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Abstract —Two classes of nanostructures produced by comminution of macroscopic bodied and by aggrega-
tion of free molecules or ions are characterized. Interfacial phenomena in the nanostructures are described.
The definition of surface tension as an excess surface stress is given and the condition of mechanical equilib-
rium at an arbitrarily curved interface is formulated. The influence of interfacial phenomena on the depen-
dence of properties of nanoparticles on their size is discussed. Thermodynamic equations are derived describ-
ing first-order and second-order phase transitions in nanoparticles. Polymorphous transformations of solid
phases in the comminution process are analyzed. A chemical approach to description of solid nanoparticles,
based on introduction of the chemical potential of a supramolecule and the chemical affinity of a process, is
characterized. A theory of polymorphous transformations and solution of solid nanoparticles is formulated on
the ground of the chemical approach. In the section devoted to aggregative systems, unusual properties of
micelles and vesicles of surfactants are described: the dualism of their liquid-like and solid-like behavior and
the absence of their macroscopic analog; the universal (with respect to various properties of solution) abrupt-
ness of the transition to formation of nanostructures as the critical micelle concentration is attained; the
gualitative difference in the thermodynamic properties of aggregates corresponding to a maximum and a
minimum in the curve of equilibrium size distribution of aggregates; and the decrease in the concentra-
tion of a surface-active ion in a micellar solution at adding its mother substance, a strong electrolyte, to the
solution. An approach to specifying thermodynamic relationships for description of the lamellar (onion-like)
structure of micelles is proposed.

INTRODUCTION mechanism. Only creation of a sufficiently high
concentration for the actuation of a process is here a
Nanostructures are the structures of small forms oforcible element. As a result, equilibrium and stable
matter (nanos means a dwarf in Greek). This namstructures are formed ((as, for example, at micelliza-
itself implies that new structures can arise as mattetion), which sometimes is unattainable in the first way.
is comminuted. Let us remind that a state and a struc-
ture is not the same. The state of a phase always The notion of structure is often related to the
changes at changing its size and is described by welhotions of phase and of aggregative state. However,
known thermodynamic relationships. Although structhe latter notions, as well as phase diagrareggr to
tural changes, naturally, are also governed by thermanacroscopic (strictly speaking, infinitely large) bodies
dynamics, they are rather a unique phenomenomnd become the less definite (more diffuse) the
Nevertheless, the phenomenon is reliably establishesinaller the body size. About a single particle, even
in experiment (decades of types of such structurgbossessing a pronounced structure, of 1 nm in size, it
transformations have been discovered by the preseisthard to say in what aggregative state the particle is,
time). This communication is devoted to thatalthough one can say (say, from spectroscopic data)
phenomenon. about its liquid-like or solid-like behavior. For par-
ticles of one order higher in size, the X-ray diffraction
Nanoparticles can be prepared in two ways: byanalysis already discovers the types of crystalline
comminution (disintegration) of a macroscopic phaséthey are called nanocrystalline) structures incident to
of matter or by aggregation of free molecules (or ionsjnacroscopic bulk phases. Both amorphization and
into clusters. Both the ways are easily realizable, thearious polymorphous transformation of nanocrystal-
first being typically “forcible” (work is expended for line structures are observed in the process of disinte-
breaking interparticle bonds), although spontaneougration of a solid. The process of mechanical treat-
dispergation of bodies is also possible under certaiment of solid particles in a ball (vibration) mill or
conditions. The second way is based on a spontaneoarother disintegrating device is rather complex. The
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496 RUSANOV

pressure tensor (or the stress tensor which only in sign
differs from the pressure tensor) is needed for the full
mechanical characterization of surface layer. A nano-
particle cannot contain a bulk phase inside if the
nanoparticle size is comparable with the surface layer
thickness. The spatial structure of such nanopatrticle is
different from the structure of the bulk phase and is
rather closer to the structure of the curved surface
layer (even if the structure type is maintained, the
distances between the structure elements will be dif-
ferent as compared with the bulk phase). For example,
at a reduced density of surface layer (it happens at the
boundary of a codensed phase with its vapor), a nano-
particle will also be less dense as compared with
Fig. 1. Curved surface layer and dividing surface  condensed bulk phase, the whole nanoparticle general-
between phases and . (R, Ry Principal curvature ly being nonuniform. If, the reverse, the nanoparticle
radii of the dividing surface. size appreciably exceeds the surface layer thickness,
the bulk phase of matter is present inside the nano-
parameters of mechanical action in this process (thgarticle. However, surface layer influences the struc-
duration and force of impacts, normal and tangentialure of the nanoparticle also in this case due to the
stresses and velocities) can be estimated [1]. Higbxistence of surface tension. The notion of surface
pressure itself can induce amorphization of mattetension is worthy to be discussed in detail. A real
(so it happens, for example, in 9r{R]), and many surface layer indeed possesses tangential stresses dis-
factors of the disintegration process would manifestributed in the surface layer thickness, and surface
themselves as if we sledge-hammered a big piece ¢énsion is real in this sense. However, Gibbs [3]
material. However, if we wish to distinguish nanosizesuggested to replace the complex mechanical picture
effects, we should turn to the specificity of smallof surface layer by the simple model of two layers of
systems: the smaller particles of matter the more thegdjacent bulk phases and, in-between, a membrane
affected by surface phenomena. So we begin witkthis term was used by Gibbs as it is understood in the
surface phenomena. mechanics of continuous media and the theory of
elasticity, i.e. as an infinitesimally thin elastic plate)
1. NANOSTRUCTURES AND SURFACE of tensiony (surface tension). In other words, Gibbs
PHENOMENA replaced the real surface layer by an imaginary geo-
metrical surface (dividing surface) supplied with
Surface (interfacial) phenomena declare themselvesiirface tension. The location of the dividing surface is
first of all, in the existence of a narrow transitional arbitrary, but it is advisable to place it inside the
zone, a surface layer, at the boundary between agurface layer.

jacent phases. The properties of the surface layer generally, surface tension depends on the direction
differ from the properties of bulk phases. Far from they, the surface and is of a tensorial character. The

critical point, the effective thickness of the Surfacecomponents of the surface tension tensor can be
layer approaches molecular dimensions. Thereforgyefined as follows. Let us choose a system of ortho-
there should be observed very high gradients of thosgonal curvilinear coordinatesi{ U, Us) so that the
local properties that are different in the adjacentoordinate lineus is directed along the gradients of
phases (for example, the thousandfold change ipal properties inside the surface layer (i.e. along the
density at the boundary between a condensed phaggrmal to the surface). Then any coordinate surface
and air occurs at a distance of about 1 nm). Such @y, u,) may be chosen as a dividing surface (this
strong nonuniformity of surface layers inevitably leadsapproach has been reasoned in detail in [4, 5]). We
to their anisotropy. For instance, pressure in the surfacgirect the coordinate lines, and u, along the direc-
layer of even liquid does not obey Pascal’s law anyions corresponding to the principal curvature radii of
more and depends on the orientation of unit area. Ithe dividing surface. Along these directions, we make
other words, the pressure tensor ceases to be spherigab principal cross-sections of surface layer with the
and acquires the set of components usually used faoordinate surfacesus, u;) and @y, ug) (Fig. 1). In

the description of mechanical state of solids. If oneghese cross-sections, we define the vectors of excess
takes into account that, in addition, surface layer isurface stresses (surface tensionsg)and y,, respec-
not uniform, the specification of the whole field of the tively, as
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as it can be shown [6, 7], Eq. (1.4) leads, in particular,

[ Uso u to the classical Laplace equation
Y11= % f(El — Ef )lghadug +(Eq - EY lohadus |,
20 Uzg _ pa_pﬁ:y[ 1 +Lj:ﬁ (15)
- (1.1) Rio R ) R '
1 [ Uso u wherep* and p? are the hydr_ostatic pressures i_n bulk
2= f(Ez — ES )l1hgdu +((E; - ED )lzhadus |, phases. andp, respectivelyy is the surface tension at
Uso J their boundaryR,, andR,, are the principal curvature

