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Abstract

Nanocarbon materials have numerous unique features — high porosity, large
specific surface area, chemical inertness, radiation stability, etc. We applied
nanocarbon/nanodiamond and silicon carbidecomposites as matrix for optical
chemochips construction. Composite elements consist of porous nanocarbon
substrate with specific chromophores introduced to nanosize pores and silicon-
organic coating. Similar multicomponent composition has a response to
radiation, in particular, y-irradiation. By using diarylethenes as sensitive
chromophores, their electronic and/or luminescent spectra data may be applied
for doze power detection. Quantum chemistry methods, computer simulation
were considered for optimal design of nanocarbon/organic chromophore hybrid.
Experimental data and modeling have shown that diarylethenes are able to
change color under y-irradiation in molecular crystal phase only. Weak
interactions (inter-, intramolecular and binding with hydrogen-containing walls
in pores) play key role under irradiation. Induced self-organization in limited
volume is considered. SWAXS and AFM data are discussed. Nanodiamond
composition possesses luminescent response to o, 3- and y-irradiation. Silicon-
organic polymer and SiC composition are neutral to irradiation, they are stable in
extreme conditions. Application of composite elements with optical sensing as
multifunctional chemochip fragment for atmospheric media monitoring is
discussed.
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1 Introduction

One of the most important directions of modern nanoscience and
nanotechnology is the so-called sensor technology combining the latest
achievements in highly sensitive intelligent materials, first of all, multifunctional
chemochips with immobilized sensing fragments with nanoscale function [1-4]
and different microdevice construction with high processing speed and
reliability. Of especial interest are the materials with high sensitivity and
adaptability [5]. In this context, great attention is being given to the self-
assembling systems capable of hierarchical ordering from the nano- to
mesoscopic level [6], which may lead to elaboration of intelligent, in particular,
optically sensing, materials responsive to weak external factors such as
temperature, irradiation, pH, pollutants in the environment, etc. Typically, these
devices (chemochips) consist of solid inorganic support and sensing fragments
immobilized on it.

Nanocarbon materials are promising inorganic supports as they have a large
variety of unique and specific properties — high porosity, large specific surface
area, chemical inertness, radiation stability and others [7]. To date, highly porous
(up to 40% vol.) composites can be prepared on the basis of nano-sized diamond.

Diarylethenes seem to be the most suitable objects to be used as sensing units.
These are photochromes changing from colourless to coloured under y-
irradiation; normally, the colour disappears upon UV or visible-light irradiation
[8]. Diarylethenes have numerous advantages such as thermal stability, linear
dose dependence of the coloration, compared to other photochromic compounds.
On the other hand, diarylethenes exhibit their sensing properties in highly
ordered state (e.g. in single crystal). In this context, of great importance is
prediction of diarylethene molecules self-organization pattern.

Computer modeling and quantum chemistry calculations help greatly to
successfully solve applied science problems of predicting optimal synthetic
pathways, structure and properties of materials resulting in decrease in time and
costs of initial laboratory investigations. For integrated solution of the problem it
was necessary to predict diarylethenes self-organisation in a limited volume i.e.
to estimate the possibility for chromophores introduction into porous composite
and to evaluate the assembly parameters.

In this study, we applied experimental techniques together with a set of up-to-
date computing chemistry methods, Cambridge Structural Database and
specialized software. We obtained models of diarylethene molecules and their
assemblies; non-covalent interactions providing formation of 2D and 3D
supramolecular clusters and crystal structures were revealed.

2 Results and discussion

In this study, for multifunctional detector device creation we used
efficient adsorption properties of nanoporous carbon composites
nanocarbon/nanodiamond and silicon carbide [9, 10] subsequently covering the
composite matrix with polymeric photochromic composition.
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As nanodiamond composite matrix is black it is reasonable to introduce only
luminescent molecules whereas silicon carbide composites are suitable for
colour-changing chromophores. Therefore, we applied diarylethenes that change
both luminescence and colour under different types of irradiation. Moreover,
diarylethenes (DAE) have a unique property to change their colour under
radioactive irradiation and to reversibly restore it under UV-irradiation. We have
chosen a diarylethene — 1,2-bis(2,5-dimethyl-3-thienyl)perfluorocyclopentene
changing from colourless to coloured under y-irradiation; the colour disappears
upon UV or visible-light irradiation [11] (Fig.1).
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Figure 1:  Coloration under y-irradiation and bleaching under UV or visible-

light irradiation.

Nanodiamond/nanocarbon composites samples were black tablets with
diameter of 8 mm and thickness of 3 mm. They contained 28% vol.
nanodiamond, 15% vol. graphite-like carbon with porosity of the material 57%
vol. and pore size 8 — 10 nm (as found by capillary condensation method).

Silicon carbide nanocomposite samples were grayish tablets with a diameter
of 8 mm and thickness of 3 mm. Composites surface was studied by atomic force
microscopy method (AFM); the average pore size was found to be up to 10 nm
[10]. However, pore shape and depth was not estimated with high accuracy.
Theoretically, different pores in composites can have conic and cylindrical
shape. For calculations we used an approximation that all pores in composites
are cylindrical with pore diameter not more than 10 nm.

Average grain size of the composites was estimated by wide-angle x-ray
scattering method (WAXS). For nanodiamond/nanocarbon composite it was 4
nm, for silicon carbide — 12.5 nm.

Chromophores were introduced by impregnation method: composites were
treated by 2% mass solution of diarylethene in chloroform with subsequent
drying under vacuum.

Luminescence spectra of modified nanoporous matrices exhibit a new
emission band corresponding to starting diarylethene. The intensity of this new
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band is approximately 15-20% from intensity of the luminescence peak of
starting diarylethene.

