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Abstract 5,10,15-Triphenylcorrole is a tetrapyrrolic macrocy-
clic compound similar to B12 vitamin, with pyrrole-pyrrole
direct coupling and a carbon skeleton. Stable floating nano-
structured mono-, bi-, and tetralayers of the compound were
prepared. The main characteristics of the structure, properties,
and formation conditions of the layers were determined. A
model of monolayers consisting of nanoaggregates was built.
The triphenylcorrole produces nanostructured face-on and
edge-on monolayers. Stable bilayers and tetralayers form at
high values of the initial surface coverage, featuring a constant
degree of surface coverage by 3D nanoaggregates at the initial
point of the stable state (75%). The layers with bilayered 3D
nanostructures demonstrate very high stability. Their size
(8 nm) and the number of molecules in them (109) are inde-
pendent of the initial degree of surface coverage. For the first
time, a model of floating bilayers of a macroheterocyclic com-
pound was constructed. Langmuir-Schaeffer films of the
corrole were prepared from nanostructured floating polylayers
produced on the water surface and then were studied spectrally.
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1 Introduction

Recently, there has been an increase in the number of studies
focused on synthesizing and analyzing the structure, proper-
ties, and use of porphyrinoids (H,Pn) as analogues of porphy-
rins. Some practical properties of H,Pn and their metal com-
plexes (MPn), such as catalytic and sensory activity, photody-
namic characteristics, and nanostructuring capability, exceed
those of porphyrin complexes [1—12]. Porphyrinoids are H,P
analogues, possessing a cyclic oligopyrrolic structure and nor-
mally distinguished by the type and size of the macrocycle’s
coordination center, as well as by the number and type of
meso-bridges in it. The compounds in question have some
peculiar and useful practical properties: an asymmetrical po-
larized structure of m-chromophore, selectivity of acid-base
center, and metal coordination capability of the macrocycle,
as well as a tendency towards stabilization of various oxida-
tion degrees of metals within complexes, and formation of
strong intra- and intermolecular hydrogen bonds [13].

The properties of systems obtained using the Langmuir-
Blodgett technique largely depend on their state (which in-
cludes the characteristics of aggregation) in all the stages of
the deposition process: solution, floating layer, and LB film
[14-20]. Metalloporphyrinoids with a narrow coordination
cavity (corroles) can be used for production of nanostructured
layers [21]. The Langmuir-Blodgett method is applied to obtain
porphyrinoid films with a given structure and thickness in a
nanometer range [22-25]. However, managing molecule self-
organization processes in films on solid substrates requires
knowledge of individual conditions for film formation. In our
previous studies, we demonstrated that the supramolecular de-
sign at the air-water interface with controlled self-assembly of
organic compounds in 2D and 3D nanostructures becomes
possible if one has quantitative information on the structure
of the floating layer [26-30]. It was shown that major two-
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dimensional aggregates sized 520 nm (M-nanoaggregates) are
able to coalesce into larger nano- and microaggregates [22, 28].
Floating layers and thin Langmuir-Schaeffer (LS) films of
corroles have been studied. The quantitative parameters of re-
lationship between their structure and experimental conditions
have been studied only with regard to the layers obtained using
an extremely dilute solution of the compound [21]. However,
low concentrations limit the possibility of 3D nanostructure
formation at the water-air interface.

This study aims to obtain floating nanostructured 5,10,15-
triphenylcorrole (H3(Ph);Cor) M-mono- and polylayers,
formed using relatively concentrated solution of the com-
pound; determine their key characteristics and formation con-
ditions; construct a model of floating mono- and polylayers;
create a passport of floating layers; obtain LS films of
H3(Ph);Cor; and perform their spectral study.

