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The spectral composition, quantum yield, and spatial distribution
of excited particles emitted from the surface of the organic dye-
lipid system bombarded with argon ions have been studied. The
presence of lipids in a target was found to change the number of
excited particles emitted from the surface in comparison with the
case of pure dye. On the basis of the data obtained, a mechanism
of influence of lipids on the excited particle yield has been pro-
posed.

1. Introduction

Last decades, the significant progress has been observed
in researches of processes that occur when medium-
energy ions interact with a solid surface [1]. An impor-
tant place among them is occupied by the studies of the
ion-photon emission (IPE) phenomenon which consists
in knocking the excited particles out from the surface
which afterwards emit photons. This is related to the
fact that only such researches allow one to obtain si-
multaneously the information concerning the nature of
particles that escape from the surface and their kinetic
energy. It is also possible to determine a character of
the distribution of particles over their excited states. In
this case, the more complex a target to be studied, the
larger the number of different processes that give rise to
the formation of excited particles.

In recent years, biosensors — devices on the basis of
bimolecular structures for the analysis and processing
of information — have been widely used. Biosensors are
analytical devices which use biological materials to “rec-
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ognize” certain molecules. Biosensors include lipids, pro-
teins, and indicator dyes which are active identification
elements or compose their basis [2]. Various methods of
analysis are used to determine the processes, where the
biosensor elements are engaged [3]. The ion-photon spec-
trometry (IPS) is one of the promising research methods
which is based on the IPE phenomenon.

In this work, we report the results of our studies
of main IPE parameters (the spectral composition, the
quantum yield, and the spatial distribution of radiation
from excited particles that escape from the surface). The
researches aimed at elucidating the processes, in which
the excited particles are formed under the ionic bom-
bardment of organic systems. This work is a continua-
tion of work [4].

2. Experimental Technique

When studying the complex organic systems with the
use of ion beams, it is very important to consider the
chemical environment of molecules in a target [1]. There-
fore, the method used for the preparation of targets of
organic systems, which are to be investigated, should be
taken into account. In this work, we used targets of two
types prepared from dyes and lipids: 1) a pellet target
made up of a powder of the corresponding dye, without
any admixtures, pressed with the help of a special press
mold and 2) saturated alcoholic solutions of dyes, lipids,
as well as their mixtures, which were precipitated on the
surface of porous graphite and then dried up in vacuum.
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Fig. 1. Structural formulas of dyes

The surface bombardment was carried out using Ar™
ions with an energy of 20 keV and a current density in
the beam of 5+ 10 pA/cm2. The target was arranged in
such a manner that the total radiation emitted by both
the target surface and the glowing halo over it was regis-
tered. The radiation emission spectra in the wavelength
interval of 250-800 nm were registered with the help of a
photo-electric registration system which operated in the
photon-counting mode.

Dyes, the composition of which includes atoms of al-
kaline metals, were chosen as targets. These were methyl
orange (MO) with the Na atom, and eosine (EO) with ei-
ther the Na or the K atom. Our choice was based on the
fact that, according to the structural formulas of those
dyes, the atom of alkaline metal joins dye molecules in
different ways [5]. In the MO dye, the Na atom joins
through the sulfide group SO3. In the EO dye, Na (or
K) atoms join one of the carbon atoms through the oxy-
gen one and the other carbon atom through the COO
group (Fig. 1). Lipids are known [6] to be compounds
of biological origin which can be dissolved in nonpolar
solvents, but are insoluble in water; these are fats, fat-
soluble vitamins, steroids, and so forth. In this work,
we studied cholesterol (Cho), cortisone (Cor), and pro-
gesterone (Pro) which are classed to steroids. A typical
feature of steroids is that they have an identical carbo-
hydrate frame. Steroids are designated using the nu-
meration of carbon atoms in a definite order [7]. Then,
the hydroxyl group OH joins the carbon atom at po-
sition 3 in the case of Cho and at position 17 in the
case of Cor. In the Pro case, the OH group is absent
(Fig. 2).
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3. Experimental Results

