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Manganese phthalocyanine (PcMn) stands out among the well-known paramagnetic molecules for being both an ex-
traordinary and unsteady complex. These characteristics are likely interrelated, which complicates interpretation of
the experimental data. Notably, that conclusion on the PcMn instability follows from the coordination activity and
redox-behavior of molecules in solutions, whereas the ‘extraordinary’ magnetic and electric properties are measured
in solid samples. In this paper we consider PcMn films that for a month were kept in inert atmosphere as well as in
regular laboratory conditions and studied by the optical spectroscopy, X-ray diffraction, secondary ion mass spec-
troscopy and surface control methods. It is shown that ageing of solid-state PcMn samples affects the molecular
packing and microstructure of crystals and causes changes in their surface morphology and impurity concentration.
However, these changes are reversible and unrelated to bulk heterogeneous chemical reactions, oxidation in particular.
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Omanoyuanunam mapeanya (PCMN) gvidensiemes cpedu u3eCmubiX NAPAMASHUMHBIX MOJIEKY]L MEeM, YMo OH 51675l
emest 00HOBPEMEHHO HeOObIYHbIM U HeYCMOUYUBHIM KOMIILEKCOM. Beposimuo, smu xapakxmepucmuku 63aumocssizanbl,
umo 3ampyoHsiem UHMePnpemayuio 3KCRePUMEHmMAaIbHbIX 0auHbIX. [Ipumeyamensho, 4umo 618600 0 HeCMAOUILHOCMU
PcMn credyem u3z koopounayuonnoii akmusHoOCmu 1 OKUCAUMETbHO-80CCIMAHOBUMENbHO20 NOBEOCHUS MOAEKY 8
pacmeopax, moaoa Kaxk «HeoObluHbLe) MASHUMHbLE U IAeKMPUUECKUEe CEOUCMEA USMEPSIIOMC 6 meepool gasze. B
dannoul pabome paccmampusaiomes nienku PCMN, xomopvie 6 meuenue mecsaya 8vbl0epiucusanriucL 8 UHEPMHoU am-
Mocghepe, a makdice 8 0OLIYHBIX TAOOPAMOPHBIX YCAOBUSX U UCCIeO08ANUCH MEMOOAMU ONMULECKOU CHeKMPOCKONUlL,
PEHM2EeHOBCKOU OUDPAKMOMEMPUL, MACC-CHEKMPOCKONUU 8MOPUYHBIX UOHO8 U MeMOOamu KOHMPOJIsL HOBEPXHOCHI-
Hou mopgonozuu. Ilokazano, umo cmapenue meepoopasmuvix 0opasyos PCMN grusem na Morexyisapmyio ynakosky u
MUKPOCMPYKIMYPY KPUCIMALLO08, bl3bleéaen U3MeHeHue perveda No8epxXHocmu u Konyenmpayuu npumecei. OOHako
MU UBMEHEHUSL OOPAMUMBL U HE CEA3AHbL C 00bEMHBIMU 2eMePOLEHHbIMU XUMUYECKUMU PeAKYUsIMU, 8 YACHHOCIU C
OKUCTICHUEM.

KuroueBbie ciioBa: q)TaJ'IOIII/IaHI/IHaT Mapratia, MOJICKYJISIPHbIC MAIHUTBI, IJICHKU, MUKPOCTPYKTYpPA, KPUCTATIIMIHOCTD,
CTapCHUC, OKHUCIICHHUEC.
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Introduction

Manganese phthalocyanine (PcMn) is a rather interest-
ing material for molecular electronics and spintronics re-
search. A flat molecule of PcMn is paramagnetic due to the
presence of manganese atom in the centre of heterocyclic
ligand (spin 3/2) and in a solid phase can have several pol-
ymorphous modifications that practically do not differ in
structure from phthalocyanines of other transition metals,
such as copper, cobalt or iron.[*2 However, the conductivi-
ty of polycrystalline PcMn films is by orders of magnitude
superior to those above and is strongly dependent on a
sample history.[>* We have shown recently® that the pres-
ence of even weak magnetic fields in the zone of vacuum
growth of PcMn films induces noticeable changes in their
microcrystal structure. Morphology is known to determine
not only the conducting and magnetic properties of phthalo-
cyanine films, but, to a certain extent, their optical and ab-
sorption characteristics as well.[26-]

It is commonly known that PcMn films degrade in air
under the influence of oxygenl®671%12 and/or possible
moisture.[571314 This interaction is believed to proceed
easier than in the case with other phthalocyanines due to the
presence of a polyvalent manganese atom. The latter can
exist in several stable oxidized forms, depending on the
amount and nature of other ligands attached axially with
respect to the flat heterocycle. In this work we show that
oxidation is not the only, let alone dominating, process that
governs the changes in PcMn films subjected to long-term
exposure to air in laboratory conditions.

General Considerations
From general considerations, the interaction of gases

including atmospheric oxygen with films can be viewed as
physisorption and chemisorption. Since real samples have a
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complex morphology, physisorption should actively pro-
ceed on multiple intergrain boundaries, defects, disloca-
tions, etc., with most likely an impact on electrical meas-
urements.*! This is a purely van-der-Waals interaction, the
process heat <<10 kJ/mol or ~0.1 eV/particle.'®l A phy-
sisorption is fully reversible: at balance bias induced, say,
by heating or prolonged pumping of sample to high vacuum
(as is the case in many analytical measurements), gas mole-
cules will desorb from the surface. Chemisorption is generally
an exothermic reaction with the process heat >100 kJ/mol or
~1 eV/particle, it is irreversible and site-specific (for organ-
ics, specific functional group or atom in a molecule). A
typical example of chemisorption is oxide film formation
on a metal surface. Chemisorption may proceed from sur-
face into bulk, ending up in a conventional heterogeneous
chemical reaction with a precise stoichiometry and redox
mechanism. These two forms of interaction can coexist, if
the physical adsorption is a stage of a surface-activated
chemical reaction.

Labile phthalocyanine metal complexes are known to
interact with air oxygen under the impact of white light (its
UV component being most important to trigger this interac-
tion), yielding phthalimide and a metal oxide as the end
products.[*317181 However, the situation is not so simple
with PcMn: the experiments on solutions have revealed a
molecule to feature an intricate chemistry of photo-
oxidizing processes involving both the z-system of macro-
ligand and the central atom of metal.[3121319.201 Stable Mn",
Mn'"" and Mn'Y forms can (co-)exist. Depending on an
oxidizer/solvent nature, they can be, for example, p-
oxodimers, where two molecular fragments are bonded by
an O-bridge as Mn-O-Mn, or oxygen may attach to metal in
the form of superoxide-ion Oz~. PcMn:O; (1:1) adduct ap-
pearing in a solution purged with oxygen is quite stable and
can be isolated as a solid.[?Y] Bonding occurs through inter-
action between the m*-orbital of an oxygen atom and the
corresponding d-orbital of manganese.