2 Materials and Methods

5,10,15-Triphenylcorrole was synthesized by Thao T. Vu under
the supervision of D.B. Berezin using a technique, described
earlier [31]. Its structure was confirmed by NMR N, IR, and
UV-Vis spectra. The floating layers were obtained with a NT
MDT Langmuir setup (Zelenograd, Russia) by applying the
H3;(Ph);Cor solution in methylene chloride
(C =12 x 10™* M) onto the surface of bi-distilled water with
microliter syringes (1, 10, 20, and 100 pl, “Hamilton”,
Sweden) at the temperature of 20 & 1 °C. Layer compression
with the speed of 2.3 cm® min ' started 15 min after the appli-
cation. Initial degrees of water surface coverage with corrole
(Cedge) Were varied from 2.7 to 58%. The surface pressure was
measured by using a Wilhelmy plate with an accuracy of
0.02 mN m™". The error of measurement with respect to the
surface area per molecule in the layer (A) was 2%. The A,
values (surface area per molecule in an M-aggregate) and n
(aggregation number) were determined by approximation of
mA-m curve’s portion with a linear function, by using the least
squares technique (error TA<3%). The LS films were obtained
by transferring the floating layer onto the quartz plate under
conditions shown in Fig. 3a (point A). The electronic absorp-
tion spectra were registered with a UV/VIS Lambda 20 scan-
ning spectrophotometer with £0.1 nm wavelength setting accu-
racy. The reproducibility of the wavelength setting was
+0.05 nm, the photometric accuracy being +0.003. The struc-
ture of the layers was analyzed by using quantitative analysis of
compression isotherms of a nanostructured M-monolayer [32,
33]. The main characteristics of the floating layer were deter-
mined in the following manner: 8 = kT/n, where [ is the ordi-
nate of the intersection point between the line, describing the
isotherm’s wA-7 region corresponding to the stable state of the
layer, and the wA axis; 4,01 is the line’s tilt. According to the
model being used, M-aggregate has a circular shape with the
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surface area of Syger = Aol X 71 (nmz) and the diameter of

Daggr = \/4Suggr/» (nm). The layer’s compressibility in a sta-
ble state can be defined as B = % (m/N), where 7; and
m¢ are the respective pressures at the start and at the end of the
monolayer’s stable state, with A; and A¢ being the abscissas of
the start and the end of the linear portion of the 7-A isotherm.
The distance between the boundaries of the aggregates is the
same on the average and can be calculated with the following

relation: d = \/%% - 4A“’+‘X" (nm). The average distance

between the molecules along the surface of the water (face-on)

: : 4Amol 4Aproj
in an Mp,.-aggregate is » = /== — 4 /=" (nm). The water

coverage degrees at the initial point of the stable state can be
defined as ¢jace = Aproj'face/Ai 100% and Ciedge = Aprojfedge/
A; x 100%, where Aproiface aNd Aprojcage are surface areas of
face-on and edge-on projections of molecule models. Within
the linear portion of the mA-7 curve the tilt of the molecules
(which have an anisotropic shape) in the stack of a compact
non-aqueous aggregate can be defined as 1) = arcsin (Apack-edge’
Apmol), Where Ap,cicedge 1S the closest packed surface area. The
content of water in M-aggregates (per molecule) and between
them at the initial point of the stable state can be calculated as
Win-M = Amol - Aproj and Winter-M-i = Ai - Amol’ respectively. The
maximum error when defining characteristics of a layer is as
follows: 3% for Ao 1 Am, 5% for g and 1), 7% for D and
Winter-M-i» 10% for B » Ci-faces Ct-faces Ci-edge> Cfredges > Win-M» and di'

The geometric characteristics of the molecules and their
closest packings were determined by constructing the corre-
sponding molecular models (HyperChem 8.0.8, MM+ calcu-
lations). The surface areas of projections in case of face-on
and edge-on positions of the molecules were found to be:
Aprojface) = 1.6 nm?, Aprojedgey = 1.0 nm?; with the surface
areas of the described rectangles being Amodcace) = 3.2 nm’
and Aod(edge) = 1.4 nm’, respectively (Fig. 1).

