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ABSTRACT 

Template free, base catalysed sol-gel route (Stöber method) and low power sonic-activated sol-gel 
process (20 kHz ultrasonic bath) were used to obtain two series of samples. The influence of the 
concentration of the supplying ammonia solution upon the silica sols stability and solid products 
properties was followed. The reactants molar ratio TEOS: H2O: ETOH: NH3 of 1: 25: 20: 0.2 was 
rigorously kept constant.  We have examined the influence of adding the ammonia solutions of 
different concentrations, specifically: 25% NH3, 12% NH3, 6% NH3, and 3% NH3. Either 
relatively stable colloidal suspensions or precipitates were obtained. The silica sols stability was 
related to the evolution of the turbidity over time. The resulted solid materials, xerogel’s and 
sonogel’s texture and morphology have been studied by using BET, SEM techniques. FT-IR was 
used to exhibit the main silica bonds. It was observed that by supplying base catalyst of variable 
concentrations, by changing initial pH of the process, it makes a difference concerning silica 
suspension behaviour and also in silica particle morphology. The used variable produced distinct 
effects upon both classic process and resulted xerogels, and sonoactivated sol-gel process and 
resulted sonogels. For all concentrations of ammonia solution, by classic sol-gel process, silica 
precipitates were obtained, and under ultrasonic field action, relatively stable translucent silica 
colloids resulted. 
 
Keywords: sol-gel, Stöber process, turbidity, suspension 
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1. INTRODUCTION 

The sol-gel process has been widely used as a very flexible route for the fabrication of 
silica gel powders in order to produce new porous nanomaterials with well-defined structures, 
complex shapes and high purity. The sol-gel process was described as relatively simple way, 
assuming low cost, saving energy, allows the control of the distribution of the component 
molecules in silica condensed polymers. These materials synthesized by sol-gel method were 
used for medical science in drug delivery systems [1]. The structural properties of these 
materials synthesized depend on various experimental parameters (effect of catalyst 
concentration, pH, etc.). The catalyst concentration and its influence on the silica sols and on 
the properties of SiO2 particles have been evaluated for a long time. Stöber  et al. [2] reported 
a pioneering method for synthesizing silica nanoparticles from aqueous alcohol solutions of 
silicon alkoxides in the presence of ammonia as catalyst. They observed that the silica 
particles are produced at high concentration of ammonia and small, poly-disperse silica are 
obtained at low ammonia concentration. Rao and Parvathy [3] have specified that silica gels 
can only be obtained at 0.01 N concentration of catalyst, while at concentrations higher than 
0.01 N, only turbid and opaque colloid solutions (sols) arise. This result may be explained by 
the interaction of TEOS with the catalyst (ammonia) strongly influenced by synthesis and 
processing parameters. Fardad [4] studied the role of different catalysts, including ammonia at 
two different concentrations of 0.01M and 0.001M. At these concentrations the silica sol 
became translucent and large particles were formed at the end. Ibrahim and al. [5] prepared 
the silica spherical particles in which was studied the effect of catalyst concentration (NH3) 
on the silica particles size. They observed that the silica particles increasing with catalyst 
(NH3) concentration in the range 0.11÷0.3 M. Sumathi and al. [6] synthesizing the silica 
spherical particles, by using sol-gel method. They investigated the role of catalyst 
concentration on the small size of silica particles at low concentrations. With the increase in 
the amount of NH3, the size of particles gradually increased and produces irregular spherical 
particles with high aggregation effect.  

It has to be clearly explained that to our best knowledge, all previously reported 
experiments dealing with the influence of pH or catalyst concentration on the sol-gel process 
and/or upon the resulted nanomaterials properties, were based on the study of sample series 
prepared at alcoxide precursor (TEOS): catalyst (NH3) variable molar ratio.  
In the present work has been described the influence of catalyst, NH3 (by measuring pH) on 
the silica suspension and silica structural parameters (surface area, porosity, shape and size) 
following a different rule. Specifically, it was established the reaction mixture molar ratios, 
including alcoxide: NH3 one that was kept constant in all samples. Stable (no gelling) silica 
sols and solid silica particles were obtained under different basic and stirring conditions. 
The aim of paper was the synthesis and characterization of silica particles and colloids by sol-
gel process non-assisted (mechanic stirring) and assisted by ultrasonic field (20 kHz 
ultrasonic bath). Ammonia solution with different concentrations, obtained by successive 
dilutions, were supplied which clearly influenced the suspension stability and silica 
morphology. By only varying the concentration of catalyst added solution we can get the 
control on the silica hydrolysis and condensation process and therefore over structural 
properties of the synthesized silica. All the concentrations of ammonia mentioned in paper 
were calculated in relation to the total amount of water brought into the system that was kept 
rigorously constant. It has been noted once again, the molar ratio TEOS: H2O: NH3, for 
overall process, was also rigorously kept constant.  
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2. METHOD 

 Experimental Method 

BET surface areas and BJH pore size were determined from N2 adsorption/desorption 
isotherm at 77 K using a Quantachrome Nova 1200e instrument. Degassing of the samples in 
vacuum for 4 hours at room temperature (298 K) precede every measurement; 

Pore volumes were calculated from the last point of adsorption isotherm; pore diameters were 
calculated by Barrett-Joyner-Halenda (BJH) method from the adsorption/desorption branches 
of the isotherms using a NovaWin software; 

The morphological characterization of the samples was done by using Scanning Electron 
Microscopy (SEM). For SEM an INSPECT S (FEI Company, Holland) instrument has been 
used; 

FT-IR spectra were carried out as KBr pellets, in the 4000-400 cm-1 range on JASCO 430 
apparatus. 

 
3. Results and Discussions 
Silica nanoparticles were synthesized in two ways, following the Stöber process and keeping 
the same molar ratio of reactants TEOS: H2O: ETOH: NH3 1: 25: 20: 0.003 0.2. For the first 
series, mechanical stirring route was used and xerogels were obtained. The second series were 
realized by sono-catalyzed sol-gel process, keeping all the process parameters at the same 
regime and sonogels were obtained. Total NH3 amount in the reactants mixture was kept 
constant and ammonium supplied solutions concentrations were varied on the expenses of 
water amount calculated for a value of 25 (mole H2O:mole TEOS). 
The synthesis parameters are presented in the Table 1 and rigorously kept constant. 

 

Table 1: The molar ratio of reactants TEOS: H2O: ETOH: NH3 1: 25: 20: 0.2 

Samples 
Xerogels Sonogels 

TEOS 
[Mol] 

Water* 
[Mol] 

ETOH 
[Mol] NH3 [mol] 

NH3 solution 
[%] 

S1P1 S2P1 1 25 20 0.2 25% 
S1P2 S2P2 1 25 20 0.2 12% 
S1P3 S2P3 1 25 20 0.2 6% 
S1P4 S2P4 1 25 20 0.2 3% 

*Total water amount was kept constant related to variable ammonium supplied solution 
concentrations 
 
It was prepared two series of samples, each one being composed of four samples. For the first 
series (classic sol-gel route), the S1P1 sample was prepared by adding 0.23 ml solution of 
25%NH3. The second sample, S1P2, was prepared by adding 0.46 ml of solution 12%NH3 
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and so forth, the following 2 samples, S1P3 and S1P4, were prepared by supplying further 
diluted ammonia solutions of 6%NH3 and 3%NH3 respectively.  

The sonoactivated series of samples was prepared by following the same procedure 
except supplementary treatment in ultrasonic field in described conditions. For the second 
series (ultrasonic bath), the S2P1 sample was prepared by adding 0.23 mL solution of 
25%NH3. The following samples S2P2, S2P3 and S2P4 were made by successive dilutions of 
12%NH3, 6%NH3 and 3%NH3 supplying ammonia solution concentration. The way, in which 
synthesis has been achieved, amount of reactants, was revealed in the Table 2. 
Table 2: The synthesis parameters 

Samples 
Xerogels Sonogels 

TEOS 
[mL] 

Water 
[mL] 

ETOH 
[mL] 

NH3 
[mL] 

 
*NH3solution 
[%] 

pHNH3 

solution 

S1P1 S2P1 3.5 6.89 18.6 0.23 25% 12 
S1P2 S2P2 3.5 6.60 18.6 0.45 12% 11 
S1P3 S2P3 3.5 6.15 18.6 0.9 6% 10.5 
S1P4 S2P4 3.5 5.25 18.6 1.8 3% 10.5 

*NH3 solutions added were diluted on account of water added to the system TEOS-H2O-
ETOH-NH3 

The main steps of xerogels and sonogels synthesis technology are presented in Figure 1. 
 

Figure 1 Technological synthesis 

 
 
We systematically have examined the influence of adding the base solutions at different 
concentrations, specific, 25%, 12%, 6%, 3%NH3, upon the silica sol stability and also upon 
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the resulted silica xerogel and sonogel samples properties. More or less stable colloidal 
suspensions and/or precipitates were obtained. The xerogels/sonogels turbidity was measured. 

The sonogels kept their stability over the time. The evolution of sonogels stability was 
exhibited in Figure 2. 

Figure 2 Turbidity evolutions over time 
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24 hours after synthesis, it could be observed that for the sample with the highest 
concentration of ammonia solution, S2P1 (25% NH3), nucleation and growth phase occurred 
by Ostwald Ripening. After 72 hours the flocculation, the particles will be attracted by Van 
der Waals forces, aggregation begins. This was suggested that the colloidal system is an 
emulsion the droplets will coalescence, and also increasing the value of turbidity. The 
decreased value of turbidity after 96 hours indicated that deposition of particles occurred. The 
same phenomenon took place for the sample S2P2 (12%NH3), nucleation (growth) – 
flocculation – aggregation – deposition. The smallest and constant values in time of the 
turbidity were for the samples treated with lower supplying NH3 solution concentrations, 
namely S2P3 (6%NH3) and S2P4 (3%NH3), showed that particles deposition never occurred, 
remain translucent/transparent and kept the stability over the time.  
The structural characterization of silica xerogels were carried out using BET [7] surface area 
analyser (Quantachrome Nova 1200e) at 77K. N2 adsorption/desorption isotherms over a 
range of relative pressure P/P0 from 0.05÷0.1 were collected for all samples. Specific surface 
areas were determined from the BET equation at a relative pressure range between 0.05÷0.1. 
The total pore volume was calculated from the last point of adsorption isotherm. Pore size 

was calculated with the equation (D) = , where dSiO2=2.2 g/cm3 [8]. The N2 

adsorption/desorption isotherms are presented in Figure 3a) and Figure 3b). 
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Figure 3a) N2 adsorption/desorption xerogel’s isotherms 
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Figure 3b) N2 adsorption/desorption sonogel’s isotherms 
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Both silica series exhibited Type IV isotherm with H2 and H3 hysteresis loop according to 
IUPAC classification which is characteristic for mesoporous solids [9]. In Figure 3a) the 
adsorption/desorption isotherms for xerogels were presented. After BDDT classification [10], 
the N2 adsorption/desorption isotherms were type IV, that are typically for mesoporous 
materials. The N2 adsorption/desorption isotherms present different types of hysteresis loop, 
due to the capillary condensation taking place in the mesopores. The xerogels S1P1 (25% 
NH3) and S1P2 (12% NH3) indicate a type H3 hysteresis loop, according to IUPAC 
classification [9]. At the relative pressure range of 0.6 P/Po, the H3 hysteresis loop was 
attributed to the inter-particle porosity distance. Usually, these types of hysteresis loop owe 
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their shape to presence of aggregates, giving rise to slit-shaped pores [9]. The samples S1P3 
(6%NH3), S1P4 (3%NH3) indicate a type H2 hysteresis loop which was explained as a 
consequence of the inter-connectivity of pores – “ink bottle” pores [11].  

