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Abstract 
 
 

Sub-nanometer Porous Membrane Based on Cyclic Peptide-Polymer Conjugate and 
Block Copolymer 

 
By 

Chen Zhang 
 

Doctor of Philosophy in Materials Science and Engineering 
 

University of California, Berkeley 
 

Professor Ting Xu, Chair 
 
 

Membrane separation is a field of both industrial and academic importance. 
Current technology is largely based on polymeric materials, and to a less extent other 
inorganic materials such as ceramics and metals. While developments in materials 
properties and membrane structures are constantly evolving, there are two challenges that 
need to be circumvented for better performance, i.e. the control over the pore structure 
and the chemical flexibility in modifying pore surface. “Bottom-up” approach to 
construct composite membranes using nanotubes in polymeric matrix is an effective route 
in fabricating membranes with well-defined architecture and tunable pore surface 
chemistry. This dissertation focuses on characterization and evaluation of cyclic peptide 
nanotubes (CPNs), a natural protein channel mimetic, in constructing sub-nanometer 
composite membranes with a cylinder-forming block copolymer (BCP) matrix in thin 
films. The fundamental understanding of the self-assembly of the CPNs from the building 
blocks establishes the foundation in utilizing the unique feature of CPNs to ensure precise 
structural control over the dimensions of the 1D nanotubes. The knowledge gained from 
the co-assembly of CPNs and BCP matrix in thin films allows further processing of the 
nanotubes to form well-aligned transport channels, establishing the guidelines in 
fabricating sub-nanometer porous membranes with and without surface chemistry 
modification. By identifying the key parameters in the membrane fabrication processes, 
design features for creating high-performance CPN based membranes can be determined 
and expanded. This indeed provides many exciting opportunities in developing new 
composite membranes with superior separation performances. 

 
The self-assembly of cyclic peptide (CP) subunits forming high aspect ratio 

nanotubes is driven by strong intermolecular hydrogen bonding. To modulate and tune 
the growth of CPNs, polymers are conjugated to the exterior of the peptide subunits, 
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resulting in the formation of polymer covered-CPNs (pc-CPNs). Due to the restriction of 
intermolecular hydrogen bonding, the conjugated polymer chains enter a confined space 
set by the hydrogen bonding distance. The entropic penalty associated with deforming the 
conjugated polymers serves as an opposing force destabilizes nanotube structure, while 
the enthalpic hydrogen bonding drives the nanotube formation. A delicate balance 
between the enthalpic driving force and the entropic destabilizing force enables one to 
modulate the growth of the nanotubes. Thus, the dimensions of the resultant pc-CPNs can 
be supervised simply by regulating the extent of the entropic penalty from the conjugated 
polymer chains.  

 
In co-assembling CPNs and BCP matrix in thin films, both thermodynamic and 

kinetic parameters are critical to ensure homogeneous thin film morphology with well-
aligned CPN channels at the center of the cylindrical microdomains of the BCP oriented 
normal to the substrate surface. The balance between the enthalpic interactions between 
the pc-CPNs and BCP and the entropic cost of polymer chain deformation gives rise to 
only one nanotube in the cylindrical microdomain. Due to the dynamic nature of CPN 
formation, preaggregation of the nanotubes causes defects of lay-down nanotubes at the 
membrane surface, hence compromising membrane quality and integrity. As a result, 
controlling the kinetic pathway of the co-assembly process is vital to fabricate high 
quality membranes for separation. Two simple approaches targeting two separate 
aggregation contributors have been developed to effectively prevent preaggregation of 
CPNs, resulting in high quality membranes suitable for molecular separation.   

 
With the advancement in incorporating functional groups to the constituting 

peptide subunits, the interior surface of the CPNs can be further functionalized. 
Membranes have been fabricated using both the unmodified and modified CPNs, in 
which gas separation of CO2/CH4 mixture and hydronium ion transport were performed. 
In general, the incorporation of the CPNs improves the overall performance of the 
membranes, likely by providing additional pathways for the permeating molecules. 
Differences in the separation behaviors of the regular CPNs and the methyl-modified 
CPNs are observed for both gas separation and hydronium ion transport, where higher 
selectivity for CO2 over CH4 is seen for the methyl-modified CPNs. The local dipole 
interactions with CO2 molecules as well as the reduction in pore size are speculated to 
induce the differences in the performances of unmodified and unmodified CPNs.      

  
These studies indeed establish the foundation in fabricating sub-nanometer porous 

membranes using self-assembled CPNs and BCP matrix in thin films. A delicate balance 
between the enthalpic and entropic contributions results in precise control over the 
structures of the nanotubes and the membranes. This unique “bottom-up” strategy 
demonstrates to be an effective platform in constructing new family of membranes for 
chemical separations. 
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§ 1.1 Introduction 
 

In Oxford Dictionary, membrane is defined as “A pliable sheetlike structure 
acting as a boundary, lining, or partition in an organism.”  While this definition originates 
from anatomy and zoology, its meaning is now extended to be any barrier between two 
phases.  Relative low production cost and ease of processing and configuration have 
made membranes attractive in industrial uses. Now they are widely used in various 
industrial processes including solution phase filtrations and gas phase separations.  
 

Developments in membrane science have a long history dated back to the 18th 
century in which osmosis was first discovered by Abbé Nollet in 1748.1 One century later 
in 1855, Fick’s phenomenological laws of diffusion were published, setting the 
foundation in describing diffusion process that is still used today across many 
disciplines.2 Just a few years later in 1861, another milestone was achieved by Graham 
who not only performed first experiments of dialysis, but also extended the diffusion 
study to gas species.3-5 Around the same period of time, Traube, Pfeffer and van Hoff 
studied osmotic pressure, leading to van Hoff’s equation for ideal dilute solutions.6-9 
From early 20th century, membrane science and technology became a prevalent area of 
study with improvements in pore size control of the membranes developed in the 
Europe.10-14 Then there came the first significant application of membranes in filtration, 
especially drinking water filtration at the end of Would War II in Europe.15 Subsequently 
microfiltration was explored by Millipore Corp., which still remains as the largest 
microfiltration membrane producer.15, 16 From 1960, modern concept of membrane 
science and technology had evolved around new designs of membrane materials and 
structures along with advancements in synthetic capabilities.15, 17-19 20 years of 
development resulted in the emergence of membrane technology from small-scale 
laboratory use to large-scale industry use in the 1980s.15-18, 20, 21 Since then, new module 
designs and more recently bio-inspired materials and hybrid materials have attracted 
much attention and constituted a very important discipline of membrane technology 
serving specific purpose in different separation processes.  
 
 

§ 1.2 Membrane Technology 
 

1.2.1 Membrane Separation 
 

Membranes are being used in a variety of different disciplines and chemical 
separation processes. As one of the major applications, membranes are widely applied in 
filtration process in which a solution containing dissolved or suspended solids is forced 
through a membrane filter.15, 22, 23 Depending on the size of the pores of the membrane 
used, filtration can be further categorized into microfiltration (pore size 0.1-10 µm), 
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ultrafiltration (pore size 1-100 nm), and reverse osmosis (pore size 0.2-2 nm).15, 22 
Separation takes place mainly on the basis of size exclusion principle in which particles 
smaller than the pore size would remain in solution and larger particles are filtered out.  
Figure 1.2 outlines the differences based on the pore size of filtration processes and some 
of the common materials being separated by these processes.  

 

Figure 1.1. Different types of filtration processes and typical filtrate sizes. Adapted with 
permission from reference [15]. Copyright (2001) John Wiley & Sons, Inc. 
 
 

 
Another important industrial application when membranes are heavily involved is 

on gas separation and is the focus of the application studies in this dissertation.15, 17, 18, 21 
Gas separation has become an area of study that has drawn a considerable amount of 
attention in the last 30 years and it is still growing rapidly due to its important in many 
industries.17 As the first large-scale industrial application, membranes were used to 
separate hydrogen from nitrogen, methane and argon in ammonia purge gas streams.17, 21, 

24 Another common use of membranes in gas separation is in air separation where 
nitrogen and oxygen are being separated.21 Due to the small size difference between 
nitrogen and oxygen, it is difficult to separate the two and many efforts have been 
devoted to develop more efficient membranes.25-28 In parallel, natural gas processing is 
another area where membranes are widely used to remove acid gas such as carbon 
dioxide.15, 16 Cellulose acetate and polyimide are the dominating material selections for 
separating carbon dioxide from methane and other hydrocarbons.29 Air and gas 
dehydrogenation, polyolefin plant resin degassing, alkane/alkene separation are some of 
the other common industries that membranes are heavily involved, and the market for 
membranes is growing rapidly worldwide.15, 21  
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1.2.2 Membrane Material  
 

A wide range of materials is used to make synthetic membranes. In terms of the 
material type, membranes can be broadly categorized into inorganic, organic and hybrid 
composite. While the vast majority of commercial membranes used are polymer-based, 
inorganic membranes were developed long before their organic counterparts, with early 
use for military purpose or nuclear application.15, 17, 23 Typically, inorganic membranes 
are more mechanically robust and can withstand more harsh environments compared to 
organic membranes. As one of the mostly used inorganic materials, ceramic membranes 
such as glass, alumina, silicon nitride are commonly used as porous membranes for 
microfiltration and ultrafiltration in which solvent resistance and thermal stability are 
required.15, 18 Metal and metal alloys are also often used for gaseous separation processes, 
for example Palladium in hydrogen separation.15 More recently, requirements in precise 
pore size control and high selectivity have also triggered fast developments in silica, 
zeolites and carbon membranes in which molecular sieving effect can be achieved for 
gaseous species.15, 16 In comparison, polymers are the more commonly used materials for 
making membranes due to their relatively low cost and high processability. Although 
there are a large number of polymers being developed and investigated, only a limited 
has been in commercial systems. In particular, eight to nine polymer materials have been 
used to make 90% of the membranes for gas separation.15, 18 Lastly, inorganic-organic 
hybrids especially in the form of composite membranes are another area of interest. 
Mixed matrix membrane (MMM),30-33 nanoparticle/polymer,30, 34 and carbon nanotube 
(CNT)/polymer35-37 composites have drawn a considerable amount of attention in 
research in the past years owing to their potential applications in specific applications.38 
Table 1.1 lists some of the most common membrane materials used in industry, as well as 
some recent developments in new membrane materials discovered in laboratories that can 
be potentially used in the future.       

Table 1.1. List of common membrane materials 

 Material Remark Application 

Inorganic 

Ceramic 
e.g. glass, alumina, silicon nitride 

High mechanical strength; 
Good chemical resistance 

Microfiltration; 
Ultrafiltration; 
High temperature 
application 

Metal/metal alloy High mechanical strength; 
Low fouling rate 

Palladium in 
hydrogen 
separation 

Silica/Zeolites/Carbon Precise pore size control; 
High selectivity 

Gas separation 
with molecular 
sieving effect 

Organic 

Cellulose Acetate (CA) Glassy polymer; 
Decent mechanical strength 
and durability 

Liquid phase 
separation, RO 
membrane, gas 
separation 
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Polysulfone(PSf)/Polyethersulfon
e(PES) 

Glassy polymer; 
Stability at high 
temperature (< 180°C) 

Liquid and gas 
separation 

Polyimide Glassy polymer; 
Stability and heat resistance 

Gas separation 

Polycarbonate (PC) Glassy polymer; 
Heat resistance; 
Track-etched PC membrane 
with precise pore control 

Liquid and gas 
separation 

Polyvinylidene fluoride (PVDF) Crystalline polymer; 
Mechanical strength and 
chemical resistance 
 

Liquid and gas 
separation; 
Artificial 
membrane in 
protein 
immunoblot 

Polyethylene (PE)/Polypropylene 
(PP) 

Low cost Gas separation 

Poly(dimethylsiloxane) (PDMS) Rubbery polymer; 
High permeability 

Gas separation 

Hybrid 

Mixed Matrix Membrane 
(MMM) 

Combining superior 
separation performance of 
inorganic particles with 
polymer’s easy 
processability  

 

Carbon Nanotube-polymer 
composite 

Gas flow rate 1-2 orders of 
magnitude faster 
 

 

 

 

1.2.3 Membrane Structure 
 

Based on the structures, membranes can be generally categorized as porous and 
dense (non-porous) as shown in Figure 1.1.15 A dense membrane usually consists of a 
dense film in which the permeants pass through the membrane by diffusion. External 
driving force such as pressure difference, concentration gradient, etc is used to drive the 
transportation process.15 Therefore, separation across a dense membrane depends on the 
rate of transport of the permeants, which in tern is related to the diffusivity and the 
solubility of the permeants in the membrane material. A detailed discussion about 
transport mechanism is presented in Chapter 5. In contrast, porous membranes contain 
continuous passages for permeants to go through, typically in the form of randomly 
distributed but interconnected voids and in some cases direct channels.15, 17, 18 The size of 
the pores for conventional membranes is on the order of 0.01-10 µm.15, 22 Permeants pass 
through the membranes usually by size-exclusion rule in which particles larger than pores 
get ejected. Thus, separation of permeants is mainly based on the size of the particles and 
the pore size distribution of the membrane.22 Depending on the pore size distribution, 
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porous membranes can be further divided into two different structures, namely symmetric 
and asymmetric as shown in Figure 1.1. While symmetric membranes tend to be more 
homogeneous in pore sizes, asymmetric membranes typically have different pore size 
distributions across the membrane thickness.15 To obtain high enough flux across for 
economic reasons, it is desirable to make membranes as thin as possible so that fast 
transport can be achieved. However, mechanical stability and defects are two main 
concerns with thinner membranes, with additional constraint of fabrication limitation.15 
Asymmetric membranes were therefore developed to address these issues. They consist 
of a functional layer which usually serves the purpose of separation on a mechanically 
strong support layer.15 The advantage of higher flux with good mechanical support makes 
the asymmetric membrane an ideal candidate for almost all commercial processes.15, 22 
Regardless of the internal structure of the membrane, one critical factor which affects the 
transport performance is the pore size. Both the channel diameter as well as the size 
distribution need to be precisely controlled to allow superior yet consistent performance 
across the membrane. Various approaches have been developed to ensure well control 
over the pore size and using block copolymer is one appealing methods as the 
microdomain size can be precisely controlled, forming uniform pores in the membrane. 

   

    

Figure 1.2. Different types of membranes based on the internal structure. 

 
 
 

Block copolymers (BCPs), consisting of two or more chemically different 
polymer chains that are covalently connected, can self-assemble into a variety of different 
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morphologies. Membranes fabricated using BCPs offer narrow pore size distribution in 
nanometer scale as the structure of the membrane can be well controlled via microphase 
separation of the BCP. The tendency for BCPs to microphase separate reflects the 
energetic balance between various segments both enthalpically and entropically. 39, 40 To 
understand why BCPs microphase separate, the classic Flory-Huggins theory of polymer 
blends would build the foundation for the thermodynamic principle of separation for 
polymers. In an A-B polymer blend, the Gibbs free energy of mixing is defined as:39 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 
where ΔH and ΔS are change in enthalpy and entropy due to mixing and T is the 
temperature. Adopting statistical mechanics, the entropy of mixing can be re-expressed in 
terms of the volume fraction of A and B, ϕA and ϕB, as well as the degree of 
polymerization of A and B, NA and NB respectively: 

∆𝑆 = −𝑘!(𝑁! ln𝜙! + 𝑁! ln𝜙!)  
and the enthalpy of mixing can be re-written as: 

∆𝐻 = 𝑘!𝑇𝑁!𝜙!𝜒!"   
in which χAB is the Flory-Huggins interaction parameter which measures the enthalpic 
interaction between A and B: 

𝜒!" =
𝑧
𝑘!𝑇

𝜀!" −
1
2 𝜀!! + 𝜀!!  

where z is the number of nearest neighbors, 𝑘!𝑇 is the thermal energy, and 𝜀!", 𝜀!! and 
𝜀!! are the interaction energies between AB, AA and BB monomer pairs, respectively. 
From statistical mechanics, the entropy of the system is related to the volume fraction of 
A. Combining the contributions from both enthalpy and entropy, the overall energy 
landscape of the system becomes:  

∆𝐺 = 𝑘!𝑇(𝑁! ln𝜙! + 𝑁! ln𝜙! + 𝑁!𝜙!𝜒!") 
Phase separation is favored if the change in free energy is negative. However, for an AB 
diblock copolymer, this is prohibited since the blocks are covalently connected. Thus, 
instead of macrophase separation, a phenomenon called microphase separation takes 
place if A and B are incompatible.40, 41 For such an AB diblock copolymer, the phase 
behavior of the system ultimately depends on three parameters: 1) the volume fraction of 
segment A (or B), f; 2) the overall degree of polymerization, N; and 3) the A-B segment 
interaction parameter, χAB.41 The overall interaction enthalpy of the AB diblock is given 
by the product of the pair-wise interaction parameter and the total number of monomers, 
χABN. Seminal work from Hashimoto et al. investigated thoroughly model polystyrene-
polyisoprene (PS-PI) diblock copolymer systems with different morphologies42-48 and 
Figure 1.3 represents the phase diagram of the PS-PI diblock.  
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Figure 1.3. Phase diagram and various morphologies of PS-PI diblock copolymer. When 
χN < 10.5, no microphase separation takes place and PS-PI is in a disordered state. When 
χN > 10.5, as volume fraction of the PS block varies from 0 to 1, the morphology of the 
diblock changes from PS spheres (body centered cubic, “bcc”), to PS cylinders 
(hexagonally packed cylinders, “hex”), to PS gyroids (ordered bicontinuous double 
diamond, “OBDD”), to lamellae phase (“lam”) around fS ~ 0.5, and the inverse PI 
analogues. Reprinted with permission from reference [40]. Copyright (1991) AAAS. 

 
With developments in polymer synthesis, more complicated polymer architectures are 
now readily available. For example, a three-component ABC triblock terpolymers can 
microphase separate to a much wider variety of morphologies that extend the BCP 
library. 49   

Among the available morphologies, the hexagonally packed cylindrical phase and 
the bicontinuous phase are particularly interesting morphologies for membrane 
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application as both morphologies offer continuous paths of one phase which is one 
critical requirement for transport membranes.50, 51 In particular, the bicontinuous phase 
provides non-directional pathways in all 3 directions in bulk, and well-oriented cylinders 
provide direct pathways from one side to the other. By selectively removing the segment 
forming the continuous phase using both physical and/or chemical method, membranes 
with uniform pore size can be obtained. Regardless of the morphology, one important 
criterion for the use of BCP as membrane material is to ensure the consistency of the 
morphology with well controlled spacing. Thus, the self-assembly of the BCPs must be 
well controlled to ensure uniform morphology across the sample. Numerous efforts have 
been dedicated in fabricating BCP based membranes and the following paragraphs give 
an overview of some significant achievements in the area.  

For bicontinuous gyroid structure, the exact alignment of the microdomains is 
trivial but the formation of the gyroid itself poses some challenges since this bicontinuous 
phase only exists within a vary narrow range as seen in Figure 1.3. Several approaches 
have been taken to achieve gyroid structure using various BCPs. For example, Hashimoto 
et al. successfully fabricated membranes using a diblock copolymer polystyrene-b-
polyisoprene (PS-b-PI) blended with homopolymer PS to attain the right volume fraction 
of PS.52 The PI block was subsequently removed by ozonolysis and the nanochannels 
were plated with nickel for catalytic activities. Improvements on the mechanical stability 
were later developed by crosslinking the PI block with 1,4-diiodobutane using a slightly 
different system of blends of poly(2-vinylpyridine)-b-polyisoprene (P2VP-b-PI) with 
homopolymer PI.53 Similar approach of achieving gyroid structure was used in other BCP 
systems and Hillmyer et al. pioneered the use of polylactic acid (PLA) based BCPs in 
fabricating membranes that are mechanically robust with show transport properties. 
Using polynorbornenylethylstyrene-b-polylactic acid (P(N-s-S)-b-PLA) system, 
membranes with 14 nm pore and 40% void fraction showing high performance for 
ultrafiltration were fabricated as PLA could be selectively etched away by a dilute base as 
shown in Figure 1.6b).54, 55 A different approach was taken by Uehara et al. in the 
fabrication of bicontinuous BCP membrane. The system they used was polyethylene-b-
polystyrene (PE-b-PS) in which the isothermal crystallization of the PE block induces the 
formation of the bicontinuous phase.56 5-30 nm pore could be obtained by etching the 
amorphous PS block by fuming nitric acid and the remaining crystalline PE was 
mechanically strong as illustrated in Figure 1.4a). They successfully demonstrated the 
potential use of an implantable glucose sensor as glucose molecules could pass through 
the nanochannels but not larger albumin molecules.57 Another novel approach was 
developed by Zhou et al. which utilizes bicontinuous microemulsion using blends of BCP 
with corresponding homopolymers as shown in Figure 1.4c).58 From a bicontinuous 
microemulsion precursor of blends of polystyrene-b-polyisoprene (PS-b-PI), PS and PI 
were co-dissolved and dried to form the bicontinuous structure. The PI block was 
subsequently cross-linked with sulfur monochlorite vapor and PS block was then 
removed by hexane. Other than diblock copolymer, triblock terpolymers have also been 
used to create bicontinuous structures.59-62  
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Comparing to the bicontinuous structure, cylindrical morphology offers 
directional pathways and straight channels often give rise to high flux. However, ensuring 
the proper orientation of the cylinders to be perpendicular to the membrane surface is 
complicated. Elaborate efforts have been dedicated to methods to self-assemble various 
BCPs with perpendicular cylinder orientation, especially in thin films. Two powerhouses 
in the area of fabricating nanoporous membranes based on BCP are Hillmyer’s group that 
focuses on polylactic acid based BCP; and Russell’s group that works with polystyrene- 
b-poly(methyl methacrylate) (PS-b-PMMA) systems.51, 59 Early work from Hillmyer’s 
group was based on PS-b-PLA diblock copolymer in which perpendicular orientation of 
the BCP was achieved by carefully controlling the thin film thickness. As the surface 
energy of PS is similar to that of PLA, perpendicular alignment of the PLA cylinders was 
achieved and a nanoporous template was thus constructed by selectively etching the PLA 
block by dilute base. 63 External electric field could also be used to align the PLA 
cylinder as demonstrated in poly (4-fluorostyrene)-b-polymer(D,L-lactide) (PFS-PLA) 
diblock copolymer.64 The PS-b-PLA diblock system was later expanded to triblock 
terpolymer systems for adding functional groups to the pore surface. In this regard, 
polystyrene-polydimethylacrylamide-polylactide (PS-PDMA-PLA) with PS matrix and 
PLA cylinder core with PDMA block in the middle was obtained by high temperature 
extrusion method as demonstrated in Figure 1.4e).65 Etching the PLA would expose 
PDMA to the free surface, which was later hydrolyzed to produce carboxylic acid groups 
as PDMA was converted to poly(acrylic acid). In parallel, inspired by Park et al.’s work 
of creating holes or dots with PS-PB and PS-PI BCP via reaction ion etching (RIE), 
triblock terpolymer was also used in attempt to create more complex structures. Using 
two etchable blocks, PS-PI-PLA triblock system was assembled into two different 
morphologies by varying the volume fractions of each of the block.66, 67 PLA and PI were 
removed by dilute base treatment and ozonolysis separately, leaving on the PS block. 
Depending on the morphology, cylindrical channels in PS matrix or empty PS cylinders 
could be constructed.65 Based on this PS-PI-PLA system, the gas and water transport had 
been investigated.68 The diffusion coefficients for He, Ar, N2 and O2 gases calculated 
accounting for 0.26 pore fraction and pore diameter ~ 14 nm were in quantitative 
agreement with Knudsen diffusion, and water plow fluxes were consistent with the 
results of pore size ~ 13 nm. Although the results from gas and water measurements were 
consistent, the actual pore size measured from microscopy method and inferred from 
scattering indicated that the pore size was ~ 17 nm. The discrepancy was attributed to 
non-ideal pore geometry but nonetheless the results together with later extend work 
suggest potential application of using the membranes in ultrafiltration.68, 69      

As one of the most well studied BCP, PS-b-PMMA has been widely applied in 
nanotechnology such as etching masks in nanolithography,70 templates for creating 
nanostructures,71 and membranes for ultrafiltration.51, 59 Russell and co-workers 
developed an effective method to assemble thin films of PS-b-PMMA with 
microdomains oriented perpendicular to the substrate through chemically modifying the 
substrate surface with a neutral brush layer of crosslinked PS-PMMA based random 
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copolymer (PS-r-PMMA).72, 73 Membranes were fabricated by using blends of PS-b-
PMMA with homopolymer PMMA, in which the homopolymer assembled at the center 
of the perpendicularly oriented PMMA cylinders was subsequently removed by acetic 
acid wash as illustrated in Figure 1.4d).74 High flux and high selectivity for human 
rhinovirus type 14 (HRV14) were observed using these nanoporous membranes with pore 
size ~ 30 nm.74, 75 Advantages of these membranes include tunable pore size from 10-40 
nm by changing the molecular weight of the homopolymer PMMA,76, 77 and good 
mechanical strength and excellent resistance to organic solvents due to crosslinking of the 
PS block.74, 75 More recently, single-file diffusion of different protein drugs was observed 
by tuning the pore size by Au deposition to achieve long-term controlled release of 
protein drugs.78  

In addition to the above-mentioned PLA based BCP and PS-b-PMMA, other 
BCPs have also showed potential for fabricating nanoporous membranes for transport 
and filtration. For example, Peinemann et al. developed a very interesting approach to 
fabricate integral asymmetric membranes from polystyrene-b-poly(4-vinylpyridine) (PS-
b-P4VP) in one step via non-solvent induced phase separation.79 250 nm thick 
nanoporous layer was formed on top of a disordered support layer with much larger pore 
structure as shown in Figure 1.4f). Polystyrene-b-poly(ethylene oxide) (PS-b-PEO) had 
also been successfully assembled via solvent annealing80 and channel die extrusion81, 
respectively to construct nanoporous membranes. In parallel, it is worth noting that the 
application of BCP based membrane is not limited to transport and filtration. As shown 
by Yang et al.,78 the BCP nanoporous membrane can also be used as drug delivery 
vehicle.  Kim and co-workers had also demonstrated the potential use of nanoporous 
membrane as anti-reflection coating.82 In summary, BCP indeed offers many advantages 
in constructing nanoporous membranes as the pore size distribution can be limited to a 
very narrow range, and the channels size can be tuned easily. The vastly available BCP 
systems also expands the fabrication methods of nanoporous membranes and offers 
various approaches to functionalize the pores. However, there are still several challenges 
that need future improvements. Firstly, the pore size from BCP membrane is usually > 5 
nm, as limited by the self-assembly of the BCP as well as the subsequent etching. Thus, 
achieving small channel size using BCP, especially in the sub-nm range which is needed 
for molecular separation, seems to be an extremely difficult task with current technology. 
Moreover, the nanochannel surface for BCP membrane is another area that needs more 
investigation and improvements. Current etching method may result in imperfect channel 
wall and high surface roughness, which are undesirable for transport and separation. 
Other criteria such as mechanical strength and chemical robustness need also to be 
considered as polymers are inherently less tough than their inorganic counterparts such as 
ceramics and metals. Nevertheless, the use of BCP as membrane materials indeed is an 
area of interest and great efforts as well as developments have been made to improve the 
performance of BCP membranes.   
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Figure 1.4. BCP Membranes fabricated showing bicontinuous structure and 
perpendicularly aligned cylindrical structure from different approaches. a), b), c) and e) 
are adapted with permission from references [57], [55], [58], and [65], respectively. 
Copyright (2009) (2009) (2006) (2005) American Chemical Society. d) is adapted with 
permission from reference [74]. Copyright (2006) John Wiley & Sons, Inc. f) is adapted 
with permission from reference [79]. Copyright (2007) Macmillan Magazines Ltd. 

