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Abstract

Tetraphenylporphyrin (TPP) forms non-covalent supra-molecular complexes with methanatoboron 
difluoride (MBDF) derivatives in dichloromethane. The photo-chemical properties of the associa-
tion equilibrium of free TPP and MBDFs with the respective supra-molecular complexes were 
investigated in the ground state. There is formation of isosbestic points which had been taken as 
proof of the existence of equilibrium between the absorbing species. Monte Carlo simulation and 
Density functional theory calculation established the experimental results of non-covalent interac-
tions in terms of loss of planarity and frontier molecular orbital calculations defines the electron 
donor and acceptor. The direction of electron flow is confirmed by the electrochemical indices. The 
electron rich substituent in MBDF favours the non-covalent binding ability between TPP and 
MBDF. Both H-bonding and charge transfer interactions are primarily responsible in stabilising 
these complexes.
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Introduction

Porphyrins and their derivatives have been extensively 
studied for numerous applications due to their exceptional 
electrochemical and photo-physical properties. The macrocy-
cle of porphyrin is one of the most extravagantly explored 
because of their importance in photochemistry, photosensiti-
zation (Kalyanasundaram et al., 1987), biochemistry, 
biomedical (Chen et al., 2021) and catalysis (Ni et al., 1987). 
Synthetic porphyrins also have received substantial attention 
due to their usefulness in light harvesting materials for the 
construction of photovoltaic cells (Yeo et al., 2017; Loewe et 
al., 2002). Though, non-covalent interactions are quite weak 
but multiple intermolecular interactions cooperate in binding 

to form stable complexes (Mulder et al., 2004; Badjić et al., 
2005; Pal et al., 2016). Supramolecular architectures of 
porphyrins and their derivatives can be prepared by self-as-
sembly based on non-covalent interaction and molecular 

recognition (Wu et al., 2021; Villari et al., 2012; Drain et al., 
2009; Chaudhuri et al., 2010). 

The supramolecular interactions between porphyrin and 
neutral π-acceptors have been studied for years. In recent 
times the chemistry of porphyrin-metal complexes is of 
great interest (Brothers, 2000; Brothers, 2001; Kadish, 
2011). The interaction of free base porphyrins with halogen 
substituted borane has been the topic of attention (Belcher 
et al., 1994; Mohajer et al., 2004; Brothers, 2008; Pal et al., 
2017). It has been revealed that the reaction of free base 
meso-tetraphenylporphyrin (TPP) with BF3.Et2O (boron 
trifluoride diethyl etherate) in wet chlorobenzene yielded a 
boronated adduct and in  this compound two adjacent 
pyrrole nitrogens are bonded to each B atom with loss of 
-NH proton (Belcher et al., 1994).

The H-bond formation between fluorine of BF3 and -NH 
protons of porphyrin was also confirmed by Mohajer et 
al., 2004  in the adduct of BF3 and free base porphyrin. In 
the complex of methanatoboron difluoride (MBDF) and 
Cu-phthalocyanine non-covalent electrostatic interaction 
was confirmed by our group (Pal et al., 2017). 

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and 
MBDF derivatives (Fig. 1) in ground state have been 
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported 
by Monte Carlo simulation and density functional theory 
(DFT) based computation via reactivity indices and 
frontier molecular orbital (FMO) descriptors. Our group 
had previously studied the effect of substituents at 
porphyrin moiety in TPP and MBDF supramolecular 
interaction (Pal et al., 2016).  The study of the effect of 
substitution at MBDF moiety enriches the exploration of 
supramolecular interaction between TPP and MBDF. The 
trend in equilibrium constant by varying substituent in 
both the moieties firmly establishes the interaction type 
viz., charge transfer and H-bonding as well. The need for 
global minima search among several local minima is 
accomplished here by Monte Carlo simulation which 
lacks in our former study. As compared to our previous 
study the use electrochemical indices plays vital role in 
establishing the direction of charge flow in this work 
and may be used as a tool for studying these types of 
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic 
grade from Merck, India. According to the reported 
techniques the three methanatoboron difluorides (Zhang 
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967) 
used were synthesized. In all the spectral measurements 
the concentration of MBDFs and TPP were taken in the 
range 10−5 and 10−6 M respectively. 

Shimadzu UV 1800 series PC spectrophotometer fitted 
with an electronic temperature controller unit (TCC/240 
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were 
reported with a temperature controlled Hitachi F-7000 
spectrofluorometer. Constant temperature bath (Heto 

Holten, Denmark) was used to control the temperature 
within ± 0.1 K.

Using Spartan’14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were 
executed. Merck molecular force-field calculations were 
implemented by using the Monte Carlo simulation to 
search global minima for all the optimized adducts. 
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was 
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries 
and FMOs for all the free systems and their adducts. 

Results and discussion

Ground state interactions

All the MBDF derivatives exhibit a strong one photon 
absorption (ε > 20,000 M-1 cm-1) in the 350 nm - 450 nm 
range in dichloromethane. This corresponding band is due 
to π→π* transition and the band is somewhat narrow (50 
nm – 75 nm at half-width). Only monomeric species of 
MBDFs are present in this working concentration range 
around 15 µM. This is due to the fact that the absorption 
changes linearly with change in concentration without 
any variation in spectrum. Interaction of substituted 
MBDF systems to the electron rich porphyrin (TPP) was 
examined by visible absorption spectroscopy. Three 
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5) 
were titrated separately with a stock solution of TPP in 
dichloromethane medium. Fig. 2 shows appearance of an 
isosbestic point for all the MBDF systems and intensity of 
maximum absorption of MBDFs reduced by addition of 
the solution of TPP. Table I described the isosbestic points 
in diverse regions of the spectra on interaction of TPP 
with MBDF2, MBDF4 and MBDF5 in dichloromethane. 
Formation of isosbestic point is proof of the existence of 
equilibrium between two absorbing species (Hemdan et 
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the 
respective adduct in dichloromethane. In Fig. 2, on the 
shorter wave length side of all the isosbestic points the 
peaks are corresponding to the strong S0 to S1 absorption 
of MBDFs and on addition of TPP in the solution of 
MBDF the intensity of maximum absorption diminishes 
drastically. And on the other side of the isosbestic point 
the peaks arises due to the formation of adduct of MBDF 
and TPP. The electron density could swing from the 
electron rich TPP to the electron deficient MBDFs and the 

F-atoms of MBDFs can take part in H-bonding with 
pyrrolic N-H protons of the porphyrin.  Thus, this may be 
of electron donor-acceptor, π-stacking and H-bonding 
type interaction. These interactions are well explored and 
supported by theoretical calculations in theoretical analysis 
section.

Determination of equilibrium constants

Benesi–Hildebrand equation (Benesi et al., 1949) of the form 
(eq. 1) was used to determine the equilibrium constant reported 
in Table I corresponding to TPP/MBDF interaction in ground 
state 

where [TPP] is the concentration of the TPP and [MBDF]0 is 
of the MBDF solution respectively, d is the absorbance of the 
newly formed complex and d = [dmix- d0

MBDF- d0
TPP], where dmix, 

d0
MBDF and d0

TPP are the absorbance of the TPP/MBDF mixture, 
the respective methanatoboron difluoride solution  and the 
TPP solution at the same molar concentration present in the 
mixture at the same wavelength against solvent as reference. 
The molar absorptivity ε is that of the complex and K is the 
equilibrium constant of the complex. The Benesi–Hildebrand 
(Benesi et al., 1949) method is an adequate approximation 

and it gives sensible values for equilibrium constant (K), has 
been exploited many measurements. 1:1 molecular complex 
formation between the TPP/MBDF was recognized by the 
linear BH plot at Fig. 3. Pearson's correlation coefficient and 
coefficient of determination (R-square) are 0.99461 and 
0.98772 respectively, indicates a good quality fit. Linear 
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the 
most proficient as compared to the other interacting systems 
in the ground state and the equilibrium constant has the order 
KTPP/MBDF4 > KTPP/MBDF2 > KTPP/MBDF5. The non-covalent 
H-bonding interaction between the F atom of MBDF and 
N-H atom of TPP is the strongest in case of TPP/MBDF4 
system. The electron density at MBDF ring increases drasti-
cally due to the +R effect of the thiophenyl group in MBDF4 
which facilities strongest interaction among the others. On 
the other hand, the naphthyl substituted MBDF5 has the 
lowest binding constant due to predominant steric effect of 
the naphthyl group. 

Theoretical analysis 

Monte Carlo conformational search protocol (Chang et al., 
1989; Kong et al., 2000) was used for these complexes. 
Density based geometry optimization calculations of the 
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waals, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000; 
Bhasikuttan et al., 2007). It is well known that all the 
optimization methods employing quantum and semi 
classical calculations find the local minima or transition 
structures near to the starting structure. However, DFT 
based calculations have disadvantages related to the best 
choice of functional for the system of interest. Many DFT 
methods provide poor result for weakly-bound intermolec-
ular complexes and hydrogen bonded systems (Sholl and 
Steckel 2011).  The conformational analysis is done for the 
global minimum among several local minima and energy 
barriers. Monte Carlo protocol (Chang et al., 1989) is a 
well-established tool for conformational global minima 
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong 
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these 
complexes were accomplished by molecular mechanics 
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G 
level of DFT. Fig. 4 presents optimised geometries of the 
three complexes.

There is a possibility of hydrogen bonding between the N-H 
protons of porphyrin moiety and B-F fluorine of MBDFs 
which is in close proximity to each other. In the free State the 
N-H protons are in a same plane with the porphyrin core. But 
in the complex the N-H protons go out of plane towards the 
F-atom of MBDFs which is adjacent to the porphyrin core 
and is with in H-bonding distance. Whereas the –O-(BF2)-O- 
group also goes out of plane towards the pyrrolic proton (Fig. 
4a) which was in plane with the methanato group before 
adduct formation. Table II illustrates the amount of deviation 
from the planes of the said groups and the deviation if highest 
in case of MBDF4 due to better H-bonding interaction. All 
the different substituents of MBDF increases electron density 
at MBDF ring but the +R effect of thiophenyl group in 
MBDF4 is most effective than the +I effect of phenyl and 

naphthyl group. Due to the greater electron density the 
F-atom of –O-(BF2)-O- group becomes more negatively 
charged thus facilitates better electrostatic interaction with 
the N-H protons of TPP. The H-bonding interaction is not in 
agreement with the experimental trend of equilibrium 
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily 
responsible for stability of these complexes. Thiophenyl 
group is more electron rich as compared to the phenyl group 
that facilitates better charge transfer in TPP/MBDF4 
complex. The charge transfer is least in case of MBDF5 due 
the steric effect of naphthyl group. When the donor molecule 
arranges itself parallel to the π-belt region of the acceptor 
molecule only then acceptor should interact strongly with the 
donor molecule. The molecular orbitals of donor and accep-

tor molecules can overlap effectively when they are able to 
approach quite close to each other without much steric 
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in 
the stability of these complexes. TPP/MBDF4 complex is 
favoured by both these interactions and evidently has the 
highest observed equilibrium constant. 

Electronic chemical potential (µ), electrophilicity index (ω) 
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table III. The 
electronic chemical potential (µ) is the index to determine the 
direction of the electronic flux during the charge transfer 
within the system in its ground state (Pérez et al., 2003). 
Higher electronic chemical potential (µ) of TPP than MBDF 
derivatives indicates that charge transfer occurs from TPP to 

MBDFs. The global electrophilicity index (ω) (Pérez et al., 
2003; Chattaraj et al., 2006) measures the stabilization in 
energy when the system acquires an additional electronic 
charge (ΔN) from the environment.  Those molecules are 
considered as strong electrophiles for which ω > 1.5 eV.  
Electrophilicity indexes (ω) of MBDF derivatives are way 
better than 1.5 eV. Thus, they serve as good acceptor during 
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPP is 4.55 
eV. N > 3.0 eV are said to be strong nucleophiles and thus 
TPP acts as a donor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood 
by analyzing the interaction between the frontier molecular 

orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor. 
MPW1PW91/6-31G level of density functional theory was 
employed to study the HOMO-LUMO interactions. Fig. 5 
illustrates that the HOMO of the complexes resides primar-
ily on TPP while LUMO is located on the acceptor MBDF2 
moiety, mostly. This has reasonably substantiated the 
direction of electron flow in the EDA (electron donor 
acceptor) complex with the electron rich TPP and electron 
deficient MBDFs. Hence, the frontier molecular orbital 
picture illustrates a pictorial description of charge transfer 
interaction which occurs between haloborane MBDF and 
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability 
with TPP significantly. All the three MBDFs form stable 
absorption isosbestic on titrating with TPP. DFT based 
geometry optimization and conformational analysis, 
frontier molecular orbital calculation and electrochemical 
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding, 
charge transfer and steric congestion effectively determine 
the binding ability as evident from the fact that the 
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has 
the highest equilibrium constant.
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The H-bond formation between fluorine of BF3 and -NH 
protons of porphyrin was also confirmed by Mohajer et 
al., 2004  in the adduct of BF3 and free base porphyrin. In 
the complex of methanatoboron difluoride (MBDF) and 
Cu-phthalocyanine non-covalent electrostatic interaction 
was confirmed by our group (Pal et al., 2017). 

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and 
MBDF derivatives (Fig. 1) in ground state have been 
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported 
by Monte Carlo simulation and density functional theory 
(DFT) based computation via reactivity indices and 
frontier molecular orbital (FMO) descriptors. Our group 
had previously studied the effect of substituents at 
porphyrin moiety in TPP and MBDF supramolecular 
interaction (Pal et al., 2016).  The study of the effect of 
substitution at MBDF moiety enriches the exploration of 
supramolecular interaction between TPP and MBDF. The 
trend in equilibrium constant by varying substituent in 
both the moieties firmly establishes the interaction type 
viz., charge transfer and H-bonding as well. The need for 
global minima search among several local minima is 
accomplished here by Monte Carlo simulation which 
lacks in our former study. As compared to our previous 
study the use electrochemical indices plays vital role in 
establishing the direction of charge flow in this work 
and may be used as a tool for studying these types of 
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic 
grade from Merck, India. According to the reported 
techniques the three methanatoboron difluorides (Zhang 
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967) 
used were synthesized. In all the spectral measurements 
the concentration of MBDFs and TPP were taken in the 
range 10−5 and 10−6 M respectively. 

Shimadzu UV 1800 series PC spectrophotometer fitted 
with an electronic temperature controller unit (TCC/240 
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were 
reported with a temperature controlled Hitachi F-7000 
spectrofluorometer. Constant temperature bath (Heto 

Holten, Denmark) was used to control the temperature 
within ± 0.1 K.

Using Spartan’14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were 
executed. Merck molecular force-field calculations were 
implemented by using the Monte Carlo simulation to 
search global minima for all the optimized adducts. 
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was 
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries 
and FMOs for all the free systems and their adducts. 

Results and discussion

Ground state interactions

All the MBDF derivatives exhibit a strong one photon 
absorption (ε > 20,000 M-1 cm-1) in the 350 nm - 450 nm 
range in dichloromethane. This corresponding band is due 
to π→π* transition and the band is somewhat narrow (50 
nm – 75 nm at half-width). Only monomeric species of 
MBDFs are present in this working concentration range 
around 15 µM. This is due to the fact that the absorption 
changes linearly with change in concentration without 
any variation in spectrum. Interaction of substituted 
MBDF systems to the electron rich porphyrin (TPP) was 
examined by visible absorption spectroscopy. Three 
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5) 
were titrated separately with a stock solution of TPP in 
dichloromethane medium. Fig. 2 shows appearance of an 
isosbestic point for all the MBDF systems and intensity of 
maximum absorption of MBDFs reduced by addition of 
the solution of TPP. Table I described the isosbestic points 
in diverse regions of the spectra on interaction of TPP 
with MBDF2, MBDF4 and MBDF5 in dichloromethane. 
Formation of isosbestic point is proof of the existence of 
equilibrium between two absorbing species (Hemdan et 
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the 
respective adduct in dichloromethane. In Fig. 2, on the 
shorter wave length side of all the isosbestic points the 
peaks are corresponding to the strong S0 to S1 absorption 
of MBDFs and on addition of TPP in the solution of 
MBDF the intensity of maximum absorption diminishes 
drastically. And on the other side of the isosbestic point 
the peaks arises due to the formation of adduct of MBDF 
and TPP. The electron density could swing from the 
electron rich TPP to the electron deficient MBDFs and the 

F-atoms of MBDFs can take part in H-bonding with 
pyrrolic N-H protons of the porphyrin.  Thus, this may be 
of electron donor-acceptor, π-stacking and H-bonding 
type interaction. These interactions are well explored and 
supported by theoretical calculations in theoretical analysis 
section.

