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Abstract — Analysis of published data on the mechanism of structural rearrangements in solid polymers on

their crazing in liquid media is presented. The experimental evidence characterize crazing not only as a kind
of spontaneous polymer dispersion under joint action of a mechanical stress and an active liquid medium, but
also as the method of colloidal dispersion of low-molecular substances in a polymer. In the process of crazing,
active liquid fills the porous structure of crazes, thereby transporting various low-molecular substances to the
polymer volume. Crazing is believed to open the ways for preparing various nanocomposites on the basis of
a wide variety of glassy and crystalline polymers, on the one hand, and target additives on the basis of
practically any low-molecular substances, on the other.

INTRODUCTION means that crazing not only imparts a nanoporous
structure to the polymer, but also makes possible fil-
One of most important and necessary steps in creaing this structure with the low-molecular component.
ing nanocomposites is the comminution of matter tcAs a result, the polymer and the low-molecular
the particle size about 1 to 50 nm. By Rusanov'ssubstance, being thermodynamically incompatible
definition, this process isforcible” and, therefore, with each other, turn to be dispersed to the nanometric
very intricate and labor-consuming [1]. The mainlevel and, importantly, form a highly dispersed and
reason for the arising difficulties is that one shouldvery uniform mixture. By convention, the creation of
work against surface forces. Moreover, if one managa nanocomposite can be divided into the following
to comminute matter to a given level, the problem ofstages: preparation of a nanoporous polymeric matrix,
stabilization of the resulting system arises, since thélling the matrix with a second component, and
excess of free surface always tends to initiate sporstabilization of the resulting nanocomposite.
taneous coagulation and/or coalescence processes.
In accordance with this scheme, we will consider
In this context, the process of polymer crazing insome peculiarities of the development of microscopic
liquid media can be considered as a unique phengsorosity in polymers in the process of their crazing in
menon allowing one to evade the above difficulties)iquid media, the methods of filling this structure
or, in other words, as a universal method for creatingvith the low-molecular component, as well as the
a wide variety of composites where a glassy or crystalstructures and properties of nanocomposites on the
line polymer is one of the phases. The ability tobasis of crazed polymers and some general principles
crazing is a fundamental property of solid polymersof creating such systems.
This property is very simple to realize. It is sufficient
to subject a polymer to uniaxial strain deformation in 1. SPECIFIC FEATURES OF DEVELOPMENT
a so-called adsorption-active liquid [2]. In fact, craz-OF NANOPOROSITY IN POLYMERS SUBJECTED
ing is a specific manifestation of the Rehbinder effect TO STRAIN IN LIQUID MEDIA
in polymers [3] and leads to the dispersion of a solid
polymer into smallest aggregates of oriented macro- According to the IUPAC classification [4], pores
molecules (fibrils) separated with cavities of approxi-smaller than 2 nm in size are called micropores, pores
mately the same size. It is important to note that thef size within the range 2 to 50 nm are called meso-
size of fibrils and separating microcavities is aboufpores, and pores larger than 50 nm are called macro-
1-100 nm, i.e. fits the phase dimension rarmgrac- pores. It happens that the realization of all the above
teristic of nanocomposites. A fibrilar-porous structurecategories of porosity in a polymer is possible with
can be created only if arising micropores are filledthe aid of crazing in a liquid medium. One can get a
with the surrounding liquid medium in which the foretaste of the structure of a polymer subjected to
polymer deformation is carried out. This actuallystrain in a liquid medium from the microphotograph
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Fig. 2. Stretching curve for a polymer in an adsorption-

Fig. 1. SEM image of the sample of a glassy polymer active medium and schematic representation of individual
strained in an adsorption-active medium. The polymer stages of polymer crazingl)(craze initiation, (I) craze
stretching axis is horizontal. growth, (ll) craze widening, andl{) craze collapse.

given in Fig. 1. As seen from Fig. 1, the polymerto a plateau (Fig. 2). After this, the next stage of
indeed acquires a porous structure. Let us consider tipolymer crazing in a liquid medium beginsraze
main features of formation of such kind of porosity.widening, when the crazes, grown out over the whole
polymer cross section, increase their dimensions along
_As noted above, the phenomenon of polymer crazme’ polymer strain axis (regioltl in the strain curve).
ing is observed on mechanical loading of the polymefjerewith, obviously, there occurs the main trans-

in special liquid media [2]. Such liquids should caus&gormation of the polymer to the oriented (fibrillar)
no polymer swelling (dissolution), but should ef-nanoporous state.

fectively wet the polymer to decrease its surface

energy. As a consequence, such liquids were termed There is one more stage of polymer crazing in an
adsorption-active media [5]. adsorption-active medium. When a considerable part

of the polymer has passed to the oriented fibrillar state,

When a tensile stress is applied to a polymer in agollapse of the porous structure begins [7]. On this
adsorption-active medium, special zones of a plasticastage, the cross section of the sample strained charac-
ly strained porous fibrilar material, crazes, arise anderistically decreases, which is accompanied by de-
develop in the polymer. Due to the presence of microereasing porosity [8], average pore size [9], and
cavities in crazes, the whole process is easily regisspecific surface area [2]. In contrast with other crazing
tered and studied with the aid of direct microscopicstages, this stage cannot be rigorously related to the
methods [2]. Just in this way [6], the multistagestrain curve, because its onset strain depends on the
nature of crazing was revealed and its relation to th@atural stretching of the polymer, as well as on the
mechanical response of the polymer strained. Figurgroperties of the adsorption-active medium and on the
2 schematically represents the general picture ajeometry of the sample [10].
polymer crazing in a liquid medium and compares the
picture obtained by direct microscopic observations
with the corresponding strain curve. It is readily see
that a certain amount of crazes nucleate on the pol
mer surface on the first stages of polymer stretchin
(until the yield point, regior in the strain curve).

