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face of adversity. Considering the very short time humans have spent on Earth, the transition 

from sleeping in caves to skyscrapers, from local limited resources to globalization and an 

industrial era have been achieved. Similar breakthroughs have occurred in healthcare, i.e. the 

plague, once killing millions of people, can now be treated with antibiotics. Novel disease 

treatments have increased average lifetime profoundly. Further, current healthcare studies are 

overcoming substantial hurdles: It is likely tissue engineering will soon facilitate the synthesis of 

artificial organs, where synthetic materials will present both mechanical and biological 

performance similar to natural tissues. Hydrogels, crosslinked hydrophilic polymer networks, are 

promising as synthetic materials for tissue engineering as high water content of hydrogels are 

similar to biological tissues. Being mechanically weak under regular synthesis conditions, 

hydrogel reinforcement can be applied in order to fabricate hydrogels with diverse mechanical 

features. The synthesis of appropriately reinforced hydrogels will be the first step in 

manufacturing advanced healthcare materials. 

In the present thesis, the applications of g-CN in dispersed media utilizing visible light will be 

emphasized and the potentials from bio based applications to energy harvesting will be 

investigated. 
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Figure 1.1. Synthesis and structure of polymeric carbon nitride through melamine (nitrogen-rich 

precursor) via condensation.  

Renaissance for the g-CN material began with the investigation of optical properties. 

Conventional g-CN was shown to be a semiconductor with maximum absorbance at 420 nm 

which is consistent to its pale yellow color. g-CN also shows blue emission and creates 

photocurrent in photoelectrochemical cells.12 Even though appealing properties of g-CN created 

thriving research, g-CN had some drawbacks such as low dispersibility, high charge 

recombination rate, low conductivity etc.6 Apart from the aforementioned properties of g-CN, 

tunability of physical and chemical properties prolonged the attention as drawbacks might be 

eliminated with proper modifications in future. Compared to traditional metal semiconductors 

which have defined composition and structures, g-CN can be tailored to alter the chemical and 

photophysical properties. Such properties can be considered as porosity, crystallinity, elemental 

ratio, surface charge, absorption and dispersibility. Modification of g-CN, which can be applied 

as pre- or post-modification, has elicited many new features for g-CN materials facilitating 

promising results for variety of photoinduced applications. Diverse nitrogen-rich precursors can 
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products yielded via thiourea condensation at different temperatures were examined together with 

photocatalytic activity, similarly products at lower condensation temperatures were not 

satisfying. However increasing condensation temperatures above 500 °C improves the 

polycondensation degree and enhanced electron delocalization on aromatic sheets supported by 

sulfur moiety, thus promoting photoredox properties.21  

As g-CN was exhibited as heterogeneous catalyst, increased porosity results in enhanced 

activities. Porosity engineering of g-CN can be achieved via soft or hard templating methods. 

Utilization of block copolymers such as Triton X-10022 or ionic liquids such as 1-ethyl-3-

methylimidazolium (EMIM)23 provides well organized g-CN nanostructures with increased pore 

size. However during condensation, thermal breakdown of the pore templates causes impurities 

which results in significant amounts of residual carbon in final g-CN structure.24 Using hard 

templates such as SBA 15, hierarchical mesoporous g-CN can be obtained with high surface area 

and interlinked mesopores, which can simultaneously be transformed into metal-carbon 

composites via reactive templating.25  

Not only molecular structure and composition, but band gap engineering of g-CN remains a hot 

topic as it is related to overall efficiency in photocatalytic-energy harvesting applications. First of 

all, it is important to understand the photophysical concepts of semiconductors. g-CN with filled 

valence band (VB) and vacant conduction band (CB) exhibits a band gap. Excitation of g-CN 

with light transfers an electron from VB to CB creating a positively charged hole on VB and 

negatively charged e- on CB. Efficient oxidation and reduction can be achieved when the charges 

are separated and recombination is prohibited (Figure 1.2). As pure g-CN has high recombination 

rate, g-CN can be engaged to create heterojunctions for manufacturing of advanced catalysts. 

Employing a material with dissimilar bandgap values to g-CN facilitates new electronic structure, 

where the interface of semiconductors plays the most important role for efficiency. Commonly it 

is stated that efficiency of overall photocatalytic process highly depends on the interface, which 

can induce charge transfer or recombination process.26 
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Figure 1.2. Excitation of g-CN and some applications employing g-CN as heterogeneous 

photocatalyst. 

Photocatalytic water splitting is one of the many appealing applications of g-CN heterojunctions. 

In such a way water is split into hydrogen and oxygen elements in three steps, i) light absorption 

creates electron-hole pairs in semiconductor, ii) migration of charge carriers to surface, iii) 

electrons in CB can reduce H+ to H2 while hole can oxidize water to O2.
27 Various metal-g-CN 

heterojunctions were reported utilizing materials such as TiO2,
28 Ag2O,29 CdS,30 WO3

31 targeting 

different possible pathways for photochemical processes. As an example, formation of g-C3N4-

TiO2 yolk-shell composite was investigated for its photochemical activity in water splitting and 

dye degradation. Enhanced activity compared to pure g-C3N4 was observed, which is due to 

migration of excited electrons on g-CN to CB of TiO2 resulting in degradative pathway and 

positive hole of g-CN triggers oxidative pathway.28 p-type semiconductor Ag2O particles on 

surface of n-type semiconductor g-CN possess matched energy band structure, which promotes 

multielectron migration pathway (e- and h+ transfer from g-CN to Ag2O). Thus, photocatalytic 

activity due to elevated charge separation is improved.29 Formation of metal-free heterojunction 

structures utilizing carbon-based materials raises significant attention due to electron storage 

properties and conductivity.32  

A ruthenium complex on g-CN performs very well for CO2 reduction to formic acid as final 

product at ambient conditions.33 Excited g-CN electrons on CB migrate to the Ru complex which 

promotes reductive pathway, and hole of g-CN reacts with sacrificial electron donor. In contrast, 

photocatalytic system composed of g-CN, cobalt complex and triethanolamine (TEOA) improves 
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charge separation rate, which endows significantly increased CO2 photoreduction to CO and H2 

in water-acetonitrile mixture.34 g-CN can also be utilized for dye degradation, as an example 

study showed that photoexcited g-CN electrons in CB can reduce the dissolved oxygen to create 

superoxide radical, which can oxidize sulfamethazine on the g-CN surface.35 Thus, organic 

pollutants in water can be oxidized employing mesoporous g-CN under visible light. Oxidation of 

4-chlorophenol was investigated, and it was shown that radical species formed via g-CN (H2O2, 

.OH, .O2-, 
.OOH) serve for photocatalytic oxidation of pollutants.36 g-CN is a highly active 

heterogeneous photocatalyst that provides outstanding applications, especially with proper 

modifications.  

For further expansion of applications, especially the areas of optoelectronics or solar cells, 

encountered a solid obstacle. Even though g-CN was shown to be a striking heterogeneous 

catalyst, processing of bulk g-CN is problematic due to colloidal instability of g-CN. At this point 

it is necessary to discuss the aspects regarding the stability of colloidal systems. Colloids can 

simply be defined as dispersed particles in a medium where they do not dissolve. It is possible to 

find colloids in daily life, i.e. milk, mayonnaise and blood.37 Colloids can be considered to be 

prepared via two different approaches; namely dispersion and condensation.38 Dispersion is based 

on either applying mechanical energy (such as ultrasonication) or additives (such as surfactants) 

to form a colloidal system. Condensation method is commonly utilized for aerosols and 

emulsions to condense small dissolved molecules into larger colloidal particles.37  

The stability of particles in dispersion can be explained with thermodynamic aspects of the 

system and is related to the minimum total free energy.38 As random collision of particles take 

place (Brownian motion), factors such as temperature, pressure, solvent properties and 

concentration affect the colloidal stability. Dispersion is a kinetic system and interaction of 

particles might lead to sedimentation. Thus, atoms or molecules being separated from the 

dispersing media leading to formation of heterogeneous mixture.37 The main forces which 

influence interaction of particles are attractive (van der Waals-London) and repulsive 

(electrostatic and steric) forces.38 Stable colloids comprsie a system where no sedimentation or 

aggregation is observed (when repulsive forces are stronger than attractive forces) and generally 

defined with time scale, i.e. dispersion is stable for some hours or days (Figure 1.3). 



Chapter 2 
 

 

 9 

 

Figure 1.3. Main attractive and repulsive forces on colloidal particles and terms arising for 

colloidal systems. 

Fluctuations in electron density create temporary dipole moment on particles, which create 

attractive potential energy. Arising from quantum mechanical considerations, movement of 

electrons promote interim change in dipole moment of particles, via reversing the direction of 

charge and creating attractive forces over time average.39 Such an alternation generates energy 

which is much higher than gravitational potential energy of particles, which leads to van der 

Waals attractions of colloids.39 Repulsive forces can be divided into electrostatic and steric 

forces. Using macromolecules (usually non-charged) adsorbed on particle surface facilitates 

steric force and therefore steric stabilization.37 Upon attraction of two particles with 

macromolecules absorbed on the surface, osmotic effect increases concentration and solvent 

pushes itself to interface resulting in loss of entropy. In order to balance the entropy, particles 

move apart, which prevents sedimentation or aggregation.38 Electrostatic stabilization arises from 

Coulombic repulsion between charged particles. Counter ions and surface charge form electric 

double layer (EDL), thickness of double layer and surface potential at Stern layer (size of 

particles as well) are main factors which determine electrostatic stabilization. Zeta potential 
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one at a time.104 In hydrogel synthesis, free radical polymerization is favored over ionic 

polymerization due to feasibility. Free radical polymerization begins with radical formation, an 

initiator forming active radicals due to decomposition from heat or light.105 Radical is added from 

initiator to monomer, which initiates the polymerization. Addition of monomers to the active site 

advances the chain length by each addition, which is called propagation. Terminal monomer 

carries the active site for the addition of next monomer. The propagation of the polymer chains 

ends with termination or disproportionation. Termination is when active radicals, either on chains 

or small molecules combine. Disproportionation results in one double bond formation in one 

chain.105 Figure 1.5 shows the linear growth of the polymer chain with one active double bond. If 

the monomer contains more than one active double bond, i.e. crosslinker, it connects polymer 

chains and therefore crosslinks the structure (Figure 1.5). Oxygen moieties in solutions or 

stabilizers terminate or slow down chain propagation.  

