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An influence of copper cation in the complex on structure and properties of the floating layers of 5,10, 1 5-triphenylcorrole
(Cu[(ms-Ph) Cor]) at the air-water interface was studied. The structure of the layers has been determined using
the method of quantitative analysis of compression isotherms. A model of stable nanostructured layers of the substance
has been constructed. Copper cation in the macrocycle increases the density of two-dimensional M-nanoaggregates,
while the number of molecules in such aggregates experiences 2—3-fold growth. Like the metal-free triphenylcorrole,
this copper-containing compound in multilayer Langmuir-Schaeffer (LS) films with edge-on arrangement of molecules
forms aggregates with strong intermolecular interactions. Such LS films may be suitable for electrocatalysis in the oxygen
reduction reaction.
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Hccnedosano enusnue kamuona meou 8 cocmage KOMIIeKca Ha CmMpYKmypy u ceoticmea niasaouux cioes 5,10, 15-mpu-
enunxoppona (Cuf(ms-Ph) Cor|) na epanuye pasoena 600a-6030yx. C nomownpio mMemooa KOI4eCmeeHno20 ana-
JU3A UB0MEPM CICAMUSL ONPEOelena CIMPYKMypa U ROCMpoeHa MoOeib HAHOCMPYKMYPUPOBAHHBIX NIABAIOUUX CLOEE
Cuf(ms-Ph) Cor]. Ycmanoeneno, umo ésedenue kamuona Memania 6 noi0Cms MaKpOYUKIA npusooun K noEbIUEeHUIO
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nromuocmu popmupyemuix @ cioe 08ymepHwvix M-nanoazpecamos u snauumenvhomy (6 2—3 pasa) yeeruuenuro 4uc-
na monekyn 6 nux. Tpugenunkoppon meou, anarocuyHo 6esmemanrbHoMy mpu@eHuIKoppory, 8 NOTUCI0EEbIX NIEHKAX
Jlenemwopa-Lleghepa (JILL) ¢ edge-on pacnonoscenuem monexyn popmupyem azpe2amol ¢ CULLHLIMU MEICMONEKVIAD-
HulMu g3aumooeticmeusimu. JILLI-nienku koppona mo2ym Oblms UCNOTL30BAHbL 8 KAUECMEE MAMEPUANos OJis J1eKmpo-
KAmanuza 6 peaxyuu 31eKmpo8oCcCman08ieHus: KUCIOPOOd.

KiroueBble cioBa:

5,10,15-Tpudenunkoppon  Menu,

HU30TEPMbI  CXKaTHsd, HAHOCTPYKTYPUPOBAHHBLIC CJIOU,

M-HaHOCTPYKTYpHI, 11eHkH Jlenrmiopa-1lledepa, anexTpoHHast CIEKTPOCKOITHSI, 3JIEKTPOKATaIIU3.

Introduction

Macroheterocyclic compounds are able to form organic
nanostructures due to the self assembly.!'"# Self-assembly
of porphyrins and related compounds is one of the domi-
nant concepts in the development of functional systems
based on this class of compounds.®7 The creation of thin-
film of organic materials, consisting of two- and three-
dimensional nanoparticles is of great interest.®) The
Langmuir-Blodgett technology makes it possible to solve
such problems.l""31' A specific feature of macroheterocyclic
compounds in confined space — in floating layers, thin films
and in capsules is the ability to form aggregates, whose prop-
erties may differ from the properties of these compounds
in solutions.™!"1 It was shown that porphyrins and their
derivatives are capable to form stable M (Major)-nanoag-
gregates 5-20 nm in size at the air-water interface.l"*2! In
our previous studies we demonstrated that the supramo-
lecular design with controlled self-organization of organic
compounds in 2D and 3D nanostructures at the air-water
interface becomes possible if quantitative information about
the structure of the floating layer is available. The quantita-
tive method for analyzing of compression isotherms of float-
ing layers allows determination of the critical characteris-
tics of the layers. It was shown that the equation describing
a nanostructured monolayer at the liquid/gas interface has
the form: m(4 —A__ )= n'kT.'V Here  is surface pressure, 4
is area per molecule in monolayer, 4 _ is the area per mol-
ecule in the nanoaggregate, n is aggregation number. Later,
it was used to determine the number of molecules in aggre-
gates of the crown-phthalocyanine ligand on the surface
of water and by other authors.?