 

 

§ 1.3 Transport Channels 
 
 

1.3.1 Biological Channels 
 
 

While current synthetic membranes regardless of the membrane materials and 
membrane structures show some shortcomings and limitations, natural membranes on the 
other side offer some insights in designing next-generation membranes.83 Biological 
membranes, also referred as cell membranes, are much more superior in their transport 
performances than synthetic membranes in terms of efficiency, selectivity and 
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precision.84, 85 Furthermore, biological membranes are capable of self-regulating, self-
correcting and self-healing, and responding to various external stimuli that are extremely 
challenging for synthetic membranes.85 Unlike the synthetic membrane, cell membrane is 
a multicomponent system with very complex structure that is dynamic in nature.84, 86 
There are protein molecules embedded in the cell membrane, serving the critical role of 
facilitating transport across the cell membrane.85, 87, 88 These natural biological channels 
are very specific to various transport processes but their efficiencies are insurmountable 
by synthetic materials. 

Transport across the cell membrane can be generally categorized into three modes: 
simple diffusion, facilitated diffusion, and active transport.85 Particles with the right size 
and hydrophobicity may diffuse through the phospholipid bilayer directly through simple 
diffusion. Facilitated diffusion via integral proteins is another common mechanism for 
the exchange of many substances across the cell membrane. As an example, water 
molecules move across cell membranes through the water channel proteins called the 
aquaporins.85 There are more than 10 types discovered in the aquaporin family with 
similar tetramer structure and monomer motif of 3 amino sequence NPA (Asn-Pro-Ala) 
forming 6 transmembrane α-helices in each monomer.89-91 Figure 1.5 shows the structure 
for the monomer motif (a) and the tetramer structure (b) of aquaporin 1, consisted of a 29 
kDa polypeptide.89, 92-94 Superior selectivity for only water molecules, even rejecting 
hydronium (H3O+) ions is speculated to arise from two principal mechanisms, namely the 
size exclusion and dipole interaction.89, 95-97 The AQP1 channel narrows down to 2.8 Å 
slightly above the mid-plane of the membrane, thus only permitting water molecules with 
size 2.75 Å to pass through. In addition, dipoles from the NPA motifs interact with water 
molecules, preventing them from hydrogen bonding to other water molecules; and 
therefore restricting the movements of H+. The combination of size exclusion and charge 
restriction indeed gives rise to superior performance of aquaporin channels, highlighting 
two important parameters of channel size and channel-permeants interaction in the effort 
to fabricate high performance membrane by mimicking natural transport channels.  
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Figure 1.5. Schematic showing the structure of a) aquaporin-1 (AQP1) monomer, and 
b)AQP tetramer seen from above. Rods numbered 1-6 in a) represent 6 helices that span 
the cell membrane. The amino-terminal half of the molecule is shown in purple and light 
blue, and the carboxy-terminal half is shown in red and pink. Loops B and E, which fold 
into the membrane to form the pore, are labeled, as are the conserved NPA motifs (shown 
in light grey). Reprinted with permission from reference  [89]. Copyright (2004) 
Macmillan Magazines Ltd.  

 

Another example of integral protein channel made of β-barrel structure is the 
porin channel in Gram-negative bacteria and some Gram-positive bacteria, and 
mitochondria and cytoplast for the transport of small metabolites such as ions and sugar 
molecules.98-101 The β-barrel structure usually consists of β-sheets, varying from 8 strands 
to 22 strands, that are arranged in an anti-parallel fashion,100, 102 and Figure 1.6 shows 
some examples of β-barrel structures. Schematic representation of Maltoporin, an 
example of the trimeric β-barrel porins that are either nonspecific or facilitated 
transporters in the outer membranes of Gram-negative bacteria, is shown in a) with side 
view (upper) and bottom view (lower).103 Each trimeric porins have 16 or 18 strands, 
which comprise three separate barrels in the trimer. Each of the barrels contains anarrow, 
central channel. b) shows the structure of FepA, an Fe-siderophore transporter which uses 
active transport to channel Fe ions through via active interactions with inner pores protein 
groups. 104, 105 c) shows the structure of TolC, a unique β-barrel structure that comprised 
of a trimeric, 12-stranded single barrel in which each monomer contributes four strands to 
the barrel.106 The pore of the β-barrel is connected to the pore of a hollow α-helical 
bundle that extends across the periplasmic space to the inner membrane. d) shows the 
structure of toxin α-hemolysin from bacteria S. aureus with side view (upper) and bottom 
view (lower) of the heptameric pore.107 This toxin is secreted as a monomeric unit that 
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subsequently assembles into a heptameric pore on the membrane, each contributing one 
β-hairpin to the 14-stranded barrel that is inserted into the membrane, ultimately leads to 
osmotic cytolysis.108   Last but now least, (e) shows the structure of OmpLA, an outer 
membrane phospholipase that consists of a dimer of 12-stranded β-barrel.109 Interestingly, 
the dimer interface is mostly nonpolar and accommodates both active centers. There are 
many other β-barrel structures present in the outer membrane of bacteria, mitochondria 
and cytoplasts and Figure 1.6 only lists a few of them. Nevertheless, variations on the 
structures have demonstrated the versatility of this family of protein channels in 
transporting different molecules via different mechanisms. Thus, in combination with the 
knowledge gained from aquaporin, β-barrel structure with precise pore size control and 
appropriate pore surface chemistry seem to be a suitable candidate for constructing high 
performance man-made membrane channels.   

   

 

Figure 1.6. Schematic representations of various β-barrel membrane protein structures. a) 
Maltoporin, b) FepA, c) TolC, d) α-hemolysin, and e) OmpLA. Reprinted with 
permission from reference  [102]. Copyright (2003) Elsevier Ltd. 
 

In many cases, simple and facilitated diffusions are insufficient since substances 
need to be transported against their electrical or chemical gradient to maintain specific 
concentrations inside or outside the cell.85 Active transport across cell membranes is a 
vital process for many of the cellular activities and continues to a topic of research 
interests for many years. The sodium-potassium pump (also known as “Na+, K+-ATPase”) 
is one of the well-known protein channels for movement of Na+ and K+ along with 
hydrolysis of ATP.110, 111 Typically α- and β-subunits make up the protein structure but in 
certain cases a third γ-subunit may also be present.90, 112, 113 Figure 1.7 schematically 
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represents the architecture of Na+, K+-ATPase consists of α-, β-, γ-subunits. The crystal 
lattice consists of layers of membrane-spanning segments oriented in a certain direction . 
The β-subunit in the extracellular regions do not contribute to the interlayer contact, but 
rather point into large solvent filled channels of the structure. The α-subunits adopt a 
topology similar to that of the Ca2+-ATPase with three characteristic cytoplasmic 
domains, namely the actuator (A), nucleotide-binding (N) and phosphorylation (P) 
domains.112 In this particular case, as shown in Figure 1.7a), there are ten transmembrane 
segments of α-subunits, αM1– αM10. The Na+, K+-ATPase is one of the most important 
transport channels in regulating normal cellular activities by regulating the resting 
potential of the cell membrane, enabling the transport of Na+ and K+ ions and maintaining 
appropriate cell volume. With the energy released from the hydrolysis of ATP, 3 Na+ ions 
are transported out of the cell and subsequently 2 K+ ions are transported in, both against 
their concentration gradients. The Na+, K+-ATPase is very effective in the transport of 
Na+ and K+ ions and comparable efficiency has not been achieved by man-made 
materials. However, constant evolvements in the field still provides useful insights in 
designing high performance transport channels, revealing the importance of the internal 
channel structure and specific binding and interactions with not only the permeants but 
also other facilitating molecules.  

  



 17 

               

Figure 1.7.  Schematic of the structure of Na+, K+-ATPase αβγ complex. a) α-, β-, and 
γ- subunits are represented by blue, ivory, and red, respectively; while α-helices are 
represented by cylinders and β-strands by arrows. The transmembrane segments of the α-
subunit are numbered in yellow, starting with the most N-terminal, and the small C-
terminal helix (S, for switch) is colored in light red. Mg2+, MgF4

2- and Rb+ ions are in 
grey, orange and pink, respectively. b) shows the positions of Rb+ and K+ ions, 
respectively within the complex. d) shows the alignment of Na+, K+-ATPase (blue) with 
SERCA (yellow) in E2�MgF4

2- form. Yellow and magenta spheres represent water 
molecules in SERCA and K+/Rb+ ions in Na+, K+-ATPase, respectively. d) shows the 
interaction between Glu 327 (αM4) and Leu 97 (αM1).114 Adapted from reference [112]. 
Copyright (2007) Macmillan Magazines Ltd.  

 
In summary, biological channels are indeed superior in their transport 

performance specific to the process. The structures of these protein-based channels can 
vary but the major constituting subunits are α-helices and β-barrels. The specific 
sequence of the polypeptides and the folding of the proteins allow for very precise control 
over the channel size and the microenvironment inside the channel. Nevertheless, despite 
the superior performance, these biological channels are not suitable for use in membrane 
technology because stability and durability are two important considerations in real 
applications. Biological channels are very subjected to denaturation and therefore 
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environmental changes, such as high temperature, extreme pH or ionic strength, as the 
secondary, tertiary and quaternary structures of proteins and polypeptides can be 
significantly changed, and therefore it is difficult to process the biological channels with 
conventional techniques. As a result, novel materials need to be developed that not only 
mimic the superior performance of the natural channels, but also can be processed and 
applied to large-scale industry.  
 

1.3.2 Synthetic Channels 
 

In searching for appropriate channel materials, synthetic nanotubes are an 
attractive candidate as they can fulfill the two critical requirements for high performance 
transport channels, i.e. appropriate channel diameter in the nanometer to sub-nanometer 
range, and tunable channel surface chemistry with functional groups. Moreover, synthetic 
channels tend to be more mechanically and chemically stable than the biological 
channels, thus suitable for use in industrial separation processes. The following section 
will discuss in details some of the advantages in using synthetic channels in membranes, 
as well as some drawbacks and challenges that need to be overcome.  

Inorganic nanotubes typically are composed of metal oxides, various sulfides, and 
most importantly carbon based materials.115, 116 As one of the most well studied 
nanochannels, carbon nanotubes (CNTs) have demonstrated exceptional properties for a 
wide range of applications,117, 118 including nanotube/fiber reinforced nanocomposites for 
their high mechanical strength,119, 120 in electronic applications such as flexible 
electronics and sensors and transistors for their excellent electrical conductivity and 
carrier mobility,121-125 in biotechnology and biomedical applications,126-129 and as 
transport channels in membrane technology.36, 37 Exceptional fast mass transport better or 
comparable to Knudsen diffusion of water and gas molecules have been achieved using 
CNTs,35 and ion exclusion as high as 98% was achieved with sub-2 nm CNTs.130 
However, it still remains a significant challenge to synthesize CNTs with controlled 
dimensions and functionalities, limiting the application of CNTs in membrane 
technology.120, 131   

 
In contrast, organic nanotubes (ONTs) are very appealing as they offer better 

control over the CNTs in terms of the assembly process and the surfaces as well as 
interior and exterior functionalities can be easily tuned by modifying the constituting 
subunits. 132-136 Various motifs such as amphiphiles, macrocycles, and peptides have been 
used to construct ONTs through self-assembly process. 132-135, 137, 138 The following 
sections will give an overview of each of these self-assembling ONTs and discuss some 
of the issues associated with each of the ONTs. 

Amphiphilic molecules, consisted of both hydrophobic and hydrophilic moieties, 
are one of the most common building blocks for constructing tubular structures through 
molecular self-assembly.134, 135 As shown in Figure 1.8, there are 4 common mechanisms 



 19 

for nanotube formation. Chiral self-assembly typically involves low-molecular-weight 
amphiphilic molecules self-assemble into helical ribbon or tape structures due to 
spontaneous twisting of the molecules as an intermediate, and later form a tubular 
structure as the solution cools down.135 Theories have been developed to explain the 
origin of the molecular packing of the chiral amphiphiles135, 139, 140 and experimental 
observations for example using phospholipid molecules141, 142 both demonstrated  the 
formation of nanotubes. Achiral amphiphiles can also self-assemble into tubular 
structures through packing-directed self-assembly. Israelachivili has pioneered in the 
field in which cylindrical micelle is would form if the packing parameter, P, is between ⅓ 
and ½. 143 A third mechanism called molecular sculpting is commonly found in polymer 
amphiphiles and later extended to other systems. 144-146 For instance, a triblock copolymer 
is made to self-assemble into cylinders first, followed by crosslinking of the outer layer 
and removal of the inner block typically by ozonolysis.144 Last but not least, a 
nanoporous template, such as anodic alumina oxide (AAO) and polycarbonate (PC) 
membranes, can be used to template nanotube formation from amphiphiles, polymers and 
metal species.147-151 ONTs constructed from amphiphilic molecules generally are in tens 
and hundreds of nanometers range and a considerable amount of effort has been made to 
well control their morphology and the dimension. However, due to the nature of the 
subunits and the assembly mechanism, ONTs based on amphiphiles suffer a significant 
drawback as their structures are very sensitive to the environment.135 Changes such as the 
pH, ionic strength, temperature may induce changes in the morphology and hence 
disassembly of the amphiphiles, restricting the use of ONTs only to limited conditions.  

 

 
Figure 1.8. Schematic showing four common self-assembly mechanisms for ONTs 
constructed from amphiphilic building blocks. Adapted with permission from reference 
[135]. Copyright (2005) American Chemical Society.  
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An alternative strategy in forming tubular structure is through stacking hollow 
disc-like cyclic subunits, typically via a self-assembly process. Figure 1.7 demonstrates a 
few examples of different macrocycles capable of forming tubular structures with various 
dimensions. The driving force for nanotube formation varies with different subunits, 
some of the common ones include but not limited to π-π interactions, Van der Waals 
forces, hydrogen bonding, electrostatic interactions, etc. One interesting family of 
macrocycles that have attracted a considerable amount of attention is shape-persistent 
macrocycle.138, 152 As shown in Figure 1.9a), Moore et al. successfully synthesized shape-
persistent phenylacetylene macrocycles with the planar phenol groups on the backbone 
favoring the formation of nanotube through π-π interaction.153, 154 Additional 
contributions from Van der Waals forces and electrostatic interactions may also be 
responsible for nanotube formation. 153-155 Changing the R side groups to hydrogen 
bonding moieties such as -OH groups allow further 2D hydrogen bonding network with 
maintained registry between the subunits.156 With these shape-persistent macrocycles, it 
is indeed possible to design and construct nanotubes with well-defined pores and the 
registry between the subunits allows presentation of different functional groups at very 
specific sites. Great efforts have been made to improve the synthesis strategy and yields 
of various macrocycles, especially when subunits contain interior functionalities. In this 
regard, templated cyclization of macrocycle monomers is commonly used. Instead of 
non-covalent interaction such as metal coordination and electrostatic interactions, Höger 
developed the strategy of using an ester linkage to successfully incorporate hydroxyl 
functionalities in the macrocycle pores with nearly quantitative yield (Figure 1.9b).157-159 
Recently, an interesting strategy of one-step synthesis of oligoamide macrocycles was 
developed by Gong et al as shown in Figure 1.9c).160 They same group later investigated 
the directional assemblies of their oligoamide macrocycles and found that the individual 
nanotubes formed further organized into a hexagonal lattice with highly efficient ion 
transport through the nanotubes due to hydrophilic pores. 161 ONTs constructed from 
macrocycles are robust due to cooperative force of stacking individual subunits and the 
size of the nanotubes as well as functionalities can be the easily tuned. However, 
aggregation of macrocycle based ONTs in solution and on solid support is one big issue 
while processing these nanotubes, preventing the use of ONTs in applied fields.  
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Figure 1.9.  a) chemical structure and proposed stacking of shape-persistent macrocycles 
from phenylacetylene molecules; b) hydroxyl-functionalized macrocycle synthesized via 
templated cyclization; c) one-step synthesis of oligoamide based macrocycles and 
proposed hexagonal packing of larger macrocycle 2. a) is adapted with permission from 
reference [156], copyright (1994) Macmillan Magazines Ltd. b) is adapted with 
permission from reference [159], copyright (1999) John Wiley & Sons, Inc. c) is adapted 
from reference [161], copyright (2011) American Chemical Society.    

 
Inspired by the superior performance of the naturally occurring transport channels 

in biological membranes, channels mimicking the structures of these transmembrane 
proteins are very attractive and become an interesting area of research. A number of 
different designs and approaches have been developed to construct artificial protein 
channels, and peptide-based ONTs with their biodegradability and biocompatibility are a 
very appealing family of materials to be used as transport channels. Three broad 
categories of peptides, namely amphiphilic peptide, linear peptide and cyclic peptide 
have been demonstrated to self-assemble into tubular structures.133, 136, 162 As discussed 
previously, amphiphilic building blocks are capable of forming nanotubes with 
appropriate design and their assemblies can be tailored by varying experimental 
conditions. The same principle can be applied to peptide-based amphiphiles in which 
hydrophobic alkyl chains can be attached to hydrophilic peptide heads to form tubular 
structures.163 The design of the peptide amphiphile directly determines the self-assembled 
structure as well as various functions of the resultant ONTs. For instance, as shown in 
Figure 1.10a), Hartgerink et al. designed a peptide amphiphile with 5 regions with the 
alkyl chains forming the hydrophobic core, cysteine residues for di-sulfide bridge for 
structural stability, glycine residue for hydrophilicity and flexibility, serine for interaction 
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with Ca2+ ions and RGD domains for cell recognition, respectively.164 Versatility in the 
selection of various functionalities gives rise to diverse applications of these peptide 
ONTs in such as drug encapsulation and templated growth of nanowires, etc. 162, 165-167 
Nevertheless, structural stability as well as robustness of peptide-amphiphile based ONTs 
are two areas that still need significant improvements. Another type of building blocks 
for forming peptide nanotubes is linear peptide. As one of the most studied natural fiber-
like structures, amyloid fiber that is responsible for Alzheimer’s disease and Parkinson’s 
disease has been investigated and evaluated in details in terms of the constituents and 
assembly behavior.168, 169 It is discovered that specific amino acid reside sequences, 
typically capable of inter- and intra- molecular hydrogen bonding in forming β-sheet 
structures, are responsible for tubular aggregation and fibrillization of the polypeptide.170, 

171 De novo designs of peptides with fiber-inducing amino acid sequences have been 
developed to construct various forms of nanotubes as shown in Figure 1.10b).172, 173 In 
addition, β-sheet-type helical structures can also be formed using linear D, L-peptide, as 
inspired from natural pore forming peptide gramicidin A as shown in Figure 1.10c).133, 174 
However, despite of the structural stability due to cooperative β-sheet hydrogen bonding 
for these linear peptides, poor processability is one serious drawback limiting the use of 
resultant ONTs for real application since peptides are very subjected to environmental 
changes such as high temperature, extreme pHs, etc.  

 

Figure 1.10. a) ONTs constructed from 5-component peptide amphiphiles. The alkyl 
chain (region 1) gives rise to the hydrophobic core while the other 4 peptide-based 
regions serve various functions. Reprinted with permission from reference [164]. 
Copyright (2001) AAAS. b) De novo designs of ONTs based on linear peptide inspired 
from the critical β-sheet hydrogen bonding peptide sequence from amyloid fiber. 
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Reprinted with permission from reference [173]. Copyright (2003) Macmillan Magazines 
Ltd. c) A double helix ONT structure constructed from linear D, L-oligopeptide. 
Reprinted with permission from reference [174]. Copyright (1979) Macmillan Magazines 
Ltd.  

Although there are still remaining challenges that need to be circumvented, 
peptide-based ONTs do offer several insights for the requirements for an ideal candidate 
for constructing tubular structures as transport channels. While precise structural control 
on the dimensions of the nanotubes such as the aspect ratio and polydispersity is one of 
the most critical factor, versatility in synthesis for incorporating different functionalities 
as well as good processability of the nanotubes are two other important factors to 
consider for extending the applications of nanotubes in different disciplines. With these 
criteria in mind, a third type of peptide building blocks, called cyclic peptide, becomes a 
very attractive candidate for constructing tubular structures which fulfill the three above 
mentioned requirements. The next section will discuss in details how cyclic peptides 
form nanotubes and recent achievements in the development of cyclic peptides nanotubes 
for various applications.  

 
 
 

§ 1.4 Cyclic Peptide Nanotubes 
 
 

Nanotubes assembled from cyclic peptide motif are indeed a promising family of 
ONTs that can be used as transport channels since they not only offer high performance 
by mimicking natural cell membrane ion channels, but their structural stability as well as 
processability with conventional fabrication methods also enable potential use in large 
scale industrial application. In addition, synthesis and post-modifications of cyclic 
peptide based motifs are relatively manageable compared to other motifs so that large-
scale production is possible.175-179 History of cyclic peptide motifs can be traced back to 
1974, as suggested by De Santis et al. in their theoretical analysis, alternating D, L-amino 
acids could for closed rings and the peptide rings are capable of stacking to form tubular 
structures.180 Based on this design principle, Ghadiri had elegantly synthesized cyclic 
peptides (CPs) that self-assembled into cyclic peptide nanotubes (CPNs) via extensive 
intermolecular hydrogen bonding.176 In his design, CPs are consisted of an even number 
of alternating D- and L- amino acids. In order to minimize side chain-side chain and side 
chain-backbone interactions, the CP subunit would adopt a flat ring-like structure where 
the backbone amide functionalities are approximately perpendicular to the CP ring 
plane.176, 181 Therefore, the backbone amides bonds can hydrogen bond with other CP 
monomers when they are aligned as shown in Figure 1.11. Transmission electron 
microscopy and electron diffraction clearly demonstrated the structure of CPNs both in 
bundles and as individual nanotubes.176 The stacking of the CP monomers is later derived 
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to be anti-parallel β-sheet structure based on the ring conformation of the CP subunits.182 
183 

              

Figure 1.11. a) Chemical structure of cyclic peptide and 2D representation of the 
formation of nanotube through intermolecular hydrogen bonding, b) TEM images of the 
nanotubes. The top right image shows nanotubes tend to aggregate and form bundles 
(scale bar = 1 µm). The bottom right image shows a higher resolution image of individual 
nanotubes (scale bar = 10 nm) and the electron diffraction pattern of a single nanotube. 
Reprinted with permission from reference [176]. Copyright (1993) Macmillan Magazines 
Ltd.  

 

The CPN structure of β-helices from the self-assembly of CP subunits is also 
found in natural pore-forming peptides such as gramicidin A, making CPN an attractive 
candidate for artificial ion channels.184, 185 The synthesis of CPs alone is relatively simple 
in which standard Fmoc based solid phase peptide synthesis is usually used.186 
Furthermore, due to the constriction of amino acid backbone, the side groups on the 
amino acids will project outward away from the CP rings.176, 181 This makes post-
synthesis modifications possible with selected amino acid side chains so that various 
bioconjugates can be made.187-190 A detailed discussion of CP-polymer conjugates is 
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presented in the next section. In addition, the nanotube diameter as well as chemical 
surface properties can be easily tuned by modifying the primary amino acid sequence. 
CPNs with different diameters had been successfully made, and various artificial subunits 
had been incorporated into the peptide sequence to make CPNs with different surface 
properties and interior functionalities. Unlike natural ion channels which are made of 
proteins, CPNs with extensive inter-CP hydrogen bonds are relatively stable against 
changes in pH, temperature, ionic strength, etc. As a result, CPNs formed by the self-
assembly of CP monomers are indeed an attractive materials in mimicking natural 
transport channels. The following section outlines and discusses some of the 
developments in the design and synthesis of various cyclic peptides.  

 

1.4.1 Cyclic Peptide Sequence Design and Synthesis 
 

Depending on the constituting amino acid structures, various CPs have been 
successfully made and Table 1.2 presents a summary of some notable examples of the 
CPs. α-amino acids, the most common form of amino acids, was what Ghadiri used to 
make the very first CPN with the 8-mer peptide sequence cyclo(D-Ala-L-Glu-D-Ala-L-
Gln)2.176 Similar D, L-α-cyclic peptides with 10 and 12 amino acid subunits have been 
successfully synthesized, giving rise to bigger ring size of 1.0 nm and 1.2 nm, 
respectively.191, 192 In parallel, changes in the constituting amino acid sequences as well 
as amino acid side groups have been made for specific purpose. For example, tryptophan 
and leucine have been incorporated to the primary peptide sequence so that the exterior of 
the resultant CPN is hydrophobic and can be inserted to lipid bilayer to form ion 
channels.175 Using N-methylated alanine subunit, CPN formation is limited to only dimer 
formation and the β-sheet structure of CPN is therefore confirmed.183 Arginine has also 
been included in the CP sequence and the resultant CPN can act as adapters for the pore-
forming protein staphylococcal α-hemolysin (α-HL) to tune the conductance across the 
pore.193 Antibacterial activity has also been observed for CPNs with 6 or 8 amino acid 
sequences of arginine or lysine.194  

Taking one step further, β-amino acids can also be used to make β-cyclic peptides 
that are still capable of self-assembling into nanotubes. Due to the extra carbon from the 
β-amino acid, 4 subunits would be sufficient to make a flat CP ring adopting a C4 
structure.195-197 The alignment of the amide and carbonyl groups generates a net dipole 
moment, possibly affecting the nanotube conductance.196 A third variation can be made 
when γ-amino acids are used to substitute α-amino acids to make α, γ-CPs, 3α, γ-CPs, 
and γ-CPs.198 This design gives the inner cavities of CPNs certain hydrophobicity, 
resulting in a rich variety of tubular structures with various ion transport performance.199 
In particular, the very first CP with interior functional group (methyl functionality) was 
successfully synthesized and proved to form long aspect ration nanotubes.200 Last but not 
least, ε-amino acids with triazole functionalities have also been incorporated into the CP 
backbone to tune the physical properties of the nanotube interior.201  
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Table 1.2. Structures and properties of selected cyclic peptides 

Structure # of 
units 

Amino 
acids Remark Ref. 