Let us consider the factors determining the main
haracteristics of the porous structure of a polymer
porosity, average pore diameter, specific surface area)
n its crazing in liquid media. As follows from the
foresaid, crazing is a multistage process whose only
driving force is mechanical stress. The process can be

On further stretching, the crazes formed growstopped on any stage by simple stress relief or, which
across the polymer strain axis and maintain theirs the same, by ceasing the strain process. As a con-
practically constant and rather small (fractions ofsequence, there is a possibility of creating, in this
micron) width (the stage of craze growth). Thisway, an abundance of polymeric materials differing
process continues until the growing crazes fill thein their porous structure. Importantly, crazing endows
sample cross section (regidh in the strain curve). a polymer not only with a porous structure, but also
This moment corresponds to passing the strain curweith a highly developed interface, since the structural
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sions of arising pores. The results of these investiga-
tions are represented in Fig. 3 in the form of the strain
6 T @) dependences of the adsorption of each sorbate in
polymeric samples stretched to various degrees in an
. adsorption-active medium. Actually, these data
£ characterize the accessibility of the surface of pores
arising on crazing for sorbate molecules of various
dimensions. It is readily seen that the developing
pores are accessible in the whole stretching range for
the smallest of sorbates, iodine (molecular size ca.
5.4 A). At low stretching degrees, adsorption in-
o L creases with strain, since the polymer interfacial area
increases in the process of crazing. Beginning with

> ca. 150% stretching, structure collapse begins, which
& is accompanied by decreasing interfacial area [2]. The
= collapse process influences adsorption, i.e. adsorption
s 0 ! L ! ! no longer increases with stretching. The increase in
= the molecular size of the sorbate to 17A5(organic

g 21 (b) dye Rhodamine C) influences the dependence of
e

<

adsorption on stretching degree. Beginning with ca.
150% stretching, the adsorption of Rhodamine C is
seen to decrease practically to zero. Evidently, the
decreasing adsorption is associated with the fact that
the molecular size of the sorbate has become com-
parable with the pore size, and this prevents sorbate
1t molecules from penetrating into tlveazevolume.

As follows from the above data, polymer crazing
allows one to easily, smoothly, and widely vary the
pore size, porosity, and specific surfaaeea of the
polymeric matrix. However, this not the only way of
controlling the structure of polymeric matrices.

0 ! ! ! ) Depending on the structure of the initial polymer [14],
100 200 300 400 on the nature of the liquid medium [15], on the
Deformation, % magnitude and rate of strain, and on the temperature

[2], one can also easily and widely change the number
Fig. 3. Dependence of the adsorption of (a) iodine and and location of zones of plastically strained polymer.
(b) Rhodamine C from their aqueous solutions on the ~Moreover, nanoporosity can develop not only in local
degree of stretching of polyethylene terephthalate in an  zones, crazes, but also over the whole polymer volume
adsorption-active medium. simultaneously (delocalized crazing H¥®]). The
latter kind of crazing is characteristic of the deforma-
units of crazes (fibrils) are of ten to hundredtion of crystalline polymers in active liquid media.
angstroms in diameter. Solids possessing a highly
developed interface are adsorbents. Indeed, polymer2. PREPARATION AND SOME PROPERTIES
subjected to stretching in an adsorption-active OF NANOCOMPOSITES BASED
medium turn to be nonspecific porous adsorbents ON CRAZED POLYMERIC MATRICES
[11-13]. The fact of adsorption is in itself of un-
deniable interest, providing direct evidence to show An important feature of crazing is effective filling
that crazed polymers possess a developed interfacial microcavities arising in the growing craze, with the
area. It is still more important that adsorption enablesurrounding liquid medium. In its turn, filling of the
one to characterize the porous structure of a polymearanoporous craze structure with a low-molecular
and to trace its evolution in the process of polymercomponent means the comminution of the latter to
stretching in an adsorption-active medium. For thigolloidal dimensions. As a result, crazing allows
purpose, in [1313] we used sorbates with various mutual dispersion and uniform mixing of a polymer
molecular dimensions comparable with the dimenwith an incompatible low- or high-molecular com-
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ponent. This circumstance has the following implicathe above method. For example, such inorganic sub-
tions in terms of creation of new types of nanocom-stances as metals, many their salts, oxides, etc. In this
posites. case, the above polymdow-molecular substance
mixtures are obtained via chemical reactions of cor-

Firstly, crazing makes possible in a simplest way . : P
; : . . esponding precursors directly inside the porous struc-
(by stretching a polymer in a corresponding meOIIumiurep of c?ages ig situ). Her)e/inafter, weID call this

incorporating a low-molecular substance, thermo- : . oo
dynamically incompatible with the given polymer, method of preparing nanocomposites the indirect

into the polymer volume and comminuting the IOW_method of incorporating low-molecular substances

molecular substance to colloidal dimensions. Thiénto the craze structure.
means that there is a new universal way to dispersio,
of low-molecular substances to the colloidal level, an

thus a new possibility is open for investigating the
properties of low-molecular substances in the highly
dispersed colloidal state.