 

Figure 1.5. Mechanism for radical polymerization and scheme showing hydrogel formation. 
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movement is based on electrical conductivity, hydrogel showing physical change with electric 

field can be promising for the future in soft robotics.127 Light responsive hydrogels respond to 

different wavelengths of light and can be applied to display units and optical switches. 

Mechanism is based on change in molecular conformation via light irradiation, e.g. in the case of 

azobenzene and derivatives. Altering conformation changes the molecular polarity, therefore 

hydrogels with such functional groups present physical change via light irradiation.128  

As summary, changes in environment can trigger response in hydrogels via certain stimuli, which 

promotes the concept of active materials for variety of applications. Implementing architectural 

designs to hydrogels promises that the deformation can be controlled in a tailor-made style. Such 

innovative designs present hydrogels which can walk,129 open up like flowers,130 or lift a load.131 

Combining the chemistry of hydrogels with current technologies such as 4D printing, hydrogels 

have no limit in physical movements.132 Actuation of hydrogels revealed the possibility to 

synthesize actuating networks similar to natural tissues. However, hydrogels should fulfill the 

mechanical properties of biological tissues. 

Understanding biological tissues, scientists were inspired to work on tissue engineering and treat 

diseases innovatively. Chemical approaches led to formation of hydrogels which are similar to 

biological tissues. Since then, hydrogels with diversified functionalities were presented. 

However, one of the most important properties of hydrogels is mechanical performance. Ideas to 

mimic skin-like soft structures or cartilage-like tissues require meeting specific mechanical 

criteria from hydrogels. Simple synthetic approaches yield hydrogels which in general fail to 

meet these mechanical criteria, therefore an important step for advancing in hydrogels is proper 

reinforcement. 

       2.4. Reinforced Hydrogels: Chemical Methods for Reinforcement  

Biological tissues possess diverse mechanical properties, thus hydrogels are expected to show 

similar performance. Excellent mechanical performance should be performed despite high water 

contents, unfortunately, fragility of hydrogels causes strong limitation for possible load-bearing 

applications.133 Diverse mechanical properties are accessible for hydrogels via reinforcements, 

which can be applied by different synthetic approaches. Some of the well-studied methods are 

interpenetrating networks (IPN) and nanocomposite reinforcements.  
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IPNs are based on the crosslinking of more than one network within each other.134 The 

methodology can be extended to synthesize double network (DN) or triple network (TN) 

hydrogels. The synthesis can be divided into two approaches, e.g. sequential or simultaneous. In 

sequential formation, inner crosslinked network, which is preferred to be rigid, is synthesized in 

the first step. The first polymerization is followed by swelling primary hydrogel network with 

precursors of the secondary network and subsequent gelation (Figure 1.6).133 In simultaneous 

formation, precursors of both networks exist in the same solution however crosslinking is applied 

via orthogonal triggers.134 Single network hydrogels are generally brittle as they contain voids. 

The strength of IPN hydrogels relies on the formation of  secondary network within the voids of 

the first network, which decreases the void and increases the polymer concentration of resulting 

hydrogel.135 The first network absorbs precursors of the secondary network which endows rigid 

inner core, and the secondary network is preferred to be more elastic.136 Rigid inner network 

provides the toughness and stress absorption whereas elastic secondary network allows better 

stress dissipation.137 It is also possible to discuss the nature of crosslinking in IPN approach, 

which can be chemical or physical as discussed previously. As an example, ionic crosslinking can 

be applied to crosslink alginate units in alginate-polyacrylamide (PAAm) double network 

resulting in highly flexible and tough hydrogels.138 Covalently crosslinked hydrogel based on 

poly (2-acrylamido,2-methyl,1-propanesulfonic acid) (PAMPS) as first network and PAAm as 

secondary network also showed outstanding mechanical performance. Resistance against 

compression and high fracture energy clearly indicates the strength of combination of networks in 

contrast to single networks.139 As the resulting hydrogels from this approach are extremely tough, 

utilization of charged monomers provide tough and lubricant hydrogels, one-step closer to mimic 

articular cartilage.140-141  

Indeed characterization methods require strong background in mechanics, and some basic 

introduction in deformation and fracture mechanism is needed. Deformation can be described as 

a change in material due to applied force. Such a change can be reversible (recoverable) or 

irreversible (non-recoverable), so called elastic deformation and plastic deformation, 

respectively. As the natural tissues withstand different types of forces, applied forces for 

mechanical tests are tensile (pulling), compression (pressing) and shearing. Strength of the 

material is defined as the resistance to applied directional force without plastic deformation, 

which results in compression strength or tensile strength.142 Typical mechanical tests 
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As hydrogels are promising replacements for natural tissues, tissue engineering and synthesis of 

artificial tissues primarily require mechanical performance from synthetic hydrogels. Aqueous 

dispersions of g-CN were studied for hydrogel formations, however reinforcing effect of g-CN in 

hydrogels has never been investigated. Focusing on the reinforcement, utilization of g-CN as 

reinforcer and visible light initiator might synthesize inspiring materials for tissue engineering. 

This thesis will try to extend the borders of applications of g-CN and employs a combination of 

g-CN, visible light and simple chemistry to create variety of advanced materials solely based on 

g-CN in dispersed media.  
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3. Outline 

This thesis investigates the applications of g-CN in dispersed media for fabrication of materials. 

It addresses the following questions: 

Can g-CN be utilized as a photoinitiator and reinforcer in the synthesis of hydrogels? Chapter 4 

shows the utilization of various g-CNs with different properties in a one pot, photoinitiated 

hydrogel synthesis. g-CN will be discussed as a photoinitiator and reinforcer at the same time. 

The strength of the final hydrogels in the presence of 0.6 wt.% g-CN will be related to the 

physical properties of g-CN to understand the toughening mechanism. In addition, mechanistic 

questions, related to bond formation and radical transfer will be answered in order to expand the 

scope of  g-CN utility in aqueous media, monomers and gelation.  

Can the amount of g-CN in hydrogel synthesis be increased? The limiting factor for g-CN solid 

content in hydrogel synthesis is attributed to poor water dispersibility of g-CN. Chapter 5 

presents a method to increase g-CN content up to 4 wt.% via a co-solvent method. A 1:1 

water:ethylene glycol (EG) mixture provides suitable conditions to disperse higher amounts of g-

CN. In the next step, the mixture is utilized in a one-pot, photoinitiated hydrogel synthesis 

yielding tough organohydrogels. The EG can be removed by immersing the organohydrogels in 

water providing pure hydrogels. Storage moduli of the resulting hydrogels depend significantly 

on g-CN content. Simple photopatterning employing home-made masks is introduced which 

enables the synthesis hydrogels with a specific design. 

How to enhance the dispersibility of g-CN? Chapter 6 will demonstrate the enhanced 

dispersibility arising from bulk g-CN properties. In order to increase g-CN dispersibility in 

aqueous and organic media, a one-pot photoinduced grafting of olefinic molecules has been 

designed. The choice of non-propagating molecules helps to preserve bulk g-CN photophysical 

properties while increasing the dispersibility. The introduction of -SO3H functionality for 

aqueous dispersions, 1-decene for organodispersions and -NH2 for pH-driven dispersibility is 

presented.  

How does g-CN surface chemistry affect hydrogel properties? Chapter 7 shows hydrogel 

formation from surface-functionalized g-CN. Inspired by the effect of a negative charge on 

hydrogel toughening as presented in Chapter 4, -SO3H-functionalized g-CN will be employed for 
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4.2. Results-Discussion 
 

At first, different types of graphitic carbon (g-CN) nitride were synthesized from different 

monomers; such as cyanuric acid-melamine (CM), cyanuric acid-melamine-barbituric acid (CMB 

0.1 and CMB 0.25), cyanuric acid-2,4-diamino-6-phenyl-1,3,5 triazine (CMp) and from 

crystalline urea (u-CN) with proper heating conditions under N2 protected atmosphere (See 

Appendix-Experimental).13, 16, 155-156 Main characterizations of synthesized g-CNs are presented 

in Figure 4.2 and Table 4.1. 

 

 
Figure 4.2. Solid state analysis of synthesized g-CNs, (a) UV-Vis spectra, (b) XRD profile and 
(c) FT-IR spectra.  
 

g-CNs show overall absorption in the visible light is observed in the range of 250-500 nm with 

differences in absorption intensity due to different precursors (Figure 4.2a). Powder XRD profile 

shows two main peaks at 13° and 27° which present the formation of graphitic structure of carbon 

nitride (Figure 4.2b) and FT-IR features the common vibration bands of g-CN (Figure 4.2c).    
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Table 4.1. Properties of g-CNs and gelation times. 

  g-CN type Surface Area 

(m2/g)a 

Zeta  Potential 

(mV) 

C:N ratiob Gelation   Time 

CM 108.0 -38.5 0.6025 1 hour 

u-CN 63.6 -40.9 0.5920 1.5 hour 

CMB 0.1 80.3 -28.3 0.6652 4.5 hours 

CMB 0.25 27.6 -26.7 0.6746 8 hours 

CMp 34.7 -24.1 0.9146 8 hours 

aobtained via porosimetry and the BET method, bobtained by elemental analysis. 

 

In order to form g-CN based hydrogels, first g-CN was dispersed in water. Subsequently, 

monomer and crosslinker were added to the dispersion and nitrogen was flushed through the 

system. The gel formation was initiated by illuminating the mixture with a 50 W white LED until 

gelation was achieved.  

 
Figure 4.3. Overview over hydrogel formation via visible light irradiation, reactants and 

exemplary pictures of resulting hydrogels. 

g-CN is photoactive material under visible light irradiation, and 0.6 wt.% g-CN content by weight 

is enough to accomplish the gelation, while the total solid content including monomer and 
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crosslinker is 11 wt.%. This underlines the nanoscopic dispersion of the g-CN, as the average 

distance between sheets has to be bridged by a polymer to create a gel. For comparison, a 

reference hydrogel was prepared utilizing hydrogen peroxide-potassium persulfate (KPS) redox 

couple initiation. From Table 4.1 it can be concluded that the gelation times decrease with 

increased surface area of g-CN. Nevertheless, not only the surface area affects the gelation rate. 

As seen from Table 4.1, u-CN has lower surface area than CMB 0.1, yet much faster gelation is 

observed. To explain this phenomenon other values have to be taken into account. It seems that a 

better dispersion and photoactivity as well as lower C:N ratio also lead to improved gelation.  