Determination of equilibrium constants

Benesi–Hildebrand equation (Benesi et al., 1949) of the form 
(eq. 1) was used to determine the equilibrium constant reported 
in Table I corresponding to TPP/MBDF interaction in ground 
state 

where [TPP] is the concentration of the TPP and [MBDF]0 is 
of the MBDF solution respectively, d is the absorbance of the 
newly formed complex and d = [dmix- d0

MBDF- d0
TPP], where dmix, 

d0
MBDF and d0

TPP are the absorbance of the TPP/MBDF mixture, 
the respective methanatoboron difluoride solution  and the 
TPP solution at the same molar concentration present in the 
mixture at the same wavelength against solvent as reference. 
The molar absorptivity ε is that of the complex and K is the 
equilibrium constant of the complex. The Benesi–Hildebrand 
(Benesi et al., 1949) method is an adequate approximation 

and it gives sensible values for equilibrium constant (K), has 
been exploited many measurements. 1:1 molecular complex 
formation between the TPP/MBDF was recognized by the 
linear BH plot at Fig. 3. Pearson's correlation coefficient and 
coefficient of determination (R-square) are 0.99461 and 
0.98772 respectively, indicates a good quality fit. Linear 
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the 
most proficient as compared to the other interacting systems 
in the ground state and the equilibrium constant has the order 
KTPP/MBDF4 > KTPP/MBDF2 > KTPP/MBDF5. The non-covalent 
H-bonding interaction between the F atom of MBDF and 
N-H atom of TPP is the strongest in case of TPP/MBDF4 
system. The electron density at MBDF ring increases drasti-
cally due to the +R effect of the thiophenyl group in MBDF4 
which facilities strongest interaction among the others. On 
the other hand, the naphthyl substituted MBDF5 has the 
lowest binding constant due to predominant steric effect of 
the naphthyl group. 

Theoretical analysis 

Monte Carlo conformational search protocol (Chang et al., 
1989; Kong et al., 2000) was used for these complexes. 
Density based geometry optimization calculations of the 
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waals, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000; 
Bhasikuttan et al., 2007). It is well known that all the 
optimization methods employing quantum and semi 
classical calculations find the local minima or transition 
structures near to the starting structure. However, DFT 
based calculations have disadvantages related to the best 
choice of functional for the system of interest. Many DFT 
methods provide poor result for weakly-bound intermolec-
ular complexes and hydrogen bonded systems (Sholl and 
Steckel 2011).  The conformational analysis is done for the 
global minimum among several local minima and energy 
barriers. Monte Carlo protocol (Chang et al., 1989) is a 
well-established tool for conformational global minima 
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong 
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these 
complexes were accomplished by molecular mechanics 
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G 
level of DFT. Fig. 4 presents optimised geometries of the 
three complexes.

There is a possibility of hydrogen bonding between the N-H 
protons of porphyrin moiety and B-F fluorine of MBDFs 
which is in close proximity to each other. In the free State the 
N-H protons are in a same plane with the porphyrin core. But 
in the complex the N-H protons go out of plane towards the 
F-atom of MBDFs which is adjacent to the porphyrin core 
and is with in H-bonding distance. Whereas the –O-(BF2)-O- 
group also goes out of plane towards the pyrrolic proton (Fig. 
4a) which was in plane with the methanato group before 
adduct formation. Table II illustrates the amount of deviation 
from the planes of the said groups and the deviation if highest 
in case of MBDF4 due to better H-bonding interaction. All 
the different substituents of MBDF increases electron density 
at MBDF ring but the +R effect of thiophenyl group in 
MBDF4 is most effective than the +I effect of phenyl and 

naphthyl group. Due to the greater electron density the 
F-atom of –O-(BF2)-O- group becomes more negatively 
charged thus facilitates better electrostatic interaction with 
the N-H protons of TPP. The H-bonding interaction is not in 
agreement with the experimental trend of equilibrium 
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily 
responsible for stability of these complexes. Thiophenyl 
group is more electron rich as compared to the phenyl group 
that facilitates better charge transfer in TPP/MBDF4 
complex. The charge transfer is least in case of MBDF5 due 
the steric effect of naphthyl group. When the donor molecule 
arranges itself parallel to the π-belt region of the acceptor 
molecule only then acceptor should interact strongly with the 
donor molecule. The molecular orbitals of donor and accep-

tor molecules can overlap effectively when they are able to 
approach quite close to each other without much steric 
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in 
the stability of these complexes. TPP/MBDF4 complex is 
favoured by both these interactions and evidently has the 
highest observed equilibrium constant. 

Electronic chemical potential (µ), electrophilicity index (ω) 
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table III. The 
electronic chemical potential (µ) is the index to determine the 
direction of the electronic flux during the charge transfer 
within the system in its ground state (Pérez et al., 2003). 
Higher electronic chemical potential (µ) of TPP than MBDF 
derivatives indicates that charge transfer occurs from TPP to 

MBDFs. The global electrophilicity index (ω) (Pérez et al., 
2003; Chattaraj et al., 2006) measures the stabilization in 
energy when the system acquires an additional electronic 
charge (ΔN) from the environment.  Those molecules are 
considered as strong electrophiles for which ω > 1.5 eV.  
Electrophilicity indexes (ω) of MBDF derivatives are way 
better than 1.5 eV. Thus, they serve as good acceptor during 
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPP is 4.55 
eV. N > 3.0 eV are said to be strong nucleophiles and thus 
TPP acts as a donor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood 
by analyzing the interaction between the frontier molecular 

orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor. 
MPW1PW91/6-31G level of density functional theory was 
employed to study the HOMO-LUMO interactions. Fig. 5 
illustrates that the HOMO of the complexes resides primar-
ily on TPP while LUMO is located on the acceptor MBDF2 
moiety, mostly. This has reasonably substantiated the 
direction of electron flow in the EDA (electron donor 
acceptor) complex with the electron rich TPP and electron 
deficient MBDFs. Hence, the frontier molecular orbital 
picture illustrates a pictorial description of charge transfer 
interaction which occurs between haloborane MBDF and 
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability 
with TPP significantly. All the three MBDFs form stable 
absorption isosbestic on titrating with TPP. DFT based 
geometry optimization and conformational analysis, 
frontier molecular orbital calculation and electrochemical 
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding, 
charge transfer and steric congestion effectively determine 
the binding ability as evident from the fact that the 
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has 
the highest equilibrium constant.
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The H-bond formation between fluorine of BF3 and -NH 
protons of porphyrin was also confirmed by Mohajer et 
al., 2004  in the adduct of BF3 and free base porphyrin. In 
the complex of methanatoboron difluoride (MBDF) and 
Cu-phthalocyanine non-covalent electrostatic interaction 
was confirmed by our group (Pal et al., 2017). 

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and 
MBDF derivatives (Fig. 1) in ground state have been 
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported 
by Monte Carlo simulation and density functional theory 
(DFT) based computation via reactivity indices and 
frontier molecular orbital (FMO) descriptors. Our group 
had previously studied the effect of substituents at 
porphyrin moiety in TPP and MBDF supramolecular 
interaction (Pal et al., 2016).  The study of the effect of 
substitution at MBDF moiety enriches the exploration of 
supramolecular interaction between TPP and MBDF. The 
trend in equilibrium constant by varying substituent in 
both the moieties firmly establishes the interaction type 
viz., charge transfer and H-bonding as well. The need for 
global minima search among several local minima is 
accomplished here by Monte Carlo simulation which 
lacks in our former study. As compared to our previous 
study the use electrochemical indices plays vital role in 
establishing the direction of charge flow in this work 
and may be used as a tool for studying these types of 
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic 
grade from Merck, India. According to the reported 
techniques the three methanatoboron difluorides (Zhang 
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967) 
used were synthesized. In all the spectral measurements 
the concentration of MBDFs and TPP were taken in the 
range 10−5 and 10−6 M respectively. 

Shimadzu UV 1800 series PC spectrophotometer fitted 
with an electronic temperature controller unit (TCC/240 
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were 
reported with a temperature controlled Hitachi F-7000 
spectrofluorometer. Constant temperature bath (Heto 

Holten, Denmark) was used to control the temperature 
within ± 0.1 K.

Using Spartan’14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were 
executed. Merck molecular force-field calculations were 
implemented by using the Monte Carlo simulation to 
search global minima for all the optimized adducts. 
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was 
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries 
and FMOs for all the free systems and their adducts. 

Results and discussion

Ground state interactions

All the MBDF derivatives exhibit a strong one photon 
absorption (ε > 20,000 M-1 cm-1) in the 350 nm - 450 nm 
range in dichloromethane. This corresponding band is due 
to π→π* transition and the band is somewhat narrow (50 
nm – 75 nm at half-width). Only monomeric species of 
MBDFs are present in this working concentration range 
around 15 µM. This is due to the fact that the absorption 
changes linearly with change in concentration without 
any variation in spectrum. Interaction of substituted 
MBDF systems to the electron rich porphyrin (TPP) was 
examined by visible absorption spectroscopy. Three 
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5) 
were titrated separately with a stock solution of TPP in 
dichloromethane medium. Fig. 2 shows appearance of an 
isosbestic point for all the MBDF systems and intensity of 
maximum absorption of MBDFs reduced by addition of 
the solution of TPP. Table I described the isosbestic points 
in diverse regions of the spectra on interaction of TPP 
with MBDF2, MBDF4 and MBDF5 in dichloromethane. 
Formation of isosbestic point is proof of the existence of 
equilibrium between two absorbing species (Hemdan et 
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the 
respective adduct in dichloromethane. In Fig. 2, on the 
shorter wave length side of all the isosbestic points the 
peaks are corresponding to the strong S0 to S1 absorption 
of MBDFs and on addition of TPP in the solution of 
MBDF the intensity of maximum absorption diminishes 
drastically. And on the other side of the isosbestic point 
the peaks arises due to the formation of adduct of MBDF 
and TPP. The electron density could swing from the 
electron rich TPP to the electron deficient MBDFs and the 

F-atoms of MBDFs can take part in H-bonding with 
pyrrolic N-H protons of the porphyrin.  Thus, this may be 
of electron donor-acceptor, π-stacking and H-bonding 
type interaction. These interactions are well explored and 
supported by theoretical calculations in theoretical analysis 
section.

Determination of equilibrium constants

Benesi–Hildebrand equation (Benesi et al., 1949) of the form 
(eq. 1) was used to determine the equilibrium constant reported 
in Table I corresponding to TPP/MBDF interaction in ground 
state 

where [TPP] is the concentration of the TPP and [MBDF]0 is 
of the MBDF solution respectively, d is the absorbance of the 
newly formed complex and d = [dmix- d0

MBDF- d0
TPP], where dmix, 

d0
MBDF and d0

TPP are the absorbance of the TPP/MBDF mixture, 
the respective methanatoboron difluoride solution  and the 
TPP solution at the same molar concentration present in the 
mixture at the same wavelength against solvent as reference. 
The molar absorptivity ε is that of the complex and K is the 
equilibrium constant of the complex. The Benesi–Hildebrand 
(Benesi et al., 1949) method is an adequate approximation 

and it gives sensible values for equilibrium constant (K), has 
been exploited many measurements. 1:1 molecular complex 
formation between the TPP/MBDF was recognized by the 
linear BH plot at Fig. 3. Pearson's correlation coefficient and 
coefficient of determination (R-square) are 0.99461 and 
0.98772 respectively, indicates a good quality fit. Linear 
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the 
most proficient as compared to the other interacting systems 
in the ground state and the equilibrium constant has the order 
KTPP/MBDF4 > KTPP/MBDF2 > KTPP/MBDF5. The non-covalent 
H-bonding interaction between the F atom of MBDF and 
N-H atom of TPP is the strongest in case of TPP/MBDF4 
system. The electron density at MBDF ring increases drasti-
cally due to the +R effect of the thiophenyl group in MBDF4 
which facilities strongest interaction among the others. On 
the other hand, the naphthyl substituted MBDF5 has the 
lowest binding constant due to predominant steric effect of 
the naphthyl group. 

Theoretical analysis 

Monte Carlo conformational search protocol (Chang et al., 
1989; Kong et al., 2000) was used for these complexes. 
Density based geometry optimization calculations of the 
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waals, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000; 
Bhasikuttan et al., 2007). It is well known that all the 
optimization methods employing quantum and semi 
classical calculations find the local minima or transition 
structures near to the starting structure. However, DFT 
based calculations have disadvantages related to the best 
choice of functional for the system of interest. Many DFT 
methods provide poor result for weakly-bound intermolec-
ular complexes and hydrogen bonded systems (Sholl and 
Steckel 2011).  The conformational analysis is done for the 
global minimum among several local minima and energy 
barriers. Monte Carlo protocol (Chang et al., 1989) is a 
well-established tool for conformational global minima 
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong 
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these 
complexes were accomplished by molecular mechanics 
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G 
level of DFT. Fig. 4 presents optimised geometries of the 
three complexes.

There is a possibility of hydrogen bonding between the N-H 
protons of porphyrin moiety and B-F fluorine of MBDFs 
which is in close proximity to each other. In the free State the 
N-H protons are in a same plane with the porphyrin core. But 
in the complex the N-H protons go out of plane towards the 
F-atom of MBDFs which is adjacent to the porphyrin core 
and is with in H-bonding distance. Whereas the –O-(BF2)-O- 
group also goes out of plane towards the pyrrolic proton (Fig. 
4a) which was in plane with the methanato group before 
adduct formation. Table II illustrates the amount of deviation 
from the planes of the said groups and the deviation if highest 
in case of MBDF4 due to better H-bonding interaction. All 
the different substituents of MBDF increases electron density 
at MBDF ring but the +R effect of thiophenyl group in 
MBDF4 is most effective than the +I effect of phenyl and 

naphthyl group. Due to the greater electron density the 
F-atom of –O-(BF2)-O- group becomes more negatively 
charged thus facilitates better electrostatic interaction with 
the N-H protons of TPP. The H-bonding interaction is not in 
agreement with the experimental trend of equilibrium 
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily 
responsible for stability of these complexes. Thiophenyl 
group is more electron rich as compared to the phenyl group 
that facilitates better charge transfer in TPP/MBDF4 
complex. The charge transfer is least in case of MBDF5 due 
the steric effect of naphthyl group. When the donor molecule 
arranges itself parallel to the π-belt region of the acceptor 
molecule only then acceptor should interact strongly with the 
donor molecule. The molecular orbitals of donor and accep-

tor molecules can overlap effectively when they are able to 
approach quite close to each other without much steric 
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in 
the stability of these complexes. TPP/MBDF4 complex is 
favoured by both these interactions and evidently has the 
highest observed equilibrium constant. 

Electronic chemical potential (µ), electrophilicity index (ω) 
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table III. The 
electronic chemical potential (µ) is the index to determine the 
direction of the electronic flux during the charge transfer 
within the system in its ground state (Pérez et al., 2003). 
Higher electronic chemical potential (µ) of TPP than MBDF 
derivatives indicates that charge transfer occurs from TPP to 

MBDFs. The global electrophilicity index (ω) (Pérez et al., 
2003; Chattaraj et al., 2006) measures the stabilization in 
energy when the system acquires an additional electronic 
charge (ΔN) from the environment.  Those molecules are 
considered as strong electrophiles for which ω > 1.5 eV.  
Electrophilicity indexes (ω) of MBDF derivatives are way 
better than 1.5 eV. Thus, they serve as good acceptor during 
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPP is 4.55 
eV. N > 3.0 eV are said to be strong nucleophiles and thus 
TPP acts as a donor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood 
by analyzing the interaction between the frontier molecular 

orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor. 
MPW1PW91/6-31G level of density functional theory was 
employed to study the HOMO-LUMO interactions. Fig. 5 
illustrates that the HOMO of the complexes resides primar-
ily on TPP while LUMO is located on the acceptor MBDF2 
moiety, mostly. This has reasonably substantiated the 
direction of electron flow in the EDA (electron donor 
acceptor) complex with the electron rich TPP and electron 
deficient MBDFs. Hence, the frontier molecular orbital 
picture illustrates a pictorial description of charge transfer 
interaction which occurs between haloborane MBDF and 
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability 
with TPP significantly. All the three MBDFs form stable 
absorption isosbestic on titrating with TPP. DFT based 
geometry optimization and conformational analysis, 
frontier molecular orbital calculation and electrochemical 
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding, 
charge transfer and steric congestion effectively determine 
the binding ability as evident from the fact that the 
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has 
the highest equilibrium constant.
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The H-bond formation between fluorine of BF3 and -NH 
protons of porphyrin was also confirmed by Mohajer et 
al., 2004  in the adduct of BF3 and free base porphyrin. In 
the complex of methanatoboron difluoride (MBDF) and 
Cu-phthalocyanine non-covalent electrostatic interaction 
was confirmed by our group (Pal et al., 2017). 

