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Nanostructured layers of poly-4-vinylpyridine (P4VP) are formed at air-water interfaces. Quantitative characteristics
of their structure and properties are analyzed within the framework of the model of nanostructured M-monolayer.
For the first time, the coordination reaction of poly-4-vinylpyridine with cobalt tetra(p-methoxyphenyl)porphyrinate
(CoTpMPP) was carried out in nanostructured layers at the air-water interface. The resulting Langmuir-Schaefer
films of P4VP-CoTpMPP were studied by UV-Vis spectroscopy.
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Ha epanuye paszoena 600a-6030yx cqpopmuposanvl HAHOCMPYKMypuposartvle ciou noau-4-eununnupuouna (I14BI1).
Konuuecmsennvie xapaxmepucmuku ux CmpyKmypvl U CE0UCME NPOAHATUSUPOBAHLL 6 pPAMKAX MOOeu
HAHOCMPYKMYypupo8anno2o  M-monocnos.  Bnepevie — peaxyusi  koopOounayuu — noau-4-euHuInupuouHa
mempa(napa-wemoxcugenun)noppupunamom rxoodarema (CoTpMPP) nposedena 8 HAHOCMPYKMYPUPOBAHHLIX
CRosIX Ha epanuye pazoeida 800a-6030yx. llonyuennvie nienku Jlenemopa-Llegpepa I4BI1-CoTpMPP uccredoganvl
MEMOOOM INEKMPOHHOU CREKMPOCKORUU NO2TOUCHUSL.

KiroueBnie ciioBa: HaHoCTpyKTypupOBaHHBIE CIIOU, TPAaHUIIA pa3feaa BOAA-BO3AYX, PEAKLUs KOOPAMHALUY, IJICHKH
Jlenrmiopa-1lledepa, nonu-4-BUHWIMUPHINH, TOPGUPHHAT KOOAIIBTA.

Introduction Porphyrins and their metal complexes exhibit excellent
stability in solutions and thin films. Metalloporphyrins play

Materials based on macroheterocycles have found a crucial role in organizing and carrying out photosynthetic,
numerous  applications as  catalysts,'?  sensors,”!  respiratory, enzymatic, and other functions in living
components of organic electronic devices,'* and others. organisms.””) With their unique set of properties, they are
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capable of forming supramolecular complexes with proteins
and other biomolecules. Therefore, interest in self-
organizing structures based on metalloporphyrins, of both
natural origin and their models, continues to grow.!")
Methods for fixing porphyrins on the surface include
Langmuir-Blodgett method,”""! encapsulation,!*"" subli-
mation in a vacuum, adsorption of porphyrins from solu-
tions, impregnation of a solid carrier with subsequent
removal of the solvent, mechanical grinding of porphyrins
with a carrier (in particular, with a polymer), efc.'”""
Spontaneous assembly of the most complex spatial struc-
tures based on metalloporphyrins in biological media
involves all types of binding: covalent, ionic, coordination,
each of which is responsible for a specific fragment of the
tetrapyrrole complex.

Compounds of this class tend to form supramolecular
structures (so-called stacks). Thin films of porphyrins can
be prepared by a variety of methods, including vacuum
sublimation, electrochemical deposition, solution casting,
and the Langmuir-Blodgett method. Using the Langmuir-
Blodgett technology, it is possible to form films with a
given structure and thickness in the nanometer range.***"

Nowadays, nanostructures of numerous biomolecules
having different properties from those of the parent mole-
cules and with great potential for various applications have
been reported.”**® The formation of different kinds of
supramolecular assemblies from precursor compounds at
the water surface,”’"" during electrochemical deposition
on electrodes,”'*? and in metal-organic frameworks™****
has been reported. Self-assembly plays an essential role in
materials nanoarchitectonics.”*! Supramolecular poly-
mers have been created using diverse self-assembly
strategies wherein biomolecules!™*” are employed.!*"!
Previously, we have demonstrated the possibility of
supramolecular design at the air-water interface by control-
ling the self-assembly of tetrapyrrole compounds into 2D
and 3D nanostructures. The concept of nanostructuring of
organic compounds at the air-water interface and a model
of a floating layer, the structural units of which can be both
individual molecules (Langmuir’s approach, special case)
and their major nanostructures (so-called M-nanostructures,
general case), were presented.* ! The formation of the
porphyrin supermolecules from magnesium porphine, a
functional element of chlorophyll, was reported.”*”!
Recently, we have reported the formation of the first super-
molecular nanoentities (SMEs) of a vitamin B, derivative
(monocyano-species of heptabutyl cobyrinate), unique
nanoparticles with strong noncovalent intermolecular
interactions, and emerging optical and redox properties.*”!
Nanostructured thin films based on tetrapyrroles have been
extensively studied in sensor systems. Sensor responses
have been explained by the complexation of analytes with
Co(II) ion of tetrapyrroles.”*>*