Thin films of corroles possess peculiar structural
and photophysical properties, making them candidates
for application as photosensitizers, electronic molecular
devices, etc.>*% Corroles (H,Cor) compared to porphy-
rins (H,P), have a wider variety of macrocyclic structures
and high reactivity.’”**! Corrole has the ability to stabi-
lize high oxidation states of the central metal atoms such
as Cr¥, Mn", Fe', Co", Cu' being a trianionic ligand.4
Due to their structural and electronic features, corroles are
perspective compounds for their use as active components
of catalytic systems?! for various redox processes, groups
transfer reactions, molecular recognition processes for small
molecules.?® The films of germanium methoxy-triphenyl-
corrole were obtained and studied by atomic force micros-
copy using the matrix pulse laser evaporation technology.
(251 It was shown that the Soret and O-bands are broadened
and shifted in the UV-Vis spectra of films. That was explained
by the presence of a high degree of aggregation during

Maxkpozemepoyuxavt / Macroheterocycles 2019 12(3) 282-291

deposition of the films from the [(p-MeO-Ph),Cor]Ge solu-
tion. In the UV-Vis spectra of Cu(p-MeO-Ph) Cor films®"!
obtained by evaporation of the solvent, a bathochromic shift
of the Soret band is observed (by 15 nm) compared with
the spectrum of the Cu(p-MeO-Ph),Cor solution in dichlo-
romethane. Such peculiarities of the films are caused by for-
mation of J-aggregates. Corroles with bulk substituents form
H-aggregates. Absorption spectra of the films have the dif-
ferences with respect to the spectra of the solutions. The
Soret bands are shifted into the blue region (by 20 nm). In
the films intermolecular distances increase. Two-dimen-
sional nanostructures of organic compounds are of interest
for creating nanomaterials with new properties.’® 3 The
self-assembly of the two- and three-dimensional nano-
structures of corroles was shown earlier.**-7! Spontaneous
self-assembly mostly operates through weak intermolecular
forces, such as hydrogen bonding, alkyl chain packing, n—n
interactions which dictate the formation of nanostructures.

The oxygen reduction reaction (ORR) is an impor-
tant reaction not only in vivo tissue respiration processes,
but also in many electrochemical technologies, including
the operation of a hydrogen-oxygen fuel cell,* chlorine-
alkaline electrolysis with air-depolarized cathodes,**
metal-air batteries,*" electrochemical sensors.’>%! Most
of the works were devoted to studies of the catalytic activity
of metallocomplexes deposited on the electrode surface, for
example, graphite or carbon material. Such a principle has
used in fuel cells.’>7 " In particular, in the works on electro-
catalysis of cobalt corroles,® % it was shown that the rate
and mechanism of the ORR were influenced by the chemical
structure of the catalyst molecule, the nature of the central
metal ion in the molecule, etc.

It was shown earlier that corroles are able
to form nanostructured floating mono- and multilayers
at the air-water interface.*¢Y The influence of various
factors on the structure of the floating layers of corroles
was described. The effect of the initial surface coverage on
the structure of the floating layers of 5,10,15-triphenylcorrole
(H,[(ms-Ph),Cor])** and effect of temperature of subphase
on the layers of manganese(11I) 7,13-dimethyl-2,3,8,12,17,18-
hexamethylcorrole was demonstrated.® However, the influ-
ence of a metal cation on the quantitative characteristics
(such as size of nanoaggregates, the number of molecules
in nanoaggregates, density of nanoaggregates) has not yet
been studied.

The objectives of this work are (1) to discover the condi-
tions and to obtain monomolecular nanostructured floating
layers of copper 5,10,15-triphenylcorrole (Cu[(ms-Ph),Cor]);
(2) to determine the main characteristics of A-monolayers;
(3) to develop a model and to create a passport of floating

283



Langmuir-Schaeffer Films of Triphenylcorrole

monolayers; (4) to study the effect of the copper on the struc-
ture of the floating layers of triphenylcorrole; (5) to form
Langmuir-Schaefer (LS) films of Cu[(ms-Ph),Cor]; (6)
to study the spectral characteristics and catalytic activity
of LS films of triphenylcorrole and its complex with copper
in the oxygen reduction reaction.