 

 
cyclo[D-Ala-L-Glu-D-Ala-L-Gln]2 

8 All α 
First report of D, L-α 
cyclic peptide forming 
nanotubes 

176  

 

 
cyclo[(L-Trp-D-Leu)3-L-Gln-D-

Leu] 

8 All α 

Nanotubes as ion 
channels incorporated 
in lipid bilayer 
membrane 

175  

 

 
cyclo[L-Phe-D-N-MeAla]4 

8 

(4) α 
(4) N-

methylated  
D-Ala  

Dimer formation due 
to N-methylation; 
Confirmation of β-
sheet formation of the 
nanotubes 

183 

 

 

10 All α 

10-residue peptide 
sequence with 10 Å 
channel size; 
Display glucose 
transport 

191 
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cyclo[L-Gln-(D-Leu-L-Trp)4-D-
Leu] 

 

 
cyclo[(L-Gln-D-Ala-L-Glu-D-Ala)3] 

12 All α 

12-residue peptide 
sequence with 13 Å 
diameter still forms 
nanotubes 

192 

 

 
R= Arg, R= Glu 

cyclo[(L-Arg/Glu-D-Leu)4] 

8 All α 

Nanotubes act as 
adapters for the pore-
forming protein 
staphylococcal α-
hemolysin (α-HL); 
Charge selectivity of 
α-HL altered by 
peptide; 
Conductance of α-HL 
reduced by 53% when 
R=Arg 

193 

 

 
n = 0 

R1 = R2= Lys 
R1 = R2 = Arg   

n = 1 
R1, R2, R3 = Lys, Glu, Arg; Lys, 

Ser, Lys; Lys, Lys, Lys; Arg, Arg, 
Lys 

6 or 
8 All α 

Antibacterial behavior 
against Gram-positive 
and/or Gram-negative 
bacterial by increasing 
permeability and 
collapsing potential 
gradient across the cell 
membrane 

 

194 

 4 All β 

4-residue β-peptide 
sequence adopting C4 
ring structure, forming 
nanotubes via 
hydrogen bonding 

196 
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R = Ac, R = H 

3 All β 

3-residue β-peptide 
sequence adopting C3 
ring structure forms 
nanotubes  

197 

 

 
R1 = R2 = H 

R1 = H, R2 = Me 
R1 = Me, R2 = H 

6 (3) α  
(3) γ 

α, γ-cyclic peptide 
forming nanotubes 
with inner cavities due 
to the cyclohexane 
groups in the primary 
sequence 

198 

 

 
 

8 
(7) α  
(1) γ 

derivative 

α, γ-cyclic peptide 
forming nanotubes 
with methyl group 
projected to the 
interior of the peptide 
ring 

200 
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4 (2) α  
(2) ε 

α, ε-cyclic peptide 
forming nanotubes 
with tunable nanotube 
interior physical 
properties  

201 

 

 

 

1.4.2 Cyclic Peptide Conjugates 
 
 

Although cyclic peptide nanotubes have demonstrated many advantages over 
other materials for mimicking natural transport channels, one major drawback for cyclic 
peptides is its poor solubility due to high tendency to form bundles of CPNs in 
micrometer sizes.176 This tendency to aggregate as a result of extensive intermolecular 
hydrogen bonding prevents easy processing of the CPNs and thus limits their uses. 
Moreover, although there have been much progress in constructing functional nanotubes, 
more advancements are needed to expand the functionalities of the CPNs so that this 
platform can be applied to other disciplines.202 As a result, various molecules have been 
conjugated to the peripheral of the CP rings to improve the processability of the CPNs 
and to expand the functionalities for various applications. For example, cationic 1,4,5,8-
naphthalenetetracarboxylic diimide (NDI) derivatives were attached to D, L-α-CPs and 
the resultant conjugates self-assembled into nanotubes in aqueous solution.203 The self-
assembly of the CPs mediated the alignment of the NDI units and the nanotubes 
possessed delocalized electronic states.203 Furthermore, fullerenes could also be attached 
to the exterior of the CPs, in which the formation of CPNs would template the alignment 
of the C60 units to form 1D fullerene arrangement.187, 204 Due to the delocalized electrons 
from fullerenes and the NDI units, CPN conjugates can therefore be potentially used for 
electronic applications. More recently, a double nanotube structure has been achieved 
using pre-formed CNT with self-assembled CPN in which CPNs tend to bind to 
semiconducting CNTs rather than metallic CNTs.205 With electrical conductivity from 
CNTs, the double nanotube hybrid may be used for optical and electrical applications.    

Cyclic peptide-polymer conjugates are a very important family of CP based 
conjugates. The conjugated polymer chains not only wrap around the individual 
nanotubes to prevent aggregation of the CP subunits, but also add more functionalities to 
the CPs to help process the nanotubes in different environments.188, 189, 206, 207 To 
conjugate polymer chains to the peptide nanotubes, both convergent and divergent 
approaches have been used and demonstrated successful attachment of various polymers 
to the exterior of the CP subunits.  Biesalski’s group first adopted the “graft-from” 
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method in which side groups of specific amino acids were modified with functional 
groups to initiate atom-transfer radical polymerization (ATRP) of N-isopropylacrylamide 
(NIPAM).188 In the process, CP subunits with initiators were assembled into nanotubes 
first and PNIPAM were grown on the nanotube surface. A homogeneous shell of 
PNIPAM chains on the CPN surface prevents 2D aggregation of bare CPs. In subsequent 
studies, three polymers (polystyrene, poly(n-butyl acrylate), and poly(N-
isopropylacrylamide)) were grown from the CP exterior with controlled degrees of 
polymerization.208 It was found that with increasing mass of the grafted polymers, there 
was an increase in resultant nanotube diameter but a decrease in length due to excluded 
volume of the grafter polymer chains. This indeed demonstrates that the dimensions of 
CPNs can be fine tuned through polymer conjugation. On the other side, “graft-to” 
method was used by Börner’s group in which carboxylated poly(n-butyl acrylate) were 
covalently conjugated to the amine functionality of the lysine side chains of the cyclic 
peptide sequence.189 The conjugates could interact laterally to further organize into weak 
networks. Both approaches demonstrated that CPs could still self-assemble into tubular 
structures despite the steric hindrance of confining the conjugated polymer chains to 
inter-CP hydrogen bonding distance which destabilizes the nanotube structure.  

More recently, Perrier’s group has been very successful in attaching polymer 
chains of different functionalities to cyclic peptide using copper catalyzed “click” 
chemistry and reversible addition-fragmentation chain transfer (RAFT).190, 207, 209-211 The 
ability to grow polymer chains with very narrow molecular weight distribution enables 
them to perform fundamental studies on the self-assembly of CPNs with different 
polymer shells. Using neutron scattering, in-situ investigation had been performed on the 
assembly of poly(butyl acrylate)-conjugated CPNs in solution.211 Due to the chemical 
nature of the polymer and steric repulsion of the conjugated chains, the dimensions of 
polymer-conjugated CPNs can therefore be controlled by varying the solvent conditions 
and/or polymer chain length. More complex tubular structure can be constructed with 
variations in the conjugated polymer chains. Two polymer chains of different chemical 
natures were conjugated to the same cyclic peptide back so that the conjugates would 
self-assemble into a demixed Janus-like nanotubes or mixed polymer wrapped nanotubes 
depending on the environment.190 It is demonstrated that in the demixed state, the Janus-
like nanotubes can further organize to form a bigger artificial pore in phospholipid 
bilayer.190 This design not only offers dual functionalities on the nanotube surface, but 
also provides insights in creating natural protein channel mimetics. Furthermore, multi-
shell cyclic peptide nanotube can also be attained when conjugating block copolymer 
arms to the CP backbone, allowing potential further processing the nanotubes to form 
anisotropic nanocapsules.207 On the other hand, Xu et al. has developed a novel approach 
in using cyclic peptide nanotubes as transport channels in a polymeric membrane. They 
showed that the polymer side chains could modulate the growth of the cyclic peptide 
nanotubes through polymer-polymer interactions with different components of a block 
copolymer (BCP) matrix, thus confining the nanotubes to be at the center of the 
cylindrical block of the BCP matrix and creating channels with sub-nanometer pores.206 
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This novel approach indeed opens a new strategy in fabricating membranes containing 
sub-nanometer channels for different transport processes and molecular separation. Using 
an interiorly functionalized CP, they have also demonstrated the conjugated polymer 
chains have allowed further processing of the nanotubes to be compatible with 
conventional polymer processing.200 Using solvent annealing which is typically used for 
polymers, poly(ethylene oxide)-conjugated CPNs can be broken down into shorter 
tubelets. As a result of thermo-reversibility of hydrogen bonding, the short fragments can 
be re-merged to form longer nanotubes upon controlled heating and cooling. This 
approach demonstrates the advantage of polymer conjugation in facilitating control over 
the CPN nanostructures. Table 1.3 summarizes the structures and highlights important 
findings for the selected cyclic peptide nanotubes conjugated with various compounds.  

In summary, CPNs with their stability and robustness are attractive family of 
materials potentially useful for various applications. Various materials have been 
conjugated to the exterior of the nanotubes, serving various functions. In particular, 
polymer conjugation has set many advancements in fine-tuning the dimensions of the 
resultant nanotubes, constructing complex tubular nanostructures, and allowing further 
processing of the nanotubes with conventional processing techniques used for polymers.   

 

Table 1.3 Summary of selected cyclic peptide conjugates and their properties 

Structure/Scheme Conj. units Remark Ref 
 

 
 

NDI and 
derivatives 

Delocalized 
electrons from 
NDI side groups 
results in CPNs 
possessing highly 
delocalized 
electron states 
potentially useful 
in optical and 
electronic devices 

203 
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Fullerene  187 

 

CNT 

Double nanotube 
structure of 
inorganic CNT and 
self-assembled 
CPN is achieved, 
and the hybrid 
displays electrical 
conductivity  

205 

 
 

Polymer: N-
isopropylacryl

amide 
[PNIPAM] 

Polymer coated 
CPN is constructed 
by adopting “graft-
from” strategy to 
grow PNIPAM 
arms off from CP 
backbone  

188 

 
 

Polymer: 
styrene, or n-
butyl acrylate, 

or N-
isopropylacryl

amide [PS, 
PnBA, and 
PNIPAM] 

PS/PBA/PNIPAM 
coated CPNs are 
constructed, 
demonstrating an 
inverse 
relationship 
between the 
dimensions of the 
CPNs with the 
mass of the grafted 
polymer chains 

208 
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Polymer: n-
butyl acrylate 

[PnBA] 

Polymer wrapped 
CPNs constructed 
using “graft-from” 
method by directly 
conjugating 
polymer chains to 
CP backbone 

189 

 
 

Polymer: 
butyl acrylate 

[PBA] 

In-situ 
investigation on 
the assembly of 
polymer covered 
CPNs in solution. 
Control over the 
nanotube 
dimension can be 
achieved by 
varying the solvent 
conditions and/or 
polymer chain 
length 

211 

 

Polymer: 
n-butyl 

acrylate and 
styrene 

[PnBA and 
PS] 

Janus-like cyclic 
peptide-polymer 
nanotubes can be 
formed in 
appropriate 
solvents and in 
phospholipid 
bilayer 

190 
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Polymer: 
isoprene and 
acrylic acid 
BCP [PI-b-

PAA] 

Multi-shell cyclic 
peptide-polymer 
nanotubes by 
conjugating BCP 
chains to CP 
backbone  

207 

 

Polymer: 
poly(2-ehyl-2-

oxazoline) 
[PEtOx] 

LCST behavior of 
PEtOx causes 
resultant PEtOx 
covered CPNs 
reversibly 
transformed into 
microparticles at 
temperature > 
cloud point in 
water 

212 

 

Polymer: 
ethylene 

oxide [PEO] 

PEO-conjugated 
CPN incorporated 
into BCP 
cylindrical 
microdomains to 
form sub-
nanometer 
channels 
demonstrating 
high gas transport 
performance 

206 

 
 

 
 

Polymer: 
ethylene 

oxide [PEO] 

Conjugated PEO 
arms allow further 
processing of the 
CPNs. Nanotubes 
are broken down 
upon solvent 
annealing due to 
high PEO 
mobility, and can 
be reformed with 
thermal heating 
and slow cooling. 

200 
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§ 1.5 Conclusion and Outlook 
 

Membranes are widely used in separation and purification processes and 
polymeric membranes are very attractive materials due to their relative low cost and ease 
of fabrication. However, polymeric membranes do suffer from a trade-off between 
permeability and selectivity as exemplified by the upper boundary in Robeson’s plot for 
gas separation. Furthermore, as the size of the permeates continues to go down, high 
performance membrane often requires very small pore size and narrow pore size 
distribution. Thus, novel designs for polymer-based membranes are needed to meet the 
demand for high performance that balance the permeability and selectivity trade-off and 
maintain well-controlled pore size. In this regard, self-assembled cyclic peptide 
nanotubes in comparison to other nanotubes offer many advantages as transport channels 
for molecular separation. They have a strong tendency to form high aspect ratio 
nanotubes with very well defined pore size as a result of extensive hydrogen bonding 
between subunits. The antiparallel stacking of constituting subunits mimics the β-barrel 
structure of natural protein channels, which show very high performance in ion transport. 
The small channel size in the range of 0.8-1.2 nm also allows the possibility for 
molecular separation and the size is tunable simply by varying the number of amino acid 
subunits in the peptide primary sequence. Moreover, functionalities can be incorporated 
to the interior of the channel to improve the selectivity for certain species. However, one 
major drawback of using cyclic peptide nanotubes for transport channels is its strong 
tendency to aggregate in organic solvents. To circumvent this problem, polymer 
conjugation proves to be an effective way to prevent aggregation of CPs. The conjugated 
polymer chains not only wrap around individual nanotubes to prevent aggregation in the 
lateral direction, but they may also offer certain control over the length of the polymer-
conjugated nanotubes. Furthermore, the conjugated polymers also mediate the 
interactions of the CPs to the environment so that the CP-polymer conjugates can be 
processed with block copolymers. This indeed expands the use of the self-assembled 
CPNs not only as ion channels in phospholipid bilayer, but also as transport channels in 
conventional membranes for different chemical species.    

 

§ 1.6 General Approach and Synopsis for Subsequent Chapters 
 

The general strategy to fabricate sub-nanometer porous membrane is to utilize the 
self-assembly of cyclic peptides and align the resultant cyclic peptide nanotubes in a 
controlled manner. It is important to gain a fundamental understanding of the behavior of 
polymer –conjugated cyclic peptides and how the added polymers affect the interactions 
between the nanotubes with the environment. Chapter 2 discusses in details how different 
degrees of polymer conjugation could affect the self-assembly of the cyclic peptides and 
how the growth of the nanotubes can be to controlled and modulated within a processing 
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window. With the understandings from the assembly behavior of polymer-conjugated 
cyclic peptide nanotubes and the control over the dimensions of the nanotubes, we can 
then focus on fabricating membranes using the nanotubes as transport channels. Block 
copolymer (BCP), which self-assembles into a cylindrical morphology, is used as the 
matrix to confine and orient the cyclic peptide nanotubes. Chapter 3 describes in details 
the fundamentals (i.e. thermodynamic and kinetic contributions) governing the co-
assembly of cyclic peptide-polymer conjugates and block copolymer matrix in thin films. 
Cyclic peptide-polymer conjugates are firstly sequestered in the cylindrical microdomain 
of the BCP matrix due to the interactions with the individual blocks of the BCP, and the 
nanotubes are then re-grown within the cylindrical microdomains to form well-aligned 
channels. Fine details of how to control the kinetic pathway in the co-assembly process to 
ensure high quality membrane are revealed in Chapter 3. Taking a step further, a new 
type of cyclic peptide with interior functionality (methyl group) has also been synthesized 
successfully. Chapter 4 reveals the self-assembly as well as co-assembly behaviors of the 
methyl modified cyclic peptides with BCP, focusing on the key parameters in processing 
new type of nanotubes to fabricate sub-nm channels with interior functionalities. Upon 
successful fabrication of membranes containing sub-nm pores with and without 
functionalities, gas transport behavior is investigated for both the unmodified and 
modified cyclic peptides. Furthermore, preliminary studies on the ion transport of the 
sub-nanometer membranes are also investigated. Both investigations offer valuable 
insights for utilizing cyclic peptide nanotubes as transport channels in membrane 
technology for different separation processes. 
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Self-assembly of Cyclic Peptides and Cyclic Peptide-
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Self-assembling cyclic peptide nanotubes (CPNs) offer unique advantage in constructing 
high aspect ratio tubular structures with surface functionalities that are relatively stable. 
However, it is challenging to control the growth of the CPNs, which naturally tend to 
further aggregate to form bundles of nanotubes. Polymer conjugation on the exterior of 
the CPNs prevents lateral aggregation by shielding individual CPNs to form polymer-
covered nanotubes (pc-CPNs), in which the growth of the pc-CPNs is restricted mainly 
due to steric hindrance. We demonstrate here an alternative simple design to tune the 
growth of pc-CPNs by varying the position of the conjugated polymer chain to destabilize 
the nanotube structure as a result of the entropic penalty associated with chain 
deformation. The resultant pc-CPN length is correlated to the degree of polymer 
conjugation, or the number of polymer chains anchored, and the solution concentration. 
A theoretical framework is developed to capture the underlying thermodynamic basis of 
pc-CPN growth. The entropic effect of polymer conjugation combined with enthalpic 
monomer concentration give us multiple handles in modulating the growth of pc-CPNs, 
extending the experimental approach to control the spatial organization 1D nanotubes 
with varying interior and exterior features for various applications. 
 
 
 
 

§ 2.1 Introduction 
 
 

Tubular nanostructures have gained growing attention as their unique properties 
may be exploited for many applications such as molecular transport and separation, 
biosensing, controlled drug release, fiber-reinforced nanocomposites, etc.1-7 As one of the 
most well-studied 1D nanostructures, carbon nanotubes (CNTs) have demonstrated 
exceptional mechanical, electrical, biomedical and transport properties. 8-17 However, it is 
still nontrivial to synthesize CNTs with controlled aspect ratio, and to tune the exterior 
and interior functionalities.18-20 In contrast, organic nanotubes (ONTs), constructed from 
various motifs such as macrocycles,21, 22 amphiphiles,23, 24 and peptides through self-
assembly process,25-27 are very appealing as they circumvent these limitations with facile 
chemistry of monomer synthesis forming nanotubes with desirable functionalities and the 
possibilities to control the nanostructures.23-25, 28 However, macrocyle-based ONTs have 
high tendency to aggregate,29 and amphiphile-based ONTs suffer from low structural 
stability since amphiphilic self-assemblies are very subjected to the environmental 
changes such as pH, temperature, ionic strength, etc.23, 30 As a result, although the 
nanotube diameter can be well controlled in the sub-nanometer to nanometer range, 
precise control over the nanotube length, the dispersion of the nanotubes, and the stability 
of the nanotubes remain as significant challenges for ONT processing.  
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 Cyclic peptide nanotubes (CPNs), constructed from the self-assembly of 
alternating D, L- cyclic peptides (CPs) via multi-pair inter-CP hydrogen bondins,31-33 
offer unique advantages of stability and robustness against environmental changes.25, 34, 35 
Through interior modifications on the building blocks which reduces the strength of inter-
CP hydrogen bonding, processability with conventional materials such as polymers can 
be achieved via reversible self-assembly and disassembly of the nanotubes.36 
Developments in the exterior functionalization of CPNs, in particular conjugation with 
polymers, have permitted dispersion of high aspect ratio CPNs which tend to aggregate 
and solubility in various organic solvents incompatible with polar peptides.37-40 
Successful construction of individual polymer-covered CPNs (pc-CPNs), as well as the 
capability to grow them in block copolymer (BCP) matrix have now set the stage for 
several advances in the design of artificial nanochannels and complex tubular 
nanostructures.34, 41-43 To better control the dimensions of the pc-CPNs, it is important to 
evaluate the underlying physics governing the assembly by delaminating the entropic 
contribution from the enthalpy of association. Scrutinizing on the conjugated polymer 
chains, steric repulsions due to polymer chain conformation have been otherwise 
explored extensively in various polymer brush systems in which polymers anchored to a 
surface with high enough grafting density tend to be stretched. 44-46 Similar concept may 
be applied to pc-CPN systems where the conjugated polymers chains tend to avoid coil 
overlapping when their size (i.e. radius of gyration, Rg) is larger than the separation 
distance between two chains (i.e. CP-to-CP distance). The stretching of the polymer 
chains contribute to an entropic penalty to nanotube formation, hence modulating the 
length of the pc-CPNs. Restricted growth of CPNs with polymer conjugation was first 
reported by Biesalski’s group, and later Börner’s and Perrier’s groups where a general 
correlation of decreasing pc-CPN length on solid support and/or in solution with 
increasing mass of grafted polymer chains was observed. 37-40, 47 While previous reports 
rely mainly on manipulating the molecular weight of the grafted polymer chains to 
control the pc-CPN length, here we demonstrate an alternative approach to tune the 
growth of the nanotubes by varying the position of the conjugated polymer chains and the 
monomer concentration for a delicate balance between entropy and enthalpy within the 
processing window. 

In this contribution, a model system of cyclo(D-Ala-L-Lys)4 (called “8CP”) 
conjugated with n poly(ethylene glycol) (PEG, Mw=2,000 Da) chains per CP ring (n=2, 3 
and 4, called “n-arm”) was designed to closely investigate the self-assembly of pc-CPNs.  
Constrained by hydrogen bonds, the CP-to-CP distance is ~ 0.47 nm,31 much less than the 
Rg of the conjugated PEG chains(~1.6±0.3 nm).48 Drawing an analogy to comb-like 
polymers or cylindrical molecular brushes, we speculate that the steric repulsions 
between the conjugated arms lead to the stretching of the brush backbone and give rise to 
an entropic penalty which opposes nanotube formation.49, 50 Fig. 1 shows the speculated 
stacking configurations for the designed conjugate systems. For simplicity, only a pair of 
dimers is shown. To minimize the entropic penalty, we hypothesize that configurations 
with fewer PEG chains in close proximity are more preferred since high stacking density 
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results in high entropic penalty. 1-arm and 2-arm can potentially alternate the positions of 
PEG chains but not the 4-arm conjugates. When other conditions are kept constant, 4-arm 
conjugates are speculated to form the shortest pc-CPNs due to high entropic penalty. 

 

            

Figure 1. Schematic showing possible stacking scenarios for conjugates with different 
PEG chains attached. 

 

§ 2.2 Results and Discussion 
 
 

To validate our design, different conjugates were synthesized and purified by 
liquid chromatography as shown in Figure A.1.1 of the Appendix The extent of the 
entropic penalty can be quantitatively realized by evaluating the strength of inter-CP 
hydrogen bonding using Fourier Transform - Infrared Spectroscopy (FTIR). Fig. 2.2 
shows the FTIR spectra of amide A band of various conjugates and  at room temperature. 
A clear left-shift in the peak position to higher wavenumber is observed as the n increases 
from 0 to 4, indicating the weakening of inter-CP hydrogen bonds as more PEG chains 
are attached. In particular, the difference between 8CP/2-arm and 3-arm/4-arm, is very 
small (~0.2 cm-1) compared to the difference between 2-arm/4-arm (~3.2 cm-1), reflecting 
the stacking configurations of the different systems. From the analysis of N-H stretching 
distance with the wavenumber, the N-to-O distance from two adjacent CP rings can be 
estimated to be ~2.97 Å for 4-arm and 2.96 Å for 2-arm, or CP-to-CP distance of 4.86 Å 
for 4-arm and 4.85 Å for 2-arm, respectively.51 Based on this, 2-arm and 4-arm were used 
to closely examine the effect of PEG arms on the growth of pc-CPNs.  
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Figure 2.2. FTIR spectra showing amide A band for 8CP and 2-, 3-, and 4-arm 
conjugates. The inset in b) clearly shows the change in the amide A peak position to 
higher wavenumber as more PEG chains are attached. 

 

Figure 2.3 shows the amide A peak position of 8CP, 2-arm and 4-arm conjugates 
as a function of temperature. A general increase in peak wavenumber with temperature 
indicates that the hydrogen bonds are weakened upon heating. While the entropic penalty 
of the conjugated PEG arms clearly destabilize the nanotube, the same effect can be 
achieved by weakening the inter-CP hydrogen bonds through thermal heating. On 
average, a shift factor of ~20 °C is seen between the 4-arm and 2-arm conjugates. This 
result suggests a superposition behavior between the entropic penalty and temperature, 
i.e. the entropic effect is equivalent to thermal melting in destabilizing the nanotube 
structure. 
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Figure 2.3. Amide A band peak position of bare 8CP, 2-arm and 4-arm as a function of 
temperature, showing a shift factor of ~ 20 °C between the 4-arm and 2-arm conjugates. 

 
 

The growth of pc-CPNs is evaluated by charactering the lengths of pc-CPNs as a 
function of n and the solution concentration, C. We realized that the formation of pc-CPN 
on solid support from solution is rather complicated in which other parameters such as 
the growth kinetics, polymer conjugate-solvent interaction and the spin-casting process 
all play a role. Aware of the restrictions and limitations, we kept the conditions consistent 
by regulating the solvent removal rate, and keeping the conjugate concentration low to 
prevent aggregation in solution. Figure 2.4 a-c) shows representative phase-contrast 
Atomic Force Microscopy (AFM) images of 2-, 3-, and 4-arm conjugates spin-casted on 
Si substrate with ~ 2 nm native oxide layer from 10 µM toluene solutions and the 
corresponding statistical analysis of the pc-CPNs length. An inverse relationship between 
the pc-CPN length and its distribution with the value of n is observed, validating our 
design in which the growth of pc-CPNs can be tuned by varying the number of the 
conjugated polymers. 2-arm conjugates with the lowest entropic penalty forms the 
longest pc-CPNs ~ 64 nm with the widest distribution, and 4-arm conjugates with very 
high steric repulsion forms pc-CPNs almost 5-fold shorter ~ 14 nm and narrow length 
distribution, with 3-arm pc-CPNs lie in between. 

However, the growth of pc-CPNs is not solely determined by entropy, but also 
depends on the enthalpic interactions, allowing length modulation through varying the 
monomer concentration. When there is sufficient amount of monomers available, longer 
pc-CPNs may be formed even for 4-arm conjugates since the entropic penalty does not 
prevent the formation of inter-CP hydrogen bonds but rather destabilizes the 
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nanostructure. Figure 2.4 d-f) shows the AFM images of 4-arm conjugates casted from 
toluene with different solution concentration, C. Longer pc-CPNs are formed when C 
increases from 20 µM to 50 µM, with no significant change beyond 50 µM. We speculate 
that the limited surface area is one possible reason prohibiting the growth of longer 
nanotubes. The highlighted region in Figure 2.4 e) shows that there is a distribution of pc-
CPN lengths within a patch of nanotubes with similar orientation, suggesting that longer 
nanotubes can be formed if there is available space for growth. Similar concentration 
dependence has also been observed for 2-arm conjugates and the AFM images and 
statistical analyses are included in Figure A. 1.3, A. 1.4, and A. 1.5 of the Appendix.) 
summarizes the results for both 4-arm and 2-arm systems, in which the growth of pc-
CPNs reflects the energetic competition between two contributions, i.e. the enthalpy of 
inter-CP hydrogen bonding which drives the nanotube formation, and the entropy 
associated with PEG chain deformation which destabilizes the nanotubes. 2-arm with 
lower entropic penalty forms longer pc-CPNs than the 4-arm conjugates even at the 
plateau point, highlighting the effect of the entropic contribution from the conjugated 
polymer chains which may be overtaken by higher solution concentration. This indeed 
gives us multiple handles to modulate the self-assembly process and to tune the length of 
the pc-CPNs.  
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Figure 2.4.  AFM phase images of pc-CPNs casted from toluene solutions for (a) 2-arm 
at 10 µM, (b) 3-arm at 10 µM, and (c) 4-arm at 10 µM, (d) 4-arm at 20µM, (e) 4-arm at 
50 µM, (f) 4-arm at 100 µM, respectively. (g) summary of the concentration dependence 
of the lengths of pc-CPNs with concentration for 2-arm and 4-arm conjugates. Statistical 
analysis was performed to the AFM images to obtain the lengths of pc-CPNs as shown in 
(a)-(c). The length of pc-CPNs is inversely related to the degree of PEG conjugation but 
proportional to the solution concentration. 2-arm with the low entropic penalty tend to for 
longer pc-CPNs. The growth of pc-CPNs eventually becomes limited by the available 
space as indicated by the plateau for both conjugates in (g). 

