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ELECTRON-IMPACT MASS
SPECTROMETRY OF PTCDA
MOLECULES IN THE GAS PHASE

The complete and dissociative ionizations of a 3,4,9,10-perylene-tetracarboxylic-dianhydride
(C24Hg Os, PTCDA) molecule in the gas phase have been studied, by using electron-impact
mass spectrometry in an energy interval of 5-90 eV. The molecule is found to decay into the
following fragment ions: the perylene core CooHS and its half CioHY, as well as COT, COJ,
and O" ions. The energy dependences of the cross-sections of the complete ionization of a
PTCDA molecule and its fragment ions are analyzed. The energy of the complete ionization
of a PTCDA molecule and the energies, at which its fragments appear, are determined. The
temperature dependences of the formation of the most intensive fragment ions are measured,
by using 80-eV electrons in a temperature interval of 820-500 K.
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1. Introduction

Organic substances (electrically active molecules) are
widely used in modern knowledge-intensive tech-
nologies, including devices with the application of
molecular electronics [1]. The functioning of the lat-
ter is based on the electron transport through
molecules. Various elementary interaction processes
between molecules and electrons with different ener-
gies take place at that [2]. The interaction features
depend on both the electron energy magnitude and
the molecular structure.

Despite that organic molecules are widely applied
in molecular electronics, radiation chemistry, biology,
and medicine, the available information concerning
their interactions with electrons is still scarce. This
circumstance stimulates the experimental and theo-
retical studies of elastic and inelastic interaction pro-
cesses between electrons and complex molecules. In
particular, this concerns the generation of positive
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and negative ions, as well as the fragmentation of
molecules under the action of electrons. The fragmen-
tation of molecules due to their interaction with elec-
trons gives rise to the appearance of radical ions. The
latter can quench luminescence, which results in the
degradation of molecular electronics devices.

Synthesis of new compounds on the basis of elec-
trically active organic molecules makes it possible to
produce luminescent crystals [3]. Another interesting
application domain of those molecules is the synthesis
of oligonucleotides, which effectively radiate within a
wavelength interval from 401 to 485 nm. Using them
for DNA labeling allows novel methods for diagnos-
ing the diseases at the cellular level to be devel-
oped [4,5]. Furthermore, owing to their unique prop-
erties, electrically active organic molecules are en-
gaged in the artificial photosynthesis, by using them
to form molecular structures that reproduce the key
functions of natural photosynthetic membranes. In
other words, they play the role of “antennas” that
absorb light quanta in the blue-green spectral inter-
val [6,7].
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Fig. 1. Structure of a PTCDA molecule

From the aforesaid, a conclusion can be drawn
that the research of mass spectra of electrically ac-
tive organic molecules at various energies of ioniz-
ing electrons, as well as the determination of effec-
tive cross-sections of their direct and dissociative ion-
ization, is a challenging task. Information on frag-
mentation processes, ionization energies, and thermo-
dynamic parameters are absent or limited for most
electrically active molecules. For example, the well-
known NIST database [8] contains the mass spectrum
of a 3,4,9,10-perylene-tetracarboxylic-dianhydride
(C24HgOg, PTCDA) molecule within the mass num-
ber interval of 26-400 Da. This is a result of certain
experimental difficulties at studies of the ionization
of electrically active molecules, which is confirmed by
a limited number of publications on this topic, de-
spite a considerable interest in those molecules from
the developers of molecular electronics devices.

In our previous works [9, 10], we reported the re-
sults of our researches concerning the electron-impact
ionization, both single and dissociative, of 1,4-bis(2,5-
phenyloxazolyl)benzene (POPOP) and 9,10-bis(phe-
nylethynyl)anthracene (BPEA) molecules in the gas
phase. In this paper, for the first time, the results of
mass spectrometric studies of the PTCDA molecule
in an interval of 0-400 Da are presented together
with the experimental energy dependences of the ef-
fective cross-section of the single ionization of this
molecule in a wide range of bombarding electron ener-
gies and molecular evaporation temperatures. A stan-
dard Sigma-Aldrich specimen (product No. 77350)
was examined.

