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Abstract —State of the art and prospects of research in the field of the precise solid-phase chemical syn-
thesis of highly organized nanostructured solid substances with various level of structural organization are
discussed. The notion of topology is introduced for solid chemical compounds to describe the spatial atomic
distribution in a substance synthesized. The processes of superordering of a solid, i.e. the formation (synthesis)
of ordered distributions of matter of a certain (nanometric) size, as well as the interrelation between the spatial
atomic distribution in a structure synthesized and its properties are studied.

INTRODUCTION of solids can be utilized most completely when using
nonequilibrium states [1]. Such approach is most
The current tendency of development of chemistrnyperspective for creating new solid substances and
includes increasing complexity of structures to bematerials. The macroscopic organization of crystalline
synthesized and investigated. Correspondingly, théncluding biological) structures is built on the basis
structural organization of substance becomes thef self-organization and proceeds, which is of note, on
guestion of the day. This is one of the key problemghe atomic-molecular level of natural ordering pro-
of natural science, since physics, chemistry, andesses.
biology just study organization of matter on various

levels. The problems of synthesis (construction) of solid

substances and materials with various levels of struc-
In chemistry, the problem is solved on the basis ofural organization are discussed in this article. Some

the compositionproperties functional interrelation. questions related to description and classification of

However, the progress in organic chemistry, suprahighly organized compounds are debatable.

molecular chemistry, and the chemistry of clusters

proves once more that the synthesis of new chemical 1. NATURAL ORDER AND ARTIFICIAL

compounds always was and currently remains the “SUPERORDERING IN A SOLID

main driving force of development of chemical

science. At the present time, most attention should In spite of the current extensive and manifold know-

be evidently paid to studying the specificity of sub-ledge of the structure of condensed matter7[2 the

stance organization on different levels of complexitythe chemical aspect of the problem continues to attract

(from a molecule and a monocrystal, on one side, toesearchers’ attention. There is no a commonly ac-

highly organized supramolecular and solid compoundgepted notion of the nature of solid substances, that

on the other). would allow description of a real solid chemical
It is of note that the structural organization Ofcompound and embrace the chemical properties of the
matter, i.e. the ordering of mutual spatial locations Of:ompound.

structural units, proceeds either spontaneously Or the gpecific features of the chemical behavior of

under force. simple substances and compounds are manifested
Currently, together with traditional ways of finding when a chemical individuum is in the molecular state.
new solid substances and materials (synthesis dfransition to the solid state amplifies the contribution
solids with an equilibrium (crystalline) structure), of purely physical factors [6]. As follows from {&2],
more and more attention is paid to the synthesis gbhysical laws differentiate between the behavior of
solid chemical compounds and materials on thelisordered amorphous solids and ideal crystals.
ground of their metastable states. In addition, we notPossessing a less ordered internal structure, amor-
that the chemical possibilities for forming propertiesphous bodies have higher (than crystals) entropy and
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internal energy. The behavior of unstable equilibriuntaining their amorphous structure for a dozen millions
systems is more interesting and surprising than thatears, can serve as the most representative example].

of stable ones: the instability often leads not simply Only the presence of potential barriers is evident

toh e;i::oasls e(;fi;sgwlélarcltgmésb:t (?rllig ngg’ue; (r)lrsdeerti(r)w n?r\:vts% block up transition from one state to another and to
phy ' b g cure the enduring existence of various forms of the

chaotic system. Synergetics, a new field of science Y LT

. : : o tworld. If the barrier is high enough, the system can
investigates and descn'bes self-organization process gvery stable. and the prgbability%f phaseytransition
[12]. Synergetics studlgs_ systems ab'le to abrupt ecomes sma’ller than the probability of accidental
change their characteristics, and their response estruction. For this reason, it was just to conclude

external action is not proportional to the action. 2 15] that not the crystal lattice, but the frame, a
y
The metastable state is realized in nature almos(,:tOntlnuous system (chain, network, skeleton) of inter-

with the same frequency as stable. However, there | I)CI’iglcsn?lSsqgi’celzs the most general characteristic of a
no true stability, both internal and with respect to the '

surrounding medium, in the metastable state. Pri- Thus, the type, structure, and properties of a sub-
gogine [13] showed that open system under stronglgtance are determined by the frame structure and
nonequilibrium conditions can undergo self-organizaframe dimensionality. It is now clear that crystalliza-
tion, i.e. formation of ordered structures which weretion is only one and, probably, not the principal way
named dissipative structures. The examples of selbf solidification of matter. So it is important to study
organization of nonbiological systems, given in [9,other structure-formation processes, especially those
10], show the following. Within certain limits, leading to the synthesis of complex substances of
animate (biological) systems themselves predetermingperiodic but regular structure [2].

the character of interaction with the surrounding Crystallization is th int f natural orderi
medium and, in this way, determine the entropy flux _~fysStallization 1S (h€ main typ€ ot natural oraering
rocesses (self-organization on the atomic-molecular

caused by exchange with the surrounding mediunf; N Highl ized struct biects of
By contrast, in the case of a nonbiological system, th@ve)' Ighly organized structures are objects or a
character of interaction between the system and tHEOr® complex structural organization as compared

surrounding medium is determined by experimentalistVith products of natural ordering processes with the

They usually say about the atomic-molecular structur@®M€ tﬂ_umbe_rtoff atoms arlld clhemlcc?l composToIn.
in chemical investigations on low-molecular and solid~'0™M thS point of view, moiecules and monocrystals

substances. We assume the chemical structure of¢97TeésSPond to the lowest (although different) stages
substance to be a finite set of chemically bound atom@' Structural organization.