Surface areas, occupied by a molecule in a closest packed
monolayer are Apack(face) = 1.9 nm? and Apack(edge) = 1.2 nm>.

3 Results and Discussion

H3(Ph);Cor floating layers were formed from a solution in
methylene chloride (C = 1.2 x 10~* M) at layer compression
speed of v = 2.3 cm®/min. Structure analysis of floating layers
was done with the method of quantitative analysis of compres-
sion isotherms (Fig. 2a, b), based on the Volmer equation,
generalized to the case when structural units of 2D-gas are
molecular aggregates rather than individual molecules. A
single-phase state of a layer is described by the following
equation: m(A-Am) = n kT, where A, is the surface area
per one molecule in a structure unit of a layer (a
nanoaggregate); k is the Boltzmann constant; 7 is the abso-
lute temperature; and » is the number of molecules in a
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Fig. 1 Model of H3Ph;Cor
molecule. 4,,,¢—the surface
areas of circumscribed rectangles

nanoaggregate (an aggregation number). The isotherms plot-
ted in mA-7 coordinates (Fig. 3a, b) 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 Ao The ratio of kT to the initial ordinate of the inter-
section of the axis and a straight line, whose segment ap-
proximates the linear part, is equal to n. Estimation of the
structure is performed on the base of comparison of the A,
value (limiting area at a curve section, preceding an inflec-
tion) and area values, calculated from the model of a mole-
cule. A change in orientation of molecules with varying
initial surface concentration N, is discussed with the use of
values of initial surface coverage degrees Cgyce and cegge: the
ratios of the water surface area covered by molecules in
face-on or edge-on orientation to the total water surface area
prior the layer compression.

The analysis shows that stable mono-, bi-, and tetralayers of
H;(Ph);Cor are formed on the water surface within the studied
range of initial coverage degrees (cgee) from 4 to 30%. The
main results of compression isotherm analysis and

n, mN/m

0 1 2 3 4

Fig. 2 7-A isotherms (a) and low-pressure range of the isotherms (b) of
H3(Ph)3Cor, obtained at v = 2.3 cm?/min and various initial surface
coverage degrees. Cpace = 10.9% (1), 17.5% (2), 27.2% (3), 37.1% (4),

.'\-.‘(lm) =32 l"“2

|

1.6 nm

2.0 nm

0.7nm

3

Amesietgo=1.4 nm*

characteristics of H3(Ph);Cor floating layers are shown in
Table 1. One can see that the corrole forms stable M-mono-
layers within a small range of the initial surface coverage de-
grees—cCryee from 4.3 to 27.2% (Figs. 2 and 3, Table 1). At cpyee
>37.1%, polylayers form even at the lowest surface pressures.

The corrole forms stable monolayers of various types
(Table 1). A face-on position of molecules (My,.) is found in
nanoaggregates at cp,.. <10.9%, with edge-on position at 17.5%
ZCface < 27.2%. 3D nanoaggregates (bilayers—~M,,;) are formed
at 37.1% <cgee < 61.9%, and if the initial surface coverage
degree is further increased cgyee 292.8% (Ceqge > 58.0%), then
3D nanoaggregates (tetralayers—~M,.,) are formed.

Lower cg,. values (from 4.3 to 10.9%) result in the formation
of monolayers with a face-on molecule position. Increasing cgce
leads to increase of the aggregation number from 14 to 40 and
decrease of the surface area per molecule (from 6.4 to 2.3 nm?)
and the distance between molecules in the aggregate (from 1.4
to 0.3 nm). Meanwhile, the aggregate’s surface area (and diam-
eter) remains unchanged at 95 nm? (11 nm). Monolayers with a
face-on molecule position feature high water content in aqua-

54 1312

61.9% (5), and 92.8% (6). C= 1.2 x 10~* M (CH,Cl,). Circles denote the
boundaries of the existence regions of the stable states of the layer
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Fig.3 wA-m isotherms (a) and low-pressure range of the isotherms (b) of

H3(Ph)3Cor, obtained at v = 2.3 cm?/min and various initial surface

coverage degrees. Cpace = 10.9% (1), 17.5% (2), 27.2% (3), 37.1% (4),

61.9% (5), and 92.8% (6). C=1.2 x 10~* M (CH,CL). The floating layers

aggregates (up to 75% from A,,) and between them (up to
3.0 nm? per single H;(Ph);Cor molecule).