 

A novel theoretical framework that relates the net binding free energy between the 
CPs with the length of the nanotubes has been established. It is well-known that 1D rod-
like supramolecular assemble in a fashion that could be considered as cylindrical 
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micelles.49 The nanotubes will grow to an average length, 𝐿 , depending on two factors: 
ΔF, the net binding energy between two monomers; and C, the monomer concentration. 
The average length will then scale such that 𝐿 = 𝐶 ∙ 𝑒𝑥𝑝(−∆𝐹/𝑘!𝑇) (see ref. 49 for a 
full-derivation and assumptions). Keeping C constant, the ratio of i-arm and j-arm can be 
written as 𝑅!/! = 𝐿 !!!"#/ 𝐿 !!!"#=exp  [ ∆𝐹!!!"# − ∆𝐹!!!"# 𝑘!𝑇] . The net binding 
energy simplifies to a linear relationship, ∆𝐹=𝑃!∙n, for low molecular weights because in 
plane conjugation is negligible, where P1 is a constant that depends on the molecular 
weight, molecular details of the polymer and the solvent conditions (e.g. excluded 
volume). The ratio then becomes 𝑅!/!=𝑃!𝑒𝑥𝑝 ∆𝑛 , where Δn is the difference in the 
degree of conjugation and 𝑃!=  exp 𝑃! 𝑘!𝑇  (detailed explanation included in the 
Supporting Information). From the experiments at 10 µM (Figure 2.4), the ratios are 
estimated to be 𝑅!/!≈2.1, 𝑅!/!≈2.2, 𝑅!/!≈4.6.  Constant P3 is calculated to be 0.77±0.1 
from fitting the theoretical relation to the experimental data. The theoretical prediction 
shows a reasonable agreement with the experimental results (Figure 2.5), suggesting the 
proposed theoretical framework, which predicts an approximate linear scaling of the free 
energy penalty with the number of arms, captures the physics underlying the conjugation 
effects on the length of the pc-CPNs accurately with a single physical parameter.  
Remarkably, it explains the experimental observation that the ratio of the pc-CPN length 
of 2-arm/3-arm is roughly the same as 3-arm/4-arm since the free energy difference is 
predicted to be identical in these two cases.  

 

                             

Figure 2.5. Comparison of the ratios of the lengths of various conjugates between 
experimental observation and proposed theoretical framework. 
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Combing both contributions from the net binding energy and monomer 
concentration, Figure 2.6 summarizes the correlation of pc-CPN length with degree of 
PEG conjugation and conjugate solution centration below the surface coverage limit. It 
can be observed that 2-arm follows reasonably well with theoretical scaling predicted by 
micelle theory,   𝐿 !!!"# ~ C1/2 at any given concentration below the surface coverage 
limit. A similar trend of increasing pc-CPN length with concentration is observed for 4-
arm conjugates, but surprisingly the correlation deviates from the micelle theory with a 
stronger dependence on concentration, 𝐿 !!!"# ~ C2. We speculate that the difference in 
the scaling behavior might suggest that in addition to thermodynamic contributions, 
kinetic contributions should also be considered. We hypothesize that the rate of diffusion, 
which is molecular weight dependent, is the other critical kinetic parameter that 
influences the growth of pc-CPNs. Due to faster rate of diffusion, coalescence of dimers 
or larger oligomers is more easily attained for 2-arm, resulting in pc-CPNs with wider 
length distribution. On the other side, 4-arm with slower rate of diffusion grows in a more 
homogeneous manner and its growth demonstrates a ~C2 dependence, resembling a self-
catalyzed step-growth polymerization process. While it is challenging to definitively 
explain the physics behind the growth of various pc-CPNs and to come up with an exact 
model to predict their lengths, we can still obtain many insights from present study in 
which multiple approaches can be adopted to control and modulate the growth of pc-
CPNs.  

 

                     

Figure 2.6. Summary of the different pc-CPNs length casted from different solutions. A 
correlation of pc-CPN length with the solution concentration can be seen for all pc-CPNs.  
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§ 2.3 Conclusion 
 

Using the designed system, we found that regardless of the n value, all conjugates 
self-assemble into homomeric nanotubes and pc-CPN length is inversely proportional to 
the degree of PEG conjugation. High entropy of 4-arm conjugates results in pc-CPN 
length 5-fold shorter than 2-arm conjugates under the same condition. Furthermore, the 
growth of pc-CPNs also demonstrates concentration dependence below the saturation 
point, allowing conjugates with different degrees of conjugation to form pc-CPNs with 
similar lengths. From the experimental observations, a theoretical framework from 
atomistic and coarse-grained molecular dynamics simulations is developed to correlate 
the growth of pc-CPNs to the degree of PEG conjugation (n) and the monomer 
concentration (C), where the length of pc-CPN ~ nC. These results suggest that the 
growth of pc-CPNs can be tailored and modulated using two different approaches, i.e. 
controlling the entropic penalty of PEG conjugation and/or monomer concentration. In 
addition to the thermodynamic origin of the destabilization effect and concentration 
dependence, there is also the kinetic factor in which the growth of the pc-CPNs is likely 
to be diffusion limited. Although it is very challenging to decouple thermodynamic 
contributions from kinetic factors, we can still obtain some insights in the self-assembly 
of polymer conjugated cyclic peptides which allow us to have multiple handles in tuning 
the growth process of pc-CPNs. Our analysis indeed paves the way for extending the 
experimental approach to control the spatial organization of self-assembling organic 
nanotubes with varying interior and exterior features for constructing 1D tubular 
structures for different applications. 
 
 
 
 

§ 2.4 Experimental 
 

2.4.1 Materials 
Propylphosphonic anhydride (T3P), N,N-Diisopropylehylamine (DIPEA), 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 2-(N-Morpholino)ethanesulfonic 
acid sodium salt (MES) were purchased from Sigma Aldrich. Fmoc-D-Ala-OH, Fmoc-L-
Lys(Boc)-OH, polystyrene-(2-chlorotrityl) resin (loading: 1.5 mmol/g), ), and 2 - (6-
Chloro-1H-benzotriazole-1-yl)- 1,1,3,3 - tetramethylaminium hexafluorophosphate 
(HCTU) were purchased from Nova Biochem. Carboxylic acid-terminated PEG 
(Mw=2K, PDI 1.2) was purchased from RAPP Polymere. Dimethylformamide (DMF), 
piperidine and toluene were purchased from Fisher Scientific. All reagents were 
purchased with the highest purity and used as received unless otherwise noted.  
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2.4.2 Peptide synthesis and PEG conjugation 
2-Chlorotrityl chloride resin was swelled for two hours in dry DMF (5 mL). 

Fmoc-D-Ala-OH (2 eq.) was dissolved in dry DMF (5 mL) and added to the solution, 
followed by DIPEA (4 eq.) addition. The amino acid mixture was added to the resin 
suspension and stirred for two hours to manually load the first amino acid to the resin. 
Methanol was then added to block remaining chloride residues and quench the reaction. 
The resin was filtered and washed with DMF, DCM and methanol and left to dry under 
vacuum overnight. The loading was assessed using UV-vis by monitoring the absorbance 
at 290 nm of free Fmoc group after deprotection. All consequent coupling reactions were 
performed using the automated solid phase synthesizer (Prelude) using standard 9-
fluorenylmethoxycarbonyl (Fmoc) protocol for solid-phase peptide synthesis. 

To cleave the linear sequence H2N-L-Lys-D-Ala-L-Lys-D-Ala-L-Lys-D-Ala-L-
Lys-D-Ala-OH, the peptide loaded resin (400 µmol) was gently stirred in a solution (20 
mL) of 1% v/v TFA, 5% v/v TIS in DCM for 60 minutes. The solid residue was then 
removed by vacuum filtration and washed with DCM. The filtrate volume was reduced 
under vacuum to near dryness, and the product redisolved with a minimum of DCM and 
precipitated using cold ether (50 mL). The mixture was centrifuged, and ether was then 
decanted. This step was repeated twice, resulting in a transparent gel-type precipitate. The 
solid residue was dried under vacuum to yield 0.35 g (75%). MALDI-TOF for the 
deprotected linear peptide using 100% TFA Calculated: 815 [M+H]+; Found 814 
[M+H]+, 838 [M+Na]+, 852 [M+K]+. 

To form cyclo(L-Lys-D-Ala-L-Lys-D-Ala-L-Lys-D-Ala-L-Lys-D-Ala), the linear 
sequence H2N-L-Lys-D-Ala-L-Lys-D-Ala-L-Lys-D-Ala-L-Lys-D-Ala-OH (0.3 g, 490 
µmol) was dissolved in dry DMF (800 mL). The solution was cooled to 0 °C in an ice 
bath. T3P (50% w/w in DMF), (2.25 mL, 3.4 mmol) was slowly added to the solution 
mixture while stirring at 0 °C. DIPEA (450 µl, 3.4 mmol) was added slowly to the 
mixture. The reaction mixture was left to stir for 2 hours at 0 °C and then at room 
temperature for 1 day. An equal amount of T3P was added, and left stirring for another 
two days at room temperature. Cyclized product precipitated out and settled to the bottom 
of the reaction flask during the cyclization reaction. Remaining DMF was removed by 
rotovap at 70 °C, resulting in a gel-like residue. Boc protecting groups on the lysine side 
chains were removed from the crude product by dissolving the later in 10 mL of 95% v/v 
TFA, 2.5% v/v TIS and 2.5% v/v H2O. The mixture was left to stir for two hours at room 
temperature. The deprotected product was then precipitated twice using cold ether (100 
mL) to yield a white precipitate. The product was then dissolved in H2O (10 mL), and 
lyophilized giving an off-white fluffy solid. The cyclization efficiency was found to be 
greater than 95% using analytical HPLC. 

For PEG polymer conjugation, the cyclized product (“cyclo(D-Ala-L-Lys)4”) or 
“AK4”) was dissolved in pH 6.5 MES buffer. Carboxy-teminated PEG (4 mol. Eq.) was 
added and stirred until complete dissolution. EDC (4 mol eq.) was added and the solution 
was sonicated for a few minutes. The reaction was left to proceed for 4 hr and an 
additional 8 molar eq. of EDC were added and the reaction was left for another 24 hr. 
After every addition, the pH was adjusted, so as to maintain it around pH 6.5. The 
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solution was injected directly into the preparatory HPLC for purification. Salts and other 
small molecules eluted first, and the conjugates. Different fractions were collected and 
lyophilized immediately.  

2.4.3 Reversed-Phase High-Pressure Liquid Chromatography (RP-HPLC) 

The reaction mixture from conjugation was purified by RP-HPLC (Beckman 
Coulter) to obtain AK4-PEG conjugates with various PEG arms with reasonable purity 
using a C4 column (Vydac 22 mm x 250 mm) at a flow rate of 8 mL min-1.  Conjugates 
were eluted with a linear AB gradient, where solvent A consisted of water containing 
0.1% (v/v) TFA and solvent B consisted of acetonitrile (ACN) containing 0.1% (v/v) 
TFA. A linear gradient of 20 to 65% solvent B over 45 min was used and the elution was 
monitored using a diode array detector at wavelengths of 200 nm and 220 nm. 2-arm 
conjugates were eluted at ~47-48% ACN, 3-arm conjugates at ~50-51%, and 4-arm 
conjugates around 52-53%. 

2.4.4 Fourier Transfer Infrared Spectroscopy (FTIR)  
FTIR measurements were performed using the Perkin Elmer Spotlight 200 FTIR 

Microscope System. The samples were casted from toluene solutions between two NaCl 
pellets for KA4-PEG conjugates, and from aqueous solution between two CaF2 pellets for 
the bare CP AK4. For in-situ FTIR, the samples were being heated from 30 °C to 250 °C 
and back to 30 °C under nitrogen environment. Spectra were collected 5 minutes after 
reaching the targeted temperature at a 20 °C interval. 

2.4.5 Formation of pc-CPNs  

After obtaining pure conjugates from HPLC (2-arm, 3-arm and 4-arm), the 
powders were dissolved in MilliQ H2O respectively to make stock solutions with 
1mg/mL concentration. Appropriate amount of stock solution was then re-lyophilized to 
obtain dry powder of pc-CPs. Toluene dried with molecular sieves was then added to the 
dry powder of pc-CPs. Finally the toluene solution was deposited onto Si wafer 
(pretreated with Piranha solution to remove impurities on the surface) at 1000 rpm for 15 
seconds to form various pc-CPNs.  

2.4.6 Statistical Analysis of pc-CPN Length 

Statistical analysis was performed by manually counting 100 pc-CPNs and 
measuring the lengths by ImageJ.  
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Directed co-assembly of polymer-conjugated cyclic peptide nanotube (CPN) and block 
copolymer in thin films is a viable approach to fabricate sub-nanometer porous 
membranes without synthesizing nanotubes with identical length and vertical alignment. 
Here we show that the process is pathway dependent and successful co-assembly requires 
eliminating CPN larger than 100 nm in solution. Optimizing polymer-solvent interaction 
can improve conjugate dispersion to certain extent, but this limits thin film fabrication. 
Introduction of a trace amount of hydrogen-bond blockers, such as trifluoroacetic acid 
by vapor absorption is more effective to reduce CPN aggregation in solution and 
circumvents issues with solvent immicibility. This study provides critical insights for 
guided assemblies within nanoscopic frameworks toward sub-nanometer porous 
membranes.   

 

§ 3.1 Introduction 
 
 

Membranes with uniform pore size less than 1 nm are desirable for 
molecular separation.1, 2 Organic nanotubes such as cyclic peptides nanotubes 
(CPNs) are advantageous because the channel diameter and interior functionality 
can be molecularly tailored.3-11 The guided growth of CPNs within cylindrical 
block copolymer (BCP) in thin films opened a viable approach to generate porous 
membrane with vertically aligned, uniform sub-nanometer channel with interior 
functionalization.12 It overcame challenges of reducing pore size in nanoporous 
BCP membranes,13-17 and synthesizing high aspect ratio nanotubes with controlled 
length and vertical alignment.18, 19 In the guided CPN growth process, it was 
proposed that cyclic peptides (CPs) or short CPN tubelets need to be first 
selectively incorporated into BCP cylinders, and subsequently reassembled into 
high aspect ratio CPNs.12 However, CPs and CPN tubelets tend to aggregate due to 
multi-pair inter-CP hydrogen bonding.3, 20 When the aggregate size exceeds the 
periodicity of the BCP, the conjugate cannot be distributed uniformly within the 
preferred BCP microdomain, similar to what have been observed in 
nanoparticles/BCP blends.21-23 The presence of large aggregates also compromises 
membrane quality and integrity, analogous to defects due to inorganic particles in 
composite membranes.24, 25 Therefore, it is a requisite to develop systematic 
understanding in the kinetic pathway of the co-assembly process and to control 
CPN aggregation.   

Here, we present a systematic study on the co-assembly of cyclo(D-Ala-L-Lys) 
(AK4)conjugated with four chains of PEG with molecular weight 2,000 Da (AK4-4P2k) 
and cylindrical PS-b-PMMA in thin films, focusing on the control of the kinetic pathway 
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which proves to be the critical factor in governing the co-assembly process. CPNs and 
their polymer conjugates tend to aggregate in solution due to two contributions: namely 
the unfavorable interactions between the conjugated polymers and the solvent, and the 
multi-pair, highly directional hydrogen bonds between cyclic peptides. Large aggregates 
cannot be distributed in the preferred BCP microdomains and need to be first broken 
down, requiring high activation energy that cannot be provided by thermal annealing. To 
prevent the formation of large aggregates, we developed two approaches to address each 
of the aggregation contributors to facilitate thin film fabrication, i.e. optimizing polymer-
solvent interaction and adding small molecule hydrogen bond blocker. We are 
particularly intrigued by the effect of the latter, in which the presence of a trace amount 
of trifluoroacetic acid (TFA) overcomes the incompatibility issue between the conjugate 
and the solvent in addition to preventing extensive intermolecular hydrogen bonding. 
This approach not only facilitates the co-assembly of CPNs and BCP, but is also 
applicable to many organic systems since it eliminates the limitation on solvent selection. 
Present study indeed provides critical insights for fabricating sub-nanometer porous 
membrane through guided assemblies of organic nanotubes within nanoscopic 
frameworks. 

 
 

§ 3.2 Results and Discussion 
 

Polymers attached to the CPN exterior greatly affect CPN formation and its 
solubility in different media.11, 12, 20, 26-30 However, previous studies are based on CP-
polymer conjugate mixtures with different number of polymer chains attached.12 The CP-
polymer conjugates are purified via dialysis and there could be some trace amounts of 
chemical impurities. Here we developed purification procedure using Reversed-Phase 
High-Pressure Liquid Chromatography (RP-HPLC) to obtain model CP-polymer 
conjugates with high purity. To ensure the conjugate used contains well-defined 
architecture, PEG with molecular weight 2,000 Da was selected as other molecular 
weights resulted in either incomplete conjugation reaction or difficulty in purification. 
The conjugate purity was confirmed using analytical HPLC and mass spectroscopy 
(Figure 3.1) and the RP-HPLC spectrum of the reaction mixture is shown in Figure A.2.1, 
Appendix. Only a single peak can be observed in Fig. 3.1b), confirming the purity of the 
conjugate. Cylindrical BCP, polystyrene (57 kDa)-block-poly(methyl methacrylate) (25 
kDa) (PS-b-PMMA) was used as the nanoscopic framework to guide CPN growth.  
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Figure 3.1. Characterization of purified KA4-4P2K conjugate. a) MALDI-TOF spectrum 
and b) corresponding RP-HPLC spectrum of the isolated KA4-4P2k, confirming the 
purity of materials used in this study  
 

Thin films ~40 nm thick were prepared from toluene solution with constant BCP 
concentration at 10 mg/mL and varying conjugate concentration to tailor the fraction of 
AK4-4P2K, f. As shown previously, there is a reasonable agreement between the Atomic 
Force Microscopy (AFM) image and High-angle Annular Dark Field-Scanning 
Transmission Electron Microscopy (HAADF-STEM) results in terms of CPN formation 
in thin films.12 Considering the limited area scanned and the time required to obtain high 
quality HAADF-STEM, present studies rely on AFM, in-plane TEM, and Grazing 
Incident Small-angle X-ray Scattering (GISAXS) for structural characterization. Figure 
3.2 shows the AFM and TEM images of thin films containing different fraction of 
AK4-4P2K after thermal annealing at 180°C for 4hr in vacuum. At 0.8 wt%, 
homogeneous morphology is observed where cylindrical PMMA microdomains 
are oriented normal to the substrate. Dark circular areas ~3-5 nm, which are 
confirmed previously to be the PEG-covered CPNs can be seen at the center of 
some PMMA cylinders,12 indicating that only a fraction of PMMA microdomains 
contains CPNs. At 2 or 4 wt%, CPNs are seen in most vertically aligned PMMA 
cylinders. However, there are aggregates of PEG-covered CPNs on the surface for 
both films. At f = 8 wt%, the top-view TEM image shows the film contains a large 
fraction of PEG-covered CPNs laying parallel to the surface. GISAXS was used to 
characterize the in-plane ordering and to quantify the average lateral periodicity 
(Lo). As f increases, the first order peak shifts to a lower Q (scattering vector) 
value, and Lo increases from 38.4 nm for BCP alone, to 39.5 nm and 40.6 nm for 
0.8 and 2 wt%, respectively. This, in conjunction with the AFM results and 
previous HAADF-STEM studies, indicates the incorporation of PEG-covered 
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CPNs in the PMMA cylinders. The diffraction peak also broadens as f increases, 
implying less in-plane ordering. The ordered cylinder morphology is largely lost 
when f >4 wt%, consistent with the TEM result. 

 
Figure 3.2.  AFM phase images of blends of AK4-4P2K conjugate and PS-b-PMMA in 
thin films with f at (a) 0.8 wt%, (b) 2 wt%, (c) 4 wt%, and (d) TEM image at 8 wt%. (e) 
shows the GISAXS profiles of the films. A left-shift in the first order peak position 
indicates the incorporation of AK4-4P2K conjugate. The BCP lateral ordering deteriorates 
for thin films containing 8 wt% AK4-4P2K. 

 
 

A simple model shown in Figure 3.3 is used to investigate the loading limit 
of the system. More than one CPN in one PMMA microdomain is not considered 
here due to high-energy cost to deform PMMA cylinders and rearrangement of 
cylindrical BCPs.31 The critical f value for one PEG-covered CPN per PMMA 
cylinder is ~2.6 wt%. However, aggregates (darker regions) are still seen at 2 wt% 
film (Figure 3.2b). Thus, the aggregation cannot be explained by the CPN loading 
limit within PMMA cylinder alone. 
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Figure 3.3.  Schematic illustrating the estimation of AK4-4P2k loading limit in 
cylindrical BCP. Using a hexagonal prism as a unit cell, the amount of BCP is 
MBCP=ρ·

3 3
2
Lo2·h , where ρ is the density and Lo is the periodicity of the BCP 

respectively, and h is the film thickness. Under the constraint of the hydrogen bond 
distance and known film thickness, each PMMA cylinder contains ~8 cyclic peptides 
stacked vertically.  The amount of AK4-4P2k in the unit cell 
become   MAK4-4P2k =3

h
dH bond

·mAK4-4P2k , in which dH bond = 𝟒.𝟕  Å and mAK4-4P2k is the 
mass of one conjugate molecule. The ratio of the conjugate to the BCP gives an estimate 
of the loading limit ~ 2.6 wt%. 

 

 

Figure 3.4. DLS results of AK4-4P2K conjugates in toluene at various concentrations (a) 
0.08 mg/mL, (b) 0.2 mg/mL, (c) 0.4 mg/mL; and corresponding AFM phase images of 
as-casted AK4-4P2K conjugates in BCP at f = (d) 0.8 wt%, (e) 2 wt%, and (f) 4 wt%, 
respectively. Increasing solution concentration of AK4-4P2K conjugates results in larger 



	
  

	
   56 

aggregates in toluene. The insert of (f) shows the details of the AK4-4P2K aggregates 
consisted of bundles of PEG-covered CPNs.  

Dynamic light scattering (DLS) studies (Figure 3.4) confirm that the AK4-
4P2K conjugates pre-aggregate in toluene prior to thin film formation. The sizes 
increase from ~ 100-400 nm at 2 wt% to ~200-600 nm at 4 wt%. After further 
annealing at 245°C (3.ure 3.5), the CPN aggregates are only partially broken. More 
PEG-covered CPNs are incorporated into PMMA cylinders but defects still remain 
on the surface. Although the study clearly demonstrates the exceptional thermal 
stability of polymer-covered CPNs,11, 12 the surface defects due to CPN 
aggregation are undesirable and need to be eliminated.  

 

                              

Figure 3.5. AFM image of 2 wt% (AK)4-4P2K/PS-b-PMMA blend thermally annealed at 
245°C below the degradation temperature of the BCP matrix. The film remains intact 
with no obvious thermal degradation. Less CPN aggregates are seen on the surface 
comparing to the sample annealed at 180°C (Fig. 3.2b). However, surface defects of lay-
down PEG covered CPNs are not completely broken down. 

 

The CPN aggregation can be attributed to two factors: strong hydrogen bonding 
between CP rings,3 and interactions between the attached polymers and the solvent.20 
Molecular dynamic simulation studies show there are 7-8 pairs of hydrogen bonds 
between CPs,11, 32, 33 which are the main force stabilizing CPN and contributors to the 
insolubility of CPNs in most organic solvents. Polymers covalently attached to the CPN 
exterior can improve solubility and modulate CPN growth.20, 26-28   While toluene, with 
solubility parameter δ=8.9 (calcm-3)-1/2, is good for preparing smooth thin films of PS-b-
PMMA, it is not a good solvent for PEG (δ=9.9), leading to aggregation of PEG-covered 
CPNs in solution.34 DLS studies (Fig. 3.6 a,b) show that benzene (δ=9.1) and chloroform 
(δ=9.2) are more effective in solubilizing AK4-4P2K and reducing the aggregate size 
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down to ~70 nm and ~200-300 nm, respectively. In contrast, poor solvent such as o-
xylene (δ=8.85) results in aggregates of a few micrometers (Fig. 3.6 c). For benzene and 
chloroform, homogeneous as-cast films are obtained at 2 wt% and well-aligned CPNs at 
the center of PMMA cylinder can be seen post thermal annealing (Fig. 3.6 d,e). 

                           

Figure 3.6. DLS results of 0.4 mg/mL AK4-4P2K conjugate solutions in (a) benzene, (b) 
chloroform, (c) o-xylene; and AFM phase images of as-casted and annealed AK4-4P2k 
/BCP blends at f = 2 wt% casted from (d) benzene, (e) chloroform, and (f) o-xylene, 
respectively. Favorable PEG-solvent interactions result in better dispersion of AK4-4P2K 
conjugates in solution. 

 

Although tailoring solvent-polymer interaction is effective, it limits solvent 
selection and benzene is not ideal due to its toxicity. An alternative approach was 
developed to reduce inter-CP hydrogen bonds during thin film fabrication. 
Trifluoroacetic acid (TFA) is one of the very few polar solvents used to dissolve CPs.3, 20, 

26 In prior solution studies, TFA was mixed with polar solvents such as DMF to disperse 
CP or CP-polymer conjugates in solution.20, 35 However, none of these polar solvents are 
suitable for polymer processing, and TFA is incompatible with many organic solvents. To 
overcome the miscibility issue, we developed a simple yet effective route to introduce 
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TFA as co-solvent. The freshly lyophilized AK4-4P2K powder was first exposed to TFA 
vapor and then co-dissolved in toluene with PS-b-PMMA, and the solution remained 
clear. Fourier Transform Infrared spectra (FTIR) of samples pre-/post treatment are 
shown in Fig.3. 7 a. The characteristic peak ~1200 cm-1 corresponding to C-F bond can 
be clearly seen for AK4-4P2K and PEG post TFA exposure. To quantitatively estimate 
the amount of TFA absorbed, 19F Nuclear Magnetic Resonance spectroscopy (NMR) 
was used. Shown in Fig. A.2.3a of the Appendix, using 2,2,2-trifluoroethanol (TFE) as 
reference, 1 mg of AK4-4P2k absorbs ~ 0.394 mg of TFA. Based on FTIR spectra, we 
speculate that PEG chains molecularly absorb TFA, and act as a local TFA reservoir. The 
amount of TFA present is sufficient to prevent CPN aggregation in toluene. The DLS 
result in Fig. 3.4b shows the size of CPN aggregate is ~200 nm in TFA treated toluene, 
while large aggregates ~400 nm are seen in untreated solution. Thermal annealing 
removes most TFA molecules to the level below the detection limit as indicated by the 
disappearance of the C-F peak after heating (Fig. 3.7 a, solid blue trace), and the lack of 
TFA peak in NMR spectrum (Fig. A.2.3 b, Appendix). More importantly, no CPN 
aggregates are seen in the as-cast film (Fig. 3.7 c), and well-aligned CPN channels are 
formed in PMMA cylinders post thermal annealing (Fig. 3.7 d). 

 

 

Figure 3.7. a) FTIR spectra of various samples at room temperature, (b) DLS result of 
0.4 mg/mL AK4-4P2k post TFA treatment in toluene, and (c) AFM images of (b) blended 
with BCP at f=2 wt%. The appearance of the characteristic peak of C-F bond ~1200 cm-1 
indicates the absorption of TFA molecules after exposing to vapor for 2 minutes, which 
are removed by thermal heating. DLS result and AFM images further support the effect 
of TFA in reducing aggregation in toluene, resulting in well aligned CPNs at the center of 
PMMA cylinders after annealing. 
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§ 3.3 Conclusion 
 

Guided growth of organic nanotube in polymeric matrix opens a viable 
route to fabricate sub-nanometer membranes by eliminating the need to control the 
nanotube diameter, length, and vertical alignment. However, CPNs tend to 
aggregate, preventing formation of through channels and compromising the 
membrane quality. Using well-defined CP-PEG conjugate with high purity, we 
systematically investigated the kinetic pathway of co-assembling the conjugate and 
cylindrical BCP in thin films and highlight important parameters to obtain high 
quality membrane. Thermal annealing at 245°C is ineffective in dispersing 
aggregates > 300 nm. Two routes were developed to overcome the membrane 
processing challenges. Using favorable solvents of PEG can reduce conjugate 
aggregation, thus improving the uniformity of vertically aligned CPN. The more 
effective route is to introduce a trace amount of small molecule hydrogen bond 
blocker, such as TFA to interfere with the inter-CP hydrogen bonding. Good 
nanotube dispersion is achieved even using non-optimal solvents for the polymer-
covered nanotubes. The introduction of removable small molecule opens up a 
simple and yet viable route to modulate organic nanotube assembly during the 
fabrication process. 