_ _ For the sake of comparison, let us take two, close

1.1. Natural Order in a Solid in chemical composition, systems: the monocrystal of

_ _ _ a complex oxide (for example, spinel) and an arti-

The_ notion of structure is usually mtroc_iuced whenficia||y synthesized complex oxide composed of two
regar_dmg the_ orde_r in a system. Therewith, a certaig,; seyeral (even many) spatially separated parts of
location (configuration) of particles (atoms, moleculesitferent chemical composition, the parts adjoining
or ions), for example, in a crystal, is assumed. In facly;it internal interfaces. Such parts are usually called
we can say that the notion of structure is equivalentgyperiattice in the physics of semiconductors and
to the notion of ordering (coherence), when the parghe electronics of solids, but, from the chemical
ticles are organized in a strictly determined Conf'guraviewpoint, they are spatially separated solid chemical
tior_1. It is of note that the progress in the che_mi;try ofsubstances [16]. So what of a superlatice? It is
solids related to the s_ynthe5|s and investigation Oifmplied that one can prepare a solid composed of
crystals, made some scientists to conclude hastily thgjternant layers of any thickness (including mono-
the solid state is a crystalline state only [14], SinC8ayers) and chemical composition. As a result, we
only crystals are in a thermodynamically stable statgptain a solid in which, together with an ordinary
and have the phase-transition (melting) point. Glassq§tice formed by periodically located atoms, there is
were referred to as supercooled liquids not possessing syperlattice of alternant layers. We can make to
the elasticity limit. Actually, thermodynamic equilib- 5 qer energetic zones in a solid by regulating the

rium determines neither the category of state Othemical composition, location, and thickness of the
aggregation, nor the stability of a given system. Bylayers.

the present time, a large number of substances are
known never undergoing crystallization and, therefore, The crystal structure of a solid is characterized by
being completely stable [fossil resins (amber) maintwo main parameters: structural units (from a single
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atom to big molecular objects) and ordering degree In fact, we discuss the possibility of realizing the
(from the amorphous state to monocrystal). Auxiliaryprocesses of superordering in a solid, i.e. formation
parameters are needed for describing artificiallsynthesis) of ordered distributions of matter of a
synthesized highly organized structures and fotertain size. Let us compare the realization of natural
characterizing these complex systems. ordering and artificial superordering in a solid. It is
As a rule, the task of any solid-phase synthesis iQf note that macroscopically ordered distributions are
creation of a certain structure. There are severgufficiently widespread in nature. As examples,
aspects of understanding the teraynthesis of a solid M&croscopic ordered distributions in plumeous clouds,

chemical compourid or its physicochemical analog " the radial structure of volcanoes, in ordered eutec-
“synthesis of a certain structtire tics, and in sea sandbanks can be enumerated.

~ (1) The physicochemical aspect includes considera- since these examples are related to the structure of
tion of composition and crystal (sometimes amormatter, the processes under consideration involve
phous) structure. mass transfer (diffusion) and may follow the only

(2) The t0p0|ogica| aspect includes Consideradirection to a uniform state of the System. The origin

tion of the spatial distribution of the composition andof such processes lies in that they are caused by
structure (actually, the spatial distribution of thermodynamic driving forces and directed to extreme
structural units of an object). values of thermodynamic parameters, including the
: _ entropy maximum at equilibrium.

(3) The electronic aspect concerns electronic states

of a solid substance under consideration. The closer a system to equilibrium, the more
The notion of topology implies a complex structurepronounced are internal self-ordering processes in the
of matter. Therefore, we consider in more detail thesystem, the easier is maintaining physicochemical
notion of topology for highly organized solid com- conditions, and the more difficult is changing them by
pounds. This notion is related to the possibility ofexternal action. Hence, as we approach equilibrium,
various spatial atomic distributions in an artificially the range of allowed nonuniform structures becomes

synthesized substance HIB]. narrower, while uniform structures become simpler to
- synthesize. The reverse situation takes place far from
1.2. Artificial “Superordering in a Solid equilibrium: a very precise external control is needed,

but almost all structures are allowed. The choice of

From the viewpoint of topology, the limiting states an optimal synthetic strategy is one of the most
are, on one side, a substance uniform in compositioimtricate problems. Thus, the only way to creating an
and structure (for example, monocrystal, glass, etcaperiodic order consists in changing the ordering
and, on the other side, multielement (not in a chemicaprocesses described by equilibrium thermodynamics
but in a structural meaning) structure where each strugnd directed to securing system stability by a syn-
tural unit can be arbitrarily connected with others (forthetic program directed to obtaining highly organized
example, b|0log|cal ObJeCtS). Avrtificial structures of So|id-phase structures in the metastable state.
the simplest topological organization (uniformly
laminated structures, FigA), for example, with thin Because of the low mobility of atoms in a solid, a
oxide layers ¢ = 30 nm), has long been prepared [20].certain thermodynamically unfavorable structure (for
A more complex topological organization includesexample, diamond) can exist for any long time.
nonuniform distribution of composition and structurerijgyre 2 shows the conditions of structural stability.
(layered structure) along one of the spatial coordinategs seen, a system can maintain its structure for a long
both of periodic &) and of aperiodicg, C) character. (e in the following cases: (a) the system is in the
The synthesis of such structures is well-run. Howevergiaie of stable (Fig. 2a) or metastable (Fig. 2b) equi-
certain difficulties arises _|f it is necessary to obtain Aibrium:; these states are practically equivalent at a suf-
small nanostructure period. of order 1 nm. ficiently high activation barrierE/KT (for example,

Further complication of topological organization isgraphite and diamond at room temperature); (b) the
possible on organizing atoms also in the monolayerelaxation of the system to the equilibrium state is
plane (for one or several monolayers) (Fid)1Still  kinetically hindered (Fig. 2c); and (c) the energy ex-
higher levels of organization of matter imply forma-change with the surrounding medium retains the
tion of spatial nonuniformity in a structure synthe-system in a given state (Fig. 2d). Such a system is
sized and differ in the degree of internal symmetrycalled dissipative, since its existence is associated
(Fig. 1E). with continuous dissipation of energy.
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Fig. 1. Scheme of two-dimensional nanostructures at silica surfageUfiform distribution of chemical composition and
structure, for example, monolayers of element-oxygen groups of a given compodjtioranplayer thicknessLj total layer
thickness |, =1, = 13 =14 and (1) Ti-O monolayers. ) Periodical distribution along the axis of elementoxygen layers
containing a certain number of monolayerd) Ee-O groups and3) Ti-O groups [(a) two-layer structurg, = 1, and (b) four-
layer structure|; = I3 andl, = 1 4]. (C) Aperiodic distribution of elemerbxygen layers along theaxis (four-layer structure
with I =1, =13 #1,). (D) Aperiodic atomic distribution in the surface monolayer plane (top view): (crosse€) §eups and
(circles) Ti-O groups [(a, b) different F®/Ti-O ratios]. €) Aperiodic distribution of‘zero-dimensiondl structures in the
substrate plane:1j Fe and 2) Si.

