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ANTIOXIDANT ACTIVITY of RUMEX PATIENTIA L. LEAVES and
ANALYSIS of ITS POLYPHENOL CONTENTS by LC-MS/MS

Derya ALTINTAS", Yesim YESILOGLU?,

! Trakya University, Arda Vocational College, Edirne, Turkey,
deryaaltintas@trakya.edu.tr
2 Trakya University, Faculty of Pharmacy, Edirne, Turkey,
yesimyesiloglu@trakya.edu.tr

Abstract

Rumex patientia L. is generally known under the name ‘‘labada’’ in Turkey. It is a plant of Polygalaceae family and its leaf is
a significant source of natural antioxidant of ascorbic acid [1] [2]. Furthermore, the leaves of the Rumex have an analgesic,
anticancer, antihypertensive, antipyretic and anti-inflammatory effects [3]. The antioxidant and phytochemical properties of
Rumex patientia L. were examined in this study. The antioxidant and radical scavenging activities of water extract of dried
leaves (WEDL), methanol extract of dried leaves (MEDL), water extract of fresh leaves (WEFL) and methanol extract of
fresh leaves (MEFL) were determined using various in vitro methods including ferric thiocyanate (FTC) method, chelating
capability on Fe*?, ferric ions reducing capacity (FRAP) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS.+) scavenging assay. LC-MS/MS was used to analyse extracts compounds. Total phenolic and flavonoid contents
were determined as mg of gallic acid equivalent per g of Rumex patientia L. extract. The results were evaluated in
comparison with antioxidants such as a-tocopherol, butylated hydroxyanisole (BHA), ascorbic acid and butylated
hydroxytoluene (BHT) and data from the similar plant samples in literature. By means of this study, it was concluded that on
account of its rich rutin content, the leaves of this plant could be used in vitro pharmacology studies. In conclusion, this study
confirms that Rumex patientia L. leaves could be used in medicine as a natural antioxidant instead of synthetic antioxidants.

Key Words: Antioxidant; Rumex patientia; LC-MS/MS; Radical scavenging; Rutin.

1. Introduction

Free radicals have one uncoupled electron in their outermost orbital and this electron can be more than one
[4]. Oxygen producing radicals compose reactive oxygen species (ROS) such as superoxide and hydroxyl
radical. Singlet oxygen and hydrogen peroxide are non-free radicals. As a result of the increase in ROS,
oxidative stress occurs and this causes the cell damaging in biological systems. ROS can lead to many diseases
such as cancer, diabetes, hypertension, cardiovascular diseases [5]. Plants and their products have rich
polyphenolic compound and antioxidant potential [6] [7]. Therefore, they play a significant role in the cell [8].

There are approximately 200 species of genus Rumex all over the world. The leaves of the Rumex are used in
traditional medicine [3].

In this study, radical scavenging and antioxidant properties of Rumex patientia L. were determined with
various analytical methods. Furthermore, one other important feature of this study is the quantites of phenolic
compounds such as quercetin, syringic acid, gallic acid, rutin, protocatechuic acid, abscisic acid, jasmonic acid,
2,5-dihydroxybenzoic acid, caffeic acid, salicylic acid, trans-ferulic acid and p-coumaric acid in WEDL and
WEFL using LC-MS/MS.

2. Materials and Methods

2.1. Sample preparation

For water extraction, 25 g of dried and fresh Rumex patientia leaves were extracted with boiling water (0.5 L)
for 30 minutes. These extracts were filtered through filter paper and they were frozen for later use and then were
lyophilized by lyophilizator. For methanol extraction, 25 g of fresh and dried Rumex patientia leaves were
extracted with methanol (0.5 L) by magnetic stirrer for 3 hours. These extracts were filtered through filter paper
and these filtrates were collected in an erlenmayer. The methanol was evaporated in a rotary evaporator at 40 °C.
Concentration range was selected as 50-250 pg/mL.
2.2. Total phenols compound

Total phenols compound in Rumex patientia extracts were established by Folin-Ciocalteu method [9]. 1 mL

of Rumex patientia extracts were placed in test tubes. The final volumes were prepared with 0.46 L of distilled
water. Three minutes after adding Folin-Ciocalteu solution (1000 pL), Na,COj3 solution (2%, 3 mL) was added
into the test tubes. Test tubes were vortexed for 1 minute and were kept at 25 °C for 2 hours with occasional
shaking. Absorbances of Rumex patientia extracts were measured at 765 nm.
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2.3. Total flavonoid compound

Total flavonoid compounds in Rumex patientia extracts were determined using previous report of Yesiloglu
et al. [10]. NaNO; solution (1 mL, 5%) was mixed with Rumex patientia extracts (10 mL) and 6 minutes later, 1
mL of Al;(NO3),.9H,0 (10%) solution was transferred to the reaction mixture. Afterwards, 10 ml of NaOH
solution (4.3%) which were kept at 25 °C for 6 minutes was added to the test tubes. The final volume was
supplemented to distilled water (25 mL). 10 minutes later, absorbance values of these mixtures were measured at
510 nm.
2.4. LC-MS/MS analysis of phenolic contents

Polyphenolic compounds in Rumex patientia extracts were determined by using LC-MS/MS in accordance
with the methods of Bursal et al. [11]. Acetonitrile and formic acid were used as the components of the mobile
phase. Also, the flow rate of mobile phase was determined as 300 uL/minute. Gradients were programmed as
solvent A [formic acid (0.1%) in acetonitrile (0.1%)] and B [formic acid (0.1%) in distilled water]. Additionally,
injection volume was 10 uL. Chromatographic column temperature was adjusted as 30 °C.
2.5. FRAP assay

Fe*® (ferric ion) reducing activities of Rumex patientia extracts were determined using previous report of
Ayoub et al. [12]. Various concentrations of Rumex patientia extracts in distilled water (1 mL) were transferred
to [KsFe(CN)g] solution (2.5 mL of 1% solution) and phosphate buffer solution (2.5 mL of 0.2 M solution, pH
6.6). These mixtures were incubated for 20 minutes in a water bath at 50 °C. After that, TCA solution (2.5 mL of
10% solution) was added to this reaction mixture which was centrifuged at 2000 rpm for 10 minutes.
Supernatant (2.5 mL) was mixed with FeCl; solution (0.5 mL of 0.1% solution) and distilled water (2.5 mL).
Absorbances of Rumex patientia extracts were recorded at 700 nm.
2.6. Fe*? chelating ability

Ferrous chelating activities of Rumex patientia extracts were determined following the method of
Dastmalchi et al. [13]. 0.4 mL of Rumex patientia extracts were mixed with 200 puL ferrozine solution (5 mM)
and 50 pL of FeCl, solution (2 mM). The final volumes were supplemented to ethanol (4 mL). Then, these
mixtures were vortexed for 1 minute and incubated at 25 °C. 10 minutes later, absorbances of samples were
measured at 562 nm.
2.7. FTC method-total antioxidant capacity

The inhibition effects of Rumex patientia extracts on linoleic acid peroxidation were determined using the
ferric thiocyanate method of Jiang et al. [14]. Sample solution (2.5 mL) was mixed with linoleic acid emulsion
(2.5 mL). These mixtures were vortexed for 1 minute and then incubated in darkness at 37 °C. Following the
incubation, these mixtures (0.1 mL) were diluted with ethanol solution (3.7 mL, 75%). Then, 100 pL of
ammonium thiocyanate solution (30%) was transferred into the test tubes. 3 minutes later, FeCl, solution (0.1
mL, 30%) was added to this mixture. After 5 minutes, absorbances of extracts and standards were measured at
500 nm. The process was repeated every 12 hours until a maximum absorbance value was recorded.
2.8. ABTS” scavenging ability

