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ABSTRACT 

 

 In this study, poly(isoprene-block-styrene-block-ethylene oxide) (ISO) with 

molecular weight of 93,496 g mol-1 was synthesized to investigate the effect of large 

molecular weight on polymer phase behavior. This polymer was used to direct 

aluminosilicate hybrids and results compared with a 23,180 g mol-1 ISO-

aluminosilicate hybrid system, i.e. with work of previous Wiesner group member, 

Juho Kim. Results showed that, despite the occurrence of more mixed phases with the 

larger ISO, both ISO-aluminosilicate hybrid systems display the same sequence of 

phases with those of the 93,496 g mol-1 ISO aluminosilicate hybrid structures shifted 

down to lower O + inorganic volume fractions as compared to the 23,180 g mol-1 ISO.  

 Subsequently, several other metal oxide hybrids derived from 93,496 g mol-1 

ISO were studied. The goal of the study was, again to learn about the structure-

directing behavior of large molecular weight polymer, and identify ways to obtain 

uniform phases. This is usually a challenge as a result of the much slower chain 

dynamics observed for large molecular weight polymer. Uniform structures from large 

polymers enable access to large pore and strut size mesoporous materials desirable for 

a numbers of applications. Titanium (IV) oxide and niobium(V) oxide hybrids were 

studied, which have been previously examined with smaller molecular weight ISO. 

Niobium (V) oxide can be further nitrided into niobium nitride, which has the 

potential to show superconductivity. The temperature- and time-dependence of 

nitriding were investigated to identify optimal conditions. Finally, mesoporous 
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gallium nitride was prepared, by nitriding 93,496 g mol-1 ISO-derived gallium (III) 

oxide hybrids, but further studies are needed to bring this part of work to full fruition.  
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 As worldwide energy use increases, there is a growing need for renewable 

energy sources. Some examples of such renewable energy sources include: wind 

energy, water energy, nuclear energy and solar energy. Wind energy and water 

energy is not sufficient to meet the world’s require units for energy, and the 

locations to generate energy are limited. Wind energy is also intermittent and 

generates power only when the wind blows. Nuclear energy has been studied and 

generated, and in fact, is one of the sources that supply huge portion of energy to 

many countries such as Germany, Turkey, France, India, and United States. 

However, nuclear energy generates radioactive matter, and as shown by the 

Fukushima Daiichi plant nuclear leak, in Japan, it has great potential to generate a 

disaster with fatal consequences for human and the ecosystem. For these reasons, 

solar energy has possibilities to become our next generation energy source, but it is 

not an exception in that there are still many issues to be dealt with. First, solar 

energy is obtainable only where there exists enough sunlight. For example, if there 

is not enough sunlight to generate energy, such as at night, or in cloudy or rainy 

weather, energy demand may not be met. This can be assisted by battery research 

for batteries can store energy as much as possible when sunlight is available to be 

used when sunlight is not available. Second, it is not easy to collect solar energy 

from sunlight even if there is enough of it. When sunlight meets the solar panel, 

the entirety of sunlight does not necessarily go into the panel, but some will 

reflect, scatter, or transfer into heat. The amount of sunlight absorption can be 

increased with various surface treatments. 
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 To address some of the needs for next generation energy sources, 

nanotechnology can provide some advantages in energy systems. For example, 

providing nanostructured electrodes in batteries can decrease the solid state 

diffusion lengths in batteries, allowing for faster charge and discharge. Also for 

solar cells, having a nanostructure on the surface of solar panels could reduce 

reflection to help the panel absorb as much light as possible, or increase 

hydrophobicity so that it could prevent any dirt piling up on the panel that may 

compromise the sunlight absorption amount, and also could act as an electron/hole 

collector that is generated by the sunlight.  

 There are different ways to fabricate nanostructures. Conventionally, 

nanostructuring can be largely divided into two methods: top-down and bottom-up. 

In top-down methods, the desired nanostructure is obtained by repeatedly 

removing unwanted parts from bulk material. Examples of these methods are 

various lithography and nanocontact printing techniques. On the other hand, 

bottom-up methods grow nanostructure from a wafer by using atomic / molecular 

precursors to become the desired nanostructured material. This can be achieved by 

plasma arcing, chemical vapor deposition (CVD) and/or molecular beam epitaxy 

(MBE). These methods have been used in research and in industry widely, 

enabling production of one and two-dimensional structures such as nanofibers, 

nanoflowers, nanoparticles and nanorods. Sol-gel chemistry is another bottom-up 

method to build nanostructures. This, however, is differentiated from others in a 

way that it has potential to grow various complex three-dimensional materials via 

self-assembly. Also, it benefits from not requiring a wafer to grow from, and 
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extremely high temperature processes as often, for example, as CVD does. This 

opens access to materials not tolerant to high temperatures for which, therefore, 

producing nanostructures has been difficult.  

 Here, block copolymers, which will be introduced in Chapter 2, are used with 

several different inorganic materials to form various structures, including lamellar 

(LAM), alternating gyroid (Q214), double gyroid (Q230), and inverse hexagonal 

(HEX). Previously in the Wiesner group, small molecular mass diblock 

copolymers and triblock terpolymers, from 10,000 g/mol to 40,000 g/mol, were 

extensively studied. In the present, 93,500 g/mol poly(isoprene-b-styrene-b-

ethylene oxide) (ISO) (Chapter 3) was synthesized and analyzed with gel 

permeation chromatography (GPC) and nuclear magnetic resonance (NMR), and 

was used to structure-direct inorganic materials including aluminosilicate (Chapter 

4), titanium(IV) oxide, niobium(V) oxide, and gallium(III) oxide (Chapter 5). For 

the ISO-aluminosilicate part, its structures with different loading of O + oxide  

were examined, and were compared to a previous study with smaller molecular 

mass ISO (23,200 g/mol) to see if 93,500 g/mol molar mass polymers derived of 

materials follow the behavior of the 23,200 g/mol ISO based phase diagram. For 

titanium(IV) oxide, niobium(V) oxide, and gallium(III) oxide hybrids from 93,500 

g/mol ISO, structure with varying inorganic content were studied, and nitrided at 

different temperatures. Morphologies were analyzed by small angle X-ray 

scattering (SAXS), transmission electron microscopy (TEM), and scanning 

electron microscopy (SEM) and their inorganic content was determined by 

thermogravimetric analysis (TGA), respectively.  
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2.1 Block copolymer 
 

 A block copolymer is a macromolecule that consists two or more distinct 

polymer blocks. Due to their chemical incompatibility, they try to separate, but 

unlike oil and water, they fail to macrophase-separate because the blocks are 

connected. Instead, they would microphase-separate, and settle in a structure that 

is energetically favored, dictated by the degree of polymerization N , Flory-

Huggins parameter χ , and volume fraction of block A, fA . Bates and Fredrickson 

have calculated a diblock copolymer phase diagram as shown in Figure 1. 