(1.2) radii in directions 1 and 2, respectively, aRds the
radius corresponding to the mean curvature of the

where E;(u;, u,, Ug) is the local stress vector in the dividing surface. In accordance with (1.5), a movable
cross-section perpendicular to the direction1, 2, 3 liquid surface spontaneously takes the shape corres-
(the vector of force acting on the unarea of the ponding to the condition of constancy of mean
cross-section choser,*(Uy, Uy, Us) andE P(u;, u,, u;)  curvature when passing to mechanical equilibrium. A
are its values inside adjacent bulk phasesand B solid surface is unable to do this, but, in the isotropic
(extrapolated values are taken for points inside thease, Eq. (1.5) may be used as a local relationship.
surface layer)l; is the length of the coordinate ling  Strictly speaking, however, Eq. (1.5) is generally
(dl; = hdu whereh; are Lame’s coefficients), andy  applicable to a solid only under the condition that the
anduf} are theu, values for the boundaries of the sur-solid is a figure of constant mean surface curvature.
face layer on the sides of phasesandf, respectively In practice, the shape of a solid is dictated by its
(so thatE(ul, Uy, Ug) = E{*(uy, Wy, Ug) andE;(uy, u,,  prehistory, but Eq. (1.3)1.4) is always valid. It is of
Ug) = EP F(Ug, U, Ug), the addltlonal subscript 0 meansnote that vector quantities are differentiated in
that a quantlty refers to the dividing surface (in parti-Eq. (1.3)(1.4). The surface curvature leads to the
cular, the position of the dividing surface is given byvector turn, so that Eq. (1-3)1.4), like the Laplace
the coordinateus). equation, exhibits the influence of surface curvature
on the pressure differential in the adjacent phases. For
example, there is no such a differential at a flat

uniform face of a monocrystal, but a pressure dif-

erential arises at the crystal edge (herewith the
ifferential must be finite, which requires the edge to

be microscopically rounded). Thus we see that, even
in the case when a monocrystal is in a mechanically
]Lsotropic and uniform medium (for example, in air)
and is not subjected to other actions, the internal
mechanical state of the monocrystal is already non-
p_ Oon 6y2 (1.3) uniform (nd, possibly, also anisotropic) due to surface
Es-E3= tension.

Vectorsy,; andy, are interpreted as forces applied
to the unit length of lined,, and |, respectively,
situated on the dividing surface (Fig. 1), the force
being directed anyway (unnecessarily along th
surface). At any point of the dividing surface, local
values of 1 and v, are related to bqu values of
stresse€ $=E$ (Uy, Uy, Usg) andE S = ES (uy, Uy, Usy),
extrapolated to the same point, by the condition o
mechanical equilibrium

It is readily seen from the Laplace equation that the
At every point of the system, the triad of vectorsclosed surface compresses a particle if surface tension
E., E, E; makes the local stress tenddwhich is is positive and, inversely, expands the particle if
usually replaced by the pressure tengor -E in the surface tension is negative. Surface tension is always
case of fluid systems (these tensors only differ irpositive for fluids, and, therefore, pressure inside a
sign). In terms of the pressure tensor componentsirop or a bubble is always higher than outside.
Eq. (1.3) is formulated as (Rusan&hchekin’s However, surface tension can be of any sign for solids.

equation [6, 7]) This can be explained as follows. Surface tension may
5 be defined as the work of formation of unit surface
g - pg __On, or _ (1.4) area, but, as it was first noticed by Gibbs [3], it is

a|1o ol necessary to distinguish between the work of forma-

tion of unit area,c, of a new surface by cutting and
If it turns that the coordinate system chosen makethe work of formation of unit surface, by the dilata-
the pressure tensor of a diagonal form (this happert#on of the old surface. There is no difference in these
for fluid systems in the absence of external fields)works for fluids since, at dilating the surface, new
and the bulk phases and the surface (in the twamolecules come to the surface from the fluid bulk and
dimensional sense) are mechanically isotropic, themgstore the structure of surface layer. This occurs not
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to the full extent in solids since the species of thesurface layer thickness in size). AR is determined
solid lattice (immobile components) are devoid offrom experiment, Eq. (1.9) allows us to calculate
ability to move freely over the whole lattice volume. surface tension. In this way, values of 1.4, 1.2, and

This is whyo # y. As shown in [8], the nonuniformity 2.6 H/m were found for small particles of silver, gold,
of the chemical potentials of immobile componentsand platinum, respectively [124].
inside surface layer can serve as a measure of the

difference betweens and vy. Theoretical and experimental estimates doandy

The quantitys is of adhesion (energetic) meaningfor solids (see the reviews [157]) yield a wide
(o is surface free energy for one-component System§}3read in data. For example, for ionic crystals at the

and is a scalar. By contrast, the quantjtyis of a boundary with a vacuum, the range of valuesyof
purely mechanical (force) origin and of tensorialextends from negative values to values of order

nature (with the tensor component&). The relation of 1 H/m even exceeding the values ®f Neverthe-
between these quantities is given by Herring'dess, positive values of surface tension prevail for

equation [9, 10] most solids [17]. If one takeg of order 1 H/m, the
Laplace equation yields a capillary pressure of order

10° Pa for particles of 1 nm in radius. Such pressures
rflO“’—lO10 Pa) are also met at the mechanical treatment
igf solid particles [1]. However, particles of 1 nm in
Size do not contain already a bulk phase and are close
to surface layer in structure. This is characterized by a
y = o + do/dInA, (1.7) drop in surface tension in the language of Gibbs’
model. If one takes of order 0.1 H/m and the particle
whereA is the surface area. According to the thermotadius 10 nm, capillary pressure will already be of
dynamic stability conditionsg > 0 (otherwise, all order 10 Pa and will be considerably smaller than the
bodies would disintegrate spontaneously). This is whybove values of pressure in the process of mechanical
v = ¢ > 0 for fluids. As for solids, the sign of treatment. However, pressures of°100'° Pa are
depends on the sign and value of the derivative standealizes there in the form of one-sided and short-term
ing in (1.6) and (1.7). (of order 108-107° s) pulses [1]. By contrast, surface

The excess stress created by surface tension intgnsion produces all-round and permanent compres-
solid particle, will inevitably lead to its deformation. Sion that can turn to be an important factor of struc-
In the simplest case of an elastic isotropic sphericdural transformations. Thus, we come to the conclu-
particle, the relation between the presspfeinside sion that the effects of capillary pressure created by
the particle and the linear radial strakiR/Ris given surface tension cannot be shrugged off when consider-
by the equation ing structural transformations in nanoparticles.

Yik = © + 60/68"(, (16)

where g, are the components of the surface strai
tensor. In the case of an isotropic surface, Eq. (1.6)
reduced to simple Shuttleworth’s equation [11]

p* = 3KAR/R (1.8) Summing up the above, we can imagine the in-
fluence of surface phenomena on the state of nano-
whereK is the modulus of dilatation. Reckoning the particles as follows. If a nanoparticle is large enough
pressure and strain from the standard state correspongpically larger than 10 nm) to speak about its surface
ing to a constant external pressyrtand using (1.5), tension, the surface tension will create, according to
we transform Eqg. (1.8) to the form Eq. (1.3), the particle internal stresses whose com-
plexity depends on the particle shape. In particular,
positive surface tension will compress the particle and
negative surface tension will dilate the particle. The

deformationAR does not depend on the particle size af€gion of an imaginary bul'k phase subjected to t.he
constanty andK (i.e. for sufficiently large particles). action of surface tension, is reduced as the particle
SinceARis composed from the shift in intermolecular Sizé diminishes, and the particle (typically 1 nm in
(interatomic) distances in the course of deformation$iZ€) acquires the properties of surface layer. The
the shift will be the larger the smaller the particle sizesurface layer is less dense than a bulk phase for par-
This shift can be determined experimentally (forticles in a gaseous medium. So we can imagine the
example, using the LEED method) for sufficiently case when a particle first constringes (to a positive
small particles (Ithough appreciably exceeding thesurface tension) and then is loosened.