Figure 3b) shows the N2 adsorption/desorption isotherm for the samples under ultrasonic field 
action. The N2 adsorption/desorption isotherm shows a typical IUPAC type IV [9] pattern 
with sharp inflection of nitrogen adsorbed volume at P/P0 about 0.4, with an H2 hysteresis 
loop [9], suggesting the existence of mesopores with an interconnected pores network of 
different shapes and sizes. From N2 adsorption/desorption isotherms were derived the textural 
parameters of xerogels/sonogels. In Table 3 and Table 4 are presented the textural-parameters 
for xerogels and sonogels series. 

Table 3 Xerogels texturals parameters 

Xerogels Pore 
diameter 

(BJH Ads.) 
[nm] 

Pore 
diameter 

(BJH Des.) 
[nm] 

Surface area 
(BET) 
[m2/g] 

Total pore 
volume 
[cm3/g] 

Particle size 
[nm] 

S1P1(25%NH3) 8.83 8.77 36 0.11 74 
S1P2(12% 

NH3) 
6.15 17.92 56 0.18 48 

S1P3(6% NH3) 6.16 6.59 89 0.17 30 
S1P4(3%NH3) 6.14 6.55 92 0.18 29 

 
 

 
 
Table 4: Sonogels texturals parameters 
 

Sonogels Pore 
diameter 

(BJH Ads.) 
[nm] 

Pore 
diameter 

(BJH Des.) 
[nm] 

Surface area 
(BET) 
[m2/g] 

Total pore 
volume 
[cm3/g] 

Particle size 
[nm] 

S2P1(25%NH3) 8.68 6.62 275 0.41 9.9 
S2P2(12% 

NH3) 
8.74 6.65 314 0.44 8.6 

S2P3(6% NH3) 6.16 6.58 235 0.37 11.5 
S2P4(3%NH3) 6.14 5.68 257 0.33 10.5 

 
Supplementary information on the effects of supplied ammonia solution concentration on the 
gels structure can be remarked from the pores size distribution. In figure 4a) and Figure 4b) 
are represented the pores size distributions for both series. 

 
 
 
 
 
 
 



Mirela Piciorus et al. /New Frontiers in Chemistry 27 (2018) 51-65 58 

Figure 4a) Xerogels size distribution 
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Figure 4b) Sonogels size distribution 
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From Figure 4a), the xerogels presented a large pore size distribution in the domain 2-50 nm 
that was characteristic for mesoporous materials. Xerogels obtained by decreasing ammonia 
solution concentration, namely S1P1 and S1P2 exhibit a wide pore distribution related to 
xerogels with small concentration where the pore distribution was narrower, specifically the 
samples S1P3, S1P4 where the pore diameter was around of 7 nm). The sample S1P2 has a 
bimodal distribution with two maxim peaks around 7 nm and 20 nm.  
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From Figure 4b) it can be seen that in the case of sonogels, the pore size distribution was 
narrower and centred in the domain 2-10 nm, where the most pores were found. 
A correlation of textural parameters (pores diameter, surface area, and pores volume, particles 
size) was attempted with the concentration of ammonia solution. Figure 5 it showed the 
variation of pore diameter related to supplied NH3 solution concentration for both series of 
xerogels/sonogels series. 

Figure 5 Pore diameter related to ammonia solution 
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For both series, from adsorption/desorption isotherm it can be seen that by increasing the 
ammonia supplied solution concentration leads to the higher pore diameters. From desorption 
isotherm branch we can not have a clear orientation for xerogels because the sample S1P2 has 
an out of range value (12%S1P2 17.92 nm). From adsorption isotherm branch it can be seen 
that the pore diameter increase with supplying NH3 solution concentration, the highest value 
was obtained for 25%S1P1 (~8.8 nm). It has to be noted that the average particle diameters of 
sonicated series are considerably smaller and they present a narrower distribution. The value 
of pore diameter for both series was 6-9 nm (from adsorption branch).  
In Figure 6 was represented the surface area correlated with supplied ammonia solution for 
both xerogels/sonogels series. 
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Figure 6 Surface area related to ammonia solution 
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From Figure 6, it can be seen that in the case of xerogels series, the highest surface area 
of 92 m2/g, corresponding to the most diluted catalyst supplied solution, S1P4 (3% NH3).  
Within the xerogel series, surface area presented a continuous increased tendency as supplied 
ammonia was more diluted. The sample S1P1 (25% NH3) has the smallest surface area (36 
m2/g). In the case of the sonicated series, first of all, it was observed that surface areas 
significantly increased. By using supplied ammonia solution concentration of 12% NH3, the 
highest surface area that was obtained, 314m2/g. 

 
In Figure 7 was exhibit the correlation between the xerogels/sonogels total pore volumes 

related to supplied NH3 solution concentration. 
From Figure 7 it can be seen that in the case of xerogels series the catalyst dilution was most 
favourable in order to increase the total pore volume. In the case of sonicated series of 
samples, the highest total pore volume (0.44cm3/g) was obtained for 12% NH3 concentration 
of catalyst supplied solution. The total pore volume for entire sonicated series presents 
significant increased values than that of silica xerogels series. 
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Figure 7 Pore volume related to ammonia solution 
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Based on N2 adsorption-desorption isotherms, specifically by using BET technique [7] 
derived surface area values, the particle size have been calculated with the equation: (D) = 

; where amorphous silica density was, dSiO2 = 2.2 g/cm3  [8].  

Figure 8 represents the correlation between the particles sizes correlated with the supplying 
NH3 solution concentration for both series of samples. 

 

 
Figure 8 Particle size related to ammonia solution 
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From Figure 8, it can be observed that for xerogels series, particles size significantly 

decreases with the concentration of supplied NH3 solution concentration. In the meantime for 
the sonicated series, particles size has not been significantly influenced by the supplied 
catalyst solution concentration. A small particles size for sonogels can be observed at critical 
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concentration of the ammonia (25% NH3). The particles size decrease with the increasing of 
ammonia supplying solution concentration. Therefore, for the most concentrated sonogel 
sample S2P1 (25% NH3) the particles size was 9.9 nm related to the most diluted sample 
S2P4 (3% NH3), where the particles size was 10.5 nm. 

 
 

SEM 

Figure 9 and Figure 10 shows SEM image of silica xerogels prepared from silica sols with 
mean particles sizes of ~45 nm for xerogels and ~10 nm for sonogels. The prepared silica 
nano-powders show the irregular agglomerated silica particles. The irregular shape of silica 
particles could be caused by the fast nucleation process, which is difficult to be controlled in 
alkaline environment [6].  

Figure 9 Xerogels SEM image 

 

For xerogels, it was observed asymmetrical formations heavily agglomerated. In the case of 
sonicated samples S2P3 (6% NH

3
) and S2P4 (3% NH

3
) the SEM images showed a bulk 

structure.  
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Figure 10 Sonogels SEM image 

 
 
 
 
FT-IR   
 
In the case of both synthesized samples, at  room temperature, the infrared spectra exhibit 

a broad band at 3400 cm-1 due to absorption of bridged hydroxyl group. The broad band from 
3400 to 3800 cm-1 specifically for sonogels, was ascribed to OH stretching vibrations, bridges 
between adsorbed water and OH of Si-OH groups or stretching of OH from bridged Si-OH 
groups [12]. The band due to the bending vibration of molecular water (1640 cm-1) was also 
present in the FTIR spectra and can be used to study the adsorbed water. The absorption 
bands at 1093-1100 cm-1 is attributed to stretching vibration of Si-O bond. The 800 cm-1 band 
corresponding to the ring structure of SiO4 tetrahedral and the 464 cm-1 band correspond to 
deformation vibration of Si-O-Si [13], [14], [15].  The results of FT-IR spectra were exhibited 
in Figure 11 and Figure 12.  

 
Figure 11 Silica xerogels FT-IR spectra 
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Figure 12 Silica sonogels FT-IR spectra  
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4. CONCLUSION 

The investigation showed that by keeping rigorously constant all reactants molar ratio TEOS: 
H2O: ETOH: NH3 = 1: 25: 20: 0.2 and by supplying different concentrations of NH3 catalyst, 
the synthesis outputs changed significantly. The surface area of xerogels was situated up to 
~100 m²/g while the sonogels have two-three times higher surface area up to ~300 m2/g. Base 
concentration by changing pH had the different effects on particles morphology. In case of 
xerogels and sonogels with the highest ammonia solution concentration it could be seen a 
more porous structure, due to the formation of particles (depositing of precipitated particles in 
solutions). For all concentrations of ammonia solution silica precipitates were obtained, by 
classic sol-gel process and relatively stable translucent silica colloids, under ultrasonic field 
action. Pore size distribution for sonogels was significantly narrower (~6-9 nm). The sizes of 
silica colloids decreases with increasing the ammonia concentrations, the number of nuclei 
was larger and therefore smaller silica colloids are obtained. In the case of highest ammonia 
catalyst (25%NH3), larger particles precipitated, so that the formation of a stable suspension 
of silica particles was not possible to form because the nucleation process produced primary 
particles nuclei and therefore larger silica particle size was formed. At high pH values, where 
the particles may have a high solubility in the sol, more porous structures are obtained, the 
particle sizes increases. SEM image reveals that the particles start to agglomerate in the 
alkaline media (NH3); it was observed that the structure start to modifying leading to irregular 
silica shapes. From FTIR spectra has been shown that all xerogels/sonogels samples 
presented silica similar bands corresponding to –OH and –Si-O groups. The SiO2 particles 
size was found to increase with ammonia concentration up to 0.01 M (NH3 25%), for 
ammonia concentration under 0.01 M, the particles size decrease. 
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ABSTRACT 

The amount of amniotic fluid increases steadily to reach a maximum of approximately 
400-1200 ml at 34-38 weeks, and then subsequently starts declining. At 40 weeks, the volume 
of amniotic fluid is approximately 800 ml (1,2,3) and continues to decrease till the pregnancy 
continues. 

The composition of amniotic fluid changes with time and does not remain constant 
throughout pregnancy (4). It comprises of not only water, which forms around 98-99% of 
the amniotic fluid, but also several other essential constituents 
 

Keywords: amniotic fluid, ions, pregnancy 
 

1. INTRODUCTION 

There is not much literature available on the ionic composition of amniotic fluid. 
Although electrolytes are present in the amniotic fluid in trace amounts, they are considered 
essential for the health and well-being of the fetus. Multiple researchers have shown the 
correlation between amniotic fluid electrolyte concentrations and fetal development (5). The 
common ions found in amniotic fluid include sodium, potassium, chloride, calcium, 
magnesium, and bicarbonate (6). Knowledge of the role of these ions in the amniotic fluid in 
a normal pregnancy can aid in prevention and early diagnosis of fetal or maternal pathologies. 
By accurate prenatal assessment of the biochemical composition of the amniotic fluid, one 
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can evaluate fetal maturity and overall health status. This paper thus aims at assessing the 
function of these ions in amniotic fluid on fetal growth and development, based on the 
current, available literature. 

