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ing effect to enhance the
conductivity of fused porphyrin tape thin films†

Giuseppe Bengasi,ab Jessica S. Desport, a Kamal Baba,a João P. Cosas
Fernandes, a Olivier De Castro,a Katja Heinze *b and Nicolas D. Boscher *a

The straightforward synthesis of directly fused porphyrins (porphyrin tapes) from 5,15-diphenyl

porphyrinato nickel(II) complexes with different substituents on the phenyl rings is achieved while

processing from the gas phase. The porphyrin tapes, exhibiting NIR absorption, are readily obtained in

thin film form. The gas phase approach cuts the need for solubilizing groups allowing for the first time

the study of their conductivity according to the substituent. 2-Point probe and conductivity AFM

measurements evidence that reducing the size of the meso substituents, phenyl < mesityl < di(3,5-tert-

butyl)phenyl < di(2,6-dodecyloxy)phenyl, improves the thin film conductivity by several orders of

magnitude. Density functional theory and gel permeation chromatography, correlate this improvement

to changes in the intermolecular distances and molecular geometry. Furthermore, the oCVD of

porphyrins with free ortho-phenyl positions causes intramolecular dehydrogenative side reactions

inducing a complete planarization of the molecule. This molecular flattening drastically affects the p–p

stacking between the porphyrins further enhancing the electronic properties of the films.
Introduction

Porphyrins are versatile compounds that are used in a broad
range of applications such as catalysis,1–7 photovoltaics8–10 or
photodynamic therapy.11–14 They have fascinating optical and
electronic properties, which can be tuned by structural modi-
cations affecting electronic and steric properties.15–18 Particu-
larly, the extension of the porphyrin p-system plays an
important role in the enhancement of their optical properties
yielding NIR absorbers.19–23 One application of these materials
is the production of bulk heterojunction solar cells.24

The extension of the porphyrin p-conjugation generally
increases the absorption in the Q-band region and widens the
fraction of the solar spectrum that can be used for the conver-
sion of energy.24 The direct fusion of porphyrinic cores with free
b and meso positions into conjugated polymers further pushes
the optoelectronic boundaries of the porphyrins yielding chro-
mophores with very low HOMO–LUMO gaps (oligomers) or
bandgaps (polymers) reaching the infrared region.16 These
highly conjugated porphyrin-based systems exhibit interesting
chemical and physical properties such as two-photon
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absorption,25 increased electro-catalytic activities,5 low
conductance attenuation factors26,27 and switchable carrier
species in liquid crystalline semiconductors.28

The unique properties of fused porphyrins fostered the
development of a wide series of synthetic strategies aiming to
obtain directly fused porphyrins (porphyrin tapes) (Scheme 1).
The main synthetic route towards directly fused porphyrins
involves the solution-based dehydrogenative coupling of met-
alloporphyrins with transition metal salts such as AgX,29

CuX2,30,31 FeX3,32 WCl6 33 or organic oxidants such as [(p-Br–
C6H4)3N][SbCl6],34 or a mixture of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone and Sc(OTf)3.16 Solution-based methods have
enabled the preparation of fused porphyrin tapes from several
metalloporphyrin complexes such as zinc(II), nickel(II), palla-
dium(II) and copper(II).16,30,35,36 However, porphyrinoids, and
more particularly p-extended porphyrins, usually experience
very low solubility and solubilizing substituents are required to
allow both their synthesis and integration into optoelectronic
devices.

Although the introduction of substituents such as long alkyl
chains increases the solubility and hence processability of such
planar chromophores, their effect on p–p stacking adversely
affects the device performance.24,37 Fused porphyrin tapes
require side chains to retain the solubility necessary to achieve
high degree of polymerization.29 The difficult processability,
strongly dependent on the substituents, of porphyrin tapes in
thin lm form has hindered the study of the electrical proper-
ties of the bulk materials and their application in advanced
devices. We recently developed a gas phase approach for the
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 oCVD reaction for NiDPP. The products are characterized
by the incorporation of chlorine (the position of the Cl atom in the
structure is merely representative). We also observed double (green)
and triple (blue) links between the monomer units and the dehydro-
genative cyclization of the phenyl substituent and the porphyrin
macrocycle (red).
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simultaneous synthesis and deposition of fused porphyrin thin
lms.38 This approach relies on the oxidative chemical vapour
deposition (oCVD)39,40 reaction of porphyrins with freemeso and
b positions using a suitable volatile oxidant (preferentially
FeCl3) for dehydrogenative coupling. The oCVD technique is
been mainly used for the synthesis of poly(3,4-
ethylenedioxythiophene) (PEDOT)41–43 and polyaniline (PANI)44

nding application in organic electronics,45 volatile compound
detectors46–48 and supercapacitors.49,50

Furthermore, the oxidant acts as doping agent directly
yielding conductive thin lms on virtually any substrates
including sensitive substrates such as paper and polymers.38 In
addition of allowing the deposition of patterned, smooth and
thickness-controlled fused porphyrin thin lms, this oCVD
approach does not require solubilizing substituents. Conse-
quently, substituents can be used to implement advanced
functionalities in the material beyond mere solubility.