—_—

Figure 1. Views of PcMn molecules packing in B-phase: (a) View of B-PcMn molecules in stack: shown in green is the distance between
Mn and N atoms of the adjacent molecules; vertical arrow is the direction of crystallographic axis b [010], n is the normal to the film surface;
(b) Lateral view of the molecular stacks: vertical arrow is the direction of normal n to the surface of f-PcMn film; shortest intermolecular

distances in the adjacent stacks are shown in green.
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However, a direct bonding of molecular oxygen to a
solid-phase metal atom can be spatially difficult. PcMn
molecules in a crystal are arranged as slipping stacks (‘her-
ringbone’): in a certain direction the central atoms are in-
side a slanting column of molecules shifted as to one anoth-
er (Figure 1a). The distance between the close-lying molec-
ular planes is about 3.4 A 121422251 without account for the
van-der-Waals radii of molecules. Moreover, monoclinic
B-phase features a specific type of intermolecular interac-
tion in a stack, which results in the manganese atom being
in a pseudo-octahedral environment due to coordination
with the azamethine atoms of nitrogen in the upper- and
lower-lying molecules. Axial contacts N’...Mn...N”’ are 3.1-
3.2 A. However, the equilibrium van-der-Waals radius of
oxygen equals 1.71 A.?] This suggests that for an O, mole-
cule to take up an axial position with respect to the manga-
nese atom the motif of molecules packing in a crystal has to
be changed.[?] To this effect, as per the data in [, it is
necessary to overcome the energy of the existing interaction
Mn...z(N”) of ~10 kJ/mol. For the a-phase, the metal atom
is even less approachable because of the larger tilt angle of
molecule planes with respect to the stack axis.1:%1423-2528] A
more advantageous octahedron cannot be achieved here, so
the phase is metastable. Equilibrium van-der-Waals radii of the
macroligand-forming atoms are C = 1.96 A, N = 1.79 A
(Mn=2.25A).

In another projection the crystal exhibits interstack
channels or voids formed by azamethine bays between the
benzene rings of the phthalocyanine ligand.[?22%1 They can
be available for oxygen molecules?” (Figure 1b). Therefore
in a crystal, oxidation through the Pc-ligand is spatially
more probable than through the metal.

A redox reaction in the PcMn+0; system would result
in a compound containing either a Mn...O bond (in the
form of an oxide or hydroxide), or C...O, or N...O in simi-
lar forms, considering the composition of phthalocyanine
ligand. There is a little probability that any of these bonds
will break down by such a soft treatment like annealing (it
would sooner need a strong donor) to the extent that will
make these forms reverse to the unoxidized PcMn. For
comparison, the dissociation energy for MnO—Mn+0O is
403 kJ/mol, for MNOH—Mn+0H — 305 kJ/mol (values for
the ideal gas in the ground state at 0 °C); the dissociation ener-
gy for C...O and C...OH is still higher (CH,CO—C,;H+O =
=535 kJ/mol and CsgHsOH—CgHs+OH = 456 kJ/mol%). For
all the roughness of this estimation, these values by about
two orders of magnitude exceed the energies put in a sam-
ple by conventional resistive heating.

This leads us to a conclusion that any degradation pro-
cesses in crystals or thin films of PcMn in air, reversible
due to thermal annealing in vacuum or recrystallization
(temperatures ranging as 250-550 °C), can hardly be related
to genuine chemosorption.

Experimental

Manganese phthalocyanine powder (Sigma Aldrich) was
stored in supplier’s packaging in a dark dry aired place (humidity
of not more than 20 %) at temperatures within the range of 23-25 °C.
Prior to use it was purified by evaporating impurities in a vacuum
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chamber at the crucible temperature of about 500 °C and residual
pressure of not more than 5-10° Torr, i.e. recrystallization. Films
were deposited on (001) oriented 20x20%0.5 mm silicon substrates
and 10x20x1 mm substrates from optical quartz. PcMn films were
deposited on (001) oriented 20%20x0.5 mm silicon substrates and
10x20x1 mm substrates from optical quartz. The substrates were
first cleaned mechanically with cotton and acetone and then sub-
jected to 5-minute cleaning in ultrasonic bath using acetone and
isopropanol, and finally dried in Ar flow. The films were deposit-
ed by thermal evaporation in vacuum at the temperature of cruci-
ble 520 °C and substrate temperatures of either 25 or 200 °C set by
a heating of the substrate holder. The temperature was controlled
with a Pt-1000 thermal resistor attached to a holder. The film
growth rate was less than 0.01 nm/s according to a quartz piezo-
resonator.

X-Ray diffraction measurements on PcMn powders and
300 nm thick films on Si(001) substrates were performed with a
Bruker D8 Discover diffractometer (Cu Ko radiation). A Lynx-
Eye linear PSD detector was used. The films surface was studied
by both a semi-contact AFM (Proton-MIET SMM?2000, probe
NSG 30) on scales to 2x2 mcm, and by a white light interferome-
try technique, WLI (TalySurf CCI 2000, Taylor & Hobson) on scales
to 1x1 mm. The films chemical composition was investigated by
the time-of-flight secondary ion mass spectrometry (SIMS) with a
depth profiling on a ToF.SIMS-5, IONTOF GmbH facility. For a
probe beam the Bis* ions of 25 keV were used, and for a profiling
beam — Cs* ions of 1 keV. More details on the analytical methods
and regimes are given in [1731-33] The electronic spin resonance
measurements were carried out at T=295 K and T=120 K on an
EMX X-band continuous-wave (CW) ESR spectrometer, Bruker.
The PcMn films were deposited on the ESR glass tubes under
conditions identical to film deposition on silicon or quartz sub-
strates and underwent the same treatment.

