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 The floating layers formation conditions of Zn(II)-5,10,15,20-
tetraphenylporphyrin (ZnTPP) at the air/water interface and Langmuir-Schaefer 
films (LS-films) obtained on glass and silicon substrates have been studied. The 
floating layers were modeled and the geometric characteristics of molecular 
packings on water surface were calculated. It was shown that the area per 
molecule in the dense face-on packing of a monolayer is 1.69 nm2, and in the 
edge-on packing – 0.90 nm2. Analysis of the floating layer compression 
isotherm revealed that ZnTPP molecules are arranged face-on to the interface 
plane. Electron absorption spectroscopy showed that LS-films contain 
aggregates of J-type. The surface morphology of LS-films studied by AFM 
revealed that the average roughness of LS-films increases by 1.4 times with an 
increase in the number of transfers from one to five. The sensing properties of 
the LS-films (with 15 transfers) with respect to hydroxypyridine and pyridine in 
aqueous and gaseous media, correspondingly, have been studied. It was 
established that the LS-film is sensitive to pyridine vapors. The results obtained 
can be used to create selective sensors for environmental pollution monitoring. 
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 Изучены условия формирования плавающих слоев Zn(II)-5,10,15,20-
тетрафенилпорфирина (ZnTPP) на границе воздух/вода и пленок 
Ленгмюра-Шеффера (ЛШ-пленок) на стеклянных и кремниевых 
подложках. Смоделированы плавающие слои и рассчитаны геометрические 
характеристики молекулярных упаковок на поверхности воды. Показано, 
что площадь, приходящаяся на одну молекулу, в плотной упаковке 
монослоя face-on составляет 1,69 нм2, а edge-on – 0,90 нм2. Анализ 
изотермы сжатия плавающего слоя показал, что молекулы ZnTPP 
располагаются face-on геометрии на поверхности субфазы. При помощи 
электронных спектров поглощения установлено, что исследуемые 
наноматериалы содержат агрегаты J-типа. Морфология поверхности ЛШ-
пленок, изученная методом АСМ, показала, что средняя шероховатость 
ЛШ-пленок увеличивается в 1,4 раза при увеличении числа переносов от 
одного до пяти. Исследованы чувствительность и связывающие свойства 
ЛШ-пленок (с 15 переносами) по отношению к гидроксипиридину и 
пиридину в водной и газовой средах соответственно. Установлено, что 
ЛШ-пленка чувствительна к парам пиридина. Полученные результаты 
могут быть использованы для создания селективных сенсоров для 
мониторинга загрязнения окружающей среды. 
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Introduction 

 
Our research over the past decade has been 

focused on the systematic development of new 
porphyrins of complex structure that exhibit sensing 
and binding properties in solutions [1–4]. At the same 
time, the analysis of literature data and our own 
research results show that along with sensing 
properties porphyrins may have a high ability to 
supramolecular self-assembly [1–5]. Molecular self-
assembly is the formation process of a complex 
ordered supramolecular structure, in which the 
structure of "assembling" molecules remains almost 
unchanged [6–10]. The presence of functional groups 
of a certain nature makes it possible to obtain 2D and 
3D structures with specified dimensions and properties 
[11–14]. In the works [15–21], authors give examples 
of such self-assembled structures obtained by 
Langmuir methods. Self-assembly of porphyrins can 
occur both in solutions [22] and in floating layers [22–
23]. Thе self-assembly process can be used to obtain 
functional nanomaterials with a wide range of 
practical applications. It should be noted that the 
physical and chemical properties of porphyrins thin 
films differ significantly from the properties of 
individual molecules in solution [19] and, as a 
consequence, the sensing and binding properties will 
be different. 

The presented work is devoted to determining 
conditions for the formation and characterization of 
LS-films based on ZnTPP as well as evaluating 
sensing and binding properties of film samples to      
3-hydroxypyridine (PyOH) and pyridine (Py) in 
aqueous and gaseous media, respectively. 

