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An influence of compression speed of a layer on the structure and properties of stable floating layers of 5,10, 15-triphe-
nylcorrol was investigated. Model of face-on monolayers with an increased (by 30 % compared to the quasi-stationary)
compression rate has been constructed by method of quantitative analysis of isotherms. It was shown that an increase
in the compression speed leads to an increase in the density of both two-dimensional nanoaggregates formed in the layer
and the monolayer itself. In addition, there was a significant shift in the boundaries of the existence of floating mono
and multilayers in the direction of smaller values of the initial degree of surface coverage.
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Hccnedosano enusnue ckopocmu cocamusi Cl0s HA CMPYKMypy U CEOUCMBA CMAOUIbHBIX NIABAIOWUX CTIOEE
5,10,15-mpucpenunxoppona. C nomowpio Memooa KOIUHECMEEHHO20 AHANU3A U30MEPM NOCMPOEHA MOOelb face-on
MOHOCTI0€e8, hopmupyemvix npu ckopocmu cocamus cros Ha 30 % npegviwaioweti ckopocms, 0becneuusaruyio Kea-
sucmayuonapHuli npoyecc. Ilokazano, 4mo yseiudenue CKopocmu COHCamus npusooum K noSbLUeHUIO NAOMHOCIU
KaK popmupyemuvix 6 cioe 08YMEPHbIX HAHOAZPe2amos, maK u camoz2o monocios. Kpome moeo, npoucxooum snauu-
MenbHbI CO8US 2PAHUY CYUWECMBOBAHUA NIABAIOWUX MOHO U NOTUCTIOEE 8 CINOPOHY MEHBUUUX 3HAYEHUTl UCXOOHOU Ce-
NeHU NOKPbIMUsL NOGEPXHOCUL.
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Introduction

Nowadays, self-organization of macroheterocyclic
compounds is an object of intensive research.®! Cor-
roles are tetrapyrrole macrocyclic compounds containing
a direct pyrrole-pyrrole bond,”'™ and having a carbon
skeleton similar to vitamin B,,. These compounds repre-
sent the unique class of porphyrinoids.['®?? As a trianionic
ligand, corrole has the ability to stabilize high oxidation
states of the central atoms of metals, such as Cr¥, Mn'Y, Fe'V,
Co'V, Cu.324 Derivatives of corroles are promising can-
didates for using them as chemical sensors,®! catalysts,?¢!
photosensitizers,?”! and building blocks of supramolecular
structures.”3% The properties of systems based on this
class of compounds are determined by the structure of their
ensembles. Therefore the creation of thin-film organic
materials, the structural and functional units of which will
be two- and three-dimensional nanoparticles of corroles
is of great interest.

The Langmuir-Blodgett method makes it possible
to solve such problems.?*5! This method is used to form
films of organic compounds with a predetermined structure
and thickness in the nanometer range.?**"'Properties of such
systems largely depend on their state in a solution, in float-
ing layers and in films.*3-*1 In our previous studies we have
demonstrated that the 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.**4?I The
quantitative method for analyzing of compression isotherms
of the monolayers using the generalized Volmer equation
was developed.”” It was shown that in the general case
the structural elements of the layer are two-dimensional
aggregates 5-20 nm in size (M-nanoaggregates) that can
merge into larger nano- and microaggregates. 644

It was also shown that corroles at the air-water interface
form nanostructured floating mono- and multilayers.*54¢]
The effect of the initial surface coverage on the structure
of the floating layers of 5,10,15-triphenylcorrol (H,[(ms-
Ph),Cor])*#' and effect of temperature of subphase on
the layers of (7,13-dimethyl-2,3,8,12,17,18-hexamethylcor-
rolato)manganese(I11)*] was demonstrated. It was revealed
that triphenylcorrole is able to form J-aggregates in thin
films. #5451 The formation of floating layers was carried
out in quasi-stationary conditions (compression speed
was 2.3 cm®min™). It is known that the compression
speed influences on the process of formation of floating
layers of organic compounds.F>3¥ However, the effect
of the compression speed on the quantitative character-
istics of the nanostructured layers (such as the number
of molecules in two-dimensional nanoaggregates, density
of monolayer, and others) has not yet been studied. The
objectives of this work are (1) to obtain the floating nano-
structured layers of 5,10,15-triphenylcorrole at a higher than
the quasi-stationary compression speed; (2) to determine
the main characteristics of M-monolayers and the depend-
ence of the characteristics on the initial surface coverage;
(3) to develop a model and to create a passport of floating
monolayers; (4) to study the effect of the compression
speed on the quantitative characteristics and properties
of the nanostructured layers of triphenylcorrole.
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Experimental

5,10,15-Triphenylcorrole was synthesized as described
earlier.#3361 The structure of the compound was confirmed
by UV-vis, 'H NMR and MALDI-TOF spectra.

