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AHHOTanus. /luccouMaTHBHAA NOBEpXHOCTHAA nouu3oauud (M) monekyn koaewna uccae-
A0Banach HECTaU‘HOHaprIMH MeTodaMH 1 B HASHTHYHBIX BKCHepMMEHTaﬂbeIX yCJIOBIdHX Ha
BLICOKOBAKYYMHOH MAacC-CNEeKTPOMETPHUYECKOH YCTAHORKE, OCHAIleHHOH «4YepHOH KaMepok», 0x-
NAXAAEMOH HKUJKUM a30TOM. /lid npe/iBapuTeNbHO aJcopOUPOBAHHBIX MOMeKya MopduHa Oblu
OTpe/le/IeHbl KOHCTAHThI CKOPOCTH JIMCCOLMAIIMH. |, W BHEPIHA aKTHBAIMM £,  PeaKIHH Pa3phiBa
CBRA3H, COMPOBMKAAIONEHCA 06pa30BaHHEM HOHH3HPYEMBIX PAJIMKANOR NOCPE/ICTBOM NIOBEPXHOCT -
HOH HOHHM3ALHH.

B npouecce aacop6umn MoeKyn KojenHa Obl/IM NOAYYeHbl KOHCTaHThl CKOPOCTH K, IHEPryH
aKTHBalMH TepMogecopbuuu Eo u npes aKkcnoHeHHANBHEIE MHOXHTENH B YPABHEHHH HellpephIB-
HocTH a4 pagukanor CoH;N + CHy m/z = 144,

Kpome Toro, Geina npoBejeHa TepMoecopOIiMOHHAA OBEPXHOCTHO-HOHHM3AIMOHHAA CHeK-
TPOCKOTIHA MOJMEKY/ KoJleMHa B aTMocdepe BO3/lyxa, H U3 CNEKTPOR TepMo/ecopbiiuu Obina onpe-
J1e/1eHA IHEPTHA aKTHRAIMH TePMOecOpPOIMH MOJMEKYALI KOJIEHHA HA BO3/IYXE.

Kno4eBsle €/10Ba: HeCTalMOHAPHAA MOBEPXHOCTHAH MOHM3ALMH, METO/ MOAYAALMH, METO]
MOAYAALMH HANPAKEHWHA, KOAEHH, aJcOPOLMA, PA/HKAALI, KOHCTAHTLI CKOPOCTH W JHEPrUU AKTH-
BallHH TEPMOAECOPOLHH.

AHHOTanusa. Kojjeun MoaeKy/nanapelHbiH AMCCOLHALMANLIK GeTTHK nouaomyycy (SI) crauu-
oHapAbIK 3Mec SI bIKManapel MeHeH GUpJed IKCIEePUMEHTANABIK IAPTTAPAA CYIOK A30T MEHEeH
My3/aTbUIFAH «Kapa Kamepa» MeHeH KaGAblAraH KOropKy BaKyyMAYK MAcC-CHEKTPOMEeTPHANBIK
TY3YAYIITO U3MIJIEHTEH. ANJIBIH aNa aACOPOLMANAHTAaH MOPOHH MOAEKYIANAPHI YYYH JIMCCOIHA-
LHMANAHYY bIAAAMABITBIHBIH KOHCTAHTAAAPE! K, KaHa 6eTTHK MOHAOLWYY aPKbLLYY HOHAOWYYYY
pasuKaNAapALIH naiaa 60/1ymy MeHeH KOITOAroH GaiJaHbIIITLIH &KbIPATYY PeAKLHACBIHBIH AK-
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THEAEWYY SHEPTHACE E, AHBIKTATAEL KOQEHH MOIEKWIAMAPEIHEIH a4copbLus IPOLecCHHAE BLI-
AaMIEIK KOHCTAHTanapel Ky, sKETYWIVK fecopOLHSHEBIH aKTHEBAENITH pYY SHepruasaapel Ej maHa
CoH,N + CH, m/z = 144 paauKaAgapel YIYH Y3TYATYKCYSAYK TeHAeMecHH e 3KCIOHEeHITHAM-
ABIK $aKTOpAOp afAbIHAEL MEBIHAAH THIUKapH afa aTMocdepacklHAATE KOJEHH MOJeKy/Iaaapel-
HEIH T€PMHKAABIK AecopOUHAILRIK GeTTH K HOHAOIITYPYY CIeKT POCKOIHACH MY PrysyayL, abaJarsl
KOZEH H MOJIEKY/IACEIH BIH MEBLIYY/IYEK AecopOIHACEIH BIH AaKTHEAELITH PYY 3He PTHACE] MELIYYAYVE Je-