From a mechanistic point of view the main question is the role of g-CN in the system. First, it 

was investigated whether the polymerization reaction is driven by the formation of radicals. The 

radical scavenger hydroquinone was added to the reaction medium, and complete inhibition of 

gelation was observed. It is assumed that the radicals are formed on the g-CN surface upon 

illumination. Furthermore, in the presence of oxygen, a ~3 fold longer gelation time was 

observed, which is due to the photoreaction of the catalyst with oxygen, which thereby acts as an 

inhibitor and/or transfer agent for the polymerization. Another important question is how g-CN is 

integrated into the hydrogels. Previous reports regarding the utilization of g-CN as catalyst in 

photopolymerization and controlled atom transfer radical polymerization (ATRP) stated that g-

CN remains unchanged as utilization of co-initiator led to radical transfer from g-CN to the co-

initiator and thus initiation in solution.50-52 The co-initiators used so far were basic amines, where 

the nitrogen atom was responsible of reacting with the radical formed on the g-CN surface. To 

prove the direct participation of g-CN in the hydrogelation, the system was altered to exclude 

molecules with nitrogen atoms. Thus, monomer and crosslinker were changed to PEGMEMA 

and PEGDMA (Figure 4.4). Indeed the nitrogen free system also yielded hydrogels, indicating 

that initiation of the polymerization for hydrogel formation can happen at the g-CN surface 

directly without necessity of any soluble co-initiator.  
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Figure 4.4. Non-nitrogen containing monomers utilized for g-CN initiated hydrogelation and 

images of resulting hydrogels. 

 

The stable incorporation of g-CN into the hydrogel is another indication that the reaction initiates 

on the g-CN surface. As seen via solid UV-Vis spectroscopy in Figure 4.5 the reference DMA gel 

absorbs light between 260-400 nm. The g-CN derived hydrogel u-CN shows strong absorption in 

a similar range as the respective g-CN precursor. Furthermore, the other g-CN derived hydrogels 

show the same resemblance between the powders and corresponding hydrogels in the UV-Vis 

spectra (Figure A1). Imaging via cryo-SEM for g-CN derived DMA hydrogels shows the 

microscopic structure of hydrogel networks (Figure A2-7). 

 

Figure 4.5. Solid state UV-vis spectra of reference DMA hydrogel compared with u-CN derived 

DMA hydrogel and native u-CN. 
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Figure 4.10. (a) Swelling behavior and (b) swelling ratios at equilibrium of hydrogel samples 

with a white dashed line at 900% referring to the as synthesized state. 

Obviously, the reference gel demonstrates much higher swelling compared to g-CN derived 

hydrogels. For the reference gel swelling by a factor of 2 is observed, while for the g-CN derived 

swelling factors of around 1.2 to 1.7 as compared to the state of synthesis are observed. The 

swelling behavior is again in-line with the expectation for reinforced hydrogels as the presence of 

g-CN leads to additional covalent crosslinking points and tectonic sheet-sheet contacts that lead 

to decreased swelling properties. As g-CNs entail a surface charge, swelling was also performed 

in acidic/basic media, but no significant change was observed, which proves that the swelling 

property is mainly controlled by the crosslinking density and less by colloidal interactions (Figure 

A16). 

Nevertheless, the swelling medium should affect the mechanical strength of g-CN based 

hydrogels. In order to investigate the effect of pH onto mechanical strength, freeze dried u-CN 

derived DMA hydrogels were left to swell in basic (0.5 M) and acidic (0.5 M) medium. Rheology 

results (Figure 4.11a and b) show a relation between pH of the swelling medium and strength of 

hydrogels which makes hydrogels pH dependent. 
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physically dispersed g-CN in the hydrogel. Providing random anchoring points decreases the 

swelling properties of hydrogels but not significantly. Since g-CN is highly charged, g-CN 

derived DMA hydrogels are pH dependent due to interactions of ions with the surface of g-CN. 

Therefore, g-CN surface charges are screened that lead to less g-CN sheet-sheet interactions and 

a decreased reinforcement. 

4.3. Conclusion 
 

In the present Chapter g-CN was utilized as photoinitiator for hydrogel formation that can 

significantly increase the mechanical strength of the obtained hydrogels (up to 8300 Pa with 

0.6 wt.% g-CN content and 11 wt.% solid content in total). The g-CN reacts as initiator and 

reinforcing agent in the one pot, photoinduced DMA gelation process. Utilization of visible light 

for the gelation makes reaction conditions mild and convenient. Mechanical strength of g-CN 

derived hydrogels was found to be directly related to the surface zeta potential values of g-CNs. 

Covalent incorporation of g-CN in the hydrogel was found to be significant for the advanced 

mechanical properties, as blending hydrogels with g-CN in a non-covalent way led to a 

significant decrease of the mechanical strength. Swelling properties of hydrogels do not change 

in acidic or basic media but pH has significant effect on the mechanical properties. The latter 

accentuates that the g-CN is acting as a crosslinker. This work opens the possibility to utilize g-

CN based hydrogels with tunable mechanical properties for a number of advanced applications, 

such as instrumentation of their photocatalytic properties. 
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Figure 5.2. (a) 2, 3 and 4 wt.% (from left to right) g-CN in water:EG mixture before 

ultrasonication and (b) 2, 3 and 4 wt.% (from left to right) g-CN dispersions in water:EG after 

ultrasonication for 40 minutes. 

 

The stability of dispersions was confirmed via the absence of sedimentation of g-CN particles 

over 4 hours, where sedimentation occurs at g-CN concentrations above 4 wt.%. Thus, a 

maximum of 4 wt.% g-CN was added to ensure dispersion throughout hydrogel formation, which 

is described in the following section. In the next step, the formed g-CN EG-water dispersions 

were used for gel formation (Figure 5.3).  

 

Figure 5.3. Overview for EG gel formation via visible light irradiation and washing of hybrid gel 

network to obtain pure hydrogels. (DMA: N,N-dimethylacrylamide; MBA: N,N-

methylenebisacrylamide; EG: ethylene glycol) 
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Figure 5.7. Compression test results of (a) EG gels and (b) hydrogels and cyclic compression 

graphs of (c) 2 wt.% g-CN EG gel and (d) 2 wt.% g-CN hydrogel for 20 cycles. 

 

g-CN derived hybrid gels and hydrogels show excellent compression properties (Figure 5.7 and 

Table 5.2). Especially, EG hybrid gels show high elongation at break values, e.g. 84% for 2 wt.% 

g-CN EG gel. Moreover, compression tests show that 2 wt.% g-CN EG gel possesses the highest 

compression modulus (Emod) of 9.45 MPa compared to the other EG gel samples. In addition, 2 

wt.% g-CN EG gel shows the highest strength in the series with an average fracture stress of 316 

kPa. Increased amounts of EG lead to decreased charge dissipation of g-CN sheets, which 

provides more flexibility to the gels.168 
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Table 5.2. Overview of compression test results of EG gels and hydrogels. 

Sample Strain at which 

Emod was 

calculated (%)a 

Average 

Emod 

(MPa) 

Average 

fracture 

strain (%) 

Average fracture 

stress (kPa) 

2 wt.% g-CN-EG gel 72-73 9.45 ± 0.9 84 316 ± 57 

3 wt.% g-CN-EG gel 71-72 7.70 ± 0.2 81 199 ± 62 

4 wt.% g-CN-EG gel 64-65 6.45 ± 0.9 74 210 ± 46 

2 wt.% g-CN hydrogel 56-57 1.27 ± 0.5 67 39 ± 21 

3 wt.% g-CN hydrogel 56-57 3.10 ± 0.2 66 83 ± 20 

4 wt.% g-CN hydrogel 58-59 3.55 ± 0.7 68 86 ± 42 

a Emod was calculated at strain values equal to 10% before break of specimen via the slope of the 

stress-strain curve. 

After removal of EG from the system, lower compression moduli and fracture strain values are 

observed. In contrast to EG gels, the hydrogels show an improvement in compression modulus as 

g-CN content increases, and the 4 wt.% g-CN hydrogel is the strongest hydrogel with 3.55 MPa 

compression modulus value. Moreover, hydrogels show less strength as indicted by the average 

fracture stress of 39 to 86 kPa. In comparison, EG gels possess much higher fracture stress and 

compression modulus values than hydrogels, possibly due to less charge dissipation of g-CN 

sheets. Absence of EG also results in lower flexibility and causes lower strain at fracture values 

for hydrogels. Thus, calculation of compression modulus values was performed at different 

elongations (Table 5.2).  

To investigate the fatigue resistance of EG gels and hydrogels, consecutive cyclic compression 

tests were performed. Standard force was recorded against true strain, which is the absolute 

change in plate distance, with an elongation of 50%. A total of 20 compression cycles were 

conducted for each sample of EG gels and hydrogels. Overall, cyclic compression showed no 

significant non-recoverable damages for all hybrid gel and hydrogel samples (Figure 5.7 and 

A23-26). Recovery of the initial strength shows that after compression, alignment of a non-

damaged polymeric network and reinforcer was achieved successfully leading to the same 

behavior as the initial synthesized structures. In comparison with hydrogels, EG gels show higher 

net force upon compression. Reversible recovery profiles are important for applicability of 

covalently bound reinforced hydrogels as broken crosslinking points cannot be regenerated after 
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compression. Therefore, it can be concluded that direct covalent bonds between g-CN and 

polymeric network are strong enough to bear compression at elongations of up to 50%. 

Moreover, the gels have the capacity to recover their original structure without any energy loss in 

the system even after 20 consecutive compression cycles. As summary, tough and mechanically 

stable hydrogels could also be formed via covalent reinforcement. 

The swelling ratio defines the capacity of 3D crosslinked hydrophilic networks for water uptake, 

which is an important property of hydrogels. Addition of solid reinforcers, such as clays and 

titanates, lead to decreased water uptake in the system due to hydrophobic interactions.169 

Moreover, increasing number of crosslinks lead to restrictions in the swelling as lengths of chain 

segments decrease accordingly, which limits elongation of the gel. Hence, a challenging aspect 

for reinforced hydrogels is the preservation of the swelling property of the material, while 

enhancing mechanical properties at the same time. In the present case, swelling behaviour of gels 

and hydrogels were calculated via using the equation given in appendix from the masses of dry 

samples from freeze-drying and swollen samples after immersing dried samples in water (Figure 

5.8).  

 

Figure 5.8. Swelling ratios at equilibrium in water after 24 hours of (a) EG gels after freeze 

drying (40 % remaining EG) and (b) hydrogels after freeze drying. 

After the freeze drying process, EG is still present in the gel network occupying the pores. 