A preliminary study has shown rather high radiation stability of nanocarbon
composites , silicon-organic coating and chromophores.

Diarylethene molecules are conjugated aromatic systems capable not only of
hydrogen bonding but also of stacking interactions [12]. Pore size and shape also
influence self-organization of chromophores when filling the limited volume.

A molecular geometry modeling for diarylethene molecule and for its
molecular aggregates was performed by semi-empirical quantum chemistry
methods AM1 by programme complex GAMESS [13]. The initial approximation
of the molecule (derived from x-ray diffraction data) was taken from Cambridge
Structural Database [14]. After optimizing the geometry parameters of
diarylethene molecule, we have estimated maximal distances between atoms
centres along the axes of three main inertias. These distances were ~9,9 A (along
axis 1), ~11,5 A (along axis 2), ~6,6 A (along axis 3)

The optimization of geometry parameters of two diarylethene molecules
assembly was performed by non-empirical quantum chemistry method GAMESS
DFT 6-31G(d,p) [13]. These methods are also suitable for calculation of bond
critical points, in particular, bond critical points of non-covalent interactions
[15].

The size of the optimized model of the molecular aggregate including two
chromophore molecules (Fig. 2) have also been estimated by maximal distances
between atom centres along three axes. Two diarylethene molecules are arranged
in two parallel planes and are bonded by weak bonds. One can assume two
probable aggregate structures — one is formed by four CF...H bonds and the
other — by two CS...H bonds. Both aggregates dimensions are close to one
another — these are 19* 11* 9 A.

The proposed four chromophore molecules aggregate structure (Fig. 3) has
maximal distance between atom centres along one of the axes, equal to 29 A.
The distance along two other axes is 18 A and 9 A.

As a result of the calculation performed, it was found that two diarylethene
molecules are also arranged in two parallel planes. In order to reveal weak non-
covalent interactions in two diarylethene molecules assembly we have applied R.
Bader quantum topological analysis of atoms in molecules [15]. By programme
complex AIM-2000 bond critical points were calculated and a molecular graph
was drawn for two diarylethene molecules assembly [16]. We have calculated
bond critical points between carbon atoms, distances and angles of weak non-
covalent interactions, local characteristics in critical points (Table 1). This
calculation has elucidated weak bonds between fluorine and hydrogen atoms,
these bonds are pairwise symmetrical. Moreover, weak bonds were found inside
the molecule, by bonds fluorine — hydrogen an intramolecular cycle is formed.
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(b)

Figure 2:  Assemblies of two diarylethene molecules; (a) — formed by four
CF...H bonds, (b) — by two CS...H bonds. Non-covalent bonds are
shown by dotted line.

Table 1: Distances, angles, and local parameters in critical points (3,-1)

corresponding to weak interactions.

CP R Angle, Contact CP Pb Vzpb 8b Vi Econt
number A degrees number a.u. au. a.u. au. cal/mole|
2.54 139.5 | CH38...F45| 55 [0.00636| 0.02822 | 0.005769 | 0.004483 | 1.41
2.53 146.8 | CH38...F47 | 48 ]0.00645] 0.02825 | 0.005794 | 0.004525 | 1.42
2.53 146.8 | CH77... F8 52 [0.00645] 0.02825 | 0.005794 | 0.004525 | 1.42
2.54 1394 | CH77... F6 35 10.00635] 0.02822 | 0.005768 | 0.004482 | 1.41
2.60 108.5 | CH61...F47| 36 [0.00677] 0.03319 | 0.006470 | 0.004642 | 1.46
2.60 108.5 | CH22... F8 24 10.00677| 0.03320 | 0.006471 | 0.004642 | 1.46
2.78 138.3 |CH22...H70| 43 ]0.00195| 0.00619 | 0.001114 | 0.00068110.21
2.78 138.3 |CH38...C23| 47 [0.00195| 0.00619 | 0.001114 |0.0006811|0.21
4.20 - C21...C60 33 10.00117]0.004150]0.0007669 | 0.0004963 | 0.16

—_
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(b)

Figure 3:  Assemblies of four diarylethene molecules: (a) — formed by two
CS...H bonds and eight CF...H, (b) — by four CS...H bonds and
four CF...H bonds.

Energies of the above mentioned interactions were estimated by local density
of the potential energy (vy) in a critical point. For this, an empirical formula was
used: E (kcal/mole) = 313.754v,, (atomic units) [17]. So, the overall energy of
interatomic non-covalent interactions was E.,,;= -9.15 kcal/mole.

3 Conclusions
Experimental techniques (e. g. AFM, x-ray scattering and others) applied

together with a set of up-to-date computing chemistry methods aided greatly for
subsequent creation of a chemochip sensitive to v-irradiation based on
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nanocarbon composites. Computer modeling has revealed the self-organization
pattern for diarylethene molecules in limited volume. Diarylethene molecule
dimensions (as well as those for its aggregate of two and four molecules
calculated by semi-empirical quantum chemistry methods) are estimated.

By density functional theory geometry parameters in assembly of two
diarylethene molecules were optimized. The quantum-topological electron
density analysis has revealed weak non-covalent interactions fluorine-hydrogen,
carbon-hydrogen, carbon-carbon. In separate diarylethene molecules a cycle
formed by non-covalent interactions fluorine-hydrogen is found. The overall
energy of interatomic non-covalent interactions was E ;= -9.15 kcal/mole.

Quantum chemistry and quantum topological analysis methods are promising
tools for revealing interatomic interactions when studying formation of
molecular assemblies at the nanoscale in pore filling modeling.
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