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Abstract—This paper gives a brief history of the development of track nanomembranes in ]983—20_03, fol-
lowed by an analysis of the results of investigations into the transformation of the crystal structure of thin poly-
mer films (initial materials used in the preparation of track membranes) under both irradiation with high-energy
particles (ions, fission fragments) at energies ranging from 1 to 3 MeV/amu and synchrotron radiation. The cur-
rently available data on the modification of the properties of thin crystal layers of inorganic materials upon their
interaction with high-energy, multiply charged, heavy ions at particle energies from 300 to 700 MeV are con-
sidered. It is demonstrated that track nanomembranes can be used in cleaning of crystallization solutions (for
the growth of organic and inorganic crystals), biotechnology, medicine, and nanotechnology. © 2003 MAIK

“Nauka/Interperiodica”.

INTRODUCTION

As a rule, nanomaterials are considered structures or
materials exhibiting qualitatively new properties due to
a decrease in the size (in one or several dimensions) of
the objects to a nanometer scale. According to the mod-
ern classification, nanomaterials are objects with char-
acteristic sizes of 100 nm or less [1].

In the early 1960s, Price and Walker [2] published
the first data on the preparation of track membranes.
Thin polymer films were irradiated with fission frag-
ments, and, then (as is customary when producing
solid-state detectors of this type), the tracks thus pre-
pared were etched until surface or through pores were
formed. The research works performed under the
supervision of G.N. Flerov in 1973-1983 demonstrated
the prospects of using nonradioactive high-energy
heavy ions instead of radioactive fission fragments [3].
These ions were accelerated to energies of 1-
2 MeV/amu on cyclic, linear, or electrostatic charge-
exchange accelerators. It was necessary to investigate

the particular stages of preparing track membranes in
greater detail and to reduce them to practice. For this
purpose, in 1983, the Laboratory of Nuclear Filters (the
old name of track membranes)—now, the Department
of Membrane Technologies—was organized at the
Shubnikov Institute of Crystallography of the USSR
Academy of Sciences.

In 1993-1994, Ch.R. Martin and researchers of the
Shubnikov Institute of Crystallography of the Russian
Academy of Sciences (see [4, 5]) described track mem-
branes as nanomaterials for the first time. In actual fact,
track membranes are typical nanomaterials: the sizes of
membrane pores range from several nanometers (a hol-
low track channel) to tens or several hundreds of
nanometers (track nanomembranes). In particular, it
was demonstrated that secondary nanostructures (sys-
tems of tips, cylinders, nanotubes, nanowires) can be
prepared by the replica (template) method using a sys-
tem of calibrated pores of track membranes [4-6].

1063-7745/03/4851-S0140$24.00 © 2003 MAIK “Nauka/ Interperiodica”




TRACK NANOMEMBRANES AND SECONDARY STRUCTURES

The results of the investigations carried out in recent
years have shown that it is necessary not only to ana-
lyze the changes observed in the properties of polymers
and crystals at the stage of transforming a system of
tracks into a system of pores but also to obtain detailed
and reliable information on structural transformations
of these materials directly in regions of latent tracks. It
is these data that will make it possible to predict and
improve the structure and properties of both track
membranes and secondary nanostructures.

STRUCTURAL TRANSFORMATIONS
IN POLYMERS UNDER IRRADIATION
WITH HIGH-ENERGY PARTICLES

A large number of works have been concerned with
the interaction of high-energy ions with polymers used
in the preparation of track membranes [7, 8]. However,
a number of problems associated with the structural
transformations occurring in polymers after their irradi-
ation with accelerated heavy ions remain to be solved.
In this section, we will discuss the results of investiga-
tions into the structural transformations observed in
poly(ethylene terephthalate), polycarbonate, and poly-
imide under irradiation with accelerated, multiply
charged, heavy ions. Moreover, we present the results
of our comparative studies of latent tracks in polymers
and crystals.

For the most part, irradiated crystals, polymers, and
secondary structures have been investigated by infrared
(IR), ultraviolet (UV), electron paramagnetic reso-
nance (EPR), and surface-enhanced Raman spectros-
copy and atomic force microscopy (AFM). Distler et al.
[9] studied the surface of mica and its cleavages by the
gold decoration technique. Furthermore, the surfaces of
fused silica and leucosapphire samples were examined
using X-ray scattering [10].

