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The structure of nanostructured Langmuir layers of copper tetra-tert-butyltetrabenzotriazaporphyrin (CuThp'Bu,)
prepared using the solution in methylene chloride at different degrees of initial surface coverage (cedge from 10 to
51%) is determined. The significant change of the monolayer structure due to changes in initial conditions is shown. 4
comparative analysis of the quantitative structure parameters and properties of floating layers of CuThp'Bu, prepared
using solutions in benzene and methylene chloride is performed. It is shown that in the case of the aromatic solvent
(benzene, cedge = 10%) and the azaporphyrin with the disturbed r-system (CuThp'Bu,) intermolecular interactions AP-
water became prevailing, what leads to formation of dense and rigid monolayers with the most open (face-on) structure

of nanoaggregates.
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Introduction

Self-assembly of porphyrins is one of prevailing
concepts in development of functional porphyrin systems,
some of which reveal exceptional properties similar to
that of systems found in nature.'"® Molecular-level 2D
control of organic compounds is a rapidly developing part
of nanotechnology. Controlled self-assembly of porphyrins
may be embodied using the Langmuir-Blodgett (LB)
method, which allows one to build highly ordered layered
molecular ensembles both on liquid-gas interface and on
solid substrates.!1%

Properties of thin-film organic nanomaterials are
defined by their structure, which in the case of LB technique
depends on the structure of floating layers. By changing the
structure of the layer, which will be transferred onto a solid
substrate, one can drastically change the structure of films
being prepared. Porphyrazine nanoparticles in LB films were
formed for the first time just owing to adequately chosen
structure of the layers meant for the transfer.['! This makes the
study of structure and properties of azaporphyrin Langmuir
layers unavoidable step in the solution of the problem of
fabrication of nanomaterials based on these compounds.

The solvent used to dissolve a compound under study
in order to prepare a solution, which will be applied to
water surface is one of the factors influencing formation
of nanostructures in floating layers. Usually a volatile
solvent, immiscible with water, is used. It is believed that
the solvent evaporates from the surface in 10-15 minutes.
At the same time, macroheterocycles may form solvates.
(12151 An increase of electron density in the macrocycle
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of a ligand (due to electron effects of substituents and/
or metal-ligand n-bonds) promotes formation of stable
n-n-complexes with m-acceptors whose ligand plays
a role of a m-electron density donor (and vice versa).!'®
Specifically, CuL has high energy of interaction with
benzene. CuL-2C H, species are the most energetically
stable ones among solvates of metalloporphyrins. For
CuL2CH, and CuL-CH,, for example, the enthalpy
of benzene evaporation from crystallosolvates is
274 and 46.6 J/mol, the temperature of the onset of
desintegration of crystallosolvates is 60 and 85 degrees
centigrade, respectively. Earlier association of tetra-tert-
butylsubstituted copper phthalocyanine (CuThp‘Bu,) with
cyclohexene, hexene, benzene, pyridine was studied.!'”
With the use of GLC method the association constants of
CuThp'Bu, with said molecules were measured.

Thus, the compound studied in this work can form
complexes with solvents. The stability of the complexes is
determined not only by the structure of the molecule, but
also by a nature of the solvent. This allows one to expect
that a solvent used to form floating layers will influence the
structure of copper tetrabenzotriazaporphyrin floating layer
due to solvatation effects.

Floating layers of  metal-free tetra-tert-
butyltetrabenzotriazaporphyrin were studied;!'” the data of
comparative analysis of Langmuir layer of its copper complex
and tetra-tert-butylsubstituted copper phthalocyanine were
also presented by us,!'® although the structure of floating
layers was estimated only qualitatively with the use of
conventional method of analysis of compression isotherms
of a layer.
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Advantages of the method of quantitative analysis™*!”!
which is currently being developed, as has been shown by us
by the example of investigation of CuThp'Bu,,' come fromiits
ability to determine ranges of existence of single-phase layer
states and quantitative parameters of floating layers (the size
of nanoaggregates formed in layers, the number of molecules
in a nanoaggregate, compressibility, and the pressure range
where the given state exists). Further, it has been shown
(including the use of Brewster angle microscopy) that within
the 110-700 nmol/m? range of initial surface concentration,
corresponding to initial degree of surface coverage
Cogee— 0-40% (the most common in Langmuir-Blodgett
technique) the layer structure determined by the quantitative
method and by the conventional one may differ drastically.