Experimental

Copper 5,10,15-triphenylcorrole (Cu[(ms-Ph),Cor])
was synthesized by the known procedure.f*¢3%1 The compound
was identified using the methods of UV-Vis, NMR spectroscopy
and MALDI-TOF mass spectrometry.

To obtain the floating layers the solution of Cul[(ms-Ph),Cor]
in dichloromethane (C=1.2"10~* M) was applied onto the surface
of bidistilled water with a microliter syringe (Hamilton, Swe-
den) at the temperature of 20+l °C. The volume of the solution
to be applied was determined according to the required initial
surface coverage degree (c,, ), i.e. the ratio of the area occupied
by the molecules of the substance to the total area of water surface
available to the molecules. Two percentage values of the initial
surface coverage degree were calculated for two extreme orienta-
tions of molecules: the ¢, assuming that planes of all the mol-
ecules of the substance are parallel to water surface (the molecules
lie “face-on”), and the c, e assuming the planes are orthogonal
to the surface (the molecules stand “edge-on”). Fifteen minutes
after the application of the solution the layer was compressed
at a rate of v = 2.3 cm®>min'. Floating layers in this work were
formed at ¢, _/c, dee values from 4/2.5 to 93/58 %. The experiment
was carried out on the “NT-MDT” installation (Zelenograd, Rus-
sia). The surface pressure was measured by Wilhelmy sensor (with
an accuracy of 0.02 mN/m).

Langmuir-Schaefer (LS) films of 5,10,15-triphenylcorrole
and its copper complex were prepared by deposition of floating
layers at onto quartz substrates and at onto carbon-graphite elec-
trodes at the temperature of 20+1 °C. While compressing the layer
on the water surface, barriers of the Langmuir trough were stopped
when the selected pressure was reached; then the layers were
transferred one by one onto the substrate using the horizontal lift
method. The number K of touchdowns of the layer by the substrate
is 15. The layers for transfer onto quartz substrates were formed
at ¢, /c, dee of 93/58 %. Electron absorption spectra of LS films
and solution were recorded with a Shimadzu-UV-1800 spectro-
photometer (the wavelength error was +1 nm).

Electrochemical measurements were performed by the cyclic
voltammetry in the three-electrode cell YASE-2. The measure-
ments were carried out by using the potentiostat-galvanostat
«J-31P». A carbon-graphite electrode was used as a working
electrode, the lateral surface was isolated by a fluoroplastic
shell. The working surface (0.64 cm?) was deposited with a layer
(0.2-0.3 mm) of an active mass, which was prepared in an ethyl
alcohol, involved the carbon support (TEC — technical elemental
carbon P-514 (state standard 7885-86) with the ash content
0.45 %), the fluoroplastic suspension (6 % FP-4D) and LS film.
While studying redox reactions occurring on electrodes involv-
ing the active mass, first of all, electrolyte deaeration of argon
(99.99 %) was conducted by bubbling for 40 min. Next, the working
electrode was dipped in the electrolyte and cyclic voltammograms
were recorded in the potential range of 0.5-1.5 V. Then, gaseous
oxygen was introduced into the electrolyte, and 7, E-curves were
recorded in the same potential range. The correlations between
current density (j) and the electrode potential were plotted for
a comparative analysis of the LS films electrocatalytic activity.
Oxygen or argon was fed into the electrolyte from cylinders
by sparging at a rate (0.14 ml-s™) through a gearbox with a fine
adjustment valve and a glass capillary. After of the experiment,

284

the layer of active mass was easily removed, and the operation
of applying a new layer could be repeated many times.