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and 
MBDF derivatives (Fig. 1) in ground state have been 
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported 
by Monte Carlo simulation and density functional theory 
(DFT) based computation via reactivity indices and 
frontier molecular orbital (FMO) descriptors. Our group 
had previously studied the effect of substituents at 
porphyrin moiety in TPP and MBDF supramolecular 
interaction (Pal et al., 2016).  The study of the effect of 
substitution at MBDF moiety enriches the exploration of 
supramolecular interaction between TPP and MBDF. The 
trend in equilibrium constant by varying substituent in 
both the moieties firmly establishes the interaction type 
viz., charge transfer and H-bonding as well. The need for 
global minima search among several local minima is 
accomplished here by Monte Carlo simulation which 
lacks in our former study. As compared to our previous 
study the use electrochemical indices plays vital role in 
establishing the direction of charge flow in this work 
and may be used as a tool for studying these types of 
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic 
grade from Merck, India. According to the reported 
techniques the three methanatoboron difluorides (Zhang 
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967) 
used were synthesized. In all the spectral measurements 
the concentration of MBDFs and TPP were taken in the 
range 10−5 and 10−6 M respectively. 

Shimadzu UV 1800 series PC spectrophotometer fitted 
with an electronic temperature controller unit (TCC/240 
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were 
reported with a temperature controlled Hitachi F-7000 
spectrofluorometer. Constant temperature bath (Heto 

Holten, Denmark) was used to control the temperature 
within ± 0.1 K.

Using Spartan’14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were 
executed. Merck molecular force-field calculations were 
implemented by using the Monte Carlo simulation to 
search global minima for all the optimized adducts. 
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was 
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries 
and FMOs for all the free systems and their adducts. 

Results and discussion

Ground state interactions

All the MBDF derivatives exhibit a strong one photon 
absorption (ε > 20,000 M-1 cm-1) in the 350 nm - 450 nm 
range in dichloromethane. This corresponding band is due 
to π→π* transition and the band is somewhat narrow (50 
nm – 75 nm at half-width). Only monomeric species of 
MBDFs are present in this working concentration range 
around 15 µM. This is due to the fact that the absorption 
changes linearly with change in concentration without 
any variation in spectrum. Interaction of substituted 
MBDF systems to the electron rich porphyrin (TPP) was 
examined by visible absorption spectroscopy. Three 
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5) 
were titrated separately with a stock solution of TPP in 
dichloromethane medium. Fig. 2 shows appearance of an 
isosbestic point for all the MBDF systems and intensity of 
maximum absorption of MBDFs reduced by addition of 
the solution of TPP. Table I described the isosbestic points 
in diverse regions of the spectra on interaction of TPP 
with MBDF2, MBDF4 and MBDF5 in dichloromethane. 
Formation of isosbestic point is proof of the existence of 
equilibrium between two absorbing species (Hemdan et 
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the 
respective adduct in dichloromethane. In Fig. 2, on the 
shorter wave length side of all the isosbestic points the 
peaks are corresponding to the strong S0 to S1 absorption 
of MBDFs and on addition of TPP in the solution of 
MBDF the intensity of maximum absorption diminishes 
drastically. And on the other side of the isosbestic point 
the peaks arises due to the formation of adduct of MBDF 
and TPP. The electron density could swing from the 
electron rich TPP to the electron deficient MBDFs and the 

F-atoms of MBDFs can take part in H-bonding with 
pyrrolic N-H protons of the porphyrin.  Thus, this may be 
of electron donor-acceptor, π-stacking and H-bonding 
type interaction. These interactions are well explored and 
supported by theoretical calculations in theoretical analysis 
section.

Determination of equilibrium constants

Benesi–Hildebrand equation (Benesi et al., 1949) of the form 
(eq. 1) was used to determine the equilibrium constant reported 
in Table I corresponding to TPP/MBDF interaction in ground 
state 

where [TPP] is the concentration of the TPP and [MBDF]0 is 
of the MBDF solution respectively, d is the absorbance of the 
newly formed complex and d = [dmix- d0

MBDF- d0
TPP], where dmix, 

d0
MBDF and d0

TPP are the absorbance of the TPP/MBDF mixture, 
the respective methanatoboron difluoride solution  and the 
TPP solution at the same molar concentration present in the 
mixture at the same wavelength against solvent as reference. 
The molar absorptivity ε is that of the complex and K is the 
equilibrium constant of the complex. The Benesi–Hildebrand 
(Benesi et al., 1949) method is an adequate approximation 

and it gives sensible values for equilibrium constant (K), has 
been exploited many measurements. 1:1 molecular complex 
formation between the TPP/MBDF was recognized by the 
linear BH plot at Fig. 3. Pearson's correlation coefficient and 
coefficient of determination (R-square) are 0.99461 and 
0.98772 respectively, indicates a good quality fit. Linear 
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the 
most proficient as compared to the other interacting systems 
in the ground state and the equilibrium constant has the order 
KTPP/MBDF4 > KTPP/MBDF2 > KTPP/MBDF5. The non-covalent 
H-bonding interaction between the F atom of MBDF and 
N-H atom of TPP is the strongest in case of TPP/MBDF4 
system. The electron density at MBDF ring increases drasti-
cally due to the +R effect of the thiophenyl group in MBDF4 
which facilities strongest interaction among the others. On 
the other hand, the naphthyl substituted MBDF5 has the 
lowest binding constant due to predominant steric effect of 
the naphthyl group. 

Theoretical analysis 

Monte Carlo conformational search protocol (Chang et al., 
1989; Kong et al., 2000) was used for these complexes. 
Density based geometry optimization calculations of the 
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waals, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000; 
Bhasikuttan et al., 2007). It is well known that all the 
optimization methods employing quantum and semi 
classical calculations find the local minima or transition 
structures near to the starting structure. However, DFT 
based calculations have disadvantages related to the best 
choice of functional for the system of interest. Many DFT 
methods provide poor result for weakly-bound intermolec-
ular complexes and hydrogen bonded systems (Sholl and 
Steckel 2011).  The conformational analysis is done for the 
global minimum among several local minima and energy 
barriers. Monte Carlo protocol (Chang et al., 1989) is a 
well-established tool for conformational global minima 
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong 
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these 
complexes were accomplished by molecular mechanics 
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G 
level of DFT. Fig. 4 presents optimised geometries of the 
three complexes.

There is a possibility of hydrogen bonding between the N-H 
protons of porphyrin moiety and B-F fluorine of MBDFs 
which is in close proximity to each other. In the free State the 
N-H protons are in a same plane with the porphyrin core. But 
in the complex the N-H protons go out of plane towards the 
F-atom of MBDFs which is adjacent to the porphyrin core 
and is with in H-bonding distance. Whereas the –O-(BF2)-O- 
group also goes out of plane towards the pyrrolic proton (Fig. 
4a) which was in plane with the methanato group before 
adduct formation. Table II illustrates the amount of deviation 
from the planes of the said groups and the deviation if highest 
in case of MBDF4 due to better H-bonding interaction. All 
the different substituents of MBDF increases electron density 
at MBDF ring but the +R effect of thiophenyl group in 
MBDF4 is most effective than the +I effect of phenyl and 

naphthyl group. Due to the greater electron density the 
F-atom of –O-(BF2)-O- group becomes more negatively 
charged thus facilitates better electrostatic interaction with 
the N-H protons of TPP. The H-bonding interaction is not in 
agreement with the experimental trend of equilibrium 
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily 
responsible for stability of these complexes. Thiophenyl 
group is more electron rich as compared to the phenyl group 
that facilitates better charge transfer in TPP/MBDF4 
complex. The charge transfer is least in case of MBDF5 due 
the steric effect of naphthyl group. When the donor molecule 
arranges itself parallel to the π-belt region of the acceptor 
molecule only then acceptor should interact strongly with the 
donor molecule. The molecular orbitals of donor and accep-

tor molecules can overlap effectively when they are able to 
approach quite close to each other without much steric 
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in 
the stability of these complexes. TPP/MBDF4 complex is 
favoured by both these interactions and evidently has the 
highest observed equilibrium constant. 

Electronic chemical potential (µ), electrophilicity index (ω) 
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table III. The 
electronic chemical potential (µ) is the index to determine the 
direction of the electronic flux during the charge transfer 
within the system in its ground state (Pérez et al., 2003). 
Higher electronic chemical potential (µ) of TPP than MBDF 
derivatives indicates that charge transfer occurs from TPP to 

MBDFs. The global electrophilicity index (ω) (Pérez et al., 
2003; Chattaraj et al., 2006) measures the stabilization in 
energy when the system acquires an additional electronic 
charge (ΔN) from the environment.  Those molecules are 
considered as strong electrophiles for which ω > 1.5 eV.  
Electrophilicity indexes (ω) of MBDF derivatives are way 
better than 1.5 eV. Thus, they serve as good acceptor during 
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPP is 4.55 
eV. N > 3.0 eV are said to be strong nucleophiles and thus 
TPP acts as a donor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood 
by analyzing the interaction between the frontier molecular 

orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor. 
MPW1PW91/6-31G level of density functional theory was 
employed to study the HOMO-LUMO interactions. Fig. 5 
illustrates that the HOMO of the complexes resides primar-
ily on TPP while LUMO is located on the acceptor MBDF2 
moiety, mostly. This has reasonably substantiated the 
direction of electron flow in the EDA (electron donor 
acceptor) complex with the electron rich TPP and electron 
deficient MBDFs. Hence, the frontier molecular orbital 
picture illustrates a pictorial description of charge transfer 
interaction which occurs between haloborane MBDF and 
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability 
with TPP significantly. All the three MBDFs form stable 
absorption isosbestic on titrating with TPP. DFT based 
geometry optimization and conformational analysis, 
frontier molecular orbital calculation and electrochemical 
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding, 
charge transfer and steric congestion effectively determine 
the binding ability as evident from the fact that the 
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has 
the highest equilibrium constant.

Acknowledgements 

The University of Burdwan, WB is acknowledged for giving 
the opportunity to collect experimental data. Author is very 
thankful to Dr. Tandrima Chaudhuri for her valuable sugges-
tions in this work. 

Declaration of Competing Interest

The author declared no conflict of interests.

References

Adler AD, Longo FR, Finarelli JD, Goldmacher J, Assour 
J and Korsakoff L (1967), A simplified synthesis for 
meso-tetraphenylporphine, J. Org. Chem. 32(2): 
476-476. DOI:https://doi.org/10.1021/jo01288a053

Badjić JD, Nelson A, Cantrill SJ, Turnbull WB and Stod-
dart JF (2005), Multivalency and cooperativity in 
supramolecular chemistry, Acc. Chem. Res. 38(9): 
723-732.  DOI:https://doi.org/10.1021/ar040223k

Belcher WJ, Boyd PD, Brothers PJ, Liddell MJ and Rick-
ard CE (1994), New coordination mode for the 
porphyrin ligand in the boron porphyrin complex 
B2OF2 (TTP), J. Am. Chem. Soc, 116(18): 
8416-8417. DOI: h t t p s : / / d o i . o r g / 1 0 . 1 0 2 1 / -
ja00097a079

Benesi HA and Hildebrand JH (1949), A spectrophoto-
metric investigation of the interaction of iodine 
with aromatic hydrocarbons, J. Am. Chem. Soc. 
71(8): 2703-2707.  DOI:https://doi.org/10.1021/-
ja01176a030

Bhasikuttan AC, Mohanty J, Nau WM and Pal H (2007), 
Efficient Fluorescence Enhancement and Coopera-
tive Binding of an Organic Dye in a Supra‐biomo-
lecular Host–Protein Assembly, Angew. Chem. 
119(22): 4198-4200.  DOI: https:// doi.org /10. 
1002/ange. 200604757

Brothers PJ (2000), Organometallic chemistry of transi-
tion metal porphyrin complexes, Advances in Orga-
nometallic Chemistry, Elesevier 46: 223-321. DOI: 
https://doi.org/10.1016/S0065-3055(00)46005-3

Brothers PJ (2001), Organoelement Chemistry of Main 
Group Porphyrin Complexes, Advances in Organo-
metallic Chemistry, Elesevier 48: 289-342.

Brothers PJ (2008), Boron complexes of porphyrins and 
related polypyrrole ligands: unexpected chemistry 
for both boron and the porphyrin, Chem. Commun 
(18): 2090-2102. DOI: https://doi.org/10. 
1039/B714894A

Cantrill SJ, Pease AR and Stoddart JF (2000), A molecu-
lar meccano kit, J. Chem. Soc., Dalton trans. (21): 
3715-3734. DOI: https://doi.org/10.1039/B003769I

Chang G, Guida WC and Still WC (1989), An internal-co-
ordinate Monte Carlo method for searching confor-
mational space, J. Am. Chem. Soc. 111(12): 
4379-4386.   DOI:https://doi.org/10.1021/-
ja00194a035

Chattaraj, PK, Sarkar U and Roy DR (2006), Electro-
philicity index, Chem. Rev. 106(6): 2065-2091. 
DOI: https://doi.org/10.1021/cr078014b

Chaudhuri T, Nath S, Chattopadhyay S, Banerjee M and 
Nayak SK (2010), Supramolecular interactions of 
meso-tetra-2-chlorophenylporphyrin with 
fullerenes: A luminescence study, J. Lumin. 130(3): 
507-511. DOI: https://doi.org/10.1016/j.jlu-
min.2009.10.022

Chen J, Zhu Y and Kaskel S (2021), Porphyrin‐Based 
Metal–Organic Frameworks for Biomedical Appli-
cations, Angew. Chem. Int. Ed. 60(10): 5010-5035. 
 DOI:https://doi.org/10.1002/anie.201909880

Domingo LR, Chamorro E and Pérez P (2008), Under-
standing the reactivity of captodative ethylenes in 
polar cycloaddition reactions: A theoretical study, J. 
Org. Chem. 73(12): 4615-4624. DOI: https://-
doi.org/10.1021/jo800572a

Drain CM, Varotto A and Radivojevic I (2009), Self-or-
ganized porphyrinic materials, Chem. Rev. 109(5): 
1630-1658. DOI:  https:// doi.org/ 10.1021/ 
cr8002483

Hemdan S, Mansour A and Ali F (2019). Importance of 
isosbestic point in spectroscopy: A review. 62: 1-21. 
DOI: 10.37376/1571-000-062-004.

Kadish KM, Smith KM and Guilard R (2011), The porphy-
rin handbook, (Academic Press, USA) 2011, 17: 
1-20.

Kalyanasundaram K, Vlachopoulos N, Krishnan V, Mon-
nier A and Graetzel, M (1987), Sensitization of 
titanium dioxide in the visible light region using 
zinc porphyrins, J. Phys. Chem. 91(9): 2342-2347. 
DOI: https://doi.org/10.1021/j100293a027

Kong J, White CA, Krylov AI, Sherrill D, Adamson RD, 
Furlani TR, ... and Pople JA (2000), Q‐Chem 2.0: 
a high‐performance ab initio electronic structure 
program package, J. Comput. Chem. 21(16): 
1532-1548.   DOI: 10.1002/1096987X(200012) 
21:16%3C1532::AIDJCC10%3E3.0.CO;2-W

Loewe RS, Tomizaki KY, Youngblood WJ, Bo Z and Lind-
sey, J. S. (2002), Synthesis of perylene–porphyrin 
building blocks and rod-like oligomers for light-har-
vesting applications, J. Mater. Chem. 12(12): 
3438-3451.   DOI: https:// doi.org/ 10.1039/ 
B205680A

Mohajer D, Zakavi S, Rayati S, Zahedi M, Safari N, 
Khavasi HR and Shahbazian S (2004),Unique 1∶2 
adduct formation of meso-tetraarylporphyrins and 
meso-tetraalkylporphyrins with BF3: a spectroscopic 
and ab initio study, New J. Chem. 28(12): 
1600-1607. DOI: https://doi.org/10.1039/B407529C

Mulder A, Huskens J and Reinhoudt DN (2004), Multiva-
lency in supramolecular chemistry and nanofabrica-
tion, Org. Biomol. Chem. 2(23): 3409-3424.   
DOI:https://doi.org/10.1039/B413971B

Ni CL, Abdalmuhdi I, Chang CK and Anson FC (1987), 
Behavior of four anthracene-linked dimeric metal-
loporphyrins as electrocatalysts for the reduction of 
dioxygen, J. Phys. Chem. 91(5): 1158-1166. DOI: 
https://doi.org/10.1021/j100289a028

Pal C, Chaudhuri T, Chattopdhyay S and Banerjee M 
(2017), Non-covalent interaction between Cu-phtha-
locyanine and methanato borondifluoride deriva-
tives in two different medium, J. Mol. Struct. 1133: 
95-100.   DOI:ht tps: / /doi .org/10.1016/j .mol-
struc.2016.11.079

Pal C, Chaudhuri T, Nayak SK and Banerjee M (2016), 
Chemical physics of non-covalent interaction 
between tetraphenylporphyrin and (dibenzoylmeth-
anato) borondifluoride in methylene chloride, J. 
Indian Chem. Soc. 93(9): 1095-1102. DOI:10.5281/ 
zendo.5639437

Pérez P, Domingo LR, Aurell MJ and Contreras R (2003), 
Quantitative characterization of the global electro-
philicity pattern of some reagents involved in 1, 
3-dipolar cycloaddition reactions, Tetrahedron 
59(17): 3117-3125.  DOI: https:// doi.org/10.1016/ 
S0040-4020(03)00374-0

Sholl D and Steckel JA (2011), Density functional theory: 
a practical introduction, (John Wiley & Sons, Inc., 
New Jersey) 2009, pp 1-256

Villari V, Mineo P, Scamporrino E and Micali N (2012), 
Role of the hydrogen-bond in porphyrin J-aggre-
gates, RSC Adv. 2(33): 12989-12998. DOI: https://-
doi. org/10. 1039/C2RA22260D

Wu Y, Liu JC, Li RZ and Ci CG (2021), Different Metal 
Upper Porphyrin Based Self-Assembly Sensitizers 

for Application in Efficient Dye-Sensitized Solar 
Cells, Available at SSRN 3906184. DOI: https://-
doi.org/10.1016/j.poly.2021.115573

Yeo H, Tanaka K and Chujo Y (2017), Construction and 
properties of a light-harvesting antenna system for 
phosphorescent materials based on oligofluo-
rene-tethered Pt–porphyrins, RSC adv. 7(18): 
10869-10874.   DOI: https:// doi.org/ 10.1039/ 
C6RA28735B

Zhang X, Li ZC, Xu N, Li KB, Lin S, Lu FZ and Li FM 
(2006), β-Diketones bearing electron-donating 
chromophores and a novel β-triketone: synthesis and 
reversible fluorescence behaviour, Tetrahedron lett. 
47(15): 2623-2626.  DOI: https:// doi.org/ 10.1016/-
j.tetlet.2006.02.019

1
d

=
1

ε[MBDF]0
+

1
K{ε[MBDF]0}[TPP] (1)

Fig. 3. BH plot of TPP/MBDF2 interacting system in
            methylene chloride



Pal 167

The H-bond formation between fluorine of BF3 and -NH 
protons of porphyrin was also confirmed by Mohajer et 
al., 2004  in the adduct of BF3 and free base porphyrin. In 
the complex of methanatoboron difluoride (MBDF) and 
Cu-phthalocyanine non-covalent electrostatic interaction 
was confirmed by our group (Pal et al., 2017). 