AR = 2y/3K. (1.9)

It follows from Eg. (1.9) that the absolute radial
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2. NANOSTRUCTURES AS THE RESULT where the colon symbolizes a biscalar product of
OF PHASE TRANSFORMATIONS tensors.

If a nanoparticle is subjected to external mechani-
actions characterized by the pressure tensor
(whose field is considered to be uniform for the
fake of simplicity), the most stable state of the nano-
article is a state with a minimum value of thermo-

A striking phenomenon was discovered at studying:al
the process of comminution of solids: sometimesgp
quite another polymorphous modification was foun
in the disperse phase as compared with that taken f
comminution. The formation of a polymorphous . , . .
modification is a phase transition (of the first ordﬁ/rgamr'lc #géerglr?éli (ana;cs)g of Gibbs energy) defined
second order). Therefore, we may conclude that pha§e ug 9y
transitions occur in the process of dispergation. By the
time of publication of the review [18] in 1979, 16
cases of such transformations had been known already.
It is of note that ordinary phase structures are implied
They are spoken as about nanostructures only becal
they are discovered in nanoparticles.

® = F + Vy(pP:e%). (2.3)

Differentiating Eqg. (2.3) and substituting (2.2) in
é3)’ we obtain

dd = -SdT - Vy(p* — pP):de*

Due to its small size, a nanoparticle changes its + Voe*:dpP + A7 dep) (2.4)
phase state practically instantaneously. So it is hard J
to imagine the state of equilibrium between two By the equilibrium conditions, the functioh must
phases inside the particle and, all the more, at a fldtave a minimum at gived and p®. Therefore, the
interface (as in Kumazawa'’s theory [18, 19]). In thissecond and fourth terms on the right-hand side of
case, it is more reasonable to compare the Gibhq. (2.4) should cancel each other, which forms the
energies for the nanoparticle as a whole before anghechanical equilibrium condition [more general
after the phase transformation. Since the amount dhan (1.4)]
matter in the particle does not change herewith, it is
enough, for such consideration, the truncated variant “Vo(p* — pP):de* + A ) = 0 (2.5)
of thermodynamics (without chemical potentials) J
usually used in the mechanics of continuum medidreader can easily verify that Eq. (2.5) is reduced to
(see, e.g., [20]). We only complement this varianteq. (1.5) in the case of a single isotropic surface and
with the account for surface phenomena. of isotropic pressures in both phases). Accounting for

(2.5), Eq. (2.4) takes the simple form
We begin with the fundamental equation for the

free energyF of a nanoparticle represented as a dd = -SdT + Vye*:dpP. (2.6)
combination of a uniform bulk phase and a piece-

wise smooth surface: It is of note that Eq. (2.6) would be an ordinary
5 fundamental equation for a mechanically anisotropic

dF = -SdT- Vo 3 pede phase ¢) if quantityp? stood in place op®. However,
ik=1 Eq. (2.6) refers to a particle of any complex structure
3 including its surface layer (according to Gibbs’

* %Aioiyélyl('k)dq“k)' 2.1) method, the action of the strain tengdris extended,

as well as volume/,, to include the whole particle).
whereSis entropy;T is temperaturey,, is the particle
volume in a strainless state (constant quantity in the Let phasex to have a polymorphous modification
process of deformation)pj; and ej, are the com- o'. We may write the same Eq. (2.6) for phase
ponents of the tensors of pressure and stfgirandé®, Then subtracting one equation from the other,
respectively, of bulk phase; the subscripj numbers we obtain
smooth parts of the surface, each possessing its own
tensors of surface tension (excess surface stlfe;ss) dAD = —ASAT + A(V,e%):dpP, 2.7)
and of surface straiéwith the components;;, and
ejiiky respectively;Aq is the area of thgth surface where A symbolizes the difference of a quantity for
part in the strainless state. Using tensorial notationshe two modifications A® = ® — @' etc.). Phasex is
Eq. (2.1) is written as more stable atb < @' and phasex' is more stable at
® > @' If, however, A® = 0, both the phases are
dF = -SdT - Vy(p*:de*) + J_EAJ-O(?J-:déj“), (2.2) equally stable, and, therefore, particles of both the
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modifications can exist with equal probability. Then Like the initial Eq. (2.2), Eq. (2.8) is confined with

Eq. (2.7) changes to the equation the condition of the constancy of the number of
molecules in a particle. Eqg. (2.8) shows how external
ASAT = A(V£%):dpP, (2.8) pressure influences the phase-transition temperature

in a particle with a given number of molecules, but
showing how the temperature of the polymorphousays nothing about the dependence of the particle
transformation of a particle depends on externastructure on the molecule number. Regarding the
mechanical actions. Since Eq. (2.7) acts at a constaquestion how the structure of matter changes in the
amount of matter, all extensive quantities in Eq. (2.7process of its comminution, we should be guided by
may be treated as molar quantities. the reasoning of preceding section. In addition, we can

similarly derive, for the separately-taken phase trans-

Let us first turn to the simplest case when th ; , .
external action is isotropi? = pPi, wherei is the eifgrrrr;ag;;)g;j—g;%&)t'he equation analogous to (2.8

unit tensor whose components are given by Krone-
cker's symbolg,. Such a situation is realized, for
example, when a particle is in a medium (liquid or air)
with uniform pressure (the influence of gravity is For a mechanically isotropic state, Eq. (2.12), with
negligible because of a small particle size). As is S€€0a account for (2.9), is reduced to the relationshi
from Eg. (1.4), the only condition of isotropy of e P
external action is not yet enough to make the particle ASAT = A(V - Vy)dp® (2.13)
internal phasex also mechanically isotropic. So the

particle interior and, all the more, the surface layer obr, at the same choice of the initial volumg for
the particle can stay mechanically anisotropic. Substiphasesx and o', to the ordinary Clapeyref€lausius
tution of the above isotropic value pf in Eq. (2.8) at equation

using the standard relationship of the theory of elasti-

ASdT = A(Vge®):dp™. (2.12)

: : : dT _AV
— =2V 2.14
city (V is the real volume of a particle) do” " AS (2.14)
Vo&:1= Vo 23 ewdic = V- Vo (2.9 If bulk phaseoc exists in_side a nanoparticle_(due to
ik=1 its sufficiently large size), the application of

Eq. (2.14) to the particle does not yet form a direct
criterion of phase transformation of the particle. This
ASAT = AV — Vy)dp®, (2.10) occurs since surface properties are also important for

the particle (for example, the transition predicted by
If the initial volume of a particle in the strainless Eq. (2.14) can be not realized because another modi-
stateV, is chosen the same for both the modificationdication has a too high surface tension). Although the
(as did Coe and Paterson [21] in the analysis of polyreasoning of necessity of allowance for the anisotropy
morphous transformation in quartz), Eqg. (2.10) isand surface properties of a particle was formulated in

exactly reduced to the Clapeyrddlausius equation the literature long ago, the use of the Clapeyron
Y Clausius equation was the main elem_ent_of analysis
— =5 (2.11) ©f phase transformations in the comminution process

dp? [18]. Actually, the ClapeyrorClausius equation only

This is a truly amazing fact. Why, we consider notindicates the tendency of the process (which, of course,

the equilibrium of two phases at a flat interface (whenIS also useful). We explain this with an example. If

