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A B S T R A C T   

Porphyrin based 2D materials with single atom thickness and uniform pore size have not been explored for the proton isotopes separation. We computationally 
designed the porphyrin and its derivatives with the doping of oxygen, sulphur and selenium atoms and computed the kinetic energy barrier for H+, D+, and T+

permeation through porphyrin and core modified porphyrins by using M05-2X along with 6-31G (d,p). Zero-point energy is calculated at transition state for H+ and 
its other relevant isotopes permeation through porphyrin derivatives. Tunneling ratio of proton isotopes through these 2D structures is calculated by using zero-point 
energy (ZPE) difference of H+ to its isotopes. Core modification of porphyrin provides better tunneling ratio for proton isotopes. Among these, mono selenium 
heteroporphyrin provides the most suitable results. Our study provides the molecular level insight of permeation pathway for proton isotopes through these 2D 
materials.   

1. Introduction 

Protonics, a technology concerned with motion of proton in a solid, 
contribute in energy saving and in conservation of natural environment. 
Protonic devices play an important role in nuclear reactors, an ultimate 
source of energy. The working principle of nuclear fusion reactor is 
utilization of electromotive force or electrochemical proton transport 
through solid. A fuel cell is another technology where proton have sig
nificant role to play. Early in the 19th century, Christian Friedrich, a 
German physicist made the discovery of the fuel cell for energy con
version [1]. Fuel cells are primarily contain a cathode, an anode, and an 
electrolyte where the essential component is electrolyte which conduct 
ions. The electrolyte can be liquid or molten as in phosphoric acid cells 
and alkaline fuel cells, zinc-air fuel cells, solid oxides fuel cells, and 
molten carbonate cells where H3O, OH− , and CO3

2- are mobile ions in 
such fuel cells [2]. The majority of mobile electrolyte-based FCs offer 
high efficiency with high power output, but also have certain draw
backs, including expensive catalysts along with complicated operating 

conditions, and corrosive electrolytes [3,4]. In order to get over these 
issues, scientists are moving towards an inexpensive, and ecologically 
friendly conducting electrolytes to produce energy. Compared to con
ventional cells, electrochemical cells with proton exchange membranes 
(PEMs) are a suitable replacement [5,6]. Conducting solid can be a 
membrane with sufficient pore size, allow transportation of proton 
through it (see Table 1). 

For FCs, PEMs need to have the ideal channel size in order to have 
higher conductivity and greater selectivity, as well as optimal channel 
density and homogeneity. Ion bombardment and oxidation, two 
frequently used techniques for pore drilling and their uniformity have 
failed in fabrication of exquisite pore channels [7,8]. As the sieving of a 
proton across the 2-dimensional membrane rely on the membrane’s pore 
diameter along with selectivity, and thickness, certain 2D materials 
possess homogeneity of pores and excellent conductivity [9–12]. Proton 
permeate through membrane by exploiting the relative difference of 
penetration rate or diffusion rate through membrane. Penetration rate or 
diffusion rate through membrane depend on two Factors, permeance 
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and selectivity [9–12]. Processing capability of membrane per unit time 
is called permeance and it is inversely proportional to thickness of 
membrane. If productivity rate of membrane is high, it means membrane 
is highly permeable. Furthermore, selectivity is the capability of mem
brane to separate out desired atom or ion from mixture of any analyte 
[13]. Ability of each membrane to separate out desired atom/molecule 
is also dependent on their composition and synthesis process. PEM 
separation is better approach because of their small foot-print and high – 
energy efficiency [14,15], That’s why PEM is considered as an appealing 
alternative to other method. 

Despite the proton’s smaller size compared to other atoms which 
make easier the passage of proton through membranes, proton isotopes 
are difficult to separate due to comparable size, shape, electronic 
properties and even adsorption qualities. The conventional and wide
spread method is inappropriate for the isotopes permeation since the 
isolation of atoms is reliant on their size rather than their mass. How
ever, in quantum sieving, separation is based on difference in mass and 
difference in associated quantum levels of the molecules, confined in 
pores. Beenakker et al. [16] first proposed his concept and later its ef
fects were studied in several theoretical [16–34] and experimental 
studies [35–38]. Quantum sieving’s effect in the isotope separation was 
confirmed by the molecular dynamic [18] and experimental [38] 
studies. Previous research employing kinetic quantum sieving methods 
demonstrated the advantages of confined potential wells for the sepa
ration of H2/D2, although potential barriers are thought to be inappro
priate for effective isotopologues separation because of their low 
permeability. However, the quantum tunneling effect starts influencing 
diffusion behaviors at relatively low temperature when a barrier is 
evident on the diffusion channel. The heavier isotopes exhibit a signif
icant isotope impact in diffusion at low temperatures as T+ having a 
higher diffusion strength than D+ and H+. 