The structure of the layers at air-water interface was analyzed
using quantitative analysis of compression isotherms of a nano-
structured M-monolayer, based on the concept of a layer as a real
two-dimensional gas with structural elements representing two
dimensional nanoaggregates. A method for the quantitative analy-
sis of compression isotherms and the determination of the main
characteristics of a nanostructured M-monolayer are described
in detail in the works.["¢7-%! The area (4) per molecule in the layer
was determined with 2 % error. The maximum error values for
other characteristics are as follows: 3 % for surface area per
molecule in a nanoaggregate (4, ) and the pressure region where
the stable state exists, and the span of the region (An); 5 % for
initial surface coverage degrees (c, ), the average distance
between molecules in the aggregate (r) and the lowest tilt angle
of molecules in stacks (“dry” aggregates, y); 6 % for surface area
of a nanoaggregate (S,,,); 7 % for diameter of a nanoaggregate
(D ) and water content between M-aggregates (per molecule) at
the 1n1tlal point of the stable state (w, . .); 10 % for compress-
ibility of the layer (B), surface coverage degrees at the initial
and final points of the stable state ¢, aco(odeey Chfaceedgey surface cov-
erage degree by M-aggregates at the initial point of the stable state
(c laEgr) aggregation number (n), density of the aggregate (pagu)
water content in M-aggregates (w, ,,), and the distance between
nanoaggregates at initial points of the stable state (d,).

The geometric parameters of the molecule are as fol-
lows: projection areas A e = 140 nm? s A etz = 1 nm?; areas
of circumscribed rectangles 4, =32 nm2 andd . =14 nm?
(Figure 1). The areas per molecule in the closest-packed monolayer
are 4 =1.9 nm? and 4 = 1.2 nm?(the HyperChem 8.0.8

pa\,k(taue) ack(edg.e)
software package (PM3 calculation method).

(a) (b)

Arec(laoe)‘3 2nm?

1.6nm

20nm

0.7 nm

Arecleage=1.4 nm2

Figure 1. Copper 5,10,15-triphenylcorrole: the structural formula
(a) and the spatial model (b) with sizes and areas of circumscribed
rectangles (4, ).

Results and Discussion

It was shown earlier that metal free 5,10,15-triphenyl-
corrole in floating at the air-water interface layers and in LS
films forms stable nanostructures of different types.363-64.66]
In this work, the structure and properties of floating layers
of copper 5,10,15-triphenylcorrole at the air-water interface
in a wide range of initial surface coverage degrees (c
from 4/2.5 % to 93/58 %, Figure 2) were studied.

A quantitative analysis of compression isotherms
built in the t4—n axes (Figure 2b) shows that at low surface
pressures (up to 0.3-1.6 mN/m) stable Cu[(ms-Ph) Cor]

face edée
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Figure 2. Frames enlarged low-pressure region of the n—4 (a) and n4-n (b) compression isotherms of floating layers of Cu[(ms-Ph),Cor].
The isotherms were recorded for different initial surface coverage degrees 10/6 % (1), 14/9 % (2), 37/23 % (3), 62/39 % (4), 93/58 % (5).
White circles denote regions corresponding to the stable monolayers.

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

/A4

ifﬂce Nanoaggregate ci'f‘“gcf'f;“ Ciager oM, A n o (S D)ag(glrlm) Woin r wi"bM o W q B
( (%g)e) type ( %3“ (%) (mN/m) (nm’ ) (®)  (nm) (%) (m?)  (nm)  (m/N)
Cu[(ms-Ph),Cor], C=1.2-10* M, CH,CI,
(2‘.‘5) 21(;)25 76 01-04 570 14 (;8) 0 13 (07228) 180 15 480
(4?4) Monolayer 37(;;‘6 80 0.1-04 343 40 (11 430) 0 0.7 (0? 27) 0.87 1.6 620
(160) M. 52(;)60 8 0104 254 6 11750) U 0?673) 051 14 440
(182) 6‘5)7 s 0103 210 96 (21060) 0 02 (0%;‘6) 040 15 440
(1;) 7(61‘69)2 70105 150 27 470) 53 - 2(?; 0.60 13 420
(} g) 9((“1;;3 80  0.1-04 133 45 ( 690) 64 - ](?)A 034 L1 510
(i ?) MOIT‘ZZY“ 10(32’01)23 81 0.1-03 125 81 (110]0) 2 (53 029 12 640
(?2) ]0(91’9])28 g4 0103 123 117 (1]4‘;) - (33 024 13 610
(?‘5‘) ! 1?2‘31)33 84 01-04 122 162 (21060) 80° - (2_ A) 023 14 480
8;) 10(76‘51)72 59 01-14 087 48 (250) - - 0 063 16 300
é;) ! 1(9‘;91)68 67  0.1-13 090 57 (360) - - 0 045 14 240
(g;) Bi}‘Zer 13(57’32)08 7 0114 085 TS 470) - - 0 033 13 260
(4712) 13(05’21)82 70116 089 81 470) - - 0 034 12 190
(2;) 14(54‘81)93 68 01-15 090 112 (580) - - 0 026 08 180
Cle, tee face-on and edge-on are initial surface coverage degrees; ¢, (face, ede) and Cp (frce, cdgey ATC surface coverage degrees at the initial and final points