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and 
MBDF derivatives (Fig. 1) in ground state have been 
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported 
by Monte Carlo simulation and density functional theory 
(DFT) based computation via reactivity indices and 
frontier molecular orbital (FMO) descriptors. Our group 
had previously studied the effect of substituents at 
porphyrin moiety in TPP and MBDF supramolecular 
interaction (Pal et al., 2016).  The study of the effect of 
substitution at MBDF moiety enriches the exploration of 
supramolecular interaction between TPP and MBDF. The 
trend in equilibrium constant by varying substituent in 
both the moieties firmly establishes the interaction type 
viz., charge transfer and H-bonding as well. The need for 
global minima search among several local minima is 
accomplished here by Monte Carlo simulation which 
lacks in our former study. As compared to our previous 
study the use electrochemical indices plays vital role in 
establishing the direction of charge flow in this work 
and may be used as a tool for studying these types of 
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic 
grade from Merck, India. According to the reported 
techniques the three methanatoboron difluorides (Zhang 
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967) 
used were synthesized. In all the spectral measurements 
the concentration of MBDFs and TPP were taken in the 
range 10−5 and 10−6 M respectively. 

Shimadzu UV 1800 series PC spectrophotometer fitted 
with an electronic temperature controller unit (TCC/240 
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were 
reported with a temperature controlled Hitachi F-7000 
spectrofluorometer. Constant temperature bath (Heto 

Holten, Denmark) was used to control the temperature 
within ± 0.1 K.

Using Spartan’14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were 
executed. Merck molecular force-field calculations were 
implemented by using the Monte Carlo simulation to 
search global minima for all the optimized adducts. 
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was 
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries 
and FMOs for all the free systems and their adducts. 

Results and discussion

Ground state interactions

All the MBDF derivatives exhibit a strong one photon 
absorption (ε > 20,000 M-1 cm-1) in the 350 nm - 450 nm 
range in dichloromethane. This corresponding band is due 
to π→π* transition and the band is somewhat narrow (50 
nm – 75 nm at half-width). Only monomeric species of 
MBDFs are present in this working concentration range 
around 15 µM. This is due to the fact that the absorption 
changes linearly with change in concentration without 
any variation in spectrum. Interaction of substituted 
MBDF systems to the electron rich porphyrin (TPP) was 
examined by visible absorption spectroscopy. Three 
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5) 
were titrated separately with a stock solution of TPP in 
dichloromethane medium. Fig. 2 shows appearance of an 
isosbestic point for all the MBDF systems and intensity of 
maximum absorption of MBDFs reduced by addition of 
the solution of TPP. Table I described the isosbestic points 
in diverse regions of the spectra on interaction of TPP 
with MBDF2, MBDF4 and MBDF5 in dichloromethane. 
Formation of isosbestic point is proof of the existence of 
equilibrium between two absorbing species (Hemdan et 
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the 
respective adduct in dichloromethane. In Fig. 2, on the 
shorter wave length side of all the isosbestic points the 
peaks are corresponding to the strong S0 to S1 absorption 
of MBDFs and on addition of TPP in the solution of 
MBDF the intensity of maximum absorption diminishes 
drastically. And on the other side of the isosbestic point 
the peaks arises due to the formation of adduct of MBDF 
and TPP. The electron density could swing from the 
electron rich TPP to the electron deficient MBDFs and the 

F-atoms of MBDFs can take part in H-bonding with 
pyrrolic N-H protons of the porphyrin.  Thus, this may be 
of electron donor-acceptor, π-stacking and H-bonding 
type interaction. These interactions are well explored and 
supported by theoretical calculations in theoretical analysis 
section.

Determination of equilibrium constants

Benesi–Hildebrand equation (Benesi et al., 1949) of the form 
(eq. 1) was used to determine the equilibrium constant reported 
in Table I corresponding to TPP/MBDF interaction in ground 
state 

where [TPP] is the concentration of the TPP and [MBDF]0 is 
of the MBDF solution respectively, d is the absorbance of the 
newly formed complex and d = [dmix- d0

MBDF- d0
TPP], where dmix, 

d0
MBDF and d0

TPP are the absorbance of the TPP/MBDF mixture, 
the respective methanatoboron difluoride solution  and the 
TPP solution at the same molar concentration present in the 
mixture at the same wavelength against solvent as reference. 
The molar absorptivity ε is that of the complex and K is the 
equilibrium constant of the complex. The Benesi–Hildebrand 
(Benesi et al., 1949) method is an adequate approximation 

and it gives sensible values for equilibrium constant (K), has 
been exploited many measurements. 1:1 molecular complex 
formation between the TPP/MBDF was recognized by the 
linear BH plot at Fig. 3. Pearson's correlation coefficient and 
coefficient of determination (R-square) are 0.99461 and 
0.98772 respectively, indicates a good quality fit. Linear 
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the 
most proficient as compared to the other interacting systems 
in the ground state and the equilibrium constant has the order 
KTPP/MBDF4 > KTPP/MBDF2 > KTPP/MBDF5. The non-covalent 
H-bonding interaction between the F atom of MBDF and 
N-H atom of TPP is the strongest in case of TPP/MBDF4 
system. The electron density at MBDF ring increases drasti-
cally due to the +R effect of the thiophenyl group in MBDF4 
which facilities strongest interaction among the others. On 
the other hand, the naphthyl substituted MBDF5 has the 
lowest binding constant due to predominant steric effect of 
the naphthyl group. 

Theoretical analysis 

Monte Carlo conformational search protocol (Chang et al., 
1989; Kong et al., 2000) was used for these complexes. 
Density based geometry optimization calculations of the 
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waals, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000; 
Bhasikuttan et al., 2007). It is well known that all the 
optimization methods employing quantum and semi 
classical calculations find the local minima or transition 
structures near to the starting structure. However, DFT 
based calculations have disadvantages related to the best 
choice of functional for the system of interest. Many DFT 
methods provide poor result for weakly-bound intermolec-
ular complexes and hydrogen bonded systems (Sholl and 
Steckel 2011).  The conformational analysis is done for the 
global minimum among several local minima and energy 
barriers. Monte Carlo protocol (Chang et al., 1989) is a 
well-established tool for conformational global minima 
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong 
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these 
complexes were accomplished by molecular mechanics 
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G 
level of DFT. Fig. 4 presents optimised geometries of the 
three complexes.

There is a possibility of hydrogen bonding between the N-H 
protons of porphyrin moiety and B-F fluorine of MBDFs 
which is in close proximity to each other. In the free State the 
N-H protons are in a same plane with the porphyrin core. But 
in the complex the N-H protons go out of plane towards the 
F-atom of MBDFs which is adjacent to the porphyrin core 
and is with in H-bonding distance. Whereas the –O-(BF2)-O- 
group also goes out of plane towards the pyrrolic proton (Fig. 
4a) which was in plane with the methanato group before 
adduct formation. Table II illustrates the amount of deviation 
from the planes of the said groups and the deviation if highest 
in case of MBDF4 due to better H-bonding interaction. All 
the different substituents of MBDF increases electron density 
at MBDF ring but the +R effect of thiophenyl group in 
MBDF4 is most effective than the +I effect of phenyl and 

naphthyl group. Due to the greater electron density the 
F-atom of –O-(BF2)-O- group becomes more negatively 
charged thus facilitates better electrostatic interaction with 
the N-H protons of TPP. The H-bonding interaction is not in 
agreement with the experimental trend of equilibrium 
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily 
responsible for stability of these complexes. Thiophenyl 
group is more electron rich as compared to the phenyl group 
that facilitates better charge transfer in TPP/MBDF4 
complex. The charge transfer is least in case of MBDF5 due 
the steric effect of naphthyl group. When the donor molecule 
arranges itself parallel to the π-belt region of the acceptor 
molecule only then acceptor should interact strongly with the 
donor molecule. The molecular orbitals of donor and accep-

tor molecules can overlap effectively when they are able to 
approach quite close to each other without much steric 
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in 
the stability of these complexes. TPP/MBDF4 complex is 
favoured by both these interactions and evidently has the 
highest observed equilibrium constant. 

Electronic chemical potential (µ), electrophilicity index (ω) 
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table III. The 
electronic chemical potential (µ) is the index to determine the 
direction of the electronic flux during the charge transfer 
within the system in its ground state (Pérez et al., 2003). 
Higher electronic chemical potential (µ) of TPP than MBDF 
derivatives indicates that charge transfer occurs from TPP to 

MBDFs. The global electrophilicity index (ω) (Pérez et al., 
2003; Chattaraj et al., 2006) measures the stabilization in 
energy when the system acquires an additional electronic 
charge (ΔN) from the environment.  Those molecules are 
considered as strong electrophiles for which ω > 1.5 eV.  
Electrophilicity indexes (ω) of MBDF derivatives are way 
better than 1.5 eV. Thus, they serve as good acceptor during 
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPP is 4.55 
eV. N > 3.0 eV are said to be strong nucleophiles and thus 
TPP acts as a donor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood 
by analyzing the interaction between the frontier molecular 

orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor. 
MPW1PW91/6-31G level of density functional theory was 
employed to study the HOMO-LUMO interactions. Fig. 5 
illustrates that the HOMO of the complexes resides primar-
ily on TPP while LUMO is located on the acceptor MBDF2 
moiety, mostly. This has reasonably substantiated the 
direction of electron flow in the EDA (electron donor 
acceptor) complex with the electron rich TPP and electron 
deficient MBDFs. Hence, the frontier molecular orbital 
picture illustrates a pictorial description of charge transfer 
interaction which occurs between haloborane MBDF and 
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability 
with TPP significantly. All the three MBDFs form stable 
absorption isosbestic on titrating with TPP. DFT based 
geometry optimization and conformational analysis, 
frontier molecular orbital calculation and electrochemical 
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding, 
charge transfer and steric congestion effectively determine 
the binding ability as evident from the fact that the 
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has 
the highest equilibrium constant.
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Table I. Isosbestic point appeared on interaction of TPP with MBDFs and the ground state equilibrium constants
              for the corresponding three complexes 

System 
Absorption isosbestic point at 

wavelength (nm)  
Ground state equilibrium 
constant (K) × 10−5

 

TPP/MBDF2  400.3 8.21 

TPP/MBDF4  432.4 27.1 

TPP/MBDF5  425.6 3.2 

 

 

Fig. 4. Orientation of the adduct of (a) TPP/MBDF2 (b) TPP/MBDF5 (c) TPP/MBDF4 (d) 
TPP/MBDF4 (Zoom in view) interacting systems in optimized ground state geometry showing 
the interatomic distances in Å
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The H-bond formation between fluorine of BF3 and -NH 
protons of porphyrin was also confirmed by Mohajer et 
al., 2004  in the adduct of BF3 and free base porphyrin. In 
the complex of methanatoboron difluoride (MBDF) and 
Cu-phthalocyanine non-covalent electrostatic interaction 
was confirmed by our group (Pal et al., 2017). 

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and 
MBDF derivatives (Fig. 1) in ground state have been 
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported 
by Monte Carlo simulation and density functional theory 
(DFT) based computation via reactivity indices and 
frontier molecular orbital (FMO) descriptors. Our group 
had previously studied the effect of substituents at 
porphyrin moiety in TPP and MBDF supramolecular 
interaction (Pal et al., 2016).  The study of the effect of 
substitution at MBDF moiety enriches the exploration of 
supramolecular interaction between TPP and MBDF. The 
trend in equilibrium constant by varying substituent in 
both the moieties firmly establishes the interaction type 
viz., charge transfer and H-bonding as well. The need for 
global minima search among several local minima is 
accomplished here by Monte Carlo simulation which 
lacks in our former study. As compared to our previous 
study the use electrochemical indices plays vital role in 
establishing the direction of charge flow in this work 
and may be used as a tool for studying these types of 
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic 
grade from Merck, India. According to the reported 
techniques the three methanatoboron difluorides (Zhang 
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967) 
used were synthesized. In all the spectral measurements 
the concentration of MBDFs and TPP were taken in the 
range 10−5 and 10−6 M respectively. 

Shimadzu UV 1800 series PC spectrophotometer fitted 
with an electronic temperature controller unit (TCC/240 
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were 
reported with a temperature controlled Hitachi F-7000 
spectrofluorometer. Constant temperature bath (Heto 

Holten, Denmark) was used to control the temperature 
within ± 0.1 K.

Using Spartan’14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were 
executed. Merck molecular force-field calculations were 
implemented by using the Monte Carlo simulation to 
search global minima for all the optimized adducts. 
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was 
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries 
and FMOs for all the free systems and their adducts. 

Results and discussion

Ground state interactions

All the MBDF derivatives exhibit a strong one photon 
absorption (ε > 20,000 M-1 cm-1) in the 350 nm - 450 nm 
range in dichloromethane. This corresponding band is due 
to π→π* transition and the band is somewhat narrow (50 
nm – 75 nm at half-width). Only monomeric species of 
MBDFs are present in this working concentration range 
around 15 µM. This is due to the fact that the absorption 
changes linearly with change in concentration without 
any variation in spectrum. Interaction of substituted 
MBDF systems to the electron rich porphyrin (TPP) was 
examined by visible absorption spectroscopy. Three 
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5) 
were titrated separately with a stock solution of TPP in 
dichloromethane medium. Fig. 2 shows appearance of an 
isosbestic point for all the MBDF systems and intensity of 
maximum absorption of MBDFs reduced by addition of 
the solution of TPP. Table I described the isosbestic points 
in diverse regions of the spectra on interaction of TPP 
with MBDF2, MBDF4 and MBDF5 in dichloromethane. 
Formation of isosbestic point is proof of the existence of 
equilibrium between two absorbing species (Hemdan et 
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the 
respective adduct in dichloromethane. In Fig. 2, on the 
shorter wave length side of all the isosbestic points the 
peaks are corresponding to the strong S0 to S1 absorption 
of MBDFs and on addition of TPP in the solution of 
MBDF the intensity of maximum absorption diminishes 
drastically. And on the other side of the isosbestic point 
the peaks arises due to the formation of adduct of MBDF 
and TPP. The electron density could swing from the 
electron rich TPP to the electron deficient MBDFs and the 

F-atoms of MBDFs can take part in H-bonding with 
pyrrolic N-H protons of the porphyrin.  Thus, this may be 
of electron donor-acceptor, π-stacking and H-bonding 
type interaction. These interactions are well explored and 
supported by theoretical calculations in theoretical analysis 
section.