Bhatia and his co-workers [18], explored the quantum sieving effect 
for isotopes separation through carbon molecular sieves and zeolites. 
High efficiency is associated with thickness of membrane, efficiency is 
high with small thickness. Structure of 2D Nano-porous graphene with 1 
atom thickness was firstly provided by Bieri et al. [39]. Three types of 
membranes, based on carbon are carbon nanotubes (CNTs), carbon 
membranes and carbon molecular sieving membranes (CMSMs). Nano
porous graphene have been studied as a membrane in experimental 
studies as well as theoretical studies [14,40–45], but it is very difficult to 
produce equal sizes of pores in graphene 2-D sheets. Graphene has a 
range of disadvantages due to its highly challenging pore homogeneity 
and tunability. 

Now a day, many 2-D materials which are based on COFs are syn
thesized which opened a new door for synthesis of membrane with 
uniform size pores through bottom up process [46–50]. Porphyrin based 
2-D polymeric structure have uniform size pore and near to atomic 
thickness which is composed of 4 pyrrole rings. Due to uniform com
bination of pyrrole rings, pore exist in center of porphyrin molecule. Ma 
and co-worker had designed metal-organic material by using porphyrin 
as a building block and used for selective uptake CO2 [51]. In host guest 
chemistry, cation and anion show interaction with central point or 
micropore of porphyrin. 

One of the stunning method for modification of porphyrin is sub
stitution of pyrrole’s nitrogen with one or two hetero-atoms like O, Si, 
Se, C, S and Te, resulting porphyrin class is known as porphyrinoids or 
porphyrin containing hetero atoms [52–55]. Although first core modi
fied porphyrin was synthesized in 1970 [56–58] and chemistry of por
phyrinoids extended over years and many new porphyrin structure with 
different substitution were developed. Properties of porphyrinoids were 
also tuned by substitution. 

Porphyrins and its derivatives are used as drug in cancer treatment 
especially for photodynamic therapy because of its biological impor
tance [59,60]. While some metalloporphyrins are reported in literature 
as a catalysts for the oxidation of different organic molecules [61]. 
Expanded porphyrins are reported for separation of CO2 [62]. Despite all 
other applications, separation ability of these systems for proton isotope 
is not documented. Here, mono substituted Porphyrinoids, reported in 
literature [63] are studied computationally to compare their separation 
properties for proton isotopes with porphyrin, having 4 pyrrole in 
structure. The energy curve for protium ion isotopes are computed by 
density-functional theory to calculate better selectivity. 

2. Methodology 

At long distance, dispersion forces are important especially when 
interacting species are neutral and non-polar. In such case, dispersion 
energy is the only one which responsible for attraction. Commonly used 
DFT methods like B3LYP are good to predict the geometries and their 
electronic properties but not valid for study of weak interactions like van 
der Waals [64]. For study of such systems, long range correlation 
method should be used, particularly developed by Grimme [65,66] and 
Truhlar [67–70]. Zhao and Truhlar developed the series of Minnesota 
functional which describe the “medium range” electron correlation. 
Compared to the density functionals, M05-2X explains the dispersion 
interaction of an atom or molecule with a complex and their 
non-covalent interactions significantly better [71]. M05-2X has been 
reported in literature for studies of separation of hydrogen [64,72] and 
helium gas [73] along with proton isotopes separation [74]. 

Geometrical optimization of porphryrin and its derivative were 
carried out with Gaussian-09 package, by using global hybrid function 
called M05-2X along with basis set 6-31G (d,p). All of the calculation 
were carried out at same level, to make sure that the minima of the 
obtained structure is without any imaginary frequency. 