2. Experimental Part

As was already emphasized above, the study of com-
plex organic molecules is a very interesting problem,
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because, owing to their unique optical and electronic
properties, they are promising objects for organic
electronics. Due to the ability of those molecules to
form thin layers with the crystalline structure on
various surfaces, they are most often used as or-
ganic films in photovoltaic energy converters and
light emitting devices. It should be noted that, in the
majority of published papers devoted to a PTCDA
molecule, experiments were carried out, by using the
methods of photoelectron, electron [11-13], and X-
ray spectroscopies [14]. The electron states of neg-
ative ions formed at the interaction of electrons
with PTCDA molecules were also thoroughly stud-
ied [15]. The research of electron ionization with the
yield of positive ions strongly extends our knowl-
edge about the electron structure of a PTCDA mo-
lecule, as well as the regularities and peculiarities
in the interaction of low-energy electrons with this
molecule.

The complex structure of a PTCDA molecule is
shown in Fig. 1. It consists of a perylene core (five
benzene rings). Two anhydride groups are attached
to the opposite sides of the core. Each group contains
three oxygen atoms. The PTCDA molecules have a
moderate chemical reactivity and form well-ordered
films on various substrates, which look like a “brick-
work” [12].

The experiments were performed on an installa-
tion equipped with a monopole mass spectrometer
MX 7304A [10, 16] with the mass resolution AM =
= 1 Da. A beam of PTCDA molecules generated with
the help of an effusive-type source was directed into
the ionization chamber of a mass spectrometer. The
concentration of molecules in the region of their inter-
action with electrons was about 10!°-10!! cm~3. The
molecules were ionized by 5-90-eV electrons emit-
ted from a tungsten cathode operating in the cur-
rent stabilization mode within an interval of 0.05-
0.5 mA. The electron energy spread did not exceed
AFE = 250 meV. The mass scale was calibrated with
respect to the isotopes of Ar and Xe atoms, and the
electron energy scale by the initial section in the Ny
molecule ionization function.

The experiment was carried out in two stages. The
mass spectrum was measured firstly in an interval of
0-400 Da; then the energy dependences of the cross-
sections of dissociative ionization of fragment ions
were determined. A particular attention was paid to
the study of the ionization threshold dependences.
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The mass spectra of a PTCDA molecule were mea-
sured at the following fixed energies of ionizing elec-
trons: F; = 10, 20, 30, 40, 50, 70, 80, and 90 eV.

3. Experimental Results and Their Discussion

The majority of experimental and theoretical works
devoted to a PTCDA molecule deal with films of
this substance adsorbed on various surfaces. Note
that the photon-excited mass spectra [11] contain
no peaks with m/z = 392 corresponding to the
total mass of a PTCDA molecule, which testifies
to a predominant role of the non-thermal photo-
fragmentation mechanism. Under the electron ioniza-
tion of a PTCDA molecule [13], the obtained mass
spectrum, besides the main peak at m/z = 392,
also contains intense peaks corresponding to molec-
ular cations with the masses m/z = 248, 276, 320,
and 348. Those peaks emerge owing to the fragmen-
tation of a PTCDA molecule, and the intensity of the
peak corresponding to the ion of the entire examined
molecule is maximum.

In the mass spectrum of negative ions [15], the
peaks of a [PTCDA|~ molecular ion (m/z = 392)
and fragment anions with the mass numbers m/z =
= 348, 336, and 320 were also observed. Those ions
appear as a result of the removal of carbonyl groups
and carbon dioxide from the molecular cation, which
leads to the appearance of the following fragments:
[PTCDA-CO;]~, [PTCDA-2(CO)|~, and [PTCDA-
CO-COq| ™. In other words, the PTCDA molecule ef-
fectively captures a slow electron (0-10 €V) to form a
negative ion. The removal of an electron from the ini-
tial molecule and the transformation of the latter into
a positive ion take place at higher electron energies
E >10eV.