2. PECULIARITIES OF STRUCTURING structure with close energies (actually, this is an
ON THE NANOLEVEL unseparable mixture of variable composition). This
occurs since the solidification process always pro-
It is now firmly established that the synthesis ofceeds at a certain supersaturation [7]. In the case of
solid chemical compounds by crystallization canthe solid-phase synthesis of highly organized struc-
result in formation, from the same structural units, oftures, a solid compound to be obtained should possess
a number of equivalent variants of composition andhe following characteristics [23]: (a) any topology
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Fig. 2. Energetic and kinetic nature of stability of solid substances: (a) stable state, (b) metastable state, (c) kinetic retardation
of system movement to the stable state, and (d) dissipative state of a system maintaining its stability at the expense of the
energy influx from an external sourceG)( Thermodynamic potential of a system anl) (process coordinate.

including uniform and nonuniform distribution of com-  As noted in [23], the GlansdoHPrigogine crite-
position and structure should be attainable; (b) aperrion that a new structure is always the result of in-
odic structure (periodicity is possible as a particulastability and arises from fluctuations, needs a principal
case); and (c) thermodynamic nonequilibrium stateimprovement when applied to controlled syntheses.
We imply that the chemical potentials in the existingOne should ensure selective instability with respect to
homogeneity regions are different under condition® desirable direction of ordering and, simultaneously,
chosen temperature, pressure, etc.), and this does ribé maximum stability with respect to spontaneous
lead to destruction of the resulting structure. processes. Thus, the problem of controlled synthesis
splits into two problems: creation of a non-equilib-
It is of note that chemical processes on the atomicium but sufficiently stable initial state and control of
molecular level should play the main role in therelaxation processes.
synthesis of nanostructures with a small period and
a given topology. Then all the processes are reduced Let us remember that a monocrystal seed in the
to a certain sequence of surface chemical reactiorferm of a microcrystal plays the role of a giant fluctua-
between functional groups of the solid and moleculesion that drives the process along a given direction.
of necessary chemical nature [21]. Herewith, the onlyThis synthesis principle is schematized in Fig. 3. The
way for creating highly organized structures (ofinitial state is energetically localized by a sufficiently
aperiodic order) is replacing crystallization by thehigh barrier. Our process control means are reduced
synthesis of solid-phase structures in the metastabte creating artificial fluctuations (seeds, heterogeneity,
state. In fact, to accomplish such synthesis, onetc.), which allows the system to behave as if it under-
should control the activity of some chemical bondsgoes barrier tunneling in a given direction. The higher
and prevent reaction of other chemical bonds. the ratio of the probability of tunnelling to the pro-
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Fig. 3. Energy diagrams of syntheses: (a) chemical reactions and first-order phase transitions, (b) melting, (c) crystallization,
(d) seed crystllization, and (e) tunneling. (I) Initial, (I1) intermediate, and (l11) final stat€sSystem energy andrf process
coordinate.

bability of over-barrier processes, the higher is thg24]. For example, Merrifield has realized the solid-
controllability of the process. phase (matrix) synthesis of polypeptides [25, 26] by

There is an important aspect to be used at realizin?}uccesswe extension of the polypeptide chain on an

the solid-phase matrix synthesis. With microcrysta

seeds, the main role is played by the surface of a solid, The problem of a standard solid surface remains
since physicochemical processes just develop at thgtual in synthesis of nanostructures. Let us consider
surface. It is of note that thermodynamic and kinetighe principles of synthesis of solid substances of
barriers are not eliminated but only diminished byreproducible composition [7, 15]. They are the process
introduction of a seed (substrate) in a system. Separai@eversibility conditions, the availability of a matrix,

relative equilibrium is established for each SUbStl’atgnd the program of production and accumulation of
under given conditions. Traditional methods ofinformation.

epitaxial synthesis (deposition) are controllable pro-

cesses. However, it is hard to speak about obtaining a When performing controlled solid-phase synthesis,

nanometric substance layer of a given thickness b§ researcher actually carries out a number of opera-
the epitaxial deposition method, because epitaxidions to obtain a solid chemical substance possessing
layers are formed by way of appearance and integrda) a certain excess of free energy contained in the
tion of crystal nuclei whose dimensions certainlysystem of interatomic bonds, as compared with the

exceed the monolayer thickness. initial reagents, and (b) a higher degree of ordering of

. e . . interatomic bonds as compared with the initial reagent
Additional difficulties in realizing the synthesis of mixture at equilibrium. P g

solid substances arise from the fact that the over-

whelming majority of reactions used in chemical Thus, to construct necessary nonequilibrium
science and technology belong to the type“ah- systems, one has to do some work using external
organized reactions. We mean the reactions withsources of energy. This energy typically acts as
particles (atoms, molecules, ions, or radicals) reactinghemical energy, the energy of highly active reagents
at accidental meetings both in time and in space angised in the synthesis. Let us consider Fig. 4. From the
by mutual orientation. In other words, there is nothermodynamic standpoint, one can say that the
spatiotemporal molecular and solid-phase organizatiosynthesis results in a solid produ€twhich higher in

of chemical interaction in such reactions. At the samenergy compared with the initial substance. We note
time, the possibility of such an organization is knownthat, firstly, to synthesize produd® from a solid
from molecular biology, e.g., the biosynthesis processhemical compound, one should endow the system

ert polymeric substrate.
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Fig. 5. Energy diagram of a reaction with kinetic and
thermodynamic control:1) reactionA — B dominates,
Fig. 4. Energy diagram of a hypothetical multistage productB is kinetically stable; Z) side reactiol/A —» C
synthesisA — B — C (B' andC' are intermediate transi- dominates; §) reactionA — B dominates but produd®
tion states and Prand P? are reagents). is kinetically unstable and fast transforms in@

with additional energy (in a given order) at theis preserved, but the system exists due to potential
expence of sufficiently active reagents. Secondly, irbarriers.
the course of the synthesis, highly reactive inter- practically, the reproducible synthesis of nano-
mediatesB and C may form (surface complexes in structured solid substances is realized via chemical
our case) which possess excess free energy and tendyi@sembling of structural units on appropriate matrices.
various Chem|ca| tranSfOI‘matlonS, |nC|Ud|ng undeS|r"|'he monolayer_by_monolayer Chem|cal assemb“ng Of
able ones. solid substances involves a number of preprogrammed
Let us use the example of chlorination of an in-Surface reactions with at least bifunctional molecules

organic substrate, silica [reaction (1)], to discuss th€f either one substance or another.