.1. Direct Method of Preparing Nanocomposites
by Polymer Crazing in Liquid Media

The first investigation on the incorporation of low-
melting substances in polymers by crazing was
Secondly, crazing can be considered as a universperformed on the example of the system amorphous
method of preparing new types of nanocompositegolyethylene terephthalate-octadecane (mp 28)
Investigations into such highly dispersed polymer [22]. The polymer was stretched in the medium of
low-molecular substance mixtures are an independeliuid octadecane at 3¢ and cooled in the clamps
physicochemical problem. Investigations in this fieldof the stretching device. As a result of this procedure,
not only facilitate understanding of many features ofoctadecane, being an effective adsorption-active
interaction of polymers and low-molecular com-medium, fills the porouscraze structure and then
ponents, poorly compatible with each other, but alsogrystallizes in the polymeric matrix. In this way,
as will be shown below, provide additional informa- nanocomposites with 50 wt% and more contents of
tion on the porous structure of crazes. the low-molecular component are available. The
amount of incorporated low-molecular component

It is of note that crazing allows introduction of jonends on the evolution of the porous structure of
practically any low-molecular substances in polymerlc-the polymer in the course of its stretching in the

structures. A necessary condition for this is a low,yqqntion-active medium (Figs. 2 and 3). Irrespective
melting point of the low-molecular component or its

J : : : of the degree of stretching, the low-molecular com-
solubility in some adsorption-active medium. In the,qnant 1yms to be dispersed in the smallest aggregates
first case, the low-molecular compound itself cany,. oyceeding, evidently, the pore size in the crazed
serve as an adsorption-active medium at elevategy, .y re (terhundred angstroms). The preparation of
temperatures (but, evidently, not higher than thqh

oy . : ; e above nanocomposites not only opens the pros-
vitrifying (melting) point of the polymer strained). nootq of creating a new class of promising materials,
Stretching of the polymer in the melt of this substanc

results in crazing, and the porous polymer structur ut also makes possible investigations into the
; i roperties of matter in a highly dispersed, colloidal
turns to be filled with the low-molecular component.ﬁ P gh'y disp

X s state. We now consider some results of such investig-
Subsequent cooling leads to crystallization of theations. g

latter in situ and yields a polymeric nanocomposite
with the low-molecular component crystallized in @ 5 9 1 characteristics of phase transitions in low-

g!gh|3|/ dlgp_ersed stgte. In the second C%‘?‘e’ a substangeocilar substances incorporated into the craze
dlssodve 'rr]‘ an a scl)rptlon-sacgve medium Is INtro~, o1, me Figure 4 show typical calorimetric curves for

uced to the crazeolume. Subsequent evaporation..yqi|lization of octadecane in the free state and in-
of the volatile component also leadsitositu crystal- 5 horated in the porous structure of polyethylene
lization of the solute. In this case, evidently, I0W- (o aonthalate. It is readily seen that the free hydro
molecular substances with practically any meltin

. . %arbon crystallizes at 2€, which gives rise to an
points can be introduces to ticeaze volume [20, 21]. ,qummetrical exothermic peak. The latter circum-

Both of the above ways imply direct incorporation Stance is probably caused by the known, for saturated
of low-molecular substances in the crazelume. hydrocarbons, transition from the orthorhombic to

Therefore, in what follows we lump them together ad'€xagonal packing in the melting region [23]. At the
the direct method. same time, octadecane incorporated in the polymeric
matrix exhibits earlier unknown peculiarities in
Evidently, there are also many substances thahermophysical properties. As seen from Figcdrve
cannot be incorporated into a polymer by crazing by2), crystallization proceeds as if in two stages. The
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Fig. 5. Dependence of the weigh loss of a sample of
polyethylene terephthalate containing octadecane in-
corporated by crazing in the course of sample washing
with heptane.

crystallization curves for polyethylene terephthalate
samples subjected to washing with hexane for various
time. As seen, that part of the incorporated octadecane
is washed out, whose crystallization point coincides
with the crystallization point of the free octadecane
(Fig. 6, curvesl and 2). Further washing gradually
leads to extraction from the polymer of the part of

280 290 300

octadecane, responsible for the broad low-temperature
Temperature, K crystallization peak (Fig. 6, curve&-7). Although
long washing leads to complete disappearance of
Fig. 4. DSC curves for crystallization ofl] free octa- temperature transitions in the system polyethylene

decane and?) octadecane incorporated into polyethylene  terephthalateoctadecane and also to disappearance of
terephthalate crazes. The degree of stretching of poly- the corresponding X-ray reflexes, a significant fraction
ethylene terephthalate in octadecane is 50%. of the hydrocarbon remains in the polymer (Fig. 5).