 
Experimental 

 
Materials 

Zn(II)-5,10,15,20-tetraphenylporphyrin. 0.05 g 
(0.0813 mmol) of tetraphenylporphyrin and 0.144 g 
(0.813 mmol) of Zn(OAc)2 were dissolved in DMF 
(70 ml), and the mixture was refluxed for 1 hour and 
then cooled. The filtrate was poured into water and the 
formed precipitate was filtered, washed with water, 
dried and chromatographed on aluminum oxide using 
dichloromethane as an eluent. Yield 0.04 g (0.058 mmol, 
72 %), Rf 0.78 (hexane–chloroform, 1:1). IR spectrum, 
v, cm–1: 2917, 2849  (CH, Ph), 1694, 1599  (C=C, Ph),  

1437 (C=N), 1350 (C– N), 1150, 1073 [δ(C–H, Ph)], 
1004 (Co–N), 796 [γ(C–H, pyrrole ring)], 752, 702 
[γ(C–H, Ph)], 470 (Zn–N). NMR 1H spectrum 
(CDCl3), δ, m. d.: 9.05 d (8H, pyrrole), 7.67 d (8H, 
Phortho), 7.59 t (8H, Phmeta, J 7.7 Hz), 7.33 t (4H, 
Phpara). Mass spectrum, m/z (I rel, %): 677.1 (99) [M–
H]+ (calculated for C44H28N4Zn: 678.1). UV-vis 
spectrum (benzene), λmax, nm (lgε): 584 (4.16), 547 
(3.65), 418 (5.35). Found, %: C 78.68; H 4.17; N 8.30. 
C44H28N4Zn. Calculated, %: C 78.71; H 4.20; N 8.33.  

5,10,15,20-tetraphenylporphyrin (99.9 %), py-
ridine (Py, 99.7 %), 3-hydroxypyridine (PyOH, 99.4 %) 
and chloroform (>99.8 %) of Sigma-Aldrich (France) 
were used without additional purification. 

Methods 
Electronic absorption spectra of thin films were 

obtained using a Cary 300 spectrophotometer at 295 K. 
1H NMR spectra were registered using a Bruker 
AVANCE-500 instrument (internal standard – TMS). 
Mass spectra were recorded on a Shimadzu Biotech 
Amino Confidence Maldi TOF mass spectrometer 
(matrix – dihydroxybenzoic acid). IR spectra were 
recorded on an infrared VERTEX 80v Fourier 
spectrometer. Elemental analysis was performed on a 
CHN FlashEA 1112 analyzer. Surface microrelief of 
LS-films was studied on a scanning probe device of 
atomic force microscopy (AFM) Solver 47-PRO in 
semi-contact mode. 

Taking into account the experimental data of 
[23], which showed that Ni(II)-5,10,15,20-
tetraphenylporphyrin is capable of taking both face-on 
and edge-on orientation at the air/water interface, we 
conducted the simulation of ZnTPP floating layer 
according to these two orientation scenarios. After 
optimization by the molecular mechanics method in 
the HyperChem 8.1 program, the face-on and edge-on 
models of a monomolecular floating layer at the 
air/water interface were obtained (Fig. 1). Based on 
these calculations, the areas of the dense ZnTPP 
packings were estimated. The area per molecule in the 
dense face-on packing (Apack(face)) was found equal to 
1.69 nm2, and in the case of edge-on packing 
(Apack(edge)) – 0.90 nm2 (Fig. 1). These values were 
compared with the area at the transfer point of the 
floating layer compression isotherm. On the basis of 
these results, a conclusion was drawn about the 
structure of the floating layer.  
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                                       а                                b 

Fig. 1. The models of face-on (a) and edge-on (b) monolayer packings of ZnTPP molecules on the air/water interface 
 

 
The geometric parameters of the ZnTPP 

molecule were calculated using the molecular model 
shown in Fig. 2. The projection areas for the molecule 
in face-on and edge-on orientations were 1.43 nm2 and 
0.71 nm2, correspondingly.  

Floating layers were obtained from chloroform 
solution (C = 1.5∙10–4 M) using NT-MDT Langmuir 
trough (Zelenograd, Russia). To obtain floating layers, 
the solution was applied to the surface of bidistilled 
water at 295 ± 1 K. 30 minutes after applying the 

solution, the floating layer was compressed at a rate of 
55 cm2/min. When applying the solution, the initial 
degree of water surface coverage with ZnTPP was  
cface = 69 %. It was calculated according to the method 
described in [24]. With a 100 % degree of surface 
coating, the barriers in the bath were stopped and the  
floating layer was sequentially transferred to glass or 
silicon substrates by the Langmuir-Schaefer method 
according the procedure described in [24].  
 

