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The binding ability of Zn-tetraarylporphyrins with two, four and eight 4-carbazolylphenyl-1,2,3-triazole end groups

towards 1,4-diazabicyclo[2.2.2]octane, pyridine and 1,2,3-triazole in toluene was studied by spectrophotometric and 1H

NMR titration. It was determined that due to a good geometric match of the ligand size to the size of the intramolecular

cavities of the porphyrinic receptor, and by the existence of additional p–p and/or hydrogen bonding interactions between

the ligand and the triazole fragments of the porphyrin, the Zn-tetraarylporphyrin with eight 4-carbazolylphenyl-1,2,3-

triazole end groups could be used as an effective receptor for 1,2,3-triazole and other small heterocycles such as pyridine.

Taking into account the fact that binding is accompanied by a clear and easily identifiable response in the UV–vis spectra

of the reaction mixture, this metalloporphyrin could be considered as a molecular optical sensing device for small

heterocyclic substrates.

Keywords: porphyrin; spectrophotometric titration; binding ability; receptor; sensing device

1. Introduction

Metalloporphyrins (MPs) with coordinatively unsaturated

metals cations have the ability to bind organic bases as

additional axial ligands with the formation of porphyrin–

ligand complexes (MP–L) in a 1:1 ratio (1–8).

Upon interaction of Zn-porphyrins with bifunctional

nitrogen-containing ligands (L0 ¼ 1,4-diazabicyclo

[2.2.2]octane (DABCO), piperazine and pyrazine), the

formation of the complexes in a ratio of either 1:1

(ZnPorph–L0) or 2:1 (ZnPorph–L0 –ZnPorph) is poss-

ible (9, 10). Porphyrins containing nitrogen atoms at the

periphery of the macrocycle due to multipoint binding are

able to form linear or cyclic associates, the composition and

structure of which depends on the structure of the

macrocycle (11–13).
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Thus, a number of pyridyl- and imidazolyl-substituted

porphyrins exist in solutions in the form of dimeric

supramolecular complexes [(ZnPy)2 and (ZnIm)2] having a

‘slipped’ orientation (14, 15). The stronger the Zn–NL

bond, the greater the degree of the dimerisation.
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This paper investigates the binding ability of Zn-

tetraarylporphyrins with two (ZnP1), four (ZnP2) and

eight (ZnP3) 4-carbazolylphenyl-1,2,3-triazole end

groups towards DABCO (L1), pyridine (L6) and 1,2,3-

triazole (L9) in toluene. These porphyrins were previously

synthesised (16) as new fluorescent switches and

photoactive devices for the detection of substrates of

different nature.

2. Experimental

The porphyrins ZnP1, ZnP2 and ZnP3 were obtained

using the click reaction (17), using different azide core

porphyrins and carbazole branches prepared in adaptation

of earlier work from our laboratories. The details of the

synthesis will be communicated together with the

forthcoming spectroscopic studies (16). DABCO (L1),

pyridine (L6) and 1,2,3-triazole (L9) from Sigma–Aldrich

were used without further purification. 1H NMR spectra

were recorded on a Bruker VC-500 (500.17 MHz) in

CDCl3 using tetramethylsilane (TMS) as the internal

standard. UV–vis spectra of the porphyrins and their

evolution upon addition of the ligands were measured on a

Carry 100 spectrophotometer and are depicted in Table 1.

The UV–vis absorption spectral studies reveal red-

shifted Soret and visible bands upon addition of the ligands

to a solution of the investigated receptor porphyrins

confirming that the N-containing entity of the ligands

binds to the Zn-cation of the coordination centre of the

tetrapyrrolic macrocycle.