transition coinciding in temperature with the corres- Evidently, the high-temperature crystallization peak
ponding transition in the free octadecane is observeid related to a small amount of octadecane residing in
first. Then an exothermic peak is observed at a temmicroscopic hollows or big pores of the sample
perature by 68°C lower than the melting point of the surface. Naturally, this part of octadecane does not
free octadecane. It is readily seen that the maidiffer noticeably in thermophysical properties from
contribution £80%) to the crystallization heat ori- the free octaecane (dfig. 4a and Fig. 6). The broad
ginates from the broad low-temperature peak. high-temperature crystallization peak is evidently
related to the part of octadecane residing directly in
The reasons for the above difference can béhe porous structure of polymer crazes. The lowering
revealed by studying the process of elution of octaef the crystallization temperature is caused by the fact
decane from the porous structure of polyethylen¢hat the transition temperature depends on the size of
terephthalate. Figure 5 represents the dependence tbé nucleus. According to the formal theory of nuclea-
the relative weight loss a polyethylene terephthalatéon, the smaller the nucleus size or the new phase
sample containing octadecane on the time of washingrea, the lower is the crystallization temperature. The
the sample with hexane. It is readily seen that a corlewering of the crystallization temperature can be
siderable part of the incorporated octadecane igsed to estimate the size of the characteristic nucleus
actually washed out, but its large amount still remain®f the free octadecane. From DSC ddlas value was
inside the polymer. Fig. 6 shows the calorimetricestimated at 165A. The nucleus size turned to be
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appreciably larger than the size of the most part of
pores in the structure of polyethyleneterephthalate
strained in an adsorption-active medium. The dimen-
sions of the crystallizing phase are confined by pore
walls and are smaller than the nucleus of the free
octadecane. As a result, the crystallization temperature
of the substance dispersed to such small aggregates
noticeably decreases. The pore sizes in the polymer
varies over a wide range, as judjed from the fact that
the low-temperature crystallization peak is extended
along the temperature scale. This circumstance allows
the discovered phenomenon to be used for estimating
pore size distribution for a polymer strained in a given
adsorption-active medium. The algorithm of such
calculations is given in [22]. The results of these
calculations are represented in Fig. 7 as the pore size
distributions for polyethylene terephthalate samples
stretched in octadecane by 50 and 400%. It is readily
seen that increase in the polymer stretching degree
results in an appreciable decrease in the effective pore
radius as determined from the lowering of the crystal-
lization temperature. This result corresponds to the
notion of the evolution of the porous structure of a
polymer in the process of its strain in an adsorption-
active medium, deduced above from other experi-
mental evidence (Figs. 2 and 3).

However, the distribution curves obtained are

5

\f—— 6

7

280

290

300

Temperature, K

541

Fig. 6. Thermograms of polyethylene terephthalate
samples containing octadecane after washing with

heptane for ) 0, (2) 5, (3) 10, @) 15, &) 20, ©6) 30,

evidently unable to describe the polymer porous struc- and ) 60 min.

ture exhaustively. As follows from Figs. 5 and 6, a
considerable amount of octadecane remains in the
samples after washing, when thermophysical transi-
tions and X-ray reflexes are no longer observed. The
fraction of unextractable octadecane increases with
stretching degree and attains a significant value
(~25%) [22]. This finding show that a polymer stret-
ched in an adsorption-active medum to high degrees
still contains much internal microcavities inaccessible
for the solvent. As a result, the incorporated low-
molecular substance cannot be extracted from the
polymer. Such a structure is formed by craze collapse
(Fig. 2.) At the same time, the microcavities are so
small that octadecane resing in them cannot form an
extended crystalline phase, and, therefore, its phase
transitions are not registered in thermograms. The
corresponding X-ray patterns lack X-ray reflexes
characteristic of the crystal structure of octadecane. In
other words, a part of the low-molecular component
resides in so small pores that it cannot form an
extended crystalline phase. An interesting possibility

n/N
0.15

0.05

100

150 r, A

appears to determine the size of a molecular aggregate Fig. 7. Pore size distribution in polyethylene terephtha-

below which the thermodynamic notion of phase does late samples strained in octadecane Ky 60 and

not apply. As follows from Fig. 7, that size is about
25 A in the case of octadecane.

(2) 400%. The dashed line shows the size of the critical
nucleus of octadecane in the free state.
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size lies within 18500 A, i.e. in the range of typical
colloidal dimensions. This just determines the main
specific features of phase transitions of low-molecular
substances in such systems.

The above characteristics of the thermophysical
behavior of low-molecular substances in the structure
of crazes are not unique. Crystallization in narrow
pores has its own peculiarities for substances able to
polymorphous transitions. The phase composition of
low-molecular compounds incorporated into porous
polymeric matrices was investigated by differential
scanning calorimetry [27, 29]. Figure 8 displays the
DSC curves for the normal hydrocarbon geneicosane
in the free state and incorporated in crazes of a
number of polymeric matrices. The two peaks in the
DSC curve (curvel) relate to the polymorphous
transition of geneicosane from the R to A madifica-
tion. Curves2-4 show a single broad high-tempera-
ture peak associated with melting geneicosane in a
polymer. Therefore, one can conclude that genei-
cosane in various polymeric matrices in present
exclusively in the high-temperature R modification.
Similar results, confirming the existence of a high-
temperature modification of a low-molecular com-
pound in crazes, were also obtained for tridecanoic
acid and cetyl alcohol [27, 29]. In all the cases, the
substance, incorporated in the polymer porous struc-