COPGL{HH.FII:IK CHeRTpAcPOEH AHBIKTAMTAH.

Hermzru cezfep: CTAlHOHApPABRIK 3Mec BETTHK HOHAOWYY, MOAYAALHA BIKMACEH], YbIHATVY-
HY MOAYALHAICC BIKMACE], KOAEHH, afcopbluA, pajHKaaAap, U aMABIK KOHCTaHTaAa Pl KaHa
HEUTYYAVE AecopOIHACEIHEIH AKTHEAEYY SHe PTHAMA PEL

Abstrad. The dissociative surface ionization [3I) of codeine mclecules was investigated using
nonstationary 21 methods under identical experimental conditions with a high-vacuum mass
spectrometric setup equipped with a liqguid-nitrogen-cooled "black chamber”

For pre-adsorbed morphine moleailes, the dissociation rate constants K, and the activation
energy g ofthe bond-breaking reaction accompanied by the formation of ionizable radicals through

surface ionization were determined.

During the adsorption of codeine molecules, the rate constants g, the activation energies of
thermodesorption E,, and the pre-exponential factors inthe continuity equation for ¢ H_N 4 cH,

radicals with /7 = 144 were obtained.

Additionally, thermal desorption surface ionization spectroscopy of codeine molecules was
performed in an air atmosphere, and the activation energy of thermal desorption of a codeine
molecule in air was determined from the thermal desorption spedira.

Kev words: nonstationary surface ionization, modulation method, voltage modulation method,
codeine, adsorption, radicals, rate constants and activation energies of thermal desorption,

Introduction. The phenomenon of surface
ionization [(SI), particalarly nonstationary
3l processes, has found wide application in
various fields of physics and chemistry, such as
heterogenecus catalysis, nanotechnology and
materials science, where detailed information
on the processez of particle-solid surface
interactions i required [1-3].

When the equilibrium of an particle-surface
system is disturbed by a change in experimental
conditions [e.g, temperature or particle flux),
the system relaxes to a new steady state over
time. The relaxation kinetics can be described
by monitoring the time-dependent current
of ionized particles, which is proportional to
the surface concentration WN(g£) of adsorbed
species. The time evolution of N(1) =atisfies the
continuity equation:

i - gy U

where 17 represents the incoming molecular
flux,  isthe emittertemperature, and isthe sum
of rate constants of all heterogeneous processes
that determine the loss of adsorbed species from
the surface.

Although  these relations have been
studied extensively for atoms much less
information is available for polyatomic organic
and bicorganic moleaules, In such systems,
the complexty of intramolecular bonding and
multiple ionization pathways make quantitative
analysiz challenging Particularly, nitrogen-
containing organic molecules such as morphine,
codeine, and related alkaloids exhibit rich
dissociation behavior during adsorption and
surface ionization processes, where radical
and fragment formation may dominate owver
molecular desorption,