It is known that, under irradiation with heavy ions,
the crystal structure of poly(ethylene terephthalate)
undergoes transformations. The degree and character of
these transformations were evaluated from the ratios of
the optical densities D of the polymer (D; = D1473/Dss,
D, = D343/D,37), which were measured at characteris-
tic frequencies in the IR spectra of the trans (1473,
1343 cm™) and gauche (1455, 1370 cm™) conforma-
tions of CH, groups (Fig. 1). The drastic decrease in
these ratios with an increase in the ion fluence above 10°
cm™ is associated with the increase in the fraction of
gauche conformations after irradiation of the polymer
and, hence, with its amorphization.

Heat treatment of polymers can also result in a
transformation of their crystal structure. For poly(ethyl-
ene terephthalate), the degree of crystallinity was esti-
mated from the ratio D; = Dygg/Dgy3. A decrease in the
optical-density ratio with an increase in the temperature
indicates that poly(ethylene terephthalate) undergoes
crystallization. It is established that the polymers sub-
jected to irradiation begin to crystallize at lower tem-
Vol. 48
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Fig. 1. Dependences of the ratios (1) D; and (2) D, on the
xenon ion fluence for poly(ethylene terephthalate) (ion
energy, 1 MeV/amu),
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Fig. 2. Temperature dependences of the ratio D for (1) the
poly(ethylene terephthalate) sample irradiated with xenon
ions at a fluence of 10! cm™ (annealing time, 3 h) and
(2) unirradiated sample.

peratures and the crystallization proceeds at higher
rates as compared to unirradiated polymers (Fig. 2). A
similar dependence is observed for the poly(ethylene
terephthalate) samples irradiated with fission fragments
of uranium nuclet.

Most likely, this effect of annealing can be caused
by the fact that irradiation of the polymer results in the
destruction of macromolecules, which is accompanied
by the removal of part of the low-molecular gaseous
products and the formation of regions with a lower den-
sity of the material around the tracks of ions. In the
track regions, the macromolecules transform into a
nonequilibrium (amorphous) state. Heat treatment at
temperatures above the glass transition point of the
polymer provides conditions for a more regular packing
of the polymer macromolecules in track regions with a
lower density.

The luminescence background revealed in the
Raman spectra of irradiated poly(ethylene terephtha-
late) films indicates that tracks contain graphite in the
form of nanoparticles [11]. The EPR spectra of
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Fig. 3. (a) AFM image of the surface of the poly(ethylene terephthalate) sample irradiated with xenon ions (scanned area, 250 X
250 nm). (b) AFM image of the surface region. Arrows indicate entrance holes for high-energy heavy ions on the polymer surface.

Fig, 4. Topography of the surface of the mica (muscovite) sample decorated with gold through vacuum evaporation: (a) mica irra-
diated with xenon ions at a fluence of 10° ¢cm™ and (b) unirradiated mica (reference sample).

poly(ethylene terephthalate) samples irradiated with
xenon ions exhibit a signal with g = 2.0036 + 0.0005
and a linewidth of approximately 10 G. This signal is
due to the radiation-induced breaking of bonds in irra-
diated graphite with a defect surface [12]. After etching
of latent tracks to a diameter of 50 nm, the above EPR
signal becomes weaker and broader but does not disap-
pear. This means that the size of modified track regions
in the polymer is greater than 50 nm. Similar regulari-
ties are also revealed in polycarbonate irradiated with
krypton ions.

A different situation is observed for polyimide irra-
diated with accelerated ions. We found that the inten-
sity of the amorphous-sensitive band at 726 cm™
decreases with an increase in the ion fluence. This sug-
gests that irradiation of the polyimide encourages crys-
tallization of the polymer.

The formation of ordered structures in polymers
subjected to irradiation with heavy ions was examined
by measuring the intensity ratios of dichroic absorption
bands. For a polyimide film, these bands were observed
at frequencies of 726, 1380, 1512, and 1776 cm™! in the
case when the angles between the film plane and the

CRYSTALLOGRAPHY REPORTS

incident beam were equal to 90° and 45°. These studies
revealed a general tendency: the intensity ratios of dich-
roic bands are virtually independent of the ion fluence
at a normal orientation of the film with respect to the
incident beam of IR radiation but increase with increas-
ing ion fluence when samples are oriented at an angle
of 45° with respect to the ion beam. This implies that
the orientation of ordered structures formed as a result
of ion irradiation is unrelated to the drawing of the film
in the course of the preparation but is determined solely
by the direction of ion migration through the polymer.
An increase in the intensity ratios of the dichroic bands
with an increase in the surface irradiation density indi-
cates that ions passing through the polymer orient the
macromolecules along the track axes.