When electrons collide with PTCDA molecules,
there are several alternative scenarios for the genera-
tion of positively charged ions. Figure 2 illustrates a
possible fragmentation scheme of a PTCDA molecule
at its interaction with electrons. As one can see, the
most probable way of the fragmentation consists in
the removal of lateral CO and COg molecules, oxy-
gen atom, and benzene ring. A similar picture was
also observed at the photo-ionization of a PTCDA
molecule [11].

3.1. Mass spectra

Figure 3 demonstrates one of the mass spectra of a
PTCDA molecule, which was measured in a mass in-
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Fig. 2. Schematic diagram of the fragmentation of a PTCDA
molecule after its interaction with electrons
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Fig. 3. Mass spectrum of a PTCDA molecule (U; = 80 €V,

T = 490 K). The bold number m/z = 196 corresponds to the
doubly charged ion C24Hg Og+

terval of 0—400 Da, at a molecular source tempera-
ture of 490 K, and the energy of ionizing electrons
E =80 ¢eV. In an interval of 0-20 Da, there are mass
peaks corresponding to the positive ions of hydrogen,
oxygen, and water. The emergence of the peak cor-
responding to water molecules can be explained by
the presence of water molecules in the polycrystalline
PTCDA matrix, so that water is released when the
PTCDA molecules are evaporated. The signal corre-
sponding to the water molecule mass drastically in-
creases with the molecular source temperature. The
presence of the peaks corresponding to CO™ and CO3
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ions in the mass spectrum can be considered as a
result of the fragmentation of molecules of unsta-
ble dicarboxylic group C2O3 at their interaction with
electrons [5, 11]. This assumption is confirmed by a
similar energy distribution of those particles over the
translational degrees of freedom [11].

When analyzing the mass spectrum in Fig. 3, one
may also notice that the most intense peaks corre-
spond to ions of water (HoOv), atomic oxygen (OT),
carbon oxide (CO%), and carbon dioxide (COJ). A
somewhat lower intensity of COJ peaks in compar-
ison with CO™ ones stems from the dissociation of
the CO2 fragment and the formation of atomic oxy-
gen. In a similar way, we can explain the formation
of the peaks of Hj molecules and atomic oxygen O
in the mass spectrum due to the dissociation of wa-
ter and carbon dioxide molecules. This assumption is
confirmed by a similar picture observed in the mass
spectrum of negative ions [15]. The fact that the in-
tensity of the signal corresponding to the CO™ ion
exceeds the COJ signal can also be explained by a
partial decay of CO4 molecules into CO and oxygen
during the decomposition of carbonyl terminals. This
also testifies that the interaction of electrons with
PTCDA molecules leads to the removal and decay
of carbonyl groups. Thus, in our opinion, the ap-
pearance of atomic oxygen ion (m/z = 16) is a re-
sult of combined processes: the dissociation of COq
molecules (CO2 = CO + O) and the charge localiza-
tion at the oxygen atom (see Fig. 2) at the S-cleavage
of molecular ions [17, 18].

In the large-mass interval, there are a few intense
peaks of molecular fragment ions, whpse apperance
can be explained by the following reaction chain !:

e~ + CgqHgOg —

— Co3HgOF (m/z = 348) + COy —

— CooHgOF (m/z = 320) + 2CO + O —

— CooHgOF (m/z = 304) + 2CO + 20 —

— Co1HgOT (m/z = 276) + CO2 + 2CO + O —

— CooHg (m/z = 248) + CO4 4+ 3CO + O —

— CioHT (m/z = 235) + CO2 + 3CO + O + CH —

— Ci1gHg (m/z = 222) + CO3 + 3CO + O + CaHa.
(1)

1 This is one of possible variants from a variety of ion-
fragmentation processes.
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The appearance of a CooHg ion (m/z = 248) peak
in the mass spectrum corresponds to the perylene
core of a CogHg molecule, and the appearance of a
peak at m/z = 124 to its half, the C1oHJ ion, emerg-
ing as a result of the dissociation of CooHy into two
identical parts. The presence of peaks corresponding
to CigHY (m/z = 222) and Ci7HE (m/z = 235)
ions in the mass spectrum (Fig. 3) can be explained
by the interaction of electrons with the perylene
core. Those ions should be classified as fragments of a
PTCDA molecule, because their intensity depends on
the evaporation temperature. This conclusion is con-
firmed by the data of work [13], in which those ions
were also observed in the mass spectrum. This fact
can be explained as follows: the relaxation energy
leads to the break of internal molecular bonds both
in the perylene core itself and between the perylene
core and terminal carboxyl groups.

