric 

pressure. The SFM tip was preconditioned by chemical-mechanical polishing  including a spring 

constants calibration.19 IFA technique is further elaborated in Experimental Techniques Chapter 

(Chapter 6). All measurements were performed under dry nitrogen atmosphere with relative 

humidity below 10%.  Temperature was controlled with a heating stage using a programmable 

temperature controller. All SFM friction measurements were performed on 0.5 µm to 1 µm sized 

atomically smooth sample domains. The load was maintained constant for all velocities and 

temperatures. Across all graphene films, average applied load was 55 ± 7 nN. IFA experiments 

were performed in random order with respect to film thickness to avoid systematic errors.  

Graphene films were prepared by micromechanical cleavage of HOPG (Nanosurf, ZHY 

quality) onto a Si/SiO2 substrate (300 nm oxide, Silicon Valley Microelectronics).22 IFA 

measurements on CaF2 were conducted on a surface freshly exposed by mechanical cleavage 

along the <111> crystallographic plane, which serves as the natural cleavage plane.23 

5.3 Results and Discussion 

#
Figure 5.1 (a) provides the IFA result obtained from highly ordered pyrolytic graphite 

(HOPG). In accordance with the IFA methodology, friction-velocity isotherms were collected at 

multiple temperatures, exhibiting each a log-linear dependence of sliding friction on scanning 
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velocity. Following the principle of time-temperature superposition,19-21 these friction-velocity 

isotherms were superimposed to a single friction-velocity master curve, resulting in horizontal 

velocity shift factors, aT. According to an Arrhenius analysis of the shift factors at constant 

pressure P, i.e  
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where T and kB are the absolute temperature, concerning the isotherms, and the Boltzmann 

constant, respectively, the process specific activation energy Ea can be deduced from the slope in 

the inset of  Figure 5.1(a). The analysis unveiled an activation energy of (1.35 ± 0.14) × 10-19 J for 

HOPG employing a silicon dioxide (SiO2) AFM tip.  

The IFA value was compared to the van der Waals interaction energy between HOPG and 

native SiO2, using Lipkin et al.’s simplified version of the Lifshitz theory of van der Waals 

interactions for an isotropic Drude conductor (c) and a dielectric  (d) across vacuum or air,27 i.e., 
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with the Planck constant h,  c1 ≡ nd 
2 ‒ 1 and c2 ≡ nd 

2 + 1. The expression yields with a 

conductor plasma frequency ve.c of 3.4 × 1015 s-1 for HOPG,28 a dielectric electronic absorption 

frequency ve.d of 3.2 × 1015 s-1 for SiO2,29 and the dielectric index of refraction nd of 1.448 for 

SiO2,29 a Hamaker interaction energy of 1.31 × 10-19 J, which is in remarkably good agreement 

with the activation energy obtained from the IFA experiment. The correspondence is notable, as 
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HOPG is not an isotropic conductor, owing to its layered structure; an aspect we explore in 

greater detail below. 

#
 

Figure 5.1 (a) Friction-velocity master curve of SiO2 AFM tip on HOPG. Inset: Arrhenius analysis of 
thermal shift factors revealing activation energy, Ea of 1.35×10-19 J. (b) Sketch of IFA coupling process: 
The one-dimensional motion with velocity v of the AFM tip in contact with the sample surface scatters 
with the spontaneous, quantum electrodynamic, dipolar fluctuations in the interface, imprinting the 
energy signature of the van der Waals dispersion interaction in the frictional response F. 

 

To gain further confirmation of the sensitivity of IFA towards dispersion interactions, we 

investigated a freshly cleaved atomically smooth surface of calcium fluoride (CaF2). IFA 

revealed an activation energy of (0.68 ± .09) × 10-19 J that we found in excellent agreement with 

the Hamaker constant of 0.67 × 10-19 J for CaF2-SiO2
30 (c.f. experimental data and further 

discussion in Appendix B). As sketched in Figure 5.1 (b), the energetic data confirm that the 

moving AFM tip scatters with the quantum electrodynamics originating bonding-debonding 

fluctuations that form spontaneously at the interface between the tip and sample. During the 

coupling process of the one-dimensional sliding motion and the interfacial bonding-debonding 

events, the energy signature of the dispersion interaction is imprinted in the frictional response 

signal and retrieved by IFA via the  Hamaker constant. It is important to note that IFA provides 
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the energetics of the perturbation of the friction signal caused by dispersion interactions in the 

contact zone between tip and sample. It may not be confused with the tribological energy 

dissipation that has been studied elsewhere for HOPG and graphene.31,32 

With this confirmation in hand, we investigated by way of IFA the Hamaker constant 

dependence between the probing SiO2 tip and graphene films of multiple thicknesses from the 

graphene monolayer to the onset of bulk graphite. To this end, graphene films with thicknesses 

ranging from 1 to 13 atomic layers were prepared by micromechanical cleavage 22 of HOPG 

deposited onto 300 nm SiO2 coated silicon substrates. Raman spectroscopy confirmed the unique 

electronic structure of the graphene samples (c.f. Appendix B). IFA of the graphene monolayer 

(n = 1) and multilayers (n = 3, 4, 6 and 13), Figure 5.2(a-d), revealed a graphene‒SiO2 Hamaker 

constant  of (0.71 ± 0.14) × 10-19 J, i.e., an approximate two-fold reduction of the 

dispersion interaction compared to HOPG. The graphene layers were identified via their specific 

heights from the silicon substrate and relative height difference to each other. The monolayer, 

Figure 5.2(c) was identified according to its 1.0 ± 0.2 nm step height from the substrate, which 

has been well established as the graphene SiO2 contact distance,33 and the multilayer numbers 

were assigned consistent with multiples of the graphene sheet distance of 0.34 nm.34 The 

interaction values in between the two limiting Hamaker constants of monolayer graphene and 

HOPG, and , respectively, exhibit a sigmoidal behavior of the form 

2SiOGrA −

2SiOGrA − 2SiOHOPGA −
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Figure 5.2: (a) Friction-velocity spectra for monolayer (n = 1) and multilayer (n = 3, 4, 6, and 13) 
graphene films. (b) Arrhenius analysis of thermal shift factors aT (aJ = 10-18 J) revealing the activation 
energies, Ea. (c) AFM topography images of graphene films with line profiles showing step heights 
measured from substrate. (d) Thickness dependence of IFA-determined Hamaker constant A12 for 
graphene (1) interacting with SiO2 (2) across air with sigmoid fit curve parameters: z0 = 2.17 nm and ∆z = 
2.58 nm-1. 
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with the fit parameters zo = 2.17 nm and ∆z = 2.58 nm-1, Figure 5.2(d). Notable is the 

convergence of the Hamaker constant values of graphene multilayers to bulk HOPG at around 7 

to 8 atomic layers. The non-retarded Hamaker constant A12 between media 1 and media 2 

through vacuum (dry air), can be expressed by its respective single component Hamaker 

constants Akk (k = 1, 2) via combining relations, 29 as 

 221112 AAA ≈  5.4 

Applying this approximation to the IFA data presented above, and employing  the literature 

value for ASiO2-SiO2 of 0.65 × 10-19 J,30 single component specific Hamaker constants of ACaF2-