Similar changes are also observed in the polymers
studied upon exposure to synchrotron radiation.

Irradiation with high-energy heavy ions brings
about changes in the topography of solid surfaces and
is attended by the formation of radiation-induced
defects, namely, tracks. The images of the entrance
holes produced by xenon ions on the surface of the
poly(ethylene terephthalate) sample have the form of
Vol. 48
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pits with a mean diameter of 7 nm (Fig. 3). A somewhat
different situation is observed on the surface of the
mica (inorganic polymer) sample irradiated with xenon
ions and decorated with gold (Fig. 4). In this case, new
rounded structures (bumps) 40-50 nm in diameter can
be seen on the surface.

The X-ray scattering curve measured for the surface
of fused silica irradiated with xenon ions has two steps
(Fig. 5). The first step corresponds to a distance of
63 nm, and the second step is associated with a distance
of ~25 nm. It seems likely that the second distance cor-
responds to the diameter of the track core (channel).
Similar results were obtained for leucosapphire.

Thus, it has been established that irradiation with
high-energy particles brings about structural transfor-
mations in polymers. The degree and character of these
transformations depend on the polymer nature. In par-
ticular, irradiation leads to the amorphization of
poly(ethylene terephthalate) and polycarbonate and the
crystallization of polyimide. In all the polymers stud-
ied, the macromolecules are oriented along the ion
tracks. Graphite or a graphite-like material was found
in the regions of latent-track cores. The surface mor-
phology of polymers, mica, quartz, and leucosapphire
was investigated. It was demonstrated that the size of
tracks—regions of a modified material in polymers and
crystals—depends on the energy of multiply charged
heavy ions and can be as large as 50 nm.

SURFACE AND THE PHYSICAL PROPERTIES
OF CRYSTALS IRRADIATED
WITH ACCELERATED, MULTIPLY CHARGED,
HEAVY IONS

The radiation damage in crystals can be described
only through the displacement of individual atoms [13].
It is worth noting that, under high-energy irradiation,
there arises a cascade of atomic displacements [14].
The return of atoms to an equilibrium state is encour-
aged by the transfer of additional energy to the crystal,
for example, upon heating (annealing) or additional
irradiation.

Among the crystals studied, leucosapphire is of spe-
cial interest as a convenient model compound for study-
ing radiation-induced phenomena associated with the
atomic displacements and changes in the electron states
[15]. It should be noted that, in the papers published
thus far, no consideration has been given to the influ-
ence of the crystallographic factors (crystal orientation,
irradiation direction) on the properties of irradiated sur-
faces. However, it is reasonable to assume that anisot-
ropy of crystals should manifest itself upon their expo-
sure to hard radiation.

We analyzed how the exposure of crystals to irradi-
ation with high-energy Xe, Kr, Ar, and Bi heavy ions at
energies of 1-3.5 MeV/amu (Flerov Laboratory of
Nuclear Reactions, Joint Institute for Nuclear
Research) affects the structure and properties of sap-
Vol. 48
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Fig. 5. X-ray scattering curves for the surface of fused silica
(1) prior to and (2) after irradiation with high-energy ions.

phire crystals with different crystallographic orienta-
tions. We studied samples of four types, namely, leu-
cosapphire crystals whose surfaces were oriented along

the (0001) (z), (1010) (m), (1012) (r), and (1120) (a)
crystallographic planes. No surface tracks were
observed upon exposure of leucosapphire crystals to
irradiation with krypton or xenon ions at energies up to
350 MeV or with bismuth ions at energies of less than
200 MeV. We only revealed a change in the integrated
surface roughness. However, irradiation of the crystals
with bismuth ions at energies of more than 200 MeV
led to the formation of surface defects. The fine struc-
ture of these defects was thoroughly examined using
atomic force microscopy (Fig. 6). It 1s important to note
that the geometric parameters of the structures formed
(such as the diameter, height, and depth of craters)
depend substantially on the crystallographic orientation
of the samples. Thus, it can be stated that we managed
for the first time to elucidate how the crystallographic
orientation of the samples affects their properties upon
irradiation with high-energy heavy ions.