Previous works have addressed the
stationary surface ionization (231} of codeine and
similar alkaloids under equilibrium conditions
[4-B]. Complementary studies employing
various ionization methods—including electron
ionization [(EI), eledrospray ionization [ESI),
and chemical ionization [CI)—have been used
to analyze their fragmentation and ionization
pathways both in vacuum and atmospheric
environments [9-18] However, thesetechniques
primarily describe static or equilibrium states
and do not adequately capture transient surface
reactions ocourring under dynamically changing
conditions.
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Mon-stationary surface ionization (MNS5I)
techniques, which involre the controlled
modulation of either temperature, voltage, or
molecular flux, make it possible to study such
transient phenomena directly, By analyzing
the relaxation behavior of the ion current in
response to abrupt perturbations, one can
derive kinstic parameters of both desorption
and dissociative ionization. These methods have
been successfully applied to simple adsorbates,
buttheir use in analyzing the kinetics of complex
organic molecules such as codeine remains
limited.

In this context, the present study focuses on
exploring the non-stationary surface ionization
of codeine molecules adsorbed on oxidized
tungsten. The combination of voltage modulation
and flux modulation technigues enables precise
gvaluation of rate constants and activation
energies associated with thermodesorption
and heterogeneous dissociation reactions.
The results provide deeper insight into the
mechanisms of radical formation and molecular
breakdown under dynamic surface conditions,
offering a quantitative description of ionization
processes for nitrogen-containing polyatomic
systems.

Theoretical part. In surface ionization (5],
nonstationarity is induced by a sharp change
in one of the parameters influencing the ion
formation processes.

Depending on which parameter is varied,
three main modulation approaches are
employed: the flux modulation method {FMM],
the temperature modulation method {TMM),
and the wvoltage modulation method [(YMM)]
[2]. We will consider the application of these
methods as it was nour work [22,22]. The
time evolution of N(t) satisfies the continuity
equation:

i ] _

i s (1)

wheare 17 is the flux of particles incident on
the surface, and x(;y represents the overall
rate constant incorporating all elementary
processes—such as adsorption, desorption,
and dissociation—that contribute to the change
in N(r). Under non-stationary conditions,
the total rate constant x ¢y  is temperature-
dependent and can be decomposed into several
distirct contributions:

V) _y_gMNTD (2
ot

where K* and K are the rate constants for
ionic and neutral desorption, respectively; while
K, denotes the rate constant for heterogensous
dissociation of adsorbed molecules. For
the individual the temperature
dependence of the rate constants iollows
Arrhenius-type relations:

Processes,

K = C,exp(—Ef /T,

Ky = Dyexp(—Ep/kT),
Km - GMEXPE_EGJFI;CT],

where Cop Dyp and G, are pre-exponettial
(entropy] coefficients, and g, EJE',, and Eg
correspond to activation energies of ionic
desorption, neutral desorption, and dissociation,
respectively

During the heterogenecus dissociation
reaction on the surface, i-th particles are
formed. For the i-th dissociation product, the

time-dependent surface concentration | n_i(t] ]
satisfies the following differential equation:

PO = w() - KlMmlt), (3
where p.(t) is the generation flux of the !
-th species produced from the dissociation of the
parent molecule, and &,(7) is the effective rate
constant for its removal. The production flux
v;(t) can be related to the dissociation rate as:

V(2] = HgpesdV (L),

By solving these equations, one can describe
the temporal evolution of the adsorbed species
and the corresponding ion current [.(t). For
tion-stationary conditions induced by wvoltage
modulation (VMM], the ion current and the
surface concentration follow an exponential
relaxation law:

AT~ Ay = Mt (=K, (T)-8) (4

where g represents the total effective
rate constant. This indicates that as the system
relaxes, the fon current decays exponentially
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reflecting the kinetics
dissociation processes.
In cases where the parent molecules have
high ionization potentials and desorb primarily
as neutral or weakly ionized fragments,
the intensity of ionic desorption is mainly
determined by the dissociation products.
Thus, VMM is particularly useful for analyzing
thermodesorption kinetics of radicals formed
during heterogeneous dissociation of adsorbed
molecules on oxidized tungsten surfaces [2, 22,
23]. For FMM, the system’s response can be
described by a sum of exponential functions:

of desorption and

n;(t) = Aexp(—Kyt) + Bexp(—K;t), (5)

where 4 and B are constants determined
by initial conditions, while K,, and K; are the
corresponding rate constants for the parent
molecules and the resulting fragments. This
relationship indicates that under both atomic
and molecular ionization conditions, the
buildup and decay of surface concentrations—
and consequently, the ion currents—are nearly
symmetric. Depending on whether k, « &,
or K, > K, , the current decay reflects either
the average surface lifetime of the original
molecule or the thermodesorption kinetics of its
dissociation products [2,22,23].

The theoretical model presented here
forms the basis for the quantitative analysis of
non-stationary surface ionization processes
of complex organic molecules, enabling
the extraction of kinetic parameters from
experimental modulation data.

A fairly straightforward way to determine
the binding energy of particles adsorbed
on a surface is to increase the temperature
until desorption occurs. If the temperature is
increased at a constant rate, the particles with
the lowest desorption activation energy will be
desorbed first, followed by particles with higher
and higher desorption activation energies.

If we assume the presence of only one
desorption activation energy and take a first-
order expression for the desorption rate in
the concentration of adsorbed particles, then
the peak of the desorption rate will appear at
temperature T, determined from the equation:

E v E
RT, (E) e'XP(—E) (6)

where E is the activation energy, R is the
gas constant, v is the pre-exponential frequency
factor, B is the heating rate. The frequency
multiplier is usually taken equal to 10** Hz and
from here the desorption activation energy is
determined.

The model developed by Falconer, Medix
and King does not require taking into account
the frequency multiplier. In this model, the
temperature corresponding to the peak is
related to the heating rate by the equation

an(ﬁ2 £
TP

Y=a—

(7)
o

where a - is a constant. By varying the
heating rate so as to obtain peaks at different
temperatures 7, the value of E can be determined
T, [24].

Experimental Part. A high-vacuum mass-
spectrometric setup [21,22] was used for
the studies. The preparation of the emitter
(adsorbent) and the samplesunder investigation,
as well as the experimental methodology, are
described in our previous experiments [21,22].

To determine the kinetic characteristics
in an air atmosphere, a surface ionization (SI)
detector “Iskovich-1" [24] was used.

Results and Discussion. The kinetic
parameters of radical thermodesorption
for with were experimentally determined,
along with the characteristics of the
heterogeneous dissociation reaction of
codeine molecules during their adsorption
on the w, o, surface.

For these radicals, the activation energies of
thermal desorption and sublimation were also
determined [4].

The attraction of the nitrogen lone
electron pair toward the emitter results in
the development of a partial positive charge
on the nitrogen atom. This, in turn, weakens
the [-bonds (C — H and C — () adjacent to
the nitrogen atom. The rupture of these bonds
leads to the formation on the emitter surface of
adsorbed radicals in the forms [M — H] . and
(M — R)aas , possessing alow ionization potential
(less than 6.5 eV). These radicals readily transfer
an electron to the emitter and desorb as valence-
saturated stable ions.
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Fiz, 1. The mass spectrum cbtained from the dissaciative surface ionization (SI) of codeine

molecules [T, = 1000 K) [5].

The mass spectrum, as well as the
temperature dependences of codeine molecules
obtained during dissociative surface ionization,
are presented in Figures 1-2.

It iz primarily not the initially adsorbed
maolecules that desorb, but rather the products
of the reactions accurring on the surface.
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This behaviar ocours because these radicals
possess a relatively low ionization potential v,
and they are ionized on the surface of mddized
tungsten with an ionization coefficient § that is
close tounity,
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Fig2. Dependences of the ion and radical currents during photolonization (PI] of

codeine molecules [G].

