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This article is dedicated to Prof. Dieter Wohrle, whose works for a long time have been
the highest standard and a source of inspiration for us

2D polyphthalocyanines (PPCs) are actively studied as advanced materials for new generation energy and microelec-
tronics. Some time ago such compounds were dubbed “just a dream of synthetic chemists”, what was a perfect reflec-
tion of, on the one hand, high promise, and, on the other hand, experimental difficulties faced with the 2D polymers.
Despite a long history of PPCs (since late 1950s), it was shown recently that in many works the reaction products were
mis-interpreted, and the studied compounds should be assigned to a low degree of the polymerization. Recent years,
the discovery of graphene has inspired a new wave of interest to PPCs. From the graphene point of view, the questions
are: whether we can make other graphene-like materials with modified properties? Can we use metal atoms to tune
its electronic properties? Can we make a magnetic 2D material? From the polymer chemistry point of view, the major
problem is why the common synthetic approaches and characterization techniques didn't work for this polymer as
expected? And how to identify the reaction products? This review covers evolution of the synthetic approaches, estab-
lishment of the reliable characterization techniques, as well as the promising applications of 2D PPCs and the “new
dreams” in science and technology of these materials.
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Jsymepnvie nonugpmanoyuanunvt (IIPL]) axmueno usyuaromes Kax nepcnekmusHvie Mamepuaibl Ojisl IHEPLemuKu
U MUKPOINEKMPOHUKU HOB020 NOKoAeHUs. Hedasno smu nonumepvl Obliu HA36AHbL «8C20 NUUbL MEYMOU XUMUKA-
CUHMeMUKAy, Ymo OMJUYHO OMPAICAno, ¢ OOHOU CHIOPOHbL, BbICOKYIO NPUBLEKAMENbHOCTb, 4 ¢ OPY20ll CIMOPOHbI,
9IKCNEPUMEHMAbHbIE MPYOHOCMU 6 pabome ¢ 08yMepHbIMU noaumepamu. Hecmomps na ooneyio ucmopuio 1L (c konya
1950x), nedasHo ObLIO NOKA3AHO YO 60 MHO2UX pAOOMAX Dbl HENPABUILHO UHIMEPNPEMUPOBAHbL NPOOYKMbL PeaKyul,
U uzyuasuuecs: CoeOUHeHUs: Ced08al0 OMHeCmu K HU3Kou cmenenu nonumepusayuu. Hedasnee omkpvimue epagena
66136410 HO8YI0 6oany unmepeca Kk II®PL]. [1o0x00s co cmoponvl epagena, MONCHO CRPOCUND, MOICHO T NOTYYUNb
epaghenono0odnblil Mamepuan ¢ Mooupuyuposanuvimu ceoticmsamu? MoocHo 1u npu nOMOWU amomos Memaiid
«Hacmpausamvy neKmponuvie ceoticmea? Moocno nu coenamv macHumuwlll 0gymeprwviil mamepuan? C mouxku 3peHus
XUMUU NOTUMEPOB, OCHOBHOU 60NPOC — NOYeM) 00WenpuHsmoie NOOX00bl K CUHMES)Y U XApakmepuzayuu He cpabomaiu
ons [IDL]? Kax npasunvho uoenmuguyuposams npodykmel peakyuu? B amom 0b630pe onucana 360m0yust R00X0008
K cummesy, yCMaHo81eHUue HAOENICHBIX MeMo008 XapaKmepuzayuu, a makice nepcneKmueHble NPUMEeHeHUs U «HOBble
Meumbly 8 HAYKe U MeXHON02UU IMUX MAMEPUAIos. Ima cmamuvs nocesujena npo@. Jumepy Bépne, uou pabomul Ovinu
O/ HAC 8LICOKUM CIMAHOAPIMOM U UCTHOYHUKOM BOOXHOBEHUS 8 MedeHUe 0012020 BPEMEHU.
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Introduction

Despite its name, “polyphthalocyanine” (PPC)
is in fact not a polymer of phthalocyanine. In the polymer,
benzene rings are shared by the adjacent phthalocyanine
units, therefore, unlike PC with four benzene rings per
molecule, PPCs technically have only two benzene rings
per unit celll? (Figure 1). The term “polyphthalocyanine”
was introduced by Winslow and Antonelli in 1957%
and is conventionally used since then for these polymers,
but it is important to understand that the “monomeric unit”
of PPC is not the phthalocyanine. The direct consequence
of this fact is that spectroscopic signatures of PPC should
not correspond to those of PC.!

The structure of PPCs resembles patterned graphene:
it is a 2D conjugated sheet, with metal atoms (or H,*)
incorporated at ~1 nm distance in a square-like order (Figure
1). Unlike graphene, the symmetry of a single layer is not
hexagonal, butrather D, . This unique structure makes 2D PPC
highly promising material for a wide variety of technological
applications, including catalysis,*! memristors,”’ magnetic
storage devices,”® spintronics,!”’ advanced fuel cells,™
optoelectronics®” and others. A natural question to ask
is why these materials are not widely used yet? The main
problem of working with PPCs is their exceptionally difficult
processability. PPCs cannot be handled by the conventional
processing techniques like spin-coating, vacuum evaporation
and other approaches based on dissolution, melting or
evaporation.'? Unlike linear polymers, the products
of 2D polymerization are insoluble and do not melt without
decomposition. The properties of the material also can vary
with the synthetic conditions.'! These factors also make
the characterization of the 2D polymers rather difficult.
12 For industrial applications however, the desired product
should be obtained in a required morphology (typically as
a thin film), should be well characterized, and the production
should be well documented and based on the widely available
experimental equipment. In a review of Schliter et al.,['*! 2D
polymers were dubbed “just a dream of synthetic chemists”,
which well reflects the current state of the problem by 2009.