ABTS™ scavenging effects of Rumex patientia extracts were determined following
previous report of Abdel-Hady et al. [15]. with a minor modification. Rumex patientia
extracts (3 mL) were combined with ABTS™ solution (1 mL, 7 mM). Afterwards, this solution
was incubated at 25 °C for 30 minutes. Following the incubation, absorbances of samples

were recorded at 734 nm.
3. Results and discussion

3.1. Total phenols and flavonoid compounds

The total phenolic content of WEFL (36.12 + 0.65 mg GAE/g Rumex patientia extract) was higher than that
of MEFL (26.94 + 0.91 mg GAE/g Rumex patientia extract). The total flavonoid contents of MEFL and MEDL
were established as 31.55 = 0.84 and 21.05 + 0.74 mg GAE/g Rumex patientia extract. In addition, flavonoid
compound of WEFL (49.15 + 0.29 mg GAE/g Rumex patientia extract was higher than that of WEDL (26.65 +
0.14 mg GAE/g Rumex patientia extract.
3.2. LC-MS/MS analysis of phenolic contents

Phenolic contents in WEFL and WEDL were found to be gallic acid (73.10 and 63.19 ng/g), protocatechuic

acid (203.21 and 180.54 ng/g), 2,5-dihydroxybenzoic acid (81.48 and 79.34 ng/g), caffeic acid (6831.43 and
6868.89 ng/g), salicylic acid (17.21 and 17.27ng/g), syringic acid (166.20 and 143.96 ng/g), trans-ferulic acid
(5403.27 and 5547.49 ng/g), rutin (11981.19 and 12087.08 ng/g), p-coumaric acid (767.92 and 812.37 ng/g),
quercetin (24.21 and 21.22 ng/g), abscisic acid (601.97 and 534.39 ng/g), jasmonic acid (152.65 and 153.81
ng/g), respectively. These results revealed that the main phenolic compound, was rutin in both extracts. Rutin
has pharmacological functions including anti-inflammatory, antibacterial, antiallergic, antiviral and antiprotozoal
activities [3].
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3.3. FRAP assay

The reducing powers of WEFL (0.075 + 0.024), WEDL (0.063 + 0.017), MEFL (0.097 + 0.014) and MEDL
(0.093 + 0.012) were concentration dependent and were found to be lower than those of BHA (0.162 + 0.033),
BHT (0.143 + 0.019), a-tocopherol (0.154 + 0.028) and ascorbic acid (0.160 + 0.014) at 250 pg/mL. These
results revealed that MEFL and MEDL had a considerable Fe*? reducing potential.

o it

Absorbance (700 nm)
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g1

T T T T T T T T T T
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Fig. 1. (a) Fe*® reducing powers of samples; (b) Ferrous chelating activities of samples

3.4. Chelating activity

All the samples had high levels of metal chelating effects. BHA, EDTA, ascorbic acid, BHT, WEFL,
WEDL, MEFL and MEDL were established as 57.30 + 0.16, 68.00 + 0.67, 55.10 & 0.44, 63.10 + 0.34, 60.50 +
0.11, 54.00 + 0.02, 49.90 + 0.19, 52.30 + 0.07 at 250 ug/mL. These results revealed that Rumex patientia
extracts had a metal chelation effect but were lower than BHA and EDTA.
3.5. FTC method - total antioxidant capacity

The total antioxidant activities of standards and Rumex patientia extracts followed the order: MEDL
(83.81%) > WEDL (83.30%) > MEFL (81.50%) > WEFL (79.31%) > a-tocopherol (74.68%) > ascorbic acid
(74.30%) > BHT (73.66%) > BHA (69.29%) at 250 pg/mL. These results indicated that Rumex patientia extracts
had a significant antioxidant activity.
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Fig. 2. (a) Lipid peroxide levels of samples at 250 pug/mL; (b) ABTS™ scavenging activities of samples

3.6. ABTS" scavenging ability

ABTS™ scavenging effects of samples followed the order: a-tocopherol (68%) > BHT (65.90%) > BHA
(64.90%) > ascorbic acid (63.20%) = WEDL (63.20%) > WEFL (61.00%) > MEFL (47.00%) > MEDL
(46.00%) at 50 ug/mL. Although WEDL seemed to have a stronger scavenging potency, it was established that
this potency was lower than that of a-tocopherol.

4. Conclusion

The antioxidant activities of fresh and dried samples of Rumex patientia L. leaves were determined by
preparing methanol and water extracts. It was established in various in vitro experiments that these extracts
exhibited effective antioxidant capacities. And these experimental results were compared with the results of
antioxidant substances which were used as standard. Furthermore, through the analysis of LC-MS/MS, the
quantities of quercetin, syringic acid, gallic acid, rutin, protocatechuic acid, abscisic acid, jasmonic acid, 2,5-
dihydroxybenzoic acid, caffeic acid, salicylic acid, trans-ferulic acid and p-coumaric acid which both WEDL and
WEFL contained were determined. It was established that rutin was the main phenolic compound in both
extracts. By means of this study, it was concluded that on account of its rich rutin content, the leaves of this plant
could be used in vitro pharmacology studies. In conclusion, this study confirms that Rumex patientia L. leaves
could be used in medicine as a natural antioxidant instead of synthetic antioxidants.
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Abstract: Silicon shows a very different trend while melting. Melting has remained a challenging subject from a long
time. Especially, predicting the melting temperature of any solid substance still exists as a problem in many cases. Recently,
various studies and new rules and set of parameters have simplified things, but its mechanism is yet to be studied properly
and there does not exist any generalized concept regarding this. This work is an attempt to study the mechanism of free
energy difference between solid-liquid. In order to understand the free energy difference, it is important to know the
interaction potential governing the silicon system. Stillinger-Weber potential is a good model for Si atoms which takes into
account two and three particle interactions. Heating and quenching processes is implemented on a system of Si atoms. Free
energy gap connecting phases is estimated with the help reversible thermodynamic route. Supercritical path is constructed
with the help of more than one reversible thermodynamic path. The best of my knowledge, this is first attempt to implement
pseudo-supercritical reversible thermodynamic path for a system whose solid volume is higher than liquid volume at phase
transition point.

Keywords: Molecular Dynamics, LAMMPS, Hysteresis Loop, Pseudo-super-critical Path, Thermodynamic Integration

1 Introduction

Phase transition is reported for many pure materials including silica and silicon. Transition point is
obtained either pressure swinging or temperature swinging method. Transition temperature can also be evaluated
using specific heat capacity information. Another robust technique for determination of transition point is
calculation of entropy. Conventional methods like density hysteresis plot, Lindemann parameter, non-Gaussian
parameter, radial distribution function, structure factor, orientation order parameter etc are employed to predict
the transition point of a material.

Most of the above-mentioned methods are not accurate to predict the melting transition[1]. Estimated
melting temperature is often higher compare to true melting temperature. Melting transition can be predicted
more precisely using the knowledge of free energy. Transition temperature of Lennard-Jones(LJ) and sodium
Chloride(NaCl) is reported from free energy information[2]. Free energy is evaluated employing thermodynamic
integration. The thermodynamic route connecting solid-liquid is constructed employing reversible
thermodynamic route[1,2]. Phase transformation from solid to liquid under slit[3,4] and cylindrical confinement
is studied using free energy analyses[5].

