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Abstract

Porous and highly conjugated multiply fused porphyrin thin films are prepared from a fast and
single-step chemical vapor deposition approach. While the solution-based coupling of porphyrins
is usually undertaken at room temperature, the gas phase reaction of nickel(ll) 5,15-
(diphenyl)porphyrin and iron(111) chloride (FeCls) is investigated for temperatures as high as 200
°C. Helium ion and atomic force microscopy, supported by weight and thickness measurements,
shows a drastic decrease of the fused porphyrin thin film’s density accompanied by the formation
of a mesoporous morphology upon increase of the reaction temperature. The increase of the film’s
porosity is attributed to formation of a greater amount of HCI (originated from both the oxidative
coupling and chlorination reactions) and the release of gaseous FeCl3 byproducts, i.e., Cly, at
higher deposition temperatures. In addition, high resolution mass spectrometry reveals that
increase of the reaction temperature promotes a higher degree of conjugation of the fused
porphyrins chains, which ensures that high electronic conductivities are maintained along with
high porosity. The method reported herein could enable the engineering of fused porphyrin thin
films in sensing and catalytic devices.
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Introduction

Porphyrins, composed of four pyrrole subunits connected by methine bridges, possess
numerous fascinating properties, including a strong aromaticity responsible for attractive

This is an open access article published under a Creative Commons Non-Commercial No Derivative Works (CC-BY-NC-ND)
Attribution License, which permits copying and redistribution of the article, and creation of adaptations, all for non-commercial
purposes.

Corresponding Author: Nicolas D. Boscher — Materials Research and Technology Department, Luxembourg Institute of Science and
Technology, L-4362 Esch-sur-Alzette, Luxembourg; nicolas.boscher@list.lu.

Complete contact information is available at: https://pubs.acs.org/10.1021/acsami.0c09630

Notes
The authors declare no competing financial interest.


https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://pubs.acs.org/10.1021/acsami.0c09630

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Baba et al. Page 2

absorption or emission properties and a rich metal coordination chemistry that have made
them the catalysts of choice in the main processes allowing life (photosynthesis and
respiration). Several studies have reported the cooperative effect promoted by conjugated
covalent links between porphyrins. Particularly, conjugated porphyrin arrays or polymers
own superior functional properties, such as an increased catalytic activity.1=3 Among the
conjugated porphyrin systems, directly fused porphyrin tapes possess even more fascinating

properties with a NIR absorption,# two-photon absorption,® and negative attenuation factors.
6,7

Up to recently, the synthesis of fused porphyrin tapes involved the solution-based
dehydrogenative coupling of porphyrins using adequate oxidants. Nevertheless, the very
poor solubility of these compounds limits the potential substituents to bulky solubilizing
groups and prevents their integration into functional devices. Several studies have also
reported the formation of fused porphyrin tapes from the sublimation under ultrahigh
vacuum onto oriented metal surfaces.8:2 However, the latter approach is solely yielding the
formation of submonolayers and is completely dependent on the underlying substrate,
preventing the fabrication of functional devices. To circumvent the poor solubility of fused
porphyrin tapes, we very recently developed a chemical vapor deposition (CVD) method
toward the simultaneous synthesis, deposition, and doping of fused porphyrin thin films.10.11
In this method, the porphyrin and the oxidant are both delivered through the vapor phase
onto a substrate on which they adsorb and react to form multiply fused porphyrin tapes.
While solution-based approaches produce fused porphyrin oligomers in moderate yields
even with the aid of bulky substituents to suppress undesired aggregation,12:13 the
oxidative chemical vapor deposition (0CVD) reaction of porphyrins ensures excellent yields
of polymerization. The effective polymerization is expressed by the electrical conductivity
of the thin films that reaches up to 1 S cm~ and a strong absorption in the visible to near-
infrared spectral region.