Furthermore, profile of potential energy was computed to check the 
impact of porphyrin’s pore diameter on adsorption of proton isotopes at 
different distance. Vibrational frequencies were also computed at same 
theory level for all the structure to obtain minima at potential energy 
surface (PES). Energy barrier for H+, D+, and T+ were obtained by 
passing out proton isotopes through porphyrin and heteroporphyrins at 
the distance of 3.0 Å to centre. 6-31G(d,p) basis set was used for scan
ning the path of porphyrin and porphyrin analogues to protium ion 
isotopes. 

3. Result and discussion 

As we optimized the geometries of porphyrin and its derivatives to 
local minima, we noticed that substitution of hetero-atom changed the 
pore diameter of porphyrin. Changes occur in diameter of pore which 
may alter the potential energy barrier for proton isotopes. Pristne 
porphyrin exhibited distance of 2.057 Å for NH - NH and 4.288 Å for N – 
N, respectively in the centre of ring as shown in Fig. 1. 

After optimization, porphyrin and its derivatives are optimized to a 
stable ground state which gives on to reasonable increase in core 
diameter of porphyrin. Reasons for this increase are, changing in bond 
length of especially central doped hetero atom as well as replacement of 
NH with hetero atom, as pure porphyrin have NH-NH while hetero
porphyrin have NH-X (X can be oxygen, sulphur, selenium). Periodic 
trend of doped atoms in group 7B is like that sulphur and selenium are 

Table 1 
A & B are the central distance of optimized geometries of porphyrin and its 
derivatives.  

Sr. No A B 

1. Porphyrin NH – NH 
2.17 Å 

N – N 
4.02 Å 

2. N3O-porphyrin NH – O 
3.14 Å 

N – N 
4.03 Å 

3. N3S-porphyrin NH – S 
2.50 Å 

N – N 
4.41 Å 

4. N3Se-porphyrin NH – Se 
2.34 Å 

N – N 
4.51 Å  
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placed below the oxygen and size trend among these atoms is O ˃  S ˃  Se. 
Among these derivatives, increase of internal diameter is directly pro
portional to periodic trend as nitrogen shown slighter change in com
parison to sulphur and selenium. Oxygen and nitrogen belong to same 
period in periodic table, so having no such difference of size but sulphur 
and selenium doped shown much deviation towards increase in diam
eter because of their size increase. When size of doped atom increase, it 
expands ring by changing bond length of adjacent atoms to adjust itself 
inside the ring which results in increase of internal diameter of 
membrane. 

3.1. Separation path of protium isotope through porphyrin 

Pure porphyrin is composed of four pyrrole rings, bonded to one 
another in such a way that leads to a reasonable diameter in their centre. 
Proton starts to travel from distance of 3.0 Å perpendicular to centre of 
porphyrin ring as shown in Fig. S1. 

When proton moves toward centre, the energy start to reduce 

frequently up to the distance of 1 Å. At this point, minimum on the PES is 
observed. After that point, energy gradually increases. The maximum of 
the potential energy surface is observed at 0 Å. Observed Energy maxima 
is due to interaction between H+ and centre of ring. At center of ring, the 
distance between two hydrogen atoms in pyrrole ring’s centre is 
approximately 2.16 Å as shown in Fig. S2, which hindered permeating 
ion because of electronic attraction. Due to this, energy barrier at this 
point for H+ is 17 kcal/mol which is 0.73 eV as shown in Fig. 2a. 

Proton permeation via graphene by implementation of method CI- 
NEB method as already reported in literature, provided ≈2.21 eV (50 
kcal/mol) of the penetration barrier [75]. While, 1.48 eV (34 kcal/mol) 
and 1.04 eV (23.98 kcal/mol) energy barrier are noted by using of MP2 
method on graphene and h-BN fragment, respectively [76]. This com
parison shows that porphyrin have lower energy barrier for proton as 
compared to h-BN fragment and graphene by difference of 0.31 eV and 
0.75 eV. Both the chemisorption and physiosorption methods imple
mented on graphene and h-BN fragment for proton permeation study 
have been reported in literature [77]. Reported energy barrier for proton 
permeation through graphene via chemisorption and physiosorption 
penetration are approximately 3.5–4 eV and 1.4–2.6 eV, respectively 
[75,78,79] whereas physisorption of proton on graphene sheet have 
smaller barrier than chemisorption [75,78,79]. The ZPE difference of 
proton isotopes through porphyrin is smaller as compared to h-BN 
fragment and graphene either through chemisorption or physisorption. 
This difference in energy barrier is due to proton interaction with central 
atoms in ring and secondly due to pore size. If pore diameter of mem
brane is smaller as compared to permeating ion, permeating ion suffer 
with high energy barrier. 