In this work, | evaluate free energy gap connecting solid-liquid transitions. The best of my knowledge, this
is first attempt to implement pseudo-supercritical reversible thermodynamic path for a system whose solid
volume is higher than liquid volume at phase transition point. Moreover, due to very small density difference
between two phases make the simulations more complicated. | present briefly the technique. (a) The liquid state
is transformed into a poorly interacting liquid with the help of slowly decreasing the interatomic attractions. (b)
Gaussian wells are located to the corresponding particles; simultaneously the volume is enlarged to obtain a
poorly interacting oriented state. (c) Gaussian wells are removed gradually and simultaneously interatomic
attractions are slowly brought back to its whole strength to obtain a crystalline state.

2. Methodology
In this work, | evaluate the free energy connecting solid-liquid state transition. The inclusive technique is

described elsewhere[1]. The estimation of phase transition point from free energy analysis is combination of four
stages. First step is evaluation of an approximate transition point from quenching and heating method. Free
energy computation is performed with the help of pseudo-supercritical transformation path. Each step is
exclusively elaborated below. Interaction potential of silicon[6] is as follows:

E= Uinrer':"""'r:] = EEEJ"}E ‘P:{"“'._i' 2,+ Ei E_i'ﬁl;';ic =j ‘F'z{"?j*"“-.iw Eiji' 1)
i WP 5y T4 i
'?':{Ti_i'} = -'qi_i'fij' [Bij' (i’_:n] - (r_:,] ]g_rp (ﬁ] )
; z ¥ijgij Fik ik
@3 (%) 7. i) = Ay eijic[cosBiyn — cosboij ] exp (m-—Jcl-;ng exp {r[il:r—cii:ﬁ'i:) )

The ¢, represents two particles interaction term. The ¢z presents three particles attraction expression. The
summation in the expression are overall neighbors J and K of atom | within a truncated length a[7]. The A, B, p,
and g parameters employed for two-particles attractions. The A and cosf, parameters are used only for three-
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particles attractions. The ¢, o and a parameters employed for both cases. yis employed for three-particles
attraction. However, this is classified for pairs of atoms. The others extra parameters are dimensionless[7].

Table 1: Values of parameters used in SW potential(in metals unit)

A B € o
(eV) (A)
7.04 0.60 2 2
95562 22245 80 1.0 .20 .1672 .0951

2.1 Estimation of an estimated transition temperature

To detect an approximate transition temperature, gradually heating and quenching simulations are
performed for solid and liquid states, respectively[5], by employing NPT simulation at P = 1.0 bar. Afterwards,
the estimated transition temperature is chosen within the metastable region at where a sudden change in the
density is noticed[5].

2.2 Computation of solid-liquid free energy gap at an estimated transition point

The Helmholtz free energy gap connecting the solid and liquid states at an estimated transition point is
estimated by forming a reversible way connecting the solid and liquid states with the help others reversible
stages[5]. The free energy throughout the connecting route is evaluated using a known integration scheme:

c du
A4 = JF{E}ML-"IA di (4)

while 4A% is the gap in Helmholtz free energy. Kirkwood’s coupling parameter is used by the symbol A.
Generally, 4 changes in between 0 to 1. The value of A = 0 system act as an ideal state[18]. The angled bracket
is indication of ensemble average for a specific A parameter[18]. The three stages pseudo-supercritical
conversion method is represented in Fig. 1.

[[M]] o
@) o IAG, (o
[ [[[l]] [[[ ]]][[(.]]] > "

[[[']]] [[(01]] ® (9

AG? | AG,
Q) AG | @ [.).(.).

(1o —> ").[ ®
[[[.]]][[(-1]] () @ ©®

Figure : 1 presents the three stages pseudo-supercritical conversion route. (a) The liquid state is transformed
into a poorly interacting liquid by slowly increasing the coupling parameter[18]. (b) Gaussian wells are located
to the corresponding particles; simultaneously the volume is enlarged to obtain a poorly interacting oriented
state. (c) Gaussian wells are removed gradually while coupling parameter is slowly increasing to bring back its
full strength to obtain a crystalline state.

1.Stage-a

Initially, strongly attracted liquid state is transformed into a poorly interacting liquid using a coupling
parameter A, which controls interatomic potential[18] in the mentioned way:

U, (A)=M0-2a0- ??:]]U[nrer{rm:] (5)

where Uiner(r") is the interatomic interaction energy due to location of all N particles[2]. The 7 is a
scaling parameter. The value varies 0 < 5 < 1. The first derivative of intermolecular interaction relation

produces:
EITA
E_.; = -1 - ﬂ:] Uiner ") (6)

2.Stage-b
During second stage, volume of liquid state is enlarged to the volume of solid state unlike other
conventional substances. Enlarge volume is clearly visible in Fig. 1. Hence, length of the simulation box (L,, L,
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and L,) for a particular system dimension must be predetermined at the estimated transition point, either from the
MHR results or hysteresis diagram. Liquid box dimension is 21.28163 A(H;) and solid phase dimension is
21.81412A(H;). The change in simulations’ box dimension confirms that pressures remain unaltered at the start
of thermodynamic path and at the completion of stage-c, which is presented in Fig. 7. The interatomic interaction
on the basis of A in this stage is represented following way:

Uy (A = ??U[nrer[?"”u:l] + Azgye (Y (4), ""#re[[ (4] )

where (1) and rwen " (1) are the representation of the positions of atoms and Gaussian wells
respectively[18]. Ugass presents interatomic potential because of the attraction in between the wells and
corresponding particles(Eq.9). The values of parameters ’a’ and ’b’ are taken from Gochola’s works[1]. H{1)
denotes box dimension at any value of coupling parameter A. Equation 8 represents change in box dimension for
coupling parameter values.

H(1) = (1 - A)H;+ 1H, ®)

Usauss [r¥ (. 5y (0] = X, B0 0 exp [ by ()] ©)]

— o= LB VHRIH() = (L - DH + A4, (10)

Derived form of potential expression with respect to A is

= Yays VIDHZ DA (MBS + APEEuss ) + Uguss Ir¥ (), 5y (1)) (12)
3.Stage-c

Stage-c is ultimate step of the pseudo-supercritical conversion method[2]. In this stage fully interacting
solid configurationally phase is obtained. The interaction potential is presented of this final step in term of A

U = [+ (1 = U, (r") + (1 = D Uggyee [ () 5l (D] (12)
A_nd the derivative term can be rewritten:
dve _ 1- ?’Il:] Uiner ") + Ueznes [V (A), ""iﬂ'reii ()] (13)

-F

3. Simulation Details

3.1 Atomic Potential Used
Stillinger-Weber Potential is a good model for Si. It considers both two-particle and three-particle interactions.
The values of following parameters in metal units have been used. The potential of the silicon is provided in Eq.
1, 2 and 3. Parameters values are listed in Table. 1.

3.2 Simulation Details and Potential Model

The NPT MD simulations are conducted with the help of LAMMPS[7]. Integration time step (At) is 5fs
for all type of simulations. The temperature is monitored using a Nose'—Hoover thermostat. The pressure is
monitored using Nose'—Hoover barostat. The time relaxation is of 100ps. The pressure relaxation is of 500ps.
Number of particles are simulated around 512. Cooling process is carried out gradually after each 5000,000 MD
time steps. Change of temperature T is 25K for each NPT simulation. Temperature is dropped from 3000K to
500K with a decrement of 25K. Heating is also conducted same way as the quenching. Temperature range of
heating is from 500K to 3000K. The Gibbs energy gap for connecting states is estimated at transition
temperature using pseudo-super-critical path. For the reversible path evaluation (for the three steps of pseudo-
supercritical path)as shown in figure 1, simulations are carried with NVT ensemble. The value of Gaussian
parameters are selected in accordance with Grochola[1].