Figure 3 (a] and [b) show the dependencies
of lnAl i={t] obtained by non-stationary
photoionization (PI] methods,

From these dependencies, the lifetimes of
particles on the surface [Ki(t]) as well as the
photoionization [PI) coefficient of the studied
radicals were determined. It can be seen that the
lifetimes obtained by FMM are 3-4 times longer
than the lifetimes cbtained by VMM,

Based on the experimental data obtained,
the Arrhenius-type dependences

PPNy o = g 1
LelK(TIg(T)] = LgK'(T) = f (,—)
were constructed (see Figures 4 and 5).
From these dependences, the activation energy

E+ and the pre-exponential factor ( were
détermined.



HisectHa HAH EP 2025, Me@

R

ind,
p:-
[=]

Y

= sz=mn

T T
20 100 1z0

Fig.3. Dependencies L/, (1) = fi2) inthe dissociative photeienization of co deine molecules:

(a)VMM and (b FMM.

According toe our considerations and
previous stdies, we atiributed the results
obtained in FMM to the kinetic characteristics
of the heterogeneous dissociation reaction

of codeine molecules on the surface [23].
In other words, the activation engrdr of the
heterogeneous disso dation reaction and the
entropy factor (7 * were determined.
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Fig.4. Dependence in ionization of codeine molecules for radicals C, HN'CH, (m/z144)

under VMM conditions.
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Fig5. Dependence ionization of codeine molecules for the radicals C, H. W CH,

(m/z144) under FMM conditions.
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The obtained results for the radicals CoH-N*CH;y (/= —

1 44 ] are presented as follows:

1.7,V
RIL,:T = 1(FL25EL0) exp[ } lgt = 12.5;
MMH
1 2.1, eV
ke, = —= 103 B18] exp[ ], lgD* =130,
MMH
1.62, eV
K2, 5= 10UBTELE) L e |— ] lgG =107, =082

Figure 6 presents the thermal desorption
surface ionization spectrum of codeine. It is
evident that the spectrum exhibits a maximum

temperature 7, characteristic of each
narcotic substance which shifts toward higher
temperature regions with an increasing quantity
of substance applied to the evaporator.

2000
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360
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Fig. 6. Thermal desorption spectraofcodeine CHS fordifferentamounts ofthe substance:

1-50 ng, 2-100 ng, 3-150 ng.

Among various narcotic compounds,codeine
displays the lowest maximum temperature.
These temperature behaviors are typical for a
specific geometry of the device and depend on
the airflow rate through it, with an accuracy of
approximately +5°.

Using these dependencies and equation (7),
we determined the thermal desorption energies
under atmospheric conditions. The obtained
result for the thermal desorption energy was
E=1.18¢€V.

Conclusion. The adsorption, dissociation,
and thermodesorption of polyatomic nitrogen-
containing molecules such as codeine on
oxidized tungsten have been systematically
analyzed under non-stationary  surface
fonization conditions using both voltage and

flux modulation methods. These complementary
approaches enabled determination of key
kmetlc ’Parameters including the rate constants
f{ ) and activation energies [ F+

Eﬂ’ ] assomated with surface reactions.
For the rst time, the kinetic characteristics
of thermodesorption and heterogeneous
dissociation of the [m/z = 144 ] radical—
formed during codeine adsorption—have
been quantitatively determined. The data
reveal that voltage modulation predominantly
characterizes the kinetics of ionic desorption,
while flux modulation provides more accurate
information on molecular relaxation and surface
lifetime. The obtained results demonstrate that
the dissociative surface jonization of codeine
molecules is governed by a sequence of bond
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cleavage and radical formation processes that
are strongly influenced by the oxide state of
the tungsten surface. The activation energies
and pre-exponential factors measured in this
study contribute to a deeper understanding
of molecular ionization mechanisms and
adsorption-desorption dynamics of complex
organic compounds under high-vacuum and
controlled gas-phase conditions. These findings
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