In contrast to solution-based approaches, further dehydro-
genative couplings (loss of 2H) were detected in both the
porphyrin units and fused porphyrin oligomers as evidenced by
laser desorption ionisation high-resolution mass spectrometry
(LDI-HRMS).33 Cyclization of phenyl rings on the porphyrin
macrocycle accounts for these coupling reactions (Scheme 1).
The Cl2(g) produced during the reaction leading to a second
oxidation of the porphyrin could account for this reaction.33,51,52

The fusion of aromatic rings on the porphyrin core was already
observed in presence of iron oxidants, yet electron-donating
groups on the phenyl rings are usually required.20,21,53

However, so far the poor solubility of the oligomeric and poly-
meric products of the oCVD process hindered an unequivocal
assignment and a proper characterization of the cyclization
reaction.

In this study, we investigate the intramolecular cyclization
reaction in the fused porphyrin thin lms obtained via oCVD,
their impact on the p–p stacking interactions and the resulting
effect on conductivity. To this end, 5,15-diphenyl porphyrinato
nickel(II) complexes with different substituents on the phenyl
rings were employed in the oCVD process, namely 5,15-(diphenyl)
porphyrinato nickel(II) (NiDPP), 5,15-(di-3,5-di-tert-butylphenyl)
This journal is © The Royal Society of Chemistry 2020
porphyrinato nickel(II) (NiDt-BuPP), 5,15-(dimesityl)porphyrinato
nickel(II) (NiDMP) and 5,15-(di-2,6-dodecyloxyphenyl)
porphyrinato nickel(II) (NiDDOPP) (Scheme 2). Nickel(II)
complexes were chosen due to the already proven high stability of
the Ni2+ in the porphyrin core during the oCVD process.33,38,54

NiDPP and NiDt-BuPP possess free ortho positions on the phenyl
rings, potentially allowing an intramolecular cyclization reaction.
In NiDMP and NiDDOPP these positions are blocked preventing
intramolecular dehydrogenative coupling reactions. Furthermore,
the size of the porphyrin substituent R increases in the order
phenyl < mesityl < di(tert-butyl)phenyl < di(alkoxy)phenyl in
NiDPP, NiDMP, NiDt-BuPP and NiDDOPP, respectively. This
steric aspect likely affects the intermolecular p–p stacking inter-
action in oCVD lms. Finally, the substituents should modify the
electronic properties, especially the redox potential for the Ni(P)/
[Ni(P)]c+ oxidation of the monomer, which initiates the intra- and
intermolecular dehydrogenative coupling reactions of the nickel
porphyrins.33,34

Hence, steric and electronic effects on the resulting lm
properties (absorptivity, homogeneity, morphology and
conductivity) imposed by the substituents are addressed
employing High Resolution Mass Spectrometry (HRMS), Gel
Permeation Chromatography (GPC), UV/Vis/NIR spectroscopy,
2-point probe I/V measurements, Conductive Atomic Force
Microscopy (C-AFM) and Helium Ion Microscopy (HIM).
Furthermore, Density Functional Theory (DFT) calculations on
pairs of nickel porphyrins with different meso substituents
deliver information on the conceivable porphyrin–porphyrin
interactions in the lm. Finally, we correlate the obtained
structural information on the oCVD lms to their conductivity.
Scheme 2 Structure of the porphyrins employed in the experiments.
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Results and discussion