Determination of equilibrium constants

Benesi–Hildebrand equation (Benesi et al., 1949) of the form 
(eq. 1) was used to determine the equilibrium constant reported 
in Table I corresponding to TPP/MBDF interaction in ground 
state 

where [TPP] is the concentration of the TPP and [MBDF]0 is 
of the MBDF solution respectively, d is the absorbance of the 
newly formed complex and d = [dmix- d0

MBDF- d0
TPP], where dmix, 

d0
MBDF and d0

TPP are the absorbance of the TPP/MBDF mixture, 
the respective methanatoboron difluoride solution  and the 
TPP solution at the same molar concentration present in the 
mixture at the same wavelength against solvent as reference. 
The molar absorptivity ε is that of the complex and K is the 
equilibrium constant of the complex. The Benesi–Hildebrand 
(Benesi et al., 1949) method is an adequate approximation 

and it gives sensible values for equilibrium constant (K), has 
been exploited many measurements. 1:1 molecular complex 
formation between the TPP/MBDF was recognized by the 
linear BH plot at Fig. 3. Pearson's correlation coefficient and 
coefficient of determination (R-square) are 0.99461 and 
0.98772 respectively, indicates a good quality fit. Linear 
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the 
most proficient as compared to the other interacting systems 
in the ground state and the equilibrium constant has the order 
KTPP/MBDF4 > KTPP/MBDF2 > KTPP/MBDF5. The non-covalent 
H-bonding interaction between the F atom of MBDF and 
N-H atom of TPP is the strongest in case of TPP/MBDF4 
system. The electron density at MBDF ring increases drasti-
cally due to the +R effect of the thiophenyl group in MBDF4 
which facilities strongest interaction among the others. On 
the other hand, the naphthyl substituted MBDF5 has the 
lowest binding constant due to predominant steric effect of 
the naphthyl group. 

Theoretical analysis 

Monte Carlo conformational search protocol (Chang et al., 
1989; Kong et al., 2000) was used for these complexes. 
Density based geometry optimization calculations of the 
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waals, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000; 
Bhasikuttan et al., 2007). It is well known that all the 
optimization methods employing quantum and semi 
classical calculations find the local minima or transition 
structures near to the starting structure. However, DFT 
based calculations have disadvantages related to the best 
choice of functional for the system of interest. Many DFT 
methods provide poor result for weakly-bound intermolec-
ular complexes and hydrogen bonded systems (Sholl and 
Steckel 2011).  The conformational analysis is done for the 
global minimum among several local minima and energy 
barriers. Monte Carlo protocol (Chang et al., 1989) is a 
well-established tool for conformational global minima 
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong 
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these 
complexes were accomplished by molecular mechanics 
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G 
level of DFT. Fig. 4 presents optimised geometries of the 
three complexes.

There is a possibility of hydrogen bonding between the N-H 
protons of porphyrin moiety and B-F fluorine of MBDFs 
which is in close proximity to each other. In the free State the 
N-H protons are in a same plane with the porphyrin core. But 
in the complex the N-H protons go out of plane towards the 
F-atom of MBDFs which is adjacent to the porphyrin core 
and is with in H-bonding distance. Whereas the –O-(BF2)-O- 
group also goes out of plane towards the pyrrolic proton (Fig. 
4a) which was in plane with the methanato group before 
adduct formation. Table II illustrates the amount of deviation 
from the planes of the said groups and the deviation if highest 
in case of MBDF4 due to better H-bonding interaction. All 
the different substituents of MBDF increases electron density 
at MBDF ring but the +R effect of thiophenyl group in 
MBDF4 is most effective than the +I effect of phenyl and 

naphthyl group. Due to the greater electron density the 
F-atom of –O-(BF2)-O- group becomes more negatively 
charged thus facilitates better electrostatic interaction with 
the N-H protons of TPP. The H-bonding interaction is not in 
agreement with the experimental trend of equilibrium 
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily 
responsible for stability of these complexes. Thiophenyl 
group is more electron rich as compared to the phenyl group 
that facilitates better charge transfer in TPP/MBDF4 
complex. The charge transfer is least in case of MBDF5 due 
the steric effect of naphthyl group. When the donor molecule 
arranges itself parallel to the π-belt region of the acceptor 
molecule only then acceptor should interact strongly with the 
donor molecule. The molecular orbitals of donor and accep-

tor molecules can overlap effectively when they are able to 
approach quite close to each other without much steric 
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in 
the stability of these complexes. TPP/MBDF4 complex is 
favoured by both these interactions and evidently has the 
highest observed equilibrium constant. 

Electronic chemical potential (µ), electrophilicity index (ω) 
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table III. The 
electronic chemical potential (µ) is the index to determine the 
direction of the electronic flux during the charge transfer 
within the system in its ground state (Pérez et al., 2003). 
Higher electronic chemical potential (µ) of TPP than MBDF 
derivatives indicates that charge transfer occurs from TPP to 

MBDFs. The global electrophilicity index (ω) (Pérez et al., 
2003; Chattaraj et al., 2006) measures the stabilization in 
energy when the system acquires an additional electronic 
charge (ΔN) from the environment.  Those molecules are 
considered as strong electrophiles for which ω > 1.5 eV.  
Electrophilicity indexes (ω) of MBDF derivatives are way 
better than 1.5 eV. Thus, they serve as good acceptor during 
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPP is 4.55 
eV. N > 3.0 eV are said to be strong nucleophiles and thus 
TPP acts as a donor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood 
by analyzing the interaction between the frontier molecular 

orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor. 
MPW1PW91/6-31G level of density functional theory was 
employed to study the HOMO-LUMO interactions. Fig. 5 
illustrates that the HOMO of the complexes resides primar-
ily on TPP while LUMO is located on the acceptor MBDF2 
moiety, mostly. This has reasonably substantiated the 
direction of electron flow in the EDA (electron donor 
acceptor) complex with the electron rich TPP and electron 
deficient MBDFs. Hence, the frontier molecular orbital 
picture illustrates a pictorial description of charge transfer 
interaction which occurs between haloborane MBDF and 
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability 
with TPP significantly. All the three MBDFs form stable 
absorption isosbestic on titrating with TPP. DFT based 
geometry optimization and conformational analysis, 
frontier molecular orbital calculation and electrochemical 
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding, 
charge transfer and steric congestion effectively determine 
the binding ability as evident from the fact that the 
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has 
the highest equilibrium constant.
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Table II.  Parameters of the optimized ground state geometry of the adducts

System 

Angles H bond distance 
(Å) 

distance (Å) of H atom of 
N-H1 moiety with the 

plane  of porphyrin ring 
N-H moiety 

with plane  of 
porphyrin ring 

B-F moiety with 
methanato ring N-H1 N-H2 

TPP/MBDF2 12.51º 33.23 º 2.228 2.237 0.561 

TPP/MBDF4 13.15 º 34.19 º 2.229 2.241 0.640 

TPP/MBDF5 11.60 º 32.89 º 2.249 2.258 0.554 

Table III. HOMO-LUMO energy parameters (electrochemical indices) of the molecules

Moiety 

Electronic 
chemical 

Potential (µ) 
(eV) 

Global 
electrophilicity 

index (ω)  
(eV) 

Global 
nucleophilicity 

index (N)  
(eV) 

TPP -3.56 2.31 4.55 

MBDF2 -5.10 3.34 2.44 

MBDF4 -5.10 3.54 2.54 

MBDF5 -4.83 3.45 2.97 
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The H-bond formation between fluorine of BF3 and -NH 
protons of porphyrin was also confirmed by Mohajer et 
al., 2004  in the adduct of BF3 and free base porphyrin. In 
the complex of methanatoboron difluoride (MBDF) and 
Cu-phthalocyanine non-covalent electrostatic interaction 
was confirmed by our group (Pal et al., 2017). 

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and 
MBDF derivatives (Fig. 1) in ground state have been 
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported 
by Monte Carlo simulation and density functional theory 
(DFT) based computation via reactivity indices and 
frontier molecular orbital (FMO) descriptors. Our group 
had previously studied the effect of substituents at 
porphyrin moiety in TPP and MBDF supramolecular 
interaction (Pal et al., 2016).  The study of the effect of 
substitution at MBDF moiety enriches the exploration of 
supramolecular interaction between TPP and MBDF. The 
trend in equilibrium constant by varying substituent in 
both the moieties firmly establishes the interaction type 
viz., charge transfer and H-bonding as well. The need for 
global minima search among several local minima is 
accomplished here by Monte Carlo simulation which 
lacks in our former study. As compared to our previous 
study the use electrochemical indices plays vital role in 
establishing the direction of charge flow in this work 
and may be used as a tool for studying these types of 
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic 
grade from Merck, India. According to the reported 
techniques the three methanatoboron difluorides (Zhang 
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967) 
used were synthesized. In all the spectral measurements 
the concentration of MBDFs and TPP were taken in the 
range 10−5 and 10−6 M respectively. 

Shimadzu UV 1800 series PC spectrophotometer fitted 
with an electronic temperature controller unit (TCC/240 
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were 
reported with a temperature controlled Hitachi F-7000 
spectrofluorometer. Constant temperature bath (Heto 

Holten, Denmark) was used to control the temperature 
within ± 0.1 K.

Using Spartan’14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were 
executed. Merck molecular force-field calculations were 
implemented by using the Monte Carlo simulation to 
search global minima for all the optimized adducts. 
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was 
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries 
and FMOs for all the free systems and their adducts. 

Results and discussion

Ground state interactions

All the MBDF derivatives exhibit a strong one photon 
absorption (ε > 20,000 M-1 cm-1) in the 350 nm - 450 nm 
range in dichloromethane. This corresponding band is due 
to π→π* transition and the band is somewhat narrow (50 
nm – 75 nm at half-width). Only monomeric species of 
MBDFs are present in this working concentration range 
around 15 µM. This is due to the fact that the absorption 
changes linearly with change in concentration without 
any variation in spectrum. Interaction of substituted 
MBDF systems to the electron rich porphyrin (TPP) was 
examined by visible absorption spectroscopy. Three 
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5) 
were titrated separately with a stock solution of TPP in 
dichloromethane medium. Fig. 2 shows appearance of an 
isosbestic point for all the MBDF systems and intensity of 
maximum absorption of MBDFs reduced by addition of 
the solution of TPP. Table I described the isosbestic points 
in diverse regions of the spectra on interaction of TPP 
with MBDF2, MBDF4 and MBDF5 in dichloromethane. 
Formation of isosbestic point is proof of the existence of 
equilibrium between two absorbing species (Hemdan et 
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the 
respective adduct in dichloromethane. In Fig. 2, on the 
shorter wave length side of all the isosbestic points the 
peaks are corresponding to the strong S0 to S1 absorption 
of MBDFs and on addition of TPP in the solution of 
MBDF the intensity of maximum absorption diminishes 
drastically. And on the other side of the isosbestic point 
the peaks arises due to the formation of adduct of MBDF 
and TPP. The electron density could swing from the 
electron rich TPP to the electron deficient MBDFs and the 

F-atoms of MBDFs can take part in H-bonding with 
pyrrolic N-H protons of the porphyrin.  Thus, this may be 
of electron donor-acceptor, π-stacking and H-bonding 
type interaction. These interactions are well explored and 
supported by theoretical calculations in theoretical analysis 
section.

Determination of equilibrium constants

Benesi–Hildebrand equation (Benesi et al., 1949) of the form 
(eq. 1) was used to determine the equilibrium constant reported 
in Table I corresponding to TPP/MBDF interaction in ground 
state 

where [TPP] is the concentration of the TPP and [MBDF]0 is 
of the MBDF solution respectively, d is the absorbance of the 
newly formed complex and d = [dmix- d0

MBDF- d0
TPP], where dmix, 

d0
MBDF and d0

TPP are the absorbance of the TPP/MBDF mixture, 
the respective methanatoboron difluoride solution  and the 
TPP solution at the same molar concentration present in the 
mixture at the same wavelength against solvent as reference. 
The molar absorptivity ε is that of the complex and K is the 
equilibrium constant of the complex. The Benesi–Hildebrand 
(Benesi et al., 1949) method is an adequate approximation 

and it gives sensible values for equilibrium constant (K), has 
been exploited many measurements. 1:1 molecular complex 
formation between the TPP/MBDF was recognized by the 
linear BH plot at Fig. 3. Pearson's correlation coefficient and 
coefficient of determination (R-square) are 0.99461 and 
0.98772 respectively, indicates a good quality fit. Linear 
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the 
most proficient as compared to the other interacting systems 
in the ground state and the equilibrium constant has the order 
KTPP/MBDF4 > KTPP/MBDF2 > KTPP/MBDF5. The non-covalent 
H-bonding interaction between the F atom of MBDF and 
N-H atom of TPP is the strongest in case of TPP/MBDF4 
system. The electron density at MBDF ring increases drasti-
cally due to the +R effect of the thiophenyl group in MBDF4 
which facilities strongest interaction among the others. On 
the other hand, the naphthyl substituted MBDF5 has the 
lowest binding constant due to predominant steric effect of 
the naphthyl group. 

Theoretical analysis 

Monte Carlo conformational search protocol (Chang et al., 
1989; Kong et al., 2000) was used for these complexes. 
Density based geometry optimization calculations of the 
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waals, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000; 
Bhasikuttan et al., 2007). It is well known that all the 
optimization methods employing quantum and semi 
classical calculations find the local minima or transition 
structures near to the starting structure. However, DFT 
based calculations have disadvantages related to the best 
choice of functional for the system of interest. Many DFT 
methods provide poor result for weakly-bound intermolec-
ular complexes and hydrogen bonded systems (Sholl and 
Steckel 2011).  The conformational analysis is done for the 
global minimum among several local minima and energy 
barriers. Monte Carlo protocol (Chang et al., 1989) is a 
well-established tool for conformational global minima 
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong 
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these 
complexes were accomplished by molecular mechanics 
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G 
level of DFT. Fig. 4 presents optimised geometries of the 
three complexes.

There is a possibility of hydrogen bonding between the N-H 
protons of porphyrin moiety and B-F fluorine of MBDFs 
which is in close proximity to each other. In the free State the 
N-H protons are in a same plane with the porphyrin core. But 
in the complex the N-H protons go out of plane towards the 
F-atom of MBDFs which is adjacent to the porphyrin core 
and is with in H-bonding distance. Whereas the –O-(BF2)-O- 
group also goes out of plane towards the pyrrolic proton (Fig. 
4a) which was in plane with the methanato group before 
adduct formation. Table II illustrates the amount of deviation 
from the planes of the said groups and the deviation if highest 
in case of MBDF4 due to better H-bonding interaction. All 
the different substituents of MBDF increases electron density 
at MBDF ring but the +R effect of thiophenyl group in 
MBDF4 is most effective than the +I effect of phenyl and 

naphthyl group. Due to the greater electron density the 
F-atom of –O-(BF2)-O- group becomes more negatively 
charged thus facilitates better electrostatic interaction with 
the N-H protons of TPP. The H-bonding interaction is not in 
agreement with the experimental trend of equilibrium 
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily 
responsible for stability of these complexes. Thiophenyl 
group is more electron rich as compared to the phenyl group 
that facilitates better charge transfer in TPP/MBDF4 
complex. The charge transfer is least in case of MBDF5 due 
the steric effect of naphthyl group. When the donor molecule 
arranges itself parallel to the π-belt region of the acceptor 
molecule only then acceptor should interact strongly with the 
donor molecule. The molecular orbitals of donor and accep-

tor molecules can overlap effectively when they are able to 
approach quite close to each other without much steric 
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in 
the stability of these complexes. TPP/MBDF4 complex is 
favoured by both these interactions and evidently has the 
highest observed equilibrium constant. 

Electronic chemical potential (µ), electrophilicity index (ω) 
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table III. The 
electronic chemical potential (µ) is the index to determine the 
direction of the electronic flux during the charge transfer 
within the system in its ground state (Pérez et al., 2003). 
Higher electronic chemical potential (µ) of TPP than MBDF 
derivatives indicates that charge transfer occurs from TPP to 

MBDFs. The global electrophilicity index (ω) (Pérez et al., 
2003; Chattaraj et al., 2006) measures the stabilization in 
energy when the system acquires an additional electronic 
charge (ΔN) from the environment.  Those molecules are 
considered as strong electrophiles for which ω > 1.5 eV.  
Electrophilicity indexes (ω) of MBDF derivatives are way 
better than 1.5 eV. Thus, they serve as good acceptor during 
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPP is 4.55 
eV. N > 3.0 eV are said to be strong nucleophiles and thus 
TPP acts as a donor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood 
by analyzing the interaction between the frontier molecular 

orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor. 
MPW1PW91/6-31G level of density functional theory was 
employed to study the HOMO-LUMO interactions. Fig. 5 
illustrates that the HOMO of the complexes resides primar-
ily on TPP while LUMO is located on the acceptor MBDF2 
moiety, mostly. This has reasonably substantiated the 
direction of electron flow in the EDA (electron donor 
acceptor) complex with the electron rich TPP and electron 
deficient MBDFs. Hence, the frontier molecular orbital 
picture illustrates a pictorial description of charge transfer 
interaction which occurs between haloborane MBDF and 
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability 
with TPP significantly. All the three MBDFs form stable 
absorption isosbestic on titrating with TPP. DFT based 
geometry optimization and conformational analysis, 
frontier molecular orbital calculation and electrochemical 
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding, 
charge transfer and steric congestion effectively determine 
the binding ability as evident from the fact that the 
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has 
the highest equilibrium constant.
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The H-bond formation between fluorine of BF3 and -NH 
protons of porphyrin was also confirmed by Mohajer et 
al., 2004  in the adduct of BF3 and free base porphyrin. In 
the complex of methanatoboron difluoride (MBDF) and 
Cu-phthalocyanine non-covalent electrostatic interaction 
was confirmed by our group (Pal et al., 2017). 