<

280 300 320

ture, is in a high-temperature modification that is
Temperature, K unstable for the same substance in the free state.
Fig. 8. DCS curves for melting of geneicosane I the The high stability of the modifications of low-
free state and in crazed samples @ (igh-density molecular compounds, unstable in the free state, can
polyethylene, 8) Polyamide-6, and 4) polyethylene be explained by the high dispersity of microporous
terephthalate. structures. In micropores, polymorphous transforma-

tions can proceed only within the temperature range

Further investigations showed a general charactavhere the radius of the critical nucleus of the low-
of the above peculiarities of phase transitions of lowiemperature phase is smaller or equal to the pore
molecular substances in crazed polymeric matricesadius. If the temperature satisfying this condition do
Such peculiarities (broadened phase transitions anubt fit the temperature range where the rate of forma-
their shift to the low-temperature region) are observetion of a new phase is high enough, no polymorphous
for various low-molecular substances (hydrocarbongansitions occur, and the only product is a high-
and fatty acids and alcohols) and various crazetemperature modification of the low-molecular
polymers (polyethylene terephthalate, high-densitgompound.
polyethylene, polypropylene, Polyamide-6, polytetra-
fluoroethylene, polymethyl methacrylate, and poly- Low-molecular compounds crystallized in the
vinyl chloride) [24-30]. Evidently, such a generality micropores of crazed oriented polymeric matrices are
of the above phenomena is caused by structuréth a highly dispersed state. Therefore, phase transi-
peculiarities of the fibrillar-porous structure of crazes.tions in such systems should be analyzed in terms of
It is of note that these peculiarities are observed fosurface components of thermodynamic functions (free
polymers subjected both to classical and delocalizednergy, enthalpy, and entropy). We represent the
crazing. The matter is that, in this case, not theéhermodynamic functions of a low-molecular com-
morphological peculiarities of the polymer porouspound as a sum of bulk and surface components and
structure, but the absolute size of pores is of decisiviake into account that the specific surfaaeea of a
significance. For both the kinds of crazing, the poresystem does not change on polymorphous transforma-
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tion of the low-molecular compound in polymeric
micropores. Then it is easy to obtain equations des-
cribing the variation of specific surface components
of thermodynamic potentials at the polymiemw-
molecular substance interface, as well as the depen-
dence of thermodynamic parameters of melting of the
low-molecular compound on nucleus size (size of
confining pores).

:

-

It is of note that not only the process of melting of
a low-molecular substance, but also its crystallization
in the porous polymeric structure depend on the pore
size of the polymeric matrix. This fact was convincing-
ly proved by the results of a DSC study of melting
and crystallization of tridecanoic acid in polytetra-
fluoroethylene crazeg¢Fig. 9). Crystallization of the
low-molecular substance in polymeric pores proceeds
at temperatures when the critical nucleus becomes
equal to the pore radius. In this case, the critical
nucleus size can also be estimated from experimental-
ly determined thermodynamic parameters of phase 1
transitions of a low-molecular substance in polymeric . . .
matrices and in the free state. 280 300 320

.

To check the applicability of the above thermo- Temperature, K

dynamic approach for description of phase transitions

of a low-molecular substance in the porous structure Fig. 9. DSC curves for 1, 1) crystallization and

of polymeric matrices, we determined parameters of (2, 2) melting of tridecanoic acid inl, 2) the free state

crazed structure (pore and fibril size) by small-angle and @, 2) in polyethylene terephthalate crazes.

X-ray scattering. Table 1 compares these results with

DSC data [30, 31]. As seen, there is a good correlecular filler systems [20, 21, 31]. It was found that,

tion between values obtained by the two methodsrrespective of the polymer and the substance to be

This is convincing evidence for the applicability of incorporated and crystallized, the low-molecular

the thermodynamic description of phase transitions afubstance always crystallizes to form highly ordered

low-molecular substances in polymeric crazes.  textures. The X-ray patterns of such substances

resemble those usually obtained for single crystals.

2.1.2. Orientation effects on crystallization This phenomenon is of a general character and is

of low-molecular substances in the craze voluiflee observed with crystallizable (polyethylene terephtha-

above peculiarities of thermophysical properties ofate, polycarbonate) and amorphous (atactic poly-

low-molecular compounds incorporated into themethyl methacrylate) crazed polymeric matrices

structure of crazes are caused by the specificity R0, 21]. All the above characteristics are preserved

crystallization of low-molecular substances in narrowmwhen crazed polymeric matrices incorporate both

(1-30 nm) pores. Such a small pore size is not théonic and molecular crystals.

_onIy peculiarity of the craze structure. It is very Although the orientation of low-molecular sub-

important that there an almost parallel arrangement of : . .

R . . Stances in the craze structure is observed in all cases,

fibrils in the craze structuréfFig. 1). This means that the type of orientation depends on the nature of the

narrow asymmetric pores that separate fibrils, too ol mgplow-molecular supbstance air. A areat

turn mutually are oriented with respect to the polymelp y paur. g

stretching axis. The pronounced asymmetry of th%mber of nanocomposites was investigated 44,

craze structure should also influence the process etgﬁeeﬁ(:r%plg n%f dailsn:gzgrlé); c_r;z;ﬁ gﬁyrgleggh (;)Ig
crystallization of a low-molecular substance in the : P 9 Y ’

craze volume hydrocarbons, and acids, on the other. Such com-
' pounds crystallize with formation of ordered layers,

This influence was discovered by an X-ray diffrac-WhiCh makes their X-ray patterns easier to interpret.

tion study of numerous crazed polym&w-mole- Analysis of the X-ray patterns showed that the set
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Table 1. Parameters of the porous structure of crazed polymers