S g L o
the ClapeyronClausius equation acts in thermo_surface tension is positive and the derivatV&/dp

dynamics). but a polymorphous transformation in anegatlve, we know that pressure__|n5|de particles
nonuniform particle with a curved surface. The Onlylncreases and the ~phase-transition temperature
. decreases with decreasing particle size in the

condition of applicability of the Clapeyreflausius ?mminution process. When the phase-transition

e?éjsa;ﬁn ?iagfeggsgfgﬁgzlto rl?ei ;BE@UV?/E 00; eag c?i)(()tr?m mperature becomes equal to the real temperature of
P P P the system, there can be no phase transition because

fust that Tool that is used by an experimentalist (1 SUrface phenormena. However, we may think that
: o . ; -pDhase transition will occur, sooner or later, in the
influence the phase-transition process in a particle ('ﬁrocess of further comminution

more general Eq. (2.8), the pressure tefidancludes '

kicks, impacts, shear stresses, all that happens with It is known that the derivativedT/dp* in the

particles in the process of their comminution).  Clapeyron-Clausius equation can be of any sign,

reduces Eq. (2.8) to the form
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although molar volume always decreases with increas- The aforesaid relates to first-order phase transitions.
ing pressure under isothermal conditions and moldfor second-order phase transition§ = 0 andAV =
entropy always increases with temperature unded, so that the Clapeyreflausius equation becomes
isobaric conditions. The case of a positive slope oindeterminate. Phasesanda' become identical at the
the line of a polymorphous transformation in the statgoint of a second-order phase transition. Therefore,
diagramT-p* is accounted to be normal, and the cas@ot only the thermodynamic potentials of phases, but
of negative slope is accounted to be abnormal. Aalso any other quantities (the first derivatives of
stated in [18], belonging to this two cases alsahermodynamic potentials are advisable to obtain non-
determines the character of phase transition of matteero values for the difference of the second derivatives
in the course of comminution: at comminution matterof thermodynamic potentials) may be equated. Regard-
changes to a more dense modification in the normahg the number of molecules in a particle to be fixed,
case and to a less dense modification in the abnormele choose the particle volumé as such a quantity
case. However, the relation of these phenomena seemsd as a function of temperature and of the components
to be problematic. It seems that the transition to @} of the external pressure tenspf:

more dense modification at comminution is still more

probable in the abnormal case than in the normal one, gy =|_&V dT+ S| OV dif

since the inevitable heating in the process of com- GpIE .. K

minution now works in the same direction as increas- P Pmeic

ing pressure in particles. The fact that, at comminu- _ _ _
tion, CaCQ successively passes the stages of vaterite =VodT-V i,Ek X'kdqﬁk' (2.19)
gggz%ez'(ginl;%g)’zcgﬂcﬁz /Igdﬁrg]"tyc azﬁ7§ekg>/< ?)’I aﬁwneddf Here the foIIowmg_ des_lgnatlons were mtrod'uced
by a positive value 6f surface te’nsion and by com:>' the_ sake of brewty:Q is the thermal dlla'ga'glp_n
pression of particles in the comminution processcoeff'c'ent’ Xik are the isothermal compressibilities
rather than by that the phase transitions in Cgcot:orrespondmg to the components of the pressure

belongs to the normal case. As for the transformatioﬁir}";‘:{;r 0(111? d?:”éﬁglasg;’ ?r?é?]t[ svgiutwf I?ersl(s)hrsee?eslgtg(/)?'
of massicot (density 9.64 kg/l) into litharge (density. 9 b b ’

9.35 kg/l) at the comminution of PbO, this transition, " (€ case under consideration, however, any change

. in the particle shape means a change in its surface area
although abnormal indeed for bulk phases, can b . .
explair?ed either by the negative spurface tensio ccompanied by adsorption and the volume change).

(unless this will be controverted experimentally by Applying now Eqg. (2.5) to phases and o' and
independent surface tension measurements) or by tleguating the resultant expressions, we obtain the
role of shear stresses and strains not taken intequation of the hypersurface of a second-order phase
account in the Clapeyreflausius equation. transition in the state diagram

An interesting case is zirconia. Its synthetic tetra-
gonal modification (density 5.86 kg/l) with the AOdT = X Aydpfi. (2.16)
particle size 15 nm completely changes to the mono- '
clinic modification (density 5.74 kg/l) at mechanical  Similarly to Eq. (2.8), Eq. (2.16) describes the
treatment. However, as the particle size decreases jiffluence of external pressure on the phase transition
10 nm, the monoclinic modification is again conso-temperature, but now for a second-order phase transi-
lidated to the tetragonal one [22], although thiston. As for the description of a second-order
polymorphous transformation in the bulk refers t0 theyhase transition in an anisotropic bulk phasein
abnormal Case (the m0n0C||n|C deIflcatlon Of %ro terms Of |tS own pressure tensﬁﬂ', the Corresponding
transforms into tetragonal at heating up to 1X0D  equations have been considered in detail in our preced-
Such a behavior of zirconia is explained as followsjng pyplication [23] to which we refer the reader, but

proximate pointing and do not yield such a rigorous

activates this process. However, the pressure insi scription as that given by Eg. (2.16).

particles increases, and the polymorphous transforma-
tion temperature decreases as the particle size de- 3. CHEMICAL INTERPRETATION

creases, until (as it turns at a particle size of about OF SOLID NANOPARTICLES

10 nm) the reverse process occurs, the transformation

of the monoclinic modification into the more dense The dictum®a crystal is a big molecufeis known
tetragonal modification. to a chemist since the student time. At down-the-line
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holding this point of view (see, e.g., [24], not only W =GPy + KTIn(cyAdy), (3.4)
crystalline, but also amorphous solid nanoparticles

should be regarded a$upramolecule‘s their set of whereG {n Is already understood as the Gibbs energy
same nature and increasing size as homologous serie$,a supramolecule of sortn} with resting center of
and nanoparticles of same composition but differentnass in a drspersron medium containing other supra-
structure as isomers. Up to the present time, howevemolecules (3 ; nhow accounts for the interaction of
such ideas have not yet embodied in a correspondirtge supramofecule not only with the medium, but also
rigorous thermodynamic theory (in fact, they usewith other supramolecules present in the system).
traditional phase approach when the matter concerns

thermodynamics). We will here show how to ap- Bearing in mrnd the possibility of calculating the
proach the formulation of such a theory. Gibbs energyG , it may be detailed as follows.

Thus, ot us forget et @ noprice i @ pece 1Ol e Soud ake o accou e iferen
a phase. Now, it is a single but large molecule 9

: . Surface of a supramolecule and inside the supramo-
however complex, or even an ion of multiple ChargeIecule Let there be structural units of tit@ sort on
Both is below called a supramolecule. Let a supra

molecule includen; structural units of the first sort, the surface wheré, is a numerical coefficient deter-

n, structural units of the second sort, and so on. W h'g;g (?fyatgﬁpgrﬁ(r)rlueccﬂl eStwgu;gwaﬁagﬁgTﬁggc?é
denote the whole set of the numbegsas {n}. The = Tiiia) state. the structural units of the supramo-
set_f{rlrj} gives the com|p03||t|on of thet S.?EramOI?h;?lf’lecule were separated and placed in a vacuum with
as if being a supramolecule passport. The sym

will be used below as a subscript to indicate that he resting state of their centers of mass. The Gibbs

nergy of such a state &g n; whereg? is the Gibbs
guantity belongs to a supramolecule of a certain typ '
As for any other chemical individuum, the chemical énergy of a separate structural unit of tire sort with

potential, the main quantity of chemical thermo-'€sting center of mass in a vacuum. The transfer of

dynamics, should be introduced for supramoleculed thls structural unit into the interior of the supramole-
We designate the supramolecule chemical potenti UIn?bgllvs) :,nvflilrl:etm?res?ﬁéaxoﬁlfﬁuI%l')r\'}iiﬂg v\r/r\;th(the
Wy and write, using known results of statistical Y 9 Y,