Results and Discussion

The PcMn powder diffraction patterns in Figure 2 re-
veal that degradation of the diffraction pattern that had been
observed over a long-term storage period is fully reversible.
Thus, the lower pattern (black line) was obtained for the
powder acquired from Aldrich several months prior to the
beginning of measurements and stored in laboratory condi-
tions. Then the powder was purified or, rather, recrystal-
lized by vacuum annealing at 500 °C and instantly meas-
ured (red line). This pattern fully coincides with the picture
published by Knupfer et al. in Ul for commercial PcMn
powder heated to 420 °C for 2 h in Ar atmosphere. The
authorst™ did not find any difference between this pattern
and the one for the annealed PcMn powder exposed to air
for 3 days, because no changes could yet have taken place
in the morphology, and there apparently were no reactions
with oxygen, that would yield a new product. Even if reac-
tion did occur, the amount of PcMn involved is very small,
being adequate, for example, just for the surface layer of
molecules in crystallites.[7]

As shown by identity with the diffraction pattern cal-
culated from the data in CIF-file CCDC#1212698,%2 the
PcMn powder upon recrystallization is essentially a phase
of untextured polycrystalline p-PcMn (see Supplement 1 in
Supporting Information). The experimental peak at the
smallest angle of 6.3° appears in the calculated diffraction
pattern of the B-phase in the form of a shoulder due to par-
tial overlap with the most intensive (100) peak.
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The XRD-pattern exhibits first noticeable changes for
the recrystallized powder that has been kept in air for more
than 10 days (blue line), and after one month storage the
intensity of all peaks drops drastically (green line). At stor-
age periods exceeding 6 months (for example, 8 months —
purple line) the pattern is the same as for the original, un-
processed powder (black line). The diffraction patterns of
the original raw powder, as well as the recrystallized pow-
der aged for more than one month, show additional diffrac-
tion peak at 7.7°, which cannot be related to B-PcMn. It is
important to note that the (100) peak of the B-PcMn phase
at 7.05° does not disappear or shift to smaller angles. It can
be assumed that during long-term storage of the PcMn
powder, recrystallization and partial rearrangement of the
crystal structure associated with the formation of a-PcMn
crystallites occur. This can occur, presumably, for very
small PcMn grains,?® while the structure of the B-phase is
retained for the other part of the grains. Importantly, the
aged powder can be recrystallized again so that we obtain,
with the quantitative yield, a product featuring the same
pattern as in Figure 2, red line.

We went on with the subject of research started inf®! in
order to compare the changes taking place in PcMn films
grown by deposition on a strongly heated substrate
(T¢g=200°C) with the changes in films deposited on a room-
temperature substrate (Tq=25 °C). The films grown in this
temperature range are commonly used for electrophysical
and magnetic measurements. In Figure 3a there is a XRD
pattern for PcMn films of 300 nm thickness grown on a
silicon substrate. The top panel pattern was taken immedi-
ately from the as-grown films, the two lower panels present
the pattern from the films stored in air or Ar for a month.
Considering the practical experience of handling laboratory
samples and severity of changes in Figure 2, measurements
after a month-long storage of samples seem to be most
advisable.

MnPc powder

after 8 months|

after 1 month |

— after 10 days

intensity, a.u.

— purified |

as received |

15 2theta 20 25 30

Figure 2. XRD patterns of PcMn powders.
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In vacuum-deposited PcMn films the diffraction pattern is
much poorer than in powders: there is generally a single
peak near 7°. As-grown film on a heated substrate has (100)
peak at 7.01° and a weak peak at 14.04°, which is close to
the (200) reflection of B-PcMn.®l Small differences from
single crystal data for B-PcMn (7.05° and 14.11° corre-
spondingly for (100) and (200) reflections) can be attributed
to the structural features of thin films, which, as a rule, dif-
fer from bulk crystals. Thus, the B-PcMn (100) interplanar
distance is 12.7 A, which corresponds to the projection of
the distance between Mn atoms in molecules of the adjacent
stacks on vector n in Figure 1b. The energy estimated in?>34
shows that the interaction between PcMetal stacks is second-
strong after the intermolecular interaction within the stacks.
Obviously, this determines a needle-like shape of the crys-
tallites both in grains of powder and in thin films B-PcMn
(see Supplement 3). According to the calculations in 34, the
aspect ratios and faceting of the PcCu and PcH; crystallites,
which determine their needle-like shape, largely depend on
growth conditions. Qualitatively, the same would hold for
isostructural crystals of B-PcMn.

Thus, as-deposited film with T4=200 °C is basically a
pure B-PcMn phase strongly textured by the (100) plane
parallel to the substrate surface. The ¢-scans of the asym-
metric reflections reveal an isotropic angular distribution of
intensity, which points to the absence of fixed directions for
crystallites in the substrate plane, i.e. the film is essentially
an axial texture. Analysis of the (100) reflection rocking
curves shows that the texture scattering angle for as-grown
B-PcMn films is no more than 0.1°. The established fact of
film texturing and comparison between the powder diffrac-
tion results and the data from the XRD analysis of a single
crystal®®? allows one to unambiguously define the molecu-
lar packing motif in B-PcMn films as “standing molecules”
(Supplement 2).

As is known, 29142328 deposition of flat-square phthalo-
cyanines on unheated substrates proceeds with formation of
a metastable a-phase. Temperature polymorphs can coexist,
so a phthalocyanine layer may contain domains of two
phases, their dimensionality and ratios being dependent on
the conditions (progress) of a polymorph a—f transition.
However, F. Iwatsul?® has shown theoretically that with the
surface energy taken into account the small-size a-phase
crystallites gain better stability than those corresponding
to the formally stable B-phase. In large needle crystals the
B-phase is always stable, unless they are not ground up or
somehow diminished in size, as that would lead to a p—a
transition.

The changes taking place at a—f polymorph transi-
tion mostly pertain to the angle and distance between the
molecules in stacks along the [010] direction rather than the
distance between the adjacent stacks perpendicular to (100).
Hence, there would be very little difference in the diffrac-
tion patterns from thin textured layers of a-PcMn and B-PcMn.
In literature we failed to find any results on decoding of the
atomic structure of a-phase for the manganese phthalocya-
nine complex. It is believed that its molecular packing
should be similar to the a-phases of other phthalocyanines
of transition metals, yet this analogy is not quite evident,
considering, for instance, the strength of intermolecular
interactions in PcMn. Important, that no diffraction peak at
7.7° was observed in the X-ray diffraction pattern of the
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low-temperature film, in contrast to the pattern of the aged pow-
der. Therefore, we do not relate PcMn films with T¢=25 °C to a
pure a-phase. As mentioned above, the texture scattering
angle for B-PcMn films as-deposited on a heated substrate
is of order 0.1°. There is no way to accurately measure the
scattering angle for films grown on an unheated substrate,
as it exceeds 10°, which implies a much weaker texturing.
One can see in Figure 3b that the peak from the initial low-
temperature phase is not only more diffuse, but also shifted
towards smaller angles with respect to the peak from the
initial film with Tg=200 °C. A similar effect was described
earlier in [ for stable a-PcCu crystals, and it possibly re-
flects the contribution of the a-phase PcMn in films depos-
ited on an unheated substrate.