Diameter of pores, nm
System D_iar_neter of ) _ _
fibrils, nm small-angle X-ray differential scanning
scattering calorimetry
Polyethylene terephthalate/geneicosane 8.0 6.0 6.5
Polyethylene terephthalate/tridecanoic acid 10.5 7.0 5.0
Polycarbonate/tridecanoic acid 29.0 7.0 5.0
Nylon-6/acetyl alcohol 8.3 4.6 7.0

ofpoint reflexes located at the meridian, equator, oexis (and to the pore direction, Figs. 10a, 10b, and
diagonal can be assigned to X-ray scattering fromi0d). Long-chain acids exhibit both parallel and
oriented layer planes [29]. The character of packingblique orientations of crystalline layers (Fig. 10c).

of asymmetric molecules in oriented craze pores and

. .~ Orientation of low-molecular substances on their
-ray reflex re repr n in L ; :
the corresponding X-ray reflexes are represented crystallization in low-molecular substances in the

Fig. 10. The normal and parallel orientation of layer :

: arrow 10 nm) asymmetric pores of crazed poly-
planes of low-molecular substances with respect t§1eric m(;trices i)s méinly deterpmined by the thgrm%-
:gg %‘2%’3;? S.}rﬁécg'&? Sé'sofgg rdgfs:gn:‘;edlLa n eg nlsl)f dynamic stability of the ordered state as compared

pectively. 1he obliq yer p with chaotic. The intercrystallite surface energy is a
carboxylic acids is designated asTable 2 represents inimum on ordering of crystallites of a low-mole-

ing and the char r of orientation . . .
Itg\?v_lrﬁ}éleefcﬁllogc sgbgta?l cteg ﬁ] agrcég o?‘ \?ar?ojgt 0 ol O_ ular substance in crazes. The character of orientation
b POt low-molecular substances in polymeric matrices is

mers. The corresponding data for the same substanc : o
in the free state are also given for comparison. %Stermmed by the minimum surfaéee energy at the

polymerlow-molecular substance interface.

It follows from Table 2 that all the low-molecular  As shown in [31, 32], there is a certain factor that
substances studied are oriented when crystallized ishetermines parameters of the crystal lattice of a low-
polymeric matrices. The layer orientation in the lineammolecular substance in a polymeric matrix. This factor
hydrocarbon geneicosane and in cetyl alcohol iss related to the existence of internal stresses in crazed
perpendicular or parallel to the polymer stretchingpolymers. Importantly, the magnitude and direction

1 I A

B
=

@) (b) (© (d)

Fig. 10. Layer orientation in (a, b) geneicosane and cetyl alcohol and (c, d) carboxylic acids in pores of polymeric matrices
and arrangement of the corresponding reflexes in X-ray patterns.

Il

Stretching direction
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Table 2. Orientation and phase composition of low-molecular substances in crazed polymeric matrices

Layer spacing,dx10 nm
Low-molecular substance Polymeric matrix Orientation
in polymer in free state
Geneicosane High-density polyethylene 1 28.8
Polytetrafluoroethylene 1 28.6
Polypropylene 1 28.7
Polyethylene terephthalate i 28.8 28.65 (A)
Nylon-6 1 28.8 28.92 (R)
Polycarbonate Il 28.5
Polyvinyl chloride Il 28.6
Cetyl alcohol High-density polyethylene i 45.5
Polytetrafluoroethylene i 45.4 37.37 )
Polyethylene terephthalate 1 45.4 43.83 (1)
Nylon-6 1 4.54 449 @)
Polycarbonate Il 4.54
Undecanoic acid High-density polyethylene A 26.1 25.68 (C)
Polytetrafluoroethylene Il 25.9 30.16 (A)
Polycarbonate Il 26.1
Dodecanoic acid High-density polyethylene A 27.7
Polypropylene Al 27.7 31.2 (A
Polyethylene terephthalate Al 27.7 27.42 (C)
Polycarbonate Il 27.7
Tridecanoic acid High-density polyethylene A 30.1
Polytetrafluoroethylene A 29.8
Polypropylene Al 30.0
Polyethylene terephthalate Al 30.1 35.35 (A)
Nylon-6 A 29.7 30.0 (C)
Polycarbonate I 29.7
Polyvinyl chloride I 29.8
Polymethyl metacrylate I 29.8
Pentadecanoic acid High-density polyethylene A 355 40.2 (A)
Polypropylene ~ 35.7 35.8 (B)
Polyethylene terephthalate ~ 35.6 34.4 (C)
Polycarbonate Il 35.8

of stresses determine strains of the crystal lattice d?.2. Indirect Method of Incorporating Low-Molecular
the low-molecular substance inside the cram&ime. Substances in Craze Structure

The orienting effect of the highly developedaze Thus, we have considered some characteristics of
structure shows up not only in the process of crystalerystallization of low-molecular substances in the
lization of ordinary low-molecular substances. Thisnanoporous craze structure. As was noted above and
effect is also observed in phase transitions in liquidfor the above reasoning, only a restricted number of
crystalline compounds. As shown in [33};butoxy- low-molecular substances can be incorporated into the
benzylideneaminobenzonitrile is also orinted in thecraze volume by the direanethod. Evidently, sub-
narrow pores of polymeric crazes. This orientation istances insoluble in an adsorption-active medium and
clearly detected by infrared dichroism. not melting below the vitrification (melting) point of

the polymer under strain, cannot be incorporated into

Thus, crystalline and liquid-crystalline substancesthe craze volume by the direnotethod. Nevertheless,
incorporated into the porous structure of crazed polyit is nanocomposites based on polymers containing
meric matrices, are oriented with a high degree ofetals, semiconductors, ferroelectrics, and other target
ordering changing reversibly on phase transitions.additives wich are of undoubted practical interest. In