The history of 2D PPCs started late 1950s,2!2M
and the obtained material can be described as a poorly
characterized dark solid, practically un-processable
and more or less useless for technology. After the influential
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series of works made by Prof. Wohrle in 1970-80s!"! (to cite
just a few), the products of 2D polymerization became more
or less characterized and highly important information
on the conditions and products of the synthesis has been
accumulated. The problem of processability however has
not been solved by that time.

The discovery of technological properties of graphene
in 2000s has inspired a new wave of interest to 2D
polymers. Unlike graphene, PPCs can have finite band
gap, and electronic properties of the material can vary with
changing the incorporated metal. One more highly promising
feature of PPCs coming from the metal is the ability to tune
spin-related properties of the polymer. This can be a unique
advantage of such materials for applications in magnetic
devices and spintronics.”? PPCs have been experimentally
tested for some practical applications,*>'%! and the progress
with the processability has been achieved.!%!117]

Recently, it was also shown that the 2D PPC material
obtained in different works has strongly different spectra (IR,
Raman, UV-Vis).P! This fact was interpreted with the help
of the quantum-chemical calculations and it was found
that the product assigned in many works to 2D PPCs does
not have the 2D conjugated structure, but instead contains
an intermediate product (octacyanophthalocyanine, OCP)
as a major component. We may say that for many works,
2D PPCs were not “a dream”, but rather “an illusion”
of synthetic chemists until the reliable characterization has
been established.

In the first section of this review, we describe
different synthetic approaches to PPCs. Next, we address
the characterization of 2D PPCs and interpretation
of the reaction products and the reasons why the common
characterization approaches failed with these materials.
In the third section we list main applications of PPCs. In
the end, we describe current challenges and problems (new
“dreams”) in the science and technology related to PPCs.

1. Chemical Approaches to 2D PPCs
1.1. Early works

In the pioneering works, few chemical reactions
have been tested for the PPC synthesis. The key precursor

Figure 1. Chemical structure of PPCs. Metal atoms are shown in red, unit cell are highlighted with yellow square.
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was either pyromellitic dianhydride (or the corresponding
acid)l'> (Figure 2) or pyromellitic tetranitrile (PMTN)
(Figure 3). In the first case, urea was used as one of reagents.
Metal was taken in a form of salts (typically chloride!).
It was found however that oxygen-containing reagents result
in oxygen-containing groups in polymer structure and low
polymerization degree.['*"!

Despite that the reaction of pyromellitic dianhydride
with metal salts and urea has spread,®® in the main
route to PPC synthesis is polycyclomerization of PMTN
(Figure 3). This approach is widespread due to that
the PC molecule contains 4 benzene rings with an equivalent
arrangement and the same reactivity. Thus, the combination
of phthalocyanine components through terminal benzene
rings ideally leads to the formation of a polymer structure.
Several highly influential works on this approach were
reported by Wohrle et q/.1100150:134.19]

The reaction of PMTN with anhydrous CuCl,
was studied in the work.!"9 The powder mixture was placed
in a glass ampoule, which was triple evacuated, filled with
dry argon, and then sealed and heated at 400 °C for 4 hours.
Obtained powder was purified from low molecular weight
fractions in a Soxhlet apparatus. From IR and UV-Vis
spectra the authors concluded that structurally homogeneous
polymers are obtained only when using copper as
a coordinating metal, while use of Mg, Al, V, Cr, Mn, Fe,
Co, Ni, Zn salts leads to irregular structure formation.

0 0
o 0 + MeCl, +(NH,),CO
0 o

The use of lithium as a coordinating metal with
following replacement by zinc was studied in.l'”! To obtain
PPC, a suspension of PMTN in distilled and dehydrated
1-pentanol was prepared, and then it was mixed with lithium
metal powder, and kept during two weeks. The product
was heated at 100 °C for 24 hours in DMF with an excess
of ZnOAc. Alcoholateions started a chainreaction of tetramer
formation due to a nucleophilic attack on nitrile groups.
To obtain a PPC coating on SiO, particles, quartz powder
was mixed with Co,(CO),, and then mixture was sealed
in ampoule with PMTN and heated. This method required
an excess of PMTN to exclude unreacted metal remaining
on the carrier particle surface. The remaining PMTN can be
removed after synthesis by washing in acetone.

In the work?®” the reaction of PMTN with copper
powder was studied. FTIR spectra showed pronounced band
from terminal groups (C=N at 2230 cm™). A good crystallin-
ity of the obtained product was confirmed using XRD.

1.2. Attempts to synthesize thin films of PPC

To obtain thin films of the polymers has been a challenge
for a long time. An interesting work has been reported in 1987
by Wohrle and co-workers, who first visualized a crystal
structure of free-standing polymer film with TEM.['5%

An important aspect of the polymerization of tetra-
nitrile (Figure 3) is the reactivity of cyano groups. Once

MeN NMeN NMe

%NN—E%?“%

r-1807C Me N:[FE:N Me-N, N Me
—_—

%%%%%

MeN NMeN NMe

Figure 2. One of the reactions tested for the synthesis of PPCs in early works.!!>!14]
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Figure 3. Most common synthetic route to PPCs. Depending on temperature and chemical set-up, this reaction can result in different
products.!''?2I The low-molecular-weight product with OCP (left) as a major component was in some works!*! confused with the 2D

polymer (right).