problem of the thermodynamic and kinetic stability The principal significance of this method of syn-
of the A — B system, with account for the possibility thesis of solid matter iSthat, instead of spontaneous
of formation of a thermodynamically more stablepacking structural units in the crystallization process,

product C 10:32:30(Fig. 5). their forced packing in a preset order is performed, i.e.
preset composition and structure of the solid sub-
[SiOy] ;101 sSIOH + Cl, stance are realizéd7]. By varying temperature and
A other conditions of chemical assembling, one can
. . . change the density of packing of structural units.
— [Sloz]m—lBol.58|C| — S'(C:'4- (1) Apart from crystalline structures, one can create other,

significantly more complex structures whose number

The most favorable case for the synthesisBofs has no limit. ) ) )
represented by curve The initial systemA can react ~ We now turn to chemical reactions performed in
in two directions with formation of the target (for the process of synthesis. The progress in the field of
our synthesis) producB and by-productC. The Precise inorganic synthesis is assouat_ed with the rapid
barrier is considerably lower for the reactién—> B~ development of surface chemistry. This branch of the
than for the reactiol’A — C. Therefore, the rate of Inorganic chemistry of solid substances studies
the main reactioid — B is much higher that the rate che_mical reactions in the surface atomic layer of_ a
of the side reaction. As a result, the initial substanceg0lid substance and also studies the ways controlling
are consumed in the main reaction, while the sidéhese reactions [22]. Such reactions open the unique
reaction falls behind. It is of note that the reactionP0SSibility for controlling, on the atomic level, the
product B (=SiCl surface groups) can transform into s_yntheS|s of new substances of reproduqble composi-
the more stable product SigIHowever, this requires tion and structure by means of reactions between
a significant barrier to be overcome, so that compounéHnctional groups of a solid substance and molecules
B turns to be sufficiently stable, and its synthesis fronPf necessary chemical nature. Such surface reactions
A becomes realizable. The stability & here is in result in formation of surface chemical compounds.
essence metastability, since the possibility of forma- About 80 years ago, such compounds were first
tion of the thermodynamically more stable prod@ct observed by Langmuir in chemisorption studies and
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Table 1. Stoichiometry of reaction of silica [Sigh, 0, £SIOH with low-molecular reagents

597

No. Surface chemical reaction Hal/E? E/OHeac? | Nenem: Nour®
1 2[SiO,]4 104 SIOH + AICI, 1.54/1.57 1.57/3.10 1:2
gas phase, 20C . .
[SiO,]g Oy sSIO)AICI + 2HCI
2 [SiO,],,0; SIOH + AICl, 0.74/0.38 0.38/0.39 1:1
gas phase, 20C . .
— 5 [SiO,], O, SIOAICL, + HCI
3 [SiO,],40; SIOH + FeCh 1.10/0.54 0.54/0.53 1:1
vacuum, 256C . .
— 5 [SiO,],¢0; S-O-Fe-Cl, + HCI
4d [SiO,],40; SIOH + FeCh 0.431/0.205 | 0.205/0.204 1:1
vacuum, 256C . . .
——> [SiO,]59(0; sSIOH)y 6404 55-O-F&;Cly)g 37
5 [SiO,], 101 sSIOH + CHyl —-/3.09 3.09/3.12 1:1
gas phase, 16C . .
— 5 [SiO,]4 10, SIOCH; + HI
6 [SiO,]5 <0, sSIOH + BBry 1.49/1.50 1.50/3.01 1:2
gas phase, 16C . . .
—> [SI0y]7[(Oy sSI0),BBr;] 7d(01 5Si0)lg 24
7 [SiOs] 53 d01 5SIOH + Cu(NGy), 0.57/0.55 0.55/0.54 11
vacuum, 126C . .
—— > [SiO,]53 O sSHFO-CU-NO3 + HNG;

@ Ratio of halide to element E in added group of atoms (values in mmol/g)Sl?CRatio of added ion of element E to reacted amount
of functional groups (OH,) (values in mmol/g Si©). © NenerdNsurf = E/OHeact d Synthesis in the presence of gaseous HCI

(P 1.1 kPa).

later on were repeatedly studied. Nevertheless, they This is confirmed by the results of the reactions
remained, up to the present time, a poorly exploreavith anhydrous chlorides of macroporous silica with a
class of solid compounds, as judged from the fact thatpecific surface area of 275 2mg and containing
there is no generally accepted formulation of the ternvarious amounts of OH groups according to scheme (2)
“surface chemical compound19, 22, 27, 28]. They (Tables 1 and 2).

mostly use the term¥chemisorptioii and “chemical _ _

modification of surfacé when describing surface re- M=SHOH) + ECL — (=SHO-)ECl,  + MHCIL. (2)
actions. Groundlessly, it was presumed that chemical The reactivity of surface SD bonds can be dif-

reactions of low-molecular substances with solidkg oy scheme 1 shows variantdll of reactions of
substances scarcely go in chemical systematics bgsjige molecules with=SiOH groups. Under certain
cause of the diversity of chemisorption bonds..,,qitions, strong electrophilic and nucleophilic re-
However, studies on surface reactions of silica W'ﬂbgents react, besides OH groups, also with siloxane
IOV".'?.OIGCUI@r sulbs_tancesb [234] re\;]ealed sl';able onds of the silica frame (type Ill). For example, the
stoichiometric relations =between the number ol.,,qqjiion of products of silica surface reactions
reacted surface atoms (functional groups) of a solid .ih" methanol is temperature-dependent
substance and the number of molecules bound. In ' '

other words, the surface chemical reactions studied At temperatures above 220, reaction (3) occurs.

obey the stoichiometry laws. [SiO,]5 &0, (SIOH + CHOH

Scheme 1. & [SiOy]3 5(Oy 5SI0H),_,(O; sSIOCHg), + H,0. (3)
| ECl, T " T i When 300C are attained, reaction (3) gives way
(I) ECl, (I) ECl, to reaction (4).
/gi\ / /g( [SiO]3 (O sSIOH); ((O; 5SI0-); + CHOH
| m0 g 07 | &= [SiOpl3 5(O; 5SI0CH;);_(Oy sSIOH)(O 5SI0-),
AN