of the stable state, respectively; AC e is span of surface coverage degree, region where the state exists; Cager is surface coverage degree by M-aggregates
at the initial point of the stable state; m—mis the pressure region where the stable state exists, and the span of the region; 4, is surface area per molecule
in a nanoaggregate; n is aggregation number (the number of molecules in an aggregate); D, and S, e ATC diameter and surface area of a nanoaggregate;
V.., i the lowest tilt angle of molecules in stacks (“dry” aggregates); 7 is the average distance between molecules in the aggregate; w, /4 andw, .
are water content in M-aggregates and between them (per molecule) at the initial point of the stable state; p,__is density of the aggregate; d.is the distance
between nanoaggregates at initial points of the stable state; B is compressibility of the layer.

 the amount of water in the aggregates was calculated for vertical arrangement of the molecules in the stacks.

aggr
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nanostructures of different types are formed. It was estab-
lished that Cu[(ms-Ph),Cor] forms 3 types of stable floating
layers: face-on monolayers, edge-on monolayers and edge-
on bilayers. Characteristics of floating layers of are presented
in Table 1.

At low initial surface coverage degrees (c,,_/c, dee from
4/2.5 % to 12/8 %), face-on monolayers of Cu[(ms-Ph),Cor]
where molecules in nanoaggregates are parallel to the water
surface are formed. Such monolayers are characterized

by large values of the area per molecule in nanoaggregates
(4, from 57 to 2.1 nm?). The number of molecules ()
in the aggregates increases from 14 to 96 with an increase
in the initial surface coverage degree. In addition, with
an increase of ¢, , the aggregates become larger (Daggr from
10 nm to 16 nm), the density of aggregates increases (p
from 0.28 to 0.76).

At medium surface coverage degree (from 14/9 %
to 24/15 %) and low surface pressure (from 0.1 to 0.5 mN/m),

aggr
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Figure 3. The dependencies on the initial surface coverage degree for: the area per molecule in M-aggregate (4
number (7, b), the diameter of M-nanoaggregates (D

nanoaggregates (w.

i

nter-Mi-i

aggr’

per molecule, e) and the surface coverage degree by M-aggregates (c.

c), the content of water in nanoaggregates (w.

/4

in-M'“ " mol”

i-aggr®

Lo @)» the aggregation
d), content of water between

f). For graphs (e) and (f) the values

are determined at the initial and final points of the stable state, respectively. Vertical dashed lines show the boundaries between layers

of different types.
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stable edge-on monolayers where molecules in nanoaggre-
gates are tilted to the water surface are formed. The lowest
tilt angle in stacks of Cu[(ms-Ph),Cor] molecules (y, . ) varies
from 53 to 80°, the number of molecules in M, 1zc-28ETCgAES
is from 27 to 162.

Monolayers of face-on and edge-on types are charac-
terized by a high value of compressibility (420—640 m/N).
A specific feature of monolayers of copper 5,10,15-triphe-
nylcorrole is the independence of the degree of surface
coverage by M-aggregates at the start point of a stable
state (c,_,,,. = 78 %) on the initial surface coverage degree
and monolayer state.

At high initial surface covering degrees in a very wide
range of ¢, _/c, dae (from 31/19 % to 93/58 %), stable bilayers
in the region of low pressures (from 0.1 to 1.6 mN/m) are
formed. For monolayers with face-on and edge-on arrange-
ment of molecules in nanoaggregates and for bilayers,
the dependences of all the characteristics of the layers on
the initial surface coverage degree were determined. The
dependencies on the initial surface coverage for surface
area per molecule in a M-aggregate, the number of mol-
ecules in an aggregate, diameter of a M-nanoaggregates,
water content in nanoaggregates, water content between
a nanoaggregates (per molecule) and surface coverage
by M-aggregates are shown in Figure 3.