In aged films we observe a considerable decrease in
the intensity and a broadening of the 7° peak with a shift
towards the smaller angles side. Estimation of the crystallite
sizes from the diffraction peak width in an as-grown film at
200 °C shows them to decrease from 50 nm to 33 nm, and
down to 25 nm after storage in Ar and in air, respectively.
In a film grown on an unheated substrate the crystallites are
reduced in size from 14 nm to 12 nm, and to 10 nm after
storage in Ar and in air, respectively. Besides, ageing high-
temperature films feature an increase in the angular width
of the (100) reflection rocking curve from fractions to units
degree, which indicates a substantial texture weakening.
The shift of the B-PcMn peak towards smaller angles sug-
gests that as the crystallites degrade into smaller fragments
and the texture weakens, the distance between the molecu-
lar stacks slightly decreases in the n direction (Figure 1b).
This process is likely to be related with loosening of the
molecular packing due to impurities accumulation in the
inter-stack voids, and/or with a change in the surface energy
due to adsorption of the impurities at the external facets of
crystallites or at the intergrain borders.

Interestingly, the intensity of the (100) peak near 7° in
samples long stored in Ar is higher and its FWHM value is
smaller, than after storage in air (Figure 3b). This fact

points to a difference in the degradation dynamics in differ-
ent media. And this is exactly where it is appropriate to
mention the chemical activity of O, molecules and of other
possible components in the air mixture (H.0, CO,, CO,
NOy).[">2 Their presence may affect the degradation rate
due to, for instance, changing surface forces in the layer-
forming PcMn grains (Figure 6). However, no changes of
bulk periodicity are observed in the molecular packing, at
least in the direction perpendicular to (100), which fully
coincides with the data obtained for powders.

Absorption spectra

The absorption spectra of 40 nm thick PcMn films de-
posited on quartz substrate are presented in Figure 4. The
top panel spectra were measured instantly on as-grown
films, the two lower panel curves are for the films that with-
in a month were stored in air or argon. The films are col-
ored dark-green without metal glitter;>! the color varies
insignificantly at storage (Supplement 4).

Although the PcMn complex proper has long been syn-
thesized and structurally characterized, unambiguous inter-
pretation of the bands in its optical spectrum still is incom-
plete.[203536] Ephancing the problem, the structure of the
crystalline-state electronic transitions, in vacuum-deposited
films also, is perturbed by the strong intermolecular interac-
tions,[101220253% partly described above (see Figure 1).

The bands of higher intensity have maxima at 212,
275, 360 and 740 nm (= 5.84, 4.51, 3.44, 1.68 eV), which
closely resemble the spectral pattern from other works,
e.g.[11121 Possible attribution of bands to the electron transi-
tions in a PcMn molecule was referred to in our previous
paper.B! It should be stressed here that these bands remain
practically unchanged in position and relative intensity for
films stored in any environment, except for increase in the
absorption in the near-IR region in films with Tg=200 °C
stored in Ar (Figure 4).
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Figure 3. XRD patterns of 300 nm thick PcMn films deposited on silicon substrates.
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Figure 4. Absorption spectra of 40 nm thick PcMn films
deposited on quartz substrate

Moreover, there is no fundamental difference in the
patterns of these bands in films grown at various tempera-
tures. This indirectly confirms the conclusion made from
the XRD results about the absence of the a-phase in a pure
low-temperature film, as the electron absorption spectra of
the a- and B—phases of phthalocyanines must have distinc-
tive features.[892024371 Ag in the XRD-patterns, the bands of
aged films in the low-temperature phase become broader
than in the high-temperature one.

Much more interesting is the situation with the peaks
of medium and lower intensity in the region 450-630 nm with
the maxima around 456, 534 and 602 nm (= 2.72, 2.32 and
2.06 eV) highlighted by square in Figure 4. It is the region
where the bands undergo a noticeable change in amplitude,
when they are discernible. In literature we have failed to find
any clearly stated reference to the origin of the bands high-
lighted in Figure 4. According to Schlettwein et al.,[®! the
band at 534 nm should best be assigned to the adduct
PcMn(I11)O2~ which, in their opinion, is bound to form even
in as-grown samples. Watching the intensity of this band
increase during a lengthy storage of the samples in air, the
authors came to a conclusion that eventually the film be-
comes fully oxidized, containing a metal in the form of
Mn'"'. Stabilization of manganese by a higher degree of
oxidation proved so favorable that both the stored vacuum-
deposited films and the original powder were thought to
consist mostly of PcMn(111)O,~ B! It is curious that in their
earlier work? the same authors admitted Mn'"V to be the
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most stable form, also noting that the 534 nm band disap-
pears in films that have been stored in air for half a year.

The hypotheses put forward in ! do not quite coincide
with the findings by Zahn, Knupfer et al."*1 who did a
thorough study into the behavior of PcMn films in air, with
account for the influence of other components, such as H,O
and CO. According to their reported data, the spectra of
films assumingly containing a PcMn-O, complex either had
a very weak peak around 534 nm,Ul or there was no peak at
all.] The changes in other absorption bands occur only in
their relative intensities rather than positions. The calcula-
tions in [ suggested that only one of the two oxygen atoms
in an O, molecule is bonded to manganese in the putative
PcMn-O;, complex, the other hangs freely, as in the Lever’s
model.?Yl The authorstY and Lever?!l believe that the
planarity of phthalocyanine macrocycle is disrupted when a
superoxide-ion is attached to the central metal ion. If so,
then the D, symmetry breaking should lead to a shift of the
bands, as in the case with extraligated complexes like
PcVO. But this has never been observed experimentally.

The theoretical predictions are rather contradictory,
too. Thus, the PcMn-O; bond energy of 0.5 eV calculated
inll was assessed as very small, while the bond energy of
7 meV for PcMn-N; as extremely small. However, theoreti-
cal modeling of an O, molecule adsorption on a PcMn
complex made in®"1 yielded absolutely different results: the
energy of ~0.8 eV and a triangle-shaped configuration of
the Mn+O; adduct, in which both atoms of oxygen form
bonds at an equal distance from the Mn atom, thus increas-
ing its valency.