Quantification via TGA of freeze dried g-CN EG gel samples indicates that samples contain 

around 40 wt.% EG after freeze drying, assuming no residual water in samples after freeze drying 

and mass loss up to 150 °C is due to EG (Figure A27). Consequently, molecular water uptakes of 
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EG gel samples with respect to the overall weight are expected to be lower than for hydrogel 

samples due to remaining EG after freeze drying. Thus, swelling ratios of 250 to 150% were 

observed for EG gels. In the case of hydrogel samples, higher swelling ratios are obtained, e.g. 

1100% for 2 wt.% g-CN hydrogel. Nevertheless, reference hydrogels show an increased swelling 

by a factor of 2 compared to g-CN-derived hydrogels as g-CN provides increased crosslinking 

density. g-CN has characteristic absorption bands in the UV-Vis range (Figure A28), and g-CN 

derived EG gels and hydrogels show similar absorption profiles which points towards g-CN 

incorporation in the gels as well as unaltered photophysical properties (Figure A29).  

Due to the fact that g-CN is active under visible light, sunlight is also an efficient source to 

initiate gelation. Hence, a vial containing the polymerization mixture was put outside on a sunny 

day and during 1 hour gelation was completed showing the facile approach of g-CN initiated 

gelation (Figure 5.9). 

 

Figure 5.9. (a) EG-based g-CN dispersion for gelation was put on a balcony receiving direct sun, 

(b) complete gel formation after 1 hour.  

As gelation is achieved via visible light, spatially controlled polymerization was investigated as 

well, i.e. photopatterning (Figure 5.10a). Illumination of certain parts in the system yields gels 

with patterned shapes. To illustrate the concept, the polymerization mixture was poured into a 

plastic dish, covered with a patterned mask and irradiated directly from the top while keeping the 
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temperature of the mixture stable in order to avoid heat-assisted polymerization. In order to 

evaluate the approach, different patterns were used and partial illumination resulted in desired 

structures of free standing gels (Figure 5.10b). In a half-illuminated system, the illuminated half 

forms gel and the other half remains liquid. Moreover, symbols from deck of cards were 

patterned via various masks as presented in Figure 5.10c and A30. Further investigation 

regarding photopatterning was conducted via formation of patterned thin gels on the surface of 

glass slides (Figure 5.10d). 

 

Figure 5.10. Spatial control of hybrid gel formation: (a) schematic overview, (b) formation of a 

self-standing half-circle after rinsing with water, (c) formation of a self-standing club shape after 

rinsing with water and (d) photopatterning of stripes on a glass slide after rinsing with water. 

 

Another feature is photopolymerization around preformed gels that allows formation of a singular 

network after a previous gelation. First, a thick gel was created and put into plastic petri dish, 

where the dish was filled with monomer mixture around precursor gel network. After gelation 

was completed, the system yielded a single gel network which can be seen from the difference in 

thickness (Figure 5.11). Overall, patterning and formation of single networks after second 

gelation may be a hint for future applications in additive manufacturing technologies. 
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Figure 5.11. Formation of an initial gel network and subsequent gelation around initial gel. The 

initial gel was colored for visualization.  

In order to broaden the scope of gel formation, the gelation was performed within structured 

scaffolds with near-medical application profile. Flexible, thin, porous, but robust structures like 

thin lab tissue paper were utilized as a matrix for gel formation, with the final goal to have a thin 

sliceable supported hydrogel, e.g. for wound coverage. Thus, tissue paper was soaked with the 

initial EG mixture and treated with visible light. After 1 hour, the tissue paper was taken and 

washed with deionized water continuously for the removal of unreacted monomers. Finally, a 

pale yellow tissue was obtained. Under UV light, it is possible to observe fluorescence on the 

tissue due to g-CN incorporation. In contrast a reference sample tissue remains dark (Figure 

5.12). Such photoactive tissue/hydrogel hybrids might be a promising material for photocatalytic 

applications like artificial photosynthesis or as antimicrobial surface via photocatalytic generation 

of biocidal reactive oxygen species. 
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6.2. Results-Discussion 

Inspired by recent work on g-CN photoinitiation for hydrogel formation,61, 159 it is attempted here 

to utilize radicals on the g-CN surface for modification: radicals are formed on the surface of g-

CN via visible light, and various functionalities are integrated. In order to suppress 

polymerization, functional non-propagating allyl compounds were utilized as depicted in Figure 

6.2. 

 

Figure 6.2. Overview for g-CN modifications based on light induced grafting. (IPA: isopropanol, 
THF: tetrahydrofuran)  

To perform photoinduced g-CN functionalizations, allyl containing molecules were chosen as the 

formation of stable radicals and suppressed propagation leads to single radical additions. A one 

pot visible light induced grafting method was utilized to integrate allyl compounds onto the 

surface of g-CN (noted as CM in the chapter). Hydrophilic grafting via 3-Allyloxy-2-hydroxy-1-

propanesulfonic acid sodium salt solution (AHPA) molecule (50 mg CM and 20 wt.% AHPA 

solution in water) increases negative charge as well as S, O and Na atoms on the g-CN structure. 

Table 6.1 shows the initial analysis results of unmodified and AHPA modified CM by the means 

of particle size, zeta potential and elemental analysis. Particle size measurements and zeta 

potential measurements were performed in aqueous dispersion. As grafting time increases 

particle sizes decreases from 2448 nm to 1468 nm (number average). As grafting with AHPA 

introduces additional negative charges to the CN structure increased repelling force between 
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layers might be caused. Therefore decreased particle sizes are observed in the case of CM-

AHPA. Grafting onto the surface also causes a spacing effect, which may be another reason for 

smaller particle size as grafting time increases. Moreover, a significant increase in negative zeta 

potentials was also observed over the course of the grafting reaction due to grafted sulfonic acid 

groups from AHPA molecule, while unmodified CM has a zeta potential of -27.5 mV a change 

up to -53.5 mV is observed via increase of negative surface charges. Longer reaction times 

provide increased grafting densities, as shown by the sulfur content observed via elemental 

analysis and more stable zeta potentials occurs at the same time (Figure 6.3).  

 

Figure 6.3. The relation of grafting time with sulfur content and zeta potential of modified CMs. 

The double bond activity of AHPA is sufficient to achieve grafting at ambient temperature via 

visible light induction, and as can be compared from the sulfur amount, it is possible to increase 

the sulfur content by a factor of 10 after 24 hours of reaction, namely from 0.7 % up to 8.74 

wt.%. Assuming a sheet model consisting of g-CN sheets with complete grafting of an AHPA 

layer, a sheet thickness can be estimated from the elemental analysis data acquired from the 

sample with the highest grafting density. Considering the length of AHPA the maximal overall 

coating thickness can be estimated to be two times 1.2 nm for the top and the bottom of the 

hybrid sheet. The theoretical S weight content for the AHPA layer is 14.7 wt.%. Therefore, the 

overall hybrid sheet thickness can be estimated to be maximal 4.1 nm for the grafted structure, 

which leaves 1.7 nm for the inner g-CN part. Theoretical assumption calculated via S weight 

content also fits with the height profiles from AFM results (Figure A31). Thus, this functional 

delamination can be regarded as very effective. 



Chapter 6 
 

 

 62 

 

Table 6.1. Properties of unmodified and AHPA modified CMs. (reaction parameters: 50 mg CM, 

1 g 40 wt.% AHPA solution in water, 1 g deionized water, visible light, ambient temperature).  

Sample Time Dn (nm)a Zeta Potential 

(mV) 

S content (wt.%)b C/N Ratiob 

CM  2448 -27.5 0.712 0.6025 

CM- AHPA2 2 h 2105 -35.7 3.997 0.8478 

CM- AHPA4 4 h 1944 -42.9 5.574 0.8518 

CM- AHPA6 6 h 1712 -51.7 5.648 0.9125 

CM- AHPA12 12 h 1610 -52.2 7.345 1.0997 

CM- AHPA24 24 h 1468 -53.4 8.743 1.2244 

CM-AHPA 

ref.c 

12 h 2278 -27.6 0.697 0.6032 

a DLS measurements were performed in water (0.05 wt.%) and intensity weighted diameters 

are presented, b obtained via elemental analysis, c reference based on mixing of the reactants 

without visible light irradiation and subsequent purification 

 

In order to exclude physical adsorption of AHPA to the surface, reference experiments were 

performed. The reference reaction was based on mixing of reactants without visible light 

irradiation and subsequent purification. After 12 hours the same purification steps were applied 

as for the irradiated samples and the obtained material was characterized via elemental analysis 

(Table 6.1). However no change was observed for the non-irradiated samples, which indicates 

that reaction proceeds on surface of g-CN through photoexcitation. Moreover, the reference 

experiment suggests that AHPA is grafted to the surface instead of simple physical adsorption. 

Addition of radical scavenger such as hydroquinone also inhibits the reaction as no change in 

elemental analysis was observed, which indicates a radical mechanism for the grafting reaction. 

No change was observed in elemental analysis and particle size while mixing just CM in water 

under visible light irradiation. AHPA grafted CM was also put into D2O and mixed thoroughly 

for 2 hours, then filtered, and 1H-NMR spectra of the solution were taken as shown in Figure 

A32. Existence of only solvent peak states that the AHPA molecule is grafted to the surface 

chemically instead of being adsorbed in the pores of CN and that the applied purification method 

is sufficient to remove any unreacted starting material.  
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In order to observe the effect of concentration on grafting experiments, variations in allyl 

compound concentration were conducted as explained in experimental part. Compared to the 

initial attempted concentration of 20 wt.% of AHPA, a lower concentration of 10 wt.% as well as 

an increased concentration of 40 wt.% was utilized (Table A1). The obtained results match with 

the results retrieved from time dependent grafting, e.g. smaller sized particles and decrease in 

zeta potential values are obtained for increased AHPA concentrations. Moreover, less 

concentrated medium (10 wt.%) leads to decreased sulfur content compared to higher 

concentration as expected (3.68 wt.%). Also, as expected, it is possible to graft increased amounts 

of AHPA on g-CN with higher concentration of allyl compound (40 wt.%) as shown by 

elemental analysis and the increase of the weight percentage of sulfur atom (up to 9.28 wt.%).  

 

Figure 6.4. (a) XRD profiles of unmodified and AHPA modified CM, (b) solid UV-Vis spectra 

of unmodified and AHPA modified CM and (c) elemental mapping of CM-AHPA24 via EDX. 