234

Maxpozemepoyuxnvt / Macroheterocycles 2019 12(3) 232-243



the first PC ring is formed, the reactivity of the remaining
cyano groups for PC formation reaction is lowered, since
electron-withdrawing two cyano groups are already used.
Activation energy required to continue the polymerization
is higher than that for the first step. As a result, while the first
ring can form below 200 °C, the optimal temperature for
the polymerization is 420 °C.!

It was demonstrated that the reaction of PMTN
vapour with a copper film at a temperature below 350 °C
result in an OCP formation, while at a temperature above
350 °C the 2D polymer is formed (Figure 3). In recent
years, this hypothesis has been confirmed using tunnelling
microscopy™ and various spectroscopic techniques.?!

Later, the same group!®! deposited thin copper layers
(1.5-30 nm) on glass or quartz substrates by radio frequency
sputtering, then substrates were placed in a glass ampoule
containing an excess of PMTN and were rapidly evacuated.
The reaction (Figure 3) was carried out in a sealed ampoule
at 400 °C for different times (4—24 hours). When a copper
layer thickness was 9.8 nm, the thickness of the polymer
was 228 nm. After the formation of the first few polymer
layers, Cu atoms diffuse through the polymer film to react
with the PMTN vapors. Four PMTN molecules react with
each other with the formation of octacyanophthalocyanine
(OCP) and subsequent conversion to a polymer.

Abe and co-workers? obtained 200-nm films of metal-
free PPC using an evaporation-polymerization process.
PMTN was placed in the reactor at a distance of 2.5 cm from
the glass substrate. The reactor was evacuated to 200 Pa,
and heated to 320 °C for 8 hours. H,PPC films were charac-
terized by IR spectrometry and SEM. Then polymers were
successfully tested as active layers in rectifying devices.

In the work?! the polymerization of copper PC
was carried out in a glow discharge plasma under reduced
pressure (13 Pa). CuPC was evaporated at a temperature
0f 350—450 °C using W filament in plasma setup. A substrate
was placed on the electrode, and plasma was generated for
60 seconds. During this time, the monomer completely
evaporated, and the substrate became covered with a smooth
continuous polymer film (60-300 nm). The authors reported
only indirect evidence of a high degree of polymerization —
the films obtained did not dissolve either in pyridine or
in concentrated sulfuric acid (good solvents for monomers).
Electronic spectra indicated interaction between PC units
in film. Material demonstrated a good photovoltaic response.

Yudasaka and co-workers used simultaneous evapora-
tion of PMTN and copper in a chamber with thin nitrogen
(0.01-0.1 Pa) at a temperature of 90 °C and 1100 °C, respec-
tively.”!! As a result of sputtering, a film with a thickness
of ~1 pm was obtained on a glass plate, which was sealed
in an ampoule with nitrogen and kept at a temperature
of 350 °C and 420 °C for several days. Authors attributed IR
band broadening in the product spectrum to non-uniform
polymerization degree of it.

Later, CuPPC films with 0.15 pm thickness were
grown through laser-assisted molecular beam deposition.>
The metallic copper in gas phase was generated through
the ablating a Cu target. PMTN was evaporated by a pulsed
beam from a U-tube under compressed He. PMTN molecular
beam was mixed with the flow of Cu cluster at 2 cm distance
from the substrate. The process was carried out in ultrahigh
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vacuum (10 Pa). Therefore, the possibility of the O,
presence in the chamber is completely excluded. CuPPC
was formed within the molecular beam, prior to deposition
on the substrate, therefore no further heating was required.
XPS showed that copper fully reacted and the film contained
no neutral copper atoms (Cu°). UV-Vis measurements
indicated that film consisted of both monomeric (single-
core) and poly-CuPC.

1.3. Single-layer PPCs

In 2010, Abel and co-workers obtained FePPC as sin-
gle-layer flakes with lateral size of 10-30 nm by simultane-
ous deposition of iron and PMTN under ultrahigh vacuum
on an atomically clean surface of Au(111) and Ag(111).2¢
The samples were investigated using STM, the authors con-
cluded that this material can exhibit spin-polarized conduc-
tion. Various stoichiometric ratios were achieved by varying
the time of the reagents evaporation. The control over stoi-
chiometry was found being critical for a successful reaction:
an excess of organic molecules or metal can lead formation
of an indeterminate disordered phase, and only the ratio
PMTN:Fe = 2:1 results in the desired product. The reaction
occurring at a ratio of 4:1 also leads to a controlled formation
of the OCP (Figure 3). This work was followed by a detailed
study by STM of the processes occurring during the for-
mation of MnPPC.”?? In a vacuum chamber, manganese
was deposited on the Ag(111) surface with the following
PMTN evaporation at 100 °C. As a result of the coopera-
tive deposition of Mn atoms and organic molecules at room
temperature, a two-dimensional metal-organic structure
is formed with a stoichiometric ratio of components 2:1.
The first reaction stage is carried out at 142 °C. It results
in the formation of the MnOCP, the molecules of which then
self-assemble as a result of binding by hydrogen bridges
and the metal-ligand interaction in the supramolecular
matrix. The second stage at 342 °C leads to the formation
of small domains (about 5 nm) of 2D PPC with a small
amount of residual manganese atoms.