 
 

 

 
a b 

 
Fig. 2. Chemical structure (a) and geometric model (b) of ZnTPP 
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Results and discussions 

 
Morphology of ZnTPP LS-films  

To study the surface morphology of the 
ZnTPP LS-films, the floating layer was transferred 
with varying numbers of transfers onto silica substrate. 
The transfers were carried out when the area per 
molecule in the floating layer was 1.52 nm2. 
Comparison of this value with the calculated values of 
Apack(face) and Apack(edge) allows us to conclude that at the 
transfer point (Fig. 3) ZnTPP molecules are in the 
face-on orientation. 

 

 
 

Fig. 3. Compression isotherm of the ZnTPP floating layer. 
The dot indicates the transfer point 

 
A slight decrease in the area per molecule in the 

experimentally obtained floating layer, compared to 
the model one, may be due to 3D-aggregation of 
ZnTPP. This assumption is confirmed by AFM data of 
LS-films with one (n = 1) and five (n = 5) transfers 
(Fig. 4).  

 
a 

 
b 

Fig. 4. AFM images of ZnTPP LS-films on a silicon 
substrate: a – one transfer, b – five transfers 

 
On the surfaces of all studied LS-films, an 

imperceptible number of 3D-aggregates with diameter 
about 1 nm were detected. The distribution of the 
aggregates on the film surfaces was uneven (Fig. 4). 
The height of the aggregates increases from 4 nm to 
20 nm with the increase of transfers from 1 to 5 as 
well as the average roughness of the LS-films 
increases from 1.72 nm (Fig. 5, line 1) to 2.43 nm 
(Fig. 5, line 2), correspondingly.  

 

 
 

Fig. 5. Roughness distribution for LS-films with one transfer (line 1) and five transfers (line 2) 
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Spectral characteristics of ZnTPP LS-films 

To study the optical properties of ZnTPP LS-
films and the aggregation type of ZnTPP molecules, 
UV-Vis spectra were obtained. The studied films were 
prepared with different numbers of transfers (n = 1–
30) of the floating layer. It was shown that the UV-Vis 
spectra in chloroform solution and in LS-films differ 
significantly (Fig. 6). The Soret band of LS-films is 
red shifted by 22 nm in comparison with the solution. 
This shift indicates the J-type aggregation of ZnTPP 
molecules in the films. 
 

 
 

Fig. 6. UV-vis spectra of ZnTPP in chloroform solution 
(line 1, СZnTPP =1.5·10–5 M) and LS-film (line 2, n = 30) 

 

 
 

Fig. 7. Change in the UV-Vis spectra of ZnTPP LS-films 
depending on the number of transfers (n = 1–30).  

Insert – the dependence of optical density (418 nm)  
on the number of transfers 

 
The optical density of ZnTPP LS-films is 

influenced   by  the  number   of  transfers.  The  linear  

dependence (Fig. 7, see the insert) of the optical 
density indicates that the ZnTPP LS-films are low 
defective. 
 
Sensing properties of ZnTPP in solutions and LS-film 

It is known that porphyrin complexes with 
transition metals effectively bind nitrogen bases. 
Monomeric Zn-porphyrins typically bind only one axial 
ligand to form penta-coordinated complexes [1, 4]. 
Such ligand can be pyridine or its derivatives.  

In this work, the sensing properties of ZnTPP to 
PyOH were studied by spectrophotometric titration in 
different media: chloroform and chloroform/water (1:1) 
(Fig. 8). It was found that the used media do not affect 
the interaction of ZnTPP with PyOH, but influence the 
changes in UV-vis spectra and the stability constant of 
the ZnTPPPyOH complex. The coordination of 
ZnTPP with PyOH in both media results in a shift of 
Soret band by ~10 nm in comparison with the ZnTPP 
chloroform solution. The stability constants of 
ZnTPPPyOH complex in chloroform and 
chloroform/water (1:1) were equal to 1.4·104 and 
2.9·104 M–1, respectively.  