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



546 VOLYNSKII et al.

this connection, methods for preparing nanocom- At the same time, it is well known that the porosity
posites via chemical reaction of corresponding predeveloping in the process of polymer stretching in an
cursors directly in a polymeric matrixn(situ). In fact, adsorption-active medium can be very high. Glassy
micropores in the craze structure can be usethisa polymers in liquid media are often uniaxially strained
case as microreactors for synthesis and stabilizatioso that changes in the geometrical dimensions of the
of nanophases of a necessary level of dispersity arghmple are associated almost exclusively with de-
morphology. The formation of nanosized cavitiesvelopment of porosity, whereas the contribution of
makes possible their utilization as microreactors foother kinds of deformation is negligible. Simple
performing chemical reactions (reduction, exchangesstimates show complete pore filing in a sample
etc.) This approach solves such fundamental problensdretched in this way by 100%, with a low-molecular
of nanocomposite synthesis as stabilization of nancsubstance with a specific weight of 3 g/érshould
phases due to the confining factor of walls and mixingyield a weight gain of 300% with respect to the initial
of thermodynamically incompatible components orweight of the polymeric matrix.

he nanometri le. _ )
the nanometric scale To overcome the above contradiction and attain

The first attempt of realizing aim situ chemical high degrees of filling the polymer porous structure
reaction in the structure of a crazed polymer was unwith an inorganic substance, one may invoke the
dertaken in [21]. In that work, a classical photographianutual diffusion method described in detail in [35].
process was effected in crazed polyethylene teréeFhis way of incorporating a low-molecular substance
phthalate [21]. For this purpose, a polyethylene tereis principally different from the above one. A crazed
phthalate film was stretched in an aqueous-alcoholipolymeric film, i.e. a film with a permeable porous
solution of potassium iodide. As a result, 25 wt% ofstructure, is placed as a membrane in a dialysis cell.
potassium iodide was incorporated into the film. TheriThe compartments on both sides of the membrane are
the film was placed in an aqueous-alcoholic solutiorfilled with solutions of components able to interact
of silver nitrate. This resulted in the formation of with each other. In this case, low-molecular sub-
silver chloride crystals in the polymer structure.stances will diffuse to each other and meet just in the
Finally, the sample was exposed in a standard develomembrane pore volume. Therefore, the chemical reac-
ing solution. This treatment led to the decompositiortion will occur in pores, which makes possible to fill
of silver chloride to metallic silver. All the stages of them more effectively than in could be done in
the process were controlled by X-ray diffraction. A[20, 34].
specific feature of this process is that the low-mole-

cular is gradually completely disorientated in reaction hotographic process in [20]. Crazed polyethylene

in situ. For example, if, on the first stage, potassiu erephthalate was placed in a dialytic cell filled with
iodide crystallizes to form a good texture, silver . : : ;

T : : an agueous-alcoholic solution of silver nitrate, on the
chloride is only slightly oriented on the second stage hand. and with di hlorid uti th
of the process, and the silver formed on the last sta e hand, and with a sodium chioride solution, on the
is absolutel isotro ic YSther. The film was taken off after 24 h, washed with
y pic. water, dried, and examined by means of scanning
The above method of incorporating metal into theelectron microscopy.

craze structure is restricted with respectfitng the

This method was again illustrated with a classical

craze volume with the low-molecular component. It was found that the process of segregation of the
Indeed, as the concentration of the solution of ar#OV\"mOIeCUI"Jlr component in this case is quite dif-
inorganic substance, filling the porous structure of iroent gﬁgnwézotsﬁatcglr?s"getf(f[lhaeb%\i’gdIslg?tg;réhméf;é
polymer increases, the content of the low-molecula her%yis a single crystal of silver chloride 16n in
component after removal of the solvent increases [34 9 y

Evidently, the polymer porous structure is impossible()]f"\grg[r air;d -?}?Ssl (')rr'\ é’vgtg itnhdeegésﬁgﬁz %e:\g’iﬁ?ﬁgggls
to fill completely in this way, as it happens when a ' ’ g y

: . effectively fill the craze volume with a low-molecular
polymer is stretched in the melt of a low-molecular. organic substance.

substance. The amount of the inorganic componerl]r'?
does not exceed 360 wt% even with very readily In the same work, the photographic process in a
soluble substances, for example, with potassiurpolymeric matrix could be accomplished, i.e. silver
iodide in agueous alcohol [34]. According to electronchloride was decomposed completely to metallic
microscopy data, even the case of a saturated solutigilver. For this purpose, a sample of polyethylene-
of potassium iodide, the larger part of th@aze terephthalate was transferred to a standard developer
structure turns to be not occupied with the low-and kept for two days. Then the sample was dried and
molecular component. studied by electron microscopy.
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Treatment of silver chloride with the developer
actually leads to segregation of fine crystals of
metallic silver in the crazevolume. Such crystals
possess a looser structure as compared with the silver
chloride crystals from which they are formed. At the
same time, the decomposition of silver chloride gives
insight into the problem of interaction of the growing
crystal with the fibrillar craze structure. According to
electron microscopy data, silver crystallites are de-
posited on individual craze fibrils to form, in some
cases, a bed-like structure.