The experiment was carried out on the Langmuir trough
“NT-MDT” (Zelenograd, Russia). The surface pressure was meas-
ured by a Wilhelmy plate with an accuracy of 0.02 mN/m. To
obtain the floating layers the solution of H,[(mns-Ph),Cor] in dichlo-
romethane (C=1.2-10* M) was applied onto the surface of bi-
distilled water with a microliter syringe (100 pl, Hamilton, Swe-
den) at the temperature of 22+1 °C. The volume of the solution
to be applied was determined according to the required initial
surface coverage degree (c/m), 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. Fifteen minutes after the application
of the solution the layer was compressed at two different speeds
of v=2.3 cm?*min" and 3.2 cm®>min’. Floating layers in this work
were formed at ¢, values varied within 5.4-50.5 %.

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.*'#"5%! The stable state of the layer
is described by equation

w -4, )=k, 0

where 7 is the surface pressure, 4 is the area per molecule in the layer,
A, 1s the area per molecule in the nanoaggregate, k is the Boltz-
mann constant, 7 is the absolute temperature and # is the aggrega-
tion number. When plotted in z4-7 axes, a compression isotherm
of the floating layer has both linear (corresponding to the single-
phase states of the layer) and nonlinear regions. The A and n are
the main characteristics of a floating monolayer; these values may
be determined by approximating the zA4-r plot using a linear func-
tion (the least squares method was used and the A4 error did not
exceed 3 %). The area per molecule in the nanoaggregate may
also be determined from the n4-m graph as the slope of a straight
segment which approximates the linear portion of the graph corre-
sponding to the stable state of the layer. The number of molecules
in the aggregate may be calculated as n=kT/f, where f is the ordi-
nate of intersection of the straight line and the ordinate axis.
According to the model used, the M unit has the circular shape
with thearea S,  =nA,  and diameter D, =2(S  /m) 2. The layer
compressibility at a stable state was calculated as B:(I—A/A)/
(w—m), where x, and ™ are pressures at the initial and final points
of a stable layer statec and 4, and 4, are the arcas at the beginning
and at the end of the linear section of the 7z-4 isotherm, respec-
tively. The distance between aggregate boundaries may be calcu-
lated as d=2(n/m)'”(4/” — A, °). The average distance between
molecules in the aggregate where the planes of H,[(ms-Ph),Cor]
molecules are arranged along the water surface (a M, -aggre-
gate) is r=2/x"(4, '*— Apmj’/z). The water content per molecule
in M-aggregates may be determined as w, =4 = — A, where
A, is the area of the molecule’s projection onto the water surface,
and the same between aggregates (at the initial point of the stable
state) may be determined asw, = =4 —A4 .

For aggregates where the molecules are tilted to the surface
of water, one can determine the minimum inclination angle
of molecules in stacks (in the case of so-called “dry” aggre-
gates): n,ym=arcsin(Almk_c dchmo[)’ where A otedee is the area per
molecule in closest packing. It is also possible to calculate such
values as: the current surface coverage degree at the start and end
points of the stable state c,.=A[”_w/A[. and c/=A j/A/; the surface

pro,

coverage degree extent of the stable state (dc); the degree
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of coverage of the water surface by aggregates at the onset point
of the stable state ciiaggV:Amu/Ai; the pressure extent of the stable
state, Ax=n—n. The density of the aggregate is calculated with

i
the equation Paggr:Apm, ol

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 4, and 4z, 5 % for ¢ e and y; 6 % for S eert
7 % fOr Daggr and Wimer—M—l -7 %’ 10 % fOr B’ ci—face’ Cf—fate’ ci—edge’ cﬁedge’
Croveer T P Wiy and d,— 10 %.

i-agg aggr in-M, i ) .

To analyze the compression isotherms, molecular models
and corresponding face-on and edge-on closest packings were
built using the HyperChem 8.0.8 software package (PM, calcula-
tion method). The geometric parameters of the molecule are as
follows: projection areas 4 . =1.6 nm?, 4 =] nm? areas

N ) proj(face) proj(edge)
of circumscribed rectangles 4 =14 nm>.

=3.2nm”and 4
The areas per molecule in the closest-packed monolayer are

Results and Discussion

It is shown that compression speed of the floating
layers of triphenylcorrole, v=2.3 cm*min’, is quasi-sta-
tionary. Characteristics and formation conditions of a sta-
ble monolayer do not depend on compression speed (at
v<2.3 cm*min™') and on the number of compression cycles.
B9 To study the effect of compression speed on structure
of M-layers of H,[(ms-Ph),Cor], the compression isotherms
of the layers formed at higher compression speed, than
quasi-stationary (v=3.2 cm?min’') were recorded. Char-
acteristics of H_[(ms-Ph),Cor] floating layers, obtained at
different initial surface coverage degrees are presented
in Table 1. In this range of initial surface coverage stable
floating layers of different types are formed: monolay-

rec(face) rec(edge)
=1.9 nm*and 4 =1.2 nm?.

pack(face) pack(edge) ers, bilayers and tetralayers. The compression isotherms

Table 1. Characteristics of H,[(ms-Ph),Cor] floating layers, obtained at different initial surface coverage degrees
(compression speed v=3.2 cm? min').