CaF2 = 0.71 × 10-19  J, AHOPG-HOPG = 2.8 × 10-19 J, and AGr-Gr = 0.78 × 10-19 J for CaF2, HOPG, and 

the graphene monolayer (Gr) could be determined, respectively. The value for CaF2 is in 

excellent agreement with literature values that converge around 0.70×10-19 J.29 The Hamaker 

constant of HOPG compares also well to recent computational calculations based on electron 

energy loss spectroscopic data that yielded a value of 2.5 × 10-19 J.35 Our computational 

calculations (see below) based on dielectric data28  from the literature yielded 2.9 × 10-19 J for 

HOPG. 
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Figure 5.3: Dependence of the surface energy of graphene (normalized to bulk graphite) γ/γHOPG 
and the single component Hamaker constant A11 as function of the graphene thickness z and 
layer number n with sigmoid fit curve parameters: z0 = 2.3 nm and ∆z = 2.53 nm-1. 

 

Figure 5.3 presents the single component Hamaker constants of graphene layers from the 

monolayer to the multilayer onset of HOPG utilizing the data from Figure 5.2(d) and 

Equation (5.4). In accordance that the surface energy can be expressed as one half of the 

interfacial energy W at the contact distance Do, which in turn is related to the Hamaker constant 

via the right-hand side of the following expression for planar geometry, 29 
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we can directly deduce the relative, (HOPG normalized) surface energy from the 

Hamaker constant. Thereby, we made the sensitive assumption that the contact distance is 

independent of the layer number. We included the results of the relative surface energy in Figure 

5.3. The following has to be noted for the derivation of the normalized surface energy of 

HOPGγγ
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graphene: (1) We assumed a constant interlayer distance, and with it a constant contact distance 

Do, regardless of the layer numbers, which is in accordance to our data above, and calculations in 

the literature that find insignificant distance variations of less than 0.03 Å.36-38 (2) The contact 

distance Do is an effective cut off distance between two planar interacting continuous surfaces. It 

is not congruent to the interlayer distance, as it does not consider distance variations that are 

apparent on the atomic scale. 

As with the Hamaker constants, a striking dependence on the number of graphene layers 

ensues, with a predicted surface energy for graphene that is only about a quarter (27.9 % to be 

precise) of that of bulk graphite. The surface energy of graphite has been determined by multiple 

groups ranging from 54.8 mJ/m2,18 to 125 mJ/m2. The latter value was found in a recent study 

that recognized rapid contamination of HOPG under ambient conditions.39 Considering these 

values and the results presented in Figure 5.3, the surface energy of monolayer graphene can be 

expected to be between 15 and 35 mJ/m2. Employing Eq. 5.5 and the energy values provided 

above, a continuum theory based effective contact distance Do in the range of 1.7 to 2.6 Å can be 

deduced. 

 Referring to a related study, in which the surface energy was probed indirectly via the 

growth of gold and silver nanoparticles,40,41 our finding is in line with the strong dependence of 

the growth diameter  on the graphene layer number,40,41 which was found for gold to be reduced 

by about 50% for monolayer graphene compared to a three-layer graphene substrate. It is 

important to note that the metal particle growth study also showed no difference between free-

standing graphene monolayer substrates and SiO2 supported substrates.41 In other words, the 

silicon support in our study is not affecting the Hamaker constant measurements.  
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Returning to the calculations of the Hamaker constant via the Lifshitz theory, we note that 

Equation 5.2 treated HOPG as an isotropic Drude conductor.  However, the layered structure of 

HOPG produces an anisotropic dielectric tensor composed of frequency-dependent in plane ε1║ 

(parallel to graphene sheets) and out of plane ε1┴ (perpendicular to graphene sheets) components 

containing both Drude (free charge) and Lorentz (bound charge) contributions.28  More 

rigorously, the non-retarded Hamaker constant A11 between two such identical face-to-face 

anisotropic media (1) across vacuum (v) can be computed by way of the Lifshitz theory as42 
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5.6 

 

where T is the absolute temperature (300 K), kB is the Boltzmann constant, h is the Planck 

constant, i is the imaginary unit,  ζn respresents the angular Matsubara frequencies, Re designates 

the real component of the complex dielectric function, and the prime in the summation denotes 

that the first term carries a factor of ½. For convergence, the double summation in Equation 5.6 

was truncated at n = 500 and j = 30. Translation of the EEL spectrum to ε(iζn) was performed 

with a cut-off energy of 40 eV. The universal sheet conductance of graphene,24,25 σsheet = e2/4ℏ 

was translated to the in plane dielectric function as ε║(ω) = iσsheet/ε0ωx 26, with frequency ω, 

vacuum permitivity ε0, imaginary unit i, and sheet thickness x= 0.34 nm.  

We applied the above equation to bulk graphite using a frequency ω dependent  Drude-

Lorentz model fitted to experimental data in the literature of the form,28                                                                           
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using the fit parameters (Ωp,Γ0,Γj
’,Fj,ωj) determined from optical data for ε1┴ and those 

determined from electron energy loss spectoscopy (EELS) data for ε1║(c.f. Appendix B) 28, this 

analysis yielded a non-retarded Hamaker constant for HOPG AHOPG-HOPG of 2.9 × 10-19 J. Our 

calculation is in good agreement with the experimental IFA value above of 2.8 × 10-19J.  

Next we determined numerically the Hamaker constant for graphene based on EELS data of 

graphene and graphite.24  To employ Equation (5.6), we translated the loss function Im(ε-1) 

obtained from the EELS experiments to ε(iζn) following a numerical analysis described in the 

literature 35.  As the dielectric response below 3 eV in EELS experiments is concealed by the 

subtraction of the zero loss peak,24,25 rendering the the loss function in this regime unreliable, we 

used the experimentally-fitted dielectric model described by Equation (5.7) for graphite, and 

modeled graphene using its established universal sheet conductance.43,44  Furthermore, as the loss 

function is presented in arbitrary units, requiring normalization for translation to ε(iζn), we 

matched the data to the IFA results of 2.8 × 10-19 J for graphite, yielding a normalization factor 

of 1.145. Our IFA normalized numerical analysis resulted in a single-component Hamaker 

constant for monolayer graphene AGr-Gr of 0.5 × 10-19 J. This result is in agreement with the IFA 

observed prominent decrease in the Hamaker constant for graphene compared to graphite. The 

deviation from the IFA value of 0.78 × 10-19 J can be attrributed to the rudimentary normalization 

procedure that was based solely on a single data point, as well as underestimation due to use of a 

finite cut-off energy of the dielectric spectrum. 
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5.4 Conclusions 

#
In conclusion, the surface energy dependence on the layer number of graphene was 

experimentally determined from the local Hamaker constant, which was found to decrease by 

almost three quarters from HOPG to monolayer graphene, over approximately eight layers (2.7 

nm).  Considering the wide thickness dispersion in graphene fabricated by chemical routes, these 

results are of significant importance, and explain shortcomings in graphene applications, such as 

difficulty dispersing monolayer graphene sheets in solvents,45 and poor adhesion to pristine 

monolayer graphene electrodes.10  Under the assumption of pure graphene sheets, the energetic 

data presented are of wide use in applications from graphene electrode enhanced solar cells, 3,10 

nanolithography involving block copolymers on graphene,15 nanocomposite dispersions 

containing graphene sheets,4 to graphene-mediated capacitive deionization.11 For chemically 

modified graphene sheets, intended or unintended via the chosen chemical fabrication route, the 

surface energy would have to be reevaluated.  