0 since the binding energy in a solid exceeds in its
g(erehﬁ]nrf[:ﬁefofro?r;dmary molecules, its detailed expres, absolute value, the positive kinetic energy of oscil-

latory motion acquired by the structural units as a
_ 0 3 result of such transfer. The subsequent transfer of a
Wy = Gy * KTIN (A fiyTym), B structural unit to the supramolecule surface requires
an additional workw{** (o symbolizes the surface
region of a supramolecule the sequence of the
subscripts mdrcatrng the transfer direction). Since
'such transfer is accompanied by bond rupture, it is
evident thatw{"® > 0. We now may write the expres-

and thesron

whereG?n} is the Gibbs energy of a supramolecule o
sort {n} with resting center of mass in a given
medium (liquid or gas) in the absence of other
supramoleculesk is Boltzmann’s constant,,, and
frn are the mean de Broglie wavelengt?w

activity coefficient of supramolecules, respectively.
The mean de Broglie wavelength of a supramolecule

is given by the expression Gy = iEQiOHi * Iwin + iEWi(mbiniZBv (3.5)
Aty = h2umg, k=22, (3.2) and Eq. (3.4), after substitution of (3.5) in (3.4), takes
the form

where h is Planck’s constant andy; is the supra-
molecule mass compiled of the masses of supra- W = 2ol + Swin + Twiebn#3
molecule structural unitsn as ! ' !

n + KTIn (crryAdy). (3.6)

My = 2Mn. (3.3) . . .
In principle, the quantitiesvi* andw{° , even in

The interaction of a supramolecule with a mediundilute systems, depend om} and, in partrcular on

is taken into account irG? - As for the activity the supramolecule size. However, accounting for this

coefficient f;,,, it reflects the interaction of supra- dependence becomes necessary, firstly, only for very

molecules with each other It is possible to include thesmall (one can say small in the limit) particles and,

quantity kTInf,,, into G{n} and write Eq. (3.1) in secondly, only for weak chemical bonds (approaching

the form ordinary molecular forces).
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Further algorithm of constructing the theorycan also be represented as the difference of the total
suggests itself. Any physicochemical process, includGibbs energyG;, for the two isomers of a supra-
ing chemical reactions, is governed by chemicamolecule (the quantltlesG (m and G, differ by
affinity. If a process is symbolically depicted by the 3kT/2). If a supramolecule is so large as to obey the
equation mechanics of continuous media, we can deft

as the function® by Eq. (2.3) and repeat all the
zv{n}B{n}, (3.7) derivations of the preceding section. In particular, by
o {n} setting the affinity expressed in (3.11), equal to zero,
where the initial substances stand on the left and the&ve obtain equations for the equilibrium of the two
process products (marked with a prime) on the rightisomers and again come to the Clapey@lausius
v;n are stoichiometric coefficients, the chemicalequation. It is of note, however, that the problem is
ai‘flnity A of the process is given by the expressiomow solved to a larger extent sin&?n} also includes

Vi By =

[25] the interaction between a given supramolecule and
other supramolecules (which can influence polymor-
A E{E}(v{n} M = Vi M) (3.8) phous transformations). Herewith, general thermo-

n

dynamic equations preserve their form, but the values
where p;, are the chemical potentials of substancesf the quantities standing there are implied to be
B that feature in Eq. (3.7). The initial and final more exact.
states can be different in time and space. The sign of

chemical affinity determines the process dlrectlonIO ; (;A(‘:Sé s;h(\a/v esggggg ere ﬁ? én él)ilfs O?ljti (?n gp ;Srlgncysa:?tlii?é
(“plus’ corresponds to the direct process anainus’ ; '

Chemically, this is the reaction of dissociation of a
to the reverse process) and the affinity value deter'upramolecule into its constituents. For the sake of

[lncllr(]ees tgil C'?r(;igs;f‘ trﬁée r:)f nggr?&?ﬁ%ﬂﬁ Cg;arg:gﬁ_lmphuty, we assume the supramolecule to consist of
b b P P tructural units of only one type (for example, we

tials will enter Eq. (3.8). The subsequent analysis i L . \
carried out as it is generally accepted in the thermo%ise:aauc.?hz';uaégn (gtg;elsdlésdodlétézn tgf t%em?é?r%mar

dynamics (both equilibrium and non-equilibrium) of

chemical reactions. b= g% + wen + webn28 + kTin (c,A2), (3.12)

For the sake of illustration, we consider two
examples of physicochemical processes. As a firawheren is the number of the structural units in the
example, we take a polymorphous transformatiorsupramolecule. As a result of dissociation, the struc-
considered above within the frames of the phase apural units take on self-dependence. For them also, the
proach. A polymorphous transformation is now meanthemical potential can be introduced
as a monomolecular isomerization chemical reaction
of type w =g+ wh + kTln (cA3), (3.13)

By = By (3.9) wherep symbolizes the solution phase and is the
work of transfer of a single structural unit with resting
proceeding under the influence of external factors. Weenter of mass from a vacuum to a fixed point of the
assume that factors to act simultaneously on all pareal solution (the sign of the work" is determined
ticles of the system, so that the polymorphous trandsy the character of interaction of the structural unit
formation simultaneously occurs in all particles of awith the solvent). Turning to Egs. (3.2) and (3.3), we
given composition. The chemical affinity of the conclude that, in the case of the one-component supra-

reaction expressed in Eq. (3.9) is molecule under consideration, the mean de Broglie
wavelength of the supramoleculg, and the mean de
A= W - Ky (3.10) Broglie wavelength of a single structural unit are

related by the simple equation
Substituting (3.4) in (3.10) and accounting for that

the concentration and the mean de Broglie wavelength Ap = An712 (3.14)
are the same for both isomers, we arrive at the . . : : .
expression From the chemical point of view, the dissolution

process is a sequence of dissociation reactions of
A =Gy - Gi% = AG], (= AG,). (3.11) the form

It is shown in Eq. (3.11) that the chemical affinity B, = By,1 +B, B,y = B, *+ B,.. (315
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The corresponding chemical affinity (by the first At a fixed temperature, it depends only on concentra-

reaction example) is tion and increases with decreasing concentration.
Evidently, irrespective of the supramolecule size, the
N T I Th (3.16) last term will secure a positive value for the whole

right-hand side of (3.20). So we arrive at the condition
When substituting Egs. (3.12) and (3.13) in EqA, > 0 that means that the dissolution process
(3.16), we will consider the quantities;*, w” andb  develops. We haveA, = 0 at equilibrium. Then
to be independent af for the sake of simplicity. As a Eq. (3.20) immediately yields the detailed expression
result, also accounting for Eqg. (3.14), we obtain for the solubility of a particle of sizen:

= w* — wh + wop[n?® — (n - 1)23 - KkTIn (cA3) 1 13
An C~A3 exp —V\IOcﬁ + = W‘“bn KT (321)
nn—3/2
+ KTIn — (3.17)
Cn-1(n = 1) It is seen form (3.21) that the particle solubility

Evidently, the work differencev®-wP" is the work increases with decreasing the particle size. At passing
of transfer of a structural unlt from solution to theto a macroscopic solidn( - ), the solubility
interior of the supramoleculey®™ (we remind that the acquires a constant value determined by the work on
subscript sequence indicates the direction of transferg@scaping a structural unit form the solid bulk to the
The quantrtyw is negative, but the reverse quantitysolution:

Pis positive (the transfer is accompanied by bond e
1
rupture in the supramolecule): c~ FeXp(_ v j (3.22)
a _ whB = whe = b ) )
W wh=w W (3.18) Thus, we see that Eq. (3.20) nicely describes all

Using the binomial expansion, we come to the known regularities of dissolution.