The main goal of the present work is to compare
quantitatively the structure and properties of floating layers of
tetra-fert-butylsubstituted copper tetrabenzotriazaporphyrin
formed using solutions in benzene and methylene chloride.

Experimental

The compound wunder study was synthesized by
N.Yu. Borovkov from 4-tetrabutylphthalonitrile®?!  and
chromatographically purified on alumina using benzene as an
cluent. Its structure was confirmed by NMR, IR and UV-vis
spectra. 7-4 isotherms were obtained with the use of the Langmuir
trough made by Joyce-Loebel (England). Solutions of CuThp'Bu,
in benzene and methylene chloride (C = 625 pmol/l) were used to
form floating layers. Layer compression with the speed of 4.8 cm?/
min was started 15 minutes after the application. Surface pressure
was measured using a Wilhelmy balance with 0.02 mN/m accuracy,
while the accuracy for the measurement of the 4 value was 2%.

Geometric parameters of the molecule — projection area

oroi(face) = 2.2 nm?, Apmj(c o = 0.7 nm?, areas of circumscribed
rectangles 2.9 nm? and 1.2 nm? respectively (Figure la) and in
densely packed monolayer on water surface (4, . o= 27 nm? and

modedge) — 02 nm?) were determined from corresponding molecular
models built in HyperChem 7.01 software (using the MM+
calculation procedure).

Structure analysis of floating layers was done with the
method of quantitative analysis of compression isotherms, based
on the Volmer equation,?? generalized to the case when structural
units of 2D-gas are molecular aggregates rather than individual
molecules.?24 A single-phase state of a layer is described by the
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following equation: m(4 — A, ) =n'kT,where A, isthesurfacearea
per one molecule in a structure unit of a layer (a 2D nanoaggregate);
k is the Boltzmann constant; T is absolute temperature; # is the
number of molecules in a nanoaggregate (an aggregation number).
Isotherms plotted in z4A—x coordinates comprise linear and non-
linear parts. The former corresponds to single-phase states,
and the tangent of the slope angle of the linear part is equal to
A, - The ratio of kT to the initial ordinate of the intersection of
the axis and a straight line, whose segment approximates the
linear part, is equal to n. The n value corresponds to the peak of
distribution of number of molecules in nanoaggregates. Diameter
D, of an 2D nanoaggregate, which, according to the employed
model (Figure 1b), has a circular shape, is determined from its
area S, =A, n Distance d between boundaries of aggregates
(interaggregate spacing) is calculated under the assumption
that the aggregates are, on average, located at equal distances

from each other (d = \/4"4: ‘nfn _\/4'Amaz '”/7[), where 4, is
the abscissa of the beginning of a stable part of a 7-4 isotherm.
Within a linear part of a z4—= plot the tilt angle  of molecules in
a stack of compact water free aggregate was calculated from the
A4, =A4,,/siny relationship. A degree of water surface coverage
by nanoaggregates at an onset point of a stable state was calculated
asc =S8 /4 and a degree of face-on nanoaggregates surface

aggr aggr U .
coverage was calculated as ¢ =4 /4, Water content in

an aggregate and free water content li”r;,gmlzyerm ;)er one molecule at
an onset point of a stable state were calculated asw, =4 — o)
andw, .=4-4, ., respectively. Layer compressibility within a
selected part of the isotherm corresponding to the stable state of
the layer was calculated as B =4, - 4 /(w,— w )4, where , and w,—
pressures at initial and final points of a stable layer state.

