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An experimental and theoretical study of 5,10,15-triphenylcorrole (H3[(ms-Ph)3Cor]) nano-structured floating 
layers (M-layers) was performed. The existence areas and characteristics of the structure and properties of stable 
monomolecular layers were determined. Main dependencies of the M-monolayer on the initial surface coverage degree 
were identified – the sizes of the nanoaggregate, aggregation number, surface area per molecule in a nanoaggregate, 
etc. A quantitative model of a monolayer with water and dry M-nanoaggregates was constructed. H3[(ms-Ph)3Cor] thin 
films on solid substrates were obtained using the Langmuir-Schaefer (LS) technique, and their spectral characteristics 
were explored. 
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Выполнено экспериментальное и теоретическое исследование наноструктурированных плавающих слоев 
(М-слоев) тетрапиррольного макроциклического соединения – 5,10,15-трифенилкоррола (H3[(ms-Ph)3Cor]). 
Определены области существования и характеристики структуры и свойств стабильных мономолекуляр-
ных слоев. Установлены зависимости основных характеристик М-монослоя – размера наноагрегата, агре-
гационного числа, площади, приходящейся на молекулу в наноагрегате, и др. от исходной степени покрытия  
поверхности. Построена количественная модель монослоя с водными и сухими М-наноагрегатами. Методом 
Ленгмюра-Шефера (ЛШ) получены тонкие пленки H3[(ms-Ph)3Cor] на твердых подложках и изучены их спек-
тральные характеристики.

Ключевые слова: Плавающие монослои, 2D наноструктуры, М-наноагрегаты, модель М-монослоя,  
ЛШ-пленки, коррол.
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Introduction

Corroles are tetrapyrrolic macrocyclic porphyrin-like 
compounds which contain a pyrrole-pyrrole direct coupling 
and have a carbon skeleton, resembling the B12 vitamin. 
The peculiarities of the electronic structure of corroles 
(H3Ph3Cor) (Figure1) and their metal complexes (MCor), 
morphological variety and unique photophysical and 
chemical properties have raised interest to them as potential 
catalyzers for redox processes, chemical sensors for small 
molecules, and active centers when producing nanomaterials 
for the area of medicine.[1,2] When complexes are formed, the 
corroles, being non-innocent ligands, stabilize metal ions in 
unusual oxidation degrees, which cause the complexes to 
suffer slight reversible intramolecular redox transformations.
[3-9] This property accounts for the compounds’ high catalytic 
activity.[10] One of today’s emerging trends is focused on 
creation of thin-film organic materials, including based 
on corroles,[11-20] especially those, where structural and 
functional units are represented by 2D and 3D nanoparticles.
[21,22] First supermolecules of macroheterocyclic compounds 
were obtained.[16-18] Thin films of corroles can be obtained 
in different ways, including vacuum sublimation, solution 
casting, and Langmuir-Blodgett techniques (LB).  The last 
one creates ultrathin (as fine as monomolecular) films, which 
have a desired shape and adjustable structure, with a large 
specific surface. Such corrole films can be used as potential 
components for electrode nanomaterials as well.

Properties of thin-film organic nanomaterials are 
determined by their structure, which depends on the structure 
of the floating layers when using the LB technique. Studies 
of Langmuir layers of organic compounds with complex 
molecular structure have shown, among other things that 
the compounds’ behaviour within the layer depends on the 
volumetric concentration of the applied solution and the initial 
surface concentration of the compound under study.[23-25]  
A technique to determine quantitative characteristics of a 
floating layer, the structural and functional units of which 
are represented by 2D nanoaggregates sized 5-20  nm 
(M-nanoaggregates) was developed and successfully used 
for describing floating layers of calamite mesogens,[26] 
porphyrins,[27] and phthalocyanines.[28-30]

The objectives of this study are to: explore features 
of 5,10,15-triphenylcorrole (H3[(ms-Ph)3Cor]) floating layer 
formation under various initial surface coverage degrees; 
obtain stable M-monolayers with various structures of 
2D nanoaggregates; determine characteristics of floating 
monolayers; construct a model of monolayers with water 
and dry M-nanoaggregates; obtain, by using the Langmuir 
Schaefer (LS) technique as well, H3[(ms-Ph)3Cor] thin 
films  on solid substrates and study them with UV-Vis 
spectroscopy.