8.1. Spectral composition and quantum yield of
radiation emission

The results of our researches testify that, for all types
of dye targets, the radiation emission by CH atomic
group (A 431.2 nm, the Q-edge of 2A—2II transition;
and A 387 nm, the R-edge of 2% —2I1 transition) and ex-
cited hydrogen atoms (emission at A\ 410.1 nm (line Hy),
434.0 nm (line H,), 486.1 nm (line Hg), and 656.2 nm
(line H,) of the Balmer series). A number of lines of
the Na I and K I spectra emitted by excited sodium
and potassium atoms, respectively, which are included
into the composition of corresponding dyes were also ob-
served. The most intensive among them are the Na I (AA
588.9, 589.6 nm) and K I (AX 766.4, 769.8 nm) resonance
doublets.

For the basic spectral emissions, we determined the
quantum yield of radiation, 7y, i.e. the number of emit-
ted photons per one incident ion (see Table) [8]. The
numbers in parentheses mean the relative values of
with respect to the quantum yield of the CH atomic
group. The table demonstrates that the resonance dou-
blets AX 588.9, 589.6 nm of the Na I spectrum and A\
766.4, 769.8 nm of the K I spectrum are the most sensi-
tive to the target type. The largest yx-values for them
were observed, when the pellet targets were bombarded.
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Quantum yield of radiation for basic spectral lines

Target ~x %108, photon/ion
CH,431.2nm | H,a,6562nm | Hg, 486.1nm | Nal 5889 nm | KL 766.4 nm
MO, pellet 5.5 (1) 33 (6) 3.3 (0.6) 1150 (210) -
MO, alcoholic solution 1.7 (1) 15 (8.9) 0.7 (0.4) 500 (294) -
MO + Cho, alcoholic solution 3.3 (1) 22 (6. 1.5 (0.45) 1.8 (0.5) -
MO + Cor, alcoholic solution 7.8 (1) 62 (7. 3.0 (0.4) 770 (99) -
MO + Pro, alcoholic solution 8.4 (1) 68 (8. 3 (0.4) 210 (25) -
EO, pellet 4.4 (1) 22 (4. 1.6 (0.4) 1020 (233) 890 (202)
EO, alcoholic solution 3.3 (1) 15 (4. 1.2 (0.4) 650 (196) 690 (209)
EO + Cho, alcoholic solution 3.3 (1) 16.5 (5.0) 1.5 (0.45) 47 (14.2) 47 (14.2)
EO + Cor, alcoholic solution 5.5 (1) 28 (5.1) 1.7 (0.3) 1150 (209) 800 (145)
EO + Pro, alcoholic solution 5.3 (1) 39 (7.4) 2.2 (0.4) 650 (130) 520 (98)
Cho, alcoholic solution 1.7 (1) 8.9 (5.2) 0.5 (0.3) - -
Cor, alcoholic solution 2.7 (1) 15 (5. 0.9 (0.3) - -
Pro, alcoholic solution 3.3 (1) 28 (8. 1.6 (0.5) - -

For the precipitations of saturated alcoholic solutions of
the dyes under consideration, the ~y)-values decrease,
which may probably be associated with the solubility
degree of each dye in ethyl alcohol.

The most interesting are data describing the influence
of lipids on the yield of excited particles. For the reso-
nance doublets of Na and K atoms, a substantial reduc-
tion of vy —different for different dyes—is observed for the
dye—Cho system, in comparison with the precipitation
of the alcoholic solution of pure dye. For the dye-Cor
mixture, the v -values increase, and, in the case of dye—
Pro mixture, some reduction of y,-values with respect
to the precipitate of the alcoholic solution of pure dye is
observed. A confrontation of y)-values for characteristic
emission spectral lines for excited hydrogen atoms (H,,
Hg) and a CH atomic group shows that, although their
relative quantum yields are almost identical, some dif-
ferences in the absolute values are observed. As was in
the case of alkaline metal atoms, a change from the pel-
let target to the alcohol solution precipitate results in a
reduction of vy-values for all emissions. The presence of
lipids in Cho, Cor, and Pro targets—in that order—brings
about an insignificant increase of «y-values.