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and 
MBDF derivatives (Fig. 1) in ground state have been 
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported 
by Monte Carlo simulation and density functional theory 
(DFT) based computation via reactivity indices and 
frontier molecular orbital (FMO) descriptors. Our group 
had previously studied the effect of substituents at 
porphyrin moiety in TPP and MBDF supramolecular 
interaction (Pal et al., 2016).  The study of the effect of 
substitution at MBDF moiety enriches the exploration of 
supramolecular interaction between TPP and MBDF. The 
trend in equilibrium constant by varying substituent in 
both the moieties firmly establishes the interaction type 
viz., charge transfer and H-bonding as well. The need for 
global minima search among several local minima is 
accomplished here by Monte Carlo simulation which 
lacks in our former study. As compared to our previous 
study the use electrochemical indices plays vital role in 
establishing the direction of charge flow in this work 
and may be used as a tool for studying these types of 
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic 
grade from Merck, India. According to the reported 
techniques the three methanatoboron difluorides (Zhang 
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967) 
used were synthesized. In all the spectral measurements 
the concentration of MBDFs and TPP were taken in the 
range 10−5 and 10−6 M respectively. 

Shimadzu UV 1800 series PC spectrophotometer fitted 
with an electronic temperature controller unit (TCC/240 
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were 
reported with a temperature controlled Hitachi F-7000 
spectrofluorometer. Constant temperature bath (Heto 

Holten, Denmark) was used to control the temperature 
within ± 0.1 K.

Using Spartan’14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were 
executed. Merck molecular force-field calculations were 
implemented by using the Monte Carlo simulation to 
search global minima for all the optimized adducts. 
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was 
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries 
and FMOs for all the free systems and their adducts. 

Results and discussion

Ground state interactions

All the MBDF derivatives exhibit a strong one photon 
absorption (ε > 20,000 M-1 cm-1) in the 350 nm - 450 nm 
range in dichloromethane. This corresponding band is due 
to π→π* transition and the band is somewhat narrow (50 
nm – 75 nm at half-width). Only monomeric species of 
MBDFs are present in this working concentration range 
around 15 µM. This is due to the fact that the absorption 
changes linearly with change in concentration without 
any variation in spectrum. Interaction of substituted 
MBDF systems to the electron rich porphyrin (TPP) was 
examined by visible absorption spectroscopy. Three 
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5) 
were titrated separately with a stock solution of TPP in 
dichloromethane medium. Fig. 2 shows appearance of an 
isosbestic point for all the MBDF systems and intensity of 
maximum absorption of MBDFs reduced by addition of 
the solution of TPP. Table I described the isosbestic points 
in diverse regions of the spectra on interaction of TPP 
with MBDF2, MBDF4 and MBDF5 in dichloromethane. 
Formation of isosbestic point is proof of the existence of 
equilibrium between two absorbing species (Hemdan et 
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the 
respective adduct in dichloromethane. In Fig. 2, on the 
shorter wave length side of all the isosbestic points the 
peaks are corresponding to the strong S0 to S1 absorption 
of MBDFs and on addition of TPP in the solution of 
MBDF the intensity of maximum absorption diminishes 
drastically. And on the other side of the isosbestic point 
the peaks arises due to the formation of adduct of MBDF 
and TPP. The electron density could swing from the 
electron rich TPP to the electron deficient MBDFs and the 

F-atoms of MBDFs can take part in H-bonding with 
pyrrolic N-H protons of the porphyrin.  Thus, this may be 
of electron donor-acceptor, π-stacking and H-bonding 
type interaction. These interactions are well explored and 
supported by theoretical calculations in theoretical analysis 
section.

Determination of equilibrium constants

Benesi–Hildebrand equation (Benesi et al., 1949) of the form 
(eq. 1) was used to determine the equilibrium constant reported 
in Table I corresponding to TPP/MBDF interaction in ground 
state 

where [TPP] is the concentration of the TPP and [MBDF]0 is 
of the MBDF solution respectively, d is the absorbance of the 
newly formed complex and d = [dmix- d0

MBDF- d0
TPP], where dmix, 

d0
MBDF and d0

TPP are the absorbance of the TPP/MBDF mixture, 
the respective methanatoboron difluoride solution  and the 
TPP solution at the same molar concentration present in the 
mixture at the same wavelength against solvent as reference. 
The molar absorptivity ε is that of the complex and K is the 
equilibrium constant of the complex. The Benesi–Hildebrand 
(Benesi et al., 1949) method is an adequate approximation 

and it gives sensible values for equilibrium constant (K), has 
been exploited many measurements. 1:1 molecular complex 
formation between the TPP/MBDF was recognized by the 
linear BH plot at Fig. 3. Pearson's correlation coefficient and 
coefficient of determination (R-square) are 0.99461 and 
0.98772 respectively, indicates a good quality fit. Linear 
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the 
most proficient as compared to the other interacting systems 
in the ground state and the equilibrium constant has the order 
KTPP/MBDF4 > KTPP/MBDF2 > KTPP/MBDF5. The non-covalent 
H-bonding interaction between the F atom of MBDF and 
N-H atom of TPP is the strongest in case of TPP/MBDF4 
system. The electron density at MBDF ring increases drasti-
cally due to the +R effect of the thiophenyl group in MBDF4 
which facilities strongest interaction among the others. On 
the other hand, the naphthyl substituted MBDF5 has the 
lowest binding constant due to predominant steric effect of 
the naphthyl group. 

Theoretical analysis 

Monte Carlo conformational search protocol (Chang et al., 
1989; Kong et al., 2000) was used for these complexes. 
Density based geometry optimization calculations of the 
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waals, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000; 
Bhasikuttan et al., 2007). It is well known that all the 
optimization methods employing quantum and semi 
classical calculations find the local minima or transition 
structures near to the starting structure. However, DFT 
based calculations have disadvantages related to the best 
choice of functional for the system of interest. Many DFT 
methods provide poor result for weakly-bound intermolec-
ular complexes and hydrogen bonded systems (Sholl and 
Steckel 2011).  The conformational analysis is done for the 
global minimum among several local minima and energy 
barriers. Monte Carlo protocol (Chang et al., 1989) is a 
well-established tool for conformational global minima 
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong 
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these 
complexes were accomplished by molecular mechanics 
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G 
level of DFT. Fig. 4 presents optimised geometries of the 
three complexes.

There is a possibility of hydrogen bonding between the N-H 
protons of porphyrin moiety and B-F fluorine of MBDFs 
which is in close proximity to each other. In the free State the 
N-H protons are in a same plane with the porphyrin core. But 
in the complex the N-H protons go out of plane towards the 
F-atom of MBDFs which is adjacent to the porphyrin core 
and is with in H-bonding distance. Whereas the –O-(BF2)-O- 
group also goes out of plane towards the pyrrolic proton (Fig. 
4a) which was in plane with the methanato group before 
adduct formation. Table II illustrates the amount of deviation 
from the planes of the said groups and the deviation if highest 
in case of MBDF4 due to better H-bonding interaction. All 
the different substituents of MBDF increases electron density 
at MBDF ring but the +R effect of thiophenyl group in 
MBDF4 is most effective than the +I effect of phenyl and 

naphthyl group. Due to the greater electron density the 
F-atom of –O-(BF2)-O- group becomes more negatively 
charged thus facilitates better electrostatic interaction with 
the N-H protons of TPP. The H-bonding interaction is not in 
agreement with the experimental trend of equilibrium 
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily 
responsible for stability of these complexes. Thiophenyl 
group is more electron rich as compared to the phenyl group 
that facilitates better charge transfer in TPP/MBDF4 
complex. The charge transfer is least in case of MBDF5 due 
the steric effect of naphthyl group. When the donor molecule 
arranges itself parallel to the π-belt region of the acceptor 
molecule only then acceptor should interact strongly with the 
donor molecule. The molecular orbitals of donor and accep-

tor molecules can overlap effectively when they are able to 
approach quite close to each other without much steric 
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in 
the stability of these complexes. TPP/MBDF4 complex is 
favoured by both these interactions and evidently has the 
highest observed equilibrium constant. 

Electronic chemical potential (µ), electrophilicity index (ω) 
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table III. The 
electronic chemical potential (µ) is the index to determine the 
direction of the electronic flux during the charge transfer 
within the system in its ground state (Pérez et al., 2003). 
Higher electronic chemical potential (µ) of TPP than MBDF 
derivatives indicates that charge transfer occurs from TPP to 

MBDFs. The global electrophilicity index (ω) (Pérez et al., 
2003; Chattaraj et al., 2006) measures the stabilization in 
energy when the system acquires an additional electronic 
charge (ΔN) from the environment.  Those molecules are 
considered as strong electrophiles for which ω > 1.5 eV.  
Electrophilicity indexes (ω) of MBDF derivatives are way 
better than 1.5 eV. Thus, they serve as good acceptor during 
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPP is 4.55 
eV. N > 3.0 eV are said to be strong nucleophiles and thus 
TPP acts as a donor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood 
by analyzing the interaction between the frontier molecular 

orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor. 
MPW1PW91/6-31G level of density functional theory was 
employed to study the HOMO-LUMO interactions. Fig. 5 
illustrates that the HOMO of the complexes resides primar-
ily on TPP while LUMO is located on the acceptor MBDF2 
moiety, mostly. This has reasonably substantiated the 
direction of electron flow in the EDA (electron donor 
acceptor) complex with the electron rich TPP and electron 
deficient MBDFs. Hence, the frontier molecular orbital 
picture illustrates a pictorial description of charge transfer 
interaction which occurs between haloborane MBDF and 
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability 
with TPP significantly. All the three MBDFs form stable 
absorption isosbestic on titrating with TPP. DFT based 
geometry optimization and conformational analysis, 
frontier molecular orbital calculation and electrochemical 
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding, 
charge transfer and steric congestion effectively determine 
the binding ability as evident from the fact that the 
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has 
the highest equilibrium constant.

Acknowledgements 

The University of Burdwan, WB is acknowledged for giving 
the opportunity to collect experimental data. Author is very 
thankful to Dr. Tandrima Chaudhuri for her valuable sugges-
tions in this work. 

Declaration of Competing Interest

The author declared no conflict of interests.

References

Adler AD, Longo FR, Finarelli JD, Goldmacher J, Assour 
J and Korsakoff L (1967), A simplified synthesis for 
meso-tetraphenylporphine, J. Org. Chem. 32(2): 
476-476. DOI:https://doi.org/10.1021/jo01288a053

Badjić JD, Nelson A, Cantrill SJ, Turnbull WB and Stod-
dart JF (2005), Multivalency and cooperativity in 
supramolecular chemistry, Acc. Chem. Res. 38(9): 
723-732.  DOI:https://doi.org/10.1021/ar040223k

Belcher WJ, Boyd PD, Brothers PJ, Liddell MJ and Rick-
ard CE (1994), New coordination mode for the 
porphyrin ligand in the boron porphyrin complex 
B2OF2 (TTP), J. Am. Chem. Soc, 116(18): 
8416-8417. DOI: h t t p s : / / d o i . o r g / 1 0 . 1 0 2 1 / -
ja00097a079

Benesi HA and Hildebrand JH (1949), A spectrophoto-
metric investigation of the interaction of iodine 
with aromatic hydrocarbons, J. Am. Chem. Soc. 
71(8): 2703-2707.  DOI:https://doi.org/10.1021/-
ja01176a030

Bhasikuttan AC, Mohanty J, Nau WM and Pal H (2007), 
Efficient Fluorescence Enhancement and Coopera-
tive Binding of an Organic Dye in a Supra‐biomo-
lecular Host–Protein Assembly, Angew. Chem. 
119(22): 4198-4200.  DOI: https:// doi.org /10. 
1002/ange. 200604757

Brothers PJ (2000), Organometallic chemistry of transi-
tion metal porphyrin complexes, Advances in Orga-
nometallic Chemistry, Elesevier 46: 223-321. DOI: 
https://doi.org/10.1016/S0065-3055(00)46005-3

Brothers PJ (2001), Organoelement Chemistry of Main 
Group Porphyrin Complexes, Advances in Organo-
metallic Chemistry, Elesevier 48: 289-342.

Brothers PJ (2008), Boron complexes of porphyrins and 
related polypyrrole ligands: unexpected chemistry 
for both boron and the porphyrin, Chem. Commun 
(18): 2090-2102. DOI: https://doi.org/10. 
1039/B714894A

Cantrill SJ, Pease AR and Stoddart JF (2000), A molecu-
lar meccano kit, J. Chem. Soc., Dalton trans. (21): 
3715-3734. DOI: https://doi.org/10.1039/B003769I

Chang G, Guida WC and Still WC (1989), An internal-co-
ordinate Monte Carlo method for searching confor-
mational space, J. Am. Chem. Soc. 111(12): 
4379-4386.   DOI:https://doi.org/10.1021/-
ja00194a035

Chattaraj, PK, Sarkar U and Roy DR (2006), Electro-
philicity index, Chem. Rev. 106(6): 2065-2091. 
DOI: https://doi.org/10.1021/cr078014b

Chaudhuri T, Nath S, Chattopadhyay S, Banerjee M and 
Nayak SK (2010), Supramolecular interactions of 
meso-tetra-2-chlorophenylporphyrin with 
fullerenes: A luminescence study, J. Lumin. 130(3): 
507-511. DOI: https://doi.org/10.1016/j.jlu-
min.2009.10.022

Chen J, Zhu Y and Kaskel S (2021), Porphyrin‐Based 
Metal–Organic Frameworks for Biomedical Appli-
cations, Angew. Chem. Int. Ed. 60(10): 5010-5035. 
 DOI:https://doi.org/10.1002/anie.201909880

Domingo LR, Chamorro E and Pérez P (2008), Under-
standing the reactivity of captodative ethylenes in 
polar cycloaddition reactions: A theoretical study, J. 
Org. Chem. 73(12): 4615-4624. DOI: https://-
doi.org/10.1021/jo800572a

Drain CM, Varotto A and Radivojevic I (2009), Self-or-
ganized porphyrinic materials, Chem. Rev. 109(5): 
1630-1658. DOI:  https:// doi.org/ 10.1021/ 
cr8002483

Hemdan S, Mansour A and Ali F (2019). Importance of 
isosbestic point in spectroscopy: A review. 62: 1-21. 
DOI: 10.37376/1571-000-062-004.

Kadish KM, Smith KM and Guilard R (2011), The porphy-
rin handbook, (Academic Press, USA) 2011, 17: 
1-20.