This study was made possible by IFA, a lateral force AFM methodology for energetic mode 

analysis, which was introduced here for the first time as a nanoscale surface analytical tool 

towards the direct investigation of the Hamaker constant. We find also that the IFA results agree 

with computational predictions based on EELS spectroscopic data, demonstrating IFA to be a 

complementary tool to spectroscopy for investigation of dielectric properties. Moving forward, 

the success of IFA in interrogating van der Waals interactions of atomic layered materials such 

as graphite opens possibilities for future work in evaluating surface energetics of a multitude of 

layered materials concerning the preparation method, chemical modification, and surface 

modification. 

#
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Chapter 6 
Experimental Techniques 

"
A range of experimental techniques have been employed in characterizing the transport 

and interfacial properties of organic and inorganic materials, both on macro and nanoscales. In 

the present work we have employed scanning probe microscopy (SPM) based techniques, 

namely intrinsic friction analysis (IFA) and shear modulation force microscopy (SMFM) to gain 

insights into the molecular mobilities and conformations in constrained organic and inorganic 

phase materials. Specifically IFA is employed to probe the molecular mobilities of PTMSP and 

the dipolar fluctuations of the van der Waals interactions in graphene layers.  Shear modulation 

force microscopy (SMFM) is employed to investigate the thermal transition properties of 

zwitterionic polymeric brushes.  We begin this chapter with a brief overview of scanning probe 

microscopic techniques in Section 6.1. The theoretical and experimental details of IFA will be 

discussed in Section 6.2. A brief discussion on SMFM technique is presented in Section 6.3. The 

gas permeability measurements through the ultra-thin and hybrid PTMSP and PEO membranes 

were performed using conventional techniques like constant pressure-variable volume method 

and constant volume-variable pressure method, which will be discussed in Section 6.4. 

6.1. !Overview of Scanning Probe Microscopy  
"

The invention of Scanning Tunneling Microscopy (STM) by Binning and Rohrer in 

1986,1 pioneered the development of several scanning probe techniques. One of the widely used 

tools in this family is the scanning force microscope (SFM) which is commonly referred to as 

atomic force microscope (AFM). The AFM consists of a nanoscale tip (~10 nm) at the end of a 
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cantilever which rasters across the surface of the sample, controlled by the piezoelectric actuators 

in the x, y and z directions. The cantilever deflection is monitored by means of a laser which 

reflects off the surface of the cantilever on to a photodiode (Figure 6.1). The force exerted by the 

tip (Fa) on the sample depends on the cantilever spring constant (CN) and the deflection of the 

cantilever (Δz), thus Fa=CN Δz. The topographical information of a sample is obtained from the 

voltage applied to the z-piezoelectric actuator to maintain a constant cantilever deflection. AFM 

can be operated in two primary modes: Contact mode and non-contact mode. In the contact mode 

the force exerted by the cantilever on the sample is kept constant as it rasters along the surface, 

while maintaining a constant contact with the sample. The deflection from the photodiode serves 

as a feedback signal to control the voltage applied to the z-piezo to maintain a constant force, and 

this z-piezo voltage translates into the topographical map. In the non-contact mode, the 

cantilever is oscillated normally at a frequency close to the resonance frequency of the 

cantilever. As the cantilever is brought closer to the sample, the surface interactions cause a 

dampening of the modulation. The deviation from the set-point amplitude serves as the feed-back 

to control the modulation amplitude. The tip to sample distance controlled by the voltage applied 

to the cantilever translates to the topographical map. 

 
Figure 6.1: Schematic of the working principle of the scanning force microscope (SFM) 
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6.2. Intrinsic Friction Analysis (IFA) 

Intrinsic friction analysis originally formulated by Scott Sills and Overney, is based on the 

well-established lateral force microscopy.2,3 Thereby, IFA provides molecular descriptions of 

relaxation processes that are associated with various modes of molecular/sub-molecular modes 

of activation.4,5 As the AFM tips scans on the sample surface it perturbs the system transferring 

kinetic energy very specifically to internal modes on a molecular or even sub-molecular level, as 

shown by activating side chain rotations in glassy polystyrene6,7 and backbone translational 

motions6 in polymer melts. The nanoscale friction forces are revealed by the lateral deflection of 

the cantilever between the forward and reverse scans. These friction signals are obtained at 

various scanning velocities and temperatures, treated based on the theory of time-temperature 

equivalence8,9 to obtain the apparent activation energy. Friction-velocity isotherms, FF(v), are 

equivalent to segments of a single master curve10 that describe the relaxation landscape of a 

material. Thus the friction force (FF) measured in IFA is analogous to the dielectric loss, ε”, of 

dielectric spectroscopy and the loss modulus, G”, in dynamic mechanical analysis. Depending on 

the dynamic velocity window and temperature range, the isotherms are observed as log-linear 

curves if far away from the material intrinsic dissipative resonance peak, or curved, if the 

external disturbance (i.e., sliding velocity) is comparable with the material intrinsic relaxation 

time. This is illustrated in Figure 6.2 (a) and (b), where the friction-velocity data are log-linear or 

curved, respectively. To form a single master curve, the data is shifted horizontally with respect 

to an arbitrarily chosen reference temperature, e.g. T1.  
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Figure 6.2: Generic FF(V)T  shifting process based on the time-temperature superposition principle. (a) 
Relaxation process (T1 < T2 < T3) outside the observation window when horizontally shifted form log-
linear master line: (Top Left) unshifted data, (Bottom Right) plot of ln(aT) vs T-1 the slope of which is the 
apparent ‘Arrhenius activation energy’. (b) Slow relaxation process within the experimental scan velocity 
window: Left: (Top) Unshifted FF(V)T  data (T1 < T2 < T3), (Bottom) Horizontally shifted data. Arrows 
indicate aT shifts. Right: Bell-shaped master curve after additional vertical ΔFF shifts.6 
 