Simulations of Stage-a of the reversible thermodynamic path are initialized from a random initial co-
ordinates of the particles. Total run time for each coupling parameter value is 20 ns[4]. During the stage-b of
three stages, final co-ordinates of step-1 are the starting point. But, to achieve the Gaussian potential wells
another 512 atoms are situated on its corresponding lattice point[2,8].

4. Results and Discussions
In this portion I try to describe output results of various parameters like density, potential energy and free energy
with the change in temperature and coupling parameter(4).
4.1 Density

In this part we describe the nature of density of the Si system as we perform heating and quenching.
Quenching and heating path are not reversible, for this reason hysteresis loop is formed. That indicates first order
phase transition. Density of silicon for different temperature is shown in figure 2. The plot clearly forms a
hysteresis. This is an indication of first order phase change. Density plot shows anomaly behavior towards the
phase transition. Metastable region is observed in middle portion of the hysteresis curve. True melting
temperature lies in this loop.
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4.2 Free energy

Helmholtz free energy difference between liquid-and solid phase is determined using pseudo-supercritical
path by constructing reversible thermodynamic paths[1]. Thermodynamics integration is performed using Gauss-
quadrature integration scheme. At the beginning of the reversible path the interaction potential is changing
according to Eq. 5. Integration is carried out using 10, 15 and 20 points. No significance difference is observed
due to different data points. Derivative of interaction potential energy with respect to A presents in Fig. 6 below.
For the A values they coincide as shown in figure 6. Figure 8 and 9 represent for stage-b and stage-c respectively.
Figures for all the stages are smooth and reversible, so we can easily integrate it. The free energy difference
connecting solid-liquid is around -59024.2454+10eV. Results are reported in Table 4 below.

2.5
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2.45 F —@— Heating
m L
k] [
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2, .F ]
5 2.35 - -
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225
500 1000 1500 2000 2500 3000
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Figure 2: figure represents density vs. temperature plot. | skipped some intermediate points for better clarity. Filled square
black in color presents for quenching the system whereas filled circle for heating the system. Quenching and heating curves
do not follow the same path which indicates first order transition. Vertical dotted line indicates an estimated estimate
transition point(Tem)( 1450 K). Horizontal black line and red line indicate corresponding liquid density(2.477) and solid
density(2.850) respectively to determine liquid phase and solid phase box dimension.
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Figure: 6 {8U/81} -z as a variable of A for three A types values(10,15 and 20) of Stage-a for pseudo supercritical
path . Thermodynamic path is smooth and reversible, hence integrable. Error is so small it submerges with symbol. There is
no significant difference among them for stage-a of pseudo-supercritical transformation path
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Figure : 7 Pressure at the start of stage-a and at the end of stage-c is constant. This is essential and the sufficient criteria for
construction of the thermodynamic reversible paths..
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Figure : 8 ({8 84} ;a5 a variable of A for ten A of Stage-b values. Thermodynamic path is smooth and
reversible, hence integrable. Error is so small it submerges with symbol.
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Figure : 9 (AU/A4} -1 s a variable of A for three A values for stage-c. Thermodynamic path is smooth and
reversible, hence integrable.
Table: 4. Separation of the subscriptions to the gap in Gibbs free energy connecting the two states T= 1450 K .The
pressure is maintained at P= 1 bar for the silicon(Stillinger-Weber Potential).

Free Energy Terms(eV)
AT AT 307110

ATE —re 0073

2 l -
PTAV” 741.7546
G — G}

59024.2454+10

5. conclusion

Various methods have been employed and we have been successful in observing the phase transition of
silicon, depending on various parameters.

Also, keeping in mind the traditional meaning of solid to liquid phase transition, the jump in potential
energy is also used to indicate the melting stage of any substance. This jump is seen at 1700-1800 K for
decreasing temperature and 2400-2500 K for increasing temperature. Anomaly behavior is observed in density
for silicon system, which make more complicated to implement pseudo-supercritical thermodynamic path.

Estimation of the Gibbs free energy is performed with the help of pseudo-supercritical reversible
thermodynamic cycle. The construction of supercritical path is combination of three stages. For each step of
thermodynamics integration is applied using 10, 15 and 20 points. The thermodynamics integration is
insignificance with respect to number of data points. Accuracy of determined melting temperature from free
energy analysis is better comparing any other methods. This is a very clear indication of how the break-down of
lattice occurs on heating a substance.
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Abstract

Anderson type POMs are among the most known oxo compounds. Functionalization of POMs with organic groups such as
BODIPY, provides a strategy to achieve POM-based hybrid materials. They combine the advantages of organic molecules
such as good solubility and easy functionalization together with chemical stability and high redox activity of inorganic POM
clusters. This study aims to functionalization of Anderson type POM with phenol containing BODIPY dye and investigation
of its photophysical properties to see its usability as a photosensitizer in solar energy conversion processes.

Key Words: BODIPY; POM, Anderson, phenol, photophysical properties.

1. Introduction

Polyoxometalates (POMs) are inorganic metal-oxo cluster anions of the general formula [M,O,]"™ consisting
of two or more high-valent transition metals (M) such as W, V, Mo, Nb, Ta, which are linked via bridging p-
oxo-ligands. The early transition metals are incorporated into the cluster as oxoanions in a high oxidation state
(d°, d) and are called addenda atoms. Together with terminal oxo-ligands and the sharing p-oxo-ligands they
form coordination polyhedra of the type [MO,] (y = 4-7). The formation of POMs follows a unique self-
assembly process of these preformed building blocks which can be linked by sharing corners, edges and more
rarely faces. The first POM reported was a phosphomolybdate, namely [PMo1,04]%, which was obtained by
Berzelius in 1826 from ammonium molybdate (NH4),MoO, with an excess of phosphoric acid [1]. Today an
unrivalled structural diversity of POM clusters like Anderson, Keggin, Dawson, Lindgvist etc. is known (Fig. 1).

Anderson Keggin Dawson Lindqvist

Fig. 1. Different structure types of POMs

The structural versatility of POMs is the reason for their rich chemistry and the ability to form systems
ranging in size from the nano- to the micrometer scale [2]. They exhibit an almost unmatched range of physical
and chemical properties, e.g., superacidity [3], photo or electrochromism [4], magnetism [5] and ionic
conductivity [6-7]. For this reason, POMs have attracted growing interest among the scientific worlds. During
the last few decades, they also became relevant to analytical chemistry, [8] catalysis and medicine [9-11] and are
of great interest to materials science as novel materials.

Reactions of POMs with organic moieties like boron dipyrromethene (BODIPY) dyes provides a smart
strategy to achieve POM-based inorganic-organic hybrid materials. They combine advantages of organic
molecules such as good processability and fine-adjustable structures together with chemical stability and high
redox activity of inorganic POM clusters [12]. BODIPYs are fluorescent organic dyes which have interesting
spectral properties such as high quantum yields (0.6-1.0), large extinction coefficients (60000-80000 M™*cm™)
and narrow emission bands. On the other hand, absorption and emission properties of these dyes can be
adjustable by substitution of different groups into the BODIPY core [13].

In this study, the novel compound (BPOM) synthesized by the reaction of Anderson type POM (POM¢)) and
phenol containing BODIPY (PCB) (Fig. 2) and then characterized by using FT-IR, MALDI-MS, 'H NMR
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spectroscopy techniques and elemental analysis. Photophysical properties of BPOM were investigated by UV-
visible and fluorescence spectroscopy.