Separation of protium isotopes via conventionally used membrane is 
a challenging process. Geim and co-worker reported that protium iso
topes separation is achievable through 2-D graphene sheet, due to their 
velocity difference when they permeate through membrane with isotope 
dependent velocity [80]. According to Geim and co-worker, the quan
tum zero-point vibrations difference is because of difference in isotope 
dependent velocity. For quantitative model verification we computed 
the ZP energy. DFT calculation shown the trend of ZPE for the isotopes of 
protium ion i.e., ZPE(H

+) > ZPE(D
+) > ZPE (T

+). The calculated difference of 
ZPE ratio of H+/D+ and H+/T+ are − 0.25 kcal/mol and − 0.35 kcal/mol, 
respectively, which are ≈ − 0.01eV and − 0.015 eV as shown in Fig. 2b. 
The ZPE difference ZPE(H

+)/ZPE(D
+) and ZPE(H

+)/ZPE(T
+) through gra

phene are 0.06eV and 0.09eV, respectively [76] which are equal to 1.38 
kcal/mol and 2.07 kcal/mol. 

Arrhenius equation k1/k2 = e− ΔEa/RT is used to calculate the ratio of 
tunneling reaction constant. R is universal gas constant while T measure 

Fig. 1. Structure of porphyrin with the labelling A and B. A represent the 
distance between two hydrogen of pyrrole ring and B represent the distance 
between two nitrogens toward centre of pyrrole ring. 

Fig. 2. (a) PE surface for scan of proton through porphyrin (b) ZPE difference for H+ over D+ and H+ over T+.  
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in kelvin and ΔEa is activation energy difference between two reactants. 
By assuming that ZPE can lower the activation energy barrier, we 
computed the activation barrier difference from ZPE difference for 
proton isotopes, i.e, ΔEH+/D+ = − 0.25 kcal/mol and ΔEH+/T+ =

− 0.35115 kcal/mol. By using Arrhenius equation, tunneling ratio 
observed for H+/D+ and H+/T+ are 1.57 and 1.87, respectively. The 
difference of permeation velocities for proton isotopes is because of 
difference in zero-point tunnelling ratio. Higher difference of tunnelling 
ratio indicate the easy separation of proton isotopes in relevancy to each 
other because this ratio is based on potential energy barrier which they 
faced during permeation through membrane or sheet. Lighter elements 
liken H+ moves faster through sheet rather than heavier isotopes D+ and 
T+. The tunnelling ratio difference above 1 is enough to get separate the 
proton from its isotopes. 

3.2. Separation path of protium isotope through mono-sulphur 
heteroporphyrin 

Mono sulphur heteroporphyrin contains one sulphur instead of a 
nitrogen as shown in Fig. S3. For pure porphyrin, NH-NH distance is 
2.057 Å whereas it increased up to to 3.057 Å for S-porphyrin. Reason 
for this increase in size of pore is removal of hydrogen atom at the po
sition of sulphur atom due to its satisfied oxidation state. 

When proton start to travel perpendicularly from distance of 3 Å 
towards centre, the energy gradually decreases up to the distance of 1 Å 
and energy minima is observed at this point but after this, energy start to 
increase gradually when it moves towards centre of the ring. The energy 
barrier observed through mono-S porphyrin for proton permeation is ≈
12.6 kcal/mol (Fig. 3a), about 5 kcal/mol lower than porphyrin. 
Observed energy maxima at PE surface is smaller in comparison to 
graphene and h-BN fragment with the difference of 21.4 kcal/mol and 
11.38 kcal/mol respectively [76]. This energy barrier difference of 
graphene and h-BN fragment to S-porphyrin is much higher as graphene 
pore diameter is smaller than S-porphyrin. But in comparison to pure 
porphyrin, the energy barrier of m-sulphur heteroporphyrin is smaller 
by the difference of 4.4 kcal/mol, the reason for this small difference is 
diameter change by doping of sulphur in place of nitrogen. By doping of 
sulphur, pore size increase by the difference of 1 Å, as their pore size 
from the side of NH – NH and NH – S are 2.057 Å and 3.057 Å respec
tively as shown in Fig. S3. Due to larger pore size, proton suffer less 
hindrance when permeate through m-Sulphur porphyrin. Secondly 
larger distance of 1.49 Å between H+ and S atom as shown in Fig. S4, 
reduce the chances of proton interaction with lone pair of sulphur. 