The axial coordination of a large number of 
metalloporphyrins, including ZnTPP, has been studied 
earlier by spectrophotometric method in aromatic 
solvents (toluene, DMF) [25]. Authors showed that the 
stability constant of ZnTPP·Py complexes has the 
highest values in benzene and toluene (5800 and   
2525 lmol–1, correspondingly). In this work, we 
studied the axial coordination of ZnTPP with PyOH in 
inert media (chloroform and chloroform/water). The 
obtained stability constant values were 14000 and 
29000 lmol–1, respectively. 

Therefore, when chloroform is used instead of 
aromatic solvents, stability constant values increase in 
several times and binding properties of ZnTPP with 
PyOH are getting better.  

In chloroform solution, ZnTPP molecules are in 
the monomeric form, but in LS-films they are 
aggregated. This difference can change the sensing 
properties of ZnTPP. 

The sensing ability of the ZnTPP LS-film         
(n = 15) to PyOH in aqueous solution and to Py vapor 
was also investigated by spectrophotometric titration.  
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a                                                                                b 

 
Fig. 8. a – Spectral changes in the ZnTPP-PyOH system (chloroform, 298 K) and spectrophotometric titration curve              

(λ = 418 nm, CZnTPP = 3‧10–6 M, CPyOH = 0÷1∙10–2 M), b – spectral changes in the ZnTPP-PyOH system (chloroform/water 
(1:1), 298 K) and spectrophotometric titration curve (λ = 418 nm, CZnTPP = 3‧10–6 M, CPyOH = 0 ÷ 1‧10–2 M) 

 
 

In the case of PyOH, the ZnTPP LS-film was 
placed in a quartz cuvette with aqueous solution of 
PyOH (CPyOH from 0 to 1.5‧10–2 M). The cuvette was 
put into a temperature-controlled spectrophotometer 
cell and the absorption spectra were registered. The 
end of sensing process was determined by the absence 
of changes in the spectra (T = 298 K). Since no 
changes in the spectra were observed (Fig. 9), it was 
concluded that the LS-film is not sensitive to PyOH. 

 

 

Fig. 9. Spectral changes in the Soret band region during the 
interaction of the ZnTPP LS-film (n = 15) with PyOH in 

water (CPyOH = 0 ÷ 1.5∙10–2 M) 
 

In the case of Py, the ZnTPP LS-film was 
treated with  pyridine vapors for 1 minute (T = 298 K).  

A red shift of the Soret band by 5 nm and the 
appearance of an additional absorption band in the 
visible region were observed (Fig. 10). The spectral 
response evidences the formation of the ZnTPP·Py 
complex. 
 

 
 

Fig. 10. Spectral changes in the Soret band region during 
interaction of the ZnTPP LS-film (n = 15) with Py vapors 

 
For the first time it was established that the 

ZnTPP LS-film can be used as a sensor for detecting 
Py vapors. The obtained data show the potential for 
applications of ZnTPP films in various scientific and 
technological fields, including medicine and ecology. 
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Conclusions 

 
In this work, the floating layers of Zn(II)-

5,10,15,20-tetraphenylporphyrin on the air/water 
interface were modeled, and the geometric 
characteristics of their molecular packings were 
calculated. It was estimated that the area per molecule 
in the dense face-on packing of a monolayer is       
1,69 nm2, and in the edge-on – 0,90 nm2. Formation 
conditions of ZnTPP floating layer at the air/water 
interface and LS-films on glass and silicon substrates 
were investigated. Analysis of the compression 
isotherm of the floating layer showed that ZnTPP 
molecules are oriented face-on. Using UV-Vis 
spectroscopy, it was established that the LS-films 
contain J-type aggregates. The surface morphology of 
the LS-films was studied by AFM. It was found that 
the average roughness of the LS-films increases by a 
factor of 1.4, when the number of transfers is 
increased from one to five. The sensing properties of 
the LS-film (n = 15) to hydroxypyridine and pyridine 
in aqueous and gas media, respectively, were 
investigated. It was demonstrated that the LS-film 
exhibits sensing ability to pyridine vapors. The results 
obtained can be used in the development of selective 
sensors for ecological monitoring of environmental 
pollution. 
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