At average degrees of initial surface coverage (cgyee = 17.5—
27.2%), the 0.1 to 2.2 mN/m pressure region forms stable
edge-on monolayers, where the molecule’s plane is tilted with
respect to the water surface. The minimum inclination angle
(¥min) of H3(Ph);Cor molecules in stacks varies from 55° to
66°, the number of molecules in Mq4q-aggregates varying
from 20 to 69. Unlike monolayers with face-on molecules,
edge-on monolayers contain a small amount of water both
inside (up to 18% per molecule when positioned vertically),
and between (from 0.34 to 0.54 nm?) nanoaggregates.
Monolayer compressibility is from 100 to 140 m x N,

It is characteristic of triphenylcorrole to form stable bilayers
of 3D edge-on nanoaggregates which are tolerant to changes of
the initial surface coverage degree (g from 37 to 62%) if the
initial surface coverage degrees are high. They are formed with-
in 0.1-2.2 mN/m pressure range. One of their main features is
that the number of molecules in an aggregate (n = 109) and
layer compressibility (B = 90 m x H ") do not depend on cgyee-

At high initial surface coverage degrees (Cguce > 92.8%), a
stable tetralayer (3D-nanoaggregates—~M,.,) With the num-
ber of molecules 7 = 202 is formed, the surface pressure being
from 0.1 to 2.2 mN/m.

Our findings rendered it possible to build a quantitative
model of H3(Ph);Cor floating Mg, and Mcqg-monolayers,
and My;-bilayers, formed from a solution in methylene chlo-
ride. Analyzing dependencies of the surface area per molecule
in a nanoaggregate on the initial surface coverage degrees
(Table 1, Fig. 4a) results in the following equations:

Amol = —0.59 X cpyee +8.79 (for M fuce monolayers) (1)
Amol = —0.016 X Cfyee + 1.74 (for M egge monolayers) (2)
Amol = —0.01 X ¢yyee + 1.37 (for Myi3D—layers) (3)

The equations may facilitate determination of the con-
stants characterizing a floating layer. As the minimum

@ Springer

0
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were transferred onto a solid support by dips at 7, = 6 mN/m (point A on
Fig.3a, layer state—"edge-on tetralayer-polylayer”). Circles denote the
boundaries of the existence regions of the stable states of the layer

values of the surface area per molecule in a face-on
monolayer (1.9 nm?), edge-on monolayer (1.2 nm?), and
edge-on bilayer (0.6 nm?) are known, the Egs. (1-3) will
provide the maximum initial surface coverage degrees
(11.7, 33.8, and 77.0%, respectively) for maintaining
these layer states. Taking into account the error when
finding cpe. values, the boundaries between the two states
were determined: Cpord face-cdge = 12.1 £ 0.4%, Cpord cdge-bi =
34.8 £ 1.0%, Coord bitetra = 79.3 £ 2.4% (Fig. 4a).