XRD profiles show a change in peak positions (Figure 6.4a), which may be due to a potential 

positioning of the positively charged sodium atom between layers. The region between 17-20 

degrees can be assigned to the layer-layer stacking and increase in these peaks after modification 

can be the result of weak scattering due to delamination. Solid UV-Vis spectra follow the same 

pattern as unmodified CM with a slight increase in the region between 350-430 nm (Figure 6.4b) 
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suggesting preservation of activity towards photocatalytic applications. Elemental mapping via 

EDX of CM-AHPA24 (Figure 6.4c) indicates the existence of oxygen, sulfur and sodium atoms 

throughout the surface originating from grafted AHPA molecules. Therefore a homogenous 

grafting of AHPA on this length scale can be assumed. FT-IR spectra of CM and AHPA as well 

as AHPA modified CM (Figure A33) can be utilized to identify the grafted species. After 

modification, all the dominant peaks of CM are still present, with a slight new peak at 2900 cm-1 

and 1050 cm-1, which can be attributed to asymmetric CH2 stretching and sulfoxide bond 

respectively.  

For the introduction of organosoluble moieties, 1-decene was grafted to the surface of CM. Initial 

experiments were performed at ambient temperature at a 1-decene concentration of 50 wt.% in 

IPA. Even though the dispersion quality in organic solvents increased, changes in the molecular 

structure could not be proven, which might be due to low double bond activity of 1-decene 

leading to a low grafting density at ambient temperature. To increase the grafting density, 

experiments were conducted at 50 °C as delineated in the experimental part. Particle size, zeta 

potential of elemental analysis of unmodified CM compared to 1-decene modified CM (Table 

6.2) confirm successful grafting under the altered conditions. DLS measurements in acetone 

dispersion showed decreased particle sizes with increasing reaction times, which can be due to 

anchoring of long chain molecule to the surface of CM. Zeta potential measurements were 

performed in acetone dispersion, which is a complicated task. Moreover, the results show only 

insignificant differences to unmodified CM, which has to be considered carefully. In our opinion 

the observation of only minor changes in zeta potential might be due to the polar aprotic solvent 

acetone, which is an uncommon solvent for zeta potential measurements due to its poor 

properties in the stabilization of charged particles. The carbon:nitrogen ratio increases over 

reaction time, which is an indication of aliphatic grafting. Only small changes in hydrogen weight 

percentage could be observed (from 1.923% up to 2.377 wt.%). The illustrated relation between 

reaction time, particle size, zeta potential, H amount and C/N ratio can be found in Figure A34. 
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Table 6.2. Properties of unmodified and 1-decene modified CMs. (reaction conditions: 50 mg 

CM, 1 g 1-decene, 1 g IPA, visible light, 50°C).   

Sample  Time Dn (nm)a Zeta 

Potential 

(mV) 

H content 

(wt.%)b 

C/N Ratiob 

CM  2581 -4.6 1.923 0.6013 

CM-Decene2 2 h 2377 -5.1 2.203 0.6431 

CM-Decene4 4 h 2215 -5.5 2.272 0.6840 

CM-Decene6 6 h 2098 -7.0 2.345 0.7056 

CM-Decene12 12 h 1968 -7.2 2.361 0.7372 

CM-Decene24 24 h 1896 -7.5 2.377 0.7582 

CM-Decene ref.c 12 h 2365 -4.6 1.905 0.6024 

a DLS measurements were performed in acetone (0.05 wt.%) and intensity weighted 

diameters are presented, b obtained via elemental analysis, c reference reaction based on 

mixing reactants without visible light irradiation and subsequent purification 

 

XRD profiles of CM and 1-decene modified CMs follow a similar pattern and show only small 

differences in peak intensities (Figure 6.5a). The differences in XRD profiles can be attributed to 

slight distortion of the g-CN framework. Moreover, solid UV-Vis spectra of 1-decene modified 

CM show similar absorption bands as unmodified CM. Therefore, one of the most important 

features of g-CN, namely light absorption in the visible range, is retained in the modified product 

(Figure 6.5b). As expected, EDX shows no significant changes as no new elements are 

introduced. In order to check if there was any physical adsorption, 1-decene modified CM was 

put into CDCl3 and mixed for 2 hours. It was then filtered and 1H-NMR spectrum was taken, 

which showed only the solvent peak (Figure A35). Moreover, a reference sample was prepared 

without light irradiation but the same purification, which showed only insignificant differences 

from untreated CM. Thus, the efficiency of the washing process can be stated as well as 

physisorption of 1-decene can be excluded. 
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In order to observe the effects of hole formation and excited electrons on grafting, several control 

experiments were performed via addition of triethanolamine as hole scavenger or hydrogen 

peroxide as electron scavenger for AHPA grafting as explained in appendix (Chapter 11). 

Interestingly, after 4 hours of reaction, slight increase in sulfur amounts, yet significantly lower 

grafting compared with CM-AHPA4 was observed, and no grafting took place when both 

hydrogen peroxide and triethanolamine were present (Table A2). These results suggest that 

grafting can also be achieved via only electron hole or excited electron based mechanism 

resulting significantly lower grafting rate, and efficient grafting may take place via a process 

combining both mechanisms. Hole can abstract electron from double bond leaving cation and 

radical on the molecule. The cationic part can be anchored to excited electron resulting in 

grafting. For the mechanism from excited electron; formation of hydroxyl radical (either from 

water or oxygen after chain reactions) is an essential step. Hydroxyl radical can perform addition 

to double bond leaving another radical on the molecule. For grafting to g-CN, this path is 

questionable as no possible anchoring points exist. In a recent article investigating mechanism of 

water splitting with g-CN, it was theoretically shown that water molecule forms a complex with 

heptazine rings of g-CN and after irradiation and abstraction. A radical formation takes place on 

heptazine ring175, which can couple with the radical formed via excited electron route and results 

in grafting as well. 

 

Dispersion Properties 

Sulfonic acid group is known to be an excellent hydrophilic functional group.176 Therefore, the 

introduction of sulfonic acid functionality to g-CN is expected to result in enhanced dispersibility 

in water. To test dispersibility of the AHPA modified CM, various conditions were tried. Pure 

CM precipitates directly from water and requires long times of sonication (as much as 24 hours) 

for the formation of uniform dispersions. However, CM AHPA is immediately dispersible in 

water even via gentle shaking by hand. To prepare the CM dispersion in water, even after 30 

minutes of sonication, still most of the CM is present at the bottom of the vial as depicted in 

Figure 6.6a. On the other hand CM-AHPA disperses in water after 5 minutes of sonication 

(Figure 6.6b), and the dispersion is uniform, and solid particles are not visible in the system. In 

order to check the stability of water dispersion, the sedimentation of CM and CM-AHPA (1 wt.% 

in water, both sonicated for 5 minutes), was investigated. In the case of AHPA modified CM the 
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solid particles are still dispersed in water phase after 3 days (Figure 6.6c), while CM sediments 

completely after 8 h. 

 

Figure 6.6. (a) CM in water before and after 30 minutes sonication, (b) AHPA modified CM in 

water before and after 5 minutes sonication, (c) sedimentation graph of unmodified and AHPA 

modified CM in water over 3 days.  

To analyze the sedimentation process, initial heights of dispersions (H0) as well as the heights of 

the dispersed phases in specific time intervals (Ht) were measured to yield a sedimentation graph 

as shown in Figure 6.6c. Moreover, sedimentation images of CM and AHPA modified CM over 

defined times can be found in Figure 6.7.  
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Figure 6.7. Sedimentation images of reference (left vial) and CM-AHPA (right vial) water 

dispersions over time. 

All these results confirm the stability of CM-AHPA dispersion along with benign dispersion 

preparation. Dispersions of AHPA modified CM from control experiments with hole or electron 

scavengers also show stability over 3 hours (Figure A37a), where the product from both electron 

and hole scavenger reaction has poor dispersibility comparable to non-modified g-CN (Figure 

A37b). In addition, only small amounts of non-modified g-CNs can be dispersed (as low as 0.05 

wt.%). In contrast, the hydrophilic character of AHPA modified CM also allows to disperse 

increased amounts of g-CN in water. Therefore, enhanced activity per volume of g-CN might be 

the case. Overall, grafting of sulfonic acid groups onto the surface of g-CN improved the 

dispersion properties of g-CN in water significantly. Dispersions can be prepared in shorter times, 

are stable over much longer periods, and increased amounts of g-CN can be introduced into 

dispersion, which is of significant interest for various applications of g-CN. 
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Figure 6.8. (a) CM in acetone before and after 30 minutes sonication, (b) 1-decene modified CM 

in acetone before and after 5 minutes of sonication, (c) 1-decene modified CM in 4 different 

organic solvents before sonication (d) 1-decene modified CM in 4 different organic solvents after 

10 minutes sonication (0.8 wt.%).  

Some applications such as organic coupling require organic solvent as medium. However, g-CN 

entails usually poor organic dispersibility. Therefore, the medium chain alkene 1-decene was 

used to improve the dispersion in organic media. In the case of CM, only poor dispersibility in 

organic solvents exists, e.g. in acetone before and after 30 minutes of sonication, where most of 

the material remains non-dispersed (Figure 6.8a). On the other hand 1-decene modified CM 

yields good dispersions in acetone after 5 minutes sonication (Figure 6.8b). The 1-decene 

modified CM stays dispersed over a significantly longer period than unmodified CM (Figure 6.9).  

 

Figure 6.9. Sedimentation images of CM-Decene (left cuvette) and CM reference (right cuvette) 

acetone dispersions over time. Dispersions were prepared by 10 minutes sonication. 
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The images of unmodified and 1-decene modified CM dispersions in acetone and their 

sedimentation over distinct periods confirm the partial stability of 1-decene modified CM 

dispersions in acetone. Other common organic solvents were also investigated as shown in Figure 

6.8c-d. The addition of 1-decene modified CM to acetone, DCM, THF and toluene leads in all the 

examined cases to uniform dispersions after 10 minutes of sonication. Moreover, it could be 

shown that the solid content of CM-decene could be increased up to 2 wt.% in organic 

dispersions. Overall, grafting with 1-decene enhances the organic character of g-CN which is 

beneficial for the preparation of organic dispersions and might be useful for a variety of 

applications. 