 
 

2. FORMATION OF AMNIOTIC FLUID 

Almost at the same time as the implantation, an extracolemic cavity is produced that 
forms the amniotic space (4). During the entire pregnancy, the growing fetus and amniotic 
fluid are both enveloped in the amniotic sac. Initially, the maternal plasma mainly contributes 
to the formation of the amniotic fluid and reaches the fetus by traversing the fetal membranes. 
However, as the placenta is formed, the plasma from the mother’s blood crosses the placenta 
and reaches the fetus, contributing to the amniotic fluid. As the fetal skin is not keratinized in 
early pregnancy, there is diffusion of amniotic fluid across the fetal skin, and it is similar in 
composition to the plasma of the fetus. However, post-keratinization of the fetal skin, the 
absorption of the fluid takes place through the fetal gut.  

 
 

3. COMPOSITION OF AMNIOTIC FLUID 

The composition of amniotic fluid changes with time and does not remain constant 
throughout pregnancy (4). It comprises of not only water, which forms around 98-99% of 
the amniotic fluid, but also several other essential constituents. 

 
Sodium 
Several studies have documented the decrease in amniotic fluid sodium levels with 

gestational age (7). Sodium is involved in the regulation of water-electrolyte balance of the 
amniotic fluid and is thus an important ion in the amniotic fluid. Even a small change in the 
sodium ion concentrations can lead to significant changes in the volume of amniotic fluid (8). 

Additionally, a study carried out on sheep showed that chronic placental insufficiency led 
to an increase in sodium ion concentration with a decrease in amniotic fluid volume (9).  

 
 
Chloride 
Although chloride levels fall as the pregnancy progresses, the decline is minimal as 

compared to other ions such as sodium (10). 
Since the amniotic fluid is mainly composed of fetal urine in the latter part of pregnancy, 

any renal pathology will affect the amniotic fluid composition. Bartter syndrome is one such 
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disorder that can be diagnosed prenatally by detecting high chloride levels in the amniotic 
fluid (11). 

 
 
Potassium 
The concentration of potassium ions in the amniotic fluid is found to be almost constant 

throughout pregnancy (12-14). Raised potassium levels in amniotic fluid have been reported 
in women suffering from preeclampsia (15). Moreover, a study compared the concentration of 
trace elements in amniotic fluid, with their antibacterial activity (16). This study assessed the 
amniotic fluids of 39 pregnant women in their second half of pregnancy and revealed that 
lower concentrations of potassium were associated with good antibacterial activity. 

 
 
Calcium 
Cruikshank et al demonstrated the change in calcium ion levels in amniotic fluid along 

with the levels of calcium regulating hormones, as the pregnancy progresses (17). Their study 
showed that though the total calcium levels fall progressively, the levels of ionized calcium 
remains almost constant. 

Low calcium levels in amniotic fluid have found to be associated with preterm deliveries 
(18). 

On assessment of pregnancies complicated by spina bifida, it was found that they show a 
high level of calcium ions in the amniotic fluid (19).  

An increased level of calcium and other bivalent cations such as zinc has also been 
observed in women suffering from preeclampsia (20). It is hypothesized that this is possibly 
due to reduced maternal excretion, leading to increased fetal load. 

 
 
Magnesium 
A study was carried out in 2011 (21) with the aim to determine the level of magnesium in 

amniotic fluid in the second trimester of pregnancy. According to this study, the mean 
magnesium value in amniotic fluid was 1.65 ± 0.16 mg/dL and slightly more, at 1.97 ± 0.23 
mg/dL in serum. 

The role of magnesium in amniotic fluid has been highlighted in several studies. Low 
levels of magnesium in amniotic fluid have been associated with preeclampsia (22) and 
diabetes (23, 24). However, some studies point to the contrary showing raised levels of 
magnesium ions in the amniotic fluid of patients with preeclampsia (20).  

Pregnant women need magnesium supplementation in their diet due to the reduced serum 
levels during pregnancy (25,26).  

 
 
Bicarbonate 
A study that evaluated the amniotic fluid composition in a pregnancy complicated with 

twin-twin transfusion syndrome found that in comparison with the normal pregnancies, the 
complicated pregnancies showed a higher bicarbonate levels in the amniotic fluid (27).  
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Zinc 
Like magnesium, zinc deficiency has also been implicated in fetal growth retardation. A 

decrease in zinc levels in amniotic fluid has shown association with intrauterine growth 
retardation resulting from placental insufficiency (28). 

Zinc is also associated with antibacterial activity in the amniotic fluid. Scane et al 
demonstrated that both high and low molecular-weight antibacterial activity was directly 
related to the concentration of bound zinc (29). This collaborates with the present evidence 
stating the importance of zinc in the regulation of several aspects of the immune system. (30). 
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ABSTRACT 

The aim is to re-dimension More's law in nano-chemical devices by modelling quasi-
particle couplings (bondonic and bondotic) as QBits impulses on chemical-physical nano-
compounds (graphene lattices with Stone-Wales rotations topological defects, but also for 
molecules governed by nano-mechanical chemical bonds) and their propagations as 
dynamic donors of chemical bond and coupled electron pairs instead of electrons and 
single atoms as “quantum dots”. This represents the quantum-chemical basis of 
graphenetronics (semiconductors, transistors, and integrated circuits based on topological 
defective graphene) and of photo-activated moletronics (molecular machines). The paper 
presents the correlation of quantum potentials of electrochemical tunnelling with 
associated electrochemical currents and with electro-photo-chemical activation 
mechanism of molecular machines. 
 

Keywords: supramolecular systems, molecular machines, logic gates, graphenetronics, 
moletronics. 
 

1. INTRODUCTION 

In addition to macroscopic electronic devices in which information processing use 
electrical signals, the emphasis is now on molecular electronics, the miniaturization of 
electrical circuits, which can become much smaller than digital circuits manufactured on 
semiconductor chips [1]. 

These allow the investigation of the properties of molecules and supramolecular systems, 
such as electrical conductivity and electrical switching. Supramolecular systems may be 
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designed to behave like a plug/socket type macroscopic device; they are made of at least two 
molecular components, which must have two main properties: it must be possible to connect 
and disconnect the two components reversibly, and when the two elements are connected, the 
energy or electrons must flow from socket to plug, Figure 1.  

 

Figure 1. Diagram of a plug-and-socket molecular system [2] 

Interactions caused by the hydrogen bonds between ammonium ions and crown ethers 
have been used profitably, which can be very quickly and reversibly switched on/off by acid-
base inputs [2] to develop such types of devices.  

 
 
Quantum potential barriers 
 
The quantum model of quantum tunnelling electrons in open, dynamic systems is shown 

in Figure 2.  

 
 

 
Figure 2. TOP: Lightly rounded potential barrier; BOTTOM-Left: Parabolic Potential 

Barrier; BOTTOM-right. Rectangular potential barrier (after Bockris & Khan, 1979) [3] 
 
 
The expression of the total wave function of the global-local information of the system is: 
- for the section I, where ( ) 0≅xU ; ( ) ExU < : 
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The correlation between coefficients is:  
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WKB approximation (Wentzel-Kramers-Brillouin) will be considered, with the estimation of 
a large and high barrier, and finally the expression from Eq. (7) will be obtained.  
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This is the expression of the transmission coefficient using the general expression WKB 
from the above equation if both the barrier height and width are large. This represents the 
probability of tunneling, Gamow's equation.  

In the case of a parabolic barrier, ( ) 2
0 2

1
fxUxU −=  and it has the graphical representation 

from Figure 2 (Bottom-Left). Then, we will get the expression of the tunneling probability for 
the parabolic barrier of the form:  
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where the barrier width is al 2= and U0 represents the maximum of the barrier.  
In the case of a rectangular barrier ( ) 0UxU =

 
and it has the graphical representation from 

Figure 2 (Bottom-Right), with the tunneling probability of the form:  
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  where al 2=  is the thickness or width of the barrier. 
 
 
 
Current in quantum electrochemistry 
 
Theoretical modeling of transient experiments in analytical electrochemistry can be 

achieved through a specific mathematical approach, known as the integral equation method 
[4]. Bonciocat [5,6] proposes that the equation describing the kinetics of a redox electrode 
reaction RneO ↔+ −  is an integral equation Volterra type (which is a particular case of the 

integral Fredholm equation), namely: 
 

 ( ) ( ) ( ) ( ) +=
t

tfduuiutKti
0

,λ          (10) 

 
where: λ = -1; i(u), i(t): densities of the Faraday currents at time moments u < t, respectively t;  
K (t, u): the kernel of the integral equation and f(x) have explicit expressions containing the  
kinetic parameters of the electrode reaction, the concentrations, the diffusion coefficients of 
the electrochemically active species, the time t, u, the overvoltage at time t (Figure 3). 

 

 
 

Figure 3. The Fredholm integral algorithm in quantum electrochemistry 
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By providing the only limitation by charge and mass transfer (by non-stationary 
diffusion) of these species, the overvoltage η(t) applied to the interface is a continuous 
function on the closed interval [0, a] and both functions ( )tK ⋅  and f(t) are continuously 

uniform functions for t∈[0, a]. 
 

2. METHOD(S)/MODEL(S) 

The original contribution of this paper concerns the development of the following topics: 
• Nano-chemistry and multidisciplinary nano-physics; 
• Graphene – from the perspective of graphite structured as multi-layer graphene;  
• Quantum heterojunctions with graphene; 
• Contributions to double-layer quantum electrochemistry;  
• Molecular machines in the quantum-electrochemical coupling;  
• Prediction of activation energies (possibly of associated micro-currents) with 

graphenetronic and moletronic integrated nano-systems. 

The specific objectives and the results that will contribute to the achievement of these 
objectives are as follows: the characterization of “quantum bridges” in electrochemical 
systems as potentials of tunnelling and photo-electronic activation, the identification of 
Fredholm integral solutions for electrochemically activated currents, and the selection of 
quantum-molecular mechanism specific to photo-activation energies in quantum-
electrochemical systems with molecular machines. 

 

2.1. Theoretical Method/Model 

 
Potentiostatic Method  
 
In the case of inert metal/redox electrolyte electrodes, by following the application of a 

constant overvoltage, the electrode response is recorded, which in case of low overvoltages 
coincides with the density of the faradic current, and the Fredholm equation above becomes: 

( ) ( )
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η
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λ 0
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Finally, the equation of the potentiostatic method of low overvoltages and times is 
obtained: 

( ) 
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F
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π
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The obtained equations facilitate the determination of the exchange current density i0 and 

the kinetic parameters i00 and β of the charge transfer reaction, ( ) 0
000 ln1lnln ccii R ββ −+= . In 

the case of an electrode made by inert semiconductor / redox electrolyte, iF(t) is the density of 
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the total faradic current, consisting of the contributions of the two energy bands (conduction 
and valence), according to the equation: ( ) ( ) ( )tititi pFnFF += ;  

If the charge transfer is done only through the conduction band, namely ip=0, the latest 
equations become:  
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If the charge transfer takes place through both energy bands, the current becomes: 

( ) ( ) ( )
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By Eqs. (13) and (14), the sum of the standard densities of the exchange currents through 
the two energy bands can be obtained. 

 
 
Galvanostatic method  
 
In case of inert metal/redox electrolyte electrodes, at low overvoltages, the current 

density in the outer circuit is maintained constant. The sum of the faradic and capacitive 
components remains constant, although their value changes over time. In this case, the 
Fredholm equation becomes: 
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 The equation of the galvanostatic method for low overvoltages is obtained in two cases:  
- if the capacitive current is neglected:  
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- if the capacitive current is taken into account:  
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The obtained equations facilitate the determination of kinetic parameters i00 and β of the 
charge transfer reaction. 