The stability constants of the MP complexes with

the ligands in a ratio of 2:1 (Kassoc.1) and 1:1 (Kassoc.2)

according to the literature (18) were calculated based on

spectrophotometric data at two wavelengths (decreasing

and increasing) using the following relationships (1)

and (2):

Kassoc: 1 ¼
½A2 B2 A�

½A�2�½B�

¼
1

½A�½B�

DAi; l1

DAo; l1

�
DAo; l2

DAi; l2

� �
; M22; ð1Þ

Kassoc: 2 ¼
½A2 B�

½A��½B�

¼
1

½B�

DAi; l1

DAo; l1

�
DAo; l2

DAi; l2

� �
; M21; ð2Þ

where l1 is the decreasing wavelength, l2 is the increasing

wavelength, [A ] is the Zn-porphyrin concentration, [B ] is

the ligand concentration, DAo is the maximal change of the

optical density at the given wavelength and DAi is the

change of the optical density of the solution at a given

wavelength at a given concentration.
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3. Results and discussions

The ability of Zn-porphyrins for axial coordination

depends on the nature and structure of the porphyrinate

itself, the nature of the additional ligand and the

environment in which this process occurs. As seen from

the stability constants of the 1:1 complexes between Zn-

porphyrins and nitrogen-containing bases (Table 2), the

strength of the complexes formed, in general, depends on

the basicity of the additional ligand.

Pyrrole is an NH-acid rather than a base and its binding

ability towards ZnP is the weakest among all the nitrogen-

containing organic heterocycles listed in Table 2.

Introduction into the molecule of a second, much more

basic, azole nitrogen atom greatly increases the ability of

the heterocycle to be coordinated on the Zn-porphyrins,

especially if the second nitrogen atom is substituted at the

b-position of the cycle (the binding constant increases by

two orders of magnitude).

At the same time, the introduction of two extra

nitrogen atoms into the pyrrole molecule only slightly

increases the binding ability of the heterocycle compared

with unsubstituted pyrrole, due to the inductive effect of

the nitrogens on the basicity, as also seen for the pyrazole

molecule.

Chemical modification of the porphyrin macrocycle has

a significant influence on the process of axial coordination

Table 1. UV–vis spectra [lmax, nm (log 1)] of ZnP1, ZnP2 and ZnP3 and their complexes with L1, L6 and L9 in toluene;
CZnPorph. < 1.5 £ 1025 M.

lmax, nm (log 1)

ZnP1 399 (4.57) 418 (5.30) 548 (4.25) –
ZnP1–L1 408 (4.56) 428 (5.29) 563 (4.21) 603 (3.97)
ZnP1–L1–ZnP1 – 423 (5.29) 555 (4.23) 603 (3.83)
ZnP1–L6 – 428 (5.30) 561 (4.21) 602 (3.98)
ZnP1–L9 – 422 (5.30) 559 (4.22) 601 (3.98)
ZnP2 401 (4.50) 424 (5.37) 550 (4.31) –
ZnP2–L1 410 (4.49) 431 (5.36) 562 (4.28) 603 (4.10)
ZnP2–L1–ZnP2 – 427 (5.31) 556 (4.23) 603 (3.93)
ZnP1–L6 – 430 (5.38) 562 (4.26) 602 (4.08)
ZnP2–L9 – 427 (5.37) 561 (4.26) 602 (4.03)
ZnP3 – 418 (5.25) 560 (4.41) 604 (3.84)
ZnP3–L1 – 423 (5.25), 450 (br.) 572 (4.42) 603 (4.19)
ZnP1–L6 – 422 (5.24) 563 (4.49) 612 (4.18)
ZnP3–L9 – 422 (5.23) 565 (4.49) 614 (4.18)

Table 2. Stability constants of 1:1 complexes between the ZnP and the different nitrogen-containing organic molecules in toluene.