 

Figure 1. Diblock copolymer phase diagram suggested by G. H. Fredrickson[1] 

 

Structures found in this system are body-centered cubic (QIm3m), gyorid(QIa3d), 

lamellae (L), and hexagonally packed cylinders (H). Especially the gyroid 
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structure is interesting because it is a bicontinuous network structure. Diblock 

copolymer system provides gyroid structures, but only in narrow composition 

windows. More recently, triblock terpolymers have attracted attention because 

they provide larger composition windows for network structures. However, adding 

one more block increases the complexity by adding more substance parameters, 

and many studies have been performed to understand such systems. 

 

2.2 Block Copolymer Hybrids 
 

 Polymers can be used as lithography mask and photonic materials due to their 

ability to form from distinct blocks of repeat units. However, they are composed of 

organic substances and thus limited in their properties relative, for example, to 

inorganic materials. When a block copolymer consists two or more blocks that are 

immiscible, like oil and water, they cannot macrophase-separate because they are 

covalently bonded together. Instead, different blocks will range to minimize 

enthalpy and entropy energy contributions, and therefore, self-assemble into 

unique structures. Functional materials can benefit from block copolymers’ 

structure-directing ability when one can selectively dissolve them in one block, 

and form the final structure together. For example, nanoparticles could swell one 

of the blocks in a block copolymer and form particle rich domains to show 

functions of the nanoparticles[2]. In order to do this in bulk, one-pot type methods 

have been employed where they simply mix a block copolymer solution and 
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nanoparticle solution together. During drying at a certain temperature, the mixture 

undergoes evaporation-induced self-assembly to form a film, and the film product 

is called a block copolymer hybrid. Many block copolymer hybrids have been 

achieved with different inorganic materials, such as aluminosilicate[3], non-

oxides[4], transition metal oxides[5], and metals[6].  
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3.1 Motivation 
 

 Over several decades, many studies have been conducted to be able to predict 

AB diblock copolymer phase behavior[1], [7]–[10], and they are known to self-

assemble into four structures: spheres, cylinders, lamellae, and gyroids. Their 

phase behavior is dictated by the degree of polymerization, , the A block 

volume fraction, , and the segment-segment interaction parameter, . By 

adding one more block adds parameters, and ABC triblock terpolymers exhibit 

greater morphological complexity[11]–[18], which includes, for example, core-

shell versions of structures found in diblock copolymer systems. On the other 

hand, this complexity provides potential for better control of mechanical properties 

[19].  

 Having one more block, ABC triblock terpolymers are much more complex 

than AB diblocks. Previously, structures generated in the ISO system with 

different volume fractions of each block have been studied, and many efforts were 

made to provide better understanding of the phase behavior, including attempts to 

assemble a phase diagram of the system[14][20].  The Wiesner group has been 

working to complete a phase diagram of ISO, blended with aluminosilicate 

nanoparticles. Here, a bigger molar mass ISO with 93,500 g mol-1 (JY06) was 

synthesized and its hybrid formation behavior compared with other molar mass 

ISO polymers.  

 

N

fA χAB
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3.2 Experimental Section 
 

 The synthesis of 23,200 g mol-1 ISO-1 and 93,500 g mol-1 JY06 are the same, 

except larger amounts of monomers were added to the synthesis, and the bigger 

polymer takes more time for the synthesis to be completed. The volume fractions 

of each block are summarized in Table 1. 

 

Vol. fraction PI PS PEO 

JY06 (93,500 g mol-1) 0.34 0.60 0.06 

ISO-1 (23,200 g mol-1) 0.31 0.52 0.17 

Table 1. The volume fractions of each block in JY06 and ISO-1 

 

In Figure 2, a schematic for the synthesis of ISO is shown. Most of the reaction 

was done in a glass vacuum line, and the glassware used for reactions were 

cleaned thoroughly with commercially provided tetrahydrofuran (THF) (Sigma-

Aldrich, CAS No. 109-99-9), methanol (Sigma-Aldrich, CAS No. 67-56-1), and 

acetone (Sigma-Aldrich, CAS No. 67-64-1) in sequence, to mainly remove any 

organic material on the glassware, and subsequently dried with a heat gun at 

around 200˚C.  
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Figure 2. Schematic of poly(isoprene-b-styrene-b-ethylene oxide) synthesis 

 

 For the first block, isoprene, benzene was used as the solvent. In order to do 

this, commercially purchased benzene (Sigma-Aldrich, CAS No. 1076-43-3) was 

distilled in a vacuum line by freezing and pump-thawing three times. Freezing and 

pump-thawing means that a solution to be distilled was injected into a reactor at 

room temperature that is connected to, for example, to an ampoule by a glass-

bridge. The ampoule is frozen by liquid nitrogen around 77 K. After vacuum is 

pulled onto the bridge, the reactor with the solution is opened for the solution to 

move to the ampoule due to the low pressure and the temperature difference 

between the reactor and the ampoule. Warm water may be applied to the outside 

reactor to help the benzene move to the ampoule. In the process, inhibitor and 

impurities from the original solution are removed, and the frozen solution in the 
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ampoule is expected to be pure. To make sure, this is thawed back to the solution 

state, and the processes are repeated three times.  

 On a vacuum line, a distillation bridge was set for isoprene distillation 

connecting a reactor and an ampoule. 25 mL of commercial isoprene (Sigma-

Aldrich, CAS No. 78-79-5) was prepared at room temperature. First, n-

butyllithium (Sigma-Aldrich, CAS No. 109-72-8) was injected into the reactor, 

and meanwhile, argon gas was flowing out of the reactor to prevent n-butyllithium 

from violently reacting with air. After the n-butyllithium had time to react with 

residual impurities, warmed up to room temperature isoprene was injected into the 

reactor and frozen and pump-thawed three times to be distilled and to remove any 

possible impurities and/or dissolved gas. The ampoule with the distilled isoprene 

was put into a metal can for thawing. The can is to minimize the impact in case of 

an explosion, since pure isoprene without inhibitor could be extremely reactive. 

The distilled isoprene and the distilled benzene in a separate vacuum-sealed sphere 

flasks were brought into glove box filled with inert gas (N2 in this case) to prevent 

any contact with oxygen and/or water. The polymer initiator, sec-butyllithium 

(Sigma-Aldrich, CAS No. 598-31) was prepared at room temperature, 0.22 mL 

was brought out using a syringe with a needle, and it was also brought into the 

glove box. 7.75 g of distilled isoprene, and the 0.22mL sec-butyllithium were 

added to the distilled benzene mixture and stirred overnight.  