In the case of fast intrinsic processes that cannot be reached by any rate of the disturbance, the 

master curve represents a log-linear line, Figure 6.2(a). On the other hand, if the disturbance can 

match the material (or process) intrinsic relaxation time, the master curve reflects the 

characteristic relaxation peak, Figure 6.2(b). It is important to note that the current discussion 

relates only to the enthalpic contribution, i.e., the master curve is obtained by horizontal shifting 

only. Vertical shifting (Figure 6.2(b) inset) of the friction force by ΔFF may also be necessary 

due to the entropic cooperative molecular mobilities in the system.11 Utilizing the time-

temperature equivalence, the set of horizontal shifts, aT, also referred to as thermal shift factors, 

are plotted against inverse temperature (1/T) to determine the apparent activation energy, Ea, if 

the process behaves in an Arrhenius manner, (Figure 6.2(a) lower inset). This is formally 

expressed as  
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It is to be noted that in PTMSP, since we always operate at temperatures below its glass 

transition temperature, IFA is sensitive to only the enthalpic relaxations and hence we obtain log-

linear master curves similar to that shown in Figure 6.2(a), without any significant entropic 

contributions.12  

 IFA-Experimental Procedure: The experimental set up for IFA is shown in Figure 6.3 

and includes a SFM (Topometrix Explorer, Veeco, CA) employing a contact mode lever (PPP-

CONT, Nanosensors, nominal and lateral spring constants of ~0.2 N/m and 80 N/m, 

respectively). The temperature is controlled by a programmable temperature controller. The 

friction force between the tip and the sample is proportional to the half amplitude of the square 

wave of the lateral photodiode signal obtained from the sample surface scanning. An 

oscilloscope is employed to obtain friction data. All measurements were performed at ambient 

pressure under a dry nitrogen atmosphere with a relative humidity below 10% to avoid water 

capillary formation.13 

 

Figure 6.3: Schematic of the intrinsic friction analysis experimental set-up 
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Calibration of the tip was performed according to a well-established blind calibration 

technique.14 For this calibration, the tips are initially conditioned by scanning on silicon wafers 

described as follows: silicon wafers are initially cleaned by sonicating in acetone (10 minutes) 

and in methanol (40 minutes) followed by a 20 minute UV treatment. The wafers are then dried 

in a vacuum oven for 1 hour at 120oC before calibration measurements began. Prior to friction 

measurements, the out of contact normal cantilever resonance frequency, fc (in Hz), was 

obtained to calculate the cantilever thickness, t. 

 cfLt 2000723.0=  6.2 

The cantilever spring constant CN, was then obtained from the cantilever length (L=[m]), 

width (W) and elastic modulus (E) according to the following equation:14 

 
3

3

4L
WEtCN =  6.3 

 

The total normal force, FN, can be calculated for a given applied load, Fapp (the set point 

applied) as follows: 

 ( )BTadhapp
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N FFF
S
C

F −−+=  6.4 

where S is the apparent contact stiffness i.e., the slope of the photodiode signal (in nN) versus the 

piezo displacement in nanometers (in nm) during tip-sample contact, Fadh is the adhesion force 

measured by force-distance curves and the FT-B is the out-of-contact top-bottom photodiode 

signal. Friction was then measured for various values of Fapp, resulting in a linear plot of the 

uncalibrated oscilloscope friction signal, FFo (in mV), and the total normal force, FN (in nN) with 

constant slope, µ* (in mV/nN). Given that the friction coefficient between the SiOx  tip and SiOx 

sample is known (µ = 0.18), a calibration coefficient, Γ(nN/mV), was obtained as: 
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The calibration of the tip on silicon sample also accomplishes its conditioning, which is 

critical in getting rid of any sharp asperities present on a new tip. Furthermore the tip is scanned 

on the sample of interest at temperatures greater than the room temperature (usually around the 

glass transition temperatures for polymers) to passivate the tip surface which in turn prevents any 

pick up of organic material by the tip. Once the tip was calibrated and conditioned, the sample 

was electrically grounded to the AFM. Grounding was performed by connecting a small wire 

from the sample to a common contact point (in our case the steel SFM stand) via silver paint 

(Ted Pella, Inc.). Care was taken such that the grounding wire still allowed the sample to sit flat 

on the heating stage. The scanning plane was leveled horizontally to within 100 nm vertical 

displacement over a 100 µm horizontal scan.  

 We have performed IFA on PTMSP films of varying thickness, to probe the thermally 

active molecular modes (Chapter 2). Activation energies around 4.5-7.9 kcal/mol were obtained 

(discussed in Chapter 2). In order to identify the appropriate rotational modes corresponding to 

the measured range of activation energies, the conformational energies for rotations about the 1 

trimethyl–silyl backbone bond, the 2 methyl–backbone bond, and 3 the backbone single bond 12 

are calculated (Figure 6.4 (a)). These molecular conformational calculations, revealed for bond 

rotations 1, 2, and 3 rotational activation energies of ∼13 kcal/mol, 5 kcal/mol, and >100 

kcal/mol respectively (Figure 6.4 (b)). Hence, in light of the IFA and conformational 

calculations, the experimentally observed thermally active relaxation modes can be attributed to 

2, i.e., backbone methyl-group rotations.12 IFA was also employed to study the van der waals 

interaction potential between the AFM tip and graphene layers as discussed in Chapter 5.  



84"
"

  

Figure 6.4: (a) The various rotational sub-molecular relaxation modes in PTMSP studied (b) The 
activation energies associated with the rotational modes 1 and 2 shown in part (a) which correspond to the 
rotation energies of silicon atom and the methyl side group respectively. 

"

6.3. Shear modulation force microscopy (SM-FM)  

SM-FM15-17 provides critical temperature values that are indicative of possible phase changes 

or more subtle mobilities within the material phase. In polymers, critical temperature values 

pinpoint to transitions caused, for instance, by side-chain relaxations or backbone relaxations 

(glass transition). This technique probes the viscoelastic properties of the sample such as the 

modulus by examining the mechanical response of the material to the external shear force 

modulations at varying temperatures. The lateral force dF acting on the sample of area A=πa2 

results in a lateral stress dτ. The shear stress is related to the shear modulus (G) using the 

Hooke’s law as follows: 

 γτ Gdd =  6.6 

where dγ is the shear strain in the material. For small lateral no-slip disturbances, the contact area 

can be assumed to be unaffected, and thus, the shear force is proportional to the product of 

modulus and strain. The effective spring constant, keff, is proportional to the product of the 
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contact modulus and contact radius. The total lateral displacement, dx, combines both the sample 

deformation, du, and the spring deformation in the lateral direction . If the force is solely related 

to the sample deformation, the spring constant is referred to as the contact stiffness kc. Contact 

stiffness and effective spring constant are related to each other via the cantilever lateral spring 

constant kx as shown below:16 
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The lateral spring constant of the cantilever is determined from the blind calibration method 

as described above. For a sphere-plane geometry, the contact stiffness is given as  

 aGkc
*8=  6.8 

where G*  represents the contact modulus given by 

 
1

* )2()2(
−

"
"
#

$

%
%
&

' −
+

−
=

sample

sample

tip

tip

GG
G

υν
 6.9 

Where Gtip and Gsample represent the shear moduli and νtip , νsample represent the poission ratio 

of the tip and sample respectively. 