 
 
 
 

§ 3.4 Experimental 
 

3.4.1 Materials  
 

The linear sequence of octapeptide [D-Ala-L-Lys]4 (KA4) was synthesized 
following the standard 9-fluorenylmethoxycarbonyl (Fmoc) protocols for solid-phase 
peptide synthesis using 2-chlorotrityl chloride resin preloaded with Fmoc-D-Ala-OH. The 
linear peptide was then cleaved from the resin and cyclized head-to-tail using 
propylphosphonic anhydride (T3P) and N,N-Diisopropylehylamine (DIPEA) in DMF. 
Boc-protecting groups on the lysine residues were subsequently removed by 95% TFA to 
expose the free amines.  Carboxylic acid-terminated PEG (Rapp Polymere) was 
conjugated to KA4 by carboxy-amine coupling to the ε−amino groups of lysine residues 
at a mixing ratio of 4 equivalents of PEG to 1 equivalent of cyclic peptide. 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) was used as the coupling reagent and the 
reaction was run in a phosphate buffer solution at pH 6.5. Fmoc-D-Ala-OH, Fmoc-L-
Lys(Boc)-OH, polystyrene-(2-chlorotrityl) resin (loading: 1.5 mmol/g), and 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were 
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purchased from Nova Biochem. 2 Propanephosphonic acid anhydride (T3P) in DMF was 
purchased from Advanced ChemTech. Polystyrene-block-poly(methyl methacrylate) (PS-
b-PMMA) with molecular weight 57K-25K (PDI 1.07) was purchased from Polymer 
Source. Carboxylic acid-terminated poly(ethylene glycol) (PEG) (Mw=2,000 Da, PDI 
1.2) was purchased from RAPP POLYMERE. All reagents were purchased with the 
highest purity and used as received unless otherwise noted. The random copolymers of 
styrene and methyl methacrylate with 2% reactive benzocyclobutene (BCB) [P(S-r-BCB-
r-MMA)] (Mw= 45K PDI 1.3) was provided by T. P. Russell at the University of 
Massachusetts, Amherst. 

3.4.2 Reversed-Phase High-Pressure Liquid Chromatography (RP-HPLC)  

The reaction mixture from conjugation was purified by RP-HPLC (Beckman 
Coulter) to obtain KA4-4P2K with reasonable purity using a C4 column (Vydac 22 mm x 
250 mm) at a flow rate of 8 mL min-1.  Conjugates were eluted with a linear AB gradient, 
where solvent A consisted of water containing 0.1% (v/v) TFA and solvent B consisted 
of acetonitrile (ACN) containing 0.1% (v/v) TFA. A linear gradient of 20 to 65% B over 
45 min was used and the elution was monitored using a diode array detector at 
wavelengths of 200 nm and 220 nm. AK4-4P2K conjugates were eluted at ~55% ACN. 

3.4.3 MALDI-TOF Mass Spectrometry 

The identity and purity of the isolated AK4-4P2K conjugates were verified by 
MALDI-TOF MS using α-cyano-4-hydroxycinnamic acid matrix. Mass spectrum was 
recorded on an Applied BioSystems Voyager-DE Pro. 

3.4.4 Grazing Incident Small Angle X-ray Scattering (GISAXS) 

DLS was performed using Brookhaven BI-200SM at a wavelength of 637 nm 
with the scattering angle at 90°. The solvent used (can’t filter the solution because of the 
aggregation problem) was filtered using 0.1 µm PTFE filters.  

3.4.5 Dynamic Light Scattering (DLS)  

Measurements were performed at beamline 8-ID Advanced Photon Source (APS) at 
Argonne National Lab with x-ray wavelength 1.240 nm.  An X-ray beam was directed at the 
sample at a grazing incident angle slightly above the critical angle of the polymer film. 

3.4.6 Fourier Transfer Infrared Spectroscopy (FTIR)  

FTIR measurements were performed using a Perkin Elmer Spotlight 200 FTIR 
Microscope System. The samples were casted between two NaCl pellets.  
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3.4.7 Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR experiments were performed using Bruker AVQ-400 with 5mm QNP probe. 
Chemical shifts were taken relative to CFCl3 at 0 ppm and D2O was used as the solvent. 2,2,2-
trifluoroethanol was added as the reference to estimate the amount of trifluoroacetic acid in 
solution. 

3.4.8 Thin Film Fabrication  

Si wafers were modified using a random copolymer of styrene and methyl 
methacrylate as described previously.36 A ~ 12-14 nm layer of BCB was deposited onto the 
wafer and subsequently heated to 250°C for 20 minutes to anchor the polymer chains to the 
substrate and also to crosslink the chains randomly. This brush layer was then rinsed with toluene 
three times at 3000 rpm to remove any uncrosslinked chains. AK4-4P2k conjugates and PS-b-
PMMA BCPs were dissolved in toluene at 1 % w/v and the solutions was sonicated for 30 
minutes. Thin films were prepared by spin casting the sonicated solution at 2500 rpm at room 
temperature. For the benzene thin films, the preparation was similar except the solution was spin 
casted at 8000 rpm instead of 2500 rpm. All films were annealed in vacuum for 4 hours and 
slowly cooled down to room temperature by placing the films in a Styrofoam box. A schematic 
outlining the thin film preparation process is included in Figure A.2.2. Freestanding films were 
also prepared for TEM in which the thin films were prepared on special Si wafers with 200nm 
thermal oxide layer. After annealing, the films were immersed in a 5 wt % HF in H2O solution to 
etch away the thermal oxide layer and then transferred to a DI water bath to float the films off the 
substrates. Finally, freestanding films were transferred onto copper grids for TEM measurements. 
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Chapter 4 

 

Interiorly Modified Cyclic Peptide and Its Assembly 
Behavior 
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Partial material has been previously published: 
R. Hourani, C. Zhang, R. Weegen, L. Ruiz, C. Li, S. Keten, B. Helms and T. Xu, JACS, 2011, 
133, 15296-15299 
 
An 8-mer cyclic peptide (CP) with a methyl group projected to the interior has been 
successfully synthesized. The self-assembly of the conjugates is evaluated to gain 
fundamental understandings on the nanotube formation for CPs with non-ideal stacking 
structure. Despite the reduced number of inter-CP hydrogen bonds, both the methyl 
modified CP and its poly(ethylene glycol) (PEG) conjugates form high aspect ratio cyclic 
peptide nanotubes (CPNs) and PEG-covered CPNs respectively. The conjugated PEG 
chains allow further processing of the nanotubes to be compatible with conventional 
polymer processing. The co-assembly of the methyl modified CP conjugates with block 
copolymer in thin films is thoroughly investigated and a general protocol is thus 
developed in co-assembling different cyclic peptide nanotubes with block copolymer 
matrix in thin films. Controlling the kinetic pathway is the critical factor in which good 
dispersion of the conjugates prior to thin film fabrication is required. These studies 
indeed establish the foundation for fabricating membranes containing molecularly 
defined pores with various functionalities for specific separation processes. 
 
 
 

§ 4.1  Introduction 
 

In the previous chapters, we have focused on simple cyclic peptides (CPs) 
consisting of 8-mer cyclo(D-Ala-L-Lys)4 (“AK4”) and its poly(ethylene glycol) (PEG) 
conjugates (“AK4-PEG conjugates”). Great efforts have been made to understand the 
assembly behaviors of this simple AK4-PEG conjugate system in which the self-assembly 
has been systematically investigated in Chapter 2, and the co-assembly with polystyrene-
b-poly(methyl methacrylate) (PS-b-PMMA) in thin films is carefully evaluated in 
Chapter 3. Nevertheless, for applications in transport and membrane technology, 
additional interactions with various chemical species are often needed to facilitate the 
separation process and to enhance the membrane performance.1-5 For example, the NPA 
(Asn-Pro-Ala) motifs in aquaporins (biological protein channels) are speculated to 
facilitate the transport of water through dipole interactions with H2O molecules in 
addition to size exclusion principle.6-9 Thus, although simple CPs fulfill the requirement 
for pore size, there is a need to extend the current simple CPs to specially designed CPs 
to enrich the available library of 1D nanotubes with added functionalities. The focus of 
this chapter is really to take a step further in exploring and assessing the feasibility in 
synthesizing special CPs with functional groups projected inside the CP ring, and 
systematically studying the self-assembly as well as co-assembly of the modified CPs 
under different environments.  

There have been several attempts to modify nanotube interior by incorporating 
artificial amino acids containing cyclohexanes and aromatic rings, or unsaturated amino 
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acids at multiple positions in the primary CP sequence to project a specific chemical 
functionality towards the nanotube interior.10-12 A minimalist approach to synthesize CPs 
with interior functionalities was developed by Dr. Rami Hourani and Mr. Robert van der 
Weegen.13 As an initial demonstration, a methyl group was introduced although other 
functional groups might also be incorporated following the same approach. This was 
achieved by substituting one of the amino acid in the primary 8-mer peptide sequence 
with an aromatic amino acid carrying the desired functionality (methyl). As a result of 
this substitution, the symmetry in the inter-CP hydrogen bonding is broken and the 
estimated number of hydrogen bonds in between two CP rings is reduced from ~ 7.3 to 
~5.9 pairs.13 Nevertheless, we found that the modified CP subunits still self-assembled 
into large aggregates with sizes in the micrometer range, similar to what has been 
observed for unmodified CPs.13-17 Two PEG chains had been successfully conjugated to 
the methyl-modified CP so that the assembly process can be tuned and controlled. The 
conjugated PEG chains not only break the lateral aggregations of methyl-modified CPs to 
individual PEG covered cyclic peptide nanotubes (CPNs),18 but also serve to direct and 
modulate the growth of the nanotubes in a more controllable manner.19-22  

The co-assembly of methyl-modified CP-PEG conjugates and block copolymer 
(BCP) in thin films was also systematically investigated. It is found that the co-assembly 
of the methyl-modified CP is similar to its unmodified counterpart in which the process is 
governed by both thermodynamic and kinetic contributions. A general protocol can 
therefore be developed for co-assembling different cyclic peptides and BCP matrix in 
thin films. Thermodynamically, there exists a loading limit of a maximum of one 
nanotube in one cylindrical microdomain whereas excessive conjugates in the form of 
PEG covered nanotubes tend to aggregate to the free surface, resulting in defects at the 
polymer/air interface.  Kinetically, ensuring good dispersion of CP-polymer conjugates is 
required prior to thin film fabrication because the co-assembly is pathway dependent. 
Therefore, a careful selection of processing solvents needs to be evaluated before casting. 
However, due to the differences in chemical nature and solubility, the introduction of 
hydrogen bonding blocker (i.e. small molecules) is less effective in preventing pre-
aggregation of the conjugates comparing to the unmodified CP system in toluene. 
Nevertheless, a combination of introduction of hydrogen bond blockers coupled with 
greater driving force of higher annealing temperature can be used to achieve 
homogeneous thin film morphology of well-aligned nanotubes. From the knowledge 
gained in these studies and from previous investigations, we have derived that there are 
two pre-requisites for successful co-assembly process, namely the thermodynamic 
loading limit and kinetic pathway due to CP aggregation. This general protocol indeed 
establishes the foundation for co-assembling cyclic peptides and block copolymers, and 
can be extended to other systems for the fabrication of high quality membranes with 
various functionalities for different separation processes.  
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§ 4.2  Methyl-modified Cyclic Peptide and Conjugates 
 
 

Before the detailed discussion about the interiorly modified cyclic peptide, I 
would like to emphasize that this study was a collaborative effort between previous group 
member, Dr. Rami Hourani, Mr. Robert van der Weegen and me. In particular, Dr. 
Hournani had developed this minimalist approach of incorporating an artificial subunit 
with methyl functionality in the linear peptide sequence. All the synthetic work was 
performed by Dr. Hournani and Mr. van der Weegen with structural characterization 
using various techniques including molecular simulation, and my contribution is mainly 
focused on the investigation of the assembly behavior of the modified cyclic peptides and 
its conjugates. Detailed work was published in Journal of American Chemical Soceity, 
2011, 133, 15296-15299.  I would like to express my great appreciation to Dr. Hournani 
for providing me the modified cyclic peptide for my subsequent studies.    

The L-Leu in the primary sequence of a prototypical 8-mer CP sequence cyclo(L-
Lys-D-Ala-L-Leu-D-Ala)2 (“8CP”) was substituted by a single aromatic amino acid, 3-
amino-2-methylbenzoic acid (γ-Mba-OH). The detailed synthesis is outlined in Section 
4.5.2 and the chemical analysis is presented in Figure A. 3.1 of the Appendix. The 
chemical structure of the Mba-modified cyclic peptide, cyclo(L-Lys-D-Ala-L-Leu-D-Ala-
L-Lys-D-Ala-γ-Mba-D-Ala) (“Mba-8CP”), is also shown (Figure 4.1 a and b) for 
comparison. Molecular dynamics (MD) simulations were carried out to compare the 
structure and stability of the assemblies of Mba-8CP and the unmodified 8CP. The 
simulations were performed using the COMPASS force field. Top-views and side-views 
of the equilibrated structures obtained from MD simulations are shown in Figure 4.1 c-f). 
For Mba-8CP, due to the substitution of the γ-Mba subunit, the methyl group is forced to 
be presented to the interior of the pore. This mutation reduces the radius of the nanotube 
to ~4.7 Å (Figure 4.1 c), a 38% reduction in size from ~7.6 Å pore size for the 8CP 
nanotube (Figure 4.1 d). The aromatic rings of γ-Mba-OH are oriented to one side of the 
nanotube, implying the methyl groups are stacked along the nanotube with slight tilts. 
The lateral views (Figure 4.1 e and f) of the formed nanotubes showed that the mutation 
disproportionately elongates the ring structure and disrupts the symmetry of its backbone 
amide bonds. This affects the carbonyl and amide groups which hydrogen bond in an  
anti-parallel fashion for 8CP without the mutation. As a result, the number of hydrogen 
bonds between adjacent cyclic peptide rings is reduced from an average of 7.3 hydrogen 
bonds for 8CP to 5.9 for Mba-8CP. The average inter-ring distance is ~4.8 Å in both 
cases (Appendix, Figure A. 3.3). 
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Figure 4.1. Chemical structures of (a) Mba-8CP and (b) its conventional analogue 8CP; 
Snapshots of equilibrium structures calculated from molecular dynamics (MD) 
simulations, showing cross-sectional (c, d) and lateral (e, f) views of Mba-8CP and 8CP 
nanotubes respectively.  The radii of Mba-8CP and unmodified 8CP are ~4.7 and 7.6 Å, 
respectively. 

 

Based on the understandings from the self-assembly behavior of unmodified 
cyclic peptide and its conjugates (Chapter 2), we know that the strength of inter-CP 
hydrogen bonding is the critical driving force for nanotube formation. Therefore, it is 
important to ensure the reduction of hydrogen bonding pair for Mba-8CP does not 
compromise the formation of high aspect ratio nanotubes. A systematic investigation was 
therefore performed on the self-assembly of the modified Mba-8CP, and its PEG 2-arm 
conjugates, Mba-2P2k to evaluate the inter-CP hydrogen bonding strength. Fourier 
Transformed Infrared spectroscopy (FTIR) was therefore performed on Mba-8CP and 
Mba-2P2k conjugates to confirm the intermolecular hydrogen bonds in forming β-sheet 
structures. The amide A band peak at 3282.3 cm-1 for Mba-8CP and at 3286.2 cm-1 for 
Mba-2P2k conjugates at 30 °C both verify the formation of inter-CP hydrogen bonding 
for both systems, and therefore nanotube formation. However, the amide A band peaks 
for the methyl-modified CP and its conjugate are shifted to higher wavenumbers than 
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their unmodified CP counterparts (i.e. AK4 and AK4-2P2k), in which the peak positions 
are 3275.1 cm-1 for AK4 and 3275.3 cm-1 for AK4-2P2k conjugates respectively (Figure 
2.1 of Chapter 2). This is a reflection of weakened inter-CP hydrogen bonding as a result 
of the mutation in the primary CP structure. Moreover, the difference between the naked 
CP and 2-arm PEG conjugates for the methyl-modified system is ~ 20 folds larger than 
the unmodified system (3.9 cm-1 vs. 0.2 cm-1), indicating less stable nanotube structure 
due to weakened inter-CP hydrogen bonds. Nevertheless, similar temperature dependence 
is observed since the driving force of inter-CP hydrogen bonding for nanotube formation 
is the same in both cases. Upon heating, the amide A band peak position shifts to higher 
wavenumber, demonstrating the weakening of the inter-CP hydrogen bonds as hydrogen 
bonds are sensitive to thermal perturbation. Upon cooling, reformation of hydrogen 
bonds is seen as indicated by the change of the amide A band peak back to lower 
wavenumber. The observed thermoreversibility for both Mba-8CP and Mba-2P2k 
conjugates indeed allows further processing of the methyl-modified nanotubes to be 
compatible with conventional polymer processing. 

               

Figure 4.2.  Plots showing the Amide A band peak wavenumbers of Mba-8CP and Mba-
2P2k conjugates as a function of temperature. Samples were prepared by casting on the 
NaCl plates from DMF solutions and kept under vacuum with desiccant overnight at 25 
oC. Changes in the Amide A band peak position to higher wavenumbers indicate the 
weakening of the inter-CP hydrogen bonding upon heating. Thermoreversibility of 
hydrogen bonding is observed for both the Mba-8CP and the 2-arm PEG conjugate.   

 

Upon spin casting onto silicon substrate with ~2 nm native oxide layer, both the 
Mba-8CP and Mba-2P2k conjugates would form high aspect ratio CPNs and PEG 
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conjugated-CPNs (called “pc-Mba-CPNs”) as shown in Figure 4.3 a) and b). In this case, 
tetrahydrofuran (THF) was used to process CPs and the conjugates because of proper 
solubility. No obvious difference in nanotube sizes were seen for the conjugates casted at 
different spinning speeds, as demonstrated in Figure A. 3.5 of the Appendix. This is 
probably due to very fast removal rate of THF. The AFM results again confirm that the 
driving force for nanotube formation, i.e. the remaining ~6 pairs of hydrogen bonds, is 
strong enough to overcome the mutation in the Mba-8CP sequence so that the subunits 
could stack to form a tubular structure. Similar to the unmodified counterpart, PEG 
conjugation prevents lateral aggregation of the naked CPs as individual PEG covered 
nanotubes~ 5 nm can be seen with lengths ~ 50-150 nm in Figure 4.3b), whereas bundles 
of bare nanotubes with lengths ~ 500-1000 nm are seen for naked Mba CPNs in Figure 
4.3a). Furthermore, the conjugated PEG chains also improve the overall solubility of the 
conjugates in many organic solvents, making further processing possible.  

Like the unmodified AK4 system, the conjugated PEG arms indeed allow further 
manipulation of the growth of pc-Mba-CPNs due to the added interactions between the 
PEG chains with the environment. In addition to the entropic penalty of confining the 
PEG arms to the inter-CP hydrogen bonding distance of ~ 4.7 Å,13 movements of PEG 
chains can potentially cause more interruption to the nanotube structure compare to the 
AK4 system because the overall inter-CP hydrogen bonding is reduced. Inspired by 
conventional treatments for polymer processing, solvent annealing was performed to the 
Mba-2P2k conjugates. From Figure 4.3 c), it is clear that longer Mba-pc-CPNs are 
broken down into shorter nanotubes/tubelets after THF solvent treatment. It is speculated 
that under high THF vapor, the PEG chains likely would be in a rubbery state in which 
the chain mobility is very high. The movement of the PEG chains acts as an opposing 
force to the inter-CP hydrogen bonding, destabilizing the nanotube structure. 
Furthermore, polar THF molecules may directly interact with the hydrogen bonding and 
reduce the number of effective hydrogen bonds, similar to the function of hydrogen 
bonding blocker (trifluoroacetic acid) as described in Chapter 3. A combined effect of 
these two destabilizing contributions cause long pc-Mba-CPNs being broken down into 
shorter tubelets < 20 nm under the influence of THF molecules. The capability to 
manipulate the length of the nanotubes is critical in future processing of these nanotubes 
with block copolymers for the fabrication of sub-nm membranes with functionalized 
transport channels. 

 Remarkably, due to the reversibility of hydrogen bonding, longer nanotubes can 
be reconstructed from the shorter fragments through the reformation of inter-CP 
hydrogen bonds on solid support. As shown in Figure 4.3 d), upon thermal annealing 
followed by slow cooling, high aspect ratio pc-Mba-CPNs can be indeed re-grown. It is 
speculated that the added thermal energy gives the PEG chains enough mobility to move 
around and slow cooling allows the building blocks to adjust and orient in the right 
direction, resulting in the re-formation of inter-CP hydrogen bonds and therefore long 
aspect ratio nanotubes. This reversible transition indeed enables one to modulate and 
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manipulate the nanotube formation to be compatible with polymer processing window, 
which is needed for membrane fabrication.  

    

 

Figure 4.3. AFM images of a spin-casted 0.1 mg/mL THF solution of a) Mba-8CP, b) 
Mba-2P2k conjugates, c) sample b) treated with THF vapor, and d) sample (c) heated to 
80 °C for 1 hr and slowly cooled down to room temperature. Bundles of high aspect ratio 
Mba nanotubes of ~500-1000 nm in length are broken down to individual polymer 
covered nanotubes with much lower aspect ratio through PEG conjugation. Reversible 
growth of high aspect ratio Mba-pc-CPNs can be achieved using a combination of 
solvent annealing and thermal annealing. 

 
 

The results from Chapter 2 reveal that the growth of PEG conjugated CPNs can 
be indeed tuned and modulated via two simple approaches without additional annealing 
process, i.e. varying the position of the PEG arms and/or varying the solution 
concentration.  Since the underlying thermodynamics of nanotube formation does not 
differ much for the methyl-modified CPs, similar behavior is expected for the Mba-PEG 
conjugates. Due to difficulty in purification, the position of the PEG arm was not 
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evaluated. However, by varying the solution concentration of Mba-2P2k conjugates, 
useful information about the growth of methyl modified CPNs could still be extrapolated. 
Figure 4.4 shows the phase-contrast AFM images of Mba-2P2k conjugates spin-cased 
from THF from 15 µM and 30 µM solutions respectively. The average length of pc-Mba-
CPNs is ~ 29.7 ± 18.9 nm for 15 µM, and ~ 67.7 ± 31.4 nm for 30 µM. Similar to the 
unmodified AK4-PEG systems, the growth of pc-Mba-CPNs is directly related to the 
solution concentration. However, the length for the modified CPN tends to be shorter 
than its unmodified counterpart. There are two speculated reasons for the observed 
difference. First, the driving force for nanotube formation is reduced for the case of Mba-
2P2k since the effective number of inter-CP hydrogen bonds is decreased due to the 
mutation in the CP sequence. Additionally, the entropic penalty associated with 
conjugated PEG chains is likely to be higher for Mba-2P2k since the stacking of the 
Mba-8CP results in PEG chains in close proximity with one another from the adjacent 
CPs according to our simulation result (Figure 4.1 c). The combined effect from lower 
driving force and higher entropic penalty likely will result in shorter pc-Mba-CPNs. 
Another possible reason for shorter nanotubes may be due to the casting solvent. Toluene 
was used as the casting solvent for AK4-PEG systems, whereas THF was used for Mba-
2P2k conjugates. Being a much volatile solvent, THF evaporates much faster than 
toluene, allowing less time for nanotube formation. Due to the dynamic nature of CPN 
formation, slight difference in solvent removal rate may result in differences in the 
growth of CPNs, hence the nanotube length. Nevertheless, similar concentration 
dependence is observed for both cases, indicating that the growth of polymer covered 
CPNs can be indeed tuned and modulated just like the unmodified AK4 system. 

Through systematic investigation on the self-assembly of Mba-8CP and Mba-
2P2k conjugates, and comparison with the unmodified AK4 and AK4-PEG systems, we 
do have a basic understanding of the behavior of the resultant nanotubes or PEG-covered 
nanotubes with a functional group inside the pore. Although the mutation in the primary 
CP sequence causes a reduction in the effective number of inter-CP hydrogen bonds, the 
formation of nanotubes and PEG-covered nanotubes are similar to the unmodified 
counterparts, and specifically the growth process for the PEG-covered nanotubes can be 
tuned and modulated. While solution concentration is one parameter that we can play 
with to modulate the length of the nanotubes, conventional techniques compatible with 
polymer processing such as solvent annealing and thermal treatment can be applied to the 
Mba-2P2k conjugates to manipulate the length of the nanotubes. These conclusions and 
studies are critical for subsequent investigations to assess the feasibility of fabrication 
membranes containing interiorly functionalized sub-nanometer channels via co-assembly 
the modified CPNs with block copolymer matrix in thin films.  
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Figure 4.4. AFM phase images and corresponding statistic length analyses of PEG 
covered Mba-CPNs spin casted from THF solutions at a) 15 µM and b) 30 µM.  

 

§ 4.3  Co-assembly in Block Copolymer Thin Films 
 

 
As discussed earlier in Chapter 3, the guided co-assembly of cyclic peptide-

polymer conjugates and block copolymer (BCP) in thin films is a viable approach to 
fabricate sub-nanometer porous membranes containing high-density arrays of through 
channels. The study on unmodified cyclic peptide-PEG conjugates indeed allows us to 
have a basic understanding of the factors affecting the co-assembly process of the 
conjugates and BCP in thin films and set the foundation for processing the cyclic peptide 
nanotubes in BCP framework to make membranes for various applications. With the 
successful synthesis of the interiorly modified cyclic peptide, we can now move one step 
further to possibly have a library of different functional groups inside the nanotube 
channel to facilitate the overall transport across the membrane.  

From previous section on the self-assembly of Mba-8CP and Mba-2P2k systems, 
we know that the effective number of hydrogen bonds between two CP rings is reduced 
to ~ 5.9 pairs. This may be advantageous for co-assembling Mba-2P2k conjugates with 
BCP as the tendency for disfavored pre-aggregation in solution is reduced. However, the 
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overall solubility of the Mba-2P2k conjugates in processing solvents such as toluene is 
being compromised as only 2 PEG chains were conjugated to the Mba-8CP, whereas 4 
PEG chains were conjugated to AK4 system for the investigations on the co-assembly 
process described in chapter 3. Different number of PEG chains will affect how different 
conjugates behave in solution and/or interact with the BCP matrix. Therefore, it is 
important to investigate the co-assembly of the Mba-2P2k conjugates and cylinder-
forming polystyrene-b-poly (methyl methacrylate) (PS-b-PMMA)  in thin films alone and 
to develop a specific processing condition for various cyclic peptides due to the slight 
differences in the chemical nature and the nanostructures. 

Pre-aggregation of CPNs in solution prior to thin film fabrication has been shown 
to be the biggest challenge preventing the formation of high-quality membranes suitable 
for separation. Thus, systematic studies have been performed to the Mba-2P2k conjugates 
targeting the two contributors to the preaggregation separately. The first parameter of 
solvent quality was tested by dissolving Mba-2P2k conjugates in a number of organic 
solvents and study their solution behaviors. In this case, THF was not selected due to 
poor processability of PS-b-PMMA although it dissolves Mba-2P2k conjugates 
reasonably well and was used for the previous self-assembly studies. Dynamic light 
scattering (DLS) was used to gauge the extent of CPN aggregation and the results are 
presented in Figure 4.5. Similar to the case of the unmodified  
AK4-4P2k conjugates, toluene with solubility parameter δtoluene=8.9 (calcm-3)-1/2 is a poor 
solvent for PEG (δPEG=8.9 (calcm-3)-1/2) and therefore Mba-2P2k conjugates aggregate 
strongly in toluene with sizes beyond 1 µm (Figure 4.7c). In comparison, chloroform and 
benzene with solubility parameter δchloroform=9.2 (calcm-3)-1/2 and δbenzene= 9.1 (calcm-3)-1/2 
respectively can disperse Mba-2P2k conjugates reasonably well with most conjugate 
sizes ~ 100-200 nm. Despite the reduced number of hydrogen bonds for Mba-8CP in 
comparison to unmodified CP, the tendency for Mba-2P2k conjugates to aggregate in 
solution is still very strong, possibly due to reduced number of PEG arms as the average 
size of AK4-4P2k conjugates in benzene is only ~ 70 nm (Figure 3.6, Chapter 3). With 
only 2 PEG chains conjugated, not only the overall solubility of the conjugate is reduced, 
the entropic penalty due to PEG chain deformation in destabilizing the nanotube structure 
is also lowered. The combined effect of lower solubility and lower entropic penalty 
compromises the reduced hydrogen bonds, resulting in preaggregation of Mba-2P2k 
conjugates in non-favorable solvents such as toluene. 
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Figure 4.5. DLS results of 0.1 mg/mL Mba-2P2k conjugates in a) chloroform, b) 
benzene, and c) toluene. Good solvents for PEG such as chloroform and benzene can 
disperse the conjugates reasonably well, while large aggregates > 1 µm are seen in poor 
solvent toluene. 