 
 
Linear Potential Voltammetry  
 
In the case of inert metal/redox electrolyte electrodes, at low overvoltages, the 

overvoltage applied to the electrode depends on the time and the scanning rate, according to 
the equation: 

tvt =)(η          (18) 

In this case, if the capacitive current is neglected, the Fredholm equation becomes: 
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and if the capacitive current cannot be ignored, the Fredholm equation will be: 
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Finally, the equation of linear voltammetry of potential for low overvoltages and times is 
obtained, in the two cases:  

- if the capacitive current is neglected:  
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- if the capacitive current is taken into account:  
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The obtained equations facilitate the determination of the standard density of the 
exchange current and the specific capacitance of the electrochemical double layer. 

 
 
Basic Faraday Impedance Method 
 
In the case of inert metal/redox electrolyte electrodes, a very low overvoltage is applied 

to the steady-state interface, analyzing the current density passing through the faradic 
impedance (ZF) of the interface. Depending on the nature of the electrode redox reaction, a 
phase difference occurs between the overvoltage and the current density.  

If this is irreversible, the limitations are by charge transfer, ZF is given only by the charge 
transfer resistance (Rts), and the two parameters are in phase (ϕ = 0).  

If the reaction is reversible, the limitations are by mass transfer, namely diffusion, 
Warburg impedance, ZW, is given by the two components RW and CW, and the two parameters 
are phase shifted with ϕ.  

In the case of quasi-reversible reactions, all three elements (Rts, RW, CW) occur, and the 
phase shift value ϕ is based on their relative contribution. In this case, the Fredholm equation 
becomes: 

( ) ( )t
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The basic Faraday impedance method determines the dependence of Rs and CW on the 
frequency/pulse of the alternating current. 
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2.2. Experimental Method/Model 

Molecular machines with electro-photo-chemical activation 
 
In the case of pseudorotaxane, as shown in Figure 4 (top), their formation is favored by 

non-covalent interactions between the ring and the axis, which can be modulated by an 
external stimulus, thus controlling threading and dethreading [7-9] of molecular components. 
In the case of rotaxanes, two main movements with high amplitude can be made: translation 
by ring movement along the axis (Figure 4 – middle); rotation – by the ring movement around 
the axis (Figure 4 – bottom). Consequently, rotaxanes are prototypes suitable for the 
construction of both linear and rotary molecular machines. Indeed, systems of the first type, 
called molecular shuttles [10], are the most common implementation of the rotaxanes in the 
concept of molecular machines. 

 

 

 

 
Figure 4. TOP: Schematic representation of the threading-dethreading equilibrium in the case 

of pseudo-rotaxanes, involving the axle and ring components [7-9]; MIDDLE: Schematic 
representation of the translational movement of the ring in the case of rotaxanes; BOTTOM: 

Schematic representation of the rotation of the ring in rotaxanes [10] 
 

 
Figure 5. Chemical structure and operation of an acid-base controllable rotaxane (Ashton 

et al. 1998) [11]   
 
An example of molecular machines that behaves as a reversible molecular shuttle is 

controlled by acid-base stimulation (Figure 5) [11]. It is made up of an axial component 
containing an ammonium ion (AMH) and an electron acceptor bipyridine unit which can 
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establish hydrogen bonds and charge transfer interactions with the ring component that is a 
dibenzo [24-]-8 crown ether. An anthracene group is used as a stopper because its absorption, 
luminescence and its redox properties are useful to monitor the status of the system.  

As long as the interactions of the hydrogen bond N+–H...O between the macrocyclic ring 
and the ammonium center are much stronger than the charge transfer interactions of the ring 
with the bipyridine unit, rotaxane exists only as one of the two possible translational isomers 
(Figure 5.a, state 0). Deprotonation of the ammonium center with a base (Figure 5.b) 
determines the displacement of the ring in percent of 100% by Brownian motion to the 
bipyridine unit (Figure 5.c, state 1); reprotoning rotaxane with an acid (Figure 5.d) directs the 
ring back to the ammonium center. 
 

3. PERSPECTIVES 

3.1. Rotaxane with integrated and photo-activated redox mechanism. Shuttle 
processes for rotaxanes 

 
As previously mentioned, the rotaxane's common implementation in case of molecular 

machines is the development of molecular shuttles in which translational movements of the 
ring occur [12,13]. This type of molecular machines must have a well-organized structure and 
should work as multicomponent systems with proper functional integration [14,15].  

Usually, rotaxanes are made of an axle-shaped component, equipped with two distinct 
recognition centers – the stations, and a ring that performs the shuttle movement between the 
two stations. Initially, the ring is placed on the station that is a better recognition center for it; 
in the case of suitably designed rotaxanes, the shuttle movement to the other station may be 
induced by light-powered electron transfer processes [8,16,17]. In this case, the photoinduced 
shuttle movement may occur, which involves the following main steps:  

1. Destabilization of the stable translational isomer: the light excitation of the 
photoactive unit is followed by an electron transfer from the excited state of this unit 
to the ring-surrounded station, with the consequence of station deactivating; 

2. Ring movement: the ring moves from the reduced station to the other one; 
3. Electronic Reset: the reverse transfer of the electron from the reduced “free” station 

takes place to the photoactive unit, which gives the power of the electron-acceptor to 
this station; 

4. Nuclear Reset: The ring moves back to the preferred station with the consecutive 
restoring of the structure from the beginning. 

The critical points of this mechanism [8,16,18] are the competition between the 
photoinduction process of electron transfer and the deactivation of the intrinsically excited 
state, and between the shift of the ring at the reduced station and the reverse electronic 
transfer process. However, if the system is properly designed and optimized, each absorbed 
photon facilitates a forward and backward movement of the ring between the two stations, 
making a complete mechanical circuit. 

Thus, rotaxanes of this type act as a four-stroke autonomous motor [17,18], where the 
visible light represents the fuel and the intramolecular processes correspond to the following 
stages: 1) fuel injection and combustion (destabilization of the initial structure); 2) 
displacement of the piston (displacement of the ring); 3) Exhaust gas evacuation (electronic 
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reset); 4) piston displacement (nuclear reset). Note that the photoinduced shuttle process of 
the ring can also occur with an external electronic relay.  

 
 

Figure 6. The formula of rotaxane 9H3+ structure and the representation of its functioning 
as a pH-controllable molecular shuttle  

 
All the new devices and machines which can perform useful light-induced functions are 

of the highest importance nowadays [19]. 
In this context, the paper stage is in the quantum-computational modeling phase, from the 

perspective of the chemical reactivity, chemical electroreactivity for the complex rotaxane 
molecular machine presented in Figure 6. The electrochemistry of the 9H3+ [2]rotaxane is 
closely related to its structure, namely: 

- a dibenzo[24]crown-8 ether (DB24C8) − π electron donor macrocycle; 
- a dumbbell component containing a secondary ammonium center (-NH2

+-) and a 4,4'-
bipyridine unit (bpy2+); 

- as stoppers: a functional group of anthracene at one end, and a 3,5-di-tert-butylphenyl 
group at the other end, 
and also, besides the in silico − in vitro complete characterization, aims its subsequent 
functionalization in the graphene matrix, with the perspective of replacing moletronics with 
molecular circuits integrated on graphene, in graphenetronic engineering of carbon 
microcircuits with a molecular capacitor.  

 

3.2. Chemical Electro-Reactivity with Molecular Machines. From 
moletronics to inclusive graphenetronics 

As in the case of electrons, photons play a double role [8,20], namely: they supply the 
energy required by the system and have the ability to highlight changes induced in the system 
– which means that photons can also be used to write and read the status of the system [21]. 
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The photoinduced energy and electron transfer reactions can be exploited to connect light-
supplied energy with the mechanical, electrical and optical functions of molecular devices 
and machines [17,21]. These processes represent the basis of the bottom-up construction of 
light-powered nanoscale devices and machines [22]. 

Thus, the general acid-base processes are transposed at the electrochemical level by 
photoactivation of the molecular machines, by the following process sequences occurring in a 
supramolecular system A-L-B type [7,22], where: 

- A is the molecular unit that absorbs light; 
- B is another molecular unit involved in light-supplied processes;  
- L is the connection unit (also known as “bridge”). 
Under the influence of excitation light, the photoexcitation process takes place according 

to the equation: 
A–L–B  +  hν  →  *A–L–B     photoexcitation       
In this case, the two partner reactions are already of convenient duration and may 

undergo the transfer of electrons in the variants:  
*A–L–B  →  A+–L–B–  oxidative transfer of electrons   
*A–L–B  →  A−–L–B+  reductive transfer of electrons  
*A–L–B  →  A–L–*B  electronic energy transfer  
In the absence of further processes (such as decomposition of oxidized or reduced 

species), photoinduced electron transfer processes are followed by spontaneous reverse 
electron transfer reactions that regenerate the initial state of the system: 

A+–L–B−  →  A–L–B  oxidative reversed electron transfer   
A––L–B+  →  A–L–B   reductive reversed electron transfer   

and the photoinduced energy transfer is followed by the radiation or non-radiation 
deactivation of the excited acceptor: 

A–L–*B → A–L–B   degradation of the excited state    
In supramolecular systems, electron and energy transfer processes can often involve 

exciting states with very short lifetimes. 
The current challenge resides in the identification of functionalized graphene devices 

with photo-activated molecular machines based on the sequences of the processes as 
mentioned above, and their proper selection, respective deca-nano-graphenic integration. It is 
not to be ignored the possibility of controlling photoisomerization, as another interesting 
light-induced process that can be exploited for the operation of molecular devices and 
machines [8,16,22]. 

4. DISCUSSION AND CONCLUSION 

Generally, photo-electrochemical observables are monitored for the graphene nano-deca-
semiconductor functionalized with molecular machines to control the Coulomb blockade 
(Figure 7), with various graphene integration phases observed by atomic force microscopy.  

 



Iorga M.I. et al. /New Frontiers in Chemistry 27 (2018) 73-87 84 

 
Figure 7. Nano-electro-scopic phenomenology of the Coulomb blockade (left), and its 

macroscopic correspondence (right) 
 
In the present case, the phenomenon of the Coulomb barrier involves three correlated 

aspects, namely:  
• the occurrence of a band gap (BI) around the Fermi level in the energy spectrum of 

electrons limited in semiconductor quantum dots or in small metallic particles 
(generically speaking, in islands) that are coupled to metallic wires by tunneling 
barriers; 

• BI – the additional energy required due to the Coulomb interaction between the 
electrons of the island, for an electron to tunnel into or from the island; 

• tunneling/redistribution of electrical charge – expressed by a change in the 
electrostatic potential. 

Once optimized, the Coulomb blockade allows precise control of a small number of 
electrons with essential applications in switching devices with low power dissipation and thus 
an increase in the circuit integration level. 

For the next step – the functionalization of graphene matrices with molecular machines, 
the successive actions are: 

• the structures of molecular machines (rotaxanes/catenanes) considered more 
important are represented in Hyperchem [23];  

• the chemical reactivity, transfer energy and other parameters that can be obtained 
based on the HSAB are calculated; 

• for the studied systems, the Coulomb blockade is estimated; 
• predictions are made on the photovoltaic effect bondonic type, using bondonic 

spectral relations; 
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• the thermodynamic indices of interconversion (free energy, enthalpy, entropy, etc.) in 
the case of molecular machines, are calculated through the path integral formalism;  

• by the similarity between molecular machines and binary logic systems (Figure 8) 
the logical amount of information is provided, estimating the type of logic system 
(AND, OR, XOR, etc.) corresponding to the state of the molecular machine during 
operation.  