1.4. Other morphologies of PPC material in recent
works

In addition to thin films, several interesting applications
were reported for other morphologies of the polymeric
material.

Cobalt?” and iron®® PPC powders can be obtained
through the annealing of 4,4°,4”,4-phthalocyanine
tetracarboxylic acid of Co/Fe at 400 °C under Ar for 2
hours. CoPPC and FePPC were used in methanol fuel cell
and magnesium air fuel cells, respectively. The materials
were investigated by TGA, UV-Vis, XRD and XPS.

3D cross-linked polymeric networks can be synthesized
through the solvothermal method.**!¢1 Materials were pre-
pared through the polymerization of PMTN and anhydrous
chloride of Co, Fe in 2:1 stoichiometry by microwave heat-
ing in pentanol at 180 °C with the addition of a surfactant.
The resulting products were extracted by centrifugation
and used as catalyst in electrocatalytic O, and CO, reduc-
tion, as well as in flexible Li—CO, Batteries. Raman and IR
spectra of such materials are close to monomer ones.
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Recently, CuPPCs were synthesized through
the reaction between PMTN and copper deposited on
glass.FY Depending on the temperature and time of synthe-
sis, either disparate nanoclusters (<350 °C), or nanofibers
and nano-needles with a diameter of about 30 nm (400 °C)
or a large globular structures (>550 °C) were obtained.
UV-Vis and XPS spectra were used for characterization. It
is expected that nanostructured poly-CuPC can be applied
in photocatalysis.

1.5. Recent works on the CVD growth of thin films

A new synthetic approach was suggested by our group.
A thin layer (few nm) of metal (Cul'®™ or Cr, Ni, Fe, Col'l)
was deposited on a substrate and placed in a reactor for
chemical vapor deposition (CVD). Therein, it was exposed
to the PMTN vapor at reduced pressure for a few hours.
Reactions in a CVD set-up were performed in a quartz tube
reactor, placed in a two-zone oven. PMTN was evaporated
in a first zone (170 °C), while the wafers were placed
in a second one (420 °C). For H,PPC, instead of metal, we
used pre-coating with molybdate catalyst.!"”!

This procedure was recently used by Guo’s group®!
to obtain CuPPC for non-volatile memory device. Crystal-
linity and high polymerization degree of the film were
confirmed using TEM, XPS and UV-Vis spectra.

As discussed above, formation of a new PC core
is kinetically preferred over the continued polymeriza-
tion of the already-formed macromolecule. To force
the polymerization to continue, it is important to reduce
the concentration of the precursor. In the work!! it was done
by slow supply of PMTN through gas phase, while the reac-
tion proceeded at the vapor/solid interface. In contrast, if
the PMTN is supplied in excess (liquid/solid interface),
the low polymerization degree is observed in the resulting
material at the same temperature. Thus, by controlling
the concentration of the precursor, it is possible to manipu-
late the polymerization degree.

1.6. Summary on synthetic approaches

The main synthetic route to PPCs is the cyclomeriza-
tion of PMTN (Figure 3). Either molybdate ions or metals
(clementary/oxides/salts) are used as a catalyst or reagent,
respectively. The synthesis requires inert atmosphere
and elevated temperature. Bulk reactions lead to low uni-
formity and polymerization degree of obtained material.
Mainly, quasi-two-dimensional samples were either thick
films (from several hundred nm to microns) or individual
crystallites with a grain size of the order of units or tens
of microns.

From the synthesis conditions point of view, the reac-
tion can proceed in two ways (depending on temperature):
at about 200 °C the major product is OCP, while the 2D
polymerization requires significantly higher temperatures
of above 350 °C. It was recently shown however that even at
the optimal temperature (420 °C), the reaction can be per-
formed in two different regimes: heterogeneous (vapor/solid
interface) and quasi-homogeneous (liquid/solid interface).
These two modes yield two kinds of polymers: ordered
and cross-linked, correspondingly.
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2. Characterization of 2D PPCs

From the very first reports, the characterization of PPCs
was found to be difficult.l'” Ideally, the desired information
should include chemical composition (and therefore a proof
of the chemical formula of the target material), polymeriza-
tion degree (or the size of the ordered domain), layer stack-
ing (which can be different, at least for monomeric PCs)
and concentration of the defects (most important among
which are the terminal groups, since this is a polymer).
Why the common characterization approaches were failing
for a long time with 2D PPCs? How should we characterize
PPCs in a reliable and efficient way? After modern experi-
mental and computational techniques became available, we
can answer these questions.

In early works, when the bulk polymer was synthesized,
the products were characterized by the elemental analysis
(especially carbon-to-nitrogen ratio), as well as end-group
titration.® These methods give very limited information
on the polymerization degree, and are hardly applicable
to the nanoscale objects such as thin films. Infrared spec-
troscopy became a standard tool for PPCs since 1970s.[18:31
Important standard was introduced later by Wdohrle and co-
workers, who suggested to compare the spectra of the poly-
mer with those of the pre-cursors and the OCP.I'> One
more important technique widely used in their works
was the UV-Visible absorption.'!’ More recently, reliable
experimental data became available from XRDE% and XPS
techniques,”! as well as TEMP? and STMP imaging.

At this point, we should mention that the materials
obtained in different works by different methods had sig-
nificantly different physical characteristics. Most notably,
the solubility of PPC material in available solvents (such
as sulphuric acid and N-methylpyrrolidone) ranged from
soluble* to partially soluble!*® and completely insoluble.!'"
Jumping ahead, we agree with the conclusions of Wdohrle
and co-workers that the true polymers are insoluble in all
organic solvents, and only the fraction with low molecular
weight can be dissolved in concentrated sulphuric acid.
This drastic variation in the materials obtained by differ-
ent methods is observed by the characterization techniques
in different ways. We will discuss them separately. Most
pronounced difference was found in infrared spectra.