2. Experimental
POMc, [14] and PCB [15] were synthesized according to the literature procedures.
2.1. Synthesis of BPOM

Argon gas was applied to the 100 mL reaction flask and dry MeCN (50 mL) was put and bubbled in the flask.
POMc; (80 mg, 0.039 mmol, 1 equiv.) was put in the reaction flask and dissolved in DMF. PCB (40 mg, 0.12
mmol, 4 equiv.) was added into the reaction flask. The reaction mixture was stirred under reflux for 48h. The
reaction mixture was controlled with IR (Fig. 3) and when the -OH peak was disappeared, the reaction was
finished. The mixture was precipitated in diethyl ether. Collected products in diethyl ether were centrifuged and
then brownish, orange-colored solid fractions were collected and dried in air. BPOM (77 mg, 0.029 mmol) was
obtained with 64% vyield. Elemental analysis in wt. -% for (CygH3zsN)3(MnMogO15((OCH5)3Co,H,1N3O5F,B),)
(calcd.): C 44.34 (44.54), H 6.58 (6.18), N 4.85 (4.77). MALDI MS (m/z) for CggH1:B2FsMNnMO0OgNgO,g :
2642.43 (Calc.), 2643.60 ([M+H]* Found) (Fig. 4). "H NMR (500 MHz, MeCN-ds): & (ppm) = 65.94 (s, br, 12H,
-OCH,, in POM cluster), 7.96 (d, 4H, Hay), 7.19 (d, 4H, Hay), 6.09 (s, 4H, Hyy,), 5.37 (br, 2H, -NH-), 5.20 (d,
4H, -O-CHj,-), 3.09 (br, 24H, -CH,- (TBA)), 2.69 (br, 4H, -CH,-), 2.47 (s, 6H, CH3), 2.23 (s, 18H, -CH3), 1.59
(br, 24H, -CH,- (TBA)), 1.43 (br, 24H, -CH,- (TBA)), 0.96 (br, 36H, -CH; (TBA)) (Fig. 5).
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Fig. 2. Synthetic pathway of BPOM
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Fig. 4. MALDI MS spectra of BPOM

581

Fig. 5. 'H NMR spectra of BPOM

2.2. Photophysical properties of BPOM

Photophysical properties of BPOM were investigated by using UV-visible absorption and fluorescence
spectroscopy techniques (Fig. 6). The absorption and fluorescence properties of BPOM have been studied in
MeCN, because BPOM has good solubility in MeCN rather than other organic solvents. According to the Fig.
6a, the absorption maxima of BPOM was observed at 501 nm like its precursor BODIPY. According to the Fig.
6b, the emission maxima of BPOM was observed at 506 nm which is attributed to the BODIPY moieties,
because free POMc, do not give any fluorescence signal.
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Fig. 6. (a) Normalized absorption; (b) normalized emission spectra of compounds PCB and BPOM. (Excitation wavelength: 475nm).

3. Results and Future Work

A novel compound (BPOM) was synthesized by functionalization of Anderson type POM with phenol
containing BODIPY dye and fully characterized. Photophysical properties of this novel compound were
investigated by using UV-visible absorption and fluorescence spectroscopies. According to these investigations,
BPOM dyad retains the unique photophysical properties of BODIPY showing its promise as a photosensitizer in
solar energy conversion processes. Future studies will include investigation of electrochemical properties of
BPOM to see its redox properties and photocatalytic experiments will be done to see its performance as a
photosensitizer in solar energy conversion.
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The Biosphere Self-Organization Attractors drive perfect order
homeostasis reactions to link bioenergetic
with functionally activate oxygen and carbon dioxide molecules.

Aris Kaksis,
dep. Human Physiology and Biochemistry, Riga Stradin’s University and €-mail: aris.kaksis@rsu.lv,

Abstract.

The quantitative studies for oxygen and carbon dioxide functional activity reveal multiply generated Self-
Organization Attractors which create and maintain order the homeostasis: water concentration [H,0]=55.3 ™ ier,
pH=7.36, enzyme Carbonic Anhydrase reactivity, air oxygen level 20.95 % O, [1] , osmolar concentration 0.305 M, ionic
strength 0.25 M, temperature 310.15 K degree etc. that make oxygen fire safe and CO,,q, functional active for Life
Biochemistry.

Air oxygen level 20.95 % O, [1] dissolute in organism forming arterial concentration [O.,q,] Safe for Bioenergetic
as Self-Organization Attractor [3] sustaining isooxia.

Thermodynamic indicate Biosphere indispensability to reach Self-Organization Attractor values. Destiny is trend to
minimum of free energy change in homeostasis. Attractors made functionally active molecules Self-Organize the perfect
reactions order in homeostasis. [2,3,4] Deviation from Attractor values disorder the homeostasis. Chaos stop the
homeostasis which disappears as extinct from Biosphere.

Key Words: Biosphere, Thermodynamics, Self-Organization, Attractors, Bioenergetics.

1. Introduction.

llya Prigogine in 1954 demonstrate the isolate mixture of compounds in reactions trend reach Free energy
change minimum at equilibrium state. [2] Prigogine in 1977 declares: equilibrium state is Attractor for non-
equilibrium state in reactions mixture of compounds. [3,4] Prigogine explains perfect order formation as Self-
Organization Attractors for Universe and Sciences.

About Universe creation in perfect order Maria Kuman: ,,The nonlinear no equilibrium theory of
Prigogine is also called The Chaos Theory because it claims that our Universe was created in perfect order out of
the chaos.”. [5] Chaos is just apparent disorder. The Biosphere belongs to our human civilization and is the part
of perfect Universe.

Attractors create perfect order with functionally active molecules. Self-Organization with Attractors in
dissipative structures makes the homeostasis order. Biochemistry Thermodynamic studies indicate Attractor
vales of two types: the primary Attractor values are common for Life Biosphere (air oxygen level 20.95 % O,,
Carbonic Anhydrase CA reactivity), the secondary Attractor values are for individual organisms (generate
concentration gradients, isooxia - homeostasis Norma) and multipurpose Attractor values (pH=7.36, water and
its concentration).

Generally, water is common multipurpose Attractor for Life Biosphere. Non-equilibrium homeostasis
work in water medium and water is as substrate, is as product and is common for homeostasis medium so for
environment.

1.1.1. Four Attractors and decreased Oxygen power for functional activity isooxia.

Water triplet state of oxygen, its concentration [HZO] 55.3 ™!/ ier, air oxygen level 20.95 % for five
hundred million Years, pH=7.36 for the concentration [HsO "]=1072° M

Water solution oxygen keeps triplet state. Oxygen no reaction W|th water, prevent singlet formation.

Air oxygen 20.95 % concentratlon as Attractor forms functional active solutions arterial [O,q,,]=6*10° M
and venous [O3qua]=0.426- 10" M concentrations [6], what is isooxia (homeostasis Norma).

OZgaszlR+HZO+AG<w >02aqua-Blood+Q-
Rotating Electrode Method detect oxygen solubility: [7]

[O? aqua *1A-3 *1A-5
]:Kozl[H20]21.22 107/55.3=2.205*10 and

Ksp™T0, gue I'[H30

2gas

G 77,554,

Reactant OzgstH,O A+B - 50 % __C products O2aqua-Blood.
Figure 1. Exothermic and endoergic Hess oxygen solubility having Free energy change positive AGyess=77.55 “/moi , but minimized Free
energy change AGmin=AGeq=26.58 ¥/mq reaching solubility product equilibrium mixture: Kg,=2.205*10°,
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Free energy change minimum in expression is:
AGg=-ReTeIn(Ks,)=-8.3144*298.15*In(2.205*10%)=26.58 /1.
Water solution oxygen free energy content 26.58 ¥/, increases.