Kalyanasundaram K, Vlachopoulos N, Krishnan V, Mon-
nier A and Graetzel, M (1987), Sensitization of 
titanium dioxide in the visible light region using 
zinc porphyrins, J. Phys. Chem. 91(9): 2342-2347. 
DOI: https://doi.org/10.1021/j100293a027

Kong J, White CA, Krylov AI, Sherrill D, Adamson RD, 
Furlani TR, ... and Pople JA (2000), Q‐Chem 2.0: 
a high‐performance ab initio electronic structure 
program package, J. Comput. Chem. 21(16): 
1532-1548.   DOI: 10.1002/1096987X(200012) 
21:16%3C1532::AIDJCC10%3E3.0.CO;2-W

Loewe RS, Tomizaki KY, Youngblood WJ, Bo Z and Lind-
sey, J. S. (2002), Synthesis of perylene–porphyrin 
building blocks and rod-like oligomers for light-har-
vesting applications, J. Mater. Chem. 12(12): 
3438-3451.   DOI: https:// doi.org/ 10.1039/ 
B205680A

Mohajer D, Zakavi S, Rayati S, Zahedi M, Safari N, 
Khavasi HR and Shahbazian S (2004),Unique 1∶2 
adduct formation of meso-tetraarylporphyrins and 
meso-tetraalkylporphyrins with BF3: a spectroscopic 
and ab initio study, New J. Chem. 28(12): 
1600-1607. DOI: https://doi.org/10.1039/B407529C

Mulder A, Huskens J and Reinhoudt DN (2004), Multiva-
lency in supramolecular chemistry and nanofabrica-
tion, Org. Biomol. Chem. 2(23): 3409-3424.   
DOI:https://doi.org/10.1039/B413971B

Ni CL, Abdalmuhdi I, Chang CK and Anson FC (1987), 
Behavior of four anthracene-linked dimeric metal-
loporphyrins as electrocatalysts for the reduction of 
dioxygen, J. Phys. Chem. 91(5): 1158-1166. DOI: 
https://doi.org/10.1021/j100289a028

Pal C, Chaudhuri T, Chattopdhyay S and Banerjee M 
(2017), Non-covalent interaction between Cu-phtha-
locyanine and methanato borondifluoride deriva-
tives in two different medium, J. Mol. Struct. 1133: 
95-100.   DOI:ht tps: / /doi .org/10.1016/j .mol-
struc.2016.11.079

Pal C, Chaudhuri T, Nayak SK and Banerjee M (2016), 
Chemical physics of non-covalent interaction 
between tetraphenylporphyrin and (dibenzoylmeth-
anato) borondifluoride in methylene chloride, J. 
Indian Chem. Soc. 93(9): 1095-1102. DOI:10.5281/ 
zendo.5639437

Pérez P, Domingo LR, Aurell MJ and Contreras R (2003), 
Quantitative characterization of the global electro-
philicity pattern of some reagents involved in 1, 
3-dipolar cycloaddition reactions, Tetrahedron 
59(17): 3117-3125.  DOI: https:// doi.org/10.1016/ 
S0040-4020(03)00374-0

Sholl D and Steckel JA (2011), Density functional theory: 
a practical introduction, (John Wiley & Sons, Inc., 
New Jersey) 2009, pp 1-256

Villari V, Mineo P, Scamporrino E and Micali N (2012), 
Role of the hydrogen-bond in porphyrin J-aggre-
gates, RSC Adv. 2(33): 12989-12998. DOI: https://-
doi. org/10. 1039/C2RA22260D

Wu Y, Liu JC, Li RZ and Ci CG (2021), Different Metal 
Upper Porphyrin Based Self-Assembly Sensitizers 

for Application in Efficient Dye-Sensitized Solar 
Cells, Available at SSRN 3906184. DOI: https://-
doi.org/10.1016/j.poly.2021.115573

Yeo H, Tanaka K and Chujo Y (2017), Construction and 
properties of a light-harvesting antenna system for 
phosphorescent materials based on oligofluo-
rene-tethered Pt–porphyrins, RSC adv. 7(18): 
10869-10874.   DOI: https:// doi.org/ 10.1039/ 
C6RA28735B

Zhang X, Li ZC, Xu N, Li KB, Lin S, Lu FZ and Li FM 
(2006), β-Diketones bearing electron-donating 
chromophores and a novel β-triketone: synthesis and 
reversible fluorescence behaviour, Tetrahedron lett. 
47(15): 2623-2626.  DOI: https:// doi.org/ 10.1016/-
j.tetlet.2006.02.019



The H-bond formation between fluorine of BF3 and -NH 
protons of porphyrin was also confirmed by Mohajer et 
al., 2004  in the adduct of BF3 and free base porphyrin. In 
the complex of methanatoboron difluoride (MBDF) and 
Cu-phthalocyanine non-covalent electrostatic interaction 
was confirmed by our group (Pal et al., 2017). 

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and 
MBDF derivatives (Fig. 1) in ground state have been 
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported 
by Monte Carlo simulation and density functional theory 
(DFT) based computation via reactivity indices and 
frontier molecular orbital (FMO) descriptors. Our group 
had previously studied the effect of substituents at 
porphyrin moiety in TPP and MBDF supramolecular 
interaction (Pal et al., 2016).  The study of the effect of 
substitution at MBDF moiety enriches the exploration of 
supramolecular interaction between TPP and MBDF. The 
trend in equilibrium constant by varying substituent in 
both the moieties firmly establishes the interaction type 
viz., charge transfer and H-bonding as well. The need for 
global minima search among several local minima is 
accomplished here by Monte Carlo simulation which 
lacks in our former study. As compared to our previous 
study the use electrochemical indices plays vital role in 
establishing the direction of charge flow in this work 
and may be used as a tool for studying these types of 
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic 
grade from Merck, India. According to the reported 
techniques the three methanatoboron difluorides (Zhang 
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967) 
used were synthesized. In all the spectral measurements 
the concentration of MBDFs and TPP were taken in the 
range 10−5 and 10−6 M respectively. 

Shimadzu UV 1800 series PC spectrophotometer fitted 
with an electronic temperature controller unit (TCC/240 
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were 
reported with a temperature controlled Hitachi F-7000 
spectrofluorometer. Constant temperature bath (Heto 

Holten, Denmark) was used to control the temperature 
within ± 0.1 K.

Using Spartan’14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were 
executed. Merck molecular force-field calculations were 
implemented by using the Monte Carlo simulation to 
search global minima for all the optimized adducts. 
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was 
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries 
and FMOs for all the free systems and their adducts. 

Results and discussion

Ground state interactions

All the MBDF derivatives exhibit a strong one photon 
absorption (ε > 20,000 M-1 cm-1) in the 350 nm - 450 nm 
range in dichloromethane. This corresponding band is due 
to π→π* transition and the band is somewhat narrow (50 
nm – 75 nm at half-width). Only monomeric species of 
MBDFs are present in this working concentration range 
around 15 µM. This is due to the fact that the absorption 
changes linearly with change in concentration without 
any variation in spectrum. Interaction of substituted 
MBDF systems to the electron rich porphyrin (TPP) was 
examined by visible absorption spectroscopy. Three 
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5) 
were titrated separately with a stock solution of TPP in 
dichloromethane medium. Fig. 2 shows appearance of an 
isosbestic point for all the MBDF systems and intensity of 
maximum absorption of MBDFs reduced by addition of 
the solution of TPP. Table I described the isosbestic points 
in diverse regions of the spectra on interaction of TPP 
with MBDF2, MBDF4 and MBDF5 in dichloromethane. 
Formation of isosbestic point is proof of the existence of 
equilibrium between two absorbing species (Hemdan et 
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the 
respective adduct in dichloromethane. In Fig. 2, on the 
shorter wave length side of all the isosbestic points the 
peaks are corresponding to the strong S0 to S1 absorption 
of MBDFs and on addition of TPP in the solution of 
MBDF the intensity of maximum absorption diminishes 
drastically. And on the other side of the isosbestic point 
the peaks arises due to the formation of adduct of MBDF 
and TPP. The electron density could swing from the 
electron rich TPP to the electron deficient MBDFs and the 

F-atoms of MBDFs can take part in H-bonding with 
pyrrolic N-H protons of the porphyrin.  Thus, this may be 
of electron donor-acceptor, π-stacking and H-bonding 
type interaction. These interactions are well explored and 
supported by theoretical calculations in theoretical analysis 
section.

Determination of equilibrium constants

Benesi–Hildebrand equation (Benesi et al., 1949) of the form 
(eq. 1) was used to determine the equilibrium constant reported 
in Table I corresponding to TPP/MBDF interaction in ground 
state 

where [TPP] is the concentration of the TPP and [MBDF]0 is 
of the MBDF solution respectively, d is the absorbance of the 
newly formed complex and d = [dmix- d0

MBDF- d0
TPP], where dmix, 

d0
MBDF and d0

TPP are the absorbance of the TPP/MBDF mixture, 
the respective methanatoboron difluoride solution  and the 
TPP solution at the same molar concentration present in the 
mixture at the same wavelength against solvent as reference. 
The molar absorptivity ε is that of the complex and K is the 
equilibrium constant of the complex. The Benesi–Hildebrand 
(Benesi et al., 1949) method is an adequate approximation 

and it gives sensible values for equilibrium constant (K), has 
been exploited many measurements. 1:1 molecular complex 
formation between the TPP/MBDF was recognized by the 
linear BH plot at Fig. 3. Pearson's correlation coefficient and 
coefficient of determination (R-square) are 0.99461 and 
0.98772 respectively, indicates a good quality fit. Linear 
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the 
most proficient as compared to the other interacting systems 
in the ground state and the equilibrium constant has the order 
KTPP/MBDF4 > KTPP/MBDF2 > KTPP/MBDF5. The non-covalent 
H-bonding interaction between the F atom of MBDF and 
N-H atom of TPP is the strongest in case of TPP/MBDF4 
system. The electron density at MBDF ring increases drasti-
cally due to the +R effect of the thiophenyl group in MBDF4 
which facilities strongest interaction among the others. On 
the other hand, the naphthyl substituted MBDF5 has the 
lowest binding constant due to predominant steric effect of 
the naphthyl group. 

Theoretical analysis 

Monte Carlo conformational search protocol (Chang et al., 
1989; Kong et al., 2000) was used for these complexes. 
Density based geometry optimization calculations of the 
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waals, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000; 
Bhasikuttan et al., 2007). It is well known that all the 
optimization methods employing quantum and semi 
classical calculations find the local minima or transition 
structures near to the starting structure. However, DFT 
based calculations have disadvantages related to the best 
choice of functional for the system of interest. Many DFT 
methods provide poor result for weakly-bound intermolec-
ular complexes and hydrogen bonded systems (Sholl and 
Steckel 2011).  The conformational analysis is done for the 
global minimum among several local minima and energy 
barriers. Monte Carlo protocol (Chang et al., 1989) is a 
well-established tool for conformational global minima 
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong 
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these 
complexes were accomplished by molecular mechanics 
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G 
level of DFT. Fig. 4 presents optimised geometries of the 
three complexes.

There is a possibility of hydrogen bonding between the N-H 
protons of porphyrin moiety and B-F fluorine of MBDFs 
which is in close proximity to each other. In the free State the 
N-H protons are in a same plane with the porphyrin core. But 
in the complex the N-H protons go out of plane towards the 
F-atom of MBDFs which is adjacent to the porphyrin core 
and is with in H-bonding distance. Whereas the –O-(BF2)-O- 
group also goes out of plane towards the pyrrolic proton (Fig. 
4a) which was in plane with the methanato group before 
adduct formation. Table II illustrates the amount of deviation 
from the planes of the said groups and the deviation if highest 
in case of MBDF4 due to better H-bonding interaction. All 
the different substituents of MBDF increases electron density 
at MBDF ring but the +R effect of thiophenyl group in 
MBDF4 is most effective than the +I effect of phenyl and 

naphthyl group. Due to the greater electron density the 
F-atom of –O-(BF2)-O- group becomes more negatively 
charged thus facilitates better electrostatic interaction with 
the N-H protons of TPP. The H-bonding interaction is not in 
agreement with the experimental trend of equilibrium 
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily 
responsible for stability of these complexes. Thiophenyl 
group is more electron rich as compared to the phenyl group 
that facilitates better charge transfer in TPP/MBDF4 
complex. The charge transfer is least in case of MBDF5 due 
the steric effect of naphthyl group. When the donor molecule 
arranges itself parallel to the π-belt region of the acceptor 
molecule only then acceptor should interact strongly with the 
donor molecule. The molecular orbitals of donor and accep-

tor molecules can overlap effectively when they are able to 
approach quite close to each other without much steric 
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in 
the stability of these complexes. TPP/MBDF4 complex is 
favoured by both these interactions and evidently has the 
highest observed equilibrium constant. 

Electronic chemical potential (µ), electrophilicity index (ω) 
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table III. The 
electronic chemical potential (µ) is the index to determine the 
direction of the electronic flux during the charge transfer 
within the system in its ground state (Pérez et al., 2003). 
Higher electronic chemical potential (µ) of TPP than MBDF 
derivatives indicates that charge transfer occurs from TPP to 

MBDFs. The global electrophilicity index (ω) (Pérez et al., 
2003; Chattaraj et al., 2006) measures the stabilization in 
energy when the system acquires an additional electronic 
charge (ΔN) from the environment.  Those molecules are 
considered as strong electrophiles for which ω > 1.5 eV.  
Electrophilicity indexes (ω) of MBDF derivatives are way 
better than 1.5 eV. Thus, they serve as good acceptor during 
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPP is 4.55 
eV. N > 3.0 eV are said to be strong nucleophiles and thus 
TPP acts as a donor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood 
by analyzing the interaction between the frontier molecular 

orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor. 
MPW1PW91/6-31G level of density functional theory was 
employed to study the HOMO-LUMO interactions. Fig. 5 
illustrates that the HOMO of the complexes resides primar-
ily on TPP while LUMO is located on the acceptor MBDF2 
moiety, mostly. This has reasonably substantiated the 
direction of electron flow in the EDA (electron donor 
acceptor) complex with the electron rich TPP and electron 
deficient MBDFs. Hence, the frontier molecular orbital 
picture illustrates a pictorial description of charge transfer 
interaction which occurs between haloborane MBDF and 
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability 
with TPP significantly. All the three MBDFs form stable 
absorption isosbestic on titrating with TPP. DFT based 
geometry optimization and conformational analysis, 
frontier molecular orbital calculation and electrochemical 
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding, 
charge transfer and steric congestion effectively determine 
the binding ability as evident from the fact that the 
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has 
the highest equilibrium constant.
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The H-bond formation between fluorine of BF3 and -NH 
protons of porphyrin was also confirmed by Mohajer et 
al., 2004  in the adduct of BF3 and free base porphyrin. In 
the complex of methanatoboron difluoride (MBDF) and 
Cu-phthalocyanine non-covalent electrostatic interaction 
was confirmed by our group (Pal et al., 2017). 

In this communication the effect of substituents at meth-
anatoboron difluoride moiety on the non-covalent supra-
molecular interaction between tetraphenylporphyrin and 
MBDF derivatives (Fig. 1) in ground state have been 
photo-physically investigated. Spectroscopic investiga-
tion of the adducts has been executed and well supported 
by Monte Carlo simulation and density functional theory 
(DFT) based computation via reactivity indices and 
frontier molecular orbital (FMO) descriptors. Our group 
had previously studied the effect of substituents at 
porphyrin moiety in TPP and MBDF supramolecular 
interaction (Pal et al., 2016).  The study of the effect of 
substitution at MBDF moiety enriches the exploration of 
supramolecular interaction between TPP and MBDF. The 
trend in equilibrium constant by varying substituent in 
both the moieties firmly establishes the interaction type 
viz., charge transfer and H-bonding as well. The need for 
global minima search among several local minima is 
accomplished here by Monte Carlo simulation which 
lacks in our former study. As compared to our previous 
study the use electrochemical indices plays vital role in 
establishing the direction of charge flow in this work 
and may be used as a tool for studying these types of 
interactions.

Materials and methods

Dichloromethane was used as solvent of spectroscopic 
grade from Merck, India. According to the reported 
techniques the three methanatoboron difluorides (Zhang 
et al., 2006) and tetraphenylporphyrin (Adler et al. 1967) 
used were synthesized. In all the spectral measurements 
the concentration of MBDFs and TPP were taken in the 
range 10−5 and 10−6 M respectively. 

Shimadzu UV 1800 series PC spectrophotometer fitted 
with an electronic temperature controller unit (TCC/240 
A) was used for absorption (UV/Vis) spectral measure-
ments. The steady state fluorescence spectra were 
reported with a temperature controlled Hitachi F-7000 
spectrofluorometer. Constant temperature bath (Heto 

Holten, Denmark) was used to control the temperature 
within ± 0.1 K.

Using Spartan’14 molecular modelling software of Wave-
function, Inc., USA the computer simulations were 
executed. Merck molecular force-field calculations were 
implemented by using the Monte Carlo simulation to 
search global minima for all the optimized adducts. 
Gaussian 09 (Linux), Gaussian, Inc. (USA), software was 
used for the DFT calculations. MPW1PW91/6-31G func-
tional was used to calculate the single point geometries 
and FMOs for all the free systems and their adducts. 

Results and discussion

Ground state interactions

All the MBDF derivatives exhibit a strong one photon 
absorption (ε > 20,000 M-1 cm-1) in the 350 nm - 450 nm 
range in dichloromethane. This corresponding band is due 
to π→π* transition and the band is somewhat narrow (50 
nm – 75 nm at half-width). Only monomeric species of 
MBDFs are present in this working concentration range 
around 15 µM. This is due to the fact that the absorption 
changes linearly with change in concentration without 
any variation in spectrum. Interaction of substituted 
MBDF systems to the electron rich porphyrin (TPP) was 
examined by visible absorption spectroscopy. Three 
solutions of the MBDFs (MBDF2, MBDF4 and MBDF5) 
were titrated separately with a stock solution of TPP in 
dichloromethane medium. Fig. 2 shows appearance of an 
isosbestic point for all the MBDF systems and intensity of 
maximum absorption of MBDFs reduced by addition of 
the solution of TPP. Table I described the isosbestic points 
in diverse regions of the spectra on interaction of TPP 
with MBDF2, MBDF4 and MBDF5 in dichloromethane. 
Formation of isosbestic point is proof of the existence of 
equilibrium between two absorbing species (Hemdan et 
al., 2019). Thus, in the ground state all the MBDFs inter-
acts with TPP and form stable equilibrium with the 
respective adduct in dichloromethane. In Fig. 2, on the 
shorter wave length side of all the isosbestic points the 
peaks are corresponding to the strong S0 to S1 absorption 
of MBDFs and on addition of TPP in the solution of 
MBDF the intensity of maximum absorption diminishes 
drastically. And on the other side of the isosbestic point 
the peaks arises due to the formation of adduct of MBDF 
and TPP. The electron density could swing from the 
electron rich TPP to the electron deficient MBDFs and the 

F-atoms of MBDFs can take part in H-bonding with 
pyrrolic N-H protons of the porphyrin.  Thus, this may be 
of electron donor-acceptor, π-stacking and H-bonding 
type interaction. These interactions are well explored and 
supported by theoretical calculations in theoretical analysis 
section.