Experimental

5,10,15-Triphenylcorrole was obtained using a technique, 
described earlier.[31,32] Its structure was confirmed by 1N NMR, 
IR and UV-Vis spectra. The floating layers were obtained by 
applying the H3[(ms-Ph)3Cor] solution in methylene chloride  
(С = 6.9·10–5  mol·l–1) to the surface of bi-distilled water with 

microliter syringes (1, 10, 20, and 100 µl, “Hamilton”, Sweden) 
at the temperature of 20 ± 1 °C. The layers were compressed at 
the speed of 2.3 cm2·min–1 15 minutes after the solution had been 
applied to the water surface. Initial degrees of water surface 
coverage with corrole (Cface) changed from 4 % to 29 %. An“NT 
(MDT” unit (Zelenograd, Russia) was used for the experiment. 
The surface pressure was measured by using a Wilhelmy plate 
with an accuracy of 0.02  mN·m–1. Error of measurement with 
respect to a surface area per molecule in the layer (A) was 2 %. 
Аmol values (surface area per molecule in an М-aggregate) and n 
(aggregation number) were determined by approximation of pA-p 
curve’s portion with a linear function, by using the least squares 
technique (error pA ≤ 3 %). The Langmuir-Schaeffer (LS) films 
were obtained by transferring the floating layer to the quartz 
plate under conditions, shown on Figure 3 (point А). Electronic 
absorption spectra were registered on a UV/VIS Lambda 20 
scanning spectrophotometer with ±0.1 nm wavelength setting 
accuracy. The reproducibility of the wavelength setting was 
±0.05 nm, the photometric accuracy being ±0.003. The structure 
of the layers was analyzed by using quantitative analysis of 
compression isotherms of a nanostructured M-monolayer.[33-35] 
The main characteristics of the floating layer were determined 
in the following manner: β=kT/n, where β is the ordinate of the 
intersection point between the line, describing the isotherm’s 
πA-π region corresponding to the stable state of the layer, and 
the πA axis; Аmol is the line’s tilt. According to the model being 
used, M-aggregate has a shape of a circle with the surface area 
of Saggr= Amol

 n (nm2) and the diameter of  (nm). 
The layer’s compressibility in a stable state can be defined as 

 (m/N), where πi and πf are the respective pressures 

at the start and at the end of the monolayer’s stable state, with Ai and 
Af being the abscissas of the start and the end of the linear portion 
of the p-A-isotherm. The distance between the boundaries of the 
aggregates is the same on the average, and can be calculated from 
the relation: 

 (nm). The average distance between 

the molecules along the surface of the water (face-on) in an Мface-

aggregate will be 
 

(nm). Water coverage 

degrees at the initial point of the stable state can be defined as  
ci-face = Aproj-face/Ai100%· and ci-edge = Aproj-edge/Ai·100%, where 
Aproj-face and Aproj-edge are surface areas of face-on and edge-on 
projections of molecule models. Within the linear portion on curve  
πA-π, the tilt of the molecules (which have an anisotropic shape) 
in the stack of a compact nonaqueous aggregate can be defined  
as ψ = arcsin (Apack-edge/Amol), where Apack-edge is the closest packed 
surface area. The content of water in M-aggregates (calculated 
per molecule) and between them at the initial point of the stable 
state can be calculated with win-М = Amol – Aproj and winter-M-i = Ai – Amol 
expressions respectively.

Geometric characteristics of the molecules and their closest 
packings were determined by constructing the corresponding 
molecular models (HyperChem 8.0.8, MM+ calculations). The 
surface areas of projections in case of face-on and edge-on 
positions of the molecules were found to be: Aproj(face) = 1.6  nm2, 
Aproj-1(edge) = 0.8 nm2, Aproj-2(edge) =1.0 nm2; with the surface areas of the 
described rectangles being Amod(face) = 3.2 nm2 and Amod-1(edge) = 1.1 nm2,  
Amod-2(edge) = 1.4 nm2, respectively (Figure 1). 

Surface areas, occupied by a molecule in a closest packed 
monolayer will be Apack(face) = 1.9  nm2, Apack(edge-1) = 1.0  nm2 and 
Apac(edge-2)= 1.2 nm2 (Figure 2). The maximum error when defining 
characteristics of a layer is: Аmol and Dp – 3 %, cface and y – 5 %,  
D and winter-M-i – 7 %, B, ci-face, cf-face, ci-edge, cf-edge, n, win-M and di – 10 %.
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Results and Discussion