Prior to sublimation under oxidative conditions, the thermal
stability of each porphyrin was controlled by thermogravimetry
(Fig. S1†). All the porphyrins are thermally stable up to at least
300 �C conrming their suitability for oCVD processing. The
rst oxidation potentials of NiDPP, NiDMP, NiDDt-BuPP and
NiDDOPP were determined by cyclic voltammetry in CH2Cl2/
[nBu4N][PF6] solution as Ep ¼ 0.57, 0.60, 0.55 and 0.50 V versus
ferrocene, respectively (Fig. S2†). This demonstrates the inu-
ence of the meso substituents on the potential of the Ni(P)/
[Ni(P)]c+ redox couple. Particularly, a strong effect is observed
for theNiDDOPP showing the lower value in the series thanks to
the mesomeric effect of the two alkoxy substituents on the
phenyl rings. In a custom built reactor (Fig. S3†),38 we per-
formed the oCVD reaction of the differently substituted nickel
porphyrins using FeCl3 as oxidant and silicon wafers or
microscope slides as substrates for the deposition of the lms.
For the sake of comparison, the porphyrin/oxidant molar ratio
was kept constant for each deposition varying the sublimation
temperature of the porphyrin (Table S1 ESI†). The thickness of
the oCVD coatings was 169, 520, 355 and 560 nm for NiDPP,
NiDMP, NiDDt-BuPP and NiDDOPP, respectively, according to
prolometry (Table S2†). All oCVD coatings exhibit a clearly
visible colour change when compared to the reference coatings
obtained from mere sublimation of the respective monomer
(Fig. S4†). The sublimed reference coatings are pink (NiD-
DOPP), orange (NiDMP and NiDPP) and yellow (NiDt-BuPP),
while all oCVD coatings exhibit a green, intense coloration. This
is consistent with previous studies on oCVD polymerization of
porphyrins33,38,54 hinting to retention of the porphyrin macro-
cycle upon sublimation and oxidative dehydrogenation and
polymerization. The colour changes are also reected in the UV/
Vis/NIR spectra (Fig. 1). All oCVD lms absorb up to the NIR
region as expected by fused porphyrin tapes. NiDPP and NiDt-
BuPP exhibit a signicant broadening of the absorption in the
Fig. 1 UV/VIS/NIR spectra of (a) NiDPP, (b) NiDt-BuPP, (c) NiDMP and
(d) NiDDOPP oCVD coatings and their respective references.

7050 | RSC Adv., 2020, 10, 7048–7057
Soret band region (Fig. 1a and b). As we already observed, this is
consistent with the formation of fused porphyrins with intra-
molecular dehydrogenative cyclizations (Scheme 1) causing
a redshi of the Soret band and, consequently, a general
broadening of the spectrum.38,54–56 Differently, the oCVD lm of
the mesityl derivative NiDMP shows several well dened
absorption bands between 800 nm and 1500 nm in addition to
a weakly broadened Soret band. This points to the formation of
oligomers/polymers lacking intramolecular dehydrogenative
cyclizations which is rationalized by the blocked ortho positions
of the mesityl substituents. Similarly, NiDDOPP lacks free ortho
positions on the phenyl ring preventing the cyclization.
Consequently, the NiDDOPP oCVD lm exhibits well-dened
Soret bands. Unexpectedly, the Soret band of the NiDDOPP
oCVD coating is red-shied from 407 to 448 nm. This bath-
ochromic shi might be related to ring chlorination of the
porphyrin57 or to a further coupling of the aryl rings (see below).

The NiDPP oCVD coating is insoluble contrarily to NiDMP
and NiDt-BuPP oCVD coatings thanks to their solubilizing
substituents (Fig. S5†). Surprisingly, even with the long alkoxy
substituents, the NiDDOPP oCVD coating, is completely insol-
uble in THF or toluene even at boiling temperatures. This
indicates a particularly high degree of polymerization or a high
degree of chlorination of the polymer (cf. red-shi of Soret
bands) that is known to signicantly reduce the solubility of the
porphyrins.58 Furthermore, alkoxy substituted aryl groups are
quite electron rich and easy to oxidize (see above). Conse-
quently, biaryl formation between OC12H25-substituted aryl
groups (Scheme S2†) is conceivable and has been observed with
simpler OCH3 substituted arenes, e.g. using molybdenum(V)
oxidants or iron(III) chloride.59–63 This additional intermolecular
Fig. 2 LDI-HRMS of the (a and b) NiDPP (c and d) NiDtBuPP (e and f)
NiDMP (g and h) NiDDOPP oCVD coatings. The expected mass of the
monomer is evidenced from the dashed line. Ions are detected as
radical cations [M]c+. Two scan events were used to acquire spectra
within a broad mass range (400–2000 and 2000–4000 m/z).

This journal is © The Royal Society of Chemistry 2020
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C–C coupling via the aryl substituents might lead to cross-
linking of the porphyrin oligomers and polymers thus
reducing their solubility. The resulting different (biaryl)
substituents furthermore could account for the shied Soret
bands of the NiDDOPP oCVD lm.

High resolution mass spectrometry (HRMS) was used to
assess both the effective oligomerization and the intra-
molecular ring fusionMn–x2H reactions occurring during oCVD
deposition. The analysis conrmed the presence of oligomers
for all oCVD coatings, except for the lm derived from OC12H25-
substituted NiDDOPP. Its mass spectrum seems to only reveal
low molecular weight fragments with low intensity (Fig. 2). This
is consistent with the above suggested additional cross-linking
via the alkoxy-substituted aryl substituents. Indeed samples
with a high level of entanglement are well known to be rather
difficult to ionize in their intact form. As a result, the energy
provided by the laser most likely induces fragmentation of the
chains, explaining the presence of small ions (<800 m/z), with
no consistent molecular formula identication. To ensure that
the absence of signal is not related to the limitation of the
HRMS analyser (m/z < 4000), the range of detection was
extended to high masses by performing both solvent-free
MALDI-TOF and LDI-TOF without any success. This strongly
supports the idea of a highly entangled/crosslinked insoluble
system. In addition to polymerization, chlorination of the pol-
y(porphyrins) is observed for NiDPP, NiDt-BuPP and NiDMP as
evidenced by the family of peak distributions related to the
repeating increment of a chlorine atom mass for each oligomer
(Fig. 2). This reaction was known for chlorine-containing
oxidants (i.e. FeCl3, CuCl2 and Cu(ClO4)2$6H2O)54 in the oCVD
of porphyrins.