 

Introduction of Functionalities 

 

In order to show the generality of the approach, functionalities were introduced as well, namely 

amine and fluoro functionalities via allylamine and perfluoro-1-decene, respectively. Possessing 

an amino group, allylamine can be protonated in acidic conditions, which leads to cationic, but 

pH sensitive materials. On the other hand fluorinated 1-decene might lead to fluorophilic 

materials. In addition, the fluorinated molecule allows easy detection of grafting as fluorine is a 

marker atom. Reactions were performed in a one pot procedure under visible light (see Appendix 

for experimental details). Allylamine grafting was achieved in ethanol at 40 °C, and fluoro-

modification was performed in THF at 50 °C. Initial results did not show a significant size 

change or altered zeta potential values (Table 6.3). However, increased C/N ratios were observed 

in both cases. As g-CN has better absorption in the UV range, grafting with 1-decene or 

perfluoro-1-decene was also investigated via UV light irradiation at a wavelength of 395 nm. It 

was concluded that grafting via UV light is indeed more effective with enes that show otherwise 

low activity, which is in line with the already discussed recombination mechanism that is most 

likely the basis for the grafting reaction. In the case of UV light induced grafting, also lower 

reaction temperatures can be utilized (Table A3).   
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Table 6.3. Properties of unmodified, allylamine and perfluoro decene modified CMs.   

Sample  Dn (nm)a Zeta Potential (mV) C/N Ratiob 

CM 2448 -27.5 0.6025 

CM-AA 2265 -28.9 0.7433 

CM-F 2198 -6.4 (in acetone) 0.6617 

CM-AA referencec 2376 -26.9 0.6112 

CM-F referencec 2407 -4.7 (in acetone) 0.6054 

a DLS measurements were performed in acetone (0.05 wt.%) and intensity 

weighted diameters are presented, b obtained by elemental analysis results, c 

reference reaction based on mixing reactants without visible light irradiation and 

subsequent purification 
 

Elemental mapping of perfluoro decene grafted CM clearly indicates the existence of fluorine 

atoms on the surface (Figure 6.10a).  

 

Figure 6.10. (a) Elemental mapping of perfluoro decene grafted CM via EDX, (b) CM and 

fluoro modified CM (CM-F) in hexafluorobenzene before sonication, (c) CM and CM-F in 

hexafluorobenzene after 30 minutes sonication.  

Introduction of fluorine atoms provides fluorophilic character to g-CN, which allows 

dispersibility in fluorosolvents. For example hexafluorobenzene was used as solvent and 

0.4 wt.% non-modified and fluoro modified CM were dispersed (Figure 6.10b-c). Sonication for 

30 minutes does not lead to dispersion of non-modified CM as almost all of the material remains 
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non-dispersed at the bottom of the vial. A similar result was observed when CM-decene was 

utilized in hexafluorobenzene. On the other hand CM-F has better dispersion properties and 

yields a uniform dispersion. However it is important to note that sedimentation of this dispersion 

starts after 5 minutes and sediments completely after 1 hour. Theoretically the increased density 

of hexafluorobenzene should slow sedimentation down. Nevertheless, fast sedimentation was 

observed that might be due to the low dielectric constant of the solvent hexafluorobenzene, which 

promotes Hamaker forces between the sheets. Yet, it is easy to re-disperse the material even via 

gentle shaking by hand. Therefore the fluoro grafted material can be of great interest as a catalyst 

within fluorinated solvents under continuous mixing.  

 

pH Dependent Dispersion 

 

Allylamine functionality was introduced to illustrate the option of a pH dependent dispersibility 

in aqueous media. In acidic pH (pH=4), allylamine modified CM yields uniform dispersions via 

protonation of amino groups. On the other hand increasing the pH of the medium to the basic 

range (pH=9) causes immediate precipitation of solid particles due to deprotonation of amino 

groups (Figure 6.11). Re-acidification of the medium leads to uniform dispersions once again, so 

the dispersion process is reversible. In aqueous media, allylamine modified CM shows high pH 

sensitivity and can be effective when acidic conditions are needed. Moreover, ease of separation 

after base addition makes this material highly beneficial for pH dependent reaction media and 

recycling of the catalytic material. Another attractive application that might be accessible via 

ionically modified CM is anion-cation-driven layer-by-layer deposition, which is a method that 

generates well defined superstructures on surfaces and in dispersion.177-178 
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Figure 6.11. Allylamine modified CM in water (1 wt.%) at acidic pH (pH=4), observation of 

immediate precipitation after base addition (pH=9), complete sedimentation after standing for 2 

hours and redispersion after re-acidification (pH=4). 

6.3. Conclusion 

Overall, visible light induced, one pot grafting approach for g-CN for enhanced dispersion 

features was introduced, while keeping the photoproperties of g-CN unchanged. Using molecules 

with allylic double bonds avoids monomer polymerization and provides a monolayer dispersion 

stabilization. Sulfonic acid group of AHPA provides excellent hydrophilicity and grafting 1-

decene provides significant organo dispersibility for g-CN. These changes result in minimal times 

for redispersion preparation, higher dispersion stability and increasing the possible highest solid 

content (e.g. or hybrid formation) of dispersed systems significantly. It is also possible to 

introduce pH dependent dispersion stability on CM via allylamine groups or fluorophilic 

character by integrating perfluoro-1-decene molecule. The presented method can help to expand 

the whole g-CN field as dispersibility is a substantial aspect for heterogeneous catalysis systems. 
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7.2. Results-Discussion 

 
Chapter 6 showed the surface functionalization of g-CN via sulfonic acid groups (g-CN-AHPA), 

which provides enhanced dispersibility of g-CN in aqueous media. From the hydrogel synthesis 

point of view, preparing g-CN aqueous dispersion with high solid content would be of interest to 

examine the effect of g-CN surface on mechanical properties of resulting pure hydrogels. 

Therefore, g-CN-AHPA was synthesized via cyanuric acid-melamine complex and surface 

modification as reported in literature.16, 172 Modification of g-CN with AHPA was confirmed via 

elemental analysis and zeta potential (Table A4), as well as EDX mapping in SEM (Figure A38) 

and spectroscopy (Figure A39). In the next step, different concentrations of g-CN-AHPA were 

employed for one pot, visible light induced synthesis of hydrogels with acrylamide (AAm)/ DMA 

monomer mixtures (3:1) with MBA crosslinker in water (Figure 7.2, Table 7.1).  

 

 

Figure 7.2. Overview for the synthesis of g-CN-AHPA hydrogel and images of final hydrogel 

product. 

 

Even though the employed g-CN content is relatively higher compared to previous chapters, 

gelation is achieved over 4 hours, which might be due to the fact that some active sides of g-CN 

were anchored with sulfonic acid groups during surface modification.  
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Solid state analysis shows the incorporation of g-CN-AHPA into the hydrogels (Figure A40), e.g. 

UV-Vis spectra of freeze dried hydrogels follow the characteristic absorption of g-CN-AHPA 

(220-480 nm). XRD shows signal around 27°, which is assigned to the typical aromatic interlayer 

stacking of g-CN sheets and intensity correlates with the incorporated amount of g-CN-AHPA. In 

addition, FT-IR results show bands from both g-CN (bands between 1630-1230 cm-1 from C=N 

and C-N stretching) and monomers (around 1750 and 2900 cm-1 as carbonyl and N-H stretching). 

SEM image of freeze dried 2 wt.% g-CN-AHPA and relative elemental mapping clearly shows 

the incorporation of sulfur atoms arising from sulfonic acid group of g-CN-AHPA which is 

homogenously distributed through the porous hydrogel network (Figure A41). 

 

Mechanical Properties of Hydrogels 

 

Subsequently, compression tests were performed for more information on the mechanical 

properties of hydrogels. Interestingly, 0.35 wt.%, 1 wt.% and 5 wt.% g-CN-AHPA containing 

hydrogels show mechanical failure at low forces (around 80 N) and resulted in cracking under 

compression (Figure 7.4b). The intermediate hydrogel with 3.5 wt.% g-CN-AHPA shows 

resistance up to 600 N but breaks at a strain around 50%. Remarkably, 2 wt.% g-CN-AHPA 

containing hydrogel showed excellent compressibility even at forces of 800 N. The soft material 

shows almost no resistance for compression up to 70% strain but shows significant response at 

high strain values (~800 N) remaining undamaged after removal of stress (Figure 7.4b-c). The 

cylindrical shaped material shows remarkable elastic properties as it transforms into thin and flat 

form upon strong compression. The original shape is immediately retained after removal of stress 

(Figure 7.4e), even when the stress is not equally received. Herein, another important factor to 

discuss is absorption of the applied stress. In most of the known hydrogel systems non-uniform 

stress causes dramatic damage via unequal stress distribution, which is in contrast to the 

presented g-CN-AHPA hydrogel.  

Elastic modulus values showed quite low results for 0.35, 1 and 5 wt.% g-CN-AHPA hydrogels, 

while 2 wt.% and 3.5 wt.% g-CN-AHPA hydrogel possess highest elastic modulus values (Table 

7.1). These calculations were performed at 10% strain before the break or at 10% before 

maximum strain. However, 2 and 3.5 wt.% g-CN-AHPA hydrogels possess different compression 

profiles as they show a non-gradual increase. Therefore, elastic moduli values were also 

calculated right before the break, which follow the same trend as 10% before the break. 
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Cyclic compression of 2% g-CN-AHPA hydrogel at high forces shows recovery of the material 

properties, which proves the durability of the hydrogel system (Figure 7.4d). Durability of a 

material containing a covalently bonded reinforcer is an important factor, as possible damages are 

non-healable. The 2% g-CN-AHPA hydrogel shows excellent performance at 100 N of applied 

force, going from completely thin and flat structure back to original shape for at least 50 cycles, 

which is a clear statement for the fatigue resistance of the material.  

 

Physical Properties and Toxicity Investigation of Hydrogels 

 

2 wt.% g-CN-AHPA hydrogel has other interesting properties as well, e.g. it is quite resistant 

against compression with scalpel (Figure 7.5a), remaining undamaged even after repetitive 

compressions. For such a soft and covalently reinforced hydrogel, resistance to compression with 

sharp materials shows the strength of the network. In addition, the hydrogel is also flexible 

enough to cover surfaces such as polypropylene (PP) caps (Figure 7.5b) or bending the circular 

shaped hydrogel around a finger.  

 

 

Figure 7.5. 2 wt.% g-CN-AHPA hydrogel (a) under compression with blade, (b) hydrogel 

covering the poly(propylene) (PP) cap of a centrifuge tube, (c) bacteria growth tests, showing an 

increase in the optical density at 600 nm (OD600) in the presence of hydrogels (blue data: 2 wt.% 

g-CN-AHPA hydrogels; orange/red/brown data: control samples). 

 

In order to elucidate future applications in the biomedical field, first investigations regarding 

toxicity of the present hydrogels were conducted as toxic effects might arise from residual 
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unreacted monomer moieties or the incorporation of g-CN. To test for possible toxicity, bacterial 

cultures (E. coli) were grown in the presence of hydrogel pieces, added to the culture medium 

right after synthesis without purification. Bacterial growth curves were compared to a negative 

control where no hydrogel was added (Figure 7.5c). In the samples containing the hydrogel, the 

optical density at 600 nm (OD600) increases sharply during the first 30 min and insoluble 

aggregates appear in the culture medium. This was attributed to g-CN leaching out of the 

hydrogel into the culture medium. Afterwards, a steady increase in the OD600 value is observed. 