3.2. The number of knocked-out excited
particles

We used the data obtained for v, to determine the num-
ber of knocked-out excited particles of different types
(CH, H, Na, K). According to the results of work [9],
the number of particles excited to the i-th level, IV;, is
connected with ;5 by the relation

Vik

Ni = )
AT

(1)
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where i—k is a transition which is responsible for the
radiation emission of the line A, A;. is the transition
probability, and 7; is the lifetime of the i-th level. This
relation allows the obtained ~yy-values to be used for the
determination of the number of particles excited to the
i-th level. For the lines in Na I and K I spectra, the
dominant contribution to radiation is given by resonance
doublets, i.e. N(Na*) = Z’y)\RNa and N(Kx) = Z’}/)\RK,

because 7; = = for them.

A;

In the case kof hydrogen, we observed transitions
3—2(H,); 4—2(Hg), and 5—2(H, ), where 2, 3, 4, and 5
are principal quantum numbers. To evaluate the occu-
pation number for the lowest excited level of a hydrogen
atom, 2p?>P° — the 2 — 1 transition from it is respon-
sible for the radiation of the line L, in the ultra-violet
spectral range, which was not observed experimentally
— we plotted the dependences Invy, = f(n). For n = 3,
4, and 5, the f(n)-plot is a straight line, which can be
used to evaluate, by the extrapolation method, the -
value for n = 2. Then, in accordance with formula (1),
we calculated the values of Ny, N3, Ny, and N5. Their
sum gives almost the total number of excited hydrogen
atoms.

For a CH radical, we observed the band with a wide
()-edge with violet shadowing and the R-branch with a
widely branched structure. In this work, we determined
the ya-value in the @-edge maximum, ~y,,. The spectral
analysis demonstrated that -, amounts to one tenth of
the quantity v, for the whole band, so that Neyg =
10’}/)\m.

Excited Na and K atoms were found to compose the
majority of particles knocked out from the pure-dye tar-

gets. Their number was a few units of 1072 at/ion,
depending on the dye and target types. For the dye-
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Fig. 3. Dependences of the intensity of the Na atom resonance dou-
blet on the distance to the target surface for various targets: an EO
pellet target (M), the precipitate of an EO alcoholic solution (A),
and the precipitate of an alcoholic solution of the EO+-cholesterol
mixture (o)

cholesterol mixture, the number of excited Na and K
atoms decreased by two orders of magnitude in compar-
ison with the corresponding alcoholic solution of pure
dye. For the dye mixtures with Cor and Pro, no substan-
tial change in the number of knocked-out excited atoms
with respect to the precipitate of an alcoholic solution
of pure dye was observed. The number of knocked-out
H atoms fell within the interval 1073 = 107° at/ion and
substantially depended on the target type. The num-
ber of knocked-out CH atomic group was a few units of
10~ molecules/ion for all target types.

3.3. Spatial distribution of radiation

To evaluate the kinetic energy of knocked-out excited
particles, we used a method that is based on the mea-
surement of the spatial extension of a glowing halo. The
spectral line intensity was determined by the formula

I = AikNihl/ika (2)

where v;;, is the frequency of radiation emitted at the
1—k transition, and h is Planck’s constant. At distances
larger than 10 A, the excited particles can be consid-
ered free; therefore, a variation of the occupation num-
ber of the upper excited state during the time ¢ can be
described by the law of spontaneous radiation emission
only [6],