The values obtained int"! correspond to a firm donor-
acceptor bond."8! They are higher than the experimentally
estimated bond energy for, say, PcFe-CO complex: 0.3 eV,[*
and much higher than the energy of thermal desorption of
the oxygen molecules from various surfaces, i.e. 0.1-0.2 eV.[*]
Despite this, the same authors®@ are confident that oxygen
completely desorbs from PcMn films during vacuum an-
nealing to 87 °C for 3 h, or to 197 °C within an hour. The
peak at 534 nm in Ref.l% appears only in the spectra of
individual (non-interacting) PcMn molecules dissolved in
an inert coronene matrix, and the authors claimed that vac-
uum annealing removes the oxygen, but not this band.

If, according to Knupfer,!?! the 534 nm peak should
be considered the attribute of an individual PcMn molecule
weakly- or non-interacting with other molecules, then it
follows from Figure 4 that the disordering in films in-
creases during storage, all the more so in low-temperature
samples. 2]

In a word, the history of thin-film PcMn samples for-
mation is reflected on the fine structure of their optical
spectra, but still there are no indisputable data on how the
position or intensity of the absorption bands are related with
a content of oxygen in a sample. The ‘oxidation’ nature of
changes occurring in the absorption spectra is not con-
firmed in Figure 4 either. Firstly, despite a long-term expo-
sure of the films to air, no transformations that could be
indicative of the presence of an redox-reaction take place in
the basic bands profiles, whereas it is the electron absorp-
tion spectra that are considered to be the main metric of this
process.['*-2141 We do not observe a highly intensive line at
708 nm, which indicates the formation of PcMn(l11)Oz
adduct. Another sign is the behavior of the weak bands
around 450-630 nm highlighted in Figure 4. If, as men-
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tioned above, the 534 nm band was related to formation of
some product {PcMn+Q}, it would show up much more
clearly for samples stored in air than in Ar, but this is not
the case (Figure 4). The two other bands, 456 and 602 nm,
become weaker in films stored in air, although their intensi-
ty should increase if they are associated with products of
the {PcMn+0} type. In the low-T phase these bands practi-
cally disappear in the spectra of samples stored both in air
and in Ar, while in the high-T phase of the films stored in
Ar we observe an increasing intensity of these bands.
Meanwhile, the SIMS analysis (Figure 5) shows that films
grown on a heated substrate have a lower oxygen content in
spite of a more developed surface (Figure 6 below). Be-
sides, as seen in Figure 6, the high-T films surface rough-
ness changes with time on a wavelength scale, which may
affect the relation between the absorbed, reflected and scat-
tered light in spectral measurements.

None of the above-cited papers attempts to explain the
appearance/disappearance of this and other peaks by the
peculiarities of intermolecular interactions in the solid
phase of PcMn, although the data on such a dependence are
available, for example, in Refs.[?°31 And none of these
works mention the external light being/not being used dur-
ing the experiments. However, photo-activated oxidation of
metal-phthalocyanines is a much more likely redox-process
than the dark reaction. We verified this point by comparing
the absorption spectra of PcMn films deposited on a hot
substrate, that were directly illuminated by sunlight simula-
tor within 12 hours in air or argon (Supplement 5). Despite
the anticipated intensive photo-oxidation in air, there is no
appreciable difference in the spectral profiles between the
original and degraded PcMn films. (interestingly, A.B.P. Lev-
er? noted back in 1981 that the PcMn(O,) adduct is break-
ing up into the original PcMn form and free molecular oxy-
gen slowly by degassing, and rapidly when a solution is
intensively irradiated by white light). On the contrary, ac-
celerated ageing of a sample in high-purity argon leads to
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much more appreciable difference, the resulting spectrum
resembles that of a low-temperature PcMn film after a
month-long storage in Ar (Supplement 5). All of these facts
point to the morphological (microstructural) rather than
chemical processes behind the changes in the absorption
spectra of PcMn films.

A film structure and, consequently, its spectrum image
can also be influenced by other growth parameters, such as
deposition rate and substrate material.%42821 |n Supple-
ment 5 we compare the spectra of PcMn films grown on
quartz and on ITO-coated glass kept at room temperature.
Further, Supplement 6 provides AFM images of the surface
of 40 nm thick PcMn films deposited on quartz. The films
deposited on an unheated quartz substrate show no percep-
tible difference from those grown on unheated silicon.
Films grown on a heated quartz have crystallites of a small-
er size for the same aspect ratio of the facets (100-200 nm
length) and a lower density of the vertically growing whisk-
ers (0.4/mcm? versus 1/mcm?). Storage in air facilitates a
reduction of crystallites in size and enhances isotropy of
their form. The thermodynamics and Kinetics issues of the
phthalocyanine films growth on various substrates are con-
sidered in the overview.[!

Secondary ion mass-spectrometry (SIMS) with depth
profiling

We addressed the problem of space distribution of ox-
ygen in PcMn films stored in air and argon by analyzing the
chemical composition using the SIMS depth profiling tech-
nique. Prior to measurements the samples were kept for
about 24 h inside an ultra-high vacuum analytical chamber
of the spectrometer for degassing, and, obviously, part of
the weakly bonded oxygen molecules could leave the PcMn
film. However, the samples in two batches were measured
simultaneously in identical conditions, hence, their quanti-
tative comparison is correct.
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Figure 5. ToF-SIMS profiles of characteristic secondary ions in 300 nm thick PcMn films deposited on silicon substrate,

the same samples as in Figure 2.
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Figure 5a shows the SIMS profiles for a film stored in
argon. It takes about 350 sec. for a sputtering cesium beam
to reach a substrate, which is readily seen from a sharp in-
crease in the yield of secondary ions Si~. This time is the
same for all of the samples under study. A secondary ion
Cg is characteristic of the phthalocyanine molecules; most
likely, it originates from a carbon skeleton of one of the
four benzopyrrole fragments of a ligand formed by ion im-
pact. The internal interface ‘PcMn/Si’ looks less diffuse in
films deposited on an unheated substrate, whatever second-
ary ion is traced. This effect is associated with the physical
(interface morphology) rather than chemical reasons (diffu-
sion or reactions of the components). The silicon surface
underneath the PcMn film remains just as smooth for films
deposited on a hot substrate, too, but the adherence to it of
the elongated grains of 3-PcMn is different. Therefore, the
interface broadens, similarly to what is shown, for example,
in Ref.? We controlled the surface relief of all samples
before SIMS analysis by WLI technique, followed by meas-
urements of the crater bottom profiles, on scales coinciding
with the raster area of the sputtering beam (Supplement 7).
Neither a difference in the surface roughness (the outer in-
terface ‘vacuum/PcMn”), nor the roughness of Si wafer in a
SIMS crater can contribute in ‘blurring’ of the profiles in
Figure 5.