 On the same day isoprene was prepared, styrene (Sigma-Alrich CAS No. 100-

42-5) was added to calcium hydride and stirred overnight in a distillation bridge, to 



	   	  22	  

remove its inhibitor, and any water content. Reacting styrene with calcium hydride 

produces gas, and to prevent any pressurization, styrene was frozen and pump-

thawed on the vacuum line. Meanwhile, ambient-temperature gel permeation 

chromatography (GPC) (Waters 410 differential refractive index detector) was 

used to analyze the polydispersity of the polyisoprene (PI). The GPC sample was 

made as followed. 2 mL of the solution of PI, sec-butyllithium, and benzene was 

taken out of the flask and 2 mL of methanol was added to terminate the PI.  The 

solution turned cloudy upon termination. This solution was stirred vigorously and 

its solvent was poured out to leave the precipitate on the bottom. The precipitate 

was dried by rotary evaporation. Then, 1 to 2 mL of THF was added as the GPC 

uses THF as its solvent. The resulting polyisoprene showed a molecular mass of 

29,800 g mol-1, and a polydispersity index (PDI) of 1.03.  

 On the next day, styrene was frozen and pump-thawed three times to make 

sure it does not contain any impurities. The distilled styrene was vacuum-sealed 

and brought into the glove box and 15.1 g of it was added to the PI solution. The 

color of the solution changed into bright orange, which show that the PI block had 

reacted with styrene. This was stirred overnight and a GPC sample was prepared 

again with using same method introduced earlier for the PI and its PDI was 1.03. 

 The solution of poly(isoprene-b-styrene) (IS) was end-capped with ethylene 

oxide, then terminated with methanol, which is shown in Figure. 2. Especially the 

end-capping reaction can be seen in the second reaction, where ethylene oxide is 

added to the IS polymer that ends with a lithium ion. In order to add the next block 
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to the IS, in this case ethylene oxide, a bridge needs to form to connect the two, 

and this is achieved by adding one ethylene oxide unit to function as a bridge; this 

is called “end-capping” procedure. It is noted that in this experiment ethylene 

oxide is used for two different purposes: one, as the last block of the complete 

polymer ISO, and second, as a bridge reinitiated between the IS and O blocks of 

the polymers. The terminated polymer was then reinitiated by adding KN in THF 

and potassium chloride (KCl) (Mallinckrodt, CAS No. 7447-40-7), to initiate 

polymerization of the final block, ethylene oxide. This was, again, terminated with 

methanol and HCl, and the ISO was completed. This step is explained in more 

depth below. 

  

 

Figure 3. Schematic of ethylene oxide distillation set-up 
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Figure 3 depicts a simple version of the experimental setup for ethylene oxide 

distillation, in which every step is crucial and connected directly to safety since 

ethylene oxide is a highly toxic gas. Starting with all nozzles closed, nozzles 

numbered 5, 6, 7, 8 were open to pull vacuum. When sufficient vacuum was pulled 

in the system, nozzles 5, 6, 7, 8 were closed, and argon was flowing outward of the 

flask 2 to prevent any substance from coming into the flask. Using a syringe and a 

needle, n-butyllithium was injected to the flask 2 in order to clean the system, and 

the argon was shut down. A stir bar was put into the flask 2 in advance and after 

injecting n-butyllithium into the flask, it started stirring (the flat cylinder under the 

flask 2 is a stir-plate). After stirring the n-butyllithium for around a minute, the 

nozzle 6 was crack-opened and slowly to its entirety, so the n-butyllithium has its 

solvent removed and spread over the flask 2 and 3 to remove any water or oxygen 

in the system. When n-butyllithium had its solvent removed, liquid nitrogen was 

placed under the flask 2 to drop its temperature to collect and freeze ethylene 

oxide from 1. Nozzle 6 was closed, and nozzle 3 was opened to start collecting 

ethylene oxide with the driving force of pressure difference. Meanwhile, liquid 

nitrogen was freezing the ampoule 4. After about 10 ml of ethylene oxide was 

collected in the flask 2, nozzle 3 was closed and nozzle 5 and 6 were opened to 

pull vacuum on flask 2 to remove any foreign content or residual ethylene oxide. 

This step is crucial because after this, ethylene oxide was going to be thawed, and 

if there is any impurity other than ethylene oxide, it could cause an explosion due 

to its extreme volume expansion. Nozzle 4 was opened for sometime to make sure 

all the ethylene oxide in between 1 and flask 2 was collected into the flask 2, and 
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then closed. At this point, nozzle 3, 4, 8 were closed, and 5, 6, 7 were opened. 

Then nozzle 9 was opened, 5 and 7 were closed, and the liquid nitrogen bath under 

the flask 2 was changed to cold isopropyl alcohol to slowly bring up the 

temperature of frozen ethylene oxide. Ampoule 4 was still frozen in the liquid 

nitrogen bath and started collecting thawed ethylene oxide from the flask 2, again 

with the driving force of pressure difference. After about 3 mL of ethylene oxide 

was collected, nozzle 8 was closed. At this point, nozzle 3, 4, 5, 7, 8 were closed, 

and only 6 was opened. Nozzle 5 and 7 were opened to remove any residual 

ethylene oxide to vacuum trap. Then ampoule 4 was disassembled from the system 

and connected to both vacuum line and the previously prepared IS in benzene as 

shown in the Figure 4. 

 

 

Figure 4. Schematic of experiment set-up to add ethylene oxide block to 

poly(isoprene-b-styrene) (IS) 

poly(isoprene+b+styrene)/
solution
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Figure 4 shows an ampoule number 4 from the Figure 3 that is connected to the 

vacuum line, and contains distilled and frozen ethylene oxide. Here, nozzle 11 was 

opened, and 12 were closed. The nozzle connecting the ampoule 4 to argon tank 

was opened to fully back-flow twice to make sure that the ampoule 4 has higher 

pressure than the flask 10, so IS solution would not backflow into the ampoule 4. 

Then, finally nozzle 12 was opened to let the thawing ethylene oxide will flow into 

the flask 10 and react with IS solution. The color of the solution turned from bright 

orange to transparent. After polymerization was complete, the distillation system 

shown in Figure 4 was all disassembled including the vacuum trap and opened to 

the hood for longer than 3 hours in order to remove any residual ethylene oxide in 

the vacuum system. 