We also observed a peak corresponding to the dou-
bly charged ion CapyHgOZ (m/z = 196) emerging in
the reaction

e + C24H806 — CQ4H80§+ + 3e”. (2)

Surely, the intensity of this peak was low. In the gen-
eral case, the probability of the emergence of mul-
tiply charged ions in the case where electrons and
photons collide with electrically active molecules is
low (the method of electrospray ionization is an ex-
ception). However, the generation of doubly charged
ions is inherent in molecules of aromatic compounds
[17]. In other words, the appearance of the doubly
charged ion of a PTCDA molecule in the mass spec-
trum confirms this reaction.

Hence, the presented fragmentation scheme (1) of
a PTCDA molecule into positive ions (this is only
one of the possible variants) testifies to the strong
decomposition of this molecule at its interaction with
electrons. This is also confirmed by a rather high frag-
mentation degree of the molecule. In order to ana-
lyze the fragmentation process, one can additionally
pay attention to theoretical calculations of binding
energies [19, 20]. The lowest binding energy in the
PTCDA molecule (3.6 €V) corresponds to the single
C-C bond between the perylene core and the car-
boxyl group. The energy of the single C-O bond has
approximately the same value, the energy of the C—
C bond in the aromatic ring (see Fig. 2) amounts to
5.3 eV, and the double bond C=0 has an energy of
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7.8 €V [19]. Two naphthalene fragments are linked by
two C—C bonds with an energy of 4.2 eV, which is less
than the corresponding value in the aromatic ring. A
comparison of the indicated energies for the internal
molecular bonds in the PTCDA molecule testifies to
a predominant role of the non-thermal fragmentation
mechanism at evaporation temperatures below 500 K.

3.2. Energy dependences

The tuning of a mass spectrometer to detect a definite
mass made it possible to measure the relative forma-
tion cross-sections of the most intense fragment ions
that arise in the course of dissociative ionization of a
PTCDA molecule within an energy interval from the
ionization threshold to 90 eV. The total relative ion-
ization cross-section was obtained by measuring the
total current created by ions at the collector [22].

In Fig. 4, the energy dependence of the total rela-
tive ionization cross-section (the ionization function)
measured for a PTCDA molecule is depicted. The
threshold section of this curve (the inset in Fig. 4)
was used to determine the molecule ionization en-
ergy. By analyzing the ionization function of a
PTCDA molecule, one can see that the curve slowly
increases at its initial section from the threshold to
40 €eV; then, it drastically increases when the energy
grows to 70 eV; afterward, a smooth decrease takes
place. The threshold section contains several features
in the form of small peaks, whose energy positions co-
incide with the energies, at which the fragment ions
O*, CO*, and COJ appear [22].

Figure 5 illustrates the threshold sections in the en-
ergy dependences obtained for the formation of frag-
ment ions of the oxygen atom O and the molecules
CO*, CO7, and HoO%. As one can see, all exhibi-
ted curves are characterized by a slow increase from
the ionization threshold, which is followed by a ra-
ther rapid growth. At certain energies of bombard-
ing electrons, a number of additional cusp-like featu-
res appear in the threshold section of the ionization
function.

The peculiarities in the energy dependence describ-
ing the formation of fragment ions can be explained
by the switching-on of new reaction channels, as the
electron energy increases. For example, it was shown
in work [15] that, when PTCDA molecules interact
with low-energy electrons in the gas phase, negative
molecular and fragment ions arise in accordance with
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Fig. 4. Total relative ionization cross-section of a PTCDA
molecule. The threshold section of the ionization function is
shown in the inset
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Fig. 5. Threshold sections in the energy dependences of the
formation of fragments ions of carbon oxide (a) and dioxide
oxygen and water (b)

the resonance mechanism. Furthermore, one cannot
exclude that the peculiarities in those energy depen-
dences may probably be associated with the type and
energies of molecular orbitals. In particular, a group
of broad maxima corresponding to vacant o-orbitals
may emerge at incident electron energies of 8.1, 10.6,
and 14.4 eV.