The peak of oxygen concentration in the interface area
has several possible assignments. First, it is the presence of
an ultrathin layer of natural oxide on the surface of intact Si
wafer before deposition of PcMn layer (Supplement 8).
Secondly, it can be a purely interface effect, that is a rise of
absolute yield of the oxygen secondary ions from the inho-
mogeneous matrix ‘PcMn/Si’. Third, one can assume that
some amount of the deeply diffused oxygen or water mole-
cules had accumulated in the interface area before the sam-
ples got into vacuum and was not removed by pumping.

After storage in argon the films with T4=200 °C con-
tain approximately 2.5 times less oxygen than the films
grown at room temperature and stored for the same period
of time (Figure 5b). Also note the absence of a marked gra-
dient of oxygen concentration from surface to substrate and
vice versa (Figure 5 and Supplement 8).

The samples stored in air feature an almost similar
picture of the internal interface ‘PcMn/Si’: in hot-deposited
films the interface is diffused, and the oxygen content is
2.1 times lower than in films deposited on an unheated sub-
strate. However, the profiles in Figure 5b show that during
storage in air the PcMn films in any phase absorb roughly
1.2-1.5 times larger amount of oxygen, which cannot be
removed by a pump-down to ultra-high vacuum. This oxy-
gen is uniformly distributed throughout the depth of the
PcMn layer (Figure 5). Presumably, it can be bound due to
a rather strong physisorption of O, molecules (desorption
needs heating) along the intergrain boundaries, packaging
defects, etc. Although it is impossible to give a quantitative
estimate of the PcMn:O ratio from the SIMS data, the oxy-
gen content must be quite high. If we assume that oxygen
exists in the form of PcMn(III)O,, this complex is certain
to show up somehow in the optical, XRD spectra or ESR,
which is not observed in the experiment.

Unfortunately, it is hard to judge what form the oxy-
gen takes from SIMS. The presence of O, secondary ions in
the spectra does not mean that the film contains molecular
oxygen; the yield of MnO cluster ions is very small in the
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film bulk, and yet we cannot assert that there are no such
chemical forms in it. Secondary ion O, appears in the
SIMS spectra in detectable amounts only in the area of
internal interface PcMn/Si, being, obviously, related with
the presence of a SiO; layer on the substrate surface (Sup-
plement 8). However, its yield in this region nearly dou-
bles in hot-deposited films that were stored in air, with the
peak maximum being on the PcMn side, which cannot be
explained by the presence of SiO; alone. This tendency is
also seen in the profiles of secondary ions O~ and OH".
With a great deal of caution we may assume that the inter-
nal (“blurred” in SIMS-profiles) interface of films grown
at T,=200 °C contains multiple voids, active facets, etc.
This facilitates adsorption of the oxygen-containing impu-
rities in it.

Static SIMS data, i.e., only surface spectra without
depth profiling, do not provide any more unambiguity. In
the negative mode there is no correlation of storage condi-
tions or film growth temperature with an yield of oxygen-
containing cluster ions, such as MnO~, MnO;", MnOH".
The yield of H,O~ and H,O* ions over the entire depth of
the layer is insignificant. We noticed a more than twice
increase in the yield of secondary ions NO2~ from the sur-
face of films stored in air. In the positive mode the spectra
show intensive lines for manganese-containing ions, MnN*
and MnCN". In both modes there is a clearly seen fragment
at m/z = 133, where the signal intensity is 1.5-2 times high-
er for the samples stored in air. This could be some oxi-
dized form of the isoindole fragment of a ligand, which is
structurally close to phthalimide rather than phthalodinitrile
whose molecular mass is smaller.

Atomic force microscopy

AFM surface images of 40 nm thick PcMn films de-
posited on (001) silicon wafers are shown in Figure 6. The
films grown at room temperature have a typically phthalo-
cyanine relief of the surface,”™'! consisting of fused grains
about 50 nm in diameter. When the films are stored in high-
purity argon or air, the surface objects lying on a sublayer
of smaller gains of under 80-100 nm increase in size up to
100-300 nm. There are no obvious facets in these objects,
nor other regularities. We did not find any noticeable dif-
ference in the morphology of the films stored in air and
argon, either.

The surface of high-temperature samples is formed by
parallel-to-substrate oblong crystallites of about 300 nm
length, 100 nm width and to 50 nm height, the characteris-
tic dimensions of the transition metal phthalocyanines.[!!
At long-term storage the crystallites bend and fracture,
there is a rise in a relative amount of crystallites oriented
non-parallel to the substrate. The crystallites packing densi-
ty reduces.

We were able to observe faceting of a single crystallite
on the AFM image (Figure 7). Comparison between the
facet angles and the angles formed by the crystallographic
planes of B-phase by analogy with [** confirms the inner
molecular structure of whisker B-PcMn crystals, which was
experimentally established for other isostructural phthalo-
cyanine complexes:*!334 the crystals are extended length-
wise along molecular stacks in the [010] direction, where-
as the whisker side facets are formed by the (100) and
(101) planes.
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Figure 6. AFM-images of the surface of 40 nm thick PcMn films deposited on silicon substrates. Failures on panels (d), (), (f) come from
the oscillating probe touching a soft surface object. The oscillation frequency of the former estimated from its motion speed and a spatial

period of oscillation is roughly 10 Hz.

Sorption/diffusion processes in phthalocyanine films
with thicknesses of several hundred nanometers are quite
fast, so gas molecules are equally distributed within such a
small depth/volume,®7?7 intrastack {PcMn+O,} interac-
tions disregarding (see above). Polymorph transitions in the
crystals of aromatic molecules can take a very long time.[*?]
For example, the orthorhombic phase transition to a more
stable monoclinic phase of trinitrotoluene (transition heat
0.92 kJ/mol, ~0.01 eV) at room temperature takes two
months. Schlettwein et al>'?) noted repeatedly that the
changes in the absorption spectra of 100 nm PcMn films
occur on a time scale of a few months to half-a-year to year
and a half. Generally, the energies of polymorphous transi-
tions in molecular crystals are in the range of 10 kJ/mol or
~0.05-0.07 eV,"? which is close to thermo-induced pro-
cesses. By the theoretical calculations of F. Iwatsu,?3] the
difference between the lattice potentials of o- and f-
polymorphs of metal-free phthalocyanine is 5.7 kJ/mol. In
PcMn this value should be apparently higher, as, according
to the data,[>’] in the series PcH, <PcNi < PcFe < PcCu <
< PcCo < PcZn < PcMn the energy of intermolecular inter-
actions doubles, reaching a maximum for the manganese
complex (estimations were made on the basis of the bond
critical points for a hypothetical dimer in a crystal).