When compared to the negative control, the growth rate is decelerated in the presence of 

hydrogel. However, the bacteria are able to divide at a constant rate. Thus, it was tentatively 

concluded that the investigated hydrogels are non-toxic and that the decelerated growth rate most 

likely originates from the release of g-CN, which can be removed with thorough washing.  

The presented hydrogel strongly adheres to tissue, e.g. to skin after gentle touch (Figure A42). 

Skin-like feeling and bioadhesive properties may be of interest for biomedical applications, such 

as wound dressings and surgical sealants.186-187 The hydrogel does not only adhere to skin, but 

also to a variety of surfaces such as glass, metal, paper and PP (Figure 7.6).  

 

Figure 7.6. Adhesion of 2 wt.% g-CN-AHPA hydrogel onto various surfaces. 

During compression experiments, the force is applied at a gradual rate, giving the material the 

chance to absorb the stress with time. In a shock-type compression, stress is received non-

gradually and immediately, which is a property that needs to be improved for hydrogels.188 To 
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7.3. Conclusion 

 

Overall, novel reinforced soft hydrogel materials were reported. The hydrogels feature 

outstanding mechanical properties such as compressibility, cut and shock resistance as well as 

tissue adhesive properties with moderate flexibility. Sulfonic acid modified g-CN is utilized as 

photoinitiator and covalent reinforcer under visible light for one pot hydrogel synthesis. Different 

concentrations of g-CN-AHPA can be introduced while retaining high amounts of water (up to 99 

wt.%). A weight content of 2 wt.% g-CN-AHPA leads to hydrogels that possess excellent 

compressibility above 800 N with around 18 MPa compressive strength and show elastic 

behaviour without loss for 50 cycles at 100 N loading. The presented hydrogels show similar 

resistance when the stress is received non-uniformly. It is believed that the presented hydrogel 

can be of great interest in bioapplications such as soft tissue engineering, wound healing, joint 

replacement and surgical sealant. Due to the skin-like soft feeling, g-CN-AHPA hydrogel might 

replace PDMS in wearable electronics in the near future. 
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and photoinitiator which can be mixed with monomer and crosslinker, yielding double network-

like hydrogels. As the first network constitutes a non-solid viscous prepolymer, resulting 

hydrogels can be better considered as semi-IPN systems. It is also important to note that the g-CN 

prepolymer is not dispersible in organic solvents, owing to its hydrophilic character. As there 

might be countless possibilities, arising from adjusting water content, monomer content, 

monomer type and crosslinker amount, hydrogels with 3 different concentrations (touA, touB, 

touC, touRef) were synthesized to show viability of the approach (Appendix 11.2.5, Table 8.2).  

Table 8.2. Amounts of precursor, water, monomer and crosslinker for exemplary organohydrogel 

synthesis. 

Sample Precursor (g-CN pre3h) 

amount (wt.%) 

Water 

amount 

(wt.%) 

DMA 

amount 

(wt.%) 

MBA 

amount 

(wt.%) 

touA 25 25 47.5 2.5 

touB 32.5 32.5 32 3 

touC 22 38 38 2 

touRef 25a 25 47.5 2.5 

aControl solution (450 mg EG, 450 mg water and 80 mg DMA) was utilized  

The main feature of g-CN prepolymer is the photoactivity of g-CN particles that can initiate a 

second photopolymerization without adding extra photoinitiator. Simply, the prepolymer was 

mixed with water, monomer (DMA) and crosslinker (MBA) with different concentrations, and 

organohydrogel formation took place via short term visible light irradiation (circa 20 minutes). A 

control solution was utilized for reference hydrogel synthesis to imitate the g-CN prepolymer. EG 

can easily be removed from organohydrogel network via water immersion affording pure 

hydrogels as discussed in Chapter 5. In the next step, both organohydrogels and hydrogels were 

characterized via mechanical compression test (Figure 8.4, Figure A61, Table 8.3).  
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Table 8.3. Elastic modulus values of tough organohydrogels and hydrogels. 

Specimen Emod (-10% 

before break, 

MPa) 

Elongation (-

10% before 

break, %) 

Emod at break 

(MPa) 

Elongation at 

break (%) 

Maximum 

stress (MPa) 

tou Ref  1.17 34 1.51 44 0.36 

touA 11.9 24 13.74 34 2.67 

touB 3.04 20 4.29 30 0.79 

touC 6.01 22 7.37 32 1.51 

tou Ref 

hydrogel 

0.94 42 0.72 52 0.14 

touA 

hydrogel 

9.94 21 14.53 31 2.36 

touB 

hydrogel 

4.40 14 7.75 24 1.07 

touC 

hydrogel 

0.51 17 0.59 27 0.12 

 

g-CN incorporated organohydrogels showed significant increase in Emod values compared to the 

reference organohydrogel. touA withstands against highest standard force, while increasing water 

amount in organohydrogel synthesis yielded weaker products. Compared to reference 

organohydrogel, g-CN based organohydrogels started to deform at less elongation. touA 

organohydrogel (with the highest organic content) shows highest Emod (11.9 MPa) as expected 

and increasing water amount decreases Emod to 6 MPa.  
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Figure 8.4. Compression test results of swollen reference hydrogel and g-CN prepolymer based 

hydrogels with different compositions. 

Similar compression tests were also performed on related hydrogel products having similar 

swelling ratios. Deformation at less elongation was also observed for g-CN based hydrogels 

compared to reference hydrogel. For the case of swollen hydrogels, touA hydrogel showed the 

highest Emod values, and surprisingly placement of hydrogels in terms of Emod was similar to 

parent organohydrogels. Hydrogels yielded from organohydrogels with higher water amount 

were much weaker. A range of mechanical properties can be accessible with the present 

hydrogels via variation of composition which would allow mimicking mechanical properties of 

natural tissues in the future.  

Extending the functionality of hydrogels beyond toughness has been of interest so far. Inspired 

from composition of articular cartilage, lubricity should accompany the toughness for fabrication 

of functional hydrogels. Lubricity could be achieved via utilization of charged monomers in 

hydrogels. Extensive research has been conducted and charged monomers were investigated to 

provide lubricity in hydrogel systems. Significant knowledge about friction mechanism between 

charged monomer and water interface was obtained. Previous attempts to utilize charged 

monomers in g-CN dispersions failed as colloidal stability of g-CN in water diminishes upon 

addition of ions to the system. Herein, novel g-CN based prepolymer provides excellent colloidal 

stability so that studying lubricity of g-CN based hydrogels is enabled via utilization of 

negatively charged 3-Sulfopropyl methacrylate potassium salt (SPMA) monomer. Exemplary 
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synthesis conditions were selected employing prepolymer and monomer mixtures as explained in 

Appendix (11.2.5) and summarized in Table 8.4 (lubA, lubB, lubC, lubRef).  

Table 8.4. Compositions of lubricant and blank hydrogels.  

Sample Precursor (g-CN 

pre3h) amount 

(wt.%) 

Water 

amount 

(wt.%) 

DMA 

amount 

(wt.%) 

MBA 

amount 

(wt.%) 

SPMA 

amount 

(wt.%) 

lubA 20 40 20 1.5 18.5 

lubB 20 40 38.5 1.5 - 

lubC 24 48 - 1.8 26.2b 

lubRef 20a 40 20 1.5 18.5 

aControl solution used to synthesize reference organohydrogel, blimited to 1.2 g instead of 1.8 g 

due to solubility. 

g-CN prepolymer based monomer mixtures were illuminated via visible light, and gelation was 

achieved in 1 hour. EG can easily be removed via water immersion or 2 times washing-freeze 

drying process. Later on, organohydrogels and hydrogels were characterized via compression test 

for mechanical properties (Figure 8.5a-b, Figure A62).  
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Figure 8.5. (a) Compression and (b) cyclic compression (100 times) profiles of lubA hydrogel, 

(c) SEM image of freeze dried lubA hydrogel and (d) images of lubA hydrogel fabricated in 

different shape and size. 

 

Investigating the compression of organohydrogels, lubB which consists of only DMA as 

secondary network shows the highest Emod values (around 3.1 MPa) and lubC (consists of only 

SPMA as secondary network) shows the lowest (around 1.27 MPa). Performance of lubA, by the 

means of Emod value, falls exactly between them (around 2.52 MPa) which combines satisfactory 

mechanical properties for organohydrogels with possible lubricant features (Table 8.5).  
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Table 8.5. Elastic moduli values of lubricant organohydrogels and hydrogels. 

Specimen Emod (-10% 

before break, 

MPa) 

Elongation (-

10% before 

break, %) 

Emod at break 

(MPa) 

Elongation at 

break (%) 

Maximum 

stress (MPa) 

lub Ref  0.66 18 1.83 28 0.29 

lubA 2.52 23 2.47 33 0.79 

lubB 3.10 22 5.49 32 0.96 

lubC 1.27 57 1.69 67 0.38 

lub Ref 

hydrogel 

1.01 19 1.68 29 0.30 

lubA 

hydrogel 

1.51 3 7.96 13 0.47 

lubB 

hydrogel 

4.75 18 27.75 28 1.28 

 

After EG is removed from the organohydrogel networks, further investigations were performed to 

understand the mechanical properties of pure hydrogels. Pure lubA hydrogel consists of 2 

different monomers, namely DMA and SPMA. DMA was chosen for toughness adjustment and 

SPMA was chosen for lubricity adjustment. Compression test results of hydrogels showed similar 

profile to tough hydrogels as depicted in Chapter 5. lubRef hydrogel is quite weak compared to 

hydrogels based on g-CN incorporation, which clearly shows the reinforcer role of g-CN in the 

system (Figure 8.5a, Figure A63). It is important to note that lubC hydrogel which contains 

SPMA as secondary network was not self-standing, while compression test result in Figure A63c 

shows it can resist high amount of load. However it cracks in the beginning of compression and 

graph shows the compression of individual pieces. In addition, lubB hydrogel can withstand 

highest amount of load as expected and lubA hydrogel has a performance in between. Average 

elastic moduli values of hydrogels present the order of strength (Table 8.5). First of all, compared 

to lubRef hydrogel, lubA hydrogel loses elongation capacity. lubB shows the highest Emod values 

at any elongation, and lubA presents much higher Emod values at break compared to reference. 