Analyzing dependencies of other characteristics of stable
layers on the initial surface coverage degree (Table. 1, Fig. 4b—
f) results in the following equations:

For M,.. monolayers:

n=-="2+4X Cpe 4)
Winat /Amal = 110.1-7.2 X Cpuce (5)
Cicfuce = 2.8+ 4.5 X Cpyce (6)
r=22-0.2 X cjee (7)
Dyger = const (11 nm) (8)
Cicager = const (15%) 9)
For M. 4s. monolayers:
n==062+5X e (10)
Dyggr = 2.3+ 0.5 X Cluce (11)
Win- [Amol = 36.8-1.0 X Cfyce (12)
Winter 115 = 0.840.02 X Cfyce (13)
Ciredge = 30.7+ 1.1 X Caee (14)
Ciedge = 52.4 4 0.9 X Cpyce (15)
B =184.0-3.1 X Cfee (16)
By = 34.89 + 1.14 X ¢ee (17)
Ci-ager = const (15%) (18)
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Fig. 4 Dependencies of the surface area per molecule in M-aggregate
(Amoy) (a), the aggregation number (n) (b), the diameter of M-
nanoaggregates (D,g;) (€), the content of water in nanoaggregates (Wi
MmAmop) (d), the content of water between nanoaggregates (per molecule,

For My; 3D layers:

n = const (109) 19

(19)
B = const (90 m/N) (20)
Dger = const (8.4 nm) (21)
Ci-ager = const (75%) (22)
(23)

Winter M= = const (0.2 nm)
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Winter-a-i) (€), and the degree of surface coverage with M-aggregates
(Ci-ager) () on the initial surface coverage degree. For plots e and f, the
value determined at the initial point of the stable state. /—monolayers
(face-on); /—monolayers (edge-on); //[—bilayers; /V—tetralayers

The resultant dependencies (4-23) can be used to deter-
mine the constants, which characterize floating M-layers,
and these constants are independent of layer formation condi-
tions, such as the maximum and minimum diameters of
nanoaggregates and the number of molecules therein, the con-
tent of water within and between nanoaggregates, and the
monolayer compressibility. The results of the study were used
to create a passport of H3(Ph);Cor floating layers, i.e., process
parameters for their formation and basic characteristics of the
layer’s stable states (Table 2).
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Table 2 Passport of the floating layers of HyPh;Cor (technological parameters of formation and key properties of the first stable state)”

Molecular orientation
in M-aggregates

Nanoaggregate type

Formation conditions,
Cace (%) (from the model)

Dependencies of layer

characteristics on ¢, (model)

Constants (from the model)

2D, monolayer
Mface

face-on (in-plane) Cpace S 11.7

2D, monolayer edge-on 12.5 < cppee <33.8
Medge

3D, bilayer edge-on 35.8 < Cpaee <76.9
3D, tetralayer edge-on Crace > 81.7

n=-"2+4XCpee

Win-a/Amol = 110.1-7.2 X ¢pace
Ciace = 2.8 + 4.5 X Cpoce
r=22-0.2 X Cpaee

D,gqr = const (11 nm)

Ci_aggr = coOnst (75%)
n=-62+5 X Cpee

Diger = 2.3+ 0.5 % Cpyee
Win—M/Amol =36.8-1.0 x Cace
Winter M-i = 0.84-.02 x Cface

X = 45
Daggrconsl - 11 nm
VVin—M/Amolmm =26%
(Ci—face)max =50%

(cf-face)max =66%

n™ =107

(D)™ = 143 nm

("Vin—M/Amol)mn_.l =3%;
(Wintcr—M-i)mm =0.16 nm

Ci-edge = 30.7+ 1.1 % Cface
Cfedge = 52.4 + 0.9 X e
B =184.0-3.1 X cyee

Ymin = 34.89 + 1.14 X ¢pyee
Ci_aggr = cONSt (75%)

n = const (109)

Dyggr = const (8.4 nm)

B = const (90 m/N)

Ciaggr = const (75%)

Winter a2 = const (0.2 nm”)

(Ci-edge)max =68%
(Ctl?dge)max =79%
B™" =80 mN/m
(q/jmin)max =73°

C=12x10"* M, layer compression speed v=2.3 sm*> min"', r=20+ 1 °C

#See note of Table 1

The schemes illustrating the fragments and main structural
characteristics of monolayers with face-on (cgee = 4.3%) and
edge-on M-nanoaggregates (Cpe. = 27.2%) at the initial points
of the stable states are shown in Fig. 5.