Dependencies of characteristics of the layer on
the initial surface coverage degree result in the following
equations:

For M|,  monolayers:

A, =100/27+3.7¢c, )

n=-234+93c,

(1,
@,

N. M. Berezina, L. A. Maiorova, et al.

D,y =71+0.8¢, 3,
w,JA =95.6-59c, ),
Wi = V(E=04+02¢, ) ®),
Ci-aggr =78% (6):
r=156-0.1lc, ),
Citaee = 02+ 53¢, (8),
Crpee = 1.9+ 5.9¢ ©).
For M| dse monolayers:

A, =118 +0.3%c, . —12.79) (10,
n=-1614+133c, (11),
D, =-653+097c, (12),
W = 0.2 +0.3/(c,, . —13.2) (13),
Chrngar = 78 % (14),
V.. =150+28c, (15),
Cipee = 327 +3.5¢; (16),
Copee =393 +42¢ 7).
For M, 3D-layers:

A, =09 nm? (18),
n=21.6+09c, (19,
D, o 393 +0.04c, (20),
W, o = 0.3 +2.4/c, . —24.6) 21,
c. =65% (22).

The equations (1-22) and the basic equation of state
of the monolayer — (4 — 4, ) = kT/n, form a model of float-
ing monolayers of copper 5,10,15-triphenylcorrole.

The boundaries between the layers of different
types were determined: ¢ = 135 + 04 (%);
¢ =27.5+0.8 (%).

bord_edge-bi

bord_face-edge

Table 2.* The passport of floating layers of Cu[(ms-Ph),Cor] (C = 1.2:10*M, CH,Cl; v =2.3 cm*'min’'; t=20+1 °C).

N ; Orientation of foonrgilzggg Dependences of characteristics Constants characterizing
ano?fpgerega ¢ molecules in a e (%) ? of a monolayer on ¢, the floating layers
_ face 0
M-aggregate (from the model) (from the model) (from the model)
n=-234+93—c, n™* =98
D, =71+08c, (Daggr)“"“ =18 nm
WA, =95.6-59¢, W, A4, )" =18 %
| Wi = V04 +02:¢,) (Wi )™ = 0.4 1
2D, My, face-on Chee = 13.1 “P=156-0.11c, 7= 0.1 nm
ci-face = 702 + 53 'cface (Ci»face)max = 69 %
Cf-face = 19 + 5'9.cface (cf-fau:e:)maX = 79 %
¢ =const (78 %) ¢ comt="78 04
i-aggr i-aggr
n=-1614+13.3-c, nmx =193
D, =-653+097¢c,, (D)™ =19 nm
Wi = 02 +0.3/(c, . —13.2) W)™ = 0.2 nm
2D, M, edge-on 139<c, <267 Y. =15.0+28¢c, (V)™ =90°
Ci-face = 327 + 3'5.Cface (ci-face)maX = 126 %
Cf»face = 393 + 4'2.Cface (Cf-face)max = 151 %
¢, =const (78 %) ¢ comt="78 04
i-aggr 1-aggr
A, = const (0.9 nm?) nmin =47
n=21.6+09c, ®,, Jmin=15.2nm
3D, M, edge-on Cree > 283 D,.= 3.93+0.04-c, W)™ = 0.9 nm
ey = 0-25 +2.4/(c,,  —24.6) W)™ = 0.25 nm
Cppger — CODSE (65 %) Crpgr T = 65 %

*Notations see under Table 1.
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Figure 4. -4 (a) and mt4-mt (b) — Compression isotherms of floating layers of H,[(ms-Ph),Cor] (1) and Cu[(ms-Ph),Cor] (2), at c,

(C=12:10*M, CH,CL).
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From the equations (1-22), taking into account bound-
ary values, the constants characterizing floating face-on
and edge-on monolayers as well as bilayers were determined:
the maximum number of molecules in the nanoaggregates,
the diameter and the area of the aggregate, minimal water
content inside and between nanoaggregates, to name a few.
These constants, along with the conditions for forma-
tion of monolayers of various types and the dependence
of the characteristics of the layer on initial surface coverage
degree, are presented in the passport of Cu[(ms-Ph),Cor]
floating layers (Table 2).