 

  
Figure 8. The schematic representation of the similarity between a chemical process (left) 

and a logical system (right) 
 

 
Figure 9. Sustainable transfer from energy to information with the aim of molecular 

machines integrated into devices, molecular and graphenetronic  
 
Finally, the molecular machines – by functionalizing the quantum deca-nano-quantum 

semiconductor, which is integrated as an electronically activated microcircuit, provide 
electro-logical, controlled, activated, intelligent and sustainable functions (Figure 9), as 
follows: 

• represents switches at which the output (0 or 1) depends on the input (0 or 1); 
• can generate the AND logic gate – the logic product between the inputs, the output 

signal is 1, all the inputs are 1; the equivalent circuit consists of switches in series; 
• can generate OR logic gate – the logic sum between inputs, the output signal is 1, if 

at least 1 of the inputs has the value 1; the equivalent circuit consists of switches in 
parallel;  

• can generate the XOR (eXclusive OR) logic gate – more complicated than the AND 
and OR logic gates, and the logic circuit contains two bipolar switches; output – as in 
the case of OR logic gate but is 0 if both inputs are 1; basically, this is a comparator 
that can determine whether two inputs have the same value;  

• ensures the development of molecular systems that act as logic circuits; 
• represent systems that convert the input stimulus (optical, electrical or chemical) = 

input into output signals (which may also be of optical, electrical or chemical nature) 
= output. 
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ABSTRACT 

Due to the difficulties encountered by moletronics in the realization of viable 
microcircuits based on microconductive bridges and nanoelectrodes, the current research 
aims to produce controlled deposited graphene microcircuits, in the form of lamellar 
multilayer, quantum coupled and functionalized with molecular machines, matrix 
configurations, which is an innovative approach compared to the present transversal 
heterojunction. From this assembled system, the resulted quantum clusters can stock the 
molecular energy using local effects, specific for spin quantum electrochemistry, and by 
photo-activation of integrated micro-circuit with logic gates in the form of deposited 
quantum graphene clusters, potential and quantum efficiency was investigated.  
 

Keywords: spin quantum electrochemistry, graphene, molecular machines, graphenetronics, 
logic gates   
 

1. INTRODUCTION 

Starting with the Nobel Prize for Graphene, latest studies regarding graphene materials 
are established on creative, innovative, disruptive dynamic technology [1]. These are directed 
on developing original producing methods [2-4], including nano-system topology, through 
the fundamental quantum mechanism of generating Stone-Wales defects on graphene [5], an 
essential effect both in the phenomena of magnetization to which graphene can participate, 
but also in its superconducting deca-nano-conductive functions [6].  

According to the “Lemma of New Technology” stated by Herbert Kroemer, awarded in 
2000 with the Nobel Prize in Physics for Pioneering Work in Information Technology and 
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Communication, it seems that “applications of any sufficiently new and innovative 
technology always have been – and will continue to be – applications created by that 
technology”. This postulate could be applied to the later discovery of graphene as a new state 
of matter (Nobel Prize in Physics 2010 awarded to Andre Geim and Konstantin Novoselov 
“for groundbreaking experiments regarding the two-dimensional material graphene”). From 
this point of view, graphene is still considered a rising star in the science of materials, with a 
strictly bi-dimensional nature (2D) and particularly efficient power and heat conduction 
ability. Consequently, graphene no longer requires further evidence of its importance in terms 
of physical fundamentals, because it “is probably the only system where ideas from quantum 
field theory can lead to patentable innovations“ – as Frank Wilczek said (awarded with Nobel 
Prize in Physics in 2004 for “the discovery of asymptotic freedom in the theory of the strong 
interaction”). From this point starts the possibility for the creation of smart material 
applications with nano-ecological energy functions in photovoltaic systems, with the aim to 
enhance the conversion of the sunlight energy into green electricity, based on its properties 
and a thin structure composed from a single layer of carbon atoms. Besides this remarkable 
ability, graphene structure could also be outstanding support for the concept of quantum-
particle wave function/chemical bond field, bondon, in chemical bond field modeling. In its 
turn, is a boson, bondon can be associated in clusters, delocalized quantum dots, called 
bondots (bonding of quantum dots) – particles that describe the coherent links of quantum 
points occurring in condensed matter, including graphene. Since quantum dots (QD) have 
already proven their usefulness for solar cells through their sensitization potential, the present 
multi/matrices (bondotic) quantum dot – MQD approach, can generate a new production of 
amplification of light, this time at the photovoltaic level, promoting a new generation of solar 
cells of energy materials working on such a mechanism.  

The Graphene study is very advanced in developed economies, based on a creative, 
innovative, disruptive dynamic technology. There is a comprehensive review in 2015 – with a 
projection for 2030 of graphene science and technology pioneers, including Nobel Prize 
winners for Graphene [1]. Also, there is the author’s series with the reputed Prof. Franco 
Cataldo, one of Italy’s few leading contractor manufacturers of graphene, developing an 
original method of producing fullerenic base graphene [2-4]. Also, there is the author’s series 
with Dr. Ottorino Ori, a pioneer in the fullerene nano-systems topology, by the significant 
article on the quantum mechanism of generating Stone-Wales defects on graphene [5]. They 
are essential both in the magnetization phenomena to which graphene can participate, but also 
for its function conductive, superconducting [6], semiconductor, hole (h) or electron (e) deca-
nano-systems, the base for the graphene quantum transistor.  

Instead, molecular machines, rotaxanes, and catenanes have been designed and 
synthesized as dynamic systems stabilized by non-covalent bonds/interactions between 
components that contain complementary recognition centers [7-14]. In particular, rotaxanes 
are prototypes suitable to the construction of linear and rotational molecular machines, with 
the typical development of molecular shuttles allowing translational movements of rotating 
rings [15,16]. These types of molecular machines are dynamic, stable structures with 
functional integration capability in multicomponent systems [17,18], so also on/with 
graphene (even if this system is not yet studied). However, self-electrochemistry of molecular 
machines opens opportunities for what can be called (quantum) logic gates; thus, Credi et al. 
[19] proposed a structure of a pseudorotaxane formed in solution by the self-assembling of 
the 2,7-dibenzyldiazapyrene dication (as a wire type electron acceptor) and 2,3-dinaphtho-30-
crown-10 (as an electron donor macrocycle). The compound may be unthreaded or rethreaded 
by chemical inputs, for example, the unthreaded process involves the addition of 
stoichiometric amounts of acids or amines, while the amine addition can achieve rethreaded, 
and vice versa. These threading/unthreading processes can be monitored taking into account 
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the essential changes in the fluorescence properties of the system. By two sets of different 
species with common and specific traits, two distinct and reversible unthreading/rethreading 
cycles can be achieved. The system can be considered as an XOR logic gate because of the 
system characteristics: input – chemical and output – fluorescence. 

In Romania, studies about and with graphene, including its production in the laboratory, 
are becoming more common (including INCEMC-Timisoara) [20], but especially for its 
applications based on high electrical and thermal conductivity. In contrast, in terms of 
molecular machines, we have no knowledge of Romanian groups and researches – apart from 
those published by some of the authors of this paper – co-authors with Professor Margherita 
Venturi [21] (recognized co-worker of Nobel laureate for molecular machines, Sir J. Fraser 
Stoddart [22]) with the best intention to identify and collaborate with the active and potential 
national partners. 

The present paper, advances the combined graphene + molecular machine system with 
the applicative research of photo-energy generated and stored by the resulting deca-nano- 
system, by electro-quantum spin activation, as follows. 

2. METHODS AND MODELS 

From this point, the present paper proposes the systematic study of graphenetronics 
through innovative, theoretical and experimental methods, with a high potential to create a 
new solar cell prototype (based on the quantum deca-nano-transistor/semiconductor). Also 
the paper advance the graphene-integrated circuits, functionalized with photoactivated, spin-
coupled molecular machines, arranged as a matrix in a controlled manner, which facilitates 
redox phenomena by quantum tunneling (spin quantum electrochemistry).  

The proposed research is divided into the following stages regarding the design, testing 
and calibration of nano-systems with graphene with photoelectric energy conversion function 
and their storage in molecular machines/motors:  

1. Graphenetronic Engineering (concerning Electronic algebra on Graphene, and 
Graphenic Matrix Heterojunctions) aimed to guide the modeling and experimental 
observation of the “green” over-current (on graphene support) with the help of 
graphenetronics, through innovative matrix heterojunction configurations. 

2. Molecular Machines with Photoactivated Graphene (concerning The second kind 
Storage of Energy for Molecular Machines with Graphene, and Electrochemical 
Reactivity with Spin Molecular Machines) regarding the storage of the molecular 
current (over-micro-current) with molecular machines (Figure 1) functionalized on 
graphene support.   

3. Graphene Quantum Electrochemistry (concerning Nano-Imaging Control of 
Quantum Tunneling on Multilayer Graphene, and Electrochemical Quantum 
Metrology) controlling the electrochemical flow with defective graphene in quantum 
logic gates configurations.  

4. Spin Density Photoactivation on Semiconducting Graphene (concerning 
Activation of Quantum Logic Gates on Defective Graphene, and Superconductivity of 
Magnetized Deca-Nano Graphene Semiconductor) controlling the electrochemical 
photo-current with the aid of defective and spin coupled (magnetized) graphene in 
matrix configurations such as quantum logic gates. 
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Figure 1. Fundamental types of molecular machines, self-electrochemical structures 

under the action of light [23] 
 

Regarding all the previously described statements, this research also contributes 
significantly to the present and future sustainability of Econo-ecological nano-energy 
efficiency as follows:  
 Scientifically – by advancing a mechanism (graphene + molecular machines + 

bondonic and bondotic photoactivation) of energy generation and storage at the 
nanoscopic level (smart bottom-up approach); 

 Technologically – by advancing a prototype of photovoltaic energy storage on 
graphene functionalized with molecular machines, respectively replacing silicon-
based integrated circuits with other technologies based on graphene functionalized 
with molecular motor capacitors, that exhibit magnetic response, with a spin 
coupling on matrix depositions (the effective top-down approach);  

 Socio-economic – by creating and storing green, non-toxic, carbon-based (graphene) 
energy with electrochemical control and autonomy (viz. molecular machines), with 
the perspective of technological transfer and leap from the scientific-technological 
disruption to innovation of devices and accessories (including household, but also 
medical, educational, info-communication, encryption and cyber-security) based on 
solar cells and photoactivated integrated circuits (sustainable multi-stakeholder 
approach). 

2.1. Conceptual Approach 

Graphene has already entered in the leading scientific flow as a support for both 
fundamental research (band structure, heterojunctions) and applicative research (photovoltaic, 
electrochemical effects, graphene environment both as an electrode and sensitization medium, 
replacing, at least from a non-toxic perspective, the generation of solar cells based on organic 
sensitizers and dyes). On the other hand, molecular machines, although very recently 
recognized as producing the smallest autonomous systems at the molecular, nanoscopic level, 
are barely at the stage of synthesis and observation; however, they can control the auto-oxido-
reduction mechanism under the influence of light. Including both, graphene and molecular 
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machines, the present research highlights two significant debuts. First of all is the 
functionalization of molecular machines supported on graphene, as a premise of a combined 
deca-nano-system that can generate (by graphene) + storage (by molecular machines) photo-
energy produced by light activation or spin coupling (magnetization), or by both conjugated 
mechanisms (simultaneous or stepwise). The other is the phenomenological combination in 
various systems acting as quantum logic gates (on/off by electronic tunneling at mono-atom 
or mono-ion level charge carrier from the system). Graphene functionalized with Molecular 
Machines Integrated Circuits (acting as molecular capacitors, based on self-electrochemical 
processes) in matrix-designed configurations will substitute the Silicon Integrated Circuit 
Technology. Also, they will replace the bi- and multi-graphenic cross heterojunctions (staking 
type), attributed to the van der Waals interaction and hence Coulomb blockade, acting as 
electronic transfer speed limiters. 