Due to the lack of monomer and oligomer signals of the
NiDDOPP lm, the extent of chlorine incorporation is unavail-
able from mass spectrometry in this case. Yet, as chlorination
has been observed in all cases so far using FeCl3 as
oxidant,33,38,54 we suspect that this is likely also the case for
NiDDOPP lms. To conrm this idea, we performed a new
oCVD deposition of NiDDOPP decreasing the substrate
Fig. 3 Chromatogram obtained from the GPC analysis of NiDMP. UV-V
(indicated with the letters a–h). The corresponding spectra are reported
reported in the ESI.†

This journal is © The Royal Society of Chemistry 2020
temperature to 50 �C to reduce the reactivity and avoid a deep
reticulation of the system, favouring its ease of ionization via
LDI-HRMS.

As expected, the new MS spectrum allowed the discrimina-
tion of several species. Particularly, this experiment conrmed
the formation of highly chlorinated monomers and dimers
singly, doubly and triply linked (Fig. S6 & S7†). Interestingly,
signals related to the cleavage of one or two ether groups with
subsequent formation of phenols are observed (Fig. S6 and
Scheme S2†). It is not clear if this reaction is related to the laser
irradiation or to the HCl formed during the oxidative polymer-
ization.64 All these experiments hint undeniably to a polymeri-
zation process occurring for all nickel porphyrins irrespective of
the substituent.

Parts of the NiDt-BuPP and NiDMP oCVD coatings are
sufficiently soluble allowing solution based studies. For this
reason, the two oCVD coatings were investigated by Gel
Permeation Chromatography coupled to Electrospray Ioniza-
tion High resolution Mass Spectrometry (GPC � ESI-HRMS). As
opposed to LDI, ESI ionization allows for the formation of
multiply charged ions (z > 1), thus permitting to detect higher
masses. For instance, the NiDMP oCVD lm mass spectrum
shows soluble oligomers up to a degree of polymerization of 7
(Fig. S8†). An advantage of the online GPC� ESI-HRMS analysis
is the possibility to report specic m/z as function of elution
time. The results are plotted in the Extracted Ion Chromato-
grams (EIC) (Fig. S9 and S10†). In addition to an MS coupling,
the GPC analyses of the soluble samples were also combined
with differential refractive index detection, which typically
provides a fairly representative picture of the sample in terms of
relative abundance of the species. The intensity of the unreac-
ted monomer signal (retention time determined from the
NiDMP and NiDt-BuPP reference chromatogram) conrms the
higher conversion ofNiDMP compared toNiDt-BuPP (Fig. 3 and
4). This might be ascribed to the absence of the intramolecular
dehydrogenative cyclization in NiDMP and a thus preferred
polymerization. Interestingly, the GPC analysis of NiDt-BuPP
(Fig. 4) gives rise to an intense monomer signal (8.9 minutes)
is spectra in the range 300–900 nm were recorded with regular time
on the right (a–f). The spectra of the monomeric region (g and h) are

RSC Adv., 2020, 10, 7048–7057 | 7051
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Fig. 4 Chromatogram obtained from the GPC analysis of NiDt-BuPP oCVD coating and from NiDt-BuPP. UV-Vis spectra in the range 300–
900 nm were recorded with at specific time (indicated with the letters a–e). The corresponding spectra are reported on the right.

Fig. 5 Collision Induced Dissociation (CID) MS/MS analysis of NiDt-
BuPP (m/z ¼ 743.36), NiDt-BuPP-2H (m/z ¼ 741.35) and NiDtBuPP-
4H (m/z ¼ 739.33). Normalized CID energy was set to 70. With ESI-
HRMS, parent ions are detected as proton adducts [M + H]+.
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shied as compared to the chromatogram of the non-
polymerized reference (8.8 minutes).