For the most part, the results summarized in this sec-
tion were obtained using thermally stimulated exoelec-
tron emission—a nondestructive technique of measure-
ment and testing that is sensitive to the surface condi-
tion of samples [16, 17].

The analysis of the results obtained in investigations
into the radiation damage with the use of thermally
stimulated exoelectron emission allowed us to draw the
following inferences:

(i) The temperature dependence of the thermally
stimulated exoelectron emission is governed by the
crystallographic orientation of the sample. This can be
explained by the fact that surfaces with different crys-
tallographic orientations have traps (structural defects)
characterized by different energy depths.

(i1) Irradiation of the surface of a leucosapphire
crystal with high-energy heavy ions brings about a

2003
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Fig. 6. AFM images of the surface of the leucosapphire crystal irradiated with bismuth ions at energies of (a) 300 and (b) 710 MeV.

change in the exoemission characteristics of the sur-
face. This is associated with the formation of new
defects and the change in the energy state of the sur-
face.

(iii) The parameters of thermally stimulated exo-
electron emission depend on the irradiation dose. An
increase in the ion fluence leads to the following
changes: the low-temperature emission peak observed
in the range 200-300°C disappears, whereas the inten-
sity of the high-temperature peaks revealed in the range
400-500°C increases. This pattern is observed for all
the studied orientations of the samples. Moreover, it
should be noted that the sample whose image is repro-
duced in Fig. 6a is characterized by two closely spaced
high-temperature peaks. The intensity ratio of these
peaks also depends on the irradiation dose.

CRYSTALLOGRAPHY REPORTS

In our opinion, the revealed temperature depen-
dence of the thermally stimulated exoelectron emission
can be used as an effective tool for determining the ori-
entation of crystal faces.

SECONDARY NANOSTRUCTURES PREPARED
ON THE BASIS OF TRACK MEMBRANES—NEW
TYPES OF RAMAN-ACTIVE SURFACES

One of the most extensively used techniques of tem-
plate synthesis of secondary nanostructures (such as
cylindrical or tapered tips, hollow nanotubes, and
nanowires) is electrochemical filling of pores of track
membranes [4]. According to this technique, a 10- to
50-nm-thick metal layer is thermally deposited onto the
surface of a track nanomembrane and then is hardened
electrolytically (galvanically). The metal layer on the
Vol. 48
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Eig. 7. Micrographs of (a) _the metallized. surface of the track membrane and (b) the structured metal (silver) surface with tapered
tips (JEOL JSM-840 scanning electron microscope). (¢) Micrograph of the apex of the tapered tip (JEOL JEM-100CX transmission

electron microscope).

surface of the track membrane serves as a cathode. The
duration and conditions of electrochemical filling of
pores determine the degree of pore filling and, hence,
the shape of secondary nanostructures, in particular, the
nanowire length or the taper of the tip apex (Fig. 7).

Track metallic secondary nanostructures are univer-
sal Raman-active surfaces. The enhancement of Raman
scattering on these surfaces does not depend on the
properties of the applied sample of the material but is
associated solely with the properties of the metallic sur-
face [18, 19]. The enhancement of the Raman signal of
test molecules located in the vicinity of this surface pro-
ceeds through the electromagnetic mechanism. This
circumstance is of great importance in designing highly
sensitive systems intended for detecting and analyzing,
for example, trace amounts of biomacromolecules with
a high sensitivity.

The surface-enhanced Raman spectra of the most
characteristic compounds are shown in Fig. 8. In all
cases, the surface-enhanced Raman spectra are similar
to the Raman spectra of the compounds under investi-
gation. This confirms the dominant role of the electro-
magnetic mechanism of enhancement on Raman-active
surfaces prepared using the technique of replicas from
pores of track membranes. In virtually all the cases, it
was possible to detect a reliable signal from the sample
containing ~1 pg of the material.