The changes observed in PcMn powders and films
can be interpreted as follows. In normal conditions
PcMn crystals are characterized by a certain equilibrium
length/thickness aspect ratio (form-factor), which corre-
sponds to the minimum free energy in a crystal.’l The
elongated crystal morphology (Supplement 3) is due to a
strong anisotropy of the intermolecular forces inside and
between the stacks. This anisotropy of shape leads to textur-

82

ing of polycrystal grains simply by the force of gravity,
which in the original powder pattern shows up through
dominating intensity of the diffraction peaks that corre-
spond to the inter-plane distances between the adjacent
stacks (Figure 2, black line).

Critical heating in vacuum (purification) of powder
creates the conditions for recrystallization, by which the
aspect ratio decreases and the crystallites become less elon-
gated. The powder diffraction pattern now resembles that of
a non-textured polycrystal with a complete set of diffraction
peaks (Figure 2, red line). With time, during storage in air
the PcMn slowly recrystallizes back to the equilibrium
morphology, which is manifested by broadening of the
peaks on the diffraction pattern. There is a decrease in size
and amount of crystallites with the unfavorable orientations
and aspect ratios (Figure 2, blue and green lines), until the
diffraction pattern becomes identical to that of the original
powder (Figure 2, purple line).

Similar processes are expected to run in high-
temperature B-PcMn films, the only difference being the
whisker aspect ratio that in this film is initially above equi-
librium. For this reason, the film texture degrades through
breaking down into shorter whiskers and their bending.[*3]
This manifests itself in a shift, a decrease in the intensity,
and a broadening of the (100) diffraction peak in Figure 3b,
as well as in a broadening of the rocking curves. In low-
temperature films, the changes in XRD-patterns are less
pronounced due to the absence of B-phase whisker crystals.
The (100) peak shift towards smaller angles is appreciable
enough in comparison with the films grown on a high-T
substrate, so any further peak shifting that might occur with
the aging of films is imperceptible (Figure 3b).
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Figure 7. AFM image of a single B-PcMn whisker crystal in a
high-T film on a silicon substrate. One can clearly see the outer
facets formed by the (100) and (101) planes.

The powders and films after storage feature no peaks
that would indicate the presence of a new crystalline phase
formed through the chemical reactions of PcMn with at-
mospheric gases, neither in the XRD-, nor in electron spec-
tra. Electron spin resonance (ESR) can be used to detect
{PcMn+0,} adducts in solutions or solid phases.*!l How-
ever, we failed to detect an ESR-signal in B-PcMn films at
room temperature. Both the reference and aged samples
remained ESR-silent at temperatures down to 120 K. There-
fore, in PcMn samples being stored within a few weeks to a
few months period the dominating degradation process is a
rearrangement of morphology and microstructure, possibly
stimulated/accompanied by the surface phenomena, like a
PcMn+adsorbate interaction.

Conclusions

However, we believe that the role of atmospheric oxy-
gen in changing the chemical and phase composition of
films and crystals of PcMn, which is frequently acknowl-
edged in the literature, is exaggerated. Indeed, the PcMn
molecule can more easily enter into charge transfer reac-
tions than other metal phthalocyanines do;!'**! its ioniza-
tion potential is by 0.5 eV less than that of copper phthalo-
cyanine.[’®! Therefore, sample storage and testing condi-
tions should be rigidly maintained and thoroughly described
in every experiment. Interpretation of the results of electro-
physical measurements on thin-film samples®”'%!41 does
not rule out a likelihood of the PcMn+O, or PcMn+H,O
interactions. However, in this study we focus on a contribu-
tion of simultaneously occurring morphological changes in
samples exposed to long-term storage, in oxygen-free con-
ditions as well. None the less important than storage condi-
tions is the role of the original microstructure of the PcMn
film, in this work it was set by the substrate temperature
during growth.

The results obtained through this study can be useful
to researchers in the area of molecular (semi)conductors
and magnets based on phthalocyanine complexes with tran-
sition metals. The next logical step, from the ‘physical’
point of view, could be an attempt at advancing down the
temperature scale both in growth process and measurements
of structure-dependent phenomena. On the "chemical" side,
it seems worthwhile to use the closest analogues of phthal-
ocyanine ligand (tetraphenylporphine, etioporphyrin), com-
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plexation with which leads to changes in both the spin state
of the central atom and packing design of molecules in a
crystal.

Acknowledgements. This research was supported by the
RSF grant no. 20-72-00118 and carried out using the
equipment of the Centre for Collective Use “Physics and
technology of micro- and nanostructures” at IPM RAS.
Authors are deeply grateful to Dr. M.N. Drozdov for assis-
tance in performing the SIMS measurements and Dr. V.A.
Kuropatov for the ESR measurements.

References

1. Bartolomé J., Monton C., Schuller LK. In: Molecular Magnets,
Ch. 9, Magnetism of Metal Phthalocyanines. Berlin: Springer-
Verlag 2014, p. 221-245.

2. Yamada H., T Shimada., Koma A. J. Chem. Phys. 1998, 108,
10256.

3. Schlettwein D., Meyer J.P., Jaeger N.l. J. Porphyrins
Phthalocyanines 2000, 4, 23.

4. Rajesh K.R., Menon C.S. Eur. Phys. J., B 2005, 47, 171.

5. Yunin P.A., Sachkov Y.l., Travkin V.V., Skorokhodov E.V.,
Pakhomov G.L. Vacuum 2021, 194, 110584.

6. van Faassen E., Kerp H. Sensor Actuat. B-Chem. 2003, 88, 329.

7. Friedrich R., Hahn T., Kortus J., Fronk M., Haidu F., Salvan
G., Zahn D.R.T., Schlesinger M., Mehring M., Roth F., Mahns
B., Knupfer M. J. Chem. Phys. 2012, 136, 064704.

8. Nguyen A., Cosue C., Gredig T. FWS16 Meeting of The
American Physical Society 2016, S2.00002

9. Cranston R.R., Lessard B.H. RSC Adv. 2021, 11, 21716.

10. Pagenkopf F., Miiller E., Knupfer M. J. Chem. Phys. 2018,

148, 044701.