relationship Summing up all Egs. (3.16), we can write the
affinity of complete dissolution of a particle consist-
23 (n _ 128 « %n_m, (3.19) ing of n structural units as
A=, - nu (3.23)
that turns to be an acceptable approximation practical-
ly for all n. We now turn to the last term in Eq. (3.17). By substituting Egs. (3.12) and (3.13) in Eq. (3.23)
Let us assume that supramolecules of sort1 were and accounting for (3.14), we obtain
absent in the initial state and they all have been
formed by removal of a structural unit from supra- A = —w*Pn + w*pn?3 _ nkTIn (cA3)
molecules of sortn. Then we may set, = ¢, 4, 3 3
neglecting the system volume change a{]t dissnollution. + KTIn (GpA ™5, (3.24)
As a result, the last term in (3.17) will differ from
zero only at the expense of the difference of the
numbersn andn — 1, so that the last term will amount
fractions ofkT. Under such conditions, the last term
in (3.17) becomes negligible and may be omitted. W.
now rewrite Eq. (3.17), accounting for (3.18) and A ~ _w®Pn + w®pn23 _ nkTin (c,nA3).  (3.25)
(3.19), in the form

Neglecting a change in the system volume at dis-
Solution, we can write the mass balance condition as
c = ¢,n. Then we may neglect the last term in (3.24)
gt a sufficiently largen to obtain

The process will develop @& > 0. Therefore, we
A~ —wob + 2 v%on-13 _ kTin (cA®).  (38.20) Mmay write the condition of complete dissolution of
3 nanoparticles at a given concentratiop as

The augend on the right-hand side of Eq. (3.20) is  _yoBn + w*opn2/3 _ nkTin (c,nA%) > 0, (3.26)
negative and constant, Whereas the addend is positive
and n-dependent. The product\® is of the meaning where ¢, plays the role of a constant. The exact
of a volume fraction (is close to the real volumeanalytical solution of this inequality is problematic.
fraction for structural units of atomic dimensions) and |If, however we neglect the logarithmic term (at
therefore, is always smaller than unity. Hence, the last®® >> kT andw®® >> kT), the approximate solution
term on the right-hand side of (3.20) is also positiveis found at once
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Fig. 2. Direct micell and direct vesicle in an aqueous solution of a surfactantHfdrocarbon (fluorocarbon) core and
(B) aqueous phase.

- negligible (this means that the activity coeffici
nt/3 < BW* (3.27) in Eq. (3.1) is unity), the right-hand side of Eq. (3.28)
weP is an explicit function ofn and yields explicitly the

: : uilibrium distribution of supramolecular homo-
The particular final result depends on the value o q : :
the right-hand side of Eq. (3.27). However, the]eogues. Of course, an attentive reader has noticed that

principal significance of this formula is that it shows Eq. (3.28) contains the mass action law. Actually, our

the possibility of the particle size boundary beIOWderlvatlon was reduced to finding an expression for
: . . the mass-actionlaw constant in terms of the para
which the stable existence of the particles become eters of the svstem under investigation
impossible (they dissolve spontaneously). In the size y 9 :
region below the boundary, particles can arise only,
by fluctuations, and this statement is known to be thél' NANOSTRUCTUSRYESSTE”R'ASAGGREGATIVE
cornerstone of the whole physical theory of phase
nucleation. Thus, we see that the chemical approach

: As was already noted, nanostructures form not only
leads to the same conclusions as the phase approagg. dispergation of macroscopic phases, but also by

In Eg. (3.17) we assumed the concentration ofpontaneous aggregation of free moleculefns. In
supramolecules of different size to be equal since thethe series of structures of such type, there are most
change to each other in a simultaneous dissolutioknown the micelles (closed monolayers) and vesicles
process. We now consider the case of equilibriunclosed bilayers) of amphiphilic compounds (Fig. 2),
between supramolecules of different size but themas well as their complexes with high-molecular
evidently, of different concentration. Returning tocompounds formed in a liqguid medium. Among the
Eq. (3.24), we should now s&& = 0 and write the nanostructures prepared by aggregative methods,
equilibrium condition as micelles of surfactants are the most interesting. So we

will pay most attention to micelles.

¢, = c"ASIn3Zexp[w*Pn + w*hn?3)/kT]. (3.28)

4.1. Peculiarity of Micelles

Now already the concentratianplays the role of a
constant, and Eq. (3.28) shows that supramolecular micelles of surfactants may be called typical nano-
homologs of various mass, each homolog being withtryctures both because of their size scale (4 nm and
its individual concentratiort,,, can be in equilibrium |arger) and because of their characteristics. Micelles
with free structural units of a given concentration. Weare tru|y equi”brium and stable structures in contra-
remind that the quantitiew® andw® include inter- distinction to those molecular aggregates that are
action between supramolecules, and, therefor®  embryos of new phases and, therefore, can only be in
andw“’ themselves are dependent orandc,. Only  unstable equilibrium with their mother phase (as well
in the case of a dilute system when such interaction ias also in contradistinction to vesicles which are
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unstable in principle, although are able to exist for eof the monolayer,R; and R, are the principal
long time). Micelles can exist even in supersaturatedurvature radii for the hydrocarbon layer surface on
solutions, and this again confirms that micelles arevhich the polar groups are positioned. The double
not embryos of any phases. When applied to micellesign in Eq. (4.1.2) indicates the difference in packing
the term“nanostructuréacquires its true sense since,on a convex (minus sign) and a concave (plus sign)
unlike to the above solid nanoparticles with the strucsurface. The usefulness of the packing equation is
ture of bulk phases, micelles have no macroscopievidenced in that it can predict the geometrical shape
analog and exist only in small forms due to theirof an aggregate from the geometrical parameters of a
unique structure. amphiphilic molecule.

Molecules of amphiphilic substances possess polar The existence of the polymorphism of micelles
and nonpolar parts. In polar media and, first of all, inseems to give evidence for a solid-like character of
water, molecules of amphiphilic substances merge bmicellar structures. However, spectroscopic data argue
their nonpolar parts to form direct micelles or vesiclesn favor of a liquid-like behavior of micelles. Such
(Fig. 2). Reverse micelles and vesicles of amphiphilidualism itself is striking. Indeed, oriented amphiphilic
compounds form in nonpolar media as a result ofmolecules in micelles and vesicles are able to move
mutual attraction of polar groups. Both micelles andreely in the tangential direction (long the boundary
vesicles exhibit a variety of geometrical shapes andyetween the polar and non-polar regions of a nano-
therefore, also of nanostructures. From the thermaparticle) and restricted only in their movement along
dynamic point of view, the equilibrium shape of athe normal. Therefore, micelles and vesicles may be
nanoparticle is dictated by the generalized Gibbsconditionally called two-dimensionally liquid and one-
Curie principle [26, 27] dimensionally (in the radial direction) solid bodies.

This turns to be enough for nonspherical shapes of

oA - (KT2)In (145l5) + KTInf = min, (4.1.1) molecular aggregates (worm-like and disc-like

J micelles, vesicular nanotubes, etc.) to be realized.
where c; and A, are the work of formation of unit . o
surface and the surface area of jtiefragment of the Micelles possess a number of other striking pro-

- perties. First of all, they do not grow gradually, but
fragmer_nary. smooth surf{;lce of the_ nanopartlclearise almost by jump as the critical micelle concentra-
respectivelyk is Boltzmann’s constanfl is tempera-

ture, 14, I, andl; are the principal inertia moments of tion Is elxlttallcned. Ehls IS explailcnﬁddby thgt to e(;caiae
the nanoparticlef is the activity coefficient of the m_ar>]<|ma y from the %or:jtacthob_ y rfff)car on racica’s

particle accounting for the mutual interaction ofW't _gaterl(a_s the ff'y_ rolla (I) lc_effect reqw(esl) ('js

particles. The second and third terms in Eq. (4.1.1?0SSI € orllyém adsu |C|et:1tydarge a?greglgatel(lnc uTr']

play the role of corrections. They are negligible for ng severﬁ ecaf s or”_ unares sbo n:jo ecuhes). N
particles with high values af, and then Eq. (4.1.1) is rlg(_)rousl, t eo.ﬁ'l of micellization '? ase Ion f © mfass
reduced to the classical GibiSurie principle used ac'gon aw.B_ © agg_reglfttlcﬁ/T_o n n;oo?cg e_? (I) ta

for prediction of the equilibrium shape of mono- shu stance B into a micelle M is regarded similarly to

crystals. However, the corrections can play their rolé e reaction

i/nalfﬂees c;sc? of micelles and vesicles with very low nB < M, (4.1.3)