2.1. Infrared spectra

When the 2D PPC if formed from PMTN through
the reaction shown in Figure 3, it is natural to look for
the characteristic signatures of the phthalocyanine ring
in the IR spectra. This intuitive idea was followed for a long
time even in the recent works:M! formation of 2D PPC
was often “evidenced” by observation of the PC-like bands.
Surprisingly, this is the point at which a chemical intuition
fails. The spectral pattern resembling monomeric PCs
is an indication that the 2D polymer is not a major product
of the reaction.

In 2013, it was reported that thin films of PPCs
formed in the CVD set-up have the IR spectra significantly
different from those observed before.' The spectra
did not resemble those of monomeric PCs, but instead
showed much less number of peaks. The authors assigned
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the difference to a higher polymerization degree than that Fewer peaks for PPC than for PC is the consequence
reported before. At that time this statement seemed to con- of the fact that while the PC has 57 atoms in the molecule,
tradict many works published throughout the few decades. the translational unit in the polymer has only 33 atoms
Although it was supported by UV-Vis, TEM and XRD (Figure 3). In the D, point group (symmetry of PC molecule
data, the decisive arguments were reported much later, and of perfect sheet of 2D polymer), there are total 36 sym-
after the quantum-chemical calculations of the vibrational metry-allowed bands in the IR spectrum of the monomer as
spectra became available.P! compared to 22 in that of the polymer. Not all of these bands

Within the series of MePPCs with different metals have high intensity, and not all of them fall in the fingerprint
vibrational spectra are very close to each other.*!'"" Same region, which makes the IR spectrum of PPC comparatively
is true for monomeric PCs.¥ Vibrational bands observed simple.”
in the fingerprint region belong to the intramolecular modes Besides the number and the position of the peaks,
of the organic skeleton. The general spectral assignment another important spectroscopic signature of well-polymer-
therefore is applicable to the whole series, it was therefore ized PPCs is the absence of the terminal groups. If PMTN
suggested to consider only one compound as a general is used as a pre-cursor, these groups have triple C=EN bond
model.®) Figure 4 shows experimental and calculated IR which gives a distinct strong signal at ~2220 cm'. Recently
spectra of CuPPC compared to those of “monomeric” CuPC. it was shown that, depending on a chemical set-up, it is pos-
Calculations for CuPC were done for isolated molecule sible to obtain either well-polymerized PPCs, or a cross-
(BP86 GGA functional with def2-SV(P) basis set), while for linked product, in which the conjugation is mostly limited

CuPPC the 3D periodic structure was taken (PBEsol func- to a single PC unit. These two substances can be ecasily
tional with high-throughput ultrasoft pseudopotentials).?! distinguished by IR spectra (Figure 5).
b CuPPC exp
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Figure 4. Comparison of infrared spectra of polymeric and monomeric phthalocyanines. Solid lines: experimental spectra (top:
CuPPC, bottom: CuPC), underlying dotted lines are the corresponding calculated spectra. The polymer has significantly less bands than
the monomer, as expected from the structure and symmetry. Reproduced with permission from."!
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Figure 5. IR spectra of well-polymerized H,PPC (top), cross-linked product with the conjugation limited to a single PC unit (middle)

and the spectrum of the “monomeric” H,PC (bottom). The cross-linked product has a high signal from the terminal groups (-C=N) at
~2220 cm, and the fingerprint region bands are close to those of the monomer, while the ordered polymer has fewer bands with negligible
signal from -C=N groups. Reproduced with permission from.!'!!
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2.2. Raman spectra

Raman spectra of PPCs are influenced by the resonance
effects. Because of this, the spectra of PPCs are
significantly different from those of the monomeric PCs
(Figure 6). In addition, Raman cross-section depends
on the electronic properties of the structural fragments,
therefore in heterogencous material the bigger-size (more
conjugated) molecules give higher impact to the spectral
intensity. Due to this non-linear behaviour, Raman
spectroscopy gives different information as compared to IR
spectra. In particular, the spectra of well-polymerized PPCs
are close to those of low polymerization degree (Figure 6).
DFT calculations confirm that the well-polymerized PPCs
should give several intense close-lying bands in higher
fingerprint region.™

Figure 6 shows Raman spectra of H,PPC from
liquid/solid and vapor/solid reaction modes as compared
to the spectra of the monomeric H,PC. The other studied
MePPCs (Me = Cr, Cu, Fe, Co, Ni) show analogous spectral
patterns. In the fingerprint region, the bands in MePC spectra
belong to the vibrations of organic skeleton of the molecule,
therefore show only minor difference upon changing
the central ion.B!

Raman intensity
1 | 1 1

2.3. Optical absorption spectra

UV-Vis absorption probes electronics structure
of the substance, which strongly depends on the scale
of electronic conjugation, or, in other words, on the polym-
erization degree.