The quantitative analysis of compression isotherms 
plotted along p-A and pA-p axes (Figure 3) has shown that 
both stable monolayers and bilayers H3[(ms-Ph)3Cor] are 
formed on the water surface within the studied in 4–29 % 
range of initial coverage degrees (cface). The main results 
of compression isotherm analysis and characteristics of 
H3[(ms-Ph)3Cor] floating layers are shown in Table 1. It is 
demonstrated that a corrole given the С = 6.9·10–5 mol·l–1 
concentration of the solution and the v = 2.3 cm2/min layer 
compression speed forms stable monolayers in a narrow 
range of initial surface coverage degrees – cface from 4 % to 
22.5  % (Figure  3). If the values are cface>22.5  %, bilayers 

are registered already at the lowest surface pressures. 
Corroles produce stable monolayers of different types: if 
cface ≤ 13.5 %, they have the face-on position of molecules in 
nanoaggregates (Mface), if 19.5 % ≥ cface ≥ 13.9 %, they have 
the edge-on position (Medge), and if cface = 20  %, then dry 
nanoaggregates (Mc) are formed.

Monolayers with face-on position are characterized by 
a large aggregation number (13 < n < 81) (Table 1) and a high 
content of water in aquaaggregates (up to 70  % of Аmol) 
and between them (up to 1.6 nm2 per H3Ph3Cor molecule). 
A monolayer has high compressibility (up to 750 m·N–1).  
If values of initial surface coverage degrees 
(19.5 % ≥ cface ≥ 13.9 %) are average, the low pressure regions 
form stable edge-on-monolayers, where the molecule’s plane 
is positioned at an angle to the water surface. The minimum 
tilt (ψmin) of H3Ph3Cor molecules in stacks varies from 38° 

to 60°, with the number of molecules in Мedge-aggregates 
varying from 29 to 67, the content of water between 
aggregates varying from 0.4 to 0.9 nm2 per molecule, and 
the layer compressibility being low (down to 430 m·N–1). A 
monolayer of dry edge-on Мc-aggregates is characterized 
by low layer compressibility, B = 380 m·N–1, the minimum 
number of molecules in aggregates (n = 17) and the maximum 
content of water between aggregates at the initial point of 
the stable monolayer state (winter-M-i = 2.5 nm2). If the initial 
surface coverage degrees are high (cface = 23.2 %), the surface 
pressure of up to 0.4 mN/m forms a stable bilayer structure 
(3D-nanoaggregates with 79-151 molecules in them). 

The obtained results can be used to construct a model 
of H3Ph3Cor Мface- and Medge-floating monolayers formed 
from the solution in methylene chloride. For monolayers 
with Мface- and Мedge-aggregates the analysis of dependencies 
of the surface area per nanoaggregate molecule on the initial 
surface coverage degree (Table 1, Figure 4a) results in the 
following correlations: 

Amol = 26/(1 + cface) (for Мface –aquaaggregates) 	     (1)
Amol = 4.067 – 0.162·cface (for Мedge –aquaaggregates) 	     (2)

Figure 1. Structure (a) and model of H3Ph3Cor molecule (b). Аmod – the surface areas of circumscribed rectangles.

Figure 2. The scheme of face-on (I) and edge-on 
(II, III) closest packed molecules of H3[(ms-Ph)3Cor]. 
Apaсk(face) = 1.9 nm2(a = 1.5 nm; b = 1.5 nm; α = 60°, I), 
Apaсk(edge_1) = 1.0 nm2 (a = 1.6 nm; b = 0.6 nm; α= 86°, II); 
Apaсk(edge_2) = 1.2 nm2 (a = 0.6 nm; b = 2.0 nm; α = 108°, III).
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Figure 3. π-A (а) isotherms of H3[(ms-Ph)3Cor], obtained at С=6.9·10-5  mol/l, v=2.3 cm2/min and various initial surface coverage degrees: 
cface= 4(1), 7(2), 15(3), 18(4), 29(5) % and πA-π (b) isotherm of H3[(ms-Ph)3Cor] (cface= 15 %). The floating M-monolayer was transferred 
onto a solid support by dips at πtr=0.35 mN/m (point A on Figure 3a).

Table 1. Characteristics of H3[(ms-Ph)3Cor] floating layers, obtained at different initial surface coverage degrees.

cface
(%)

Nanoagregate-
type

ci-face- 
cf-face

(Δcj-face)
(%)

ci-aggr
(%)

(Δπ)
πi-πf

(mN/m)

Amol
(nm2) n

Daggr
(Saggr) 
(nm) 
(nm2)

ψmin
-ψmax(°)

r
(nm)

win-M /Amol
(%)

winter-M-i 
(nm)2

di
(nm)

B
(m/N)

H3Ph3Cor = 6.9·10-5 mol·l-1 (layer compression speed v= 2.3 cm2/min.)