The surface-enhanced Raman spectra of lysozyme
protein, which were recorded using the tip surface
(spectrum 6) and a silver electrode roughened in the
course of the redox cycle accomplished in an electro-
chemical cell at a zero-charge potential of silver (spec-
trum 5) [19], are compared in Fig. 8. The most intense
bands in the surface-enhanced Raman spectra of the
lysozyme adsorbed on the silver electrode correspond
to vibrations of its constituent aromatic amino-acid
residuals. It is worth noting that this spectrum does not
exhibit bands characteristic of vibrations of phenylala-
nine in the vicinity of 1000 cm™'. A lysozyme molecule
has the shape of an ellipsoid 45 x 30 x 30 A? in size and
involves three phenylalanine residuals (Phe’, Phe*,
Phe3®). However, signals from these residuals located
inside the protein globule do not manifest themselves,
Vol. 48
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because the enhancement of Raman scattering in the
Raman-active system of the silver electrode predomi-
nantly occurs through the molecular (i.e., short-range
compared to the size of the protein molecule) mecha-
nism [20].

Therefore, the use of the Raman-active surfaces pre-
pared by making replicas from track membranes pro-
vides a means for recording the surface-enhanced
Raman spectra of different chemical compounds in
picogram amounts. Thus, we demonstrated that the
Raman-active system proposed is universal, is charac-
terized by the electromagnetic mechanism of Raman
scattering enhancement, and can be used to increase the
sensitivity of the recording of Raman spectra.

APPLICATION OF TRACK NANOMEMBRANES
(CLEANING OF CRYSTALLIZATION
SOLUTIONS)

Zaitseva et al. {21-23] noted that, in order to prepare
successfully large-sized (with linear sizes of 50 cm or
more) perfect potassium dihydrogen phosphate (KDP)
crystals through the rapid-growth technique, it is neces-
sary to perform not only preliminary membrane filtra-
tion of a crystallization solution but also a continuous
membrane filtration of this solution in the course of
growth. Wang et al. [24] analyzed the reasons for the
necessity of conducting this operation. It was found
that, upon addition of a cation impurity (sodium), the
concentration of scattering centers in the KDP crystals
grown increases in proportion to the impurity concen-
tration and the characteristic sizes of the particles
detected fall in the range 10-100 nm. As a conse-
quence, these particles, for the most part, could not be
retained by membranes (used for the preliminary filtra-
tion of the crystallization solution) with a pore diameter
of 0.22 pum. However, closer examination revealed that
impurity particles of these sizes are hard to incorporate
into the growing crystal but enter together with inclu-
sions of the crystallization solution. This can lead to the
formation of scattering regions whose sizes substan-
tially exceed the diameter of pores in the membranes
used. Apparently, this circumstance is the reason is why
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Fig. 8. Surface-enhanced Raman spectra recorded using Raman-active surfaces prepared by1 {he tr%ck membrane technique (silver;
tip diameter & = 30 nm; height-to-diameter ratio of tips h/d = 2; surface density of tips, 10"* cm™). (a) Surface-enhanced Raman
spectra of (/) thymus deoxyribonucleic acid and (2) adenosine monophosphate on the tip surface. The amount of the compound in
the sample is | pg. (b) Comparison of (3) the surface-enhanced Raman spectrum of the phenylalanine sample (the amount of the
compound used for recording the spectrum is 1 pg) with (4) the Raman spectrum of the phenylalanine sample (the amount of the
compound used for recording the spectrum is 1 mg). (c) Surface-enhanced Raman spectra of the lysozyme protein on (5) the silver
electrode and (6) the tip surface, (7) Raman spectrum of lysozyme, and (8) surface-enhanced Raman spectrum of phenylalanine
(shown on the same scale for comparison). The amounts of lysozyme and phenylalanine in the samples on the tip surface and the
amount of lysozyme in the sample on the electrode are equal to 1 pg. The lysozyme concentration in an aqueous solution is
25 mg/ml. The excitation wavelength is 514.5 nm. The excitation powers used for recording the surface-enhanced Raman and

Raman spectra are equal to 20 and 250 mW, respectively.

membrane with pore diameters of 0.5 and 0.02 um were
successively used for the filtration during the growth of
large-sized, highly perfect KDP crystals with an
increased resistance to laser radiation at a wavelength
of 0.355 um [23].} The main feature distinguishing
track membranes from traditional membranes is that
their pores have a regular and controlled structure and

! The minimum size of pores in these membranes was most likely
chosen reasoning from the necessity of growing crystals suitable
for use as highly transparent optical elements in the visible and
near-IR spectral ranges. For this purpose, it was desirable to pro-
vide appropriate conditions for Rayleigh scattering by impurity
particles (the particle size must be considerably less than the radi-
ation wavelength) in solutions and, correspondingly, in crystals.