Figure 4 demonstrates the effect of the copper atom on
the triphenylcorrole isotherms at ¢, /c , = 24/15 %.

A comparison of the main characteristics (4, , and n)
of nanostructured layers of the compounds on initial surface
coverage degree is shown in Figure 5.

It is follows that a ligand of triphenylcorrole, at
cface/cedge > 79/50 % and at pressure up 0 to 2.2 mN/m,
forms tetralayers, in contrast to its complex with copper,
which forms bilayers. The region of the stable edge-on
monolayers for the ligand is 9 % larger in the initial sur-
face coverage degree than for the complex with copper
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(Figure 5). It is shown that nanoaggregates of the complex
more dense than nanoaggregates of the ligand (Figure 5a).
The number of molecules in Cu[(ms-Ph),Cor] aggregates
more than the number of molecules in H,[(ms-Ph),Cor]
aggregates (by 2-3 times, Figure 5b). The rate of change
the number of molecules in face-on and edge-on nanoaggre-
gates with increasing of the initial surface coverage degree
is 2-3 times greater for the complex than for the ligand
(Figure 5b). The monolayers of the ligand and the complex
are characterized by a constant value of Cipger (76 %). The
specific feature of monolayers of the copper complex
(with face-on and edge-on arrangements of molecules)
is stability of the monolayers only at very low pressures (up
to 0.4—0.5 mN/m). The monolayers of ligand are stable up
to 2.2 mN/m.16%

Schematic views of floating monolayers and 3D nano-
aggregates of triphenylcorrole and its complex with copper
formed at different initial surface coverage degrees are
shown in Figure 6.

The formed floating layers were transferred onto
the substrates (quartz and surface of the electrodes)
by the horizontal lift method. The pressures and states
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(a)
Monolayers Cegqe = 15%
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Cu[(ms-Ph),Cor]

n=180-220
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(b)

Polylayers Cegge = 58%

Ha[(ms-Ph),Cor]

Cu[(ms-Ph),Cor]

Figure 6. Schematic views of fragments of floating monolayers (a) and 3D nanoaggregates (b) of triphenylcorrole and its copper complex,

formed at the same conditions (c, dre = 15 %, a, and c, e 58 %, b).

of floating layers at which they were transferred to the sub-
strates are shown in Figure 7. The layer state in the A point
was estimated from the coordinates of the point.

The state of the Cu[(ms-Ph),Cor] layer at the point A
corresponds to «edge-on bilayer — tetralayer» (samples I
and II, Figure 7). The state of the H,[(ms-Ph),Cor] layer at
the point B corresponds to «edge-on tetralayer» (sample 111,
Figure 7). Figure 8a shows the absorption spectra of solution
in CH,Cl, and LS films of Cu[(ms-Ph),Cor].

It is shown that the main band, both in solution
and in film, consists of two bands: (1 sol) 406 nm and (2 sol)
411 nm, (1 film) 404 nm and (2 film) 420 nm, respectively
(Figure 8). The position of right shoulder of solution (sh sol)
is 440 nm. The position of right shoulder of film (sh film)
is 438 nm. The ratios of intensity of the bands for the solution
are [ (1)/I (2)= 1.5 and I (1)/I (sh) = 4.6. The ratios of intensity
of the bands for the film are I (1)/I (2) =7.8 and I (1)/I (sh) = 1.9.
The ratios of the half-widths of the bands for the film
and solution are FWHM (1 film)/FWHM (1 sol)= 1.2, FWHM
(2 film)/FWHM (2 sol) = 0.9, FWHM (sh film)/FWHM

A bilayer-tetralayer

Figure 7. m-4 — Compression isotherms of floating layers

of Cu[(ms-Ph),Cor] (1, c, e = 98 %) and H,[(ms-Ph),Cor] (2, c, g
58 %). Points A and B indicate the pressure at which the layers
were transferred to the substrate. The state of the Cu[(ms-Ph),Cor]
layer at the point A corresponds to «edge-on bilayer — tetralayer»
(samples I and II). The state of the H,[(ms-Ph),Cor] layer at

the point B corresponds to «edge-on tetralayer» (sample III).
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(sh sol) = 1.9. The main difference the spectrum of LS film
compared with the spectrum of solution is the bathochromic
shift by 9 nm and a significant decrease in the ratio of intensity
of the second main band and the first one. The O-bands are
red shifted (Figure 8a). In addition, the shoulder of the film
is more intense with respect to the first main band, and wider
than the shoulder of solution. Thus, the Cu[(ms-Ph),Cor], as
well as the ligand, in the film forms aggregates with strong
intermolecular interactions.[*70-71