4 Mface
24-28

(4) 76 0.1-0.3 5.2 13 9
(70) 0 1.1 69 1.6 1.3 750

7 Mface
34-45
(11) 69 0.1-0.6 3.3 31 11

(100) 0 0.6 52 1.5 2.3 540

8 Mface
43-58
(15) 70 0.1-0.6 2.6 45 12

(120) 0 0.4 38 1.1 2.3 500

10 Mface
55-67
(12) 77 0.1-0.5 2.3 58 13

(130) 0 0.3 29 0.7 1.7 500

13 Mface
62-81
(19) 74 0.1-0.6 1.9 81 14

(150) 0 0.1 16 0.6 2.3 450

15 Medge
32-45
(13) 66 0.1-0.8 1.6 29 8

(50) 38*-90 - 51 0.9 1.8 430

17 Medge
41-50

(9) 67 0.1-0.5 1.3 49 9
(60) 50*-90 - 38 0.6 2.0 430

18 Medge
52-58

(6) 75 0.1-0.4 1.2 67 10
(80) 60*-90 - 31 0.4 1.5 410

20 Мc 40-79
(7) 83 0.1-1.4 1.1 17 5

(20) 90 - 0 0.4 2.5 380

25
bilayer

- - 0.2-0.4 0.8 79 - - - - - 1.8 670
29 - - 0.2-0.4 0.8 151 - - - - - 1.8 550

cface initial surface coverage degree; ci-face and cf-face current surface coverage degrees at the initial and final points of the stable state, respective-
ly; Δcj-face state existence region with respect to the current surface coverage degree; ci-aggr the degree of surface coverage with М-aggregates 
at the initial point of the stable state; pi – pf,(Δp) pressure region, in which the stable state exists; Amol surface area per molecule in a nanoag-
gregate; n aggregation number; Daggr and Saggr the diameter and surface area of a nanoaggregate; ψmin the minimum tilt of molecules in stacks 
(“dry” aggregates); win-M and winter-M-i  the content of water in М-aggregates and between them (per molecule) at the initial point of the stable 
state; r the average distance between molecule in an aggregate; di, df the distance between nanoaggregates at the initial and final points of the 
stable state; B compressibility of the layer.
*The values of Aproj-1(edge) = 0.8 nm2, Apak-1(edge) =1.0 nm2  were used in calculations.
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They can help to determine constants, characterizing 
the H3Ph3Cor floating layer: the maximum surface area 
per molecule in an edge-on-monolayer (1.8 nm2), and the 
maximum initial surface coverage values causing such face-
on- and edge-on monolayers to be formed: cface = 13.5  % 
and cface = 19.5 %, respectively. Analysis of dependence on 
the initial surface coverage degree with respect to other 
characteristics of a monolayer (Table 1, Figure 4b-d) resulted 
in the following correlations. 

For Мface monolayers:
n = –24.8 + 8.1·cface				            (3)
Daggr = 7.7 + 0.5·cface 				          (4)
win-M/ Amol = 93.7 – 6.2·cface			         (5)
ci-face = 4.7 + 4.6·cface				          (6)
cf-face = 4.8 + 6.0·cface				          (7)

and for Мedge monolayers:
n = –164.3 + 12.9·cface 				         (8)
Daggr = –3,2 + 0.7·cface				          (9)
win-M /Amol = 150.5 – 6.6·cface			       (10)
ci-face = –66.4+6.5·cface				        (11)
cf-face = –19.7 + 4.3·cface			       (12)

The results obtained make it possible to compile a 
passport[35] of the floating layers of H3Ph3Cor (Table  2). 
The schemes illustrating the fragment and main structural 
characteristics of monolayers with face-on (cface = 4  %) 

and edge-on aquaaggregates (cface = 15  %), and with dry 
nanoaggregates (cface = 20 %) are shown in Figure 5. 

LS-films of H3Ph3Cor were formed from the 
floating monolayer produced on the water surface by 
using the horizontal lift method. Figure 6 shows UV-
Vis spectra of H3Ph3Cor solution in methylene chloride  
(С = 6.9·10–5  mol·l–1) and those of LS-films on a quartz 
substrate. The number of the substrate’s immersions (k) into 
the layer is from 1 to 77. The comparison of the spectra shows 
a different degree of H3Ph3Cor aggregation in the solution 
and the films. The Soret band of the spectrum of Langmuir-
Sсhaefer films (λ=421 nm) has a 6 nm red shift relative to 
the band in the spectrum of the solution (λ = 415 nm). Such 
behaviour corresponds to formation of J-aggregates of 
corroles in the films.