The incorporation of metalloporphyrin into a polymer
matrix using copolymerization or polymer-analogous trans-
formation methods makes it possible to obtain a group of
polymeric materials called porphyrin polymers.’” Interest
in the production of porphyrin polymers is due to the possi-
bility of formation from them of functional thin films in
which porphyrin is not aggregated. Currently, porphyrin
polymers are used as sensors, catalysts for various
processes, gas separation membranes, medications, sensi
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tizers for photodynamic therapy, efc.!®*! Polymer nano-
sponges of various natures were proven to be promising as
not only “nanoreactors” and ‘“nanocatalysts,” but also as
unique systems for targeted drug delivery.*” As shown
in'®!, polymer micelles based on polyethylene glycol-
block-poly-4-vinylpyridine (PEG-b-P4VP), obtained
through axial coordination, increase the water solubility and
photostability of hydrophobic Zn, Mg tetraphenylporphyrin.
P4VP with Spiro-OMeTAD is used as a basis for the prepa-
ration of perovskite solar cells and other optoelectronic
devices.'*! Poly-4-vinylpyridine is also used as a cheap,
effective and recyclable catalyst.[*”¢%)

The synthesis of porphyrin polymer materials is most
often carried out in solutions or powders. The possibility of
obtaining porphyrin polymers in nanostructured layers at
the water-air interface is an interesting problem both from
the point of view of studying the fundamental processes of
self-organization of organic compounds and for practical
applications.

In this work, we have studied the possibility of
forming nanostructured layers of poly-4-vinylpyridine on
the surface of water, carrying out the coordination reaction
of poly-4-vinylpyridine (P4VP) with cobalt tetra(p-
methoxyphenyl)porphyrinate (CoTpMPP) and obtaining the
porphyrin polymer P4VP-CoTpMPP at the water interface -
air and in LS films on solid substrates.

Experimental

To calculate the initial degrees of coverage of the water
surface with molecules and analyze the obtained experimental
data, a model of a unit of a poly-4-vinylpyridine molecule (Figure
la) and a fragment of the closest packing of polymer chains
(Figure 1b) was built. For calculations, we used the HyperChem
8.0.8 software package (PM3 calculation method).

Geometric parameters of the molecule link: 0.8x0.5 nm,
projection area — Ap,=0.27 nm? area of the circumscribed
rectangle — A,=0.4 nm’. The minimum area per link in the package
is 0.2 nm”.

a) - =
—CHz—-(IIH—
Q
™
N n
b)

Figure 1. (a) Structural formula, (b) fragment of the packing of
P4VP polymer chains.
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Figure 3. (a) -4 and (b) nd- Isotherms of P4VP obtained from a solution in chloroform (C=4.12-10"° M), at a layer compression rate
of 2.78 cm?/min. The numbers indicate the current degree of surface coverage before the layer begins to compress (cj-0) in percent.

The structural formula and model of the cobalt tetra(p-
methoxyphenyl)porphyrinate molecule are presented in Figure 2.

Geometric characteristics of the molecule: 1.8x1.5x0.6 nm,
projection areas Ayj(face)=1.72 nm’ and Apoi(edge)=0.54 nm?,
areas of circumscribed rectangles A(face)=2.7 nm* and
A(edge)=1.1 nm?, areas in a monolayer with the closest packing,
Apaalface)=2.5 nm’ and Apadedge)=1.1 nm?