In monomeric PCs, the electronic conjugation
spreads mainly over the 18 n-electrons of the inner ring,¥
andthecharacteristic signature of suchstructureis the O-band
in 650-700 nm range, attributed to the HOMO-LUMO tran-
sition. Electronic structure of the polymeric PCs however
is drastically different: depending on the central metal they
either are semi-metals or have a low band gap in IR spectral
region.l'% Therefore, the O-band in visible region should not
be observed in polymers. The spectrum of well-polymer-
ized PC should be analogous to that of another 2D conju-
gated m-system, graphene, i.e. have continuous absorption
throughout the optical region.!%17]

Quantum-chemical calculations confirm this state-
ment. Both HOCO and LUCO of MePPCs belong to the con-
jugated mt-electronic system (Figure 7); the energy difference
between them is 0.02 eV as compared to ~1.9 eV for CuPPC.

The UV-Vis absorption spectra of PPCs have been
discussed in several works.[100:15>-435] Typically, the material

H,PPC well-polymerized

H,PPC cross-linked

H,PC

T T T T T
400 800 1200 1600

T T T
2000 2400 2800 3200

Raman shift / cm "

Figure 6. Raman spectra of well-polymerized H,PPC from the synthesis at vapor/solid interface (top), cross-linked product from
the liquid/solid interface (middle) and the spectrum of the “monomeric” H,PC (bottom). The ordered polymer shows broad intense signal
from the conjugated system of CC and CN double bonds,"*! while the spectrum of the cross-linked product is closer to that of the monomer.

Reproduced with permission from.!'!!

Figure 7. Frontier orbitals of PPCs belong to de-localized conjugated m-electrons (left: HOCO, right: LUCO). The calculated energy
difference between these two orbitals is 0.02 eV, which is much less than that of monomeric PCs (~1.9 eV). Reproduced with permission

from.P!
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Figure 8. Comparison of UV-Vis absorption spectra of polymeric
and monomeric phthalocyanines in thin films on fused silica. Solid
line: CuPPC, dotted line: CuPC. Reproduced with permission
from.P!

Figure 9. Molecular image of free-standing film of CuPPC.
Reproduced with permission from.[!*"!

was dissolved for the measurements. It was shown that
concentrated sulfuric acid can dissolve some portion
of the polymer due to protonation.'! Nevertheless,
the material of high polymerization degree was found to be
insoluble even in this solvent!' showing thus the behavior
similar to graphene. The alleged solubility of CoPPC
in dimethyl sulfoxide (DMSO) and N-methylpyrrolidone
(NMP)# is a clear indication of low molecular weight. The
correct comparison of the absorption spectra of monomeric
and polymeric phthalocyanines should be done within
the same aggregation state. Figure 8 shows optical absorption

V. I. Korepanov, D. M. Sedlovets

of thin films of CuPPC and CuPC in the visible range. As
expected, the O-band is observed only in the spectrum
of the monomer.

2.4. TEM

Transmission electron microscopy (TEM) provides
an important information on the degree of crystallinity,
and therefore the polymerization degree.'"? TEM
was the first technique that visualized the square 2D lattice
of PPCs!"s*! (Figure 9).

Recently it was found that for the well-ordered CVD-
synthesized PPCs the characteristic crystallite size is about
few tens of nm, while the material with the conjugation
limited to single PC unit has amorphous structure
(Figure 10).

2.5. Other characterization techniques

In early works, it was found that X-ray diffraction gives
very limited information. Most likely, this is an indication
of the low polymerization degree and therefore amorphous
structure: only broad diffuse peaks were observed.['*]
After advanced approaches were developed by Wohrle
and co-workers, it became possible to record reliable XRD
data. In particular, in the work®? CuPPC was studied,
and the diffraction pattern was interpreted as that
of a layered compound with the inter-layer distance
of 3.28 A. A strong signal from 10.55 A was observed,
which corresponds to metal-metal distance in the square
lattice (Figure 1). Authors admit however that fitting
of the experimental data with the parameters of the model
lattice was far from perfect. Later, XRD was reported
for thin film of CuPPC,"% and the data were compared
with quantum-chemical calculations. The agreement
between calculated and experimental diffraction pattern
was also not complete. Well-polymerized PPC samples
became available only recently, therefore to obtain new
experimental data and perform a consistent interpretation
is still unsolved problem. Most interesting is the stacking
mode of PPC layers, which can be different, at least for
monomeric PCs.B%

Abel and co-workers studied flakes of single-layer
FePPC by scanning tunneling microscopy.? This was a very

Figure 10. TEM images of ordered (left) and cross-linked (right) H,PPC materials. The characteristic crystallite size of the ordered
polymer is few tens of nm, while the cross-linked product has amorphous structure. Reproduced with permission from.!!!
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Figure 11. STM images of FePPC formed on a Ag(111) surface. Adapted with permission from.?¢!

convincing and beautiful visualization of the 2D chemical
structure of PPCs (Figure 11).

XPS data are available in the literature for both
cross-linked (single-core)*? and well-polymerized®! PPCs.
Thermogravimetric analyses (TGA) was used to study
the thermal stability of PPCs.B7 It was found in particular that
polymeric PCs are less stable towards oxidative degradation
than monomeric ones,?™ but, since that studied product
probably had low degree of uniformity, this conclusion yet
has to be verified.

2.6. Summary on characterization techniques

Infrared spectroscopy is highly informative technique
for characterization of PPCs. It gives information on
the degree of uniformity and terminal groups of the polymer
and allows to distinguish between single-core cross-linked
PCs and well-ordered polymer. What infrared spectroscopy
does not give is the stacking mode of the layers. The
intense bands in the fingerprint region belong to intra-layer
vibrations which behave as those of molecular crystals
(i.e. inter-layer interaction is negligible compared to phonons
within a single layer). XRD can access the information on
the stacking mode, but reliable studies of the well-ordered
polymers are yet to be done.