SMFM-Experimental Procedure: A nanometer sharp SFM (Explorer, Veeco Instrument Inc) 

cantilever tip is brought into contact with the sample surface, while a constant load is applied, 

and the probing tip is laterally modulated (typical input modulation 0.1 V at 1500 Hz) with a 

"no-slip" nanometer amplitude generated by the frequency generator (DS345 30MHz 

Synthesized Function Generator, Stanford Research System) . The modulation response is 

analyzed using a two-channel lock-in amplifier (7280 DSP Lock-In Amplifier, Perkin Elmer 

Instrument), comparing the response signal to the input signal. The modulation response is a 

measure of the contact stiffness. Thermally activated transitions in the material, such as the glass 
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transition, melting transitions or changes in the molecular conformations, are determined from 

changes in the response curve as typically shown in Figure 6.5.18 Conceptually, SM-FM is a 

nanoscopic analogue to dynamic mechanical analysis (DMA), however, because of its small 

probing volume, SM-FM is probing very close to the material’s unperturbed state.17 

 
Figure 6.5: A typical SM-FM analysis of a nonlinear optical (NLO) material.18 Schematic of   
SM-FM experimental principle in the inset 

"

6.4. Permeability Measurement 

There are two primary methods of measuring single gas permeability of polymer membranes, 

isobaric (constant pressure variable volume), and isochoric (constant volume variable pressure). 

The isobaric method is relatively simple, without the requirement of vacuum pressure. However 

it is well suited only to high gas flux measurements (> ~0.5 cc/min). At low fluxes, measurement 

of downstream gas flow rates become increasingly difficult, giving benefit to the constant 

volume variable pressure method. 



87"
"

6.4.1. Isobaric Permeability Measurement 

In the isobaric system, gas is fed to the upstream side of the membrane, and the outflow of gas 

is measured directly using a precision flow measuring device. The basic schematic is shown in 

Figure 6.6.  The membrane is housed in a 25mm stainless steel Pall Filter holder. Upstream 

pressure is regulated and downstream pressure is atmospheric. The purge valve is used to ensure 

that no contaminant gases are present in the line. After waiting for equilibrium, the downstream 

permeating gas flow rate is determined using a bubble flow meter for a given upstream gas 

pressure. Two different size flow meters (0.5 ml and 10 ml graduated volume) were used 

depending on the downstream flow rate. 

The gas permeability, P (1 Barrer = 10-10 (cm3(STP) cm)/cm2 s cmHg) was determined from 

the flux, J (cm3(STP)/cm2.s), the membrane cross-sectional area, A (cm2), the thickness, l (cm), 

and the externally controlled differential pressure, ∆p (∆p=p2-p1), (cm Hg) as: 
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Flux was obtained from the following expression19 
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where patm is the atmospheric pressure in cm Hg, T is the temperature of the gas in Kelvin, 

(dV/dt) is the gas flow rate in cm3/s.   Membrane thicknesses were measured by contact mode 

scanning force microscopy (SFM) (Easy Scan 2, Nanosurf GmbH) of a scratch made on the 

surface of the polymer penetrating the thickness of the film avoiding perturbing/damaging the 

supporting substrates after the gas permeabilities had been measured.   
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Figure 6.6: Schematic of a constant pressure variable volume method based gas permeability 
measurement set-up 

 

Gas permeabilities through thin films of PTMSP were measured by this technique. By the 

way of illustration, the gas flow rate of CO2 and helium through a neat AAO membrane and 

~200 nm PTMSP film spin casted on AAO as a function of differential pressure (Δp) are 

contrasted in Figure 6.7(a) & (b).12 The gas flow rate, q≡dV/dt, was substituted in Eq(6.11) to 

obtain the gas flux which was further utilized to obtain the gas permeabilities through the 

membranes from Eq(6.10). 

The gas flux of helium is ~ 3 times higher than that of CO2 through the neat AAO membrane 

indicative of diffusion dominated size selective permeation behavior (Figure 6.7(a)), while the 

thin PTMSP films spin casted on AAO exhibit preferential CO2 selectivity over helium12 (Figure 

6.7(b)) owing to the sorption dominated solution diffusion mechanism, commonly observed in 

dense glassy polymeric membranes. 
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Figure 6.7: The gas flux of helium and CO2 through (a) a neat AAO membrane and (b) 200 nm PTMSP 
film supported on AAO membrane.12 The insets in (a) represent the cross section(top) and top views of 
AAO membranes (bottom) respectively. 

 

6.4.2. Isochoric Permeability Measurement 

The isochoric permeability measurement i.e.  the constant volume variable pressure (CVVP) 

set-up was utilized to measure the permeabilities of AAO confined hybrid PEO and PTMSP 

membranes. Permeabilities of AAO supported thick PTMSP and PEO membranes (> 3 µm) were 

also measured by the CVVP technique. In this set-up a 25mm stainless steel Pall Filter holder is 

used to house the polymeric membranes. Vacuum pressure in the set-up is measured by means of 

Dwyer pressure transducer and the current signal (in mA) from the transducer is recorded with a 

Dwyer USB port connected in the line. This current vs. time data is converted to the pressure 

change rate in the chamber by utilizing the calibration curves of the transducer. In the isochoric 

measurement, initially the membrane housing and the downstream gas chamber are evacuated by 

applying vacuum suction by opening needle valves 2&3 (Figure 6.8).  
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Figure 6.8: The schematic of the constant volume variable pressure (CVVP) set up. 

 

The upstream needle valve 1 is closed during the evacuation. After closing the needle valves 2 

and 3, the leak rate of air into the system ((dp/dt)leak) is recorded from the slow increase in 

chamber pressure. In the next step, the membrane housing volume is re-evacuated, by opening 

valves 2 and 3, with the upstream gas valve 1 closed. Following the chamber evacuation, the 

valves 2 and 3 are closed and needle valve 1 is slowly opened, exposing the upstream side of the 

membrane to a specific gas pressure. The gas permeating through the membrane is measured by 

recording the increase in the gas pressure in the downstream membrane chamber as a function of 

time ((dp/dt)SS). The gas permeability (cm3 (STP) cm/cm2.s. cm Hg) is determined from the 

steady state rate of pressure increase in the fixed downstream volume by:20 
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Where Vd is the volume of the downstream chamber (cm3), l is the membrane thickness (cm), p2 

is the upstream pressure (cm Hg), A is the membrane area (cm2), R is the ideal gas constant, T is 

the absolute temperature (K), (dp1/dt)SS and (dp1/dt)leak are the steady state rate of pressure 

increase and the leak rate in the chamber respectively (cm Hg/s). For the current isochoric 

apparatus, the downstream volume was found to be 9.35 cm3. 