Conclusions

Thus, the study shows the possibility of differently struc-
tured H3Ph3Cor floating layers to be formed on a water sur-
face: monolayers with Мface-aquaaggregates (cface ≤ 13.5 %), 
Мedge-aquaaggregates (13.9 % ≤ сface ≤ 19.5 %) and Мedge–dry 
aggregates (20.0 % ≤ сface ≤ 22.5 %) and polylayers with 3D 
nanoaggregates (сface ≥ 23.2  %). Main characteristics of the 
structure and the properties of M-monolayers were deter-
mined (the size of M-nanoaggregates, formed within a layer, 
the number of molecules in them, the distance between the 

Figure 4. Dependencies of the surface area per molecule in М-aggregate (Amol, а), the aggregation number (n, b), the diameter of 
М-nanoaggregates (Daggr, c) and the content of water in nanoaggregates (win-M/Amol, d) on the initial surface coverage degree. I – monolayers 
(face-on); II – monolayers (edge-on); III – monolayers (edge- dry); IV – bilayers.
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aggregates, the content of water in the aggregates and be-
tween them, compressibility, the existence region with re-
spect to the pressure and the running surface concentration). 
Dependencies of the main parameters of monolayers with 
Мface and Мedge-aggregates on the initial surface coverage 
degree were determined. A quantitative model of H3Ph3Cor 
monolayers, formed from a solution in methylene chloride, 
was constructed. A distinctive feature of triphenylcorrole 
floating face-on monolayers is the formation of the dry M-
nanoaggregates. Conditions for 3D nanoaggregate formation 
in H3Ph3Cor floating layers and the number of molecules in 

them were determined. The results obtained make it possi-
ble to compile a passport of the floating layers of H3Ph3Cor. 
Langmuir-Shaeffer films were formed from a stable floating 
monolayer, produced on a water surface. Comparison of the 
spectra of the solution and the films indicates the formation 
of J-aggregates of H3Ph3Cor in films. 

Acknowledgements. This work was partially supported by 
the Russian Foundation for Basic Research (Project N 15-42-
03211a) and Ministry of Education and Science оf Russian 
Federation (State task for ISUCT).

Table 2. Passport of the floating layers of H3Ph3Cor.

Nanoaggregate 
type

Molecular 
orientation in 
M-aggregate

Formation conditions
(from the model)

Dependences 
of characteristics 

of a monolayer on c face
(model)

Constants

C = 6.9·10–5 mol·l–1; v=2.3 cm2·min-1; t = 20±1 °C

2D, Mface-aqua
face-on

(in-plane) cface ≤ 13.5 %

n = –24.8+8.1·cface  
Daggr = 7.7+0.5·cface

win-M/Amol = 93.7–6.2·cface
ci-face = 4.7+4.6·cface
cf-face = 4.8+6.0·cface

nmax = 85
(Daggr)max = 14.5 nm
win-M/ Amol

min = 10 %
ci-aggr= const=73 %

(ci-face)max=67 %
(cf-face)max = 86 %

2D, Medge-aqua edge-on 13.9 ≤ cface ≤ 19.5 %

n = –164.3+12.9·cface 
Daggr = –3.2+0.7·cface

win-M /Amol= 162.4–8.2·cface
ci-face = 66.4+6.5·cface

cf-face = –19.7+4.3·cface

nmin=15; nmax = 87
(Daggr)min = 6.5 nm;
(Daggr)max = 10.5 nm

(win-M/ Amol)min = 22 %;
(win-M/ Amol)max = 48 %
ci-aggr= const = 69 %

(ci-face)min = 24 %;
(ci-face)max = 60 %
(cf-face)min = 40 %;
(cf-face)max = 64 %

2D, dry, Mc edge-on 20.0 ≤ cface ≤ 22.5 %

3D - cface ≥ 23.2 %

Figure 5. Schemes, illustrating fragments of the structure and main structural characteristics of triphenylcorrole monolayers with face-on 
(a, сface=4 %) and edge-on (b, сface=15 %) aquaaggregates, and also dry edge-on (c, сface=20 %) nanoaggregates.
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Figure 6. Absorption spectra of the H3Ph3Cor (С = 3.6·10-5 mol/l) 
solution in CH2Cl2 (1) and its Langmuir-Schaefer films  
(77 edge-on monolayers, 2). Inset: absorption spectra of LS-films 
(7, 28, 35, 42, 49, 63, 70 and 77 edge-on monolayers).