 The ISO solution was stirred overnight. Finally, a mixture of hydrochloric acid 

(HCl) and methanol was freeze pump-thawed three times, and added to the 

polymer solution to precipitate the completed poly(isoprene-b-styrene-b-ethylene 

oxide) (ISO). The solvent was distilled, by freezing and pump-thawing three times, 

and connected right to the vacuum line for more than 2 hours to remove the 

solvent, benzene. To extract the final product, a chloroform and water mixture was 

added to the ISO for phase separation. The solution was vigorously stirred, sat for 

some time to phase separate, the bottom phase of the chloroform ISO mixture was 

collected, and the procedure was repeated several times. The very last phase 

separation was let to stay overnight to get a very fine separation.  
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 To ISO and chloroform mixture, magnesium sulfate powder was added to dry 

ISO. The solution was stirring, while adding the magnesium sulfate, until it 

became a uniformly cloudy solution. After the precipitation, this solution was 

poured into a clean reactor through a filter paper.  Then, solvent was removed via 

distillation and the residue dried on the vacuum line. For further drying, a flask 

containing phosphorous pentoxide (P2O5) was connected between the ISO 

containing reactor and the vacuum line and kept for 4 days.  

 The reactor with dried ISO, distilled THF, KCl, and potassium naphthalenide 

(KN) were brought into the glove box. In the glove box, 117 mg of KCl was added 

to the distilled THF and stirred. After the KCl was fully dissolved, the solution 

was added into the dried ISO reactor, and then KN was slowly added while 

stirring, to reinitiate the poly(isoprene-b-styrene), until the solution became 

completely green without turning back to its starting color, light yellow. The 

solution was brought out of the glove box, and the last block, ethylene oxide was 

distilled, and added to the reinitialized poly(isoprene-b-styrene) solution. After 

five days of stirring the solution, freeze pump-thawed methanol and HCl was 

added to terminate the solution, and its color turned from green to yellow. 

Subsequently, solvent was dried away using the vacuum line. When the vacuum 

level reached around 1 mbar, the dried polymer was disconnected from the 

vacuum line, and the mixture of chloroform and water was added for phase 

separation. Here, because the polymer has ethylene oxide block, it had difficulties 

separating from water, thus left overnight to finely separate. The next day, its was 

once more phase-separated, and then filtered through a filter paper. The resulting 
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polymer-chloroform solution was placed in a rotary evaporator at 40˚C to dry 

some of the chloroform, but not to completion. The solution was then brought into 

a syringe with a needle to be slowly dropped into stirring methanol, which is 

polymer’s non-solvent, for the polymer to be precipitated. This continued 

overnight for its entirety to be precipitated. The next day, methanol was decanted 

and the precipitation was dried in the rotary evaporator at 40˚C until it was 

completely dried. Dissolving the final product in THF for GPC showed the PDI 

showed to be 1.06 for the ISO copolymer, JY06.  

 

3.3 Result and discussion 
 

 

Figure 5. NMR data for PI-PS-PEO 
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 Figure 5 shows the proton nuclear magnetic resonance (NMR) spectrum of 

polymer, JY06. The numbers below the graph show the integration of the areas 

under the peaks, suggesting the relative amount of protons for a particular peak. In 

the NMR shown in Figure 5, the peaks, in sequence, result from protons of 

chloroform, PS, PS, PI, PI, and PEO, respectively. The final peaks at even lower 

field are from the ‘alkyl region’ where all the backbone protons of the 

macromolecules are included. From the integration results, together, with the 

molar mass of the PI block, given from GPC, the molar mass of the other blocks of 

the JY06 can be calculated. In order to do this, the weight percent of each block 

has to be calculated first, using the sample weight calculated, using the molecular 

number obtained from the NMR, multiplying it by the molar mass of each block 

(the molar mass of PI= 68.12 g mol-1, PS=104.16 g mol-1, and PEO=44.05 g mol-1 

). As mentioned before, the 4th and the 5th peaks represent the PI block. When 

isoprene is polymerized in benzene, it is polymerized preferably on the 1 and 4 

carbon and, in this case, NMR detects carbon 3, giving one hydrogen atom for 

each block. However, some isoprene is polymerized on carbon 3 and 4, allowing 

NMR to detect the carbon 1 with two hydrogen atoms for each PI block, and 

therefore, the 5th peaks include two peaks. This has to be divided by two, to 

provide the right number of the of PI content. Therefore, the weight of the PI block 

in NMR sample can be calculated as such. 

 

Weight of the PI in NMR sample = 680.36+ 97.90
2

!

"
#

$

%
&×68.12 = 49,646.54  



	   	  30	  

 

Similarly, the weight of PS in NMR can be calculated as, 

 

Weight of the PS in NMR sample= 5000− 209.77
5

"

#
$

%

&
'×104.16 = 99, 790.07

 

 

The 209.77 come from the solvent, chloroform, and are subtracted from the 

number of moles. Also, because styrene has a benzene ring, and has 5 hydrogen 

atoms per block, the number of moles is divided by 5, and multiplied by its molar 

mass, 104.16. 

 

 Weight of the PEO in NMR sample= 954.26
4

!

"
#

$

%
&× 44.05=10,508.79  

 

The PEO block also has 4 hydrogen atoms per block, so the number of moles are 

divided by 4, and multiplied by the molar mass of PEO, 44.05. The sum of each 

block gives the weight of JY06 in the NMR sample to be 159,945.40 g mol-1. Now 

given with the weight of each block in the NMR sample, its weight percent can be 

calculated as PI, 0.31, PS, 0.624, and PEO, 0.066. The PI molar mass is already 
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given from GPC as 29021 g mol-1 and the molar mass of PS and PEO can be 

deduced, using the weight percent of each block. 

 

Molar mass of PS= 29021× 0.62
0.31
"

#
$

%

&
'= 58, 416.46

 

 

Molar mass of PEO= 29021× 0.06
0.31
"

#
$

%

&
'= 6,178.66  

 

To conclude, using NMR and GPC, the molar mass of PI, PS, PEO, and the sum, 

JY06 were calculated as, 29,021 g mol-1, 58,416.46 g mol-1, 6,178.66 g mol-1, and 

93616.13 g mol-1. Due to the large digits, the molar mass of JY06 is often referred 

as 93K. 

 The JY06 has a small PEO fraction, which is hydrophilic part, of 6.7 weight 

percent, compared to the hydrophobic part, PI and PS, which is more than 90 

percent of the polymer. This was intentional, in order to study bigger window of 

inorganic fraction in the system to be able to structure in variety. Its color was 

white, and had a figure of sphere with a diameter of about 3 ml, weighing about 2 

mg per each. This was kept in a sealed glass bottle in a freezer. 
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4.1 Motivation 
 

 Triblock terpolymers to provide more possible structures compared to diblock 

copolymers. As mentioned in the previous chapter, ISO is suitable for the study of 

complex triblock copolymer hybrid systems, due to its amphiphilic nature with 

hydrophobic PI and PS blocks and hydrophilic PEO block. Chatterjee et al. 

presented the experimental phase diagram of ISO system of ’s range from 5.8 

to 43.0 kg mol-1[20].  