6.5.  References 
"
 (1) Binnig, G.; Quate, C. F.; Gerber, C. Physical Review Letters 1986, 56, 930-933. 
 (2) Overney, R. M., L. Guo, H. Totsuka, M. Rafailovich, J. Sokolov, and S. A.;  

  Schwarz, S. A. Material Research Society 1997. 
 (3) R. M. Overney, H. T., M. Fujihira, W. Paulus, and H. Ringsdorf Physical Review  

  Letters 1994, 72, 3546. 
 (4) Knorr, D. B.; Widjaja, P.; Acton, O.; Overney, R. M. J. Chem. Phys. 2011, 134. 
 (5) Knorr, D. B.; Zhou, X. H.; Shi, Z. W.; Luo, J. D.; Jang, S. H.; Jen, A. K. Y.;  

  Overney, R. M. Journal of Physical Chemistry B 2009, 113, 14180-14188. 
 (6) Knorr, D. B.; Gray, T. O.; Overney, R. M. Ultramicroscopy 2009, 109, 991-1000. 
 (7) Sills, S.; Overney, R. M. Physical Review Letters 2003, 91. 
 (8) Ward, I. M. Mechanical Properties of Solid Polymers; Wiley-Interscience,  

  London, 1971. 
 (9) Ferry, J. D. Viscoelastic Properties of Polymers; John Wiley &Sons, 1980. 
 (10) Grosch, K. A. Proceedings of the Royal Society of London Series a-Mathematical  

  and Physical Sciences 1963, 274, 21-+. 
 (11) Knorr, D. B.; Gray, T. O.; Overney, R. M. J. Chem. Phys. 2008, 129, 074504. 
 (12) Knorr, D. B., Jr.; Kocherlakota, L. S.; Overney, R. M. Journal of Membrane  

  Science 2010, 346, 302-309. 
 (13) He, M. Y.; Blum, A. S.; Overney, G.; Overney, R. M. Physical Review Letters  

  2002, 88. 
 (14) C. K. Buenviaje, S. R. G., M. H. Rafailovich, and R. M. Overney In Materials  

  Research Society Symposium Proceedings, 1998; Vol. 552, pp 187-192. 
 (15) Ge, S.; Pu, Y.; Zhang, W.; Rafailovich, M.; Sokolov, J.; Buenviaje, C.;   

  Buckmaster, R.; Overney, R. M. Physical Review Letters 2000, 85, 2340-2343. 
 (16) Gray, T.; Killgore, J.; Luo, J. D.; Jen, A. K. Y.; Overney, R. M. Nanotechnology  

  2007, 18. 
 (17) Sills, S.; Overney, R. M.; Chau, W.; Lee, V. Y.; Miller, R. D.; Frommer, J. J.  

  Chem. Phys. 2004, 120, 5334-5338. 
 (18) Benight, S. J.; Knorr, D. B.; Johnson, L. E.; Sullivan, P. A.; Lao, D.; Sun, J. N.;  

  Kocherlakota, L. S.; Elangovan, A.; Robinson, B. H.; Overney, R. M.; Dalton, L.  
  R. Advanced Materials 2012, 24, 3263-3268. 

 (19) Pinnau, I.; Toy, L. G. Journal of Membrane Science 1996, 116, 199-209. 
 (20) Lin, H.; Freeman, B. D. Journal of Membrane Science 2004, 239, 105-117. 
"



92#
#

Chapter 7 
Closing Remarks and Future Outlook 

#
In this work we have investigated the impact of nanoscale confinement on the interfacial and 

transport properties of organic and inorganic systems. Confinement effects on the gas transport 

properties of two reverse selective polymeric membranes viz. PTMSP and PEO were 

investigated. Specifically, enhanced gas permeabilities and bulk deviating reverse selectivities 

were observed in ultra-thin PTMSP membranes in the thickness regime of 400 to 800 nm.  The 

molecular energetic mobility analysis (IFA) of the thermally active modes in PTMSP revealed 

enhanced methyl side groups mobilities indicating interfacially induced structural adaptations in 

PTMSP that led to an increase in free volume in the critical film thickness regime.1 Inspite of 

their enhanced free volume configuration, aging analysis revealed that these “free-standing” 

ultra-thin membrane films physically age within hours due to the plasticizing effect of the 

sorbing gas component that causes a free-volume collapse.  

Having identified the length scales in which the interfacial constraints positively impact the 

gas transport properties, we translated these confinement effects into hybrid AAO-PTMSP 

membranes. Thereby the constrained AAO impregnated PTMSP phase exhibited a four-fold  

permeability increase for CO2, helium and nitrogen, and a 40% improvement of the reverse 

selectivity of CO2 over non- sorbing gases (CO2/He, CO2/N2)  in comparison to bulk PTMSP 

membranes.2 Furthermore, the temporal stability in AAO embedded PTMSP was found to be 

improved substantially by a factor of 20 over its thin-film counterparts. Constrained PEO 

polymeric phase has been shown in literature to exhibit significantly reduced crystallization 

temperature (ΔTbulk!nanotube = 50oC) as a consequence of the transition from a heterogeneous 
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nucleation processes in bulk PEO to a surface nucleation process in PEO nanotubes.3 Gas 

permeabilities of helium and CO2 through PEO-AAO hybrid membranes were primarily 

influenced by the remnant top bulk PEO layer. However the permeability of CO2 was found to 

increase from 12 Barrer in unimpregnated bulk PEO membranes to 17 Barrer in PEO-AAO 

nanocomposite membrane indicating that CO2 sorption and surface diffusion through PEO 

nanotubes create additional permeation pathways leading to enhanced CO2 separation 

capabilities in AAO confined PEO membranes.  

The here found improvements in the gas permeabilities in ultra-thin PTMSP films indicate 

that imposing interfacial constraints on other novel glassy microporous polymeric systems with 

better temporal stability, could result in an enhancement of their gas transport properties, 

potentially matching the high permeation rates of PTMSP membranes.  Novel glassy polymers 

with intrinsic microporosity (PIMs) are being synthesized with high gas permeabilities which 

would be potentially interesting candidates for the interfacial confinement studies.4-6 Similarly in 

PEO based membranes blends of poly(ethylene oxide)-poly(butylene terephthalate) (PEO-PBT) 

copolymer and polyethylene glycol-dibutyl ether (PEG-DBE) were shown to exhibit outstanding 

CO2 permeabilities  of ~750 Barrer with CO2/N2  reverse selectivity of ~40,7 placing it at the 

Robeson limit. The permeances were found to increase from 0.8 m3(STP) m-2 h-1 bar-1 to 