+ H,0. (4)
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Table 2. Stoichiometry of reaction of silica OH groups with FgCht temperatures above 2@

Sam- Initial substance OHyi* | Fe, | Cl, Surface
ple reaction condition,s mmol/g| mmol/gmmol/g| Cl/Fe NeherdNeur? reactions,
no. Sio, | SiO, | SIO, %

1 |Silica gel, argon, 28 270 | 145 | 160 | 1.1 |1.45/1.00 = 1:1.9(7) 90; (8) 10
2& |Aerosilogel, vacuum, 22@B00°C 055 | 0.54 | 1.10 | 2.03 [0.54/0.55 = 1:1 |(8) 100

2b° |Vacuum, 356C 054 | 0.63 | 140 | 2.22 |0.54/0.63 = 1:1.2(8) 85; (9) 15
3 |Aerosil, argon, 288C 180 | 166 | 3.10 | 1.87 [1.66/1.80 = 1:1.1(8) 82; (7) 18

2 nitial content of OH groups® NgperndNsyrf = FE&/OHegact © The surfaces of sample nos. 2a and 2b were standardized by thermal
treatment at 723 K for 8 h, followed by vacuum thermal treatment at 623 K for 2@ l8><(10‘6 Pa).

At 330°C, the reaction becomes still more com-the contributions of reactions (7) and (8) are 90 and

plicated: 10%, respectively.
[SiO,]5 5(O; sSiOH), (O s5i0-), + CHLOH The resulting experimental evidence shows that the
S e X _ majority of surface reactions of silicon polydioxide
& [SiO;]3 5(0; sSI0OCH;) 1354 (O 5SIOH) - with chlorides at temperatures above 20(possess a
(01 55i0-)y, + H,0. (5) complex stoichiometry reflecting the possibility of

participation of functional groups of the silica frame
Thus, the temperature 33D is a minimum tem- in various chemical reactions.

perature when=Si-O-Si= bonds react with CEDH: By repeating the cycle of molecular layering

=Si =Si-OH [35, 36], for instance, by treatment with chlorides and
i/O+ CHOH—> _si 0 CH,4 (6) water in preparing oxides [reactions (10) and (11)] and
with chlorides and hydrogen sulfide in preparing
The possibility of concurrent frame (heterogeneous$ulfides, one can synthesize solid substances consist-
reactions with frame destruction is a specificing of a certain number of corresponding monolayers.
feature of the above surface chemical reactions.

=Si-OH) + MCl. —> (=Si-0-) MCIl .+ mHCI, (10
As is seen from Table 1, the surface reactiong]( ) : ( IrMClom (10)

studied obey stoichiometry, i.e. there are stable mMESHO-)MCl, y + (0 = m) H,0
stoichiometric ratios between the number of molecules  __, (_si.0) M(OH), , + (n — m) HCl. (11)
bound and the number of surface atoms (functional -

groups) of the solid substanceN{{Ns,- The The monolayers can be of the same composition
stoichiometry of surface reactions is strongly(Fig. 1A, four monolayers) or of a given composition
dependent on sample preparation and reaction a certain sequence with a given number of mono-
conditions. TheN;,..{Ns, ratio changes from 1/2 for layers of elemerbxygen groups of another chemical
an exhaustively hydroxylated silica to 1/1 for annature (Figs. B and XC). It is of note that, in the case
dehydroxylated sample (nos. 1 and 2). It was showof alternation of the chemical composition of element
that an even slight change of conditions of surfac@xygen monolayers deposited, it is possible to obtain
chemical reactions can induce concurrent surface reot naturally occurring solid compounds of a more
actions. This is to be taken into account when caleomplex composition and structure. They can be
culating real stoichiometric ratios. For example, F£Cl synthesized only artificially. We will term such

reacts with silica (Table 2) by reactions {(9): compounds as spatially separated.
—Si_OH =Si-O_ Let us consider the structure of surface and spatial-
Sion + FeChb—— S O/FeCI +2HCI  (7) ly separated compounds (Fig. 6). The monolayer of
=9l =S

o il silicon-oxygen groups is formed by reaction of an
=SFOH + FeCh =SHO-FeCh + HClL (8) oxide with silicon tetrachloride and then with water
N =Si-Cl vapor. Since the monolayer of surface atoms is in-
. ,0+FeCb—> ~Si-O_FeCh (9 separable from the solid substance, the substance as a
i =
whole should be named a surface compound. Its
With sample 2b, the reaction occurs by 85% byformation gives rise to surface electronic states
scheme (8) and by 15% by scheme (9). With sample Tharacteristic of the new solid substance. After 3 to 4

=s
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Fig. 6. Structure of solid chemical compounds: (a) initial metal oxide (M{b) surface chemical compound [MQ] -
(M-0),Si(OH),, and (c) spacially separated compound [MKISIO,]. (1) Conditional (internal) boundary.
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Fig. 7. Fragment of the chemical structure of a solid comprising parts of different chemical compositiah & T+O
groups) combined in three different ways [37]1) (spatially separated compound?) (spatially separated adduct, and
(3) mechanical mixture of Si©and TiO, particles.

monolayers have been deposited, an oxide silica layémnteratomic SFO-Ti bond (case 1). In the case, for
arises, the synthesis product being a spatially seexample, of chemical vapor deposition, a product with
parated compound. The question arises: what is thatermolecular bonds is obtained (case 2), which
difference between these structures and those obtain&tilitates phase-formation processes. Thus, with the
by chemical vapor deposition (epitaxy)? aid of the synthesis of two-dimensional nanostructures
(nanolayers) one can avoid (in a certain temperature
Figure 7 represents the spatially separated conrange) phase-formation processes and obtain artificial
pound that, according to Aleskovskii [37], has anchemical compounds not occurring in nature.
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Fig. 8. Size dependence of properties for solid substances [39]: (a) crystal lattice parametBr diticgn and 2) cerium
dioxide; (b) @) critical superconductivity temperatufg, and @) derivative of critical magnetic field for tin films on glass;
and (c) crystal breaking strengthy. (I) Sample size.