Block copolymers have been used as structure-directing agents for functional 

inorganic materials. Wiesner et al. have combined functional materials with block 

copolymers. Both diblock copolymer and triblock terpolymer derived hybrids have 

been investigated, in particular with aluminosilicate nanoparticles[21][22][23], 

which constitute the most deeply studied block copolymer hybrid system to date. 

Recently, members of the Wiesner group have studied structures of ISO-AlSiO 

hybrid materials of molar mass of 30~40 kg mol-1 as summarized in a morphology 

map in Figure 6.  

Mn
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Figure 6. Morphology map of ISO + aluminosilicate NP hybrids 

 

Bates et al. have suggested that the triblock terpolymer ISO structure is strongly 

influenced by the increase of molecular weight and long-range order is lost[24]. 

The ability to use molecular weight of the parent block copolymer to tailor the 

length scale of nanostructures would be interesting from the standpoint of 

achieving designed structures. To this end, the previously described polymer, 

JY06, was applied to form hybrid materials with aluminosilicate NPs to be 

compared with results from ISO-1, a triblock terpolymer with similar volume 

fractions of the blocks, but with lower overall molecular weight. In Figure 6, the 

dashed black line represents terpolymer ISO-1, and the solid red line represents 
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terpolymer JY06, with different volume percent of the O block swollen by 

aluminosilicate. 

4.2 Experimental Section 
 

 The desired amount of terpolymer JY06 was weighed out and dissolved to be 

10 weight-percent in the mixture of dry THF and dry chloroform of 1:1 mass ratio.  

 During dissolution of JY06 in the solvents, aluminosilicate sol was prepared. 

The precursor,  (3-glycidyloxyproply)trimethoxysilane (GLYMO) (Sigma-Aldrich, 

CAS No. 2530-83-8) was brought out of the refrigerator to be warmed up to room 

temperature, then 2.65 g of it was taken out and injected into a vial. Subsequently, 

0.73 mL of aluminum tri-sec-butoxide was taken out of the glove box using a 

syringe and a needle, injected into the vial and stirred until it was uniformly mixed 

with GLYMO. KCl was added to the solution. After stirring for a couple of 

minutes, this vial was brought into an ice bath to cool down to 0˚C and stirred for 

around 10 minutes. 0.135 ml of 0.1 M HCl was prepared and injected dropwise to 

the vial, while stirring to induce hydrolysis and condensation. At this stage, the 

solution became cloudy. After the complete injection, the solution was stirred for 

another 15 minutes. Then, another 0.85 ml of HCl was injected into the solution 

drop-wise while stirring, one drop every 5 seconds. The solution was stirred for 

another 20 minutes. At this stage, the solution became clear again. The solid 

content in the sol solution was 53 wt%. Using this number, the expected weight of 

fully condensed aluminosilicate was calculated and the desired amount was diluted 
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to 10 weight-percent in THF. The deserved amount of this solution was injected 

into the JY06 solution and stirred for 30 minutes before casting. The solution was 

slowly cast into an aluminum dish that was placed on a glass plate with a dome on 

top, which in turn sat on top of a hot plate set to 50˚C, and left overnight. After one 

day of casting, the material had turned into a firm film. A series of 17 films were 

prepared as shown in Table 2. 

 

Name Volume fraction Weight 

fraction of 

oxide 
JY06 I S O+oxide 

JY06-1 0.659 0.286 0.054 0 

JY06-2 0.631 0.274 0.095 0.071 

JY06-3 0.6596 0.260 0.143 0.151 

JY06-4 0.564 0.245 0.191 0.224 

JY06-5 0.530 0.231 0.239 0.294 

JY06-6 0.493 0.214 0.293 0.366 

JY06-7 0.464 0.202 0.335 0.419 

JY06-8 0.428 0.186 0.386 0.480 
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JY06-9 0.392 0.171 0.437 0.538 

JY06-10 0.359 0.156 0.485 0.589 

JY06-11 0.339 0.148 0.513 0.617 

JY06-12 0.316 0.136 0.546 0.650 

JY06-13 0.295 0.128 0.576 0.678 

JY06-14 0.274 0.119 0.607 0.706 

JY06-15 0.253 0.110 0.637 0.733 

JY06-16 0.232 0.101 0.667 0.759 

JY06-17 0.211 0.092 0.698 0.784 

JY06-18 0.189 0.082 0.729 0.810 

Table 2. Volume fraction of PI, PS, and PEO in JY06-AlSiO hybrid samples and their 

weight fraction of oxide 

 

4.3 Result and discussion 
 

 The series of JY06 hybrids were analyzed by small-angle x-ray scattering 

(SAXS) (Cornell High Energy Synchrotron Source (CHESS)), and transmission 

electron microscopy (TEM) (FEI Tecnai 12 BioTwin TEM). All TEM samples 
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were sectioned with a cryoultramicrotome (Leica EM UC7/FC7 

Cryoultramicrotome) and stained with osmium tetroxide (OsO4) to render the 

polyisoprene block dark and to help understand the structures.  

 

Figure 7. SAXS patterns for selected JY06-AlSiO hybrids. 

 

 A SAXS results for the JY06 series is shown in Figure 7.  The results for 

hybrids not shown in Figure 7 were mixed phase or very difficult to interpret. 

Sample JY06-1 shows a set of peaks consistent with a lamellar structure except an 

extra peak next to the second reflex. The TEM images for JY06-1 in Figure 8 (a), 

(b) are consistent with this structure assignment. 

JY06_1	  

JY06_2	  

JY06_5	  

JY06_6	  

JY06_8	  

JY06_10	  

JY06_13	  

JY06_16	  
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Figure 8. TEM images of JY06-AlSiO hybrid. (a, b) JY06-1 (Lam), (c, d) JY06-2 

(Q214), (e, f) JY06-5 (semi-perforated lamellae) 
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Figure 9. TEM images of JY06-AlSiO hybrids. (a, b) JY06-6 (semi-perforated 

lamellae), (c, d) JY06-8 (Q230, inv. hex.), (e, f) JY06-10 (inv. hex.) 
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SAXS and TEM results for sample JY06-2 are consistent with the Q214 structure. 

The SAXS for sample JY06-5 is consistent with a lamellar structure, which is 

corroborated by TEM (Figure 8 (e, f)).  

 JY06-7 will be covered separately later in the chapter.  