Extra ligand Solvent Basicity of a ligand Kassoc. (M21) Literature

DABCO L1 Toluene 10.9 (pKa1) 190,000 (19)
Piperidine L2 Toluene 11.3 (pKa) 80,900 (4)
Piperazine L3 Toluene 9.9 (pKa1) 80,000 (19)
Ethylenediamine L4 Toluene 9.6 (pKa1) 26,000 (19)
Imidazole L5 Toluene 6.9 (pKa) 24,000 (4)
Pyridine L6 CHCl3 5.2 (pKa) 5800 (4)

2525 (19)
Pyrazole L7 CHCl3 2.5 (pKa) 1500 (19)
Pyrazine L8 Toluene 0.6 (pKa1) 980 (19)
1,2,3-Triazole L9 Toluene – 480
Pyrrole L10 Toluene 22 (pKa) 200 (4)

Note: The error in determining the stability constants was 5–7%.
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if a change of electron density on the nitrogen atoms and of

the charge of the Zn2þ cation in the coordination centre of

the macrocycle occurs. Introduction of bulky substituents

into the porphyrin macrocycle, in most cases, reduces the

ability of Zn-porphyrins to coordinate additional axial

ligands. Firstly, the presence of bulky substituents usually

leads to a deformation of the macrocycle, which results in a

decrease in charge on the cation Zn2þ(6–8). Secondly, the

bulky substituents may block the reaction centre of the

tetrapyrrole macrocycle.

In this work, we have studied the ability of Zn-

tetraarylporphyrins with two (ZnP1), four (ZnP2) and

eight (ZnP3) 4-carbazolylphenyl-1,2,3-triazole end

groups for self-aggregation and their binding ability

towards DABCO (L1), pyridine (L6) and 1,2,3-triazole

(L9) (Table 3). Since these porphyrins contain triazole

fragments, there is a possibility of formation of porphyrin

dimers or polymers through multipoint binding of the

molecules (Figure 1). To clear up the matter, the binding

ability of ZnP1, ZnP2 and ZnP3 towards L9 has been

studied.

Initially, we studied the complexation of L9 with the

model porphyrinic system (ZnP) which does not contain

any triazole fragments. The study of the complexation of

ZnP with L9 by spectrophotometric titration showed that

over a wide concentration range of the ligand

(CL9 ¼ 0/8 £ 1022 M), changes in the UV–vis spectra of

the reaction mixture occur with the formation of one

family of spectral curves with one set of isosbestic points

(Figure 2(a)). The titration curve (Figure 2(b)) has one

step, which indicates the formation of a single type of

complexes in a ratio of 1:1. Stability constants of the

complexes are presented in Table 3.

In the next step, the complexation of ZnP1, ZnP2 and

ZnP3 with L9 was investigated in comparable conditions.

It was determined that, as in the case of the interaction

between ZnP and L9, changes in the UV–vis spectra of

the mixtures ZnP1–L9, ZnP2–L9 and ZnP3–L9 occur

with the formation of one family of spectral curves, and

the titration curves of the processes have a single step. As an

example, Figure 3(a),(b) shows the data for the system

ZnP1–L9.

The same features were obtained for the complexation

of ZnP, ZnP1, ZnP2 and ZnP3 with L6. The dependence

of the complexation stability constants on the nature of the

porphyrinate and ligand is presented in Table 3 and is

depicted in Figure 4. From the data, we can clearly see that

the stabilities of the complexes ZnP3–L9 and ZnP3–L6

are much higher as compared with the complexes of ZnP,

ZnP1 and ZnP2 with the same ligands.

The significant increase in the affinity of L6 and L9 to

ZnP3 can be explained by a good geometric match

Figure 1. Possible structure of the ZnP1 dimers.

Table 3. Stability constants of 1:1 and 1:2 complexes of ZnP, ZnP1, ZnP2 and ZnP3 with L1, L6 and L9 in toluene, CZnPorph

<1.1/1.6 £ 1025 M.