Table 1. Standard AH ness, AS°Hess and AG°ess Values of formation from elements, at ionic strength 0.25 M,
at 298.15 K degree.[1] Biochemistry thermodynamic 2006 [8] in bold are data for pH=7.36.
Substance AHOHESSHKJ/mol ASOHess;J/mollK AC‘OHess:kJ/mol

O2aqua -11.70 -94.2 16.40
O2aqua -11.715 110.876 16.4
Oans 0 205.152 -61.166
H,0" -285.81 -3.854 -213.275
OH’ -230,015 -10,9 -157,2
H,O -285.85 69.9565 -237.191
H,O -286.65 -453.188 -151.549
COsaqua -413,798 117,5704 -385,98
COxqas -393,509 213,74 -394,359
HCO; -692,495 -494,768 -544,969
HCO4 -689,93 98,324 -586,94

Hess law calculations for: Enthalpy exothermic: AHpess=AH®02aqua-Blood-AH  02gas-air=-11.7 kJ/mc,.; for
Entropy ASHess:ASOOZaqua—BIl)od'ASOOZgas—AIR:'299 J/mollK; and for Free energy ,
AGhiess=AHpess— T*ASpess=-11.7-298.15*-0.299352=77.55 /., endoergic.
Blood plasma oxygen is strong oxidant according half reaction standard potential Eo=1.383 Volts [2]
OZaqua+4H30+ + 4e_<)::>6H20
oxidized form  free electrons reduced form.

1) Three Attractors: air oxygen O, 20.95% , water concentration [H,0]="%}/,4=55.3 M and pH=7.36
minimize Free energy content in one mol of Oy, as arterial blood concentration [OZaqua]:G*lO'5 M and
pH=7.36 for the concentration [H;0*]=10" M.

Eoz=E '07+0.0591/4+1g([0,,,. 1*[HsO0*1*/[H,01°) =1,383+0,014775*log(6*10°*10"*¢"955 3%)=0.73 Volts .

ua
Oxidative stress potential decreases about AEqsaqua pn=Eo2-E 0,=0,73-1,382=-0.652 Volts Potential minimizes

Free energy content for oxygen about =-251.6 /0 :
AGoaqua pt =AEaqua p*F*N=-0,652*96485*4/1000=-251.6 /1.
Strong oxidant Go,=237.191 kJ/mo. becomes fire safe for Biochemistry with free energy Gozaqua= 12,17
J
/mol-

1.1.2. Synthesis of Carbonic Anhydrase CA indispensable Attractor.
Carbonic Anhydrase driven irreversible reaction of COy,qu, With two water molecules:
COsaquat2H,0+AG+Q=V1A>H,0"+HCO; with velocity constant Kycopaq=1.5x108 M™'s ".[9]
Neutralization H3O"+HCO5 <=*2>C0,4,2+2H,0 velocity constant is: k,=5.16885*10" Ms™".
Equilibrium constant have to calculate in the velocity constants ratio expression:
— . i ua“* ¢ _ _ -7. _ -
Keaon=kicompalke= oo o o 02]]: & :)]]2—Ka/[HZO]2—1O 1051255 32 90G*1071,
Bicarbonate buffer system acid protolysis constant pK,=7.0512 is friendly to pH=7.36:
Original pK, cozaqua=7-0512 obtained and calculate for BUFFER solution. [1] Carbonic Anhydrase
synthesis solve for bioenergetic perfect order homeostasis as Self-Organization Attractor. [3,4]

Neutralization reaction Hess Free energy iS: AGpess=2AG°H20+AG®co2-AG®H30-AG Hco3=-102 kJ/mo..
Free energy change minimum expression is negative: AGeg=-ReTeIn(1/K¢qca)= -60 K ol

=102 ¥/mol

AGmin=-60 Yool §
Reactant H;O"+HCOy A+B 50 % C+2D products COzaquat2H:0.
Figure 2. Exothermic and exoergic neutralization Hess Free energy change AGneytralization N€gative -102 ot but minimizes -60 ¥/, reaching

equilibrium mixture : 1/Keqca =Keg=34459000000 at presence of Carbonic Anhydrase.

1.1.3. Multipurpose Self-Organization Attractor pH=7.36 creates positive , negative charged groups:
R-COO’, R-NH;*, HPO,”, R-PO,*, HCO;  as free and linked in R molecules: amino acids, proteins,
nucleic acids, carbohydrates, coenzymes.
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Buffer systems in the Life organism trend to Self-Organization Attractor pH value 7.36. Each of dominate
buffer system have 7.36 friendly maximum (Figure 3. and 4.) of the buffer capacity: dihydrogen phosphate
PKa_H2r04=7.199 [1] and Carbonic Anhydrase create protolysis calculate constant: pK, cosaqua=7.0512. [1]

Proteins as long chain polypeptides and free amino acids with four type acid groups constitute 47 values for
classic acid protolysis constants. In three forms pKa.coon, PKanms+, PKargroup: TOr deprotonate carboxylate
negative anion R-COQO™,for protonate positive charged ammonium cation R-NH;",
neutral phenolic acid Tyr—OH and Cys-SH neutral sulfhydryl groups. [6]

1.1.4. Shuttle hemoglobin stabilized multipurpose Self-Organization Attractor pH=7.36.

Hemoglobin in tissue desorbs oxygen O,qa for exchange to HCO;™ and H* but in lungs releases HCO4
and H" due to adsorption of oxygen OZaqua [6] Exchange equilibrium depends on oxygen concentration in
arterial 6:10° M and venous 0.426:10° M according actual hemoglobin sensitive equilibrium to oxygen
concentration in blood: [6]

OZaqua+(H His63 58)HbT .salt bridges...(HCO3)+H,0<=>Hbg(0,)+H;O*+HCO;:
arterial [Oaqual=6- 10° M, fraction [(H )HbT .salt bridges...(HCO3)]=0.04 , fraction [Hbz(O,)]=0.96, [6]
venous [Ojaqua]=0.426- 10° M, raction [(H*)Hbr...salt bridges...(HCO3)]= 037 fraction [Hb(O,)]=0.63. [6]

In one blood circulation organism consume 0.96-0.63=0.33 fraction of oxygen from arterial saturated
fraction 0.96=[Hbg(O,)]. [6] Stabilized Norma concentrations [HCO37=0.0154 M, [CO;44.a]=0.0076 M sustain
Self-Organization Attractor pH=7.36. Henderson Haselbalh expression for Brensted protolysis calculates
Attractor value 7.36: pH=pK,+log log([HCO3]/[CO44qua])=7.0512+l0g(0.0154 M/0.0076 M)=7.36.

Proteins buffer
have silence region
from pH=6 t0 7.36 . ]

23 thousand protein o
total buffer solution
concentration is pe
Churer=3 mM. Muscle @ e
eytosol proteins g —
the Buffer capacity at ok S
physiclogic pH=7.36is v
p=40mM ' } \
30.3 %-40/132°100 %

B, csmoly; pH
01

Total pk
buffer systems
concentration 4
[H2P O [+ [HPOL]

in musele cells

cytosol is 05
Curr

The Buffer capacity at N\ / /
physiologic pH=7.36 is N\ Y o

B =80 mM n /
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2 a I T T
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Total 0.02 T ‘ - ‘ | ¥
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B
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Figure 3. Cytosol muscle cells. Buffer capacities versus pH values from 1 to 13. Actual buffer capacity at Attractor pH=7.36 for two
dominate phosphate, bicarbonate and total protein made buffer.
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Figure 4. Extra Cellular space Blood plasma. Buffer capacities versus pH values from 1 to 13. Actual buffer capacity at Attractor pH=7.36
for two dominate phosphate, bicarbonate and total protein made buffer.
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Buffer capacity is acid An, or base Any equivalent_mols/ in one Liter changing pH per one unit
ApH=+1.