Ni = NOZ' exp(—t/ﬂ-), (3)

where Ny; is the occupation number of the level con-
cerned at t = 0. Substituting this formula into expres-
sion (2) and bearing in mind that ¢ = [ /v, we obtain the
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following dependence of the radiation intensity on I:

I(l) =~ exp <Z*> . 4)
vy
Here, v} is the normal component of the effective ve-
locity of a group of particles that flow away; and [ is
the distance from the target surface. If excited parti-
cles belong to the same velocity group, the dependence
InI(l) is linear. So that, knowing 7; and the slope of
this dependence, one can determine v} and the energy
of particles Fj flying away from the surface of the solid.
Not every time can the dependence InI(l) be approx-
imated by a straight line. There are cases where the
excited particles belong to several groups with different
velocities. Since different groups of particles located at
different distances from the target surface give different
contributions to the halo radiation, the plot of the de-
pendence In7(l) will have a number of linear sections
with transition regions between them. The tangents of
the slope angles of those sections can be used to deter-
mine v} and Ej, for every group.

In the experiment, we determined the dependence of
the number of excited particles N; giving the contribu-
tion to the analyzed line on the distance from the tar-
get surface [. According to formula (2), the number of
particles excited to the ¢-th level is proportional to the
intensity I;; of the line concerned. This fact allowed us
to derive the dependence I;; = f(I) and make estimation
of the velocity of excited particles flying away from the
surface.

The analysis of the spatial distribution of radiation
emission by excited Na atoms showed that, when study-
ing the pellet targets of MO and EO dyes, the radiation
was observed that was emitted by knocked-out excited
Na atoms belonging to two velocity groups (squares in
Fig. 3): the first group with a kinetic energy of 60-150 eV
(section I) and the second one with a kinetic energy of
300-900 eV (section IT). Na atoms knocked out from the
precipitate of an alcoholic solution of pure dye belonged
to the same velocity group with Ej ~ 150 eV (triangles
in Fig. 3). If any dye was mixed with Cho (circles in
Fig. 3), there appeared a group of very slow particles
with a kinetic energy of 20-40 eV (section IV) in addi-
tion to the group of high-energy particles (section III).
For the mixtures of dyes with either Cor or Pro, the
same spatial distribution was observed as in the case of
the precipitate of an alcoholic solution of dye itself. The
evaluation of the kinetic energy of knocked-out excited
hydrogen atoms and CH atomic group showed that the
energy of those particles did not depend on the target
type. In particular, hydrogen atoms were knocked out
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with a kinetic energy of about 20 eV. The kinetic energy
of CH atomic group was lower than 1 eV.

The presence of knocked-out particles belonging to
various velocity groups testifies to the existence of a
number of processes, in which those particles were
formed [4]. Low values of kinetic energy (1-50 ¢V) point
to the formation of an excited particle owing to the de-
cay of a complicated complex. High values of kinetic
energy are related to the processes, where the atoms
of alkaline metals are knocked out, such as the direct
knocking out (Ej =~ 300 + 900 eV) and cascade colli-
sions (Ey =~ 150 €V). The absence of a group of particles
knocked out from the precipitate of the alcoholic solution
of pure dye by the direct knocking-out can be associated
with a reduction of the corresponding line intensity or
with a specific feature of the target itself.

4. Discussion of Results

Generalizing the results obtained, the following hypoth-
esis may be put forward concerning the mechanism of
interaction between the dyes and the lipids under con-
sideration.

When the dyes are dissolved in ethyl alcohol, they dis-
sociate into ions, forming the negatively charged frame of
a dye and the positively charged ion of a metal [10]. The
dissociation degree depends on the properties of both a
dye and a solvent — in particular, the dye structural for-
mula. When the dye interacts with the lipid, the metal
atom can join the lipid molecule; however, it depends to
a great extent on the presence and the position of an OH
polar group in the lipid.