To obtain floating layers at the air-water interface, a solution
of the compounds under study in chloroform was applied to double-
distilled water with a microliter syringe (100 pL, Hamilton,
Sweden) at (20+1)°C. The volume required to apply the solution
was determined by the required initial degree of coverage of the
water surface with a compound. The layers were compressed at a
rate of 2.3 cm*min™' during 15 minutes after applying the solution
to the water surface. The experiments were carried out on the NT-
MDT LB trough (Zelenograd, Russia). Surface pressure was meas-
ured using a Wilhelmy balance (with an accuracy of 0.02 mN/m).

Langmuir-Schaefer (LS) films were obtained on quartz sub-
strates at (20+1) °C. The barriers compressing the layer on the
water surface were stopped at selected pressure values, after which
the layers were successively transferred to the substrate using the
horizontal lift method. Electronic absorption spectra of the LS
films and solution were recorded on a Shimadzu-UV 1800
spectrophotometer (measurement error at wavelength +1 nm).

Analysis of the structure of layers at the water-air interface
was carried out within the framework of a model and a
quantitative method for analyzing compression isotherms of a
nanostructured M-monolayer, based on the concept of the layer as
a real two-dimensional gas with structural elements representing
two-dimensional nanostructures with a diameter of 5-30 nm (M-
nanostructures).*”! The stable state of the layer is described by the
equation (A=A o) =kT/n,P*3%) where 7 is the surface pressure, A
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is the area per molecule in the layer, 4, is the area per molecule
in nanostructures, n is the number of molecules in the nano-
structure, k — Boltzmann constant, T — absolute temperature. The
compression isotherms of the layer on the water surface, plotted in
the m4—n axes, have both linear (corresponding to single-phase
states of the layer) and nonlinear sections. The values of 4, and
n are the main characteristics of a floating monolayer and can be
determined by approximating a section of the n4—=n graph with a
linear function (the least squares method is used, the 4 error does
not exceed 3%). The area per molecule in a nanostructure is
defined as the tangent of the slope of the straight line, the segment
of which approximates the linear section of the graph. The number
of molecules is determined by the formula n=kT/B, where B is the
ordinate of the point of intersection of the straight line with the
ordinate axis. According to the model used, M-nanostructures
have the shape of a circle, the area of which is calculated by the
formula Sys=nAdge, and the diameter Dys=2(Sns/m)1/2. The
compressibility of the layer in a stable state is defined as
B=(1-A4¢4;)/(ni—m;), where m;, n; are the pressures at the beginning
and end of the stable state, 4;, Arare the abscissas of the beginning
and end of the linear section m—A isotherms, respectively. The
distance between the boundaries of nanostructures is calculated by
the formula: di=2(n/n)1/2 (4;1/2—A011/2). Water content between
nanostructures (at the initial point of the stable state) Wiy, m.=Ai—
Amo- The following were also calculated: the current degrees of
surface coverage at the points of the beginning and end of the
stable state — ¢;=Ap/4; and c=A,yAys; pressure range in which a
stable state exists AT=m;—;.

The error in determining the area per molecule in layer (4) is
2%. The maximum error values of the determined characteristics
of the layer are: for Ay, AT, c;, cp— 3%; for ¢ — 5%; for Sys — 6%;
for Dyg and Wiper-m.i— 7%; for B, n, and d; — 10%.
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Results and Discussion

Preparation of nanostructured monolayers of P4VP at
the air-water interface

The studies were carried out using a solution of P4VP
in chloroform (C=4.12-10° M, MW=60000, MW=105 g/mol,
number of units in a polymer molecule=571). Figure 3
shows the -4 and mA4-n isotherms of P4VP obtained at a
layer compression rate of 2.78 cm*/min. The main results of
the analysis of compression isotherms and characteristics of
P4VP layers are presented in Table 1. Based on the analysis
of the results obtained, it was established that at initial
degrees of surface coverage cio = 9% in the region of low
surface pressures (up to 0.5 mN/m) P4VP monolayers with
an area per molecule link in a nanostructure — Amoiink)=0.41
nm’ (which corresponds to a sparse monolayer with
molecules located along the water surface).

The main characteristics of M-monolayers are
determined (the size of nanostructures formed in the layer,
the number of molecules in them, the distances between
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them, the water/solvent content between M-aggregates at
the initial point of the stable state, the compressibility of the
layer).