  

Nevertheless, CPN aggregates can be broken upon heating. Thermal annealing 
treatment during membrane fabrication process has been shown to break some of the 
aggregations for AK4-4P2k conjugates. With reduced hydrogen bonding strength for 
Mba-2P2k conjugates, some aggregation may be tolerated by the system. Therefore, thin 
films were fabricated using both good and poor solvents and the morphologies of the 
annealed films were characterized by atomic force microscopy (AFM) shown in Figure 
4.6. At 1 wt% loading, homogeneous thin films with mostly well-aligned Mba-CPNs 
inside the PMMA microdomains oriented normal to the surface can be obtained using 
good solvent chloroform and benzene (Figure 4.6 a) and b). This result reveals several 
important pieces of information about the interiorly modified CPN/BCP blends. Firstly, 
with only 2 PEG chains, the net result of unfavorable interaction between PEG and PS 
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and the favorable interaction between PEG and PMMA is sufficient to sequester Mba-
2P2k conjugates at the center of PMMA microdomains, similar to the case of AK4-4P2k 
conjugates. Secondly, thermoreversibility of inter-CP hydrogen bonding allows the 
nanotubes to be re-grown within the PMMA microdomains, resembling the self-assembly 
behavior of Mba-2P2k conjugates as shown in Figure 4.3 d). Lastly, despite of slightly 
larger sizes of conjugates in solution prior to thin film fabrication (~ 100-200 nm, Figure 
4.5 a) and b), thermal annealing at 180 °C provides sufficient driving force to break 
larger conjugates and to sequester them in the PMMA microdomains, leading to 
homogeneous thin film morphology. In contrast, AK4-4P2k system with stronger inter-
CP hydrogen bonding only allows conjugates < 100 nm to be dispersed well in the matrix 
(Figure 3.6, Chapter 3). The reduction in the number of inter-CP hydrogen bonds 
compensates for the reduced number of conjugated PEG chains, even slightly broadens 
the processing window for Mba-2P2k/PS-b-PMMA system. 

However, when the conjugate sizes are beyond the limit of the thermal energy in 
breaking large aggregates into smaller pieces, defects of lay-down nanotubes can be seen 
at the polymer/air interface as seen for the thin film processed from toluene solution 
(Figure 4.6 c). This reflects our previous finding that controlling the kinetic pathway of 
pre-aggregation in solution is indeed a critical factor in ensuring the membrane quality 
and integrity. Since both chloroform and benzene can disperse the Mba-2P2k conjugates 
reasonably well, chloroform with lower toxicity was used as the preferred solvent to 
fabricate thin films. In order to better characterize the morphology of the thin films, Fast-
Fourier Transform (FFT) was performed to all the AFM images and the results are shown 
as the insets. By back calculating the radii of the circles, the average periodicities for all 
the samples are obtained as the following: 39.87 nm for a), 39.93 nm for b), and 42.53 
nm for c). Comparing all the 1 wt% thin films, the periodicity of the toluene sample is 
much larger than the chloroform and benzene samples, likely due to the surface defects. 
Moreover, the FFT circle for toluene sample is more diffused in terms of the thickness, 
indicative of less ordering in the nanostructure. Homogeneous thin films can be obtained 
using favorable solvents such as chloroform and benzene, which show very similar 
periodicity without much pre-aggregation. When loading goes beyond the critical value 
of one CPN in one PMMA cylinder (i.e. ~1.3 wt%), surface defects of lay-down 
nanotubes can be seen clearly at the polymer/air interface as shown in Figure 4.8 d). FFT 
of d) gives a periodicity of 41.10 nm, slightly larger than the 1 wt% sample. Similar to the 
case of the toluene sample, overloading causes surface defects of lay-down nanotubes 
and less ordering of the nanostructure as indicated by the thickness of the FFT circle. 
From the past experience in structural characterization and agreement among the results 
obtained different techniques such as AFM, transmission electron microscopy (TEM), 
and x-ray scattering, AFM results are very accurate in depicting the surface morphology 
of the thin films, and in-plane information can then be deduced. Combing the results from 
Figure 4.6 and our understandings on the co-assembly of the unmodified AK4-4P2k and 
PS-b-PMMA blends, we tentatively conclude that the co-assembly of methyl-modified 
CP-PEG conjugates and PS-b-PMMA in thin films is similar to the case of unmodified 
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AK4-4P2k conjugates in which both thermodynamic and kinetic factors are important to 
ensure thin film morphology and membrane quality. 

 
 
             

 
 
Figure 4.6. AFM phase images of Mba-2P2k co-assembled with PS-b-PMMA at a) 1 
wt% casted from chloroform solution, b) 1 wt% casted from benzene solution, c) 1 wt% 
casted from toluene solution, and d) 2 wt% casted from chloroform solution. The inset 
shows the FFT of each of the AFM images. The co-assembly process for methyl 
modified CP is similar to the unmodified CP in which the thermodynamic loading limit 
of 1.3 wt%, as well as the kinetic pathway dependence of pre-aggregation of conjugates 
in solution are both observed.   

In Chapter 3, another more effective strategy of using hydrogen bonding blockers 
was developed to disperse the conjugates in non-favorable solvent so that the kinetic 
pathway can be carefully controlled. The same method was applied to Mba-2P2k 
conjugates to evaluate the effectiveness of this alternative route of introducing hydrogen 
bond blocker of trifluoroacetic acid (TFA). Experimentally, freshly lyophilized Mba-
2P2k conjugates powder was exposed to TFA vapor for 2 minutes. Subsequently, 
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appropriate amount of PS-b-PMMA in toluene was added and the solution mixture was 
sonicated for 30 minutes before spin casting the thin films. We highly speculate that TFA 
molecules are absorbed to the conjugates and interact with the amide groups on the CP 
backbone, interrupting the formation of inter-CP hydrogen bonding and preventing pre-
aggregation of the conjugates in toluene. This hypothesis can be supported by evaluating 
the sizes of the conjugates in toluene before and after TFA treatment. Shown in Figure 
4.9 a), DLS result reveals that the sizes of Mba-2P2k conjugates are reduced by more 
than 50% to less than 500 nm post TFA exposure while the untreated conjugates 
aggregate beyond 1 µm (Figure 4.7 c). Better dispersion in solution results in more 
homogeneous morphology of the thin film after annealing in which most of the Mba-
2P2k conjugates are well aligned in the center of the PMMA microdomains (Figure 4.9 
b). However, a few defects of lay-down nanotubes are still seen at the free surface. This 
is because there still exist conjugates with sizes around 400-500 nm in toluene and 
thermal annealing at 180 °C is insufficient to break aggregates with these sizes. Although 
the strength of the inter-CP hydrogen bonding is reduced for Mba-2P2k, other factors 
compromise the reduced number of hydrogen bonds and therefore similar TFA treatment 
becomes less effective comparing to AK4-4P2k system. Looking at the DLS results alone 
pre-/post TFA treatment for Mba-2P2k (Figure 4.6 c) and 4.7 a) and AK4-4P2k 
conjugates (Figure 3.7), the sizes of the aggregates are reduced by 50% for both cases. 
We speculate that while the inter-CP hydrogen bonds are weaker for Mba-2P2k 
conjugates, less TFA molecules are absorbed since only 2 PEG chains are attached. In 
addition, the overall solubility of Mba-2P2k conjugates in toluene is much lower 
comparing to AK4-4P2k conjugates as indicated by the aggregate size in pure toluene. 
The subtle differences in the solubility and conjugated PEG chains result in TFA 
treatment being more effective for AK4-4P2k/BCP blends. While simple TFA vapor 
exposure alone does not completely prevent preaggregation of the conjugates in toluene, 
higher temperature thermal treatment may provide extra energy needed to break the 
aggregates and to disperse smaller fragments well in BCP. As shown in Figure 4.9 c), 
when thermal annealing was performed at 245 °C to TFA treated Mba-2P2k/BCP blends, 
well-aligned nanotubes can be incorporated at the center of the preferred PMMA 
microdomains. These results demonstrate that the processing window varies for different 
CP systems as the strength of inter-CP hydrogen bonding, the solubility of the conjugates 
in casting solvent, the amount of TFA molecules absorb would vary according to the 
structure of individual CP-PEG conjugates. Thus, it is important to make adjustments 
accordingly even though the underlying principle of co-assembly remains the same. 
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Figure 4.7. a) DLS of TFA vapor treated Mba-2P2k conjugates in toluene at 0.1 mg/mL, 
b) AFM of TFA vapor treated 1 wt% Mba-2P2k/ BCP blends thermally annealed at 180 
°C, and c) AFM image of b) thermally annealed at 245 °C.  

 

 

§ 4.4  Conclusion 
 

In summary, interiorly modified cyclic peptide was successfully synthesized by 
incorporating an artificial amino acid in the primary peptide sequence. The mutation 
results in reduced number of intermolecular hydrogen bonds, but sufficient for nanotube 
formation. Self-assembly of the modified cyclic peptide and its conjugates was 
thoroughly investigated, in which polymer conjugation enables further processing of the 
nanotubes. The co-assembly process of the conjugates was also carefully revealed, where 
the behavior of the conjugates is generally similar to its unmodified counterpart with 
subtle differences in processing window for the two systems. There is a thermodynamic 
loading limit of one nanotube in each cylindrical microdomain, and the co-assembly is 
pathway dependent where good dispersion of the conjugates in solution prior to thin film 
fabrication is required. From the systematic investigations on both the unmodified AK4 
system and methyl modified Mba system, a general protocol in co-assembling different 
cyclic peptides with PS-b-PMMA in thin films can be drawn to make membranes with 
various functionalities. Controlling the kinetic pathway is the critical factor in ensuring 
homogeneous film morphology and good membrane quality. Good dispersion of CP-
polymer conjugates in solution in required and this can be achieved by careful selection 
of the solvent system, TFA vapor absorption, high thermal annealing temperature, and/or 
a combination of the three. This general protocol of controlling kinetic pathway and 
loading estimation sets the foundation for fabricating membranes with different cyclic 
peptides, enabling one to explore the transport behavior of membranes made from 
different cyclic peptides with various functionalities for specific applications.  
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§ 4.5  Experimental 
 

4.5.1 Materials 
Fmoc-D-Ala-OH, Fmoc-L-Lys(Boc)-OH, Fmoc-L-Leu-OH, polystyrene-(2-

chlorotrityl) resin (loading: 1.5 mmol/g), and 2-(6-Chloro-1H-benzotriazole-1-yl)-
1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU) were purchased from Nova 
Biochem. 3-amino-2-methylbenzoic acid (B), Carboxylic acid-terminated polyethylene 
glycol (PEG) (CH3-PEG-NHCOCH2CH2COOH) (Mw=2000 g/mol) were purchased from 
Rapp Polymere. PEG-covered CPNs of Mba-8CP and unmodified 8CP were synthesized 
using 2 equivalents of PEG to the 1 equivalent of the cyclic peptide. 2-
Propanephosphonic acid anhydride (T3P) in 50/50 DMF, N,N-Diisopropylehylamine 
(DIPEA), ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-(9-
fluorenylmethoxycarbonyloxy)succinimide (Fmoc-OSu), and all other reagents were 
purchased from Sigma Aldrich without further purification. All solvents used were of 
HPLC grade. Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) with 
molecular weight 57K-25K (PDI 1.07) was purchased from Polymer Source. The random 
copolymers of styrene and methyl methacrylate with 2% reactive benzocyclobutene 
(BCB) [P(S-r-BCB-r-MMA)] (Mw= 45K PDI 1.3) was provided by Prof. T. P. Russell at 
the University of Massachusetts, Amherst.  

4.5.2 Synthesis of Mba-8CP  
The synthesis of Mba-8CP was performed by Dr. Rami Hourani and Mr. Robert 

van der Weegen and details are outlined in reference [13]. The substituting subunit of 
Sy3-(9-Fluorenylmethyloxycarbonyl)amino-2-methylbenzoic acid (Fmoc-γ-Mba-OH) 
was prepared from 3-amino-2-methylbenzoic acid and N-(9-
fluorenylmethoxycarbonyloxy) succinimide (Fmoc-OSu) in 80% yield in large quantities 
(~ 2g). The synthesis of Mba-8CP is very similar to the unmodified AK4 in which 
standard Fmoc solid phase peptide synthesis was first performed to obtain the linear 
peptide sequence, followed by cleavage of the linear peptide from 2-chlorotrityl chloride 
resin and head-to-tail cyclization at high dilution using propane phosphonic acid 
anhydride (T3P) in DMF (85% yield). After deprotection of the Boc groups on the lysine 
to expose the free amine groups, the crude materials were purified using preparative 
HPLC in an overall yield of 30%. A through-space 2D NOESY experiment was carried 
out to determine the orientation of the substituent at the 2-position of the aromatic amino 
acid in the modified CP (Appendix Figure A.3.2). The methyl group of γ-Mba-OH at δ 
2.19 ppm showed distinctive through-space interactions with each of the amide 
resonances in the CP backbone between 7.80 and 9.20 ppm. This correlation was absent 
for the aromatic protons, except for the two neighboring amide protons on either side of 
the aromatic ring. These results confirmed that the methyl group was directed towards the 
inside of the CPN, while the aromatic protons were outwards. Thus, by simply inserting 
this single aromatic amino acid into the primary sequence of the cyclic peptide 8-mer, its 
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associated functional groups were presented in the interior of the nanotubes without 
compromising the formation of high aspect ratio assemblies. PEG conjugation was 
performed following a similar procedure outlined in Section 2.4.2, chapter 2. 

4.5.3 Reversed-Phase High-Pressure Liquid Chromatography (RP-HPLC)  

The reaction mixture from PEG conjugation was purified by RP-HPLC (Beckman 
Coulter) to obtain Mba-2P2k with high purity using a C4 column (Vydac 22 mm x 250 
mm) at a flow rate of 8 mL min-1. A linear AB gradient, where solvent A consisted of 
water containing 0.1% (v/v) TFA and solvent B consisted of acetonitrile (ACN) 
containing 0.1% (v/v) TFA was used. Conjugates were eluted with a gradient of 20 to 
65% B over 45 min and the elution was monitored using a diode array detector at 
wavelengths of 200 nm and 220 nm. Mba-2P2K conjugates were eluted at ~54% ACN. 

4.5.4 MALDI-TOF Mass Spectrometry 
The identity and purity of the isolated Mba-2P2K conjugates were verified by 

MALDI-TOF MS using α-cyano-4-hydroxycinnamic acid matrix. Mass spectrum was 
recorded on an Applied BioSystems Voyager-DE Pro. 

4.5.5 Fourier Transfer Infrared Spectroscopy (FTIR)  
FTIR measurements were performed using a Perkin Elmer Spotlight 200 FTIR 

Microscope System. The samples were casted between two NaCl pellets. The heating 
experiments were performed with a ramping rate of 10 °C/min and readings were 
collected 5 minutes after reaching the targeted temperature.  

4.5.6 Dynamic Light Scattering 

DLS was performed using Brookhaven BI-200SM at a wavelength of 637 nm 
with the scattering angle at 90°. The solvent used was filtered using 0.1 µm PTFE filters.  

4.5.7 Co-assembly Thin Film Fabrication  

Si wafers were first modified using a random copolymer of styrene and methyl 
methacrylate with 2% reactive benzocyclobutene (BCB) [P(S-r-BCB-r-MMA)] (Mw= 
45k Da, PDI=1.3,provided by T. P. Russell at the University of Massachusetts, 
Amherst).23 Thin films were fabricated according to the previously described methods 
(Chapter 3, Section 3.4.8), in which appropriate amount of freshly lyophilized powders of 
Mba-2P2k conjugates were added to stock solutions of PS-b-PMMA in various solvents 
right before thin film fabrication. To ensure proper thin film thickness, the solution 
concentrations for PS-b-PMMA in toluene and in chloroform were 10 mg/mL and 6 
mg/mL respectively. After obtaining the thin films, thermal annealing in vacuum was 
performed immediately for 4 hours at 180 °C, followed by slow cooling by turning off 
the vacuum oven.  
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Cyclic peptide nanotubes offer unique advantages of precise control over nanotube size, 
versatility in synthesis and post modification, compatibility with polymeric materials, and 
processability with conventional fabrication techniques, thus suitable to be used as 
nanochannels for various transport processes. Gas transport and ion transport have been 
performed to membranes consisting of block copolymer matrix and cyclic peptide 
nanotubes with and without interior functional groups. In ion transport, the presence of 
well-aligned nanotubes provides additional pathways for various ion species to diffuse 
through, and thus improves the overall permeability across the membrane. In gas 
transport, a typical “trade-off” between permeability and selectivity for carbon 
dioxide/methane gas pair is observed. The incorporation of the nanotubes improves the 
overall selectivity for carbon dioxide molecules at the expense of lower permeability. 
Slight differences in transport behaviors of the nanotubes with and without interior 
functionality are speculated to be due to the reduction in pore size with presence of 
functional groups and the local dipole interactions of the functional groups with 
permeating molecules. The preliminary investigation using cyclic peptide 
nanotubes/block copolymer blends indeed proves that this is a viable approach in 
fabricating nanoporous membranes with well-defined channel orientation and channel 
size and functionalities for molecular separation.    
 
 
 

§ 5.1  Introduction 
 
 

Membranes are widely used for chemical separations in a large range of 
disciplines from large-scale industrial uses such as natural gas processing and water 
desalination, to smaller-scale laboratory uses for purification and synthesis.1-6  
Among all the applications, gas separation remains a mature and yet constantly evolving 
area for membrane technology.1, 2, 7, 8 In gas separation, the applications are focused 
mainly on certain separation processes because the number of gases with industrial 
importance is rather limited.2, 9 As a result, specific technologies are designed and 
developed for various separation processes. There are two general requirements for 
membranes to exhibit excellent separating performance. Firstly, most gas molecules are 
very small with similar kinetic diameters.10 This implies that the molecular separation 
process of a particular gas pair requires extremely small pore size and very narrow pore 
size distribution. Moreover, chemically modifying the pore surface with functional 
groups for better affinity for various molecules is often needed to improve the transport 
performance, especially the selectivity of the membranes.4  

It remains a significant challenge to fabricate membranes with uniform pore sizes 
at sun-nanometer range for effective sieving effect that is desirable for molecular 
separation.2-4 There have been several approaches developed using synthetic materials 
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such as 3-dimensional zeolites and metal-organic frameworks, and 1-dimensional carbon 
nanotubes (CNTs), embedded in polymeric matrix to form so called “mixed-matrix 
membranes” (MMMs).11-18 However, it is still a synthetic challenge to obtain 
homogenous membranes of porous components with uniform dimensions and 
monodispersed pore sizes. Moreover, the interface between the dispersed inorganic phase 
and the continuous polymeric matrix is of critical importance to the separation 
performance. Due to genuine incompatibility between the two types of materials, 
ensuring a good contact surface without air gap is required for high performance. Thus, 
rather than inorganic materials, organic nanotubes are more suitable as they are 
inherently compatible with polymer matrix and their synthesis and post-modification are 
relatively nontrivial.19-22 Among all the organic nanotubes, self-assembling cyclic peptide 
nanotubes (CPNs) not only offers unique advantages in their structural control and 
modulation, but their robustness and mechanical stability also make them suitable to be 
used as transport channels in industrial processes.23-26  

In the present study, gas separation of CO2/CH4 mixture for various membranes 
was first investigated using blends of polystyrene-b-poly(methyl methacrylate) (PS-b-
PMMA) and two different types of cyclic peptides under different conditions. The first 
cyclic peptide investigated is cyclo(D-Ala-L-Lys)4 conjugated with 4 chains of 
poly(ethylene glycol) with molecular weight 2,000 Da (called “AK4-4P2k”). The interior 
pore diameter for AK4-4P2k is estimated to be around 7.6 Å.24 The second cyclic peptide 
investigated is cyclo(L-Lys-D-Ala-L-Leu-D-Ala-L-Lys-D-Ala-γ-Mba-D-Ala), containing 
an interior functionality of a methyl group inside the channel with pore size around 4.6 
Å.24 Two PEG chains with molecular weight 2,000 Da were conjugated to the modified 
cyclic peptide and the conjugate is called “Mba-2P2k”. We found that the incorporation 
of CPNs in the PMMA microdomains improves the overall selectivity of CO2 over CH4 
in comparison to BCP alone, while modified Mba-2P2k exhibits higher selectivity for 
CO2 than unmodified AK4-2P2k. This could be due to the pore size difference between 
the two different cyclic peptides. Moreover, among the membranes containing cyclic 
peptide nanotubes, we found that the overall permeability of the membranes is higher for 
membranes with through channels, suggesting the well-aligned nanotubes may provide 
extra pathways for gas molecules to pass through. Nevertheless, these composite 
membranes demonstrate higher selectivity at the expense of lower permeability in 
comparison to the BCP matrix alone, resembling the typical “trade-off” observed for 
polymeric membranes.27, 28 In addition, we also found that the presence of water 
molecules could affect the selectivity of CO2 over CH4. Due to the higher solubility of 
CO2 in water, membranes under high moisture content show higher selectivity of CO2 
over CH4. Adopting the simple Maxwell model, we had semi-quantitatively estimated the 
collective CO2 permeability of the PEG wrapped CPNs for the unmodified AK4 as well 
as the methyl modified Mba nanotubes, which are estimated to be ~10 folds and ~30 
folds higher than the BCP matrix. Lastly, initial assessment on ion transport was also 
performed to the membranes containing different cyclic peptides, in which the presence 
of the through channels via the incorporation of cyclic peptide nanotubes results in more 
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transport of ions across the membranes. From these preliminary transport investigations, 
the incorporation of cyclic peptide nanotubes indeed proves to be a viable approach in 
fabricating polymeric membranes containing sub-nanometer channels for chemical 
separations.  

 

§ 5.2  Membrane Transport 
 

 

5.2.1 Gas Transport Mechanism 
 

In gas separation, a mixture of gases (i.e., feed) is passed across a membrane 
which is typically more permeable to one component of the mixture than the other. The 
passing-through gas (i.e., permeate) on the other side of the membrane is thus enriched in 
this more permeable gas, and the remaining mixture (i.e., residue) is enriched in less 
permeable gases. Shown in Figure 5.1, the mechanism for the separation process is 
different depending on the internal structures of the membrane and the nature of the 
permeants.2, 29 For porous membranes, the transport mechanism is ultimately dependent 
on the pore size. For membranes with much larger pore sizes than the permeating 
particles, typically 0.1 – 10 µm, convective flow takes place and usually no separation 
will be observed since all permeates are able to pass through the membrane in a similar 
manner.2, 30 When the pore size is reduced to be comparable or smaller than the mean free 
path of the gas molecules, Knudsen diffusion takes place in which the molecules collide 
with the pore wall frequently. For Knudsen diffusion, the rate of diffusion is inversely 
proportional to the square root of the molecular weight of a particular species. Therefore, 
the selectivity of two gas species is proportional to the inverse of the square root of the 
ratio of the two molecular weights, resulting in lighter molecules moving through 
nanochannels faster than the heavier molecules. In the third scenario in which the 
membrane pores are extremely small on the order of 0.5-2 nm, molecular sieving effect 
can be realized.2 The principle of size exclusion applies in which molecules smaller than 
the channel size would pass through whereas large molecules are being filtered out. Due 
to the small size of gas molecules, it remains a significant challenge to fabricate 
membranes operating on molecular sieving effect.31 In addition, the condensability of gas 
molecules can potentially pose another challenge of pore clogging which would affect the 
transport property.29, 31 The actual mechanism for molecular sieving is quite complex, in 
which both normal diffusion (diffusion of gas phase) and surface diffusion (diffusion of 
adsorbed species) can potentially take place.32, 33 Experimentally, high transport 
performance and separation behavior have been observed with carbon membranes 
membranes.33-35 This is still an area of active research, especially with the developments 
in new membrane materials such as carbon nanotubes (CNTs) and graphene oxide 
membranes, superior performance of high flux and high separation has been achieved.36-

39   
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Figure 5.1. Transport mechanisms for porous and dense membranes. For polymeric 
membranes without well-defined through channels, solution-diffusion is the main 
mechanism in which gas molecules first get solubilized into the membrane, and then 
diffuse through the membrane. For membranes with through channels, depending on the 
sizes of the channel diameter and the gas molecules, different mechanisms may apply. 
For large pores, convective flow takes place without much selectivity. When the pore size 
is smaller than the mean free path of the diffusing gas molecule, the molecules collide 
frequently with the channel wall and this is known as Knudsen diffusion. Molecular 
sieving is based on size exclusion principle in which molecules larger than the pore size. 
Adapted with permission from reference [2]. Copyright (2002) John Wiley & Sons, Inc. 

 

While microporous and nanoporous membranes continue to be a topic that attracts 
much research interests, all current commercial membranes for gas separation are based 
on the forth mechanism, the solution-diffusion mechanism for dense membrane.2, 8 In this 
process, molecules first adsorb and dissolve into the membrane, and then diffusion takes 
place within the membrane. The flux for a particular species is defined as:  

𝐽! =
𝑃!∆𝑝
𝑙  

where Pi is the permeability coefficient of species i, Δp is the partial pressure difference 
of i across the membrane, and l is the membrane thickness. The permeability coefficient 
in turn can be represented by the product of the diffusivity coefficient (D) and the 
solubility coefficient (S):8  

𝑃! = 𝐷! ∙ 𝑆!⋯⋯⋯⋯⋯ [1] 
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The ability of the membrane to separate two species is the defined as the selectivity, αij, 
the ratio of the permeabilities of species i and j: 

𝛼!" =
𝑃!
𝑃!
=

𝐷!
𝐷!

𝑆!
𝑆!

⋯⋯⋯⋯⋯ [2] 

Therefore, the selectivity can be seen as the combination of two contributions, the 
mobility selectivity (Di/Dj) and the solubility selectivity (Si/Sj). The mobility selectivity is 
largely dependent on the void space of the membrane, which in turn is governed by 
factors such as polymer chain rigidity, intersegmental packing, etc.8 Therefore, the 
mobility selectivity is different for glassy and rubbery polymers as shown in Figure 5.2.30, 

40, 41 For rubbery polymers, due to larger fraction of free volume, gas molecules diffuse 
through faster than glassy polymer membranes. In addition, smaller gas molecules are 
favored than the larger molecules due to faster rate of diffusion and interaction with less 
polymer segments.2  

               

Figure 5.2.  Diffusion coefficient as a function of molar volume for different molecules 
in natural rubber and in poly(vinyl chloride). Reprinted with permission from reference 
[40]. Copyright (1982) Elsevier B. V. 
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Typically, polymeric membranes show higher selectivity but relatively lower 
permeability comparing to porous membrane due to their low free volume.31 Moreover, 
they also suffer a “trade-off” between permeability and selectivity in which increase in 
selectivity happens simultaneously with decrease in permeability.10, 28, 42 Robeson, based 
on a large set of data for gas molecules, created the well-known Robeson’s plot which 
gives an “upper bound” representing the performance limit of the polymeric 
membranes.28, 42 A general correlation between the permeability and the selectivity can be 
represented as: 

𝑃! = 𝑘𝛼!"!  