Values of area per molecule and number of molecules in a
nanoaggregate 4 and n were determined using linear least-square
approximation of a part of the z4-x plot with the maximum 74 error
not exceeding 3%. The other maximum errors are 3% for 4, , Az
and Crruer 5% for Cruce and y; 7% for D and Wie 8% for B; 10%
forw,,nandd,

Results and Discussion

The analysis of #-4 isotherms and zA-x plots of
CuThp'Bu, floating layers prepared using solutions in
methylene chlo ride at the initial degree of surface coverage
values of ¢_ gee (Ce) = 10.(30), 33 and 51% (Figure 2) shows
significant changes in the monolayer structure: the least tilt
angle of molecules in a nanoaggregate’s stacks changes from

Figure 1. Molecular dimensions of copper tetra-ferz-butyltetrabenzotriazaporphyrin (a) and schematic representation of a monolayer

model (b).
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Langmuir Layers of Copper Tetra-butyltetrabenzotriazaporphyrin

w =20° (t-type) to w = 76° (o'-type). Quantitative parameters of surface coverage by nanoaggregates is ¢, = 77%) and
of the structure and properties of stable monolayer state are high compressibility (B = 140 m/N). A Langmuir layer with
presented in Table 1. two-dimensional aggregates of “closed” structure (a'-type)

The characteristic feature of monolayers prepared prepared at c, e = 21% has the widest stability range with
using the solution in methylene chloride is the permanency respect to the surface pressure (Az = 3.5 mN/m).

of the aggregation number (n = 45) in the wide range Figure 3 shows how the nature of a solvent influences
of initial surface concentration (c, e — 10-51%). The the structure of a layer by presenting 7-A4 isotherms of layers
compressibility of monolayers decreases as c, jge STOWS. prepared using solutions in benzene and methylene chloride
Monolayers with the “open” nanoaggregates (y = 20°, with equal amount of the substance applied to the water
t-type) which are interesting for practical applications may surface (c,,,, = 10%, N, =227 nmol/m?).

be formed at c, e — 10% within the surface pressure range In layers prepared using benzene as a solvent at
of 0—1.7 mN/m. Such a monolayer features low density (the Couee = 10% in the low pressure region (7 <2.0 mN/m) face-on

separation between aggregates is d,=1.7 nm, the degree monolayers where molecules are flat with the water surface

Table 1. Parameters of floating layers of CuThp'Bu, formed from solutions in benzene and methylene chloride.

Layer state c.. -c,
2 i-face "~ f-face -
N,,, nrnol/rr:)/ (monolayer (C[_edgt,'C/_t,dg ) T ﬁi\g/Aﬂ'), Amuzz’ n aggr’ o A W /Am:;’ Wf‘me,z,-’ j l/,DIlm B, m /N
(Cface’ Cedgg)’ 0 type) ((ci_;lgg) )’ % miN/m nm nm (Caggr)’ 0 nm ( i aggr)
Solvent: methylene chloride
66-87
227 Mono edge 0-1.7 1.7
22-29 2.6 46 12 20 T1* 0.8 140
(30, 10) (t-type) (((77))) (1.7) (0.14)
175-217
758 Mono edge 0.3-1.9 0.9
58-72 1.0 44 7.4 65 26%* 0.3 120
(100, 33) (o-type) (((79))) (1.6) (0.1)
196-240
1150 Mono edge 0.3-3.8 0.7
. 65-80 09 46 7.3 76 21% 0.2 52
(154, 51) (o'-type) (((83))) 3.5 (0.1)
Solvent: benzene
67-77
227 0.1-2.0 23 0.9
Mono face 22-26 29 46 13 0 0.4 71
(30, 10) (((87))) (1.9) (76) (0.07)

*amount of  water in  aggregates is calculated in  assumption of  vertical orientation of  molecules.
A for edge-on aggregates the least tilt angle of molecules in stacks is presented.