. . : : where the micelle plays the role of a supramolecule.
When applied to direct micelles and vesicles, thqn reality, the ppr)(;cess involves ?:onsecutive

generalized GibbgCurie prln_C|pIe implies the addition stages B + B = B B, + B = By, etc. If we
constancy of volume, resulting from the dense scribe the same mass-action-law constarnb each
packing of hydrocarbon radicals, as well as the densSa e the mass action law for the whole reaction
packing of polar groups required by the minimizationex gre’ssed in (4.1.3) can be written as

of the first term in Eqg. (4.1.1). These factors are P o
described by the equation of packing a monolayer of * = (KoL (4.1.4)

amphiphilic molecules [2729] @a-o)"

v (1 .1 12 where a is the micellization degree (the fraction of
'[“ 2 [Rl sz } (4.1.2

2" 3RR, matter in the micellar state) and is the total
2 concentration of substance B.

wherev is the volume of the hydrocarbon part of a The aggregation number plays the role of a stoi-
amphiphilic molecule,a is the parking area of its chiometric coefficient. It is of order of several units
polar group/ is the thickness of the hydrocarbon partfor ordinary chemical reactions, but is huge in the
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case under consideration. This causes a sharp change
of the micellization degree as the produt passes
though unity (if the exponent of a power is large,
every number smaller than unity in this power is
almost zero, while every number larger than unity in
this C!oower is very large; for example, we have
0.9 ~ 2.6x107° and 1.1%° ~ 13781 atn = 101).
Although the change itself is continuous, its high rate
creates the illusion of a break in the curves of the
concentration dependence of various properties of
solutions at passing through the critical micelle
concentration (Fig. 3). Such a universal behavior at
changing concentration can be explained as follows.
The particle concentration in solution increases
proportionally to the number of molecules added
before the critical micelle concentration and propor-
tionally to the number of molecular packets (micelles) _0.008 M c
above the critical micelle concentration, every packet
having the number of molecules equal to the Fig. 3. Concentration dependences of different properties
aggregation number. Within the narrow region of the of aqueous sodium dodecyl sulfate at passing through the
critical micelle concentration, it happens as if the critical micelle concentration.Tj Equilibrium tempera-
scale of the concentration axis changed, which itself ture with solid phase §T)] solubility curve},
should cause a break in any concentration curves. (x) specific electrical conductivity,y] surface tension,

(m) two-dimensional pressure of absorption monolayer,

One more striking property of micelles is that, as (A) equivalent electrical conductivity, and)(turbidity

experiment shows, the chemical potential of mole- (light diffusion).
cules in a micelle, changes in the same direction as
the aggregation number. Treating the concentration @&nd correspond to unstable phase equilibrium with the
free molecules in equilibrium with the micelle asmedium. By contrast, micelles are positioned in
micellar solubility, we may formulate this observationmaxima and are the most stable in the whole distribu-
in the form of a rule: the solubility of a micelle tion curve. The points of extremes in the aggregate
increases with its size. However, this contradicts tequilibrium distribution curve simultaneously are the
what we were taught by thermodynamics! By contrastpoints of the phase equilibrium of the aggregates with
the classical Kelvin equation for the vapor pressure athe medium. The extreme type determines the type of
a small drop and the OstwalBreundlich equation for dependence of the solubility of a molecular aggregate
the solubility of a small particle predict a decrease iron its size in accordance with the thermodynamic
solubility with growth of a molecular aggregate. formula [27, 31]
Could it be true that micelles do not obey thermo-
dynamics? The paradox is resolved by the thermo- dncy _ KT d?ln c, (4.15)
dynamics of aggregative equilibrium that essentially dne dr2 Jn=n. -
complements the thermodynamics of heterogeneous ‘
systems [27, 30]. First of all, it is of note that thewhere c; is the equilibrium concentration of mono-
above equations of classical thermodynamics armers,c, is the concentration of a molecular aggregate
asymptotic relationships for large particles nowise ofvith the aggregation number, andn, is the aggrega-
nanodimensional range. Basically, these relationshiggéon number at an extreme point. Eq. (4.1.5) itself is
represent the first term of the expansion with respedtriking: the derivative on the left refers to the
to the interfacial curvature and can be complementephysical dependence of solubility on the particle size
by terms of higher orders (the adjusted equations din course of which the size distribution of aggregates
Kelvin and OstwaldFreundlich have been obtained changes), whereas the derivative on the right charac-
already [31]). As for small molecular aggregates, onéerizes the shape of the distribution curve. It turns that,
must distinguish between two their classes in termbaving a look at the distribution curve for a certain
of their location in the curve of equilibrium size one fixed state of a system, we can predict the be-
distribution for the aggregates (Fig. 4). Critical nucleihavior of the system at changing its state. The sign of
of a new phase, of micelles, and of liquid crystalsthe derivative on the right depends on the extreme
(consisting of ready micelles) are located in minimatype: “plus’ is for a minimum and“minus’ for a
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just this is observed in micellar solutions of ionic
surfactants. The concentration of the surface active
ion naturally increases with the total surfactant
concentration before to the critical micelle concentra-
tion. In the region of the critical micelle concentration,
the concentration of the surface-active ion passes
through a maximum and then falls, whereas the
counterion concentration invariably increases (Fig. 5).
The speculative prediction of such kind was made still
in 1935 [35], but seems to be not estimated seriously
until the effect was discovered experimentally. It can
be shown that the joint use of the mass action law and
the condition of electroneutrality of an electrolyte
solution is enough for qualitative explanation of the
effect [36]. However, we here again meet an apparent
contradiction with thermodynamics. The stability
conditions require that the chemical potential of a
surfactant in solution should increase with its total
concentration, the electrolyte chemical potential being
composed from the chemical potentials of ions. This
requirement, however, does not touch the concentra-
Co tion of single ions but demands the mean activity of
the electrolyte to increase with its total concentration
in solution. Indeed, experiment shows that, although
Cm the activity of the surface-active ion falls with its
concentration, the activity of the counterion increases
¢ so rapidly that the mean activity of the electrolyte
slowly increases.

1 Ner  Ner v Ner n

Fig. 4. Distribution of molecular aggregates by aggrega-
tion numbers: 1) Nuclei of a new phase 2] molecular
aggregates in a micellar system, ar8) (iquid crystal
nuclei. The minima relate to critical nuclei (the first to
phase, the second to micellar, and the third to liquid
crystal), and the maximum relates to micelles.

cMmC ¢ 4.2. Thermodynamic Relationships for a Single

Molecular Aggregate in the Phase Approach
Fig. 5. Concentrations of surface-active ions;)(
counterions §), and micelles ) vs. total concentra- A rigorous theory of molecular aggregation and, in
tion of an ionic surfactant in solution. particular, of micellization relies on the mass action
law [27, 37] which is known to be a consequence of
maximum. It just follows from here that the characterthe thermodynamic equilibrium condition for a
of size dependence of particle solubility turns to bechemical reaction. In such approach, a molecular
opposite for nuclei and micelles. aggregate is considered like a chemical compound,
and the notion of the chemical potential of the
unstable equilibrium with the medium, play an es-mg\lsg\l;é?r n?ggcelﬂg:e aasr eaatgvshorlnea 'Sb em;rlggu%%?{_
pecially important role in kinetics. The kinetic theory sidered a’s hase artic?egs s?milarl toyas nanoparticles
of micellization can be formulated using the same btained bpthe F;]ase comminut%lon are reqarded as
scheme as for the nucleation kinetics and exhibits th hase art?::Ies 2 characteristic feature of ?he hase
necessity of studying such a class of nanoparticles par . . . pP
critical nuclei of micelles [3234]. Unfortunately spproagh is the mtroduct_lon of the chemical potentials
' ' . of individual molecules in a molecular aggregate. It

ractically nothing is known about critical nuclei of : . .
rpnicelles yand thisgblind-spot’ remains to be a serious should be emphasized that we discuss the interpreta-
’ ion of a single molecular aggregate, but not the so

challenge both to theoreticians and experimentalist alled “pseudo-phase modelof micelles [38] in