3. PROPERTIES OF HIGHLY ORGANIZED The dimensional effects of that type are discovered,
NANOSTRUCTURES as a rule, in semiconductor or semimetal films and

The progress in the physical and chemical inve Sti\_/vhis,kers with smooth surface (for massive substrates)

gation of solid substances for two last decades disaé?g \Ilivéthwgcglrgﬁ f&? rrg;snehrz\llllngtﬁerelﬁg\rﬁtelljyr/nlagi%ﬁeﬂ?
covered many new facts concerning their IDrOpe'rties‘s:iongal effects ariqse-as a cong/é uenge of quantization
In particular, abundant evidence is available concerreu o clectron quasi-momenturﬂ [38]. By tﬂe present
ing the dimensional effect, i.e. the dependence of thﬁme, the experimental evidence for the dimensional

physical and chemical properties of solid samples o ff : L :
o : . : —effect in crystals has grown significantly, and its
the_lr size [38, 39]. Since we are mperested N nanosg%ua"ty and ¥e|iabi|ity ingreased. %et us c>(/)nsider on
object_s, let us consider the dimensional effect in detai articular examples [40] how the properties of various
;22 grzgrr:]s'g?::ﬂgﬁv?’%'Zn%bs(‘)?rgﬁgr;\ggﬁsmel :r?r?ﬁsl ubstances change with decreasing crystal size. The
the electronp mean free path length, the mean o?e dependence of lattice parameter on crystallite size is
P gt shown in Fig. 8a for silicon and zirconium dioxide.

'?tzoegl‘li?s:vg;:éegg\sch)gﬁ ?rt]g :;/r% plgt Stivzvg igaggr‘; f';‘;b eviations from the bulk parameter are seen to occur
P b ithin the range 100aL00 A. Similar dependences

with the electron mean free path length (classica) : :
dimensional effect). The electron mean free pat L%stlé?m%ve\:lg for tin, magnesia, and some other

length usually is about hundreds angstroms at roo

temperature, so sufficiently thin films are needed for Figure 8b displays the dependence of the critical
measuring the dimensional effect. This effect wagemperature of superconducting transition and the
most frequently_observed for_ the conductqnce of th“’dependence of the temperature derivative of the
metal or semiconductor films and wires (one-critical magnetic field on crystallite size for tin films.
dimensional systems) whose thicknedswvas com-  peyiations from the corresponding bulk values are
pared withl. Resistivity increases with decreasidg gpserved beginning within 100000 A. Such de-

Wthh |S related to add|t|0nal e|eCtr0n Scattel’lng at th%endences are typ|ca| enough for Superconductors
surface. The second case is when the sample sige the state of fine particles.

(nanolayer thickness, whiskers diameter, etc.) is

comparable with the mean de Broglie wavelength of Figure 8c shows the size dependence of the breaking
electron { is of order tens angstroms). This is astrength of various crystalline samples: whiskers of
guantum dimensional effect. metals and salts, thin flat monocrystals of alkali
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Fig. 9. Generalized shape of size dependence of properties for (a) a solid chemical substance. (b) Size dependence of specific
surface areaS (I) Body size: (4, |5, l3) nano-, micro-, and macrosizes of a solid object.

halides, polycrystalline metallic films, and wire changes) these properties. The size limits for various
samples. Strength growth with respect to bulk valuesubstances lie within 100200 A.

begins here close to 104, i.e. at a larger sample _ ) _ , _
thickness than in the preceding cases. 3.1. Physicochemical Properties of Highly Organized

- , Two-Dimensional Oxide Nanostructures
Similar size dependences of structural transforma-

tions are known for thin films of various substances. 3.1.1. Uniform layer structure. Investigation of
Together with transformations between crystathe properties of uniform layer structures, the simplest
modifications of a given substance, the amorphous-tdepological type (Fig. &), on an example of oxide
crystal phase transition is often observed in thin filmsstructures revealed a number of interesting facts. We
Size dependence of the latter was repeatedly studigdrn to the compositiorstructureproperty depen-
for various substances. The amorphous phase is oftelence for two-dimensional oxide nanostructures. A
realized in the small thickness region at room temnumber of physicochemical properties (catalytic
perature. Spontaneous crystallization occurs when activity, wetting heat, solubility, potential contact
certain critical film thickness is attained in the difference, acidity) were studied to show that the
deposition process. The critical thickness usually liesurface of an oxide nanostructure synthesized acquires
within the range 1000100 A. Such data are known the properties characteristic of the corresponding bulk
for antimony, bismuth, germanium telluride, ytter-oxide after depositing four and more elementygen
bium, and other films. monolayers [19, 21, 31].

As is seen from Fig. 9a, with decreasing crystal The transition from the properties of an initial
size, the value of a property is almost invariable untilsurface to those of bulk oxides can be traced by the
a critical sizel, (1000-100 A) is attained. This dependence of electrokinetic potentigl on pH.
dependence is similar to the hyperbolic size deperNanostructures on silica, containing—0 and AFO
dence of specific surface ar&found by Aleskovskii monolayers, were investigated in [41]. Electrophoretic
et al. [7] (Fig. 9b). mobility was measured and then the isoelectric point

The above properties of particles (crystals in moj\/aS determined (pH af = 0). From the results ob-

cases) allow estimation of the sample size (minimu
amount of crystalline solid), when normal properties (a) If the isoelectric points of the initial surface
characteristic of bulk substance are still maintainedand of an oxide deposited differ only slightly (SiO
A crystal of a smaller size loses (or essentiallyand TiO,), already onetwo elementoxygen mono-

ained, the following conclusions could be reached:
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Table 3. Activity of two-component oxide nanostructures in the catalytic gas-phase hydrolysis of carbon tetrachloride

at 240C

Element content in 04

monolayer, mmol/g Si 2 Ksx 107,

Sample > S mTg mmolsm‘zmin‘1
internal external

[SiIO,]OH 246 0.2
[SIO,]Ti 1.09 218 65.0
[SIO)P 1.07 225 0.3
[SIO,]Si 1.05 230 0.3
[SIO,]PTi 1.07 1.16 197 20.0
[SIO,]TiTi 1.09 0.73 204 22.0
[SIO,]AITI 1.57 0.89 197 20.3
[SIO]FeTi 2.00 0.71 201 19.4
[SiOZ]Cr+3Ti 1.05 1.21 207 53.0
[SIO,]PP 1.07 0.80 197 0.3
[SIO,]TiP 1.09 0.51 194 0.7
[SIO,]SiSi 1.05 0.91 214 0.4
[SIO,]TiSi 1.09 0.73 203 4.5

layers deposited will suffice to pass to bulk oxide With such samples, one can experimentally test
properties. (a) the effect of activating or passivating atom A on
the activity of surface atom B, (b) the activity of atom
B covered with inert (catalytically inactive) atom A,
f;d (c) the activity of atom B (sample 2AB) as a