Subsequently, the mutual diffusion method was
repeatedly used for creating various nanocomposites
on the basis of a number of polymers (polypropylene,
high-density polyethylene, Polyamide-6, etc.), on
the one hand, and metals and oxides, on the other
[36-43]. In particular, metal polymers were obtained Fig. 11. SEM image of crazed polypropylene
by mutual diffusion of salts of corresponding metals containing 85% of nickel introduced by the mutual
and of a reducing agent, for example, a solution of diffusion method.
sodium borohydride. It was shown that the elaborated
method is universal and allows preparation of variousvith using crazed polymeric matrices [44]. The
nanocomposites. Such nanocomposites can be coprocedure of electrolytic preparation of metal poly-
ductors and semiconductors produced in the form aiers is as follows. A crazed polymeric film is placed
films with excellent mechanical properties characteon a graphite cathode of a special electrochemical
ristic of initial polymeric matrices. The resulting cell filled with a solution of a metal salt. Controlled
composites exhibit a great variety of morphologicalioltage is generated with the aid of one more elec-
forms. In particular, metallic nickel forms spherical trode placed in the same solution. Since the cathode
crystallites 0.20.3 um in size in a polypropylene is covered with a thin porous polymeric film, the
matrix. One can easily regulate not only the totaimetal is deposited in the pore volume of the poly-
content, compactness, and dispersity of the lowmeric matrix. In this way, crazed polymeric matrices
molecular dispersed phase, but also location insid@olyvinyl chloride, polyethylene terephthalate, high-
the polymeric phase. Some possible variants of locadensity polyethylene, polypropylene, etc.) filled with
tion of a low-molecular phase inside a polymeric filmvarious metals (copper, nickel, iron, cobalt, silver,
are schematically represented in Fig. 12. etc.) were prepared. The amount of the metal de-

posited can be controlled by changing the duration of

In addition to the considered above, there is onelectrochemical reduction or by changing the porosity
more universal method of segregation of metals fronof the initial polymeric matrix. Depending on the
their compounds: electrolysis. This method wagrazing type [1619], metal particles can be located in
applied to preparing mixtures of polymers and metalseparate narrow regions, crazes, or can form a highly

@) (b) (©) ()

:

‘e s oo
e

Fig. 12. Possible distributions of a low-molecular component in crazed polymeric matrices obtained by (a, b) classical and
(c, d, e) delocalized crazing by the mutual diffusion metod at various experimental conditions (reagent concentrations,
temperature, viscosity of the medium).
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Fig. 13. SEM image of (a) a sample of crazed

polyethylene terephthalate and (b) the same sample
with metallic copper incorporated by the electrochemical
deposition method.

can be more than 300 wt% with respect to a relatively
unfilled polymeric matrix. The preparation of such
composites opens the way to creating new kinds of
combined materials on the polymeric basis.

In conclusion, we note one more important
circumstance emphasizing the prospects of creating
nanocomposites with use of polymer crazing in liquid
media. The matter is that crazing is actually one of
the kinds of inelastic plastic deformation. Such de-
formation forms the basis of a technological operation
widely used in production of polymeric fibers and
films, orientational polymer stretching. Because of
the importance of this process, orientational polymer
stretching is realized on a high-quality technological
equipment. At the present time, there are numerous
highly efficient apparatus in industry for orientational
stretching of films and filaments, operating in a con-
tinuous mode. In this connection, there have been
repeated and successful attempts [45, 46] to effect
continuous polymer crazing. In other words, there is
a principal possibility of obtaining nanocomposites in
the form of polymeric films and filaments having, on
the one hand, good mechanical characteristics and, on
the other, various valuable properties (conductance,
incombustibility, electrostatic  properties, etc.)
imparted by target additives. Importantly, such
nanocomposites can be made on the existing techno-
logical equipment, in a continuous mode, and with
high speeds characteristic of the production of
polymeric films and filaments.

CONCLUSION

The presented experimental evidence shows that
crazing is not only some kind of spontaneous disperga-
tion of polymers under joint action of a mechanical
stress and of an active liquid medium. Crazing also is
the method of colloidal dispersion of low-molecular

dispersed continuous phase inside the polymerisubstances. In the process of crazing, the active liquid
matrix. Figure 13 exemplifies the electronic micro-fills in the porous structure of crazes and transports
photophotographs crazed samples of polyethylenearious low-molecular substances into the polymer
terephthalate (a) before and (b) after treatment in amolume. As a result of colloidal dispergation, low-
electrochemical cell. It is readily seen that in this waymolecular substances acquire specific properties. The
one can fill the porous structure of the crazed polymetemperature and extention of phase transitions, as well
from one film surface to the other. As in the mutualas the temperature ranges of stability of one or another
diffusion metod, the metal in theraze volume is not polymorphous modification change in such substances.
monolithic but is dispersed in the polymeric matrix. Of especial interest is the ability of low-molecular
As was noted above, the pore size determining thsubstances incorporated into tt@aze volume to
size of the metallic phase is ten to hundred angstromsrientation with respect to the polymer stretching axis.

Such orientation is universal and is determined by the

Thus, as follows from the data presented, there is eharacter and intensity of interaction of the low-
principal possibility of filling a crazed porous poly- molecular substance with the polymeric matrix.
meric matrix with any target additives in a highly Crazing opens new possibilities for preparing highly
dispersed state. The amount of incorporated mattelispersed nanocomposites on the basis of a wide range
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of polymers with various low-molecular substances,
such as metals, oxides, and salts, as well as with other
polymers. The work on production of nanocompositeg s
on the basis of crazed polymers is at the beginning of
intensive development. However, one can already
predict promising prospects. 13.
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