 

where 𝑃!  is the permeability of the faster gas, 𝛼(𝑃!/𝑃!) is the separation factor (i.e. 
selectivity parameter), 𝑘 is the “front factor” and 𝑛 is the slope of the log-log plot. In this 
regard, theoretical work in predicting the empirical upper bound has also been developed 
by Freeman.10 Based on the activation energy theory, the value of −1 𝑛 is found to be 
related to the difference of the molecular diameters of the gas pair, 𝑑! − 𝑑!: 

−1 𝑛 = (
𝑑!
𝑑!
)! − 1 =

𝑑! + 𝑑!
𝑑!
! 𝑑! − 𝑑! ~ 𝑑! − 𝑑!  

The value of 𝑘 is dependent on the solubility constants of the gas molecules with the 
following relationship: 

𝑘!! ! =
𝑆!
𝑆!
𝑆!
!! !𝑒𝑥𝑝

1
𝑛 𝑏 − 𝑓

1− 𝑎
𝑅𝑇  

where 𝑆!  and 𝑆! are the solubility constants of the gas pair; 𝑎 = 0.64, 𝑏!"#$$% = 11.5 for 
glassy polymer and 𝑏!"##$!% = 9.2 for rubbery polymer; and 𝑓 = 12600  𝑐𝑎𝑙/𝑚𝑜𝑙  to 
best-fit the upper bound. Over the years, with developments in material synthesis, surface 
modification, and fabrication techniques, new families of membranes and membrane 
structures have pushed the original 1991 upper bound with better performance as shown 
in Figure 5.3, a representative Robeson’s plot for carbon dioxide/methane separation.42   
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Figure 5.3. Robeson’s plot showing the upper bound for CO2/CH4 separation. Prior 
upper bound is based on data published by Robeson in 1991.28 Thermally rearranged 
(TR) polymers (blue solid circles), which exhibit unique structures of very small voids in 
the molecular sieving range, demonstrate enhanced performance than conventional 
polymeric membranes.43 The dotted line shows the new upper bound including the TR 
membrane data. Reprinted with permission from reference [42]. Copyright (2008) 
Elsevier B.V. 

 

5.2.2 Gas Transport Measurement  
 
 

Natural gas separation is one of the most important separation processes in which 
acidic gas such as carbon dioxide needs to be removed.7 In this regard, a mixture of CO2 
and CH4 is used to test the separation behavior of our membranes containing different 
types of cyclic peptides. Figure 5.4 demonstrates transport measurement setup that was 
used for this study. The entire setup was adapted from Dr. David Luebke’s design from 
National Energy Technology Laboratory (NETL). Measurements were recorded under 
ambient conditions at room temperature and atmospheric humidity after equilibrating for 
15 minutes to ensure a steady state flow. As shown in Figure 5.4b), the feed is composed 
of 90 mol% CH4 and 10 mol% CO2 premixed before passing through the testing 
membrane. Helium is used as the sweep gas to maintain a gradient across the membrane. 
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All the gases on the permeate stream are passed to gas chromatography machine (GC) for 
analysis. In this case, the membrane cell is a customized cell with a very small area for 
testing. More details for the design of the membrane cell are included in Figure A. 4.1, 
Appendix.  

    
             
Figure 5.4.  a) experimental and b) schematic of the gas transport measurement setup. A 
mixture of 90 mol% CH4 and 10 mol% CO2 is used as the feed and He is used as the 
sweep gas. Measurements are taken after equilibrating for 15 minutes to ensure steady 
state flow condition. Gas chromatography is used to analyze the composition of the 
permeate stream. Two pressure transducers are used to monitor the pressures across the 
membrane. 

 
In present study, we decided to use the solution-diffusion model to evaluate the 

gas transport of our membranes for two reasons. Firstly, the majority of our membrane (> 
99 vol%) is consisted of glassy BCP made of PS-b-PMMA blended with rubbery PEG 
chains which form the shell layer on the CPNs. Thus, the use of the solution-diffusion 
model for estimating the overall performance becomes more appropriate even though the 
transport of gas molecules within the CPN nanochannels may follow another mechanism. 
Furthermore, our sub-nanometer porous membrane may be viewed as analogous to a 
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composite membrane such as carbon nanotube (CNT) based membrane with inorganic 
dispersed phase embedded in a polymer matrix.18 To assess the separation behavior of 
these composite membranes, solution-diffusion model is often used to directly compare 
the changes in the performance with the incorporation of the dispersed phase.  Therefore, 
the overall permeability and selectivity of the entire membrane with and without different 
CPNs are calculated based on the solution-diffusion model. However, for transport inside 
the nanochannels, Knudsen diffusion is speculated to take place within since the CPN 
channel size falls in the range of Knudsen diffusion, in which the diameter of the 
nanotube is smaller than the mean free path of the CO2 and CH4 molecules. 

Under steady state flow condition, we can use the following expression to 
calculate the permeability coefficient of CO2 and CH4 for various membranes according 
to the solution-diffusion model:44  

𝑃!"! =
𝜒!"!
! 𝑆𝑙

𝜒!"
! 𝐴∆𝑝!"!

⋯⋯⋯⋯⋯ [3] 

 
where 𝑃!"! is the permeability coefficient of CO2, 𝑆 is the He sweep gas flow rate, 𝜒! is 
the mole fraction of different gases in the permeate stream, 𝑙 is the membrane thickness, 
𝐴 is the membrane area, and ∆𝑝!"!is the partial pressure difference of CO2 across the 
membrane. The values for 𝑆,  𝑙, 𝐴, and ∆𝑝!"! are all known, and the value of 𝜒!"!

! 𝜒!"
!  can be 

obtained from the GC analysis. The selectivity of CO2 over CH4 can therefore be obtained: 

𝛼!"! !"! =
𝑃!"!
𝑃!"!

⋯⋯⋯⋯⋯ [4] 

Figure 5.5 shows the selectivity vs. permeability plot for membranes containing 
unmodified AK4-4P2k CPNs with different loading values (fAK4-4P2K) and the reference 
PS-b-PMMA. Upon the incorporation of CPNs, the overall selectivity of CO2 molecules 
over CH4 molecules is improved comparing to just the BCP matrix; however at the 
expense of the permeability, reflecting the typical “trade-off” in polymeric membranes. 
Looking closely at all the AK4-4P2K membranes, the overall permeability increases with 
the loading of the CPNs, fAK4-4P2K. To explain the differences, we then need to focus at 
the membrane morphology at different fAK4-4P2K values. The calculated critical loading of 
the system is ~ 2.6 wt% with one CPN in each PMMA cylindrical microdomain (Chapter 
3, Figure 3.3). Below the critical value, not every PMMA cylinder contains a through 
channel and therefore the overall permeability for the 2 wt% sample is lower. Whereas 
for the case of 3 wt% and 4 wt%, all the PMMA cylindrical microdomains would contain 
a through channel in the center, giving rise to relatively higher permeabilities for the two 
cases. However, at 4 wt%, the excess PEG-covered CPNs lie parallel on the polymer/air 
interface as shown in Figure A. 4. 2 of the Appendix. This creates defects and interfaces 
that further complicate the separation behavior across the membrane.  
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Figure 5.5.  Gas transport performance of membranes of regular AK4-4P2k nanotubes in 
PS-b-PMMA matrix at different loading values. The incorporation of CPNs in the 
PMMA cylinders improves the overall selectivity of CO2 over CH4 compared to BCP 
alone. Membranes with through channels demonstrate higher permeability at the expense 
of lower selectivity, resembling the typical “trade-off” observed for polymeric 
membranes. 

 

To closely examine the effect of the through channels in the membrane to the gas 
transport performance across the membrane, we then systematically investigated 
membranes with different morphologies with and without the through channels. In this 
set of experiments, AK4-4P2k conjugates were blended with PS-b-PMMA matrix using 
benzene. Transport measurements were performed to both as-casted and thermally 
annealed thin films and Figure 5.6 summarizes the results. Comparing the CO2 transport 
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performance, it is clear that thermally annealed samples are more permeable to CO2 
molecules than the as-casted samples for both 3 wt% and 4 wt%. This implies that the 
presence of the through channels improves the overall permeability of CO2, likely by 
providing additional paths for the gas molecules to diffuse through. In addition, it is also 
observed that the differences in the as-casted samples for 3 wt% and 4 wt% is smaller 
than the annealed samples. One possible explanation for the difference is due to the 
internal structure of the membranes. For the as-cast samples, both the PS-b-PMMA 
matrix and the AK4-4P2k conjugates are in a disorded state in which no obvious 
differences are seen between the two samples (Appendix, Figure A. 4.2 a) and c). 
However, different thin film morphology is observed after thermal annealing (Figure A. 
4.2 b) and d), Appendix). As a result of overloading, more surface defects are seen for the 
4 wt% annealed sample. The additional interfaces may create extra space for the gas 
molecules to pass through, and therefore slightly higher permeability of CO2. 

 

       
Figure 5.6.  Permeability of CO2 for as-casted (“As”) and thermally annealed (“Ann”) 
membranes with AK4-4P2k loading at 3 wt% and 4 wt%. Annealed films demonstrate 
higher CO2 permeability than the as-casted films, indicating that through channels would 
enhance the overall permeability of the membrane.  
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While performing the gas transport measurements, we sometimes found a notable 
discrepancy between the performances of membranes with similar loading and thin film 
morphology. Closely looking at the membrane fabrication process, since water is 
involved in the last two steps, the amount of water trapped inside the membrane may 
greatly affect the membrane performance, especially the selectivity for CO2 molecules. 
Figure 5.7 demonstrates the comparison between annealed membranes exposed to 
different moisture levels at 2 wt% and 4 wt% from the same batch. “DRY” membranes 
were exposed to 10% relative humidity overnight and “H2O” membranes were exposed to 
85% relative humidity overnight prior to gas transport measurements. It is clear that the 
wet membranes exhibit higher selectivity for CO2 compared to dry films regardless of the 
loading value. We speculate that this is due to solubility of CO2 in water, in which more 
CO2 molecules are absorbed into wet membranes.45 Both the backbone cyclic peptide and 
the conjugated PEG chains for AK4-4P2k are hydrophilic in nature and thus water 
molecules can be easily trapped in these domains. Due to difference in solubility of CO2 
and CH4 molecules in water, we speculate that more preference would be given to CO2. 
Thus, the value of 

!!"!
!!"!

 becomes larger, and hence the overall selectivity of CO2. 

Moreover, although the typical “trade-off” between permeability and selectivity 28, 42 
causes the dry 2 wt% membranes exhibiting higher selectivity than the 4 wt% membrane, 
the difference diminishes for the wet membranes. Referring to equation [2], the 
selectivity of CO2 essentially is the product of the ratio of the diffusivity and the ratio of 
the solubility of CO2/CH4. When water is present, the increase in solubility selectivity 
(i.e. 

!!"!
!!"!

) may dominate the diffusivity selectivity. As a result, less difference is seen for 

the two wet membranes.  
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Figure 5.7.  Selectivity of CO2 molecules for different membranes under different 
treatments. Dry films are less selective for CO2 than the wet films, likely due to the 
solubility of CO2 molecules in water. 

 

For gas separation application, selectivity is a critical parameter to consider. In 
this regard, one of the approaches to improve the selectivity is to incorporate appropriate 
chemical functionalities to increase the affinity between the gas molecule and the 
membrane.7 With the goal in mind, we had successfully synthesized and studied cyclic 
peptide nanotubes with interior functionality of a methyl group.24 Comparing the methyl 
modified cyclic peptide (i.e. “Mba”) with its unmodified counterpart (i.e. “AK4”), the 
major difference that could affect the CO2/CH4 transport is the presence of the methyl 
group inside the channel. More specifically, the interaction between the methyl group 
with CO2, and/or CH4 molecules will definitely affect the selectivity of the membranes. 
Furthermore, the presence of the methyl group also reduces the empty space inside the 
cyclic peptide nanotube; thus affects the overall gas transport across the membrane. 
Figure 5.8 summarizes the CO2/CH4 gas transport performance of different membranes 
with regular AK4-4P2k nanotubes and the modified Mba-2P2k nanotubes at different 
loading amounts. The incorporation of cyclic peptide nanotubes improves the overall 
selectivity of CO2 molecules over CH4 molecules in comparison to the PS-b-PMMA 
matrix. However, the typical “trade-off” between permeability and selectivity observed 
for polymeric membranes are also seen in these sub-nanometer porous membranes where 
the permeability of CO2 is being compromised by higher selectivity.  In both types of 
nanotubes, membranes with through channels (i.e. 3 wt% and 4 wt% for AK4-4P2k and 2 
wt% for Mba-2P2k) show higher CO2 permeability than the lower loading membranes, 
indicating that the additional channels of the CPNs help the gas molecules to pass 
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through, likely by providing additional diffusing pathways. Comparing the transport 
behavior between the two different types of cyclic peptides, the methyl-modified 
nanotubes demonstrate much higher CO2 selectivity over CH4 molecules. As described 
earlier, the presence of methyl group inside the nanotube not only exerts additional 
interactions to CO2 and CH4 molecules, but also reduces the nanotube diameter from 7.6 
Å to 4.7 Å. Local dipole in the modified Mba cyclic peptide may interact more strongly 
with CO2 molecules, resulting in higher selectivity. Furthermore, CO2 molecule (kinetic 
diameter = 3.3 Å) with planar structure is slightly smaller than CH4 molecule (kinetic 
diameter = 3.8 Å) with tetrahedral structure.29 With the reduction in channel diameter and 
differences in molecular shape, size sieving effect may also be one factor in which 
smaller CO2 molecules can potentially pass through the smaller channels more easily.  

 
Figure 5.8.  Summary of gas transport performance of different membranes using regular 
AK4-4P2k nanotubes and the modified Mba-2P2k nanotubes. Membranes with through 
channels (3, 4 wt% for AK4-4P2k and 2 wt% for Mba-2P2k) demonstrate higher 
permeability at the expense of lower selectivity, resembling the typical “trade-off” 
observed for polymeric membranes. The modified Mba-2P2k nanotubes with smaller 
channel size shows higher selectivity for CO2 molecules, possibly due to the size sieving 
effect. 
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Limited by current techniques available, it is extremely challenging to measure 

the permeability of various gas species across the CPN nanochannels directly. However, 
we can alternatively estimate the permeability of the CPNs adopting a simple Maxwell 
model which is commonly used for mixed matrix membrane.46-48 Analogous to original 
Maxwell equation which correlated the permittivity of dielectric material to the flux and 
the electrical potential across,49 the effective permeability of a binary mixture membrane 
consisted of a continuous matrix and a dispersed phase can be represented by the 
following equation:47 

𝑃!"" = 𝑃!
𝑛𝑃! + 1− 𝑛 𝑃! − (1− 𝑛)𝜙!(𝑃! − 𝑃!)
𝑛𝑃! + 1− 𝑛 𝑃! + 𝑛𝜙!(𝑃! − 𝑃!)

 

 
where 𝑃!"" is the effective permeability of the membrane; 𝑃! and 𝑃! are the permeability 
of the continuous and the dispersed phase, respectively; 𝜙!   is the volume fraction of the 
dispersed phase; and 𝑛 is the shape factor of the dispersed phase. In the limit of the 
dispersed phase made of through channels extending throughout the membrane, the shape 
factor becomes n = 0 in the direction parallel to the channel axis. In other words, the 
transport across the membrane essentially becomes parallel transport made of laminated 
layers of the two different phases. The effective permeability when n = 0 can then be 
rewritten as: 

𝑃!"" = 𝑃! 1− 𝜙! + 𝜙!𝑃! 

However, this simple Maxwell model only gives us a rough idea of the transport across 
the dispersed phase. Firstly of all, the Maxwell model assumes the penetrants do not 
interact with the dispersed phase, which may or may not be true for CPNs. Inter-CP 
hydrogen bonds from backbone amide groups may potentially interact with local dipole 
moment of the penetrating molecules.50 Moreover, the interface between the dispersed 
phase and the continuous phase is ignored in the Maxwell model.18 A perfect contact 
between the two phases is often unrealistic, especially for inorganic nanofillers in 
polymer matrix, leaving certain void space around the filler particles.51, 52 In the case of 
CPNs, this problem is avoided as the nanotubes are wrapped by polymers that are very 
compatible with the matrix materials. However, because of the polymer shell around the 
CPNs, the interface between the channels and the matrix is not very sharp but rather of 
certain width. Various approaches have been used to account for the interface defects 
between the two phases. By envisioning the interface and the dispersed phase together as 
a pseudo-dispersed phase, the Maxwell model can be further modified.11, 53, 54 More 
complicated models have been proposed by several groups over the years and a couple of 
review articles on the subject are readily available.46, 48, 51, 54, 55 Nevertheless, the simple 
Maxwell model is used to obtain a semi-quantitative permeability parameter of the CPN 
based channels.         
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Thus, for our membranes, we assume the continuous phase to be the PS-b-PMMA 
matrix and the dispersed phase is the PEG-covered CPNs, neglecting the interface 
between PEG and PMMA. Using the unmodified AK4-PEG conjugates as an example. 
The volume fraction of the dispersed phase with one CPN in each PMMA cylinder, 𝜙!"#, 
is calculated to be ~ 0.0093 knowing the diameter of the dispersed phase is ~ 5 nm 
(Chapter 3, Figure 3.2) and the lateral periodicity of the matrix PS-b-PMMA is ~ 39.5 nm 
(Chapter 3, Figure 3.2). From the gas transport measurements, the average permeability 
of CO2 for the continuous matrix phase, 𝑃!"!!""# is also known~ 58.5 Barrer. Since the 
calculated loading for one CPN in one PMMA cylinder is ~ 2.6 wt%, the result from 3 wt% 
loading is therefore used. Similar approach is performed on the modified Mba system in 
which the size of the dispersed phase is ~ 5 nm and the periodicity of the continuous BCP 
phase at 2 wt% loading is ~ 36.7 nm (Chapter 4, Figure 4.8). The permeability parameter 
for CO2 of the unmodified AK4 nanotubes with the PEG shell is ~ 500 Barrer and that of 
the modified Mba nanotubes with PEG shell is ~ 1815 Barrer. These values in 
comparison with the permeability of the BCP matrix are much higher, an enhancement of 
~10 times and ~30 times for the unmodified and modified CP systems respectively. 
Although the calculated values may not necessarily be a true reflection of the actual 
performance of the nanotubes, they still provide some valuable information regarding the 
transport across the CPNs. The void space of the nanotubes indeed provide additional 
pathways for gas molecules to pass through, in which the permeability is likely to be 
higher than the glassy BCP matrix. In addition, the incorporation of the methyl group at 
the interior of the nanotube pore seems to enhance the gas transport significantly. 
Although the reason for the enhancement is not clear at the moment, local dipole 
interaction between the methyl group with CO2 molecules facilitating the transport along 
the nanotube wall and different transport mechanism are two speculations which need 
further validation. Nevertheless, like inorganic CNTs, CPNs prove to be one promising 
nanotube material in fabricating sub-nanometer porous membranes with high 
performance. Future development in the interior functionalization of the nanotube pore is 
expected to bring significant improvement in the gas separation performance, especially 
high selectivity.   

 
Table 1. Approximated CO2 permeability of unmodified (AK4) and modified (Mba) CP-
PEG conjugates with corresponding PEG-covered CPN volume fraction in PS-b-PMMA 
matrix 

 AK4-4P2k @3 wt% Mba-2P2k @2 wt% 

Permeability / Barrer 500 1815 

Volume Fraction  0.0145 0.0168 
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In summary, the incorporation of cyclic peptide nanotubes improves the overall 
selectivity of CO2 over CH4 at the expense of slightly lower permeability. Membranes 
containing through channels show higher permeability than the less aligned membranes. 
Methyl modified cyclic peptide nanotubes show higher selectivity towards CO2 
molecules, likely due to size sieving effect that larger CH4 molecules do not pass through 
smaller channels as easily as smaller CO2 molecules. 

	
  
 

5.2.3 Hydronium Ion Transport  
 

As mentioned in Chapter 1, cyclic peptide nanotubes with β-sheet structure are 
structurally similar to some of the natural ion channels.20 There have been several reports 
on the successful incorporation of different types of CPNs into lipid bilayer which 
display channel-mediated ion transport activities, mimicking the performance of natural 
protein channels.56-58 However, most studies were performed on liquid system in which 
peptides or peptide-polymer conjugates solutions were added to the lipid bilayer solution, 
and the formation of the peptide channels simply relies on the spontaneous incorporation 
of the nanotube into the bilayer. In contrast, membranes fabricated using CPN/BCP 
blends contain well-ordered channels with known orientation and position, and can be 
easily tested and used in many potential applications.  

Preliminary studies of hydronium ion transport were therefore performed and the 
setup is outlined in details in section 5.4.3. Various membranes were tested in which two 
phosphate buffer solutions with different pH values were places at the two sides of the 
membranes. 8-Hydroxypyrene-1,3,6-trisulfonic acid (HPTS) being a pH indicator was 
used to monitor the change of pH of the buffer solutions and the overall performance of 
the membranes can be qualitatively estimated based on the pH change. The actual setup 
is shown in Figure A. 4.3, Appendix. The pH change was monitored by taking the 
fluorescence intensity of the HEPES buffer 5 minutes after placing 10 µL of pH 2.25 
buffer solution on the other side of the membranes, where higher fluorescence intensity 
indicates higher pH value. The original fluorescence spectra are included in Figure A. 4.4 
of the Appendix. The two black traces (solid and dotted) indicate the upper and lower 
bounds (fluorescence spectra of just the pH 7.5 PBS and the mixture of pH 7.5 PBS with 
10 µL pH 2.25 PBS) for the change of the pH values in which the performances of 
different membranes vary in between the two boundaries. Taking the difference of the 
two boundaries, the fraction of the intensity change of various membranes is shown in 
Figure 5.9. The polysulfone based commercial membrane (HT Tuffryn®, Pall 
Corporation) used as the mechanical support shows the largest change of pH ~0.88, 
which is very close to the lower bound. Nevertheless, with the PS-b-PMMA based thin 
film placed on top of the commercial support, the performance is almost reduced by half. 
Similar to the case of gas transport, differences in performance can be observed for PS-b-
PMMA matrix alone (~0.36), and BCP matrix incorporated with the unmodified CPN 
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(~0.44) and methyl-modified CPN (~0.55). Membrane containing through channels 
demonstrate higher permeability, possibly due to more diffusion of ions across the 
membrane as indicated by greater change of pH. It is worth noting that there may be 
addition transports of other ions from the buffer solutions simultaneously taking place in 
addition to hydronium ions, which are not reflected by the change of the pH. The control 
sample with only PEG incorporated (~0.3) demonstrates a similar behavior to the PS-b-
PMMA matrix, confirming that improved permeability across the membrane is likely to 
be due to the incorporation of the nanotubes. Based on the observation, one possible 
reason for improved hydronium ion transport is the additional space of the through 
channels that permit more diffusion. Nevertheless, other contributions such as the local 
and overall dipole moment of the CPNs, the change of the dissociation constant of water 
in local environment can also potentially contribute to the high ion conductance as seen 
in previous reports.56, 58-60 Control experiment was therefore performed on porous PS-b-
PMMA membranes. The PMMA microdomain of the BCP matrix can be degraded by 
UV exposure, leaving channels with size of the PMMA microdomain (~15 nm in 
diameter) in PS matrix. Comparing the UV treated PS-b-PMMA matrix membrane and 
membrane containing CPN channels (AK4-4P2k), surprisingly the transport behavior of 
the UV treated membrane is very similar to the membrane with high density through 
channels of unmodified CPNs. Despite almost 20-fold difference in channel size (15 nm 
vs. 0.76 nm), the extent of the transport hydronium ions across the membranes is similar. 
This observation suggests that in addition to the extra diffusion pathways, the inherent 
interaction between the ions and the cyclic peptides might be another contribution to the 
improved transport across the membrane. This behavior is also reflected in the transport 
for cyclic peptides with and without interior functionalities. The methyl-modified CP 
demonstrates a greater extent of hydronium ion transport as indicated by greater change 
of pH. One explanation for the difference could be the local dipole moment around the 
artificial phenol subunit with methyl functionality might slightly interact with hydronium 
ions, facilitating their transports along the nanotube wall, consistent with the gas transport 
behavior where Mba-2P2k thin films demonstrate a higher selectivity for polar CO2 
molecules. Based on these observations, we tentatively conclude that other than gas 
separation, the sub-nanometer porous membranes based on CPNs and BCP can also be 
potentially used for hydronium ion transport as demonstrated by improved permeability 
of hydronium ions across the membranes. In addition to providing diffusion pathways, 
local dipole interactions between the CPN and permeating ions may also contribute to the 
improved performance. Future efforts will be focused on investigating CPNs containing 
polar functional groups for even greater performance.  
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Figure 5.9.  Summary of the change of the HEPES buffer fluorescence peak intensity for 
different membranes after 5 minutes. Reference is taken as the maximum change of pH 
by directly adding 10 µL of pH 2.25 PBS buffer to HEPES buffer (pH 7.5). The 
commercial polysulfone membrane with hydrophilic nature shows the greatest 
permeability whereas membranes containing CPNs are more permeable than the BCP 
matrix alone, confirming the additional diffusion pathways from the hollow nanotubes.  

 
 
 
 

§ 5.3  Conclusion 
 

CO2/CH4 separation is a critical step in natural gas processing and many 
approaches have been developed to remove CO2 content from methane. Membrane 
technology is one attractive candidate for CO2/CH4 separation due to low material cost 
and high processability. In this regard, we had successfully fabricated membranes 
containing sub-nanometer channels using cyclic peptide-polymer conjugates and block 
copolymer matrix. We found that the incorporation of CPNs in the PMMA microdomains 
improves the overall selectivity of CO2 over CH4 in comparison to BCP alone, while 
Mba-2P2k exhibits a higher selectivity of CO2 than AK4-2P2k. This could be due to the 
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pore size difference between the two different cyclic peptides. Moreover, we also found 
that the overall permeability of the membranes increases with the incorporation of 
through channels for both cyclic peptides, suggesting the presence of through channels 
may provide extra pathways for gas molecules to pass through. Nevertheless, membranes 
demonstrate higher permeability at the expense of lower selectivity, resembling the 
typical “trade-off” observed for polymeric membranes. Furthermore, we also found that 
the presence of water molecules could affect the selectivity of CO2 over CH4. Due to the 
higher solubility of CO2 in water, membranes treated with water show higher selectivity 
of CO2 over CH4. In summary, the incorporation of cyclic peptide nanotubes improves 
the overall selectivity of CO2 over CH4 at the expense of slightly lower permeability. 
Membranes containing through channels show higher permeability than the less aligned 
membranes. Lastly, we had estimated the collective CO2 permeability of the nanotubes 
for the regular AK4 as well as the methyl modified Mba nanotubes to be ~ 10 folds and ~ 
30 folds higher than the BCP matrix. This is very promising as with future developments 
in the interior functionalization of the nanotubes, even better performance may be 
expected using these sub-nanometer porous membranes.  