/A4

c c.. -C w. )
(C/Mi) Nano-aggregate ;ZCCF . /-:;(E Ci-aggr ﬂi-ﬂ/ Amul Daggl‘ !//min r "1-2/([%)) ! Wimer—M—i di B
o type e (%) (mN/m)  (nm?) (nm)  (°)  (nm) (nm?)  (nm)  (/N)
(%) (%) (P )
H,[(ms-Ph),Cor] C=1.2:10M
5.4(2.4) 35-36(1) 80 0203 37 55 16 0 07 57(043) 09 1.9 360
7.7 (3.4) Mono 46-52(6) 81 0203 28 62 15 0 05 43(057) 07 1.7 690
8.7 (3.8) free 50-57(7) 82 02-04 25 67 15 0 04 36(0.64) 07 1.8 580
14.2 (6.2) Mono 62-80(18) 64 02-06 1.6 20 7 48 — 26°(0.74) 1.0 1.7 580
17.5 (7.6) M,,, 76-97(21) 67 02-0.6 14 27 7 59 —  14°(0.86) 0.7 1.5 540
21.8(9.5) B"}ije’” 107-139(32) 64 0206 1 34 5 - - - 05 1.6 560
bi
505022.1)  eralayer o6 091131y 46 02-14 05 41 2 — - - 0.5 23 380
c fm/cg e Jface-on and edge-on are initial surface coverage degrees; c, ace.cdze) andc tfacescdge) AT surface coverage degrees at the initial and final

points of the stable state respectively; dc .. is span of surface coverage degree, region where the state exists; Crager is surface coverage
degree by M-aggregates at the initial point of the stable state; ni—nfis the pressure region where the stable state exists, and the span of the
region; 4, , is surface area per molecule in a nanoaggregate; n aggregation number (the number of molecules in an aggregate); D, and
Saggr are diameter and surface area of a nanoaggregate; v, . is the lowest tilt angle of molecules in stacks (“dry” aggregates); r is the average
distance between molecules in the aggregate; w, /4 ~andw,d - are water content in M-aggregates and between them (per molecule) at
the initial point of the stable state; Poer 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.

(@)

m, mN/m

0 1 2 0.0 0.5 1.0 15 2.0 2.5
A, nm? A, nm?

Figure 1. 7-4 — Compression isotherms of floating layers of H,(ms-Ph),Cor (a) and low-pressure region of the same isotherms (b).
The isotherms were recorded for C=1.2-10* M (CH,Cl,) at two different compression speeds: v=2.3 cm*min™; Cuee=17-5 % (1),27.2% (2),
61.9 % (3) — blue lines and v=3.2 cm*min"; ¢, =17.5 % (1), 21.8 % (2°), 50.5 % (3”) — red lines.

face
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Figure 2. n4-7 — Compression isotherms of floating layers of H,(ms-Ph),Cor (a) and low-pressure region of the same isotherms (b).
The isotherms were recorded for C=1.2-10* M (CH,Cl,) at two different compression speeds: v=2.3 cm*min; ¢, =17.5 % (1), 27.2 % (2),

61.9 % (3) — blue lines and v=3.2 cm?min’; Clrce

of the layers obtained at different compression speed are
presented in Figures 1, 2.

At compression speed v=3.2 cm*min™' and at low initial
surface coverage (¢ e /0)s face-on monolayers are formed
(where molecules in nanoaggregates are parallel to the water
surface). Such monolayers are characterized by large values
of numbers of molecules in aggregates (n=55—67) and big
size of aggregates (an average of 15-16 nm in diameter).
They are also characterized by large values of water content
per molecule in M-aggregates (from 57 % to 36 %) and large
water content per molecule between M-aggregates (0.9—
0.7 nm? per molecule).

In a narrow range of initial surface coverage degree
(14§cfm§18 %) and at pressures up to 0.4 mN/m, stable
edge-on monolayers are formed (where molecules in nano-
aggregates are tilted to the water surface). The minimum
tilted angle of the molecules in stacks is 48—59°, the num-
ber of molecules in the M, = aggregates is 17-27 and water
content per molecule between M-aggregates is 0.7-1.0 nm?.