(b) If the isoelectric points are sharply different
(Si0, and ALO,), complete transition to bulk oxide
parameters occurs after depositing four monolayer
One can also mention the peculiar behavior of oxid
nanolayers in the model catalytic gas-phase hydrolysi
of CCl,. The activity of samples with deposited

: Table 3 represents the chemical composition and
elementoxygen monolayers was compared with thecatalytic activity K is the specific rate constant) of

activity of samples of the same chemical COmpOSiﬁOQhe samples studied. As seen from Table 3, activity of

but obtained by impregnation and deposition, Theoxide catalytic systems can be controlled. The activity

higher catalytic activity of the nanolayer samples was o samples with an almost the same specific

shown to be caused by the higher content of surfac . .
. urface area (ca. 200%g) is determined mostly by
elementoxygen groups. As for the samples obtaine he chemical composition of the monolayer that forms

B o s o o onchoihe surface of he oxide layer synhesized. Samples
crystals do work [19]' containingnTi and nPTi Igyers were studleql to trace
' the effect of substrate Si atoms on the activity of the
3.1.2. Nonuniform layer structures. Precise Ti atoms of the surface monolayer, both through
synthesis also includes covering the substrate surfa¢ganium-oxygen and phosphorusxygen monolayers.
with monolayers of elemenbxygen groups of dif- Phosphorus ions are catalytically inactive and, being
ferent chemical nature. This makes possible investigan the surface monolayer, completely depress the
tion of nanostructures containing a multicomponenactivity of subjacent titaniuroxygen layers. Table 4
oxide layer of a certain composition with monolayersexhibits the activity of samples differing from each
alternating in the direction from the substrate to theother in the numben of the phosphorusxygen and
new sample surface, for example, as in Scheme 2. titanium-oxygen monolayers intervening the silica
frame and the surface titanisioxygen monolayer. It

unction of the thickness (number) of intermediate
onolayers of atom A.

Scheme 2. follows from Table 4 that the effect of silicon atoms

on the activity of titanium atoms in the surface layer
NI-0-A-O-B-OH (AB sample) of a catalyst is inversely proportional to the distance
BI-O-B-0-A-OH (BA sample) between themKg = I/bd, wherel is the intermediate
HI-O-A-O-A-O-B-OH  (2AB sample) monolayer thickness artalis a constant. The resulting
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Table 4. Activity of nanostructures a titaniunoxygen surface monolayer and various number of intermediate monolayers
(n) in the gas-phase catalytic hydrolysis of carbon tetrachloride at@40

Sample 0 Conent of titanium in Kgx 10%,
surface monolayer, mmol/g SjO mmol nT?min~t
[SIO,T 0 1.09 65
[SIO,]PT 1 1.16 20
[SIO,PPT 2 1.08 12
[SIO,]PPPT 3 0.94 9
[SIO,]TT 1 0.71 22
[SIOTTT 3 0.94 13
[SIOTTTT 3 0.91 6

Table 5. Activity of nanostructured aluminosilicate systems in cumene cracking afG00

Sample Kgx 1019, mmolnt?min-t Egps kJ/mol gt atom Al

Silica gel (SG) 0.17 71

Alumina (A) 0.10 54 1.5x 108
Aluminosilicate (AS) 2.6 58 1.0x 1012
SG-1Al 0.25 88 3.6x 1018
SG-2Al 1.25 104 2.0x 1018
SG4AI 0.4 79 1.8x 1018
SG-AISi 0.19 82 3.6x 1018
SG-AISIAl 0.9 96 1.4x 108
A-1Si 0.1 67

A-2Si 0.2 75

A-SiAl 1.47 125 6.0x 1018
A-SIAISi 3.3 67

A-2SiAl 3.48 104 8.0x 101°
AS-1Al 3.23 54 8.4x 107
AS-2Al 3.93 58 7.0x 107
AS-AISi 1.93 71 1.0x 1012
AS-1Si 9.8 58 1.0x 1012
AS-SiAl 4.3 63 7.0x 107

& Apparent activation energ)}? Content of surface atoms.

data show that the silicon atoms located at a distanc®-Si-Si, and A-2Si-Al samples are an-order-of-
of about 0.8 nm from surface titanium atoms, stillmagnitude more active than the initial alumina and
effect their properties. The effect is transmitted alongompare in activity with the initial aluminosilicate.
the chain=Si-O—-(E-O),-TiOH, where (EO) is the Therefore, we can conclude that samples, either
intermediate elemenbxygen monolayer. comparable or exceeding in catalytic activity the
industrial aluminosilicate catalyst, can be synthesized
The activity of aluminosilicate systems was studiedby alternating several aluminiumand silicor-oxygen
in the cumene cracking reaction (Table 5). The micromonolayers on alumina surface. It is of note that
catalytic pulse-operated reaction was performed athemical modification of the surface of the initial
250-550°C on the samples obtained on the basis ofluminosilicate also improves its catalytic properties.
silica gel (SG), alumina (A), and aluminosilicate (AS)
as substrates. It was shown that the activity of the The existence of surface magnetism was confirmed
aluminosilicate systems synthesized on substrates carperimentally [32, 42], and an idea was forwarded
be increased by controlled variation of the chemicathat ordered spin systems can be created with the aid
composition of the surface. The activity of-8i-Al,  of chemical design of a given atomic topology. We
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Table 6. Magnetic susceptibility of one- and two-com- monolayers of a certain chemical composition 3(Fe
ponent nanostructures and Sit*, Fé**and C#*, F&* and T, Fé*" and zrf™)