Thanks to the online MS, we assigned the chromatographic
peak to the protonated fused monomers NiDt-BuPP-2H (741.35
m/z) andNiDt-BuPP-4H (739.33m/z) with elution time of 8.9 and
9.0 minutes respectively (Fig. S11†). The shi towards smaller
hydrodynamic volume can be rationalized with the direct
impact of the ring fusion on the molecular shape as shown by
DFT calculations (see below). To undoubtedly demonstrate that
the 2H elimination is related to a cyclization between the phenyl
and porphyrinic ring, a structural MS/MS analysis of the ions
with m/z ¼ 743.36, 741.35 and 739.33 assigned to NiDt-BuPP,
NiDt-BuPP-2H and NiDt-BuPP-4H respectively, was included in
the GPC � ESI-HRMS method (Fig. 5).
7052 | RSC Adv., 2020, 10, 7048–7057
Because of their new C–C bond between the phenyl substit-
uent and the porphyrin, fused monomers are less likely to lose
a phenyl ring. Indeed, while the loss of a phenyl ring is observed
in the MS/MS spectra of NiDt-BuPP and NiDt-BuPP-2H, no
phenyl ring is eliminated fromNiDt-BuPP-4H (Fig. 5). A detailed
list of the fragments is given Table S3.† Both EIC and MS/MS
conrm the dehydrogenative ring fusion reaction occurring
during the oCVD deposition of phenyl substituted porphyrins
with free ortho positions and its effect on the porphyrin geom-
etry. Finally, the UV/Vis spectra (Fig. 4d) exhibit a red-shied
shoulder (460 nm), and an increased number of Q-bands.
This agrees with the spectra reported for phenyl fused porphy-
rins.51,55,65 Contrarily to NiDt-BuPP, NiDMP should not undergo
internal cyclisation, making it a good candidate for the in-depth
investigation of oligomerization. To obtain information on the
kind of links between the units, rapid UV-Vis scans from 300 to
900 nm were acquired at regular time intervals during the GPC
� ESI-HRMS analysis (Fig. 3). It is important to note that the UV-
Vis detector scans the full spectra in about 24 seconds and
during this time, elution continues. As a result, UV-Vis spectra
are only partially representative of the eluted species and
a sharp feature assignment remains complicated. Nevertheless,
the resulting UV-Vis spectra may be used to draw a trend and
further correlation with the MS data ensures a reliable identi-
cation. Particularly, it is known that triply linked (b–b/meso–
meso/b–b) porphyrins own smaller HOMO–LUMO gaps shiing
the absorption more in the NIR compared to the (b–meso/meso–
b) doubly linked porphyrins. As expected, the molecules with
highest degrees of polymerization elute at shorter retention
times from fraction a to d (EIC in Fig. S9†) and exhibit
a broadened but unshied Soret band I at 410 nm together with
a widened, red-shied band II around 574 nm. Because of
instrumental limits, it was not possible to detect with precision
the position of the band III typical of fused porphyrins. On the
other hand, these fractions exhibit an intense absorption
around 900 nm. Fraction emainly corresponds to the elution of
dimers. The presence of triply and doubly linked species was
addressed by isotopic pattern simulations and comparison to
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Isotopic pattern peaks corresponding to NiDMP dimers, (a) experimental spectrum, (b) theoretical isotopic pattern of triply linked dimers
(A + 2 isotopic contribution ¼ 1201.352), (c) theoretical isotopic pattern of doubly linked dimers (m/z ¼ 1201.372). The corresponding structures
are shown on the right.
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HRMS (Fig. 6). Both (NiDMP)2-6H and (NiDMP)2-4H isotopic
contributions are identied in the experimental spectrum.

Unfortunately, because of instrumental limitations, only the
(NiDMP)2-4H can be observed in the UV-Vis spectra of fraction
e. Particularly, doubly linked (b–meso/meso–b) porphyrin dimers
show absorption maxima around 750 nm while triply linked
porphyrins exhibit broader absorptions generally over
900 nm.16,32,66 These observations conrm that the synthesis of
both triply and doubly linked porphyrins is possible in oCVD.
We previously suggested that the initial formation ofmeso–meso
or b–meso singly linked diporphyrins leading to triply or doubly
linked dimers, respectively, is enabled by a dynamic Jahn–Teller
distortion of the initially formed nickel(II) porphyrin radical
cation generating different electrophilic sites for the rst C–C
bond formation.33

Surprisingly, the formation of NiDMP-2H was observed in
traces (Fig. 3 fraction h and Fig. S12†). This species displays an
absorption spectrum similar to the one attributed to the cycli-
zation of NiDt-BuPP (an intense shoulder at 463 nm and the
presence of multiple Q-bands). The small amount obtained
suggests a different reactivity of the molecule and/or a different
reaction mechanism. It was shown that dimesityl groups on
porphyrins can undergo dehydrogenative coupling on Cu(110)
surfaces.67 We suggest that a similar reaction could be stimu-
lated by the iron species deposited on the surface forming a six
membered ring on the NiDMP molecule between the methyl
group and the pyrrole ring. This new arrangement should
modify the hydrodynamic volume and the symmetry of the
molecule explaining the increase in the number of Q-bands and
the higher retention time observed. However, the intensity of
the signal of the refractive index detector evidences that this
reaction is only marginal for NiDMP.