Proceeding our review of striking properties ofwhich the whole population of micelles is treated like
micelles, we now turn to the behavior of ionic a new phase. Since the mass-action-law constant in-
micellar solutions. A chemist can scarcely imaginecludes the Gibbs energy of a molecular aggregate with
that adding a new portion of a strong electrolyte to itgesting center of mass, the thermodynamics of a single
solution can be accompanied by a concentration dromolecular aggregate was formulated in [27] just
at least for one of the ions of the electrolyte. Howeverfor this model. The thermodynamic relationships

It is of note that critical nuclei, although being in

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



STRIKING WORLD OF NANOSTRUCTURES 509

derived there for a micelle with resting center of massllowing us to calculate the chemical potential of a

also maintain their form (but not the values of parasurfactant molecule in a molecular aggregate if an

meters) for really moving molecular aggregates okxpression forG,, is known. The expression fdgy,

surfactants in solution. We discuss such aggregateshould account for the above lamellar structure of the

below. molecular aggregate of a surfactant and can be derived

as follows. For every layek, we introduce a bulk

Molecular aggregates of surfactants are of lamellaphase with pressurpk and a surface with tensioy.

(onion-like) structures. For example, we can dis-Then, for a sectoral part of the system under considera-

tinguish between at least five regions in directtion inside a solid angle, we will have, instead of

micelles in aqueous solutions (Fig. 2): the hydro{4.2.1), the equation

carbon (fluorocarbon) core, the wathydrocarbon

(waterfluorocarbon) layer, the layer of polar groups, dGy, = -SdT - E(pk — pP)dvk + %ydek + vdp®

the hydrate layer of the solvent, and the bulk phase of -

solution. Let us ascribe the symbal to the very - FNid + Epfdn, (4.2.5)

internal phase (the phase of the hydrocarbon or

Ilﬁeo ?;rizabo?g ti)o;ﬁ emvg:; g)?tseern(;fI g'ﬁzgter?t'ﬁg”g(?l)dt%?]_ ero phase layer, every phase layer has the number of
s outer surface)y, is the volume of théth layer and

: |
Sﬁggggo? 'g% dt[g' ethgﬁ)ele;?ela; ﬁgg{gg?t;) 'I alne rgegeciﬂk is the area of th&th surface inside the solid angle
Bossessing its ’own tension. However irreyspe(’:tive 0 hosen. Herewith, for a spherically symmetrical
' ' olecular aggregate with concentric layers and

the complexity of this structure, for a molecular . . . ;
aggregate being in internal equilibrium and in thesurfaces of tension, the geometrical relationships are

thermal and mechanical equilibrium with a medium,Valld

herek = a (= 0), 1, 2,: (phasex is reckoned as the

the equation always acts Vy = EVk v _ Vb (4.2.6)
dG, = -SdT + vdp? - INdy + Zufdn, (4.2.1
M PT o Nk Thidn, (12.0) Vo= T VK = ords, 4.2.7)
k=0

where G, is a hybrid function related to the Gibbs
energy G for the system of the molecular aggregate = orf. (4.2.8)

and its surrounding by the relationship
The pressures and tensions are related to each other

Gy = G - ZTuN. (4.2.2) by the Laplace equation (1.5) that, in the case under
: consideration, is of the form

Here S and V are the entropy and volume of the
system, respectivelyT is temperaturep® is external p
pressurey; andN; are the chemical potential and the
number of molecules of thigh component in solution; where r, is the radius of thekth surface.
u;* is the chemical potential of the molecule of title _
component in the molecular aggregate (we here use APPlying Eq. (4.2.5) to an element of the sector
the symbola, although it can happen that only a partselected and integrating over the solid angleat a
of the molecule of a surfactant falls into the region ofgiven state of the system, we obtain the expression
phasea); n; is the aggregation number. The Gibbs
energy itself in Eq. (4.2.2) is defined through internal  Gu = - (p* - pPVk + VA T Zpim. (4.2.10)
energy U by the identity

K_ pk+1 = 2y /1, (4.2.9)

~ Using Eqgs. (4.2.6)4.2.9) and the recursive rela-
G=U- TS+ pbv. (4.2.3) tionship

It is not implied in Eqg. (4.2.3) that the chemical

: £ (k- prvk = Sk - pyvk
potentials w, and p{* are equal. k=1 k=1

At a constant state of a surrounding solution, the +(p° - PV, (4.2.11)
characteristic functiorG,, acts as Gibbs energy and
yields the relationship it is easy to reduce Eq. (4.2.10) to the form
R = (BGW/OM)T o8, (4.2.4) Gy = %ykAk/S + izpi‘*ni. (4.2.12)
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Egs. (4.2.10) and (4.2.12) are valid at any value o$ubstitution of (4.2.19) reduces Eq. (4.2.17) to the
the solid anglen. At @ = 4=, the thermodynamic form
function G, standing in (4.2.10) and (4.2.12), is the
same as in Eq. (4.2.1). Differentiating now (4.2.10) Gy = ZyA + n*Pn, (4.2.20)
and (4.2.12) and comparing the result with (4.2.1), k
we arrive at two equivalent relationships of type of the The additivity of the chemical potential® with res-

Gibbs-Duhem equation pect to the present surfaces is seen from Eq. (4.2.16).
But, according to Egs. (4.2.15) and (4.2.20), then also
Tndp? = EV"d(pk - pP - = Ay function Gy, itself possesses additivity, i.e. the con-
| . . .
_ SdT + VdpP — TNdp, (4.2.13) tributions of different surfaces may be calculated
|

separately. This circumstance greatly simplifies the
Tndu® = -3 d(y,4nr2/3) — SAT + VdpP computational schemes for various models of
! k SNd 4214 molecular aggregates and micelles. One of such

- o (4.2.14) computations is given in another presentation in this

It is seen from Eq. (4.2.13) that, except for pure’>>4€

external parameters (temperature, pressure, and the

chemical potentials of a surrounding medium), the

chemical potentials of components of a molecular In this communication the author aimed to
o :

aggregaten; are dependent _onIy on the capiliary escribe the most interesting properties of nanostruc-

pressure difference and tension of the layers of th

molecular aggregate. Using Eq. (4.2.9), this depenc €S and to emphasize the role of surface phenomena.
%E

CONCLUSION

dence can be reduced to the dependence only aturally, the review is limited by the competence of
surface characteristics (tension and the curvatu € aut_hor an_d cannot be complete. It_only outlines
radius). Then Eq. (4.2.13) changes to Eq. (4.2.14) e topic of this issue where a reader will much learn

' 9. (%.2. 9 9-1%-22%- the new about the striking world of nanostructures.

For a one-component molecular aggregateScientific problems are under consideration, but, due

Egs. (4.2.12) and (4.2.14) take the forms to their peculiarities, nanostructures are also widely
applied in practice. Continually, new prospects of the
Gy = EykAk/S + uon, (4.2.15) use of nanostructures are open (for example, in the

field of information technology). It has come the
recognition of a great role of nanostructures in the
future. “Dwarfs’ advance!

ndp® = -2 d(y4nr2/3) (T, pP, W — const). (4.2.16)

An alternative pair of relationships follow from

Egs. (4.2.10) and (4.2.13): ACKNOWLEDGMENTS
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