As a result, it can define (and possibly impose, through this research), the new electronic 
approach (including integrated circuits) with graphene belongs to GRAPHENETRONICS, 
and by functionalization with molecular machines and matrix combinations with them, having 
an electronic control mean – SPIN QUANTUM ELECTROCHEMISTRY. 

2.2. Experimental Idea of Graphenetronic Engineering. Electronic Algebra on 
Graphene 

The deposition of the selected materials (such as graphene oxide systems GO and TiO2) 
was carried out by drop casting (Figure 2) as follows: 
 Several dripping methods were tested to obtain the smallest deposition diameter 

(using, for example, needle, pen, and micropipette). All preliminary tests were 
applied on the glass, and only the most regular shaped depositions were optimized.  

 The second step consisted in depositing GO and TiO2 on ITO as presented in the 
Figure 2. 

 The diameter and distances between the droplets were determined using the 
microscope (Olympus BX51 halogen lighting system – 100W, focusing capability of 
0.1 mm = focus sensitivity with Nikkon LU Plan Fluor 10x/0.30 A, OFN25 WD 17.5 
lens). 

 Next step, alternative graphene/oxide configurations will be realized, aiming to 
create a matrix of periodical deposits, bi- or multi-component, to replace cross 
heterojunctions. These will be further studied, concerning quantum contacts, short 
circuit, open circuit, and photo-activation, with selection and comparison of response 
signals.  

The unique/distinct responses in the electro-/photo-current recorded on the matrix plates 
will be associated with nano-energetic conversion matrices, precursors of the graphene 
integrated circuits.  
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Figure 2. Matrix positions of GO / TiO2 depositions on ITO glass 
 

3. FIRST RESULTS AND DISCUSSIONS 

Determination of coefficients by measurement, comparison, interpolation, metrological 
calibration (with Hall, Josephson, and tunneling quantum effects) combines the algorithm for 
each matrix multi-graphene deposition and provides the basis for the projection and 
realization of the quantum transistor with photo-activated graphene. 

 
 

3.1. Graphenetronic Engineering. Graphene Matrix Heterojunctions 
 
Transforming the response of electro-voltaic matrices for the graphene/oxide deposits 

from the previous phase into the quantum matrices associated with the applied potential 
),,( zyxV , through the densities of generated states ),,( zyxnρ , to a given (or varied) thermal 

energy according to Boltzmann's relationship BTk/1=β , with the observation of the current 

density provided by the Eq.(1):  

( ) −= dxdydzzyxVzyxzyxVzyxVj nn ),,(),,(),,()],,([ 1 ρβη    (1) 

The quantum supercurrent identified corresponds to the critical temperature for which the 
electronic fermion spin (fermion electron) ),,( zyxDiracFermi−ρ  passes into the bosonic states 

of the bondons ),,( zyxBondonBosonic−ρ , with the identification of the respective boson 

accumulation by clusters identified in Atomic Force Microscopy (Figure 3) for different 
graphene structures (and origins). 
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Figure 3. Phase transition on combined fullerene graphene systems through the AFM 
technique. (a) Left - Graphene oxide dissolved in water – “Graphenea” in an isopropyl 

alcohol solution. (b) Center - Graphene oxide dissolved in water – “Graphenea” in ethylene 
glycol solution. (c) Right - Graphene oxide dissolved in water – “Graphenea” in water 
 
 

3.2. Molecular Machines with Photoactivated Graphene. The second kind Storage of  
Energy for Molecular Machines with Graphene 
 
It is considered as a working system a rotaxane-based molecular machine, in fact 

[2]rotaxane 1H3+ containing a π electron donor macrocycle, dibenzo[24]crown-8 ether 
(DB24C8), along with a “dumbbell” component consisting of a secondary ammonium           
(-NH2

+-) and a 4,4’-bipyridine unit (bpy2+); the stopping system consists of an anthracene unit 
on one side and the 3,5-di-tert-butylphenyl group on the other side. The system is stable to 
charge transfer (CT) due to the weak interaction of the electron-p donor macrocycle with the 
bpy2+ p-electron acceptor unit, compared to the interaction of the hydrogen bond [N+-H···O] 
between the DB24C8 macrocycle and the ammonium center, when the macrocycle surrounds 
the center (Figure 4). 

 
 

Figure 4. Schematic representation of a molecular shuttle process of a rotor-crown ether 
by deprotonation and reprotonation of the ammonium center [13] 

 
However, if a base such as tributyl amine is added, the ammonium center is converted to 

an amine function with a 1A2+ transition state, and after the macrocycle dislocation in the 
bpy2+ unit is switched to the stable 1B2+ state. The process is reversible if an acid, such as 
trifluoroacetic acid, is added when the system returns to its original state by the 1BH3+ 
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transition state. If the rotaxane is deprotonated, for example by uni-electronically reducing of 
the bipyridine unit, the charge transfer channel is destroyed, and the macrocycle ring can be 
detached from the bpy2+ station. This step consists of calibrating a self-electrochemical 
process with molecular machines, testing and measuring of the thermodynamic functions 
(free enthalpy, formation enthalpy, and Gibbs energy) for the case where the process is 
carried out on graphene at locations selected from the matrix deposits in the earlier stages of 
the research. 

 
 

3.3. Molecular Machines with Photoactivated Graphene. Electrochemical Reactivity with  
Spin Molecular Machines 
 
The spin chemical reactivity is modeled in the auto-electrochemical system from the 

previous stage for estimating the storage energy (at each such internal electrochemical cycle) 
following the energies released by electronic destabilization and restoration, in an isolated 
state (Figure 5) – respectively on graphene support.  

As an acid-base process, the “Hard and Soft Acids and Bases” (HSAB) principle in the 
Parr-Pearson variant is applied, whereby the energy transferred/stored in an acid-base 
transformation cycle, the induced electrochemical phenomenon is written in an additive way 
(see quantum superposition principle): 

BAE ΔΩ+ΔΩ=Δ         (2) 

but with mixed contributions (see quantum interference) of the type: 

( )
( )2

24
χ

ηη
η Δ
+

−=ΔΩ
BA

A
A        (3) 

( )
( )2

24
χ

ηη
η Δ
+

−=ΔΩ
BA

B
B        (4) 

with the determinant as the difference in electronegativity of the reactants:  

BA χχχ −=Δ         (5) 

The optimal energy condition (storage) implies, for example, the minimization of the 
contribution AΔΩ concerning the chemical strength Aη , while the electronegativity variation 

χΔ  and the chemical strength of the counterpart Bη  are kept constant (stabilized). 

It should be noted that the HSAB principle implies the optimal transfer (excess energy 
storage, possibly via functionalization with the graphene support) until the HOMO-LUMO 
differences for the electrochemically reactive species are equilibrated BA ηη = , respectively 

coordinate weak acids with weak bases and strong acids with strong bases.  
The computational modeling in HyperChem [24], as in Figure 5, allows the obtaining of a 

complete energy panel (HOMO and LUMO spectral calculation) to optimize inter-band 
energy couplings to the cycle functionalization of the molecular machines with the graphene 
structure matrix deposited as above. 
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      1AH3+    

      
       1BH3+    

 
Figure 5. HyperChem representations [24] of molecular shuttle structures and internal 

electrochemistry from Figure 4  
 
 
3. 4 Graphene Quantum Electrochemistry. Nanoscience Control of Quantum 

Tunneling in Multi-Graphene Systems 
 
In the multigraphene context, as the result of electronic coupling, bondonic forms occur 

in three structural forms. First of all is the chemical-graph 0  corresponding to the isolated 

state, then the state of a grid/node (in Figure 2) as vacation type or defective hole h , 

respectively the pre-bosonic topological/electronic defective state e , corresponding to the 

“quantum sea” which incorporates the space of the topological isomers in the multigraphenic 
matrix node. Given that these states can simultaneously exist in a multigraphene matrix 
arrangement of the specific type shown in Figure 2, the interaction between them defines the 
quantum electrochemistry or the tunneling spin that can occur between them, namely: 

The transition/tunneling h↔0 is associated with the so-called “nuclear mass defect”, 

and corresponds to the quantum-electrochemical potential given by the law of variation: 
)exp( 11 HB Δ−=ΔΠ βα        (6)  

with the activation parameters and the reaction rate limiters to be determined for each kind of 
matrix adjacent beside the bondon formation enthalpy; 

Similarly, the transition e↔0 correlates the quantum-electrochemical rate and 

potential with Gibbs bonding energy GΔ  in this adjacency: 
)exp( 22 GΔ−=ΔΠ βαχ        (7) 
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and corresponds to the specific activation (selection) of an isomeric topology from the set of 
topo-electron graphene isomers in the system; 

Finally, the quantum tunneling of a defective hole – topological defect eh ↔  

corresponds to a “cellular” transition with the creation/annihilation topological potential: 
)exp( 3350 AEC Δ−=ΔΠ βα        (8)  

associated with the rate of creation/boson annihilation AΔ  (in bondon, or inter-bosonic in 
bondots). 

 
 
3. 5 Graphene Quantum Electrochemistry. Quantum-Electrochemical Metrology 
 
The previous phase is completed with experimental studies vs. the conceptual-

computational estimates of the quantum tunneling current (in the quantum deca-nano-
transistor he ××0 obtained by matrix multigraphene configurations), with the estimated 

intensity: 

( )
∞

−=
ε

ε DD dEEf
e

i
η
2

)(        (9) 

for the clustering of quantum dots (bondons) in bondots ( D ).  
Here occurs the “comb” function of the Dirac multi-function specific for the bondots:  

( ) ( )
+∞=

−∞=

−≅
q

q
DD EqEf δ        (10) 

with the multi-energy tunneling effect of the Coulomb blockade specific to isolated 
(fullerene) electrons, respectively observable by the Raman specific displacements for 
different assemblies of the graphene oxide fullerene (Figure 6). 

 

 
 

Figure 6. The Raman spectroscopy of quantum currents for bondots (bondon aggregates) 
formed in fullerenic graphenes (nominated as 1v, 2v, 3v, and 4v) 

 
 

3.6 Photo-Activation of Spin Density on Graphene Semiconductor. Activation of  
Quantum Logic Gates on Defective Graphene 
 
The deca-nano graphene transistor from the previous stage can be in the last phase 

“enriched” with quantum logic-gate properties by functionalization (on a graphene substrate) 
with molecular machines (motors) (Figure 7-left) in the 2nd stage. Furthermore, the acid-base 
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(deprotonation, reprotonation) of the molecular motor can be associated with distinct signal 
inputs in the conjugate system (graphene + molecular machines) with the specific signal 
(isolated or by photoactivation or spin coupling respectively in the quantum graphene 
transistor) of the analog type (direct current) or digital (“comb” current signal), see the last 
phase bondotic current, Figure 6, and Figure 7-right. 