Determination of equilibrium constants

Benesi–Hildebrand equation (Benesi et al., 1949) of the form 
(eq. 1) was used to determine the equilibrium constant reported 
in Table I corresponding to TPP/MBDF interaction in ground 
state 

where [TPP] is the concentration of the TPP and [MBDF]0 is 
of the MBDF solution respectively, d is the absorbance of the 
newly formed complex and d = [dmix- d0

MBDF- d0
TPP], where dmix, 

d0
MBDF and d0

TPP are the absorbance of the TPP/MBDF mixture, 
the respective methanatoboron difluoride solution  and the 
TPP solution at the same molar concentration present in the 
mixture at the same wavelength against solvent as reference. 
The molar absorptivity ε is that of the complex and K is the 
equilibrium constant of the complex. The Benesi–Hildebrand 
(Benesi et al., 1949) method is an adequate approximation 

and it gives sensible values for equilibrium constant (K), has 
been exploited many measurements. 1:1 molecular complex 
formation between the TPP/MBDF was recognized by the 
linear BH plot at Fig. 3. Pearson's correlation coefficient and 
coefficient of determination (R-square) are 0.99461 and 
0.98772 respectively, indicates a good quality fit. Linear 
regression was used to get the intercept and the slope.

The complex formation between TPP and MBDF4 is the 
most proficient as compared to the other interacting systems 
in the ground state and the equilibrium constant has the order 
KTPP/MBDF4 > KTPP/MBDF2 > KTPP/MBDF5. The non-covalent 
H-bonding interaction between the F atom of MBDF and 
N-H atom of TPP is the strongest in case of TPP/MBDF4 
system. The electron density at MBDF ring increases drasti-
cally due to the +R effect of the thiophenyl group in MBDF4 
which facilities strongest interaction among the others. On 
the other hand, the naphthyl substituted MBDF5 has the 
lowest binding constant due to predominant steric effect of 
the naphthyl group. 

Theoretical analysis 

Monte Carlo conformational search protocol (Chang et al., 
1989; Kong et al., 2000) was used for these complexes. 
Density based geometry optimization calculations of the 
adduct structures are mostly used for studying weak inter-
molecular interactions such as CT, van der Waals, H-bond-
ing, and hydrophobic interactions (Cantrill et al., 2000; 
Bhasikuttan et al., 2007). It is well known that all the 
optimization methods employing quantum and semi 
classical calculations find the local minima or transition 
structures near to the starting structure. However, DFT 
based calculations have disadvantages related to the best 
choice of functional for the system of interest. Many DFT 
methods provide poor result for weakly-bound intermolec-
ular complexes and hydrogen bonded systems (Sholl and 
Steckel 2011).  The conformational analysis is done for the 
global minimum among several local minima and energy 
barriers. Monte Carlo protocol (Chang et al., 1989) is a 
well-established tool for conformational global minima 
searching of weakly-bonded adducts and were implement-
ed here based on force-field molecular mechanics (Kong 
et al., 2000), accessible in the Spartan 14 package. Confor-
mational analysis and structural optimization of these 
complexes were accomplished by molecular mechanics 
Monte Carlo simulation and the single point energy calcu-
lations were performed by using MPW1PW91/6-31G 
level of DFT. Fig. 4 presents optimised geometries of the 
three complexes.

There is a possibility of hydrogen bonding between the N-H 
protons of porphyrin moiety and B-F fluorine of MBDFs 
which is in close proximity to each other. In the free State the 
N-H protons are in a same plane with the porphyrin core. But 
in the complex the N-H protons go out of plane towards the 
F-atom of MBDFs which is adjacent to the porphyrin core 
and is with in H-bonding distance. Whereas the –O-(BF2)-O- 
group also goes out of plane towards the pyrrolic proton (Fig. 
4a) which was in plane with the methanato group before 
adduct formation. Table II illustrates the amount of deviation 
from the planes of the said groups and the deviation if highest 
in case of MBDF4 due to better H-bonding interaction. All 
the different substituents of MBDF increases electron density 
at MBDF ring but the +R effect of thiophenyl group in 
MBDF4 is most effective than the +I effect of phenyl and 

naphthyl group. Due to the greater electron density the 
F-atom of –O-(BF2)-O- group becomes more negatively 
charged thus facilitates better electrostatic interaction with 
the N-H protons of TPP. The H-bonding interaction is not in 
agreement with the experimental trend of equilibrium 
constants. The reason for that is not only the hydrogen bond-
ing but the donor to acceptor charge transfer is primarily 
responsible for stability of these complexes. Thiophenyl 
group is more electron rich as compared to the phenyl group 
that facilitates better charge transfer in TPP/MBDF4 
complex. The charge transfer is least in case of MBDF5 due 
the steric effect of naphthyl group. When the donor molecule 
arranges itself parallel to the π-belt region of the acceptor 
molecule only then acceptor should interact strongly with the 
donor molecule. The molecular orbitals of donor and accep-

tor molecules can overlap effectively when they are able to 
approach quite close to each other without much steric 
hindrance. Both electron donor acceptor (EDA) charge trans-
fer interaction and the hydrogen bonding contribute amply in 
the stability of these complexes. TPP/MBDF4 complex is 
favoured by both these interactions and evidently has the 
highest observed equilibrium constant. 

Electronic chemical potential (µ), electrophilicity index (ω) 
and nucleophilicity index (N) of the individual isolated mole-
cules has been calculated and displayed in Table III. The 
electronic chemical potential (µ) is the index to determine the 
direction of the electronic flux during the charge transfer 
within the system in its ground state (Pérez et al., 2003). 
Higher electronic chemical potential (µ) of TPP than MBDF 
derivatives indicates that charge transfer occurs from TPP to 

MBDFs. The global electrophilicity index (ω) (Pérez et al., 
2003; Chattaraj et al., 2006) measures the stabilization in 
energy when the system acquires an additional electronic 
charge (ΔN) from the environment.  Those molecules are 
considered as strong electrophiles for which ω > 1.5 eV.  
Electrophilicity indexes (ω) of MBDF derivatives are way 
better than 1.5 eV. Thus, they serve as good acceptor during 
charge transfer interaction with TPP. The global nucleop-
hilicity (N) index (Domingo et al., 2008) value of TPP is 4.55 
eV. N > 3.0 eV are said to be strong nucleophiles and thus 
TPP acts as a donor during charge transfer.

Frontier molecular orbital interactions

The supramolecular interaction is appropriately understood 
by analyzing the interaction between the frontier molecular 

orbitals (HOMO and LUMO) of the two interacting moie-
ties in the adducts such as the donor and the acceptor. 
MPW1PW91/6-31G level of density functional theory was 
employed to study the HOMO-LUMO interactions. Fig. 5 
illustrates that the HOMO of the complexes resides primar-
ily on TPP while LUMO is located on the acceptor MBDF2 
moiety, mostly. This has reasonably substantiated the 
direction of electron flow in the EDA (electron donor 
acceptor) complex with the electron rich TPP and electron 
deficient MBDFs. Hence, the frontier molecular orbital 
picture illustrates a pictorial description of charge transfer 
interaction which occurs between haloborane MBDF and 
free base TPP.

Conclusion

Substitutions in MBDF moiety affect the binding ability 
with TPP significantly. All the three MBDFs form stable 
absorption isosbestic on titrating with TPP. DFT based 
geometry optimization and conformational analysis, 
frontier molecular orbital calculation and electrochemical 
indices well justifies the experimental finding of forma-
tion of ground state equilibrium. Hydrogen bonding, 
charge transfer and steric congestion effectively determine 
the binding ability as evident from the fact that the 
electron rich substituent in MBDF with less steric conges-
tion favours the binding between TPP and MBDF and has 
the highest equilibrium constant.

Acknowledgements 

The University of Burdwan, WB is acknowledged for giving 
the opportunity to collect experimental data. Author is very 
thankful to Dr. Tandrima Chaudhuri for her valuable sugges-
tions in this work. 

Declaration of Competing Interest

The author declared no conflict of interests.

References

Adler AD, Longo FR, Finarelli JD, Goldmacher J, Assour 
J and Korsakoff L (1967), A simplified synthesis for 
meso-tetraphenylporphine, J. Org. Chem. 32(2): 
476-476. DOI:https://doi.org/10.1021/jo01288a053

Badjić JD, Nelson A, Cantrill SJ, Turnbull WB and Stod-
dart JF (2005), Multivalency and cooperativity in 
supramolecular chemistry, Acc. Chem. Res. 38(9): 
723-732.  DOI:https://doi.org/10.1021/ar040223k

Belcher WJ, Boyd PD, Brothers PJ, Liddell MJ and Rick-
ard CE (1994), New coordination mode for the 
porphyrin ligand in the boron porphyrin complex 
B2OF2 (TTP), J. Am. Chem. Soc, 116(18): 
8416-8417. DOI: h t t p s : / / d o i . o r g / 1 0 . 1 0 2 1 / -
ja00097a079

Benesi HA and Hildebrand JH (1949), A spectrophoto-
metric investigation of the interaction of iodine 
with aromatic hydrocarbons, J. Am. Chem. Soc. 
71(8): 2703-2707.  DOI:https://doi.org/10.1021/-
ja01176a030

Bhasikuttan AC, Mohanty J, Nau WM and Pal H (2007), 
Efficient Fluorescence Enhancement and Coopera-
tive Binding of an Organic Dye in a Supra‐biomo-
lecular Host–Protein Assembly, Angew. Chem. 
119(22): 4198-4200.  DOI: https:// doi.org /10. 
1002/ange. 200604757

Brothers PJ (2000), Organometallic chemistry of transi-
tion metal porphyrin complexes, Advances in Orga-
nometallic Chemistry, Elesevier 46: 223-321. DOI: 
https://doi.org/10.1016/S0065-3055(00)46005-3

Brothers PJ (2001), Organoelement Chemistry of Main 
Group Porphyrin Complexes, Advances in Organo-
metallic Chemistry, Elesevier 48: 289-342.

Brothers PJ (2008), Boron complexes of porphyrins and 
related polypyrrole ligands: unexpected chemistry 
for both boron and the porphyrin, Chem. Commun 
(18): 2090-2102. DOI: https://doi.org/10. 
1039/B714894A

Cantrill SJ, Pease AR and Stoddart JF (2000), A molecu-
lar meccano kit, J. Chem. Soc., Dalton trans. (21): 
3715-3734. DOI: https://doi.org/10.1039/B003769I

Chang G, Guida WC and Still WC (1989), An internal-co-
ordinate Monte Carlo method for searching confor-
mational space, J. Am. Chem. Soc. 111(12): 
4379-4386.   DOI:https://doi.org/10.1021/-
ja00194a035

Chattaraj, PK, Sarkar U and Roy DR (2006), Electro-
philicity index, Chem. Rev. 106(6): 2065-2091. 
DOI: https://doi.org/10.1021/cr078014b

Chaudhuri T, Nath S, Chattopadhyay S, Banerjee M and 
Nayak SK (2010), Supramolecular interactions of 
meso-tetra-2-chlorophenylporphyrin with 
fullerenes: A luminescence study, J. Lumin. 130(3): 
507-511. DOI: https://doi.org/10.1016/j.jlu-
min.2009.10.022

Chen J, Zhu Y and Kaskel S (2021), Porphyrin‐Based 
Metal–Organic Frameworks for Biomedical Appli-
cations, Angew. Chem. Int. Ed. 60(10): 5010-5035. 
 DOI:https://doi.org/10.1002/anie.201909880

Domingo LR, Chamorro E and Pérez P (2008), Under-
standing the reactivity of captodative ethylenes in 
polar cycloaddition reactions: A theoretical study, J. 
Org. Chem. 73(12): 4615-4624. DOI: https://-
doi.org/10.1021/jo800572a

Drain CM, Varotto A and Radivojevic I (2009), Self-or-
ganized porphyrinic materials, Chem. Rev. 109(5): 
1630-1658. DOI:  https:// doi.org/ 10.1021/ 
cr8002483

Hemdan S, Mansour A and Ali F (2019). Importance of 
isosbestic point in spectroscopy: A review. 62: 1-21. 
DOI: 10.37376/1571-000-062-004.

Kadish KM, Smith KM and Guilard R (2011), The porphy-
rin handbook, (Academic Press, USA) 2011, 17: 
1-20.

Kalyanasundaram K, Vlachopoulos N, Krishnan V, Mon-
nier A and Graetzel, M (1987), Sensitization of 
titanium dioxide in the visible light region using 
zinc porphyrins, J. Phys. Chem. 91(9): 2342-2347. 
DOI: https://doi.org/10.1021/j100293a027

Kong J, White CA, Krylov AI, Sherrill D, Adamson RD, 
Furlani TR, ... and Pople JA (2000), Q‐Chem 2.0: 
a high‐performance ab initio electronic structure 
program package, J. Comput. Chem. 21(16): 
1532-1548.   DOI: 10.1002/1096987X(200012) 
21:16%3C1532::AIDJCC10%3E3.0.CO;2-W

Loewe RS, Tomizaki KY, Youngblood WJ, Bo Z and Lind-
sey, J. S. (2002), Synthesis of perylene–porphyrin 
building blocks and rod-like oligomers for light-har-
vesting applications, J. Mater. Chem. 12(12): 
3438-3451.   DOI: https:// doi.org/ 10.1039/ 
B205680A

Mohajer D, Zakavi S, Rayati S, Zahedi M, Safari N, 
Khavasi HR and Shahbazian S (2004),Unique 1∶2 
adduct formation of meso-tetraarylporphyrins and 
meso-tetraalkylporphyrins with BF3: a spectroscopic 
and ab initio study, New J. Chem. 28(12): 
1600-1607. DOI: https://doi.org/10.1039/B407529C

Mulder A, Huskens J and Reinhoudt DN (2004), Multiva-
lency in supramolecular chemistry and nanofabrica-
tion, Org. Biomol. Chem. 2(23): 3409-3424.   
DOI:https://doi.org/10.1039/B413971B

Ni CL, Abdalmuhdi I, Chang CK and Anson FC (1987), 
Behavior of four anthracene-linked dimeric metal-
loporphyrins as electrocatalysts for the reduction of 
dioxygen, J. Phys. Chem. 91(5): 1158-1166. DOI: 
https://doi.org/10.1021/j100289a028

Pal C, Chaudhuri T, Chattopdhyay S and Banerjee M 
(2017), Non-covalent interaction between Cu-phtha-
locyanine and methanato borondifluoride deriva-
tives in two different medium, J. Mol. Struct. 1133: 
95-100.   DOI:ht tps: / /doi .org/10.1016/j .mol-
struc.2016.11.079

Pal C, Chaudhuri T, Nayak SK and Banerjee M (2016), 
Chemical physics of non-covalent interaction 
between tetraphenylporphyrin and (dibenzoylmeth-
anato) borondifluoride in methylene chloride, J. 
Indian Chem. Soc. 93(9): 1095-1102. DOI:10.5281/ 
zendo.5639437

Pérez P, Domingo LR, Aurell MJ and Contreras R (2003), 
Quantitative characterization of the global electro-
philicity pattern of some reagents involved in 1, 
3-dipolar cycloaddition reactions, Tetrahedron 
59(17): 3117-3125.  DOI: https:// doi.org/10.1016/ 
S0040-4020(03)00374-0

Sholl D and Steckel JA (2011), Density functional theory: 
a practical introduction, (John Wiley & Sons, Inc., 
New Jersey) 2009, pp 1-256

Villari V, Mineo P, Scamporrino E and Micali N (2012), 
Role of the hydrogen-bond in porphyrin J-aggre-
gates, RSC Adv. 2(33): 12989-12998. DOI: https://-
doi. org/10. 1039/C2RA22260D

Wu Y, Liu JC, Li RZ and Ci CG (2021), Different Metal 
Upper Porphyrin Based Self-Assembly Sensitizers 

for Application in Efficient Dye-Sensitized Solar 
Cells, Available at SSRN 3906184. DOI: https://-
doi.org/10.1016/j.poly.2021.115573

Yeo H, Tanaka K and Chujo Y (2017), Construction and 
properties of a light-harvesting antenna system for 
phosphorescent materials based on oligofluo-
rene-tethered Pt–porphyrins, RSC adv. 7(18): 
10869-10874.   DOI: https:// doi.org/ 10.1039/ 
C6RA28735B

Zhang X, Li ZC, Xu N, Li KB, Lin S, Lu FZ and Li FM 
(2006), β-Diketones bearing electron-donating 
chromophores and a novel β-triketone: synthesis and 
reversible fluorescence behaviour, Tetrahedron lett. 
47(15): 2623-2626.  DOI: https:// doi.org/ 10.1016/-
j.tetlet.2006.02.019

Effect of substitution of methanatoboron difluoride derivatives 57(3) 2022172