Surely, in order to substantiate a mechanism giv-
ing rise to the appearance of those features more
thoroughly, a detailed theoretical consideration is
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Ionization energies E;, and the energies Eap,
at which fragment ions of a PTCDA molecule appear

Eip, eV Eap, eV
Ion m/z Experiment Calculation .
Experiment
(our data)
Our data [21] [19] [20] [18]
CZ4OGH—8+_ 392 8.11+0.25 8.2 8.00 8.14 7.68 -
o+ 16 - - - - - 10.61£0.25
HyOF 18 — — — — — 12.724+0.25
Cco* 28 - - - - - 11.54+£0.25
coyf 44 - - - - - 12.1140.25
CaooHy 248 - - - - - 17.40+£0.25
CioH, 124 - - - - - 21.50 +0.25
o7 was shown in work [20] that the difference between
;S CO" the energies of LUMO-HOMO states in a PTCDA
061 ; molecule calculated according to the difference be-
B tween the electron affinity and ionization energies
01 e agrees well with experimental data [23].
5 R // As was emphasized above, in works [9,10], the en-
O] e e S ergies, at which the fragment ions appear, and the
- S T - CoH: ionization energy of a PTCDA molecule were deter-
- mined, by using the least-squares method on the ba-
S e -7 sis of experimental data for the threshold sections in
the energy dependences of the fragment ion forma-
o tion and the total relative ionization cross-section of

320 340 360 380 400 420 440 460 480 500
T.K

Fig. 6. Temperature dependences of the formation of frag-

ment ions Ot, COT, and C10HI of a PTCDA molecule

(U; =80 eV)

required with regard for the binding energies in a
PTCDA molecule. In so doing, it should be borne in
mind that the lowest energy of 3.6 €V corresponds
to a single C—C bond between the perylene core and
the terminal carboxyl group. In our opinion, the most
promising in this aspect are calculations of the elec-
tron structure of a PTCDA molecule. In view of the
complicated character of this structure, various the-
oretical approaches based on the density functional
theory (DFT) with the LDA, GGA, and B3LYP cor-
relation functionals, as well as the GW method, are
used for the calculation of the valence electron struc-
ture of PTCDA. The results of calculations are com-
pared with experimental data [20]. For instance, it

8

a PTCDA molecule. The results obtained for some
intense fragment ions (Fig. 3) are quoted in Ta-
ble 1. In the literature [8, 21], there are no experi-
mental and theoretical results [18-20] concerning the
energies E,;, at which the fragment ions of a PTCDA
molecule appear. A comparative analysis of the data
presented in the table for the ionization energy FE,,
demonstrates a satisfactory coincidence of our results
with experimental data [21] and theoretical calcula-
tion results [18-20].

3.3. Temperature dependences

It is known [11,14] that, in the case of electrically ac-
tive molecules, including PTCDA, the temperature of
the transition into the gas phase substantially affects
the dynamics of the evaporation process and a change
of the molecular structure [24]. As a result, the bind-
ing energies in a PTCDA molecule decrease, and, ac-
cordingly, the efficiency of its decay changes. Hence,
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the ratios between the fragment yield (or formation)
intensities at the interaction of the molecule with low-
energy electrons can vary with the temperature.

To elucidate the temperature effect on the pro-
cesses of PTCDA molecule dissociation, we measured
the temperature dependences of the formation of the
most intensive fragment ions OF, COT, and CjoHJ
at an electron energy of 80 eV in a temperature in-
terval of 320-500 K. The corresponding results are
shown in Fig. 6. As one can see, in this temperature
interval, the depicted dependences have a similar be-
havior in general. The yields of ions differ only by
different growing rates with the temperature for light
(O* and CO™) and heavy (C1oHJ) ions. In particu-
lar, the yields of O and CO™ ions sharply increase
with the temperature, by starting from 460 K. For a
CloHI ion, the yield growth also takes place above
T = 440 K, but it is considerably slower. Since the
sublimation of PTCDA molecules begins at a tem-
perature higher than 630 K [11], the thermally in-
duced destruction of intramolecular bonds is appre-
ciable under our conditions. Therefore, the specimen
temperature affects the formation intensity of sepa-
rate components [14].