Using the horizontal lift technique, the LS films of
triphenylcorrole were formed from the floating layers pro-
duced on the water surface. Figure 6 shows the UV-Vis
spectra of H3(Ph);Cor LS films, which were obtained by
transferring edge-on poly- (point A on Fig.3a, isotherm 6)
and monolayers (Fig. 6b). The number of substrate im-
mersions (k) into the polylayer is 10 (edge-on
polylayers) and 77 (edge-on monolayers).

Fig. 5 Schematic representation
of fragments of the structure of
floating layers of triphenylcorrole
with face-on (cgee = 4.3%) (a)
and edge-on (Cpace = 27.2%) (b)
M-nanoaggregates at the initial
points of the stable states

Figure 6 displays the absorption spectrum of
H;(Ph);Cor (C = 3.6 x 107> M) solution in CH2CI2
(1, red lines). This spectrum is typical for free base
porphyrins, i.e., has intense Soret band at 415 nm, and
weak QO bands. The absorbance at these bands is linear
on the bulk concentration of the corrole (within the
range from 4 x 10°° M to 4 x 107> M), indicating that
H3(Ph);Cor exists in the monomeric form. As compared
to the monomer solution, the UV-Vis spectra of the
films (2, blue lines) demonstrate a red shift of main
bands and the long-wavelength shoulder. In the films,
424- and 421-nm peaks are clearly narrower than those
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Fig. 6 a Absorption spectra of the H3(Ph);Cor (C = 3.6 x 1075 M)
solution in CH2CI2 (/) and its LS films (10 edge-on polylayers) (2).
The floating layers were transferred onto a solid support by dips at
T = 6 mN/m (point A on Fig.3a, layer state—"“edge-on tetralayer-

observed with the solution. Such a behavior can be
associated with the formation of small-sized J-aggre-
gates in the films [34-37].

4 Conclusions

In summary, stable floating nanostructured M-mono-, bi-,
and tetralayers of 5,10,15-triphenylcorrole were obtained.
The main characteristics of their structure and properties,
and conditions for their formation were determined. It was
found that, at this concentration of triphenylcorrole solu-
tion in methylene chloride (C = 1.2 x 10™* M) and this
layer compression speed (v = 2.3 cm?/min” '),
triphenylcorrole forms nanostructured face-on and edge-
on monolayers, the range of initial surface coverage de-
grees being quite extensive: 4 < c¢gee < 33.8%. Models of
M-monolayers were constructed (Egs. 1, 2, 4—18). If cface 1S
increased to 35.8%, bilayers are formed, and if c-
face = 81.7%, then tetralayers are formed. It was found that
the compound’s floating layers are characterized by an un-
changed degree of surface coverage with 2D and 3D
nanoaggregates at the initial point of the stable state
(75%). 1t is important to note that stability of layers with
bilayered 3D nanoaggregates is high. The layers are formed
within a large range of initial surface coverage degrees (c-
face from 35.8 to 76.9%). The size of such nanostructures
(8.4 nm), the number of molecules in them (109), the dis-
tance between them at the initial point of the stable state
(0.2 nm?), and the compressibility of the layer (90 m/N) are
independent of the initial surface coverage degree. The first
model of a floating bilayer of a macroheterocyclic com-
pound (Egs. 3, 19-23) were constructed. A passport of
5,10,15-triphenylcorrole floating layers was created. LS
films of the corrole were formed from nanostructured float-
ing polylayers produced on the water surface. Comparing
the spectra of LS films and solutions shows that small-
sized J-aggregates are formed in films.

@ Springer
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polylayer”). b Absorption spectra of the H3Ph;Cor
(C =3.6 x 107 mol/l) solution in CH,Cl, () and its LS films (77
edge-on monolayers) (2). Inset indicates the absorption spectra of LS
films (7, 28, 35, 42, 49, 63, 70, and 77 edge-on monolayers) [21]
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