The GPC experiments showed that the substituents and the
cyclization affect the reactivity and the geometry of the mole-
cule. To investigate the effects of these structural modications
on the electrical and morphological properties of the obtained
coatings, we analyzed the samples by C-AFM (yielding infor-
mation on the local conductivity of the samples) and Helium
Ion Microscopy (HIM) (where contrast in the image is created
This journal is © The Royal Society of Chemistry 2020
mainly by composition and topography). HIM images show that
the NiDPP oCVD coating exhibits a rather smooth surface.
Contrarily, NiDMP, NiDDOPP and NiDt-BuPP oCVD coatings
exhibit a rugged surface (Fig. S13†). This strongly contrasts the
smooth surface obtained from the respective sublimed mono-
mers (Fig. S14†). Consequently, it can be assumed that the
polymerization induces a different homogeneity of the surface,
which relates to the polymer structure. Interestingly, the
sublimed NiDDOPP monomer lm shows the formation of
small islands and holes (Fig. S14d†), whichmight be an effect of
the long side chains assisting supramolecular aggregation of
the monomers. It is known that the side groups affect the
supramolecular aggregation of porphyrins both on surface and
in solutions.68,69 Fig. S15† shows representative C-AFM images
relative to the topography while Fig. S16† and 7 show the
respective local conductivity acquired simultaneously and the
respective representative histograms. We imaged areas of 2 � 2
mm2 avoiding the oxidant inclusions that could affect the
measured conductivity. The measured roughness (Ra) (Table
S4†) of the samples was calculated considering the average of at
least 4 different locations on the samples. Ra varied from 1 to
20 nm. NiDDOPP with its bulky OC12H25 groups presents the
highest roughness (21 � 3 nm) average of (4.0 � 1.0 pA) and the
lowest conductivity. Coherently, NiDt-BuPP and NiDPP, under-
going the cyclization reaction, possess the highest conductivity
(averages of 77 � 15 pA and 440 � 120 pA, respectively) and
lowest roughness (Ra of 1.2� 0.2 nm and 4.6� 0.7) in the series
(Table S4†). Finally, NiDMP exhibit lower conductivity (6.5� 0.6
pA) than NiDt-BuPP and higher roughness (10 � 2 nm).

2-Point probe conductivity measurements conrm this trend
showing an increase in conductivity by several orders of
magnitude by decreasing the size of the substituents (from
0.7 S cm�1 for NiDPP to 10�7 S cm�1 for NiDDOPP) (Fig. S17 &
S18†). Obviously, larger substituents reduce the conductivity.
This relationmight be based on a simple steric effect preventing
the p–p stacking, which is required for efficient electron
transfer across porphyrin chains. Besides, this effect may also
be ascribed to a dilution of the conjugated porphyrin moiety in
the lm. A similar relation was observed between eld effect
RSC Adv., 2020, 10, 7048–7057 | 7053
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Fig. 7 Histograms obtained from the C-AFM measurements. The
graph shows the distribution of current measured while imaging
different points of the image in the oCVD samples.
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mobility and intermolecular distance in porphyrin crystals.70

Consequently, the smallest phenyl substituent in NiDPP gives
rise to the highest conductivity in the series. Furthermore, the
intramolecular cyclization reaction occurring in NiDPP might
further enhance the planarization of the individual moieties
and hence the p–p stacking. On the other hand, the very poor
conductivity of NiDDOPP might be ascribed to the suggested
extra cross linking via the substituents, which further prevents
efficient p–p stacking by forming reticular networks. The elec-
trical conductivity of oCVD lms is drastically increased
compared to solution-based lms. Particularly, meso–meso
singly and b–b/meso–meso/b–b triply linked porphyrins of 48
and 8 repetitive units respectively with long alkyl chains exhibit
resistances between 125–670 MU and 50 MU, respectively.71

While the NiDDOPP oCVD coating exhibits a resistance of 400
MU, NiDPP, NiDt-BuPP and NiDMP show much smaller resis-
tances of 100 U, 230 KU and 400 KU, respectively (Fig. S17†).
Obviously, the oCVD of porphyrins allows obtaining coatings
with increased conductivity compared to solution based
approaches. This effect may be ascribed to both the reduction of
Fig. 8 DFT calculated geometry for twoNiDPPmolecules which have un
(b) top view. The cyclization induces planarization of the molecule with
highlighted in red.

7054 | RSC Adv., 2020, 10, 7048–7057
the substituent size enabling a better p–p stacking and to the
doping of the coatings due to the excess oxidant. C-AFM and 2-
point probe measurements provide complementary insights
into the lm properties. While C-AFM probes the lm on the
nanoscale excluding the effect of oxidant residuals, the 2-point
probe measurements take place on the microscale and are more
affected by the lm homogeneity and the iron salt inclusions.