Compression tests suggest the necessity to include g-CN as reinforcer and DMA as mechanical 

adjuster in composite hydrogel system. Lubricity effect from SPMA will be discussed in next 
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paragraph. As durability against continuous compression is important in cartilage like systems, 

cyclic compression was performed on lubA hydrogel (Figure 8.5b). Cyclic compression was 

performed at maximum load before break and showed no fracture after 100 cycles showing the 

durability of synthesized hydrogel. SEM image of freeze dried lubA hydrogel shows highly 

porous network with smooth surface in large scale. After magnification, particles with size 

around 40 nm can be observed within polymeric network showing incorporation of g-CN 

particles in the hydrogel network (Figure 8.5c). Visible light initiation and synthesis from 

abundant and accessible chemicals allow scale-up synthesis conditions where lubricant hydrogels 

can be synthesized in any shape and size such as disc-like or cylinder-like (Figure 8.5d).  

 

Figure 8.6. Water contact angle measurements of swollen (a) lubA reference hydrogel and (b) 

lubA hydrogel. 

As SPMA polymer is known to possess superhydrophilic properties, water contact angles of 

reference and g-CN based hydrogels were investigated (Figure 8.6). As expected, 

superhydrophilic character was observed for lubA hydrogel showing the existence of g-CN does 

not affect water interaction and uptake in hydrogel system. Lubricity arises from the charged 

polymer brushes and water interaction, therefore the superhydrophilic nature of lubA is 

promising for low friction coefficients. However, lubricity mechanism and friction coefficient 

experiments are still being conducted. 
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8.3. Conclusion 
Herein, g-CN was introduced in dispersed systems via synthesis of g-CN based prepolymer. 

Injectable prepolymer was synthesized via visible light irradiation and possesses high stability 

over long periods as well as facile processing. As an exemplary application, g-CN based 

prepolymer was employed as first network in hydrogel synthesis yielding tough hydrogels where 

g-CN acts as reinforcer and photoinitiator. The colloidal stability of the g-CN based prepolymer 

allows introduction of charged monomers, as well as it yields tough and lubricant hydrogels via 

photoinitiated reaction without external initiator. Initial attempts to synthesize g-CN based 

cartilage-like, tough and lubricant hydrogels were successful, and further attempts to investigate 

lubricity, accelerate the gelation rate and bio related studies might reveal photo polymerization 

based injectable cartilage formation which would entirely change the treatment for such problems 

from periodical and painful surgeries to affordable and facile injection method. 
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For the modification, CMp was mixed with vTA and irradiated with visible light for 3 hours 

under continuous stirring. The so obtained CMp-vTA showed excellent dispersibility in organic 

media, resulting in colloidally stable dispersions in a variety of solvents which can be stored at 

least up to two weeks (Figure 9.3).  

 

Figure 9.3. Digital images of CMp-vTA dispersion (30 mg CMp-vTA in 20 mL DMF) over 2 

weeks. 

The dispersions were prepared after only 20 seconds sonication. Together with the high 

dispersibility, strong luminescence was observed in CMp-vTA organic dispersions under UV 

light (Figure 9.4a). Subsequently, possible coating application employing colloidally stable 

dispersion was investigated. CMp-vTA was dispersed in chloroform and spray coated on glass. 

Glass substrate was washed with ethanol and dried prior to coating, spray coated from top while 

substrate was heated to 80 °C from below. Spray coating of CMp-vTA was applied utilizing 

simple mask patterning (glass substrate half-covered), resulting in totally transparent coating 
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can be applied for more than 1 cycle resulting in coatings with variety of thicknesses (from 1.3 

nm to 4.2 nm) (Figure A64). On the other hand, dispersions in some solvents such as water and 

THF are not stable which causes relatively quick sedimentation, and particle size in these 

dispersions are much larger and thicker (Figure A65).  

This surprising stability in organic media is a key to many possible applications in the future, and 

it was important to understand the reason behind the stability. We therefore analyzed the surface 

potential of the particles by a streaming potential analyzer, and the results are summarized in 

Table 9.1. Interestingly, even in organic solvents a comparably high particle charge was found, 

and particle charge correlates well with the dielectric constant of the respective solvent (Figure 

9.5). 

 

Figure 9.5. Correlation between particle charge and dielectric constant of solvent for CMp-vTA 

(solvents: toluene, chloroform, ethyl acetate, isopropyl alcohol, NMP and DMF). 

The measured values are all negative, with surprisingly high absolute values going up to -183 and 

-305 mV. It is foreseen that such high numbers have never been reported before. Especially in 

solvents which do not allow ion dissociation, such as isopropanol or ethylacetate, it contradicts 

textbook knowledge that the particles are still highly charged. 
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Table 9.1.  Particle charges of modified and non-modified g-CNs in different organic solvents 

ordered according to dielectric constants (measured by particle charge detector, values are in 

mV). 

 DMF N-methyl 

pyrrolidone 

IPA Ethyl acetate Chloroform Toluene 

CMp -70  -44 -28 -5 between 0 

and -1 

between 0 

and -1 

CMp-vTA -183 -136 -66 -31 -12 -7 

CMB -82 - - - - - 

CMB-vTA -305 - - - - - 

 

For extending the borders of vTA modification, carbon nitride from cyanuric acid-melamine-

barbituric acid (CMB) was synthesized and modified with vTA in similar approach. Electrostatic 

stabilization was also found for CMB-vTA i.e. the observed effects can be generalized regardless 

of the type of parental g-CN.  

The possibility of the thiazole modification with other carbon nitrides was also explored, while 

the electronic influences and the Donor-Acceptor type (D-A) sheet activation seem to be rather 

general, the ultimate dispersion to small colloidal plates obviously relies on the existence of small 

primary sheets in the masterbatch. Carbon nitride sheets can be very large, and small sheets are 

typically mostly obtained by structure terminating copolymerization additives to create edges, 

such as the described phenyl-substitution. All systems are nevertheless electrostatically stabilized 

even in organic solvents, where Coulomb stabilization is only known for plasmas and aerosols 

with permanent not-balanced charges. The only explanation for such a charging is that the 

particles are electrically neutralized inside the conjugated sheets. The Donor-Acceptor structure 

(DA) provided by the thiazole functionalization creates a polarity pattern which is core-shell- 

type (or better: plane-edge type, Figure 9.6).  
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Figure 9.6. CMp-vTA sheet and charge delocalization in organic solvents via simple sonication. 

Such organic-organic heterojunctions are of increasing relevance in materials chemistry, for 

instance in solid heterojunction devices for organic photovoltaics193 and photon upconversions.194  

In the present context, it is worth mentioning that Yuan et al. used carbon-carbon heterojunctions 

for the additive-free electrostatic dispersion of nanocarbons,195 however only in water. 

Formation of simultaneously polarized sheets is also expected to result in stable aqueous 

dispersions, very surprisingly sedimentation in aqueous dispersion was observed. Very high zeta 

potentials can be assumed to trigger counterion condensation, in this case water splitting into 

hydronium and hydroxyl ions. Therefore the pH of water and CMp-vTA water dispersions were 

measured. The change in pH was quite low in number (7.06 for water and 7.16 for CMp-vTA in 

water), but there was an obvious decrease in proton number in solution (increase in basicity). As 

dispersion included only small amount of CMp-vTA (30 mg in 6 mL water), using logarithmic 

concentration formula of pH roughly showed that 1 mg CMp-vTA interacts with 1*10-7 moles of 

H+ in distilled water, this is one H+ per 6 nm x 6 nm.  

Another very surprising aspect of these materials is their ability to restack when simply solvent 

casted from organic solution after evaporation of the solvent. Figure 9.7a shows the XRD data of 

CMp and CMp-vTA, and the graphitic stacking remains after modification and solvent 

restacking. Two characteristic peaks around 13° and 27° represents g-CN with intraplanar and 

interplanar stackings. Changes in XRD profile were only observed by processing from a bad 

solvent or shock precipitation, which results in new peak formations indicating changes in 

crystalline packing (Figure A66). From the fact that the stacking distance is similar to the primary 

stacking distance before modification, it can also be concluded that the thiazole modification only 

occurs at the edges, as any in-plane substitution would increase the gallery height or create 

disorder in the packing. 
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For light absorption, CMp-vTA powder presents an increased light absorption compard to CMp 

(Figure 9.7b). Moreover, photoluminescence lifetime is slightly increased when compared to the 

parent material (from 30 nanoseconds to about 44 nanoseconds, Figure 9.7c). Ultraviolet 

photoelectron spectroscopy shows about the same bandgap, with both HOMO and LUMO 

slightly moved to higher stability and more positive values (Figure 9.7d). Tauc plots derived from 

UV absorption of CMp and CMp-vTA are presented at Figure A67 where the bandgap values 

were calculated. A long-range UPS spectrum of CMp-vTA clearly shows a new band formation 

higher than 15 eV (higher binding energy cutoff (HBEC) area) (Figure A68).  

 

Figure 9.7. (a) XRD profiles, (b) powder UV-Vis spectra, (c) time resolved photoluminescence 

spectra, (d) optical bandgap and (e) PL spectra of CMp and CMp-vTA, (f) HR TEM image of 

CMp-vTA dried from ethyl acetate dispersion.  

PL emission spectra of CMp and CMp-vTA show that CMp-vTA has lower internal quantum 

efficiency (IQE, 12.75% for CMp and 8.7% for CMp-vTA, with 1% error estimate from 

instrument) (Figure 9.7e). PL emissions with changing excitation wavelength was recorded for 

CMp, CMp-vTA, CMB and CMB-vTA samples and show the excitonic stability of vTA 

modified particles regardless of the parental g-CN type (Figure 9.8). More detailed information 

on the structure of CMp-vTA particles was obtained via HR TEM images (Figure 9.7f) where it 
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shows a nice lamellar in-plane microphase structure (with repeats of around 3±0.3 nm) similar to 

surfactant or block copolymer assembly, and the stripes indicate phenyl rich and phenyl poor 

domains in CMp-vTA. Such patterns can also be observed in particles from bad solvent 

dispersions (Figure A69).  

 

Figure 9.8. PL spectra with different excitation wavelengths for (a) CMp and CMp-vTA, (b) 

CMB and CMB-vTA. 

FT-IR spectra were investigated for CMp and CMp-vTA, however both spectra show similar 

results, which can be attributed to comparably low amount of grafted vTA compared to CMp 

(Figure 9.9).  

 

Figure 9.9. FT-IR spectra of CMp and CMp-vTA. 
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