5  m3(STP) m-2 h-1 bar-1, as the film thickness reduced from 170 nm to 45 nm, the highest 

permeance values for CO2 through PEO based polymers. The CO2/N2 selectivity in the ultra-thin 

films (~45 nm) was found to be 60. Yave et al. proposed that interfacial confinement of the 

polymer could be causing altered molecular relaxations/mobilities, which influence the transport 

properties of the polymer.8 Transposing the beneficial interfacial properties found in the above 

mentioned polymeric systems viz. PEO-PBT copolymers and PIMs into an external membrane 
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confined nanocomposite membrane will result in development of stable and scaled up reverse-

selective polymeric membrane systems. While PEO-PBT requires a dimensional confinement on 

the sub-150 nm scale, PTMSP, because of its backbone rigidity, reveals optimum transport 

properties in the confinement regime of 0.1 to 1 µm. Though AAO membranes are a good 

confining template owing to their uniform porous structure, their mechanical strength is rather 

limited. So utilizing other porous “substrates”, namely, polycarbonate (PC) with its small pores 

for PEO-PBT, and the two ultrafiltration (UF) membranes, poly(vinylidene fluoride (PVDF) and 

polyacrylonitrile (PAN) membranes for confining PTMSP, would result in fabrication of ‘inverse 

nanocomposite’ membranes which increase the polymer free-volume, as found in ultrathin films, 

confined in a mechanically free-volume stabilizing environment, as discussed above for PTMSP 

and PEO, to provide both increased permeation for the carrier gas, and an enhanced CO2 sorption 

activity. 

The interfacial energy between the surface and water is found to be critical in conferring non-

fouling properties to the surface.9  Polyzwitterionic brushes are shown to bind water very 

strongly due to electrostatically induced hydration which forms a physical and energetic barrier 

to prevent protein adsorption on the surface. Optimum film thickness of 62 and 20 nm of pSB 

and pCB respectively resulted in minimum protein adsorption from 100% blood serum.10,11 

Physico-chemical properties of these materials like molecular weight, surface chemistry and their 

surface packing, i.e film thickness,  packing density 12 and chain conformations. In this work the 

thermal transitions of pSBMA, pCBAA and pEGMA brushes are investigated to gain insights 

into their molecular conformations. pSBMA brushes showed a critical transition temperature of 

60-75oC in 27 and 16 nm films respectively analogous to the critical solution temperature 

behavior of the sulfobetaines while no changes were observed the in molecular conformations of 
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pCBAA films in the same temperature regime, indicating that pCBAA is stable over this 

temperature range. Systematic investigation of pSBMA films as a function of packing density 

will provide insights into the molecular conformations/interactions of these brushes thus 

enabling rational design of non-fouling surfaces. 

IFA, a lateral force AFM methodology for energetic mode analysis, was utilized as a 

nanoscale surface analytical tool towards the direct investigation of the Hamaker constant in 

graphene layers.13 The surface energy dependence on the layer number of graphene was 

experimentally determined from the local Hamaker constant, which was found to decrease by 

almost three quarters from HOPG to monolayer graphene, over approximately eight layers (2.7 

nm). The success of IFA in interrogating van der Waals interactions of atomic layered materials 

such as graphite opens possibilities for future work in evaluating surface energetics of a 

multitude of layered materials concerning the preparation method, chemical modification, and 

surface functionalization.  
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Appendix A 

Fundamentals of Gas/Vapor Separation Membranes 

#
 Dense non-porous polymers including both glassy and rubbery materials have been employed as 

membrane materials for gas or vapor separation.1-4 Gas transport through dense non-porous 

membranes is commonly described using solution diffusion theory. According to this theory gas 

transport occurs by sorption of gas on the upstream side of the membrane surface followed by 

the molecular diffusion through the polymeric matrix and subsequent desorption from the 

downstream surface. Thermodynamic factors like condensability of the gas and its interaction 

with the polymer segments along with  kinetic factors governed by the size of the penetrant, 

polymer segmental mobility and packing, or free volume influence the overall gas permeation 

through a given polymeric membrane.4,5 In rubbery polymers the penetrant diffusion rate is 

higher with lower sensitivity to the penetrant size. On the other hand, in glassy polymers the 

penetrant diffusion rates are lower and are critically dependent on the penetrant size.  

The sorption of simple gases in rubbery polymers follows the Henry’s law, where a linear 

relation exists between the equilibrium concentration of gas dissolved in polymer (C) and the 

partial pressure in the gas phase (p). 

 

where S is the solubility coefficient. Steady-state diffusion process is described by the Fick’s law 

as shown below  

 

 SpC =  A.1 
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Where Pi is the permeability coefficient of gas ‘i’, Δp=(p2-p1) is the pressure drop across the 

membrane, p2 is the upstream pressure and p1 is the downstream pressure, Ni  is the gas flux, Di 

is the diffusion coefficient and L is the thickness of the membrane. The permeability coefficient 

Pi in this case is given by 

Glassy polymers exist in a state of non-equilibrium where the polymeric segmental mobility is 

restricted and as a consequence possess excess volume relative to the equilibrium state, termed 

as excess free volume.4 Unlike the rubbery polymers the sorption of gases in the glassy is well 

described by the dual mode sorption model 6,7 where the sorption occurs through a combination 

of  (i) Henry’s law mode (ii) Langmuir type of sorption sites. The latter arise due to the presence 

of holes or micro-voids present in glassy polymers owing to their non-equilibrium state 

Where kD is the Henry’s law coefficient, b and CH
’ are the Langmuir hole affinity parameter and 

the capacity parameter respectively. In general the gas solubility is higher in glassy polymers 

than rubbery polymers which is attributed to the presence of micro-voids which provide 

additional sorption sites.8 Subsequently the gas permeability through glassy polymers can be 

obtained from Eq.(A.) as follows: 
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where DD and DH are the diffusion coefficients of gas sorbed through the Henry’s mode and the 

Langmuir mode respectively. The dual mode sorption model predicts that gas permeability 

decreases with upstream gas pressure in the high pressure regime.4 The diffusion coefficient of 

penetrant gases through glassy polymers is well-represented by  

where A is the pre-exponential factor and B is a penetrant gas size dependent parameter. The 

permselectivity of gas A over B can be obtained from Eq.(A.3) as shown below: 

It can be seen that the permselectivity of a membrane depends on the diffusivity selectivity 

(DA/DB) and solubility selectivity (SA/SB). The diffusion coefficient decreases as the penetrant 

molecule size increases while the solubility coefficient increases as the condensability of the gas 

increases. The critical temperature and boiling point of the penetrant gases are the critical 

parameters that influence the condensability of gases.  