In Arrhenius equation, for calculating tunneling ration zero-point 
energy difference between isotopes can be used as activation energy 
difference ΔEH+/D+ and ΔEH+/T+. Observed values of ZPE(H

+) - ZPE(D
+) 

and ZPE(H
+) - ZPE(T

+) are − 0.75 kcal/mol and − 0.8 kcal/mol which are 
smaller than values of porphyrin for H+/D+ and H+/T+. Lower values of 
ZPE(H

+)/ZPE(D
+) and ZPE(H

+)/ZPE(T
+) for m-S porphyrin indicate the easily 

separation of proton from its isotopes due to noticeable difference in 
their tunnelling ratio. The computed tunneling ratio constant for H+/D+

and H+/T+ are 3.84 and 4.31 as shown in Fig. 3b. Tunneling ratio of 
mono-sulphur heteroporphyin is higher to pure porphyrin.+

3.3. Separation path of protium isotope through mono-selenium 
heteroporphyrin 

Structure of mono-selenium heteroporphyrin is almost similar to m-S 
heteroporphyrin but pore size reduced by selenium doping because se
lenium is bigger in size. When selenium atom doped in porphyrin, it 
repels surrounding pyrrole rings to adjust itself in porphyrin centre 
because its size is almost 1.6 times greater to nitrogen as structure shown 
in Fig. S5. 

In optimized structure, distance between NH-Se is 2.34 Å whereas 
NH-NH and NH-S shown 2.057 Å and 3.057 Å respectively. Although 
NH-Se distance is smaller than NH-S but still larger to NH-NH. But dis
tance between N-N in mono-selenium doped is 4.5 Å which is greater to 
pure porphyin and mono sulphur doped. Reason for this larger distance 
is size difference of selenium to other atoms which adjust by repelling 
away surrounding rings. 

As H+ directed towards centre of ring, low energy structure is 
observed at 1 Å distance. While at 0 Å, it bears a strong energy barrier of 
about 50.33 kcal/mol as shown in Fig. 4a. Energy barrier of under study 
derivative is greater than previously discussed porphyrin and its S doped 
derivative while almost equal to graphene which is studied through CI- 
NEB by Meng Miao and his group [75]. At 0 Å, in the centre of the ring, 
distance of permeating protium ion to heteroselenium atom is about 
1.22 Å and 1.12 Å to NH as shown in Fig. S6. Larger size of selenium 
hindered the permeation of proton ion through membrane’s centre and 
results in higher energy barrier relative to other porphyrin derivatives. 

The observed values of ZPE(H
+)/ZPE(D

+) and ZPE(H
+)/ZPE(T

+) are 
− 0.02 kcal/mol and − 0.03 kcal/mol as shown in Fig. 4b. As the dif
ference of ≈0.23 kcal/mol, and 0.32 kcal/mol for porphyrin and 0.73 
kcal/mol and 0.78 kcal/mol for m-S heteroporphyrin, the ZPE difference 
of H+/D+ and H+/T+ for m-Se heteroporphyrin is much smaller than 
pure porphyrin and m-sulphur porphyrin. By using ZPE difference 
values, calculated tunnelling ratio of proton isotopes through this under 
study porphyrin derivative are 1.03 and 1.05 respectively. Small dif
ference between tunnelling ratio for deuterium and tritium ion made it 
difficult to separate proton isotopes. Although, H+ faced high energy 
barrier of about 50 kcal/mol while permeating through mono selenium 
heteroporphyrin which is feasible for protium ion separation. But 

Fig. 3. (a) Calculated PE surface for proton through m-sulphur porphyrin (b) ZPE corrections of H+/D+ and H+/T+.  
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difference between ZPE ratio of H+/D+ and H+/T+ is much smaller 
which is about 0.01 kcal/mol which leads to smaller difference between 
tunnelling ratios. This smaller difference of ZPE ratio of selenium het
eroporphyrin reduced its efficiency for H+ isotopes separation in rele
vancy to porphyrin and mono sulphur heteroporphyrin. 