Haidu F., Fechner A., Salvan G., Gordan O.D., Fronk M.,

Lehmann D., Mahns B., Knupfer M., Zahn D.R.T. AIP

Advances 2013, 3, 062124.

Meyer J.P., Schlettwein D. Adv. Mater. Opt. Electron. 1996, 6, 239.

Mousazade Y., Najafpour M.M., Bagheri R., Jaglicic Z., Singh

J.P., Chae K.H., Song Z.L., Rodionova M.V., Voloshin R.A.,

Shen J.R., Ramakrishna S., Allakhverdiev S.I. Dalton Trans.

2019, 48, 12147.

Berger O., Fischer W.J., Adolphi B., Tierbach S., Melev V.,

Schreiber J. J. Mater. Sci.-Mater. Electron. 2000, 11, 331.

Kumar P., Sharma A., Yadav S., Ghosh S. Org. Electron.

2013, 14, 1663.

Electronic Processes in Organic Molecular Crystals: The

Phenomenon of Polarization and Localization (Silinsh E., Ed.),

Zinatne: Riga, 1988. 329 p. [Daexmpounvie npoyeccor 6

OpP2aAHUYECKUX MOJIEKYIAPHbIX KPUCMAjilax.: Henenue noJspu-

sayuu u aokamzayuu (Cunuebin ., pen.), 3uHaTHe: Pura,

1988.329 c.].

Pakhomov G.L., Travkin V.V., Drozdov M.N., Sachkov Y.I.,

Yunin P.A. Appl. Surf. Sci. 2022, 578, 152084.

Slota R., Dyrda G. Inorg. Chem. 2003, 42, 5743.

Dolotova O.V., Bundina N.I., Kaliya O.L., Lukyanets E.A. J.

Porphyrins Phthalocyanines 1997, 1, 355.

Williamson B.E., Vancott T.C., Boyle M.E., Misener G.C.,

Stillman M.J., Schatz P.N. J. Am. Chem. Soc. 1992, 114, 2412.

Lever A.B.P., Wilshire J.P., Quan S.K. Inorg. Chem. 1981, 20, 761.

Mason R., Williams G.A., Fielding P.E. J. Chem. Soc., Dalton

Trans. 1979, 676-683.

Iwatsu F. J. Phys. Chem. 1988, 92, 1678.

11.

12.
13.

14.

15.

16.

17.

18.
19.

20.

21.
22.

23.

83



Stability of Manganese(Il) Phthalocyanine Films in Ambient Air

24.
25.

26.
27.

28.

29.

30.

31

84

Yim S., Heutz S., Jones T.S. J. Appl. Phys. 2002, 91, 3632.
Jiang H., Hu P., Ye J,, Ganguly R., Li Y.X,, Long Y., Fichou
D., Hu W.P., Kloc C. Angew. Chem. Int. Ed. 2018, 57, 10112.
Batsanov S.S. Inorg. Mater. 2001, 37, 871.

Muckley E.S., Miller N., Jacobs C.B., Gredig T., Ivanov I.N.
Journal of Photonics for Energy 2016, 6, 045501.

Heutz S., Mitra C., Wu W., Fisher AJ., Kerridge A., Stoneham
M., Harker A.H., Gardener J., Tseng H.H., Jones T.S., Renner
C., Aeppli G. Adv. Mater. 2007, 19, 3618.

Rochford L.A., Keeble D.S., Holmes O.J., Clarkson G.J., Jones
T.S. J. Mater. Chem., C 2014, 2, 6056.

Gurvich L.V., Karachevtsev G.V., Kondratyev V.N.,
Lebedev Yu.A., Medvedev V.A., Potapov V.K., Khodeev
Yu.S. The Energy of Chemical Bonds Breaking. lonization
Potentials and Electron Affinity, Moscow: Nauka, 1974, p.
351 [['ypeuu JI.B., Kapauesuer I'.B., Konxparser B.H.,
Jlebener 10.A., MeaseneB B.A., Iloramor B.K., Xozces
10.C. Onepeuu paspwvisa xumuveckux cesnzeu. [lomenyuans
uonuzayuu u cpoocmeo Kk anekmpony, Mocksa: Hayka,
1974. 351 c.].

Travkin V., Yunin P., Stuzhin P., Pakhomov G. Materials
Today: Proceedings 2020, 20, 12.

32.

33.

34.

35.

36.

3r.

38.

39.
40.

41.

42

Drozdov M.N., Yunin P.A., Travkin V.V., Koptyaev A.l,
Pakhomov G.L. Adv. Mater. Interfaces 2019, 6, 1900364.
Travkin V.V., Luk’yanov A.Y., Drozdov M N., Vopilkin E A.,
Yunin P A., Pakhomov G L, Appl. Surf. Sci. 2016, 390, 703.
Panina N., van de Ven R., Janssen F.F.B.J., Meekes H., Vlieg
E., Deroover G. Cryst. Growth Des. 2009, 9, 840.

Brumboiu I.E., Totani R., de Simone M., Coreno M., Grazioli
C., Lozzi L., Herper H.C., Sanyal B., Eriksson O., Puglia C.,
Brena B. J. Phys. Chem. A 2014, 118, 927.

Riickerl F., Waas D., Biichner B., Knupfer M., Zahn D.R.T.,
Haidu F., Hahn T., Kortus J. Beilstein J. Nanotechnol. 2017,
8, 1601.

Meng L., Wang K., Han Y.Y., Yao Y., Gao P., Huang C,,
Zhang W.H., Xu F.Q. Prog. Nat. Sci.-Mater. 2017, 27, 329.
Liu K., Lei Y., Wang G. J. Chem. Phys. 2013, 139, 204306.
Vesselli E. J. Phys. Mater. 2020, 3, 329-332.

Bagsican F.R., Winchester A., Ghosh S., Zhang X., Ma L.L.,
Wang M.J., Murakami H., Talapatra S., Vajtai R., Ajayan P.M.,
Kono J., Tonouchi M., Kawayama I. Sci. Rep. 2017, 7, 1774.
Dolotova O., Konarev A., Volkov K., Negrimovsky V., Kaliya
O.L. J. Porphyrins Phthalocyanines 2012, 16, 946.

Bernstein J. Polymorphism in Molecular Crystals, Oxford:
Clarendopress, 2002, p. 574.

Received 11.05.2022
Accepted 24.05.2022

Maxpozemepoyurxnvt / Macroheterocycles 2022 15(2) 74-84