Resonance effects make Raman spectroscopy less
useful than IR. UV-Vis absorption shows that well-
polymerized PPCs have extended electronic conjugation
and are significantly different from the monomeric PCs. The
distinct O-band (HOMO-LUMO transition) is an indication
of a low polymerization degree.

Interesting un-solved questions are
properties of PPCs.

spin-related

3. Applications of PPCs
3.1. Catalysis

It is known that the catalytic activity of polymeric
phthalocyanines of some metals is higher than that of the cor-
responding monomeric PCs.P! Acres and Eley®® reported
that CuPPC as well as CuPC are active catalysts for hydrogen
reactions. Volumetric and the kinetic data on the H, absorp-

240

tion by CuPPC indicated that the absorbed hydrogen atoms
are attached to copper atoms. Inoue et al. used CuFePPC for
catalytic oxidation of acetaldehyde ethylene acetal.’” The
degree of the n-clectron conjugation in the polymer has been
found to affect the catalytic activity. Hara and co-workers
studied the oxidation of cumene and acrolein in the presence
of CuPPC and FePPC.H In the work™" oxidative dehydro-
genation of methanol, ethanol, isopropanol and arylalcohol
was studied on various metal PPCs. It was concluded that
the process proceeds through the hydrogen abstraction
mechanism by the activated oxygen on the central metal
ion of the polymer. Later, Ohkatsu et al.*? confirmed this
mechanism for the case of the liquid-phase oxidation. It
was concluded that PPCs activate the oxygen molecule on
their central metals and then abstract H, atom from alde-
hydes to initiate autoxidation. To examine the O, reduction
activity, FePPC was deposited on microporous graphite
supports.!

A new wave of PPC catalysis investigation started last
decade together with increasing research interest in the field
of alternative energy. The key process of many energy
devices is the oxygen reduction reaction.

In 2016 Zhang et al. suggested the carbonization
of FeCoPPC to prepare a catalyst for methanol fuel cell.
Catalyst based on the bimetal (Fe and Co) N-doped carbon
was directly obtained from PPC through the high-tempera-
ture annealing under an Ar atmosphere. The resultant mate-
rial was demonstrated to be an efficient electrocatalyst with
a high O, reduction reaction activity and good methanol
tolerance. These advantages can be attributed to the syn-
ergetic effect from the Fe and Co co-doping of the N-doped
carbon. At the same time Zhang’s group™4 obtained electro-
catalyst for water splitting through the pyrolysis of cross-
linked nickel-iron PPC. The water splitting device based on
the same electrocatalyst at both sides of anode and cathode
operated at the low cell voltage (1.81 V at 10 mA/cm?) in IM
KOH aqueous electrolyte, as well as exhibited excellent
durability (over 15 h of operation at 820 mA/cm?) and high
reversibility. Therefore, pyrolyzed PPC can be the promising
material for substitution of the precious metals into water
splitting catalysis.

Different carbon (carbon nanotubes (CNTs), carbon
black, graphene) supports for PPC are also a developing
trend in the energy devices catalysis. Recently a series
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of novel organic-carbon FePPC/CNT hybrids were devel-
oped.'! For this purpose, FePPC synthesis was carried
out in the presence of pre-oxidized CNT in pentanol under
microwave irradiation. Such hybrid electrocatalyst had
a good cycling stability, apparently arising from the surface
electron transfer between the carbon network and polymer
structure, which largely suppressed the de-metallization
of FePPC.

Xu et al? have used Vulcan XC 72 (high surface area
carbon powder) as support for cobalt polyphthalocyanine
to prepare methanol fuel cell catalyst. CoPPC/C catalyst
exhibits almost no performance degradation over continuous
cyclic voltammetry at 10000 cycles, as well as significant
electrocatalytic performance for O, reduction and tolerance
towards methanol. It was concluded that the active sites
of catalysts are composed of Co—N, assembly in the phtha-
locyanine ring. Later, the same group of authors® dispersed
FePPC on carbon black with following heating under argon
to use as cathode electrocatalyst for magnesium air fuel
cells. FePPC/C polymer material had better discharge char-
acteristics than FePC/C monomer one. FePPC/C composite
catalyzed O, reduction mainly through a four-electron
process. Magnesium air fuel cells with such hybrid catalyst
can uninterruptedly function for more than 11 hours with
a decrease in cell voltage of less than 0.01 V. FePPC/C have
catalytic activity close to common Pt/C catalyst.

Lin et al.™! confirmed that PPC/carbon support cata-
lyst possesses an excellent catalytic performance towards
O, reduction reaction comparable with the commercial Pt/C
catalyst. In their work a composite consisting of FePPC
and poly(sodium-p-styrenesulfonate) modified graphene
(PSS-Gr) was used. Hybrid catalyst was fabricated by a sol-
vothermally assisted m—n assembling method and exhibited
high catalytic activity. Compared with the Pt/C catalyst,
the FePPc/PSS-Gr one possesses a good selectivity, stability
and reduced methanol crossover effect.

Han et al.* have prepared an organic-inorganic hybrid
material by polymerization of CoPPC on CNT for a selec-
tive CO, reduction reaction. Polymer coating on the conduc-
tive 1D carbon structure not only inhibits the aggregation
of organic molecules and enhances their electrochemi-
cally active surface area but also enhances their physical
and chemical durability.