ZnPorph–L9, Kassoc.2

(M21)
ZnPorph–L1–ZnPorph, Kassoc.1

(M22)
ZnPorph–L1, Kassoc.2

(M21)
ZnPorph–L6, Kassoc.2

(M21)

ZnP 480 5.0 £ 109 1.9 £ 105 5.8 £ 103

ZnP1 90 1.7 £ 108 2.3 £ 104 1.2 £ 103

ZnP2 240 1.3 £ 109 9.7 £ 104 3.9 £ 103

ZnP3 6.6 £ 105 – 1.3 £ 106 1.1 £ 105

Note: The error in determining the stability constants was 5–7% (for 1:1 complexes) and 10% (for 1:2 complexes).
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Figure 2. (a) Changes in the UV–vis spectra of the system ZnP–L9 in toluene at 208C, CZnP ¼ 1.1 £ 1025 M. (b) The binding isotherm
of the system ZnP–L9 in toluene at 208C, CZnP ¼ 1.1 £ 1025 M.

Figure 3. (a) The changes in the UV–vis spectra of the system ZnP1–L9 in toluene at 208C, CZnP1 ¼ 1.5 £ 1025 M. (b) The binding
isotherm of the system ZnP1–L9 in toluene at 208C, CZnP1 ¼ 1.5 £ 1025 M.
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between the size of the ligands and the intramolecular

cavities of ZnP3. If in the case of porphyrinates ZnP1 and

ZnP2, the 4-carbazolylphenyl-1,2,3-triazole end groups

due to rotation of the phenyl fragments can occupy an

arbitrary position relative to the tetrapyrrolic macrocycle,

the porphyrinate ZnP3 due to the meso-mesityl fragments

is fixed relative to the porphyrin plane, and the porphyrin

can be seen as a ‘picket-fence’ porphyrins with

intramolecular cavities formed by the 4-carbazolylphe-

nyl-1,2,3-triazole end groups emanating from both sides of

the porphyrin core (Figure 5).

The presence of the intramolecular cavities increases

the strength of the axial coordination, probably due to the

ligand’s incorporation in the cavity and formation of

additional p–p interactions between the ligand and the

triazole fragments. So in the systemsZnP3–L6 andZnP3–

L9, multipoint binding of the ligand by the porphyrinic

receptor may be due to (i) coordination interactions

between the Zn2þ cation of the metaloporphyrin reaction

centre with the ligand N-atom and (ii) p–p or hydrogen

bonding interactions between the ligand and the triazole

fragments of the intramolecular cavity of ZnP3.

However, the fact that porphyrinates ZnP1, ZnP2 and

ZnP3 are able to react with L9 with the formation of 1:1

complexes suggests that the porphyrins are in the form of

monomers in toluene solution. The matter also is

confirmed by a concentration dependent on the UV–vis

measurement: the Soret band of the Zn-porphyrins does

not change its shape, and a plot of absorbance coefficient

dependence from the concentration is constant. The

absence of splitting and the high intensities of the Soret

bands in the UV–vis spectra of the Zn-porphyrins indicate

the absence of a dimerisation due to the coordination of the

triazole fragments of one molecule with the Zn2þ cation of

the another molecule.

According to our interests in the supramolecular

chemistry of porphyrins (8, 10, 13), we also investigated

the binding ability of ZnP, ZnP1, ZnP2 and ZnP3

towards L1. The study of complex formation of ZnP1 and

ZnP2 with L1 using the method of spectrophotometric

titration showed that these processes in toluene, similar to

the system ZnP–L1, proceed in two stages as apparent

by the two steps on the corresponding titration curve

(Figure 6(a),(b)). Each step on the titration curve

corresponds to its own family of spectral curves with a

set of isosbestic points. Existence of the two steps in the

complexation is also confirmed by the graphical

dependence of log [(Ao 2 Ai)/(Ai 2 Ak)] from logCL for

the system.

There are characteristic shifts of signals of the ligand

protons in the 1H NMR spectra of the complexes. Thus, in

the spectrum of the complex ZnP2–L1, formed at low

concentrations of the ligand [up to a molar ratio of reagents

of 1:(0/0.5)], protons of L1 appear at , 2 3.5 ppm.