 In TEM sample JY06-8 showed a mixed phase of Q230 and inverse cylinder 

structure (Figure 9 (c, d)). Furthermore, this sample showed several, around 1 um-

diameter-sized (or bigger) particles, which was not seen in other samples (Figure 

10). The particles were confirmed by TEM to be composed of aluminosilicate 

(data not shown).  

 

Figure 10. TEM image of unstained JY06-8 
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These particles were found in repeated experiments with the same aluminosilicate 

NP loading.  

 

Figure 11. TEM images of JY06-AlSiO hybrids. (a) JY06-13 (inv. micellar), (b) 

JY06-16 (inv. micellar) 

 

For sample JY06-10 SAXS data could tentatively be indexed with a hexagonal 

lattice. From TEM, it is shown that it has inverse hexagonal structure (Figure 9 (e, 

f)). The broadness from SAXS peak may be from the variation of pore size and its 

position as shown in Figure 11. SAXS patterns of sample JY06-13, and JY06-16 

could not be indexed with a lattice (Figure 2). TEM images of these two samples 

showed micellar morphologies lacking long-range order.  
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Figure 12. Phase maps for JY06- and ISO-1- hybrid systems. 

 

 Figure 12 shows a summary of the results of JY06 based hybrid structures as a 

function of O + oxide volume fraction and a comparison with results from hybrids 

of terpolymer ISO-1. The display reveals that JY06 and ISO-1 show a similar 

sequence of structures overall. However, the sequence for JY06-based hybrids is 

shifted to lower volume fractions compared to hybrids from ISO-1. This shift may 

be attributed to the fact that JY06 has a smaller volume fraction of PEO (0.06), as 

compared to ISO-1 (0.17). For the same O + oxide volume fraction, a lower 

amount of PEO may lead to a stronger compaction (higher degree of condensation) 

of the inorganic material, thereby leading to the shift.  

 Studies have shown that block copolymer systems sometimes show 

hexagonally perforated lamellar structures, which is a long-lived metastable phase 
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in a diblock copolymer[12][25]. As mentioned earlier, it was observed that bridges 

were forming in between lamellar sheets in hybrid JY06-7. In Figure 13 SAXS and 

TEM images are shown to compare the original lamellae and after the bridges 

were formed.  

 

Figure 13. SAXS and TEM data of JY06-5 (Lam), and JY06-7 (hexagonally 

perforated lamellae) 

 

The TEM in Figure 13 (a) shows lamellae with 3 components of ethylene oxide 

with aluminosilicate (gray), styrene (white), and isoprene (black). PI domains 
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appear the darkest due to the staining with OsO4. The TEM in Figure 13 (b) shows 

that ethylene oxide with aluminosilicate part is forming bridges in between which 

originally were lamellae sheets. It is proposed that the bridges consist of ethylene 

oxide with aluminosilicate surrounded by styrene block, because ethylene oxide 

with aluminosilicate block cannot have direct contact with isoprene block for its 

sequence. Possible reasons that the styrene block forming the bridge is hard to see 

from the image is because, the thickness of the bridge is small, and/or the bridge is 

perforating into the isoprene block, which is shown black, and the white part could 

show grey shade by the black around. The unstained TEM image from the same 

sample is shown in Figure 14 that aluminosilicate part is shown to be the darkest. 

 

Figure 14. Unstained TEM image of JY06-7 (hexagonally perforated lamellae) 
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Images with different angles are shown in Figure 15 is shown to clarify the layers 

in different angles. Figure 15 is stained with OsO4 and Figure 16 is unstained.   

 

Figure 15. Stained TEM tilt series for JY06-7 
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Figure 16. Unstained TEM tilt series for JY06-7 
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Bates and his coworkers have reported hexagonally perforated layers in IS system 

[10].  

 

 

Figure 17. Suggested PI-PS phase diagram by Bates et al. [10] 

 

With the study here, and other reported studies, it seems to be reasonable to 

suggest that JY06-7 shows hexagonally perforated layers as shown in the Figure 

18. The structure is represented as a core-shell analogue of the diblock 
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hexagonally perforated phase, where the polystyrene domain separates the 

minority PI domain and the majority pillared layer PEO + aluminosilicate domain.  

 

Figure 18. Proposed model for JY06-7 (hexagonally perforated lamellae, red-

PEO+oxide, white-PS, blue-PI) 
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5.1 Motivation 
 

 Nanostructured materials have received attention as metal, semiconductor, and 

ceramic materials for its potential novel properties than its bulk state. Especially 

mesoporous oxides are highly interesting for their possible use as electrochemical 

devices and catalysts, which benefit from high surface area, large pore size and 

fast diffusion. Among other methods template-based[26], sol-gel processes have 

suggested efficient ways of producing mesoporous oxides with various well-

defined structures and pore sizes[27][28].  Using sol-gel chemistry, amphilphilic 

molecules such as block copolymers and surfactants can be used as structure-direct 

agents that co-assemble with inorganic precursors into various mesoporous 

structures. This method is particularly useful for obtaining uniform structural sizes 

and long-range order in complex three-dimensional network nanostructures. Here, 

for ISO-based metal oxide hybrids and nitrides from titanium, niobium and 

gallium have been studied.  

 Titanium (IV) oxide (TiO2) has long been studied for its catalytic effects 

[29][30][31][32]. Because it is a semiconductor, it was studied in the 1980s, for 

usage in electrochemistry and photovoltaics[33][34]. In the early 1990s, Gratzel 

and his coworkers found that anatase TiO2, fabricated through sol-gel chemistry 

and sintering, could be used in dye-sensitized solar cells (DSCs) [35][36][37]. 

Studies showed that improvements in connectivity of structure will increase the 

efficiency [38] [39]. Similarly, niobium (V) oxide (Nb2O5) has long been studied 
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for its possible applications as gas sensors[40], catalysts[41], optical[42] and 

electrochromic devices[43], batteries[44], and solar cells[45].  The sol-gel route, 

blending block copolymers and inorganic nanoparticles to co-assemble into 

various mesoporous structures, has been suggested as a key to control morphology 

and pore size, by Wiesner[3][46][47], Stucky[5][48], Coakley and 

MeGehee[49][50], and other researchers. Zukalova and coworkers have 

discovered that block copolymer templated mesoporous TiO2 increases the 

performance remarkably in liquid electrolyte based DSCs[51]. However, there 

were limitations that their hydrolytic sol-gel process was highly reactive to control 

the delicate outcome structures, and Pluronic 123, their template polymer from 

commercial sources, has micropores (~7nm), which became an obstacle for 

molecular hole-transporter infiltration.  