In the Cho case where the OH group is located at
the third carbon atom, it is most probable that the
metal atom is surrounded by Cho molecules, which di-
minishes the probability of the cascade knocking-out of
metal atoms, although a certain number of metal atoms
can be knocked out in the course of direct collisions. As
a result, the value of v, for the emission of Na and K
atoms decreases, as well as the number of knocked-out
atoms. The fact of the existence of a group of atoms with
a low kinetic energy of 20—40 eV allows an assumption
to be made concerning a probable decay of the metal
atom—Cho complex hit by an Ar™ ion. In Cor, the OH
group is located at the 16-th carbon atom, which gives
rise to considerable variations of y,-values. At the same
time, the presence of a very active COCH>;OH group in
Cor can enhance the degree of dye dissociation in the al-
coholic solution. As a result, the yield of excited atoms
of alkaline metals grows in comparison with the case of
dye mixtures with other lipids. The structural formula
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of Pro does not contain any OH group at all, so that the
dye-Pro mixture does not reveal any difference from the
case of bombarding the alcoholic solution of pure dye.

5. Conclusions

The method of ion-photon spectrometry is applied to
study the spectral composition, quantum yield, and spa-
tial distribution of radiation emitted by excited particles
that leave the target surface — in particular, these are
organic dyes, the structural formulas of which include
atoms of alkaline metals, lipids, and their mixtures —
when the target is bombarded with argon ions. It was
found that the radiation emission by excited hydrogen
atoms (the Balmer series) and the molecular bands in-
herent to the CH radical were observed for all types of
studied targets. Provided that the content of an organic
system includes a dye, a series of spectral lines character-
istic of alkaline metal atoms (Na I and K I) are observed.

For all kinds of observed emission, the quantum yield
of radiation and the numbers of knocked-out excited H
atoms, CH atomic group, and atoms of Na and K alkaline
metals are determined. The presence of cholesterol in
the target was found to substantially reduce the yield of
excited Na and K atoms.

The spatial distribution of radiation emitted by ex-
cited Na atoms is analyzed. For all targets, the kinetic
energy of excited particles that fly away from the surface
is determined. Different values of kinetic energy testify
to two types of the formation of excited particles: the
decay of a complex molecule (slow particles) and a se-
ries of cascade collisions or the direct knocking-out by a
primary ion (fast particles).

On the basis of the data obtained, a hypothesis con-
cerning the mechanism of interaction between the stud-
ied dyes and lipids and the influences of lipids on the
yield and the energy of excited particles has been pro-
posed.
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JTOCJILI>KEHHS CUCTEMUI
OPTAHIYHUIT BAPBHUK-JIIIIIT
METOJ0M IOHHO-®OTOHHOI CIIEKTPOMETPII

C.C. Aanimos, 1.0. Aganacvesa, B.B. Bobkos,
C.II. Toxos, B.B. I'puyuna, JA.1. Illesuenko

Pesmowme

IIpoBeieHO MOCHIZKEHHST CIIEKTPAJILHOIO CKJIaLy, KBAHTOBOI'O BU-
XO/y i IPOCTOPOBOI'O PO3IOJIY BUIIPOMIHIOBaHHS 30y I2KEHUX Ya-
CTUHOK, III0 NMOKU/IAIOTH ITOBEPXHIO CUCTEMU OPraHiIHUN OApBHUK—
ninig, nix wac bombapayBaHHsI ioHaMu aprony. BcraHoBieHO, 1m0
HasiBHICTH y MilleHi JiniiB 3MiHIOE KiJIbKICTh 30Y/?KEHUX YaCTHU-
HOK, I1I0 HOKHAIOTh [IOBEPXHIO, BiIHOCHO 4yucroro GapBHuka. Ha
OCHOBI OTPUMAaHUX PE3yJIbTAaTiB 3pOOJIEHO BUCHOBKH IIIOJIO0 MeXaHi-
3My BIUIMBY JIIIJIIB HA BUXiJ 30Y/?KEHUX YACTUHOK.
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