The equivalence of the protons of ZCH2CH2Z fragments

of L1 in the 1H NMR spectra indicates the formation of

Figure 4. Dependence of the stability constants of the
complexes of ZnP, ZnP1, ZnP2 and ZnP3 with L1, L6 and
L9 on the nature of the porphyrinate and the ligand.

Figure 5. Possible structure of ZnP3.
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so-called sandwich complexes between ZnP2 and L1 in a

ratio of 2:1, when the bidentate ligand is located between

the two molecules of the Zn-porphyrins.

In the 1H NMR spectra of the complexes formed at the

higher concentrations of the ligand [molar ratio of reagents

1:(0.5/10.0)], the protons of L1 appear as two signals of

equal intensity, which indicates the formation of 1:1

complexes. The protons of ZCH2CH2Z fragments of L1,

which are closer to the tetrapyrrole macrocycle (Figure 7),

undergo the shielding effect of its p-electron system and

appear at high field (23.3 ppm). The other protons, which

are more distant from the macrocycle, appear at relatively

lower field but still observe some shielding (0.5 ppm). The

stability constants of the considered complexes are

presented in Table 3. It should be noted that in comparison

to ZnP2, the complexation of ZnP1 with L1 with the

formation of the complexes in a ratio of 1:1 occurs at the

higher concentrations of the ligand.

Figure 6. (a) Changes in the UV–vis spectra (a) and binding isotherm (b) of the system ZnP2–L1 in the first step in toluene at 208C,
CZnP2 ¼ 1.2 £ 1025 M. (b) Changes in the UV–vis spectra (a) and binding isotherm (b) of the system ZnP2–L1 in the second step in
toluene at 208C, CZnP2 ¼ 1.2 £ 1025 M.

Figure 7. Illustration of various types of protons of the ligand in the investigated 2:1 and 1:1 complexes between the Zn-porphyrinates
and the L1.

Supramolecular Chemistry 187

D
ow

nl
oa

de
d 

by
 [

K
U

 L
eu

ve
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
] 

at
 1

6:
50

 2
7 

M
ay

 2
01

3 



The study of complex formation of ZnP3 with L1

using the spectrophotometric titration method showed that

this process in toluene proceeds in a single step with the

formation of only one type of complex in a ratio of 1:1.

The presence of bulky substituents above the coordination

centre of the porphyrin, obviously, prevents two-centred

coordination of L1. At the same time, the association

constant of the 1:1 complex increases somewhat when

compared to the smaller MP (Table 3).

4. Conclusion

Thus, Zn-tetraphenylporphyrin substitution by two, four

and eight bulky triazole-containing fragments does not

lead to the dimerisation or self-aggregation of the

macrocycles. This fact could be explained by the steric

hindrance to the multipoint self-binding of the macro-

cycles and the low basicity of 1,2,3-triazole. At the same

time, the chemical modification of the tetrapyrrolic

macrocycle by eight 4-carbazolylphenyl-1,2,3-triazole

end groups increases the strength of the axial coordination

of the ligands (L6 and L9) containing p-electronic

systems in their composition. In the case of non-aromatic

L1, probably due to the absence of the effect of p–p

interactions between the molecules of the substrate and the

porphyrin, the difference in the stability constants in going

from ZnP–L1 to ZnP3–L1 is less pronounced.

An increase in the stability of the axial coordination of

L9 by ZnP3 could be explained by a good geometric match

of the ligand size to the size of the intramolecular cavities of

the porphyrinic receptor, and by the existence of additional

p–p and/or hydrogen bonding interactions between the

ligand and the triazole fragments of the porphyrin. On the

base of the experimental data, we can conclude that the Zn-

tetraarylporphyrin with eight 4-carbazolylphenyl-1,2,3-

triazole end groups could be used as an effective receptor

for 1,2,3-triazole. Taking into account the fact that binding

is accompanied by a clear and easily identifiable response in

the UV–vis spectra of the reaction mixture, this MP could

be considered as a molecular optical sensing device for

small heterocyclic substrates. Further research will be

directed towards this goal.
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