Conjugated CoPPC was used as the cathode catalyst for
flexible Li-CO, batteries.* Due to the cross-linked network,
polymer possesses elasticity and improved physico-chemi-
cal stability and mechanical durability. CoPPC involved
in the reversible electrochemical formation-decomposition
of Li,CO, providing small voltage polarization in Li-CO,
batteries, as well as large areal capacity (13.6 mA/cm?),
as well as impressive cycling (>50 cycles) and rate (up
to 0.25 mA/cm?) performances.

3.2. Sensors

PPCs are promising materials for sensor applications,
as it was demonstrated in work:*" polymer conductiv-
ity was changed when PPC of aluminium and fluorine
was exposed to oxidizing gases (O,, NO, and Cl)). Ani-
simov and co-workers studied the sensitivity of PPCs
of zinc, copper, manganese, iron, and lead to various gases
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(nitrogen dioxide, ammonia, hydrogen sulfide, oxygen).*”? It
was found that CuPPC possesses a high sensitivity to NO,
and H,S micro concentrations; MnPPC can be used as
sensitive material for O, concentration change detection;
the electrical resistances of FePPC and PbPPC change under
NO, and H,S exposure; FePPC demonstrates reversible
signal change to NH, presence (in range 0-100 ppm). More
recently, bioactivity of CuPPC was also reported.s! CuPPC
was combined with graphitic carbon nitride to fabricate
composite electrode for determination of ractopamine
using photoelectrochemical method. Copper PPC improved
the photocurrent efficiency of the graphitic C,N, nanopar-
ticles due to formation of the heterojunction, enhancing
the photoelectrochemical activity of both graphitic C,N
and CuPPCs.

4

3.3. Spintronics

PPCs are promising candidates for potential
applications in spintronics and future magnetic storage
devices.’7*1 Cho et al.™ theoretically demonstrated that
the chromium porphyrin network possesses a half-metallic
behavior when the Cr atom spins lie in a parallel alignment.
Since the Cr atoms are separated by a large distance (>8 A),
the spin coupling is small and thus their directions can
be simply controlled by an external magnetic field. Zhou
and co-authors calculated the electronic and magnetic
properties of metal (from Cr to Zn) PPCs as free-standing
sheets using density functional theory.”? It was found
that only the MnPPC framework is ferromagnetic, while
CrPPC, FePPC, CoPPC and CuPPC are antiferromagnetic
and NiPPC, and ZnPPC are nonmagnetic. The difference
in magnetic couplings for the studied systems was related
to the different orbital interactions. Wang and co-workers
calculated magnetic properties of a series of MePPCsl®
with Sd-transition metals. They demonstrated that PPCs are
suitable materials for the development of magnetic storage
devices. Giant perpendicular magnetic anisotropy with
energy of up to 20.7 meV was found in RePPC.

3.4. Gas separation membranes

Recently Meng et al.P% have proposed an approach
to synthesize the halogenated H,PPC, proposing as promis-
ing membranes for gas separation. The main characteristics
of gas separation membrane are permeance and selectivity.
The permeance was estimated using gas kinetic theory
under ideal gas approximation. The selectivity of two gas
species was calculated from the ratio of permeances or from
the ratio of the diffusion rates. It was found that halogenated
H,PPC monolayers can be multifunctional gas separation
membranes, ie. F-H PPC for H/CO, H,/CH,, CO,/N,,
CO,/CH,, CO/CH,, N /CH, separation as well as CI-H,PPC
for H,/CO, H,/CH,, H,/CO, separation.

3.5. Memristors

Guo et al P were the first who produced the nonvolatile
memory devices based on CVD-grown CuPPC thin films.
Au/CuPPC/ITO structure exhibited good nonvolatile mem-
ory performance with a large ON/OFF current ratio of 10
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and long retention time of 1.2:10° s. In the “set” process
conductive filament was formed by Cu atoms which arise
at the CuPP¢/ITO interface from reduced Cu* ions located
at the phthalocyanine ring. In the “reset” process, the Cu
atoms were oxidized into Cu*" ions together with filament
breaking.

3.6. Summary on applications

PPCs possess a number of unique properties which
make these polymers highly promising materials for a variety
of applications. At the moment, PPCs are actively studied
as catalysts, especially for oxygen reduction reactions.
Recently the composite PPC/nano-carbon were developed.
It should be especially emphasized the resurgence of interest
in the PPC as promising material for advanced fuel cells,
water splitting devices and next generation batteries. Since
metal atoms in PPC are quasi-isolated from each other, they
are a potential base for spintronics and magnetic storage
devices.

Conclusions

Despite a long history of 2D PPCs, the chemical
structure of these materials was until recent a subject
of intense debates.’! Only after quantum-chemical
interpretation of the spectra became available, the reliable
identification of the reaction products was established.?!
Recent development of the CVD synthesis made possible
the deposition of thin PPC films with high polymerization
degree.!1 A progress in the long-lasting challenge
of the processability of PPCs has also been achieved. The
CVD approach allows selective deposition of thin films
of PPCs on dielectric substrates,!'®!"l nanometer-size flakes
of monolayer PPCs have also been reported,>?% but wafer-
scale production of single-layer polymers may still be called
“just a dream”.

This material was found to be a good base for advanced
memristors devices.’! PPCs are unique catalysts, already
confirmed applications of which include new generation
batteries and advanced fuel cells.**?728 Theoretical
studies show that PPCs are highly attractive materials for
spintronics, and we hope that recent advances in synthetic
approaches would make possible experimental studies
of their magnetic properties.
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