N, - the initial surface concentration; Clrcer % - the face-on initial degree of surface coverage; ¢
coverage; ¢, ) and Ch e (c

e’ % - the edge-on initial degree of surface
uce (c. dee o dge) - the degrees of surface coverage at the onset point of a stable state, Cronger ™ the degree of coverage
of water surface by aggregates at the onset point of a stable state; 4, - the area per molecule in a nanoaggregate; 7 -7, (Ar) - the pressure
interval of existence of a stable state; n the aggregation number; D" the diameter of a nanoaggregate; y - the tilt angle of molecules; w,
and W, - Water content in an aggregate and free water content in a layer (per one molecule) at the onset point of a stable state; Coaer the
degree of surface coverage of nanoaggregates; d, - the distance between boundaries of nanoaggregates at initial point of stable state; B - the
monolayer compressibility.

a b
30- 30 -
/1
23
E 204 1 - 20 1
— 5 Mono edge
= o
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<
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32 /
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Figure 2. 7-A isotherms (a) and z4-r plots (b) for CuThpBu,, C = 625 umol/I (methylene chloride), ¢
dots denote boundaries of stable monolayer states of the layer.

=10(1), 33 (2), 51% (3). The

edge
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Figure 3. 7-A4 isotherms (a) and a schematic structure (b, 1 — xz projection of a nanoaggregate, the edge-on structure; 2 — fragment of xy
projection (21x21 nm, the face-on structure of a layer) of CuThp'Bu, floating layers prepared at c, e 10% using solutions in methylene
chloride (1) and benzene (2). The dots denote the boundaries of regions corresponding to stable monolayer states of the layers. The inset to

Figure 3a shows the low pressure zone in more detail.

(w =0, plot and packing 2 in Figure 3) are formed, whereas
the methylene chloride solution under similar conditions
produces 1-type edge-on monolayers (plot and packing 1 in
Figure 3). Monolayers exist within similar ranges of current
surface concentration c, e Cpace (Credge Cre dge), 67-77%
(22-26%) and 66-87% (22-29%), respectively. Properties
of the monolayers differ significantly: the compressibility,
the interaggregate spacing and the amount of free water
for the monolayer prepared using benzene is two times less
(Table 1). The number of molecules in aggregates does not
depend on the initial degree of surface coverage and on the
solvent.

Conclusion

The structure of nanostructured Langmuir layers of
coppertetra-tert-butyltetrabenzotriazaporphyrin(CuThp'Bu,)
prepared using the solution in methylene chloride at different
values of initial surface coverage (c, dee from 10 to 51%)
is determined. The significant change of the monolayer
structure due to the changes in initial conditions is shown:
the least tilt angle of molecules in nanoaggregate’s stacks is
from y = 20° (t-type) to y = 76° (a'-type). A Langmuir layer
with two-dimensional aggregates of “closed” structure (a'-
type) prepared at c, e~ O1% has the widest stability range
with respect to the surface pressure (Az = 3.5 mN/m).

A comparative analysis of the quantitative structure
parameters and properties of floating layers of copper tetra-
tert-butylsubstituted tetrabenzotriazaporphyrin prepared
using solutions in benzene and methylene chloride is
carried out. It is shown that in the case of the aromatic
solvent (benzene, ¢, =10%) and the azaporphyrin
with the disturbed m-system (CuThp‘Bu,) intermolecular
interactions AP-water became prevailing, what leads to
formation of dense and rigid monolayers with the most open
(face-on) structure of nanoaggregates. On the other hand,
monolayers prepared using methylene chloride consist of
two-dimensional nanoaggregates with lateral arrangement
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of molecules in stacks. Unlike tetra-tert-butylsubstituted
copper phtalocyanine studied earlier,’! the number (n = 45)
of molecules in nanoaggregates does not depend on both the
initial degree of surface coverage and the solvent.
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