CRYSTALLOGRAPHY REPORTS

geometry. From the outset, this rendered track mem-
branes attractive for use in cleaning of aqueous crystal-
lization solutions [25, 26].

Let us now consider our data on the filtration of
solutions used for the growth of KDP crystals [27, 28].
We examined poly(ethylene terephthalate) track mem-
branes with pore sizes of 0.1-4 pm. Preliminary clean-
ing was carried out using poly(ethylene terephthalate)
track membranes with pore sizes of 1-4 um, and the
final cleaning of water and the solutions of KDP crys-
tals prepared from raw materials of different batches in
which the content of controllable impurities was less

than 10-10 wt % was performed with poly(ethylene
Vol. 48
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Fig. 9. Light scattering curves (A = 0.63 pm) for the middle cross section of the potassium dihydrogen phosphate crystals grown
(a) from a solution filtered through track membranes with a pore size of 0.5 pm and (b) from a nonfiltered solution.

terephthalate) track membranes whose pore sizes were
equal to 0.1-0.5 um. The analysis of the elemental
composition revealed the presence of glass fragments,
fibers, organic films, and biological substances. The
intensity of UV scattering both from water used for pre-
paring crystallization solutions and from the crystalli-
zation solutions themselves was investigated as a func-
tion of the diameter of the pores involved in the track
membranes. These investigations demonstrated that the
use of membranes with pore diameters from 1 to
0.05 um decreases the intensity of scattering from the
crystallization solution significantly (by several orders
of magnitude).

Our investigations of the KDP crystals grown using
traditional membranes characterized by a large spread
in pore diameters revealed that these crystals contain
inclusions of microobjects with sizes up to 10-15 um.
At the same time, the characteristic sizes of similar
objects in the KDP crystals grown with the use of track
membranes completely correspond to the diameters of
pores involved in these membranes.

According to experimental data on the intensity of
visible-light scattenng by KDP crystals grown from a
nonfiltered solution and a solution subjected to succes-
sive filtration through track membranes with pore
diameters of 1 and 0.5 um, the crystals grown from the
Vol. 48
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filtered solution have a substantially higher optical
quality and homogeneity (Fig. 9). The use of track
membranes made it possible to decrease the scattering
intensity in the visible spectral range by more than one
order of magnitude, whereas the degree of inhomoge-
neity of the crystals grown was reduced by a factor of
five. These results were obtained for the KDP crystals
grown at very high rates (up to 50 mm/day). Thus, the
problem of rapid growth of perfect water-soluble crys-
tals is closely associated with the development of mem-
brane filtration methods.

CONCLUSIONS

The above results have demonstrated that investiga-
tions into the interaction of high-energy beams (prima-
rily formed by fission fragments, heavy ions, synchro-
tron radiation, fullerenes, and aggregates of colloidal
particles) with materials forming matrices of nanopore
systems (polymers, crystals) are of considerable impor-
tance from scientific and practical standpoints. The
results obtained in these investigations will make it pos-
sible to control the parameters of pores in track mem-
branes and to modify the properties of irradiated crys-
tals and secondary nanostructures synthesized using
track membranes. This will provide the basis for the
design of more efficient track nanomembranes with
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improved technological characteristics. To date, it has
been established that track nanomembranes (with pore
sizes of 3-30 nm) can be used to selectively separate
complex multicomponent ion solutions and isolate
(clean and concentrate) proteins (with molecular
masses of 20-200 kDa) and small-sized (approximately
20-30 nm) viruses. Track nanomembranes can serve as
active elements in multipurpose biosensors (in particu-
lar, those designed for determining a total water pollu-
tion, revealing the presence of viruses and bacteria in
water, and performing a quantitative analysis for sugar
in a blood). Track nanomembranes are the main com-
ponents of life-support systems in modern clean rooms.
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