3.4. Separation path of protium isotope through m-oxygen 
heteroporphyrin 

Oxygen is substituted in place of NH in porphyrin structure to 
evaluate its selectivity for proton and its isotopes, either it’s well suited 
for proton permeation or not. As size of oxygen is smaller than nitrogen, 
by periodic manners but not more than sulphur and selenium. So, cen
tral pore size from NH to O increase up to 3.14 Å while pore sizes of NH- 
Se and NH-S are 2.34 Å and 3.057 Å as shown in Fig. S7, but distance 
between N-N is 4.03 Å, smaller than other porphyrin derivatives. 

In the case of mono oxygen heteroporphyrin, a minima for protium 
ion wih porphyrin is located at distance of 0.5 Å from sheet’s centre. 
Energy minima for m-oxygen heteroporphyrin is located at 0.5 Å while 
for porphyrin and its derivatives is located at different distance toward 
centre of ring. At the distance of 0 Å, H+ bear barrier of 0.62 kcal/mol as 
shown in Fig. 5a. The distance of H+ to nearest atom (hydrogen) in 
centre of ring is almost 1.05 Å and distance to oxygen atom in ring is 
almost 2.08 Å as shown in Fig. S8. The variation of this distance of H+ is 

due to variation of their bond length. This derivative has lowest PE 
surface value for proton permeation among graphene, h-BN fragment, 
pure porphyrin, and its derivatives. Among all the derivatives, oxygen 
dopant have smallest size and provides larger diameter. Lowest energy 
barrier through this derivative is because of larger diameter which is 
approximately 4.16 Å (see Fig. 6). 

Observed values of ZPE(H
+) - ZPE(D

+) and ZPE(H
+) - ZPE(T

+) are − 0.265 
kcal/mol and − 0.357 kcal/mol as shown in Fig. 5b. Values of ZPE(H

+)/ 
ZPE(D

+) and ZPE(H
+)/ZPE(T

+) for m-oxygen heteroporphyrin are almost 
equal to pure porphyrin but higher than other porphyrin derivatives. 
The tunnelling ratio for deuterium and tritium ion are approx. 1.56 and 
1.82. Tunnelling ratio of understudy porphyrin’s derivative and 
porphyrin is almost equal because as we discussed that value of ZPE for 
D+ and T+ through m-nitrogen heteroporphyrin is almost equal to pure 
porphyrin. While too much smaller in comparison to mono-sulphur 
heteroporphyrin. 

4. Conclusion 

We computed the energy barrier for proton and its isotopes by using 
M05-2Xm method along 6-31G(d,p) basis set. We studied the movement 
of protium isotopes through porphyrin ring and its derivatives. Lowest 
energy structure for protium ion with porphyrin is located at the dis
tance of 1 Å perpendicularly to porphyrin and its derivatives except m- 

Fig. 4. (a) TS of m-selenium porphyrin at distance of 0 Å with energy barrier of 50 kcal/mol (b) Zero-point energy correction of H+ to D+ and T+.  

Fig. 5. (a) Pathway scan of protium ion through m-oxygen porphyrin (b) ZPE correction of H+ to D+ and T+.  
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oxygen porphyrin it is 0.5 Å. Reason for this difference of energy minima 
point is presence of lone pair on oxygen which attract the electron 
deficient H+ isotopes at shorter distance. At PE surface, m-selenium have 
highest energy barrier for proton permeation among studied hetero- 
porphyrins which is about 50 kcal/mol and it also have lowest tunnel
ling ratio for H+/D+ and H+/T+ i-e., about 1.03 and 1.05 respectively. 
This tunnelling ratio and high energy barrier make it unsuitable for 
isotopes separation. While nitrogen provided the lowest energy barrier 
for proton and its isotopes but didn’t provide the best fitted tunnelling 
ratio. Tunnelling ratio observed through m-oxygen heteroporphyrin and 
pure porphyrin are almost equal i.e, 1.57 and 1.87 for D+ and T+. 
Although m-sulphur have energy barrier of almost 12.6 kcal/mol but 
provided lowerest values of ZPE as, − 0.75 kcal/mol and − 0.814 kcal/ 
mol for deuterium and tritium respectively as compared to other hetero 
porphyrins and have highest H+/D+ and H+/T+ separation ratio among 
other hetero porphyrins which is about 3.5 and 4. 
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