 In case of glassy polymers the diffusion selectivity favors the smaller penetrant gases 

such that DA/DB>>1, where gas molecule A is the smaller than B. On the other hand the sorption 

selectivity will be opposite, SA/SB<1, since the larger gas molecules are usually more 

condensable than the smaller one. So the combined effect usually results in a size based 

permselectivity in most of the glassy polymers (PA/PB>1). But in reverse selective polymers like 

PTMSP, the diffusivity selectivity may be greater than unity but not only slightly so, and the 

solubility selectivity SA/SB<<1 , such that PA/PB<1. Thus larger molecules permeate faster than 

the smaller molecules through these polymers.  
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Appendix B 
Local Energetic Analysis of the Surface Energies for Graphene from the 

Single Layer to Bulk HOPG 
#
Raman Spectroscopy of Graphene 

 Micro-Raman spectroscopy and optical microscopy, Figure B1, were performed on the 

region identified as monolayer graphene and bulk HOPG using a Reinshaw inVia Raman 

microscope (514 nm laser) equipped with a Leica DMIRBE inverted optical microscope to 

confirm the unique electronic structure of graphene The optical microscope image reveals the 

well-known thickness-dependent color contrast of graphite nanofilms against a SiO2 coated (300 

nm) Si substrate,  with graphene appearing as faint lavender and successively thicker graphite 

films appearing as dark blue, and eventually whitish-blue.1  

 

Figure B.1 (a) Raman spectroscopy of bulk graphite and monolayer graphene. (b) Optical microscope 
image of graphene/graphite films, with the 5 µm region on which Raman was performed containing 
monolayer graphene indicated by the white square. 
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The Raman spectrum of graphene is distinguished from that of bulk graphite by two 

peaks: the D’ peak near ~2700 cm-1 and the G peak near ~1600 cm-1.2 In our experiments, the 

graphene D’ peak is substantially red-shifted relative to that of bulk graphite down to 2680 cm-1, 

which agrees closely with the literature value for monolayer graphene of 2678.8 ± 1.0 cm-1.2 

Note that the D’ peak of bilayer graphene is known to consist of curves with peak positions of 

2683 ±1.5 cm-1 and 2701.8 ± 1.0 cm-1, with thicker films exhibiting further blue-shifting relative 

to that of monolayer graphene up to the bulk peak position of about 2730 cm-1.2 Thus, the peak 

position in our experiments more closely agrees with that of monolayer graphene than that of 

bilayer or thicker multilayer graphene. In addition, the substantial decrease in intensity of the G 

peak relative to that of the D’ in the graphene film relative to that of graphite appears 

characteristic of the transition to monolayer graphene from bulk graphite.2 It should be 

mentioned that the graphene D’ peak appears to possess an asymmetry that is not characteristic 

of pure monolayer graphene, with a small “bump” appearing above 2700 cm-1. This can be 

attributed to the fact that the Raman spectroscopy was performed on a 5 µm domain containing 

also thicker films (as confirmed by AFM), thereby introducing additional blue-shifted peaks into 

the spectrum. 
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Figure B.2: Friction-velocity master curve of SiO2 AFM tip on CaF2. Inset: Arrhenius analysis of 
thermal shift factors. 

 
IFA on CaF2 

 Figure B2 provides the results of IFA on CaF2, revealing an IFA activation energy 0.68 ± 

.09 × 10-19 J, consistent with the literature value of the Hamaker constant between CaF2 and SiO2 

of 0.67 × 10-19 J.3 To further confirm the applicability of the Lifshitz theory for comparison to 

IFA Hamaker constants, we consider the following simplified Lifshitz expression for the non-

retarded Hamaker constant A12 between two dielectric materials (1,2) across a medium (3), with 

dielectric constants εk, refractive indices nk , and ve= 3.5 × 1015 s-1   

  
B1 

 

Using the dielectric and optical data provided in Table B1, the above expression predicts at 

T= 300 K a non-retarded Hamaker constant for CaF2 interacting with SiO2 across air ACaF2-SiO2 of 

0.67 × 10-19 J, which is in excellent agreement with the IFA value, further confirming the 

correspondence between IFA Hamaker constants and the Lifshitz theory. 
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Material Dielectric Constants Refractive Indices 

CaF2 ε 1 7.44 n1 1.4274 

SiO2 ε 2 3.84 n2 1.4484 

Air ε 3 14 n3 14 

Table B-1: Dielectric and optical data for CaF2, SiO2, and air. 

 

Dielectric Model of Graphite 

 Table B2 provides the fit parameters developed in the literature from optical reflectance 

and EELS data for the HOPG dielectric functions5, ε║ and ε┴, described Equation 5.7 

Parameter ε║ ε┴ Parameter ε║ ε┴ 

α1 0.505 0.138 Γ0(eV) 6.365 0.091 

α2 7.079 29.728 Γ1(eV) 4.102 2.096 

α3 0.362 0.516 Γ2(eV) 7.328 3.492 

α4 7.426 1.783 Γ3(eV) 1.414 2.442 

α5 3.823 1.018 Γ4(eV) 0.046 2.529 

α6 1.387 1.18 Γ5(eV) 1.862 6.829 

α7 28.963 9.388 Γ6(eV) 11.922 14.541 

Ωp(eV) 3.195 3.415 Γ7(eV) 39.091 20.314 

F1(eV2) 53.217 12.274 ω1(eV) 0.275 11.418 

F2(eV2) 40.824 1.083 ω2(eV) 3.508 4.095 

F3(eV2) 50.301 28.158 ω3(eV) 4.451 10.003 

F4(eV2) 3.645 47.291 ω4(eV) 13.591 14.991 

F5(eV2) 190.998 101.08 ω5(eV) 14.226 17.516 
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F6(eV2) 335.34 308.65 ω6(eV) 15.55 30.712 

F7(eV2) 145.8 350.82 ω7(eV) 32.011 46.004 

Table B-2: Fit parameters for HOPG in plane ε║ and out of plane ε┴ dielectric functions.  

#
The fit parameters Γj

’ appearing in Equation 7 are frequency-dependent parameters given as 
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Calculation of Hamaker Constants from Electron Energy Loss Spectroscopy (EELS) 

Studies #

 The following numerical procedure, which has been used elsewhere,6 was applied to 

transform the anisotropic electron energy loss (EEL) function, determined by Eberlein et al.,7 to 

the anisotropic dielectric function for calculation of the Hamaker constant via Equation 5.6  

(Chapter 5). First, the frequency ω dependent EEL function is proportional to –Im(ε-1), i.e. 

where c is a positive normalization constant to be determined. The normalization constant for 

transforming the loss function to –Im(ε-1) was determined as that which reproduced the known 

IFA-determined Hamaker constant for HOPG of  2.8 × 10-19 J, i.e.  c = 1.142. With knowledge 

of this normalization constant, Im(ε-1) can be determined and subsequently transformed to Re(ε-1) 

via a Kramers-Kronig relation, 

  B4 
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where P denotes the Cauchy principal value of the integral. Knoweledge of the real and 

imaginary parts of the inverse dielectric function enables the imaginary component of the 

dielectric function to be computed as 

  B5 

 

Finally, the imaginary component of the dielectric function can be transformed to the 

dielectric function evaluated at imaginary frequencies that appears in Equation 5.6 (Chapter 5), 
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It must be noted that the EEL spectrum generated from TEM experiments at frequencies below 3 

eV conceals the material response, due to the presence of a zero loss peak, rendering the loss 

function in this regime unreliable.7 Thus, below 3 eV, the dielectric function of graphite was 

modelled using the empirical fits developed by Djurisic described above, and the in plane 

dielectric function of graphene was modelled using its established universal optical 

conductance.8,9 
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