In order to obtain deeper insight into conceivable p–p

stacking interactions of nickel(II) porphyrins, DFT calculations
(RIJCOSX-BP86-D3BJ-ZORA/def2-SVP) were performed on
model aggregates consisting of two porphyrins, namely
(NiDPP)2, (NiDMP)2 and (NiDt-BuPP)2 as well as on two
porphyrins with complete intramolecular dehydrogenative
cyclization (NiDPP-4H)2 and (NiDt-BuPP-4H)2 (Fig. S19–S22†
and 8). Expectedly, the (NiDPP)2 aggregate consists of two
saddle shaped porphyrins33 in an offset face to face arrange-
ment. The phenyl substituents display torsional angles between
59� and 64� with the porphyrin plane (Fig. S19†). To avoid steric
interactions, the phenyl substituents point to different direc-
tions in the two monomers (staggered arrangement of the
NiDPP entities).

On the other hand, the complete dehydrogenative cyclization
in (NiDPP-4H)2 almost completely planarizes the entire mole-
cules including the meso-phenyl substituents. This structural
modication facilitates p–p stacking interactions between the
planarized entities (Fig. 8). Increasing ring-fusion and
concomitant planarization enables better p–p stacking as
shown by Ishizuka and Kojima on zinc porphyrins55 and this
effect appears to be valid for the nickel porphyrins as well.
Similarly, the tert-butyl substituted nickel porphyrin NiDt-BuPP
shows a saddle distortion with non-coplanar meso-aryl substit-
uents (dihedral angles between �55� and 66�; Fig. S20†). Again,
the two porphyrins orient with the meso-substituents pointing
towards four different directions limiting the steric hindrance
between the peripheral groups.

Dehydrogenative cyclization of the aryl substituents attens
the chromophore, allowing a better stacking interaction in
(NiDt-BuPP-4H)2 (Fig. S21†). With respect to p–p stacking, the
situation is worse for the (NiDMP)2 aggregate with mesityl
substituents. These bulky meso-substituents are essentially
orthogonal to the porphyrin plane (dihedral angle �91�)
dergone the cyclization reaction of both the phenyl rings. (a) side view,
phenyl rings co-planar to the porphyrin macrocycle. The cyclization is

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 DFT model of two NiDt-BuPP porphyrins (indicated with A and B). 3,5-Di(tert-butyl)phenyl substituents of porphyrin B are omitted for
clarity. The tert-butyl groups of porphyrin A point out of the porphyrin plane hindering the growth reaction of porphyrin B.
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preventing any close contact of the porphyrin planes or stacking
interactions (Fig. S22†). As NiDMP is unable to planarize by
intramolecular dehydrogenative cyclization, this unfavourable
situation with respect to p–p stacking will be realized in the
oCVD lms of NiDMP as well.

To assess the effect of the cyclization, the distance between
the porphyrins plane was estimated by DFT for NiDPP, NiDt-
BuPP and their respective fused counterparts (details in ESI†).
The estimated distance between the porphyrinic units are 3.39�A
� 0.2 (NiDPP), 3.30 �A � 0.1 (NiDPP-4H), 3.44 �A � 0.2 (NiDt-
BuPP) 3.26 �A � 0.02 (NiDt-BuPP-4H), which are in good agree-
ment with the experimental data obtained by Ishizuka and
Kojima.55 However, this small model doesn't take into account
that advancing polymerization causes an overlap between the
growing chain and the substituents on the surrounding
porphyrin chains (Fig. 9). Particularly, the di(tert-butyl)phenyl
and mesityl substituents point out of the porphyrin plane by ca.
4 and 3.5 �A, respectively (see NiDt-BuPP example in Fig. 9).
Contrarily, in NiDt-BuPP-4H, thanks to the ring fusion forcing
the co-planarity of the phenyl rings to the plane, the di(tert-
butyl)phenyl groups point out of the plane by only �2 �A
(Fig. S21†). Since the size of the groups exceeds the average
distance between the porphyrins calculated in the small model
(3.4–3.2�A), it can be speculated that the intermolecular distance
in the polymeric structure will increase. For example, in NiDt-
BuPP, the offset arrangements between the porphyrins yield
substituents hindering the growth of the neighbouring
porphyrin tape chain (Fig. 9).