was studied. The magnetic susceptibility of samples
No Sample e 0x 105, was measured using the Faraday method _within the
: rel. units temperature range 9293 K at four magnetic field
strengthsH: 4100, 5820, 7120, and 8280 Oe. The
Series | accuracy of the measurements was 2%. The initial
1 Ti 1 -0.4 silica substrate is a diamagnetic materigl, {, =
2 Sn 1 -0.33 ~0.277x10° emu/g). There were synthesized struc-
3 Zn 1 -0.47 tures containing two or three oxide monolayers of a
4 Cu 1 0.1 certain chemical composition (Feand Si*, srf**
5 Fe 1 20 and F€*, Fe"* and Cd#*, C\** and Fé*, Fe* and Ti*,
6P 0.22Fe + 0.78Ti 1 45 Ti** and Fé*, Fé* and zrf*, Zn?* and F&") with
7E 0.53Fe + 0.47Ti 1 18.6 various alternations of the monolayers.
8 0.71Fe +Soe'r2i§sTl " ! 17.9 We first turn to the magnetic characteristics of one-
9 Fesn 5 012 component monolaygrs, the knowledgg of WhICh' is
10 SnEe 5 0.63 important for _analyS|s of the magnetic properties
11 FeCu 5 038 of samples with two-component alternant element
12 CuFe 5 _0‘12 oxygen monolayers. As is seen fro_m Table 461’ the
13 FeTi 5 18‘8 elememgxygen 'mo_nolayers _containing i srftt
14 TiFe 5 19'3 and zrf* exhibit dlama_lgnetlc propertles, whereas
1e Fezn 5 183 the monolayers containing €uand Fé* are para-
16 ZnFe 5 42'1 magnetic. Monolayer F&-O groups chara_cte_rlstlcally
17 TiTiFe 3 195 exhibit uncompensated antiferromagnetic interaction.
18 ZnZnFe 3 62'1 We earlier ob_talned experimental ewdence_ showing
‘ that at certain amount of B&O groups in the

monolayer on the diamagnetic matrix surface, there is
a two-dimensional magnetization region where the

local surrounding of FE-O groups does not prevent
Table 7. Sorption properties of nanostructures materialSPin parallel orientation [32].

& Number of elemerbxygen monolayers.b Two-component
monolayer.

The magnetic properties of samples containing
Total dynamic  alternant elemenbxygen monolayers of various
No Sample S, |exchange capacity chemical nature (Table 6) give evidence for the
' m?/g diverse effect of an elemenixygen monolayer
mmol/g| mg/g deposited on the orientation of spins of iron ions.
Let us consider individual systems.

; ?;gﬁ}é’;‘g{ osil) igg T(;alc es| Traces System FeO-Ti. As follows from Table 6, the
2|[Si0.]. 2Tiz : value for the sample with the surface monolayer of
[SIO,] - 2Ti-O 2301 8311978 Fe-O groups containing FO groups in the sublayer
4 |[Si0,]-Fe'YFe2.2Ti-O | 215 | 8.34 | 1981 . ° - 9roup g + group ublayer,
5 | Organic sorbent 12 o856 S practically equal to theg value for the sample with

' ' the monolayer of FeO groups. Thus, inclusion of an

additional diamagnetic FO monolayer does not
change the spin parallel orientation, and the ferro-
magnetic ordering is maintained.

@ Sample with two THO monolayer.b Ferromagnetic sample
with Fe-O monolayers and two FO monolayers.

synthesized samples containing a multicomponent System FeO-Zn. As seen from Table 6, inclusion
oxide nanolayer, similar to those in Scheme 2of a Zn-O monolayer to the structure synthesized
Magnetic ordering was assumed to be secured bothcreases thg value, and the magnetic susceptibility,
by mutual location of atoms of adjacent element as with the sample containing @ monolayer, is
oxygen monolayers and by an optimal interatomialmost independent of the order of deposition of dif-
distance between the F® monolayer and the B>  ferent-in-composition monolayers. One can say that
monolayer of necessary chemical nature. The thmtroduction of diamagnetic monolayers containing
possibility of creating oxide systems with differentd-metal ions does not effect the location of iron spins.
magnetic ordering due to alternating elemenxtygen At the same time, the presence of a completely filled

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 72 No.4 2002



NANOSCALED STRUCTURING AS A WAY TO CONSTRUCTING 605

or several) as a sublayer and subsequently varying the
Fe?*/Fe** ratio we could obtain a ferromagnetic layer
12 A thick (Fig. 10), with optimal ferromagnetic pro-
perties. The good magnetic properties of the sorbent
make it possible to avoid the ineffective filtration
stage of the sorption process and to procceed to
magnetic separation.

1 Thus, one can conclude that, by the present time,
% there has been created the scientific basis for solving

complex synthetic problems, including constructing
highly organized nanostructural solid substances and

Fig. 10. Scheme of a ferromagnetic nanostructural
sorbent: 1) SiO, particle (Aerosil), B) Fe;0, layer
(thickness 1015 A), and @) TiO, layer (thickness
6-10 A).

d shell in zrt* (3d'% probably enhances the orienting
effect of the substrate due to electron density redistri-
bution along the SiO-Zn-O-Fe-(OH), chain. Such
process is impossible in Ti (3d%. The above
regularity holds for systems with increased number of
Ti-O and ZrO monolayers deposited (Table 6).

System FeO-Sn. The y value abruptly decreases 2.

(Table 6) in this case, where the structure synthesized
contains an SH-O monolayer (i.e. p-element
oxygen). In the first approximation, one can say about 3.
the registration, in magnetic measurements, of the
different effects of a nontransition element and of a
d-element on formation of covalent bonds binding
elementoxygen groups with a substrate.

System FeO-Cu. The presence of a GO S.
monolayer, too, decreasgs But here this effect can
be related to the appearance of an antiferromagnetic
contribution to magnetic susceptibility due to addi- 6.
tional interaction CuO-Fe via oxygen atoms.

As awhole, the data obtained show that by alternat-
ing elementoxygen nanolayers, i.e. by controlling
the spatial location of atoms in a structure synthesized,""
one can affect the character of magnetic ordering.

Finally, we put the case of obtaining a nanostruc- 8.
tural material. In view of the actuality of elaborat-
ion of new sorbents and separation technologies, th
sorption properties of a nanostructural sorbent for
uranium was studied. Sorption of uranium ions from
a see water imitator was studied on samples contair°-
ing Ti-O groups. As is seen from Table 7, the total
dynamic exchange capacity of oxide nanostructures
containing T+O groups is more than an order of
magnitude higher that the exchange capacity of titail.
nium dioxide. By including a FeO monolayer (one

=

materials.
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