The surface coverage degree by face-on M-aggregates
(¢, at the initial point of the stable state does not depend
onc,, (c,:aggr:81 %). The average value of Cioager for edge-
on monolayers is 66 %. At surface coverage Croee=21.8 %0,
a bilayer is formed. At ¢, =50.5 % a tetralayer is formed.

Analyzing dependencies of characteristics of face-on
monolayer on the initial surface coverage degree (Table 1,
Figure 3) results in the following equations:

A4,,=569-0.37c, @)
n=3595+349c, 3)
D, =177-032c,, @)
W, /A, =916~ 6.36¢, 5)
Wy =122 - 0,067, ©)
(€ )" =80 % %

The constants characterizing floating layers were
determined from the equations (2)—(7): (4, )""=1.9 nm?
=72, (D, )"=144 nm, (w, /A )"=26 %,
W, o) "=0.6 nm?, (€1 pge)" =58 %. Note, that con-
stants characterizing monolayer at a lower compression
speed (v=2.3 cm*min™) are: (n)"*=45, (D, )*"*'=11 nm,
(€1 gge) ™ =T5 %.41  Thus, as compression speed
of the layer increases, the maximum number of molecules

Maxkpozemepoyurnvt / Macroheterocycles 2018 11(3) 286-292

¢ face

=17.5% (1), 21.8 % (2°), 50.5 % (3’) — red lines.

in the aggregates, the diameter of the aggregate and the den-
sity of the monolayer increase. The dependencies of surface
area per molecule in a M-aggregate, the number of mol-
ecules in an aggregate, diameter of a M-nanoaggregates,
water content per molecule in a nanoaggregates, water con-
tent between a nanoaggregates (per molecule) and surface
coverage of a M-aggregates on the initial surface cover-
age are shown in Figure 3. The boundaries of the regions
of monolayers with different types of nanoaggregates
are determined: ¢, , Jncecdze—10-2 %0, € =19.7 %,
Chordpienra 302 Y0

It is shown that an increase in the compression rate
leads to a decrease in the area per molecule in the aggregate
(Figures 3a, 4) and a shift of the boundaries between layers
of different types towards a lower degree of surface cover-
age (4dc,,,,=1.9 % for face-on monolayers, 4c, =15.1 % for
edge-on monolayers and 4c¢ e 332 % for bilayer). At a high
compression speed less stable layers with more dense nano-
aggregates are formed. At low surface coverage (¢, up
to 18 %), the number of molecules in aggregates is larger
than in the case of quasi-stationary compression of the layer.
Atc,, of 20 %, the opposite trend is observed (Figure 3b).

Schematic views of floating monolayers and 3D
nanoaggregates of triphenylcorrole obtained at different
compression speed are shown in Figure 4.

bord-edge-bi

Conclusion

In this work it was shown that an increase in the com-
pression speed by 30 % leads not only to a significant shift
of the boundaries between floating layers of different types,
but also to a decrease of the stability of the monolayer.
The characteristics of the layers are also changed. The
corrole-corrole interactions (face-to-face) start to prevail
over corrole-water interactions at a lower value of initial
surface coverage (¢, =14.2 % instead of 17.5 %). The edge-
to-edge interactions between stacks in floating layers begin
to dominate over the corrole-water interactions at almost
two times lower value of initial surface coverage. Bilayers
at high compression rate are formed at ¢, =20 %. Tetralay-
ers are formed at ¢, =38 %. Therefore, compression speed,
as well as the initial surface coverage and temperature,
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Figure 3. The dependencies on the initial surface coverage degree for: the area per molecule in M-aggregate (4, ) (a), the aggregation
number (7, b), the diameter of M-nanoaggregates (Daggr) (c), the content of water in nanoaggregates (w, ,/4, ) (d), content of water

between nanoaggregates (w,

inter-Mi-i

per molecule) (e) and the surface coverage degree by M-aggregates (ci_aggr) (f). For graphs (e) and (f)

the values are determined at the initial and final points of the stable state, respectively. The dependencies are obtained for two different
compression rates of the floating layer v=2.3 cm*min™ (1, red lines and points) and v=3.2 cm*min™' (2, black lines and dots). Vertical

dashed lines show the boundaries between layers of different types.
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Figure 4. Schematic views of fragments of floating monolayers and 3D nanoaggregates of triphenylcorrole at different compression speed

of the layer. (a) Monolayers with M, nanoaggregates: v = 2.3 cm’min’! (a', Cpee= 4 %) and v=3.2 cm?min! (a*
Monolayers with M, e NANOAgETCgAtEs: (b’ and b™', respectively, ¢, .= 17.5 %). (c) Change in dimension of nanoaggregates (2D-3D):
monolayers-bilayers (¢’, ¢, ,=61.9 % andc¢™, c

¢ =50.5%).

> “face

a

J

> “face

is a parameter of the directional change of the structure
and properties of organic compounds in the layers at air-water
interface.
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