The data obtained make it possible to construct a
model of condensed monolayer. The dependences of the
main monolayer parameters Amoiiinkyy N and Dys on the
current degree of surface coverage before the start of layer
compression (¢, Figure 4) were established. Analysis of
the dependences of the layer characteristics on the current
degree of surface coverage gives the following Equations:

Amol(link):0~39'0~02.Cj—0 (1)
n=const (2)
DNS:42_0-2-Cj-0 (3)

These dependencies make it possible to establish
constants that do not depend on the conditions of layer
formation. The maximum degree of surface coverage at
which a monolayer can be formed has been determined.
The minimum area per molecule in the layer calculated
from the model is 0.2 nm”. Therefore, the boundary of the

Table 1. Characteristics of P4VP monolayers at the water-air interface at various current degrees of surface coverage (c;).

*

Type of i, (AT Amol(link)* 5 Nl o x Dys, nm Winter-M-i> B,
. 0, 1 > R 0, > .
Ci0» 70 nanostructures mN/m nm’ (Miink) Ci—cr, % (Sns, nm?) nm? di, nm m/N
0.02-0.48 44
9 M-rar (0.46) 0.41 (3673) 45-51 (1506) 0.03 1.7 227
0.08-0,26 37
35 (0.18) 0.32 (3285) 59-62 (1051) 0.02 1.1 312
008-0 26 33
43 (0.18) 0.3 (2907) 62-66 (872) 0.02 1.5 336
M-cond 0.08-0.2 32
52 (0.12) 0.28 (2886) 66-70 (808) 0.03 1.5 332
0.02-0.41 31
69 (0.40) 0.25 (2993) 71-83 (751) 0.03 1.7 357

ci.o — the current degree of surface coverage with the polymer, calculated per molecule when the chain is positioned along the

surface (before the layer begins to compress);
n—7s (Am) — pressure range in which a stable state exists;

Amol(iink) — area per link in nanostructures. The remaining parameters were calculated per molecule;

nink the number of links in the nanostructure;

ci— cr — degrees of surface coverage at the initial and final points of the stable state;

Dy and Sys — diameter and area of nanostructures;

Winter-M-i — Water content between M-nanostructures (per molecule) at the initial point of the stable state;
d; — the distance between nanostructures at the point of the beginning of a stable state;

B —layer compressibility.

(1]

f

1

1

1

1

1

! |
1 |
1 |
1 1
80

10 70 30 40 50 60 70 80
C_rﬂ, %

40
€y %

b) c)
50 | 1
45 ! ] :
I mono cond
Ew ! '
Bl '
35 1 |
u o e
B 1 |
1 |
| |
T 5 . T y y
€0 L] 15 30 45 &0 75 30
Cjells %

Figure 4. Dependences of: a) area per link in nanostructures; b) number of molecules in them; ¢) diameter of nanostructures on the current

degree of surface coverage before the layer begins to compress.
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Coordination of Poly-4-vinylpyridine by Co Porphyrinate in Nanostructured Layers

monolayer condensed state iS Cpord cond = 93%, and taking
into account the error in determining this value (5%)
Chord cond = 88%. The minimum diameter of the formed
nanostructures is (Dys-min) 24 nm.

Thus, at different initial degrees of surface coverage at
the water-air interface, the formation of two types of P4VP
M-monolayers is possible. The conditions for the formation
of rarefied (rar) and condensed (cond) monolayers were
determined as follows: cj-0 < 9% and 35 < cj-0 < 69%,
respectively. Condensed monolayers, in contrast to rarefied
ones, are characterized by smaller values of the area per
molecule in them.

It has been established that the number of molecules in
the nanostructure of a P4VP monolayer, regardless of the
type of monolayer, is constant and does not depend on the
initial degree of surface coverage and amounts to 5—6 poly-
mer molecules in the nanostructure. Thus, the polymer in
solution in the form of balls, when applied to the surface of
water, can unfold and be located along the water-air inter-
face.