 Snaith and coworkers have studied the correlation between the TiO2 structure 

and the efficiency of DSCs [52][53][54]. They used poly(isoprene-b-ethylene 

oxide) for their template and sol-gel chemistry and sintering to build TiO2 

mesoporous structures, and proposed that greater porosity and well-ordered 

structure will increase the efficiency of DSCs. They also showed that increasing 

the molecular weight increased the pore size. Triblock terpolymers are known for 

their ability to control morphology, and the ISO system was reported to have a 

bigger window to provide Q214 structure, which is a bicontinuous structure with 

highly connected network pores[14][55].  Recently, it has been reported that 

titanium nitride (TiN) materials show plasmonic effects and its performance 

improves in the form of nanostructures [56]–[59]. Finally niobium nitride (NbN) 
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has attracted great attention in energy and optics field for its potential to show 

superconductivity [60][61][62]. 

 Here, TiO2 and Nb2O5 was structure-directed by sol-gel chemistry with rather 

large molar mass 93 kg mol-1 ISO and studied to produce long-range, well-ordered 

structures. Studies also have covered the optimization of nitriding conditions for 

TiO2 and Nb2O5 mesoporous oxides to maintain their structures with the highest 

nitrogen to oxygen ratio as TiN and NbN. 

 Gallium oxide and its nitride were also studied here. Gallium nitride (GaN) is a 

III-V direct band-gap material with band gap of 3.39eV, is a blue and UV light 

emitter, having high melting temperature higher than 2500˚C, which suggests 

possibilities to be used in high-temperature devices. For its benefit of having direct 

and large band gap, GaN has always been focused on in both research and 

industry, but for its benefit and challenge, for having high melting temperature, it 

had not been achieved to produce its own wafer. For this reason, GaN is often 

grown on substrate, with the least lattice mismatch, and this is often sapphire or 

zinc oxide. Even for the small mismatch, defects can cause a drop in efficiency, 

especially when it comes to electronic properties. For the reason, I suggest that sol-

gel route will bring a solution to the issue, by synthesizing freestanding 

mesoporous GaN structures. Here, in the study, through a sol-gel route, gallium 

oxide has been synthesized first with polymer JY06, and then it was nitrided in an 

ammonia atmosphere to obtain freestanding GaN structures.  
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5.2 Experimental Section 
 

5.2.1 Titanium oxide and nitride 
 

 93 kg mol-1 ISO (JY06) synthesized as introduced in Chapter 3, was dissolved 

in either a THF/chloroform mixture at 10 wt% or in dry THF at 5 wt%. 37% HCl 

and 1 ml of dry THF was added to a different vial, then, 2.5 mL titanium (IV) 

isopropoxide was added to the solution and stirred for 5 minutes. Subsequently, 4 

ml of dry THF was added to the vial and stirred for another 2 minutes. 

For one set of experiments, 7 hybrid samples were made, each with 50 mg of 

JY06 dissolved in dry THF to be 5 wt% JY06 solutions. Each were named; JY06-

TiO2-A, JY06-TiO2-B, JY06-TiO2-C, JY06-TiO2-D, JY06-TiO2-E, JY06-TiO2-F, 

and JY06-TiO2-G. For these samples, 0.1, 0.2, 0.26, 0.28, 0.3, 0.35, 0.45 ml of sol 

solution was added to the 5 wt% JY06 solution, respectively. The solution was 

stirred overnight. After about 24 hours, the solution was casted on Teflon dishes, 

placed on a glass plate with a glass dome on top, on a hot plate at 35~50 ˚C. The 

films were left overnight to make sure they are fully dried. TEM sample were 

sectioned through cryoultramictrotoming. Samples were calcined in an air furnace 

with 1˚C/minute ramping up to 450˚C and kept at 450˚C for 3 hours to completely 

burn off the polymer, leaving TiO2 free-standing structure, which was later 

analyzed with scanning electron microscopy (SEM) (Tescan Mira3 FESEM). 

Some of the calcined samples were nitrided in ammonia atmosphere at either 

600˚C or 850˚C with different ramping rate and analyzed with SEM. 
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5.2.2 Niobium oxide and nitride 
 

93 kg mol-1 ISO (JY06) synthesized as introduced in Chapter 3, was prepared in 

dry THF to be 5 wt% and stirred until it is completely dissolved. Meanwhile, sol 

solution was prepared as follow: 0.375 mL of fuming 37 wt% HCl was injected 

into a 4 mL Teflon-lined cap vial with a stir bar using microliter pipette for 

accuracy. While this was stirring, 2.5 mL of dry THF and 0.64 mL of niobium (V) 

ethoxide were brought out of the glove box. 1 mL of the dry THF was injected to 

the HCl stirring vial, then the niobium (V) ethoxide was injected into the solution. 

White fume was produced in the procedure. The solution was stirred vigorously 

for 5 minutes, then the rest of the THF was injected and stirred for another 2 

minutes. A syringe with a needle drew up the complete sol solution to inject into 

the 1 mL of 5 wt% JY06 solution each, prepared as explained earlier. In total 6 

samples were made, each named as JY06-Nb2O5-A, JY06-Nb2O5-B, JY06-Nb2O5-

C, JY06-Nb2O5-D, JY06-Nb2O5-E, JY06-Nb2O5-F, JY06-Nb2O5-G, with the 

aliquot sol amount of 0.1, 0.2, 0.26, 0.28, 0.3, 0.35, 0.45, respectively. The 

solutions were stirred for about 24 hours. This was then poured into a Teflon dish 

and placed in between a glass dish on the bottom and a glass dome on top to slow 

down the casting process performed at 35˚C. This seemed to dry in about three 

hours, but it was kept overnight for its completion. The samples then were brought 

into a vacuum oven for annealing at 130˚C for 3 hours, for further crosslinking. 

TEM samples were prepared by cryomicrotoming to be 70nm thick. Freestanding 
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oxide samples were prepared by calcining the hybrid in air furnace with 

1˚C/minute ramping up to 450˚C and kept at 450˚C for 3 hours to completely burn 

off the polymer. Samples were later analyzed with SEM. Some of the calcined 

samples were nitrided in ammonia atmosphere at either 600˚C or 850˚C with 

different ramping rate and analyzed with SEM. 

 

5.2.3 Gallium oxide and nitride 
 

1 mL of JY06 solution in dry THF was prepared to be 5 wt% per sample. A 

precursor for gallium oxide, gallium ethoxide, a syringe with a needle, and dry 

butanol and dry THF were taken out of the glove box, then the butanol was 

injected into gallium ethoxide showing white fume when mixing, and then THF 

was injected into the solution. The solution remained clear through out the 

processes. This was stirred overnight, and casted at 35˚C overnight, covered in 

between a glass slide on the bottom and a glass dome on top. The samples had 

white color. The samples were then nitrided in ammonia atmosphere with ramping 

rate of 1˚C/min and remained at 800˚C for 6 hours, and then cooled down to room 

temperature.  