Three type buffer systems create multipurpose Self-Organized Attractor pH=7.36 for perfect homeostasis
order with charged groups as free and linked in molecules R . 11" and 12" pages: BUFFER solution. [1]

1.1.5. The primary Self-Organization Attractor air oxygen O, 20.95 %.

C content in tonhmg (700 ) in 1990. Purcel €O, ATMOSPHERE
0, 9.55 BO0+4.55 Annual increase
25.45 fossil [ 60 0, 300
combustion | fyel
Carl Sagan 2020{ 8

120 +3

ERRESTRIAL PHOTOSYNTHETIC
BIOTA ASSIMILATION
0, 147 Production O,

solution in
Ocean surface 9047

Vaporization from

_and plants Ocean surface

560
63

“oal and Oil DEFORISTATION
9

2
1991.data -
Fosil pool ' Ocean
2020.data 60 LITTER.PEAT
<L SOIL CARBON Ocean plantg 5 ¢ 40 -
10 000 2300
- - Surface Ocean 1000
Vuleanism || o f A T 38 500
0.04 Weathering 40\ 38\ Deep Ocean 37600

Subduction 0.2 Reactive sediments
e y 6000
0.04 5 Sedimentation Metamprphisim

CANTLE 0. w
MANTLE 0.4 0.4 Geochen\l‘ids}dry“ﬂgce[ﬁgrgg
500 000 CARBONATE SEDIMENTS | Cyjgary Univ. 2020
(Ca,Mg)CO, (Ca,Mg)CO, 56 000 CO,eyele
Figure 5. CO, in atmosphere last thirty Years. CO, and O, cycle combined data from: 1991% Kotz JC, Purcell KF 700 Gt of CO; in

atmosphere [10], 2003 White VM 725 Gt of CO, [11] and 2020™ Carbon cycle University Calgary 800 Gt of CO, in atmosphere. [12]

Civilization with regular pollutions add about 1.2 % to atmosphere annual 4.55 Gt to reach 800 Gt
COs1gas in 2020™ global and cosmic processes oscillation see on Figure 6. for 600 million Years.

7000 — C0,- ppm

Quelle: Royer/IPCC

90° —
o
70° —

60° —
50° -

40° —  Latitude of Ice-Cover
30° — Border on Planet Earth

Figure 6. Climate reconstruction history since 600 Million Years ago: Atmospheric CO, content in units’ ppm, Earth ice Cover Border
Latitude and temperature oscillation from -50° C to 45° C degrees. [13]

The Carbonic Anhydrase and photosynthesis restore and maintain primary Self-Organization Attractor
oxygen O, level 20.95 % during 500 million Years. [1,6,13]
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5 complex Enzyme reactions Versus non Enzymatic reactions

) ; . h inati
Enzyme governed complexe reactions drive the LIFE in 5 ways chaos and contamination

7* page : Velo

of REACTION dependence on Attracto

1. GRADUAL-CONSECUTIVE organized
favored reaction sequence of ENZYME complexes for .
Glycolysis, Krebs cycle; Polycondensation: Replication,

Polymerisation, Proteins Translation Synthesis

2. ENZYMES specificity 100% efficiency of 2. PARALLEL reaction preseeding in
product singularity chemistry as side products
3. J_O'NT'TANDEM SYNT_HESB . 3. Thermodynamic forbidden, impossible reaction
Ribosomes fo_r polypeptides, proteins unfavored has positive free energy change
Photosynthesis glucose and oxygen AG=AH-AS=T>0
13t 5% page:
Thermodynamic attractor with functi y active O, CO,,
4. COMPETITIVE regulation as inhibition and allostery 4. Chaotic
sensitive to concentration Ozaqua. HCO,", H* (Le Chatelier principle)
His63,58 as for in, His64 as for in as regulated back response

prevent (hypo amount) deficiency and (hyper amount) overproduction
so stabilises Physiologic pH=7.36, arterial [Oz“...a]=6-1(]'5 M and venous [0;,4,.]=0,426-10° M.
Photosynthesis global stabilises oxygene concentration [Q,4g]= 20,95% in Earth Atmosphere.

5. Enzyme radical driven reactivity the process for 5. Contamination destructive chemistry
maintanance of homeostasis producing resources with the chaotic radical chain reactions in
multiple parallel products

Figure 7. Self-Organization Attractors claim order versus non-enzymatic reactions chaos and contamination.
Five type complex reactions in enzyme clusters.
Self-Organization Attractors sustain the functional activity perfect order for homeostasis.
Deviation from Attractor values create homeostasis disorder as Chaos.

1.1.6. Results and Conclusions Summary
Self-Organization Attractors create perfect order homeostasis link Bioenergetic.

Self-Organization Attractors create functional active molecules reactivity order for homeostasis and
bioenergetic. The order of functionally active molecules drives homeostasis under rule Attractors. Reaching of
Attractor values create homeostasis order out of disorder. Chaos disorder homeostasis. The molecules functional
activation of oxygen Oo.qus and of carbon dioxide CO,,q, initiates as Self-Organization Attractors. Attractors
are two types and multipurpose: the primary Attractors common for Biosphere, the secondary Attractors for
individual organisms and multipurpose pH=7.36, water, air oxygen.

Oxygen O,,qua decreased power for functional active isooxia Norma solution in blood so in cytosol too
driven with four Attractors: water triplet state of oxygen, water concentration [H,0]=55.3 ™/, i«er, air 0Xygen
level 20.95 % for five hundred million Years, pH=7.36 for the concentration [H;0*]=107% M.

CA Carbonic Anhydrase work as primary Attractor for Biosphere which forms dominate bicarbonate buffer
of CO,,qua acid protolysis constant pK,=7.0512. Henderson Haselbalh expression calculates Attractor value 7.36,
which corresponds to concentration [H;O™]. Attractor 7.36 creates functional activity of molecules with charged
groups negative, positive: H?O,”, HCO;", R-COO", R-NH;*, R-PO,” as free and linked in amino acids,
proteins, nucleic acids, carbohydrates, coenzymes, R molecules. Carbonic Anhydrase synthesis solve perfect
order of homeostasis and bioenergetic as Self-Organization Attractor. [3,4]

The Attractors values in organism compartments dissipative structures drive the perfect homeostasis order
with enzymes clusters on five type complex reactions. Order is key for surviving of organism. Deviation from
Attractor values cause loss the homeostasis order of functional activity. Chaotic reactions waste the resources
and stop the homeostasis, the
non-equilibrium complex processes. The homeostasis becomes extinct from Biosphere.

Attractors are indispensable to form functionally active molecules for perfect order homeostasis and
bioenergetic reactions. Attractors destiny is irreversible free energy change AGpomeostasis transduction between
functional active molecules. Note: Homeostasis trend to equilibrium but never reaching because it is non-
equilibrium state.
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Abstract

In this study, we used PEBA and PI as a monomer in synthesize of polymer membrane while the modification agent is GO.
PEBAJ/GO and PI/GO mixed matrix membranes were prepared by adding graphene oxide (GO) dopant at % 0-0.1-0.2-0.3
percent by weight to PEBA and PI polymer solution. Polymer membranes prepared by solution casting method. The gas
permeability and selectivity of modified polymer membranes were tested. The gas separation experiments of the membranes
were performed at 35 °C and 3 bar feed pressure. The main aim of this study is to increase the selectivity and permeability of
membranes in gas separation applications.