 

    
 
Figure 7. (a) Left - The conceptual design of a logic gate functionalization [24] (for example, 

molecular machines, protonation input processes, deprotonation, reprotonation, etc.) on a 
graphene substrate with an obvious response. (b) Right – conceptual design of the analog type 

(non-stationary, continuous), or of the digital type (stationary, quantum, Dirac “comb”)  
 

These unique characteristics of the complex graphene system + the molecular machines 
make the bondots ideal candidates for further development for what is called molecular 
quantum algebra, in this case with graphene layers, in junctions and logical combinations that 
allow the obtaining of filtered, intelligent, controlled signals, and finally integrable into 
quantum moletronics, semiconductor, diode, quantum transistor and their applications. 

It should be noted that logic gates are switches that have an output (0 or 1) that depends 
on the input (0 or 1). The list of logic gates, respectively digital switches for the molecular 
machine systems to be implemented and tested in this project is shown below in Figure 8. 

 
OR: 

 

NOR: 

 
AND 

 

NAND 

 
XOR logic 

 

XNOR logic 
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Implication (In1 → In2) 

 

Inverse Implication (In2 → In1) 

 
inhibitor (In2) 

 

inhibitor (In1) logic 

 
Process 0 logic Process 1 logic 

 
Transfer (In1) logic 

 

(In1) logic Not transferred 

or 
(In2) logic Not transferred 

 
Figure 8. The list of logic gates, respectively digital switches for the molecular machine 

systems to be implemented and tested 
 

The current estimations, based on the first atomic microscopy tests on graphene, non-
functionalized with molecular machines, suggests the formation of stable over-micro-currents 
(by about 15%), thus analogous, as a result of increasing defects from the first photoactivation 
cycle, based on the collective aggregation of bondots, bondons, quantum couplings of 
electrons in the graphene conduction band. Thus, a digitalization effect of these analog 
signals (Figure 7-right) is expected in the case of the functionalization of these multi-
graphene systems, matrix-deposited, with molecular motor machine-logic gates. 

This way, Bose-Einstein’s collective condensation can be controlled on the 
functionalized graphene with molecular machines, with the formation of super-micro-
currents, integrable in moletronic circuits, and molecular algebraic calculus, with the 
establishment of quantum logic gates, conversion, but also intelligent storage and filtering, 
possibly activated by multi-graphene solar cells.  
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3.7. Photo-Activation of Spin Density on Graphene Semiconductor. 
Supraconductivity of Deca-Nano-Magnetized Graphene Semiconductor 

 
The last phase, integrating the present research, extends the activation mode of the 

graphene system + molecular machines through the quantum spin coupling, along with the 
effect of magnetization, possibly induced by the specific form of adhesion in matrix 
multigraphene depositions (Figure 2). The specific quantum spin effect (magnetization) is 
shown in Figure 9 (combined detail of Figures 2 and 3, first phases of research) and the data 
of the material analysis in Table 1. 

 
 

Figure 9. (a) Top-left - The microscope image at the closest distance between GO (left) 
and TiO2 (right) as a detail of the matrix configuration in Figure 2. (b) Bottom-right - AFM 

and 3D analysis. (c) Bottom-middle - Material roughness on selected area (with global data in 
Table 1) 

 
Table 1: The data obtained from the AFM image for the GO-TiO2 adjacent configuration 

in Figure 2 and details from Figure 9 

 
The AFM technique observation was performed on the smallest distance between the GO 

and TiO2 deposition to obtain a complete AFM image including both deposited and non-
deposited area (ITO). 
 

Sample 
name 

Area  
[ironed 
surface] 
(µm2) 

Sa  
[roughness 
average] 
(nm) 

Sq 
[RMS 
roughness] 
(µm) 

Sp 
[maximum 
value] 
(µm) 

Sv  
[minimum 
value] 
(µm) 

Sy  
[peak to 
peak] 
(µm) 

Sku 
[surface 
kurtosis] 

Ssk 
[surface 
skewness] 

1 6875.48 0.39 0.63 3.59 -0.23 3.82 9.49 2.69 
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Figure 10. (a) Left - Tripartite vibrational instability on Graphene Network with Stone-
Wales topological rotation vs. the breakage of symmetry in the spin coupling and the 

bosonization of the fermions, with the appearance of specific bondons: 1) the Jahn-Teller 
effect (through the canonical potential intersection), 2) the effect of the pseudo Jahn-Teller 

effect, 3) the Renner-Teller effect (see also the text for details).  
(b) Right - schematic representation of the Coulomb blockade [24], in which the change 

in the electrostatic potential expresses the charge tunneling/redistribution. The Coulomb 
blockade allowed precise (metrological) control of the number of electrons and pairs of 
bondons and formed bondot trains (as a digital signal) in logic switches/gates (such as 
graphene complex system + molecular machines), allowing design advanced graphene 

integrated circuits (see graphenetronic engineering) 
 

The phenomenological basis of this type of internal activation (in addition to photo-
activation) lies in the tunneling capacity and the type of adhesion in the multi-graphene 
matrix system (Figure 2). Thus, a gradual change of spin - electron spin coupling occurs in 
the bondonic boson, with the activation of magnetism (spin alignment or spin anti-alignment) 
on controlled areas of the multi-graphene matrix, depending on the type of potential coupling 
(double fermion vs. parabolic bosonic unit) described in Figure 10-left. Even more 
interesting, a correlation can be established between the three types of magnetic activation, 
the Jahn-Teller effect (symmetry breaking effect in the bosonization of the fermions, the first 
coupling of the quantum degenerated states), the pseudo-Jahn-Teller effect (the second order 
coupling of non-degenerate quantum states), and the Renner-Teller effect (the second order 
coupling of degenerate quantum states) with the three types of graphene states specifically to 
the quantum deca-nano-transistor, he ××0 , studied in the 3rd stage. Furthermore, these 

three phases (quantum phase transitions, concerning the production of digital signals) 
correspond to the three phases of the Coulomb blockade (Figure 10-right), respectively 
surpassed, induced by magnetic activation and thus finally controlled. 
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4. CONCLUSIONS 

The present research devoted to Graphenetronics with Quantum Spin Electrochemistry 
develops disruptive applicative algorithms in photo-electro-chemistry with multiple 
possibilities for the development of efficient nano-energy solutions. Regarding the 
contribution of the recent studies in the field, the proposed research is provided with an 
innovative character, which is even more pronounced by the proposed magnetically activation 
(via the electrochemistry of the coupling by spinning) following an original multi-graphene 
matrix type deposition. Thereby, the matrix logic gates at the graphene neighborhood level 
areas supported by quantum induction (quantum electrochemistry) the activation of molecular 
machines as local quantum logic gates in the multi-graphene matrix nodes, thus achieving 
gate-in-gate systems with multi-potential electronic control, transfer in electronic pairs 
(bondons, bondots), digital signal communication and deca-control of nano-energy efficiency. 
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ABSTRACT 

The divacancy 5|8|5 planar defect in graphene show a typical evolution that 
has been theoretically simulated in this paper by using standard topological 
modelling techniques. The results point out the ability of the topological 
roundness in describing complex structures of the graphene plane with 
several types of polygons. Present considerations, by matching literature 
findings based on DTF studies,allow a better understanding on the relative 
stabilityof various defects in graphene and, in particular, therole played by 
long-range interactions in sp2 systems.  

 
Keywords: topological efficiency index, topological roundness, 5|8|5 defect, graphene.   
 

1. INTRODUCTION 

The mathematical properties of graphenic structures based on their symmetry and 
topology is an important topic in modern material science. Graphene has in fact attracted 
expanding technological interest for its unordinary electrical properties like, for example, 
outstanding ballistic transport properties and longest mean free path at room temperature, 
distinctive integral and half-integral quantum hall effect and much more [1,2,3]. Graphene -
the miracle material - has been considered since its discovery made in 2004 by the two 
Russian-born scientists, Andre Geim and Konstantin Novoselov, both Nobel laureate in 2010, 
as the ideal candidate material for the next post-silicon electronics. Its honeycomb (finite) 
lattice presents two different types of edges: armchair and zigzag, which largely influence the 
electronic properties of graphene [4,5]. The main limitation to the applications it is 
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represented by the absence of a semiconducting gap in pristine graphene. The search for 
industrial methods to create tunable band-gap in graphene poses significant challenges for 
graphene-based devices, since the introduction of defects showed potential solutions to this 
important aspect. On one side in fact electronic and mechanical properties of graphene get 
deteriorated by the presence of structural and topological defects appearing during the lattice 
growth. On the other side however, deviations from atomic periodicity make it possible to 
achieve new functionalities. Defects can be introduced into graphene, for example, by 
irradiation or chemical treatments. The flatness of the graphene sheet mainly descends from 
the sp2-hybridized states of the carbon atoms composing the layer. This chemical 
characteristic allows a cascade of interesting rearrangements of the carbon atoms that may 
form various type of polygons tiling the graphenic layer, breaking in such a way the perfect 
hexagonal symmetry of the pristine flat lattice. Many different structures may be created with 
the usage of non-hexagonal rings, influencing in such a way the local curvature depending 
from the type of defective (non-hexagonal) polygons that are present. For example, an 
isolated pentagon induces the formation of a nano-cone but on the contrary, two pentagons 
connected by an octagon (5|8|5defect) leave the lattice locally flat [6,7].This huge variety of 
morphological properties is not offered by bulk crystals like diamond or semiconductors that 
are made by sp3atoms. Very important to notice that the “reconstructions in the atomic 
network permit a coherent (topologically) defective lattice without under coordinated atoms" 
[8] allowing the generation of two classes of defects in the sp2mesh. We have in fact i) point 
defects (vacancies or interstitial atoms)that are zero-dimensional and ii) 1D linear defects, 
each defect showing a certain mobility, exponentially increasing with the temperature, in the 
graphene plane with defect-specific activation barriers. 

 
In this note, we focus on the topological evolution of the 5|8|5defect that has important 

influences on chemical, electronic, magnetic, and mechanical properties of graphene-based 
nanodevices. We shall not consider here the mechanisms that lead to the formation of this 
type of defect because the authors already have devoted a specific work [7] to the topic, 
proposing an original and fully isomeric mechanism based on the usage of smart sequences of 
Stone-Wales (SW) rearrangements of the pristine hexagonal plane. This isomeric model 
provides a valid alternative to the 2-vacancy mechanism that is normally invoked in literature 
[8]to describe the origin of the 5|8|5defective region with an energy barrier of about 8eV, say 
4eV per vacant atom. Topological reorganizations of large portion of the graphene lattice 
have a lower probability of formation (having the standard 5|7|7|5 SW defect a formation 
energy of about 10eV[9] these rotations present in fact high activation barriers), nevertheless 
these kinds of mechanisms are important not only from the theoretical pint of view, allowing 
a much profound understanding about the behaviors of the sp2 networks in presence of non-
hexagonal polygons, but also from practical reasons since ion irradiation or rapid temperature 
quenching create the conditions that lead to the formation of SW-type rearrangements in 
fullerenes or graphenic planes, these unfavored routes may play a role in the creation of 
defects in graphene plane or graphenic regions (i.e. made by hexagons) in large fullerenes 
[9,10,11]. 