Coordination of poly-4-vinylpyridine by CoTpMPP in
layers on the surface of water

To carry out the coordination reaction, solutions in
chloroform P4VP (C=1.12-10"M) and CoTpMPP
(C=6.3-10" M) were sequentially applied to the water
surface at a temperature of 21+1 °C. Component ratio: one

a)

=0 M
mow m oo
o T e o

-
=]
1

A
4 mhim

=]

0,4 0,3 e 1,6
A nm*

porphyrin per 30 polymer units. The resulting layer was
compressed to the appropriate pressure. Layer compression
isotherms are shown in Figure 5. By transferring the layers
onto a quartz plate, LS films were obtained. LS films were
obtained under two different conditions. The first sample is
at a surface pressure w=4 mN/m (by transferring
monolayers to the substrate, point A in Figure 5), the
number of immersions of the substrate into the layer K = 23
(linear section of the isotherm). The second sample is a LS
film formed at a surface pressure w=53 mN/m
(multilayers, number of substrate immersions into the layer
K=7 (transfer conditions are shown by point B on the
isotherms, Figure 5).

UV-Vis spectra of the resulting LS films are shown in
Figure 6. The position of a very weak Soret band in the
spectrum of the film obtained at low surface pressure (439
nm) is the same as in the spectrum of the LS film of the
individual component — CoTpMPP (438439 nm), which
indicates the presence in the film there is a very small
amount of CoTpMPP nanostructures (Figure 6a). The
estimated content of porphyrin nanostructures under these
conditions is about 5%. The second, main Soret band in the
spectrum (430 nm, blue line and inset in Figure 6a)
indicates the formation of a porphyrin polymer (P4VP +
CoTpMPP). The layer on water consists of three
components: a small amount of unreacted polymer (257
nm), a porphyrin polymer obtained as a result of the
reaction (430 nm) and a small amount of CoTpMPP
nanostructures (439 nm).

b)

0 50 B0

¢ 10 20 = 4
xmN/m

Figure 5. a) -4, and b) n4—x isotherms of the polymer with porphyrin layer. Points A and B show the conditions for transferring layers to

solid supports.
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Figure 6. a) UV-Vis spectrum of the LS film of P4AVP+CoTpMPP, state of the layer when transferred to the substrate — monolayer, K=23;
b) UV-Vis spectrum of the LS film of P4AVP+CoTpMPP, state of the layer when transferred to the substrate — multilayer, K=7.
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In the UV-Vis spectrum of the film obtained by
transferring multilayers (at high surface pressure, Figure
6b), a band corresponding to the porphyrin polymer (430
nm) is observed, as well as a band of similar intensity at
439 nm, which corresponds to CoTpMPP nanostructures.
Note, that the position of the Q band in the spectrum of the
CoTpMPP LS film is 550 nm, and in the spectrum of the
P4VP-CoTpMPP porphyrin polymer film, obtained as a
result of the reaction on the surface of water — 546 nm. It
can be also assumed that in this case the porphyrin bound to
the porphyrin polymer forms its own stacks on the surface
of the water.

Conclusions

Nanostructured monolayers of poly-4-vinylpyridine at
the water-air interface were obtained. It was found that the
formation of two types of PAVP M-monolayers at different
initial degrees of surface coverage (cj-0) on the water
surface, is possible. The conditions for the formation of
rarefied (rar) and condensed (cond) monolayers were
determined as follows: ¢j-0 <9% and 35<cj-0 < 69%,
respectively. Quantitative characteristics of their structure
and properties are determined. A model of condensed
monolayer was constructed and constants that were
independent of the layer formation conditions were
determined. It has been shown that a specific feature of
P4VP monolayers is the independence of the number of
molecules in the nanostructure of both types of P4VP
monolayers on the initial degree of surface coverage in a
wide range of values of this value (9-69%). This number is
5-6 polymer molecules in a nanostructure.

For the first time, by the coordination reaction of poly-
4-vinylpyridine with cobalt tetra(p-methoxyphenyl)por-
phyrinate (CoTpMPP) in nanostructured layers at the water-
air interface, the porphyrin polymer P4AVP-CoTpMPP was
obtained and studied in Langmuir-Schaefer films. The
estimated content of porphyrin nanostructures in films
obtained from layers formed at low surface pressure is only
about 5%.
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