In order to study the catalytic activity of copper
triphenylcorrole LS films and its ligand in the ORR, 15 lay-
ers of H,[(ms-Ph),Cor] were transferred (isotherm 1, point
A, the state of the layer “bilayer-tetralayer”, sample 2)
and Cu[(ms-Ph),Cor] (isotherm 2, point B, the state
of the layer edge-on “tetralayer”, sample 3, Figure 7) on
the surface of carbon-graphite electrodes through a thin
layer of TEC-based composite material. For a comparative
analysis of the electrocatalytic activity of the LS films, 7 E-
curves, corresponding to the saturation of the electrolyte
with oxygen (40 minutes), were obtained. The dependence
of the current density of ORR on the potentials of the elec-
trode containing carbon material and LS films (Figure 8b)
shows that, compared with TEC (£, ,(O,) = -0.30 V), when
only 15 layers of triphenylcorrole ligand were applied
(thickness was about 80 nm) or a copper complex (thickness
was about 60 nm), a depolarization effect was observed,
which manifests itself in the displacement of the half-wave
potential £ (O,) towards positive values for the ligand
(E,,(0,)=-0.29 V) and complex (£, ,(O,) =—-0.28 V). Thus,
it was shown that LS films of corroles can be used as materi-
als for electrocatalysis.

Conclusion

The aggregation behavior of copper 5,10,15-triphenyl-
corrole in layers at the water surface and in LS films was
studied. It is shown that at the different initial surface cover-
age degrees, 2D and 3D nanostructures of Cu[(ms-Ph),Cor]
are formed at the air-water interface. The conditions
of the formation of nanostructures were determined: face-on
monolayers are formed at ¢, < 13.1 %, edge-on monolayers
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Figure 8. (a) UV-Vis spectra of Cu[(ms-Ph),Cor] in CHzCl; solution (C = 1.2-10* M) and LS film (sample I); (b) current density
of the ORR as a function of electrode potential with various catalysts: 1 — TEC, 2 — 15 layers of Cu[(ms-Ph),Cor] (sample II), 3 - 15 layers

of H,[(ms-Ph),Cor] (sample III).

are formed at 13.9 % < ¢, < 26.7 %, and edge-on bilayers
are formed at ¢, > 28.3 %. It was shown that the range
of formation of stable bilayers of copper 5,10,15-triphe-
nylcorrole is very wide (from ¢, 31 % to ¢, 93 %). The
main characteristics of M-monolayers (the size of nanoag-
gregates, the number of molecules in the aggregate, the dis-
tances between the aggregates, etc.) were determined. The
dependencies of characteristics of the layer on the initial
surface coverage degree were determined. A model of float-
ing layers of Cu[(ms-Ph),Cor] was constructed and a pass-
port the layers was compiled.

It was determined that the introduction of a copper into
the macrocycle cavity leads to an increase in the density
of two-dimensional M-nanoaggregates and a significant (by
2-3 times) increase in the number of molecules in them.
Face-on and edge-on monolayers of the copper complex,
unlike the ligand, are stable only at very low pressures (up
to 0.4-0.5 mN/m). At high initial surface coverage degree
under same conditions, the complex with copper forms
bilayers, unlike H,[(ms-Ph),Cor] which forms tetralayers.
The surface coverage degree by M-aggregates at the initial
point of a stable state of copper triphenylcorrole, as well as
the ligand, does not depends on the initial surface coverage
degree and the arrangement of molecules in the aggregates.

It was shown that both copper triphenylcorrole
and the ligand, in multilayer LS films form nanoaggregates
with strong intermolecular interactions. The possibility
to use such LS films for electrocatalysis in the oxygen
reduction reaction has been demonstrated.
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