This likely causes an increase of the interplanar distances for
porphyrin tapes not undergoing cyclization. On the other hand,
ring fusion attens the porphyrins minimizing this effect.
Considering the ring fusion, the interplanar distance between
the units increases in the following order: NiDPP < NiDt-BuPP <
NiDMP < NiDDOPP in the oCVD coatings. The different
conductivity observed is then related to increasing interchain
distances hindering the electron transport process in the
material. All the experiments strongly point towards the
This journal is © The Royal Society of Chemistry 2020
advantages of the oCVD of porphyrins for the integration into
devices of porphyrin tapes. Particularly, the technique allows
the synthesis of conjugated porphyrins tapes without any
solubilizing agent on the molecule, which is crucial to ensure
more compact arrangements that improve the electron transfer
and the conductivity in the coatings. This is particularly true for
NiDPP. In fact, solution based approaches induce low poly-
merisation yields, solely forming short oligomers, which are
insoluble over ve repetitive units.66 On the other hand, the
oCVD approach directly yields smooth coatings that, thanks to
a completely at structure, exhibit the best performances in the
studied series.
Conclusions

In conclusion, we demonstrated that unlike solution-based
approaches, oCVD does not require specic solubilizing
substituents attached to the porphyrin to form fused porphyrin
tapes. Thin lms of fused porphyrin tapes were readily obtained
from nickel(II) porphyrins bearing phenyl, mesityl, di(tert-butyl)
phenyl or di(alkoxy)phenyl meso-substituents, overcoming the
difficulties related to the processability these materials into
advanced devices. The decoupling of the porphyrin substituents
from the synthesis requirement allows the formation of dense
and homogeneous thin lms with conductivity as high as
0.7 S cm�1 for the oCVD coatings prepared from NiDPP. The
substituent size was shown to severely affect the arrangement of
the molecules and consequently the conductivity of the oCVD
lms. Large substituents increase the intermolecular distance,
weakening the p–p interactions and hindering the interchain
electron transfer. This effect highlights a main advantage of the
oCVD of porphyrins that allows obtaining porphyrin tapes
starting from porphyrins with small substituents. Furthermore,
the oCVD approach causes a cyclization between meso-phenyl
rings and porphyrin macrocycle improving the electrical
performance of the material thanks to enhanced p–p interac-
tions (molecular attening effect). Nonetheless, it is possible to
RSC Adv., 2020, 10, 7048–7057 | 7055
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use the free meso-positions on the porphyrins to increase the
functionality of the material. Furthermore, we undoubtedly
demonstrated that the formation of b–b/meso–meso/b–b triply
linked nickel porphyrins is possible by oCVD.
Experimental section

Experimental procedures, cyclic voltammograms, I–V curves,
HIM, AFM images, DFT calculations, extracted ion chromato-
grams and TGA are provided in the ESI†
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K. K. Gleason,Macromol. Rapid Commun., 2017, 38, 1700055.
47 X. Wang, A. Ugur, H. Goktas, N. Chen, M. Wang,

N. Lachman, E. Kalfon-Cohen, W. Fang, B. L. Wardle and
K. K. Gleason, ACS Sens., 2016, 1, 374–383.

48 X. Wang, S. Hou, H. Goktas, P. Kovacik, F. Yaul,
A. Paidimarri, N. Ickes, A. Chandrakasan and
K. K. Gleason, ACS Appl. Mater. Interfaces, 2015, 7, 16213–
16222.

49 Y. Y. Smolin, K. L. Van Aken, M. Boota, M. Soroush,
Y. Gogotsi and K. K. S. Lau, Adv. Mater. Interfaces, 2017, 4,
1601201.

50 S. Nejati, T. E. Minford, Y. Y. Smolin and K. K. S. Lau, ACS
Nano, 2014, 8, 5413–5422.

51 Y. Fang, D. Koszelewski, K. M. Kadish and D. T. Gryko, Chem.
Commun., 2014, 50, 8864–8867.

52 P. Chen, Y. Fang, K. M. Kadish, J. P. Lewtak, D. Koszelewski,
A. Janiga and D. T. Gryko, Inorg. Chem., 2013, 52, 9532–9538.

53 J. P. Lewtak, B. Koszarna, M. K. Charyton and D. T. Gryko, J.
Porphyrins Phthalocyanines, DOI: 10.1142/
S1088424619501530.

54 K. Baba, G. Bengasi, D. El Assad, P. Grysan, E. Lentzen,
K. Heinze, G. Frache and N. D. Boscher, Eur. J. Org. Chem.,
2019, 2368–2375.
This journal is © The Royal Society of Chemistry 2020
55 T. Ishizuka, Y. Saegusa, Y. Shiota, K. Ohtake, K. Yoshizawa
and T. Kojima, Chem. Commun., 2013, 49, 5939.

56 Y. Saegusa, T. Ishizuka, K. Komamura, S. Shimizu,
H. Kotani, N. Kobayashi and T. Kojima, Phys. Chem. Chem.
Phys., 2015, 17, 15001–15011.

57 T. Wijesekera, A. Matsumoto, D. Dolphin and D. Lexa,
Angew. Chem., Int. Ed. Engl., 1990, 29, 1028–1030.
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