Key Words: Gas separation, Mixed matrix membranes, Poly(ether-b-amide), Polyimide, Graphene Oxide

1. Introduction

Membrane-based gas separation technology is a separation process which allows certain species to pass
through the membrane while restricting the others depending on the properties of the membrane material.
Membrane technology is commonly used for industrial applications such as air separation,ammonia
production,carbon dioxide separation,nitrogen generation and hydrogen recovery. The advantages of this
technology over traditional separation processes include lower capital and operating costs, better efficiency, and
lower risk.

Hydrogen is seen as the energy carrier of the future with its high energy density and environmentally
friendly features. Hydrogen, which is not found in pure form in nature, can be separated from the gas mixture by
various techniques. Gas mixtures are separated in industrial systems using cryogenic distillation, adsorption and
polymeric membranes. The most important parameters emphasized when examining the efficiency of membrane
systems are selectivity and permeability. Permeability and selectivity are the key parameters for evaluating the
separation performance of a membrane. Permeability reflects the rates at which components (penetrants) are
transported through a membrane, and selectivity is the ratio of the permeability of the more permeable
component to the less permeable one. Both high selectivity and high permeability are required for an effective
gas separation system [1].

A new approach, mixed matrix membranes (MMMs), are mixed matrix materials consisting of
homogeneously intertwined polymeric and inorganic particle matrices. Metal-organic frameworks (MOFs) have
attracted attention due to their unique properties in terms of low density, high porosity and high surface areas,
especially for their superior potential in gas storage and gas separation applications. Various types of MOFs can
be synthesized by varying the combination of different organic binders and metal ions. This adaptability makes
MOFs promising candidates for separation applications compared to zeolites and other inorganic fillers. The
selection of suitable MOF/polymer pairs is crucial for experimental efforts to improve the performance of
MMMs. The aim of this study is to develop a mixed matrix membrane with different polymeric bases of
poly(ether-b-amide) (PEBA) and Polyimide (PI) containing graphene oxide (GO) as inorganic filler for
hydrogen separation. Matrimid® 5218 is a commercially available thermoplastic PI.

2. Experimental

2.1. Materials

Poly(ether-b-amide); PEBAX®™ 1657, ethanol (C,HsOH), Matrimid® 5218 (PI) polymer was purchased from
Huntsman Corporation (USA). The solvent for polyimide was N-methyl-2-pyrrolidone (NMP, 99% VWR
Chemicals). Graphene oxide (GO) was supplied by AEROFEN (TR).

2.2. Methods

Preparation of nanocomposite (PEBA/GO): The PEBA/GO MMMs were fabricated by a solution casting
method. PEBA were dispersed in a solvent mixture of 70 wt % ethanol and 30 wt % water and GO powders were

dispersed in a solvent mixture of 70 wt % ethanol and 30 wt % water and then treated by ultrasonication for 1 h.
After that a homogeneous solution was obtained by mixing these two solutions. Then the obtained uniform
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suspension, poured into a petri dish. After solvent evaporation at room temperature, the petri dish was placed in a
vacuum.

Preparation of nanocomposite (P1/GO): The PI/GO MMMs were fabricated by a solution casting method. For
the preparation of the dope solution (10 wt% of solid), first of all, the desired amount of GO (to obtain 0.1, 0.2
and 0.3 wt% of GO in MMM) was dispersed into NMP and the mixture was stirred at room temperature and
sonicated. Then, the polymer was added into the GO solution.A petri dish was used for solution casting. After
solvent evaporation at room temperature, the petri dish was placed in a vacuum.

2.2. Gas permeation properties

Gas permeability coefficients of membranes were calculated by using a constant volume-variable pressure gas
permeability device. Permeability measurements were performed according to the steady-state method at 35 °C.
In this study, single gases (H,, N,, CO,, and CH,;) were used to measure gas separation performances of
membranes. The circularly cut test specimens used in permeability tests were masked with a self-adhesive
aluminum foil. And the vacuum pump were used. The membrane was sealed and tightened. The gas pressure
fed to the system was kept constant at 3 £+ 0.2 bar. Gas was fed to the system by a valve in the upper part of the
cell and the pressure change in the lower part was recorded with the data recording program.

The gas permeation of polymeric membranes is described by the solution—diffusion model [2]. The gas
transport occurs when the gas molecules are dissolved in the membrane surface, and molecules diffuse across the
membrane by way of the cavities present in the polymer. The permeability results from the contribution of these
two mechanisms, and can be described by Equation (1):

P=DXS5 1)

where P is the permeability of membrane in Barrer (1Barrer = 1 x 107%™ (STP)-cm/cm2 s cmHg), D is
the diffusion coefficient, and S is the sorption coefficient.

Typically, the selectivity (z) is defined as the relation of the permeability for the components A and B.
Ideal selectivity, aag, is the ratio of individual permeability coefficients for the gas pairs. The general selectivity
of a material defined in Equation (2) is a function of diffusivity (D /Dg) and selectivity ratios (Sa/Sg).
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3. Results of discussion

3.1. Gas Permeability and Selectivity

Table 1. PEBA/GO Results of Gas Permeability and Selectivity

Membrane Permeability, P (Barrer*) Ideal Selectvity, o
N H. C C H, H. CO C
H, 0, /N /CH,4 2N, 0,/CH,4
PEBA 1.2114 12.5958 4.2467 39.8120 10.977 2.9660 32.8644 9.3748
PEBA/GO-0.1 1.2362 13.8670 4.5840 34.1599 11.2174 3.0252 27.6329 7.4519
PEBA/GO-0.2 1.2396 5.680 3.0910 22.0202 4.1691 1.6719 17.7639 7.1239
PEBA/GO-0.3 1.1124 4.6849 2.7396 21.4582 4.2115 1.7101 21.0879 8.5626

Table 1. PI/GO Results of Gas Permeability and Selectivity

Membrane Permeability, P (Barrer*) Ideal Selectvity, o
N2 H, C C H, H, CcOo C
Hy 0, /N, /CH,4 2IN, O,/CH,4
PI 0.3946 6.7232 0.257 1.4603 17.0380 20.0642 3.7007 4.4836
PI/GO-0.1 1.0003 7.0213 0.3432 1.3275 7.0192 20.4583 3.8680 3.8680
PI/GO-0.2 1.5751 6.0123 0.4874 0.8545 3.8171 12.3354 0.5425 1.7532
P1/GO-0.3 1.6671 4.5479 0.6649 0.6600 2.7281 6.8399 0.3958 -
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4. CONCLUSION

PEBA/GO and P1/GO mixed matrix membranes were prepared by the adding 0.1; 0.2 and 0.3 wt.% of graphene
oxide (GO) in PEBA and PI polymer matrix with solution-casting method. All membranes were prepared with
good stability for gas permeation tests. The gas permeability measurements of MMMs were performed at 35 °C
and 3 bar feed pressure for H,, N,, CH,;, and CO, gases. H,/N, and CO,/N, selectivities of membranes was
determined by time-lag method. For the PEBA/G0-0.1 membrane, it was found that the higher selectivity values
were measured. For the P1/G0-0.1 membrane it was found that the higher selectivity values were measured. In
the continuation of this study, PEBA/GO@MOF and PI/GO@MOF MMMs will be prepared and performed the
gas permeability measurements for the enhancing of selectivity values.
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