2. TOPOLOGICAL INVARIANTS 

Consider G being a chemical graph with N nodes and B bonds. Distance-based 
topological invariants have been extensively applied to simulate stability/reactivity of 
hexagonal systems seen as graphs [12], in which the chemical distance dvu is merely the 
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number of bonds connecting, along the shortest path, the two nodes v and u, with dvv=0 by 
definition. With the name Wiener-weight wv of the node v we call the invariant: 

 

 
 
According with the topological modeling approach, graph invariant (1) represents a 

powerful atomic descriptor having peculiar prerogatives: a) wv it is inversely proportional to 
the reactivity of the node b) and inversely proportional to the compactness of the graph. The 
Wiener index W of the whole graph is just the sum of the Wiener-weights: 

 

 
 
Moreover, wvallows c) the direct topological measure of the topological roundness of the 

graph, expressed in this case by the extreme topological efficiency index : 

 

 
in which w = min{ } and = max{ }.The most compactly-embedded vertices of G (the 

so-called minimal vertices or minimal nodes) have Wiener-weight equal to w. Invariant (3) 
awards the ability of graph nodes to be connected to the other vertices with an efficiency 
comparable to the one of the minimal vertices; highly efficient graphs like graphene periodic 
lattice tend therefore to minimize , i.e. to have . Topological roundness is 

considered here to act like a topological potential driving the systems toward the 

“most round” topological configurations by minimizing the  value. It is worth noticing 

here that the topological descriptors given by Equations (1-3) are built on the chemical 
distances dvu connecting any pairs of atoms in the system. These descriptors, and in particular  

the topological potential   are in this way able to naturally describe the effects of long-

range interactions in sp2 graphene lattices. 
This fast and elegant computational model is applied once more in this article to 

describe the evolution of a defective graphenic lattice with a 5|8|5 defect. The lattice 
reconstruction process leads to complex modifications of “the electronic charge density and 
this varies the bond lengths within and around” the 5|8|5 defect [13] preserving the local 
flatness of the defective lattice. This pentagon-octagon-pentagon linear structure, like the one 
embedded in the 6x4 hexagonal super-cell G0 represented in Figure 1, maintains the sp2 
hybridization state. The graphene-flake G0consists in 96 nodes and B=144 bonds if periodic 
boundary conditions are imposed in both directions (Figure 1a). All the atoms are 
topologically equivalent  with  w(G0) = (G0)=260  and  W(G0) =24960. 
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Figure 1.a) The original G0 6x4 super-cell (dashed rectangle)has 96 atoms with 3 bonds 

each when the periodic conditions are applied in both directions (solid and circled balls with 
the same colors are connected by 1 periodic bond). b) The polygons forming the 5|8|5 defect 
are 2 pentagons (red) and 1 octagon (blue),the remaining hexagons are in white; this periodic 
super cell G585has 94 nodes still with 3 bonds each. 

 
 
The polygons forming the 5|8|5 defect are pictured (Figure 1b) in red (pentagons) and 

blue (octagon) and they are embedded in the hexagons (white) of the pristine graphenic 
lattice. The defective graphenic system G585 shows now 94 nodes (the 5|8|5 defect is 
generated by a divacancy so G585 has two atoms less than G0) and B=3N/2=141 bonds still 
under periodic boundary conditions. The presence of the non-hexagonal rings breaks in G585 

the symmetry of the nodes. Now the minimal nodes are the 4 nodes placed pairwise on the 
opposite sides of the octagon represented with green balls in Figure 1b. These minimal 
vertices have w(G585) =244.5and they represent, in the topological picture, the most stable 
atoms of the systems. On the other hand, the 2 red balls with =256.5 that sit on the 

pentagons, indicate the two most reactive nodes of G585.The topological roundness passes in 
this way to the and the Wiener index is W(G585) =23619. The 

topological efficiency is increased by the presence of the 5|8|5 defect and the fact that 
  evidences the energy cost that is necessary to create the divacancy 

structure. This barrier has been determined to be 8eV, approximately “of the same order of 
the single vacancy formation ”with the evident gain, since two atoms are missing, in the 
energy permissing atom (4 eV per atom)” [9]. In literature several molecular simulation 
studies report in fact that two initially isolated vacancies in the graphene layer may coalesce 
into the 5|8|5 configuration that is the starting point  of the present research (Figure 1b). 

The 5|8|5 defect  may in fact evolve toward other configurations of the graphenic lattice able 
to accommodate two missing atoms [9]. These configurations are generated via SW bond 
rotations and give rise to extended defects that are frequently observed in electron microscopy 
experiments [17] (see also references articles reported in [9]). The following section is 
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devoted to study the transformations of the 5|8|5 defect into the two standard configurations 
one may build via two successive SW flips: the triple pentagon-triple heptagon (555-777) 
defect and then the quadruple pentagon / hexagon / quadruple heptagon(5555-6-7777) most 
stable defect [13]. Our computation will be based on the variations of the topological indices 
induced by the SW rotations on the periodic super-cell made of 94 sp2 atoms whose starting 
configurations is represented by  (see Figure 1 and Figure 2 below). 

3. TOPOLOGICAL SIMULATION AND DISCUSSIONS 

The first rearrangement of the lattice that allows an energy gain of about 0.9 eV 

[14,15,16] is obtained when one of the 2 side edges of the octagon is rotated with a typical 
SW rearrangement. In [14] authors also provide a direct evaluation of the energy gap of 0.8 
eV still favoring the SW rotation. Recent DFT computations on the same configurations still 
favor the rotation of the edge of the octagon evidenced in Figure 2a with the arrow, but they 
reduce the energy gain to 0.53 eV [13]. 

This SW rotation transforms the 5|8|5 defect into anew arrangement, energetically 
favored, made of three pentagons and three heptagons (the (555-777) defect) which is 
normally observed by the experiment study [17].The same defects may be formed on the 
surface of the carbon nanotubes (CNT’s) with an energy gain that depends from the size and 
from the chirality of the system [14]. Large armchair (zigzag) nanotubes, with diameter of 
about 40 Å (53 Å), behave like graphene (and this is quite logic due to the low curvature of 
the cylinders). For small nanotubes however the 5|8|5 defect is instead most stable than the 
(555-777)one and the zigzag chirality plays again against the (555-777) defect when CNT’s 
with small diameter are considered. Analogous results are reported for graphene finite sized 
portions (graphene flakes) in the recent article [16]. 

The lattice presents, after the first SW, the (555-777) morphology given in 

Figure 2b. The octagon has disappeared replaced by a more complex structure with a three-
fold configuration that includes three fused heptagons plus three satellite pentagons. The 
graph is characterized by the new invariants and 

W( ) =23514. In this case then the topological potential   plays against the 

SW rotation that causes the passage from   to lattice .Both defects are present 

in graphene layers and reversible  ↔ switching is also reported [9].  

A second SW rotation may take place acting on the bond shared by one of the heptagons 
and the external hexagon, indicated with the arrow in Figure 2b;in this way the lattice 
assumes a novel “quadrupolar” structure named (5555-6-7777) defect. In literature, the 
formation energy of this quadrupolar defect has been found between those of 5|8|5and (555-
777) [9] whereas other DFT calculations consider [13]the difference in the formation energy 
between the two defective configurations (5555-6-7777)and (555-777)quite small of the order 

of ∼0.1 eV. Figure 2c represents the periodic super-cell of the graph having 

topological roundness of and W( ) 
=23482. 
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Figure 2. a) The G585 lattice; the arrowed bond allows a SW rotation that produces defect 
(555-777) represented in b). By rotating the bond indicated with the arrow in b) the (5555-6-
7777) quadrupolar configuration is produced c). Rings colored in red, green, blue, rings have 
5,7,8 carbon atoms respectively. Hexagons are colored in white and gray. 

 

Figure 3 summarizes the behaviors of the topological potential  in the various 

passages that transform the pristine graphene lattice G0in the final divacancy graphene with 
the quadrupolar structure . 

The first part of the curve shows the response of the topological potential to the 
creation of a single vacancy SV and then to the introduction of the second vacancy DV that 
allows the generation of the 5|8|5 rearrangement in the graphene lattice.  The creation of the 
single vacancy SV breaks the perfect symmetry of the periodic graphene super-cell G0by 
creating a three-fold “crater” in the honeycomb mesh increasing the value of the topological 

potential . The introduction of the second vacancy is obtained by eliminating one of the 3 

atoms that SV leaves with one dandling bond, with the creation of a symmetric DV hole with 

two mirror planes. The topological potential (DV) does not therefore vary too much in 

respect to (SV) confirming the results obtained by ab-initio simulations [9] that indicate 

that the formation energy of  DV is close to the SV one, about 8 eV. The topological model 
predicts the evolution of the DV lattice toward the 5|8|5 configuration whose increased 

stability is signaled by the  reduction (see Figure 3).  The topological model fails, when 

compared with the results of ab-initio simulations (see previous section) in predicting the 
passage from the G585 lattice to the defective graph (555-777) represented in Figure1a,1b. The 
topological efficiency is larger for the (555-777) and from the topological point of view the 
systems therefore privileges the 5|8|5 configuration. Finally, the quadrupolar structure 

 presents a topological stability in terms of   that is comparable with the 

one of the G585 lattice. This last result confirms the study [9] in which the authors state that 
the formation energy of the (5555-6-7777) defective lattice “is between those of 5|8|5 and 
(555-777)”. 
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Figure 3. The curve of the topological roundness is given for the various defective 

lattices that are created starring from the pristine graphene super cell G0 with the introduction 
of a single vacancy SV and a double vacancy DV. 

 

Figure 3 shows that, ranked by , the 3 competing lattices with a DV show the 

stability sequence 5|8|5,  (5555-6-7777) and (555-777). This result is compatible with the 
TEM observed transitions [18] among defective configurations  ↔ 

↔ . 

Once more, our study points out the somehow surprising ability of the topological 
roundness to simulate, in a negligible amount of CPU time, the physical behavior of complex 
sp2 carbon systems. The method gets boosted by the natural (and computationally easy way) 
the topological invariants have for taking into consideration long-range interactions between 
all pairs of atoms in large nanostructures. 

4. CONCLUSIONS 

The simulations of defective graphenic lattices based on topological potentials like the 
topological roundness produce interesting answers concerning relative stability lattices with a 
divacancy, predicting an apparent predominance of the pentagon-octagon-pentagon defect, 
followed by the quadrupolar DV rearrangement.  

Therefore, further insight by determination of energetic and thermodynamic quantities 
with observable character are needed, including the combination of the present topological 
approach with the “bondon” quasi-particle picture, an innovative physical entity 
corresponding to the quantum particle of the chemical bond [17], recently applied to 
investigate influence of topological long-range interaction on the properties of one-
dimensional graphenic nanoribbons [18]. In such a picture the stability of a defective structure 
will be judged in terms of bondonic life-time for “covering” the super-cell of the system that 
is associate to the characteristic bondonic frequency; it also provides the route for the 
spectroscopic detection of the bondonic states through Raman, Compton or allied solid state 
techniques. 

Our results shed new light on the fundamental processes that dominate the rearrangement 
of carbon networks, and the processes that we investigate in this study are likely be replicated 
in the formation of other carbon nanostructures from carbon vapor, such as nanotubes and 
fullerenes. Moreover, present topological investigations are worth to be extended to non sp2 
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systems like the black phosphorus that is currently targeted by many experimental 
investigations and detailed ab-initio theoretical studies [19] dealing with the role of SW 
rotation and SV and DV in creating defects in black phosphorus motivating further 
topological investigations in the area of material with tunable band-gaps and magnetic 
fictionalization. 
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