In addition to gas separation, membranes containing sub-nm channels based on 
cyclic peptides can also be potentially used in hydronium ion transport as CPNs being 
structurally similar to natural protein channels have demonstrated high ion conductance 
as reported previously. Using BCP as structural framework, membranes are fabricated 
using different types of cyclic peptides, extending the investigation on hydronium ion 
transport of CPN based channels to solid phase and allowing potential applications in 
membrane technology.  Preliminary studies on the pH change of the PBS buffer solutions 
have demonstrated differences in the overall hydronium ion transport behaviors of 
membranes containing different types of cyclic peptides, and control samples with just 
the BCP matrix, BCP matrix containing large through pores, and BCP matrix containing 
PEG. We speculate that the additional diffusion paths from CPNs and the interactions 
between diffusing species with local dipole moments of the CP backbone groups may 
both contribute to the observed difference. However, further investigations are needed to 
validate our hypothesis, for example direct measurements of ion conductance, etc. 
Nevertheless, our observations using membranes fabrication with CPN/BCP blends still 
provide some useful insights in understanding transport across membranes containing 
sub-nanometer channels, in which performance can be potentially fine-tuned through 
interior modification of the primary cyclic peptide sequence. This opens a new route in 
fabricating membranes with specific purpose and selectivity for various applications such 
as gas separation and ion transport. With successful polar functional groups in the interior 
of the nanotubes, it is expected that even more enhanced separation performance will be 
observed. Future effects will be focused on incorporating polar functional groups such as 
carboxylic acid, amine, hydroxyl, etc to the cyclic peptide nanotube interior, and 
investigating separation behavior of both gaseous permeates and ionic species.  

 
 
 



 101 

§ 5.4  Experimental 
 

5.4.1 Membrane Preparation 
The preparation of the membrane involves three steps. The first step is to prepare 

thin films of CPN/BCP blends. Cyclic peptide-polymer conjugates and PS-b-PMMA 
were co-dissolved in benzene, and the solution was spin-casted onto Si wafer with ~200 
nm thermal oxide layer pre-modified with a neutral brush layer to form various thin films 
with desirable morphologies. Thermal annealing was then applied to thin films. A 
detailed description of this step could be found in Section 3.4.8, Chapter 3. The second 
step in preparing the transport membranes is to obtain free-standing thin films from the Si 
substrate. This was done by etching the 200 nm thermal oxide layer so that the thin film 
could be delaminated from the Si substrate. The annealed samples were immersed in 5% 
HF/95% DI H2O solution for 25 seconds, and then transferred to 100% DI H2O to float 
off the top layer, leaving the free-standing film floating on H2O surface. The last step in 
membrane preparation is to place the free-standing thin film onto a commercial 
polysulfone membrane (HT Hyffryn 200, Millipore) for support. The thin 
film/polysulfone membranes were then carefully dried under vacuum overnight, and were 
kept in a dry box with relative humidity ~ 10%. For the water moisture study, the dried 
membranes were exposed to saturated KCl solution with an estimated relative humidity ~ 
85% for 12 hours.  For hydronium ion transport studies, the dried membranes were 
carefully wetted with pH 7.5 HPTS buffer before starting the measurements.  

5.4.2 Gas Transport Measurement 
 Gas transport measurements were performed using the setup shown in Figure 5.1 
and Figure A. 4.1 of Appendix. A customized membrane holder was designed and made 
with testing area 0.0792 cm2. Calibration tests were first performed to obtain the mole 
fraction of various gases (CO2 and CH4) in the permeate stream from the GC readings 
(integrated areas). Measurements were performed under ambient environment and GC 
readings were recorded 10 minutes after starting the gas flow to ensure steady-state flow 
condition. Each membrane was tested for three times, and 5 samples were measured for 
each sample conditions. The permeability and selectivity coefficients are calculated using 
the equation [3] and [4]. 

5.4.3 Hydronium Ion Transport Measurement 

Experiments were performed using two phosphate buffer (PBS) solutions with different 
pH values using MilliQ water (Millipore Corporation, resistivity = 18.2 MΩ·cm at 25 
°C). KCl, K2HPO4, KH2PO4 (Sigma Aldrich, used as received) were used to make pH7.5 
and pH2.25 PBS solutions with ionic strength 20 mM. Hydroxypyrene-1,3,6-trisulfonic 
acid (HPTS, Sigma Aldrich) was added to pH 7.5 buffer at 10 µM to monitor the pH 
change of the buffer solution. 270 µL of pH 7.5 HPTS buffer was first added to PDMS 
container, and various pre-wetted membranes were placed on top of the container with 
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the BCP thin film facing air. 10 µL pH 2.25 buffer was then added and a schematic of the 
setup is shown in Appendix, Figure A. 4.2. After five minutes, the membranes were 
removed from the PDMS container and the pH value of the HPTS buffer was 
immediately measured using fluorometer (Perkin Elmer, LS-55). Fluorescence 
measurements were also measured directly on pH 7.5 HPTS buffer and the mixed 
solution of 270 µL pH 7.5 and 10 µL pH 2.25 buffer to set the two boundaries.  
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Afterword 
 
 
 The work described in this dissertation demonstrated that self-assembled cyclic peptide 
nanotubes are a very promising family of materials inspired by nature in constructing complex 
1D nanostructures as transport channels in membrane technology for molecular separation. 
Precise structural control of the cyclic peptide nanotubes within polymeric matrix allows the 
fabrication of membranes containing uniformly distributed sub-nanometer channels with 
monodispersed pore size. The capability to chemically modify the nanotube surface both 
exteriorly and interiorly enables the design of the cyclic peptide nanotubes for very specific 
separation processes and molecular species, expanding the potential uses of the cyclic peptide 
nanotubes to other fields in materials science.   

 Meticulous control over the dimensions of the polymer covered cyclic peptide nanotubes 
is determined and achieved by a delicate balance between the enthalpic driving force promoting 
nanotube growth from the cyclic peptide backbone and the entropic penalty destabilizing the 
nanotube structure from the conjugated polymer chains. Thus, two separate approaches 
corresponding to the two contributions are designed and developed, in which both the monomer 
concentration and the degree of polymer conjugation can be used to form high aspect ratio 
nanotubes. This indeed allows one to have multiple handles to control the spatial organization of 
1D nanostructures within the processing window.   

 Effective fabrication of membranes containing sub-nanometer channels can be achieved 
through guided growth of cyclic peptide nanotubes in polymeric matrix, in which the kinetic 
pathway the system takes is one of the ultimately critical factors in ensuring good membrane 
quality and integrity. Upon successful co-assembly of cyclic peptide-polymer conjugates within 
cylindrical block copolymer matrix, regularly spaced nanochannels with uniform length and pore 
diameter can be well-aligned normal to the surface, mimicking the structure of natural transport 
channels.    

These research findings present exciting opportunities to explore the use of nanotubes in 
membrane technology at the scale of molecular separation and to develop further understanding 
on the structure-property relationship of sub-nanometer porous membranes. Preliminary studies 
on gas and ion transport validated the potential of using nanotubes as transport channels, which 
exhibit certain size exclusion and selectivity. This indeed establishes the foundation and 
guidelines for fabricating membranes based on cyclic peptide nanotubes and polymer matrix.  
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Using this platform, future developments will be focused on the interior functionalization 
of the nanotube surface to tailor the affinity for different permeating species, and hence 
achieving high selectivity with additional interactions coupled with size exclusion. These studies, 
coupled with comprehensive exploration and understanding of the transport phenomenon inside 
the cyclic peptide nanotubes both experimentally and theoretically, as well as the development of 
scalable processing techniques compatible with current membrane manufacturing infrastructure, 
will maximize the use of bio-mimicking cyclic peptide nanotubes as one of the key components 
for next generation chemical separation membranes.  
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Appendix 1: Supporting Information for Chapter 2 
	
  
 

Appendix 1.1  

 

 

 

 
A. 1.1. (a) RP-HPLC spectrum of AK4-PEG conjugates with different degrees of 
conjugation in which the 4 peaks correspond to 1-arm with free PEG, 2-arm, 3-arm, and 
4-arm conjugates respectively. (b) MALDI-TOF spectra of 2-, 3- and 4-arm conjugates 
collected, confirming the purity of materials used in this study. 
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Appendix 1.2  

 

 

 

A. 1.2.   FTIR temperature studies showing the amide A region of a) bare CP (AK4), b) 2-
arm conjugates, and c) 4-arm conjugates.  Red traces and blue traces correspond to 
heating from 30 °C to 250 °C to cooling back to 30 °C at 20 °C interval.  
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Appendix 1.3  

 
 

 

 
A. 1.3。    Phase contrast AFM images and statistical length analysis of the 2-arm pc-
CPNs spin-casted from toluene solutions at a) 3.5 µM, b) 17.5 µM, c) 35 µM, and d) 50 
µM.  The average length of the 2-arm CPNs is directly correlated to the solution 
concentration below 35 µM. The growth of pc-CPNs is limited by the available space and 
therefore no significant increase in pc-CPN length is seen at high concentration. Due to 
fast rate of solvent removal by spin casting, only one layer of pc-CPNs is observed.  Due 
to fast rate of solvent removal by spin casting, only one layer of pc-CPNs is observed.   
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Appendix 1.4  

 

 
 
 
A. 1.4.  Phase contrast AFM images and statistical analysis of the 3-arm pc-CPNs spin-
casted from toluene solutions with different solution concentrations. A direct correlation 
between the pc-CPN length with solution concentration is observed.  
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Appendix 1.5 
 
 

 
 
 
A. 1.5.  Statistical analysis of the 4-arm pc-CPNs spin-casted from toluene solutions with 
different solution concentrations at a) 20  µM, b) 50 µM, and c) 100 µM. At high 
concentrations > 50 µM, the substrate is fully covered by pc-CPNs and thus limits the 
growth of longer nanotubes.  
 
 
 
 
Appendix 1.6 
 

2-arm  3-arm 4-arm 

Concentration Length Concentration Length Concentration Length 

3.5 µM 36±19 nm 10 µM 31±16 nm 10 µM 14±7 nm 
10 µM 64±42 nm 16 µM 45±20 nm 20 µM 50±21 nm 

17.5 µM 88±54 nm 40 µM 102±30nm 50 µM 121±60 nm 
35 µM 154±86 nm   100 µM 126±64 nm 
50 µM 161±90 nm     

 
A. 1.6.  Summary of the lengths of pc-CPNs with different degrees of conjugation at 
various solution concentrations. 
 



	
  

	
   134	
  

Appendix 1.7  Theory Framework 
 
 

The experimental observations suggest that both the binding energy and bending 
rigidity of the CPNs must be reduced as the degree and length of the conjugate arms 
increase. Here, we hypothesize that the PEG conjugated side arms effectively destabilize 
the nanotubes by introducing a free energy penalty ( ) into the binding free energy 
of the cyclic peptides ( ). The axial free energy landscape of a unconjugated CP 
dimer has been studied in a previous work.1 Here we use the basic features of this 
landscape and simplify it slightly without loss of generality. The most relevant feature of 
the energy landscape is the softening (decrease in the Young’s modulus) as the 
intersubunit distance is increased. 

The total free energy of the system ( ) can be written as: 

  [1] 

Due to steric repulsions and excluded volume interactions experienced by the 
polymer side arms under confinement, a tensile force is exerted on the cyclic peptide 
(CP) nanotube core stabilized by hydrogen bonds, which increases the intersubunit 
distance between the CPs. Since the characteristic free energy landscape of peptide 
assemblies involve van der Waals and electrostatics interactions that diminish (i.e. soften) 
with increasing intersubunit spacing, 1 this effectively leads to a decrease in the axial 
stiffness ( ) of the CPN core, which is directly correlated to its persistence length (

). This observation is contrary to what’s known for molecular brushes, 
which are known to stiffen by conjugation. This is a main difference between 
supramolecules vs. macromolecules, where the latter have a relatively inextensible, 
covalently bonded backbone and stiffen due to backbone tension. The energy landscapes 
for the 0-arm and 4-arm conjugated CPs are shown in Figure A.1.7a) and exhibit this 
reduction in the binding energy, shifting of the equilibrium spacing, as well as softening 
which characterized by the curvature near the equilibrium spacing.   

To estimate the free energy penalty introduced by the conjugated polymer side 
arms, we approximate the conjugated CP confined between two subunits to that of a star 
polymer confined in a slit. Subsequently, we employ a simple Flory approach to express 
the entropic penalty term of the free energy expression.2 Considering the slit spacing as 
an evolving parameter during the self-assembly process (initially infinite and decreasing 
until reaching equilibrium value during self-assembly), the entropic penalty of self-
assembly is:  

 [2] 
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where is the Boltzmann constant, is the temperature, is the excluded volume 
coefficient, is the number of arms, is the number of monomers per arm, is the 
monomer size, is the slit separation, and is the star radius. In Eq. 2, the first term in 
the right hand side is the contribution from the excluded volume interactions, and the 
second term is the compression energy of the arms. The effective slit spacing depends on 
the confinement degree of the arms that in turn depends on the number of arms. This is 
taken into account probabilistically, by considering that it will become increasingly 
difficult to avoid overlap as N is increased, which translates into greater entropic penalty 
for systems with greater N. The values for the excluded volume parameter, the monomer 
length and the monomer to molecular weight proportion have been extracted from a 
previous computational study of PEG.3 The theory predicts a non-linear decrease in the 
binding free energy with the conjugation density, shown in the inset of Figure A.1.7a). 
The effective outcome of this finding is that conjugation should: i) reduce the stability of 
CPNs, ii) soften the CP-CP interactions and thereby reduce bending rigidity and as a 
results of (i) and iii) lead to CPs with lower propensity to assemble into longer tubes.  

Assuming that the binding free energy of the unconjugated CPs ( ) is not 
directly dependent on the arm size , we can propose scaling laws and quantitative 
predictions that can explain the experimental observations. To calculate the equilibrium

, we minimized the free energy of the conjugated polymer : 

  [3] 

This result shows a strong dependence of on the molecular weight of the side 
arms. However, the effect of the number of arms on is very weak for the 2k Da system, 
suggesting minimal extension for short polymer conjugates.  

As observed experimentally, and explained with simple theoretical concepts, 
increasing conjugation density progressively decrease the binding energy between 
polymer-peptide conjugates in nanotubes. This therefore opens possibilities for 
controlling the insertion of intruding polymer-peptide conjugates of lower polymer 
conjugation density within the nanotube self-assembled sequence. An example system 
would be mixed nanotubes consisting of 0-arm and n-arm conjguates. These intruding 
conjugates lower the overall energy of the nanotube and stabilize the system by 
increasing the local entropy at the locations of insertion. A mixed CPN is one that 
contains CPs with two different degrees of conjugation. This system can be modeled as a 
binary mixture of a-arm and b-arm conjugate CPs and the free energy of the system can 
be written as: 

  [4] 
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where is the number of i-arms conjugated CPs, is the total number of CPs in the 

CPN, is the interaction energy between i-arm and j-arm conjugated CPs, and is the 
number of contacts between CPs with different conjugation. The first term on the right 
hand side of Eq. (7) corresponds to the mixing entropy and the last three terms 
correspond to the internal energy. In the following discussion we would consider
meaning that (the lower the number of conjugated arms the stronger the 
binding is).  

The self-assembly sequence offers two possible extreme cases: (1) , the 
system is segregated in two major domains of composed of all a-arms and all b-arms 
respectively, and (2) , the a-arms and b-arms conjugated CPs self-assembly in 
an alternating fashion. The internal energy of both cases is a simple summation over the 
nanotube, yielding: 

  [5] 

  [6] 

In order to find out which configuration is more energetically favorable, we look 
at the asymptotic limit for infinitely long nanotubes ( ) of the quotient : 

  [7] 

The critical case where both configurations are equally favorable ( ) 
yields: 

  [8] 

If is larger than this arithmetic average threshold value (closer to ) then the 
system would tend to self-assembly into a CPN with two segregated domains, while if it 
is lower (closer to ) the system would form a CPN of alternating a-arms and b-arms 
conjugated CPs. The final configuration of a mixed CPN therefore depends on the cross 
interaction energy term ( ) with respect to the self-interaction terms ( , ). Figure 
6B shows the free energy landscape of a CPN as a function of and the number of a-b 
contacts ( );  corresponds to alternating sequences,  to phase segregation. 
The following parameters were used ( , , , where the 

iN N

iju abn

a b<
aa ab bbu u u< <

1abn =

1abn N= −

( ) ( )(1) 2
2aa bb ab

N
U u u u

−
= + +

( )(2) 1 abU N u= −

N →∞ (1) (2)/U U

( ) ( )
( ) ( )

( )1

2

2 1 1lim lim
2 1 1 2
aa bb aa bb

N N
ab ab

u u N u uU
U u N N u→∞ →∞

⎛ ⎞+ − +⎛ ⎞
= ⋅ + =⎜ ⎟⎜ ⎟ ⎜ ⎟− −⎝ ⎠ ⎝ ⎠

(1) (2)U U=

( )
1

2

1lim 1
2ab aa bbN

U u u u
U→∞

⎛ ⎞
= → = +⎜ ⎟

⎝ ⎠

abu bbu

aau

abu aau bbu

abu

abn 1abn = 0abn =

1000a bN N= = 00aau F= Δ 44bbu F= Δ



	
  

	
   137	
  

subindexes indicate the number of arms of the conjugated CPs used in the mix. The 
energy landscape resembles half of a hyperbolic paraboloid (horse saddle) and displays 
the same features as predicted in the theoretical analysis. For  the free 
energy difference between a phase segregated system ( ) and one with alternating 
sequence ( ) is negligible. However, the system would tend towards the alternating 
sequence configuration if and towards the phase segregated system if . 
We studied all possible cases of mixed nanotubes containing 0-arm and n-arm conjugated 
CPs. The self-interaction terms have been calculated previously for homogeneous 
nanotubes ( ). To calculate the cross interaction terms ( ), we use the same 
methodology described to CPNs composed of alternating 0-arms and b-arms conjugated 
CPs. Specifically, introduction of a 0-arm CP effectively increases the slit spacing and 
reduces conjugation density along the length of the nanotube. All of the calculated values 
of lay closer to than . According to our theoretical derivation this implies that 
alternating sequences are preferred by these systems. The free energy of the different 
mixed systems as a function of the self-assembled sequence ( ) is shown in Figure A 
1.7 c). We only considered the free energy differences between two extreme cases for 
different mixed systems; accordingly the free energies (Figure A 1.7c) were normalized 
(energy per CP) and shifted to facilitate visualization. An alternating sequence is always 
more favorable than segregation into two domains. The free energy difference between 
the two extreme scenarios increases as we increase the conjugation density of the 
insertion into the 0-arm CPs. The higher the difference between and , the stronger 
is the tendency of the system to self-assemble into an alternating sequence. This 
observation should generally holds for self-assembling systems with binary mixtures. By 
modifying conjugation order and conjugate chain length, it is possible to generate 
nanotubes with controlled distribution of subunits along the length of the nanotube.  
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A. 1.7.  a) Free energy as a function of sub-unit separation distance. b) Energy landscape 
and self-assembly sequences from mixtures of a-b arm polymer-cyclic peptides 
conjugates. Contour plot of the free energy surface of a mixed CPN. The number of a-b 
interfaces in the nanotube is normalized:  for phase segregated sequence, 

 for alternating sequence. c) Normalized free energy from mixtures of 0-arm and 
n-arm (n=1, 2, 3, 4) conjugates. 
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Appendix 2: Supporting Information for Chapter 3 
 

 

 

Appendix 2.1 

 

 

 
A. 2.1. Purification and characterization of AK4-PEG conjugates showing the RP-HPLC 
trace of PEG conjugation reaction mixtures, where 4 peaks are observed corresponding to 
AK4-PEG conjugates with 1, 2, 3, and 4 PEG chains attached respectively. The fraction 
collected between 32-34 min corresponds to AK4-4P2k (4arms), whose purify is 
confirmed via MALDI-TOF (Figure 2.1a) and RP-HPLC (Figure 2.1b). 
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Appendix 2.2 

	
  
	
  

	
  
	
  
	
  
	
  
A. 2.2. Schematic showing the thin film fabrication process. PS-b-PMMA is pre-
dissolved in selected solvent to make a stock solution at 10 mg/mL. Freshly lyophilized 
cyclic peptide-polymer conjugate (AK4-4P2k) power is dissolved in the same selected 
solvent in a separate vial, and the stock solution is then slowly added to the AK4-4P2k 
solution. The combined mixture is the sonicated for 30 minutes, and then spin casted onto 
Si wafer surface modified with neutral brush layer ~ 12 nm at desired spinning speed. 
The samples are transferred to a vacuum oven for thermal annealing and slowly cooled 
afterwards.   
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Appendix 2.3 

 
 

 
 
 

A. 2.3 Characterization of as-casted thin films from benzene and toluene solution. For 
good solvent benzene, no large aggregates are observed for f = 1-3 wt% as shown in 
Figure S2 a-c). In contrast, aggregates shown as darker regions in the phase images are 
observed for films casted from toluene (Figure S2 d-f). Moreover, the sizes of the 
aggregates are correlated to the value of f, demonstrating a concentration dependence of 
self-aggregation of AK4-4P2k conjugates in toluene solution. 
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Appendix 2.4 

 

 

 

A. 2.4. 19F NMR spectra of AK4-4P2k conjugates (a) post TFA vapor treatment and (b) 
first treated with TFA vapor and then thermally heated at 180 °C for 4 hours in vacuum. 
The triplet peak ~ -76 ppm corresponds to TFE and the single -74 ppm peak corresponds 
to TFA. The lack of the peak around ~ -74 ppm in (b) indicates that TFA molecules are 
mostly removed during thermal treatment to the level below the detection limit of the 
NMR. From the integrated areas of TFA and TFE in (a), the amount of TFA in the 
sample can be estimated. 
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Appendix 3: Supporting Information for Chapter 4 

 

 

Appendix 3.1   

 

A. 3.1.  2D NOESY spectra in d6-DMSO of molecularly dissolved Mba-8CP (~4mg/mL). 
Experiment was run at room temperature for 1 hour.  
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Appendix 3.2 Molecular Dynamics Simulations 

Molecular Dynamics Simulations: In previous studies, different computational 
approaches such as MD3 or computational quantum mechanics methods4 have been 
successfully applied to the study of CPNs presenting excellent agreement with structural 
parameters of the nanotubes obtained from experimental studies, such as intersubunit 
distance, backbone hydrogen bond lengths or unit cell parameters. For this study, we 
selected molecular dynamics as the preferred approach for several reasons, namely: (i) 
the suitability of the MD protocol as evidenced by widespread application of this 
technique in earlier studies of CPNs for structural characterization and stability 
assessment (ii) ability to obtain longer time scale dynamical data in explicit solvent 
conditions, providing insight into overall self-assembly metrics and stability of the CPNs 
arising from long-range interactions (iii) excellent overall agreement of earlier MD 
studies with experimental evidence, including measurements of pore size, intersubunit 
distances, and crystal structure lattice constants (iv) the flexibility in examining CPN 
structure in non-periodic conditions, which are more relevant for self-assembly in 
solution as opposed to crystal formation.  

Initial coordinates for the CP subunit structures were taken from optimized 
geometries calculated using MM+ force field in HyperChem. Molecular Dynamics 
simulations were carried out in Materials Studio using the ab-initio based COMPASS1 
force field. In order to explore the conformational space and find the minimum energy 
configuration of the CP monomers in the tubular morphology, three subunits were 
stacked and subjected to five annealing cycles with a temperature range of 298K to 600K 
in the NVT ensemble, where each cycle was followed by minimization calculations. The 
final configuration of the central subunit was selected to build the CPNs used for 
equilibration simulations. The structures computed from these final equilibration runs 
were used for the comparative analysis. CPNs were composed of eight subunits stacked 
in an antiparallel fashion. These simulations were carried out in an isothermal-isobaric 
ensemble (NPT) with the Berendsen method and the Nose thermostat to control pressure 
and temperature at 1 atm and 298 K respectively. The system is solvated in explicit water 
and periodic boundary conditions are employed for a cubic box that is 50Åx30Åx30Å. 
To calculate the electrostatic interactions and the Van der Waals forces, we use the Ewald 
summation method with a repulsive cutoff of 6 Å and a cutoff distance of 12.5 Å. The 
time-step is fixed to 1 fs and the total duration of the simulations is 1.5 ns. Post-
processing was done using Visual Molecular Dynamics (VMD)2 and .tcl scripts. The 
cutoff distance for the hydrogen bonds was 3.4 Å and the minimum D-H-A angle for 
bond formation is taken as 130°. The inter-subunit distance was calculated as the center 
of mass distance between the alpha-carbon atoms of each subunit. For all calculations, 
measurements are taken every 2 ps, excluding the first 200 ps of the equilibration runs.  
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Appendix 3.3   

 

 
A.  3.3  Time history of the average number of interring backbone hydrogen bonds. The 
number of H-bonds remains stable during the simulation for both cases, with a lower 
average value for Mba-8CP than the 8CP nanotubes. Intersubunit distance distribution (b) 
is comparable in both cases and agree with reported experimental values (4.7-4.8 Å) for 
CPNs.  
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Appendix 3.4.   

 

A.  3.4.  a) RP-HPLC of PEG and Mba-8CP conjugation reaction mixture using 
acetonitrile and water mixing solvent containing 0.1 % TFA as eluent. The spectrum is 
separated into two independent peaks, corresponding to Mba-8CP conjugates with 
different numbers of PEG chains attached per Mba-8CP. The first coming out peak is 
assigned to free PEG and Mba-8CP attached one PEG chain. The second peak is 
confirmed to be Mba-8CP with two PEG chains. In order to guarantee the purity of Mba-
2P2k conjugate, we only collect fractions of the second peak as indicated by the 
highlighted rectangle. b) MALDI-TOF mass spectrum of Mba-2P2k used in present 
study, confirming the purity of the material. 
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Appendix 3.5.   
 
 
 

 
 
 
A.  3.5.  AFM phase images of Mba-pc-CPNs formed from 50 µM THF solution spin 
casted at a) 500 rpm; and b) 5000 rpm, respectively. No obvious differences in the length 
of the nanotubes can be seen between the two samples due to high evaporation rate of the 
casting solvent, tetrahydrofuran (THF). Thus, all the samples were spin-casted at 500 rpm 
under ambient condition. 
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Appendix 3.6 
 
 

.   
 
 
A.  3.6.  AFM phase images of 1 wt% Mba-2P2k conjugates and PS-b-PMMA blends 
casted from a) chloroform; and b) toluene, respectively. The highlighted regions in b) are 
large aggregates of Mba-2P2k pre-formed in solution.  
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Appendix 4: Supporting Information for Chapter 5 

 

 

Appendix 4.1 
 
	
  
	
  

	
  
	
  
 
A. 4.1.  Schematic representation of the internal structure of the customized membrane 
holder (not to scale). Polytetrafluoroethylene (PTFE, “Teflon”) is used to construct the 
holder body while the stainless steel is used for tubings and clamping screws (not 
shown). The diameter for the input/output fitting and adapter is 1/4 ” and the actual 
testing area is set by the o-ring with external diameter 1/8 ” and internal diameter 0.12 ”. 
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Appendix 4.2 
 
 
 

 
 
 
 
 
A. 4.2   AFM images of blends of unmodified CPN, AK4-4P2k, and PS-b-PMMA matrix 
at different loading amounts after spin casting (“As”) and after thermal annealing 
(“Ann”). No obvious morphological difference is observed for the as-prepared samples as 
shown in a) and c). However, overloading of the conjugates results in excessive 
nanotubes lay parallel at the polymer/air interface.  
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Appendix 4.3 
  

 

 
A. 4.3.  Schematic representation of the ion transport setup. Due to the hydrophobic 
nature of the CPN/BCP thin film, the pH 2.25 PBS buffer has a high contact angle when 
placed on top of our membrane. This simple method can be used to assess the integrity of 
the tested membrane. If defects are present, the PBS buffer droplet will spread out 
quickly.  
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Appendix 4.4 
 
 

 
 

A. 4.4.  Fluorescence	
  intensity	
  of	
  the	
  HEPES	
  buffer	
  5	
  minutes	
  after	
  treatments	
  with	
  
different	
  membranes. 
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