4. Conclusions

In this work, it was shown that the method of
electron-impact mass spectrometry is promising for
the experimental and theoretical studies of the pro-
cesses of elastic and inelastic interaction between elec-
trons with complex molecules. The method makes it
possible to obtain information about the processes
of fragmentation, dissociation, and ionization of such
molecules and determine the energy and thermody-
namic characteristics of the latter.

The mass spectra and the energy dependences of
the formation of positive ions of a 3,4,9,10-perylene-
tetracarboxylic-dianhydride (C24HgOg, PTCDA)
molecule in the gas phase by low-energy electrons
are experimentally studied. On the basis of the
obtained mass spectra, it is found that the main
channels of the PTCDA molecule decay due to the
electron impact are the processes of fragment ion
formation. These are the light singly charged ions
CO*, CO3, and OF; the heavy signgly charged
ions CioHY, CooHy, CisHF, CaoHF, CoHsO7,
C22HgOF , and Ca3HgO} , and the doubly charge ion
CQ4H80§+.

ISSN 2071-0194. Ukr. J. Phys. 2019. Vol. 64, No. 1

The complete (integral) ionization of a PTCDA
molecule and the most intense fragment ions in an
energy interval of 6-90 eV are studied. By analyzing
the threshold section in the curve obtained for the
total relative ionization cross-section with the use of
the least-squares method, the ionization energy of a
PTCDA molecule is determined, which agrees well
with the results of theoretical calculations. The ener-
gies corresponding to the appearance of intense frag-
ment ions are determined for the first time. The tem-
perature dependences of the formation of the most in-
tense fragment ions at an electron energy of 80 eV are
measured in a temperature interval of 320-500 K. It is
found that the formation of light ions (O* and CO™)
drastically increases at temperatures above 460 K. At
the same time, the formation of heavy C1oHj ions in-
creases very slowly above T' = 440 K.

The authors express their gratitude to E.Yu. Re-
meta and R.S. Gedeon for their help and valuable re-
marks on the paper.
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MAC-CIIEKTPOMETPIA MOJIEKYJIN
PTCDA EJIEKTPOHHUM VJIAPOM B I'A3OBIN ®A3I

Peszmowme

MeromoM cmeKTpoMerTpil €JIEeKTPOHHOrO yOapy B [Aiama3oHi
eHepril 6oMmbapayrounx egekTpoHiB 5—90 eB xociiizkeHo 1mos-
HY Ta JIMCOLIaTUBHY ioHi3amiro mosekynu 3,4,9,10-gianrigpumy
Terpakapbokcuibaol kuciaoru nepuiena CogsHgOg (PTCDA) y
ra3osiii ¢azi. BcranoBieHo, 1110 i 1i€10 eJIEKTPOHIB MOJIEKYIa
pO3maaeThcsa Ha Taki dpparMeHTapH] 10HH: IEPUIEHOBE SIIPO
CooHgt, itoro nonosuna C19H4 T, a Takoxk ionn COT, COo™t
ta Ot. Jlocnimxerno dbynxmii moeroi (imTerpamsroi) ionizamil
mosekyinu PTCDA rta gesxux dparMeHTapHuX i0HIB, a MeTO-
IOM HaWMEHIINX KBaJAPaTiB 3a [TOPOrOBOIO JIISHKOI KPUBUX
BigHOCHOTO IIepepi3y ionizamnil BusHadeHi eHeprii ionizamii mo-
nekysun PTCDA Ta eneprii nosisu ionis dparmenTtis. Busueni
TeMIIEpaTypHi 3ajeXHocTi (popMyBaHHS HANOIIBIN iHTEHCHB-
HUX ioHIB dparmenTiB B iHTepBasi remmeparyp 320-500 K npu
eHepril esiekTpoHiB 80 eB.
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