 

5.3 Results and discussion 
 



	   	  57	  

5.3.1 Titanium oxide and nitride 
 

 Here, the goal of the study was to achieve long-range order with the most 

porosity. First, a series of JY06-TiO2 hybrid samples with weight percent TiO2 of 

14, 25, 30, 36, 42, as given from TGA, were made as introduced in the 

experimental section. First, casting condition method similar to what was used for 

ISO-aluminosilicate hybrid was used. JY06 was dissolved in the mixture of THF 

and chloroform to be 10wt% solution and made into TiO2 hybrid as explained in 

the experimental section. This was then poured on a Teflon dish and placed on top 

of a glass dish covered with a glass dome. This was brought to a hot plate and kept 

at 50˚C. The solution seemed to dry in about an hour, but to make sure it was 

completed, it was kept overnight, and further annealed in a vacuum oven at 130˚C 

for 3 hours. The hybrid samples were characterized with SEM and SAXS. SEM 

images showed some ordered structures, such as gyroid and hexagonal structures, 

but SAXS showed that they did not have long-range order.  

 It had been reported that slowing the casting condition would help introducing 

long-range order[63]. Also, it was empirically fount that chloroform does not help 

obtaining well-ordered structures for the ISO-TiO2 hybrid system. Therefore, for 

the second series (JY06-TiO2-2 series), three changes were made in the casting 

conditions. First, to induce slower casting, 35˚C instead of 50˚C was used as 

casting temperature. Second, an extra reservoir of THF was placed in the dome. 

Third, THF instead of THF/chloroform mixture was used as the solvent to dissolve 

JY06.  
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The SAXS date for the second series prepared using this new casting protocol 

is shown in the Figure 19.  

 

 

Figure 19. SAXS data for JY06-TiO2 hybrid series. Sample name (fitting, inorganic 

weight percent) from the bottom: JY06-TiO2-2A (Q214, 18.16), JY06-TiO2-2B 

(Q214, 21.17), JY06- TiO2-2C (Q214, 25.31), JY06- TiO2-2D (Q214, 24.25), JY06- 

TiO2-2E (Q214, 25.98), and JY06-TiO2-2F (HEX, 28.57) 
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From the bottom to top, the sample names are JY06-TiO2-2A, JY06-TiO2-2B, 

JY06-TiO2-2C, JY06-TiO2-2D, JY06-TiO2-2E, JY06-TiO2-2F, with TiO2 weight 

percent of 18.2, 21.2, 25.3, 24.2, 26, and 28.6, respectively. The peaks were all 

fitted to Q214 except the top one, JY06-TiO2-2F, which was fitted to a hexagonal 

lattice. From SAXS patterns, all samples showed exquisite long-range-order. 

JY06-TiO2-2A was selected to be nitrided under ammonia atmosphere at 600˚C for 

6 hours with the ramping rate of 350˚C per hour. The Q214 structure was retained 

after nitridation, as seen in Figure 20.  

 

 

Figure 20. (a) TiO2 (b) TiN 
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Figure 21. XRD of calcined ISO-TiO2 hybrid 

 

 

Figure 22. XRD of nitrided TiO2 
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XRD was taken for both calcined ISO-TiO2 hybrid (Fig. 21), and nitrided TiO2 

(Fig. 22). It is shown that the crystalline oxygen peaks from Figure 21, are not 

found in Figure 22, meaning that the material was successfully transformed into 

TiN retaining its network Q214 structure even after the harsh temperature 

treatment and atom exchange of oxygen into nitrogen. From Scherrer’s equation, 

the domain sizes for TiO2 and TiN were, 7.6 nm and 7.0 nm, respectively.  

 

5.3.2 Niobium oxide and nitride 
 

  The goal for the experiments was to achieve well-ordered structures of JY06-

Nb2O5 hybrid films and optimize the system to retain the structure after calcination 

and nitridation.  

 Similar to TiO2 system, the slow casting protocol was also applied to the 

Nb2O5 system: 35˚C casting temperature and having extra reservoir of THF in the 

casting system, which was covered with a glass dome. This resulted in 

unexpectedly well-ordered structures, which is uncommon for high molecular 

weight polymer because its chain is too long that it makes it harder to arrange them 

in structure with a long-range order.  
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Figure 23. SAXS data for JY06-Nb2O5 hybrid series. Sample name (fitting, inorganic 

weight percet) from the bottom: JY06-Nb2O5-A (Q214, 12.1), JY06-Nb2O5-B (Q230, 

26.1), JY06-Nb2O5-C (1st peak, 31.3), JY06-Nb2O5-D (HEX, 33.3), JY06-Nb2O5-E 

(HEX, 34.4), and JY06-Nb2O5-F (1st peak, 37) 

 

Alternating gyroid (Q214), double gyroid (Q230), and hexagonal structures were 

obtained from the set, as shown by SAXS analysis (Fig. 23). From the bottom to 

top, it shows how the structure progresses along with the increase of inorganic 

material in the system. Especially it is noted that JY06-Nb2O5-A and JY06-Nb2O5-

B show impressively clear SAXS peaks, suggesting the existence of well-ordered, 
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long-range structures. Also from the SAXS data, JY06-Nb2O5-B has 123.7 nm d-

spacing, which makes it even more surprising that the peaks are clear and well-

fitted to a Q230 lattice. The hybrid film was then analyzed after calcination and 

nitridation, as described in the experimental section, which succeeded retaining the 

Q214, even after the harsh temperature treatment.  

 

 

Figure 24. SEM images of (a) Nb2O5, and (b) NbN, both maintaining alternating 

gyroid (Q214) structure. 

 
5.3.3 Gallium oxide and nitride 

 

 The goal for this experiment was to find a sol-gel route combining the JY06 

and gallium precursor to fabricate free-standing mesoporous gallium oxide, and 
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eventually its nitride structure. After many trials with different solvents and 

conditions, butanol was found to stabilize the system, and with the right amount of the 

gallium precursor, gallium ethoxide, and THF the material would successfully self-

assemble into a mesoporous JY06-GaxOy hybrid structure as shown in the TEM image 

in Figure 25.  

 

 

Figure 25. TEM image of JY06-Ga(EtO)3-BuOH 

 

This was then directly nitrided in ammonia atmosphere, which is shown in the 

SEM images in Figure 26. The images prove that after the nitridation, the material 
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formed free-standing mesoporous structures. The film color was yellow after 

nitridation as shown in Figure 27 suggesting that GaN was formed. 

 

Figure 26. SEM images of JY06-Ga(EtO)3-BuOH in (a) 544 kx (b) 43.6 kx  
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Figure 27. Image of GaN after the nitradiition 
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