Nevertheless, the advantages related to the oCVD of porphyrins go far beyond its unique
ability to form fused porphyrin thin films. Indeed, processing through the gas phase allows
to circumvent the limitation related to the poor solubility of fused porphyrins and to
decouple the porphyrin substituents from the synthesis requirements. This enable the use of
smaller substituents, i.e., phenyl, that ensures the formation of dense and homogeneous thin
films with superior conductivity.1* In addition, the higher reactivity of the porphyrins in
oCVD enables the synthesis of fused porphyrins chelating different metal cations, i.e.,
Co(ll), Ni(11), Cu(ll), Zn(11), and Pd(I1).2° In this work, we further take advantage of this
new synthesis approach to investigate the dehydrogenative coupling of nickel(Il) porphyrins
at different temperatures. Indeed, while the solution-based coupling of porphyrins is usually
undertaken at room temperature and cannot be performed at significantly higher temperature
due to the use of organic solvent, oCVD allowed the study of the dehydrogenative coupling
of porphyrins at temperature as high as 200 °C. Ultraviolet-visible-near-infrared (UV/vis/
NIR) spectroscopy, laser desorption ionization high resolution mass spectrometry (LDI-
HRMS), and X-ray photoelectron spectroscopy (XPS) allowed to elucidate the influence of
the substrate temperature on the chemistry of the fused porphyrin thin films. Moreover,
previous studies on the oCVD reaction of 3,4-ethylenedioxythiophene (EDOT) have shown
that modulating the reaction (substrate) temperature allowed to tune the porosity and pore
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size of poly(3,4-ethylenedioxythiophene) (PEDOT) thin films.16 Therefore, in the present
work we investigate the ability of oCVD for the growth of porous fused porphyrin thin films.
The impact of the substrate temperature on the growth rate, morphology, and
nanomechanical properties is investigated by means of helium ion microscopy (HIM),
atomic force microscopy (AFM), and water uptake measurements.

Experimental Section

Oxidative Chemical Vapor Deposition

The oCVD experiments described in this paper were performed in a custom-built oCVD
reactor described elsewhere (Scheme S1).1011 |n this study, the porphyrin and oxidant
evaporators were loaded with 10 mg of nickel(1l) 5,15-(diphenyl)porphyrin (NiDPP) and ~
150 mg of iron(111) chloride (FeCl3). Porphyrin’s and oxidant’s evaporator temperatures
were kept at 250 and 150 °C, respectively, when substrate holder’s temperature was varied
from room temperature to 200 °C (Table S1). The deposition chamber was maintained at a
pressure of 102 mbar under an argon atmosphere, and the deposition time was set to 30 min
for all experiments. Microscope glass slides (Menzel-Glaser, 76 x 26 mm?), silicon wafers,
and organic field effect transistor chips (OFET) (Fraunhofer) were used as substrates.
NiDPP and FeClz monomers were obtained from PorphyChem (98%) and Sigma-Aldrich
(97%), respectively, and used without further purification.

Thin Film Characterizations

The electrical conductivity was measured by depositing the films onto commercial OFET
chips. The measurements were done without applying any gate voltage and by recording the
current-voltage scans with a two-point probe to extract the conductivity by using Ohm’s law.
The thickness of the films was measured by using an Alpha step d-500 profilometer from
KLA-Tencor. The surface density was assessed from the specific mass gain due to the
deposition and the area of the coated surface: surface density [1g cm™2] = (m1 - mg)/A,
where m g and /m 1 are the masses of the coated and uncoated substrate, respectively, while
A is the coated area estimated by using ImageJ software. Coated microscope glass slides
were weighted by using a microbalance (Sartorius ME36S) to obtain 771, and then the
samples were immersed in a mixture of acetone/ethanol (50:50%) for 2 min before being
cleaned with Kimtech tissues to remove all the deposited film and obtain m . The surface
density measurement was repeated on three different samples for each deposition condition
to determine the average surface density. The film’s density (g cm~3) was calculated from
the measured surface density and the thickness of each film. The static water contact angles
(WCA) were evaluated from five different measurements undertaken at different position for
each sample by using a contact angle measuring instrument (KRUSS EasyDrop). The water
uptake of the films was evaluated on coated glass substrates by measuring the mass
difference of the totally hydrated (/77 yer) and vacuum-dried films (/77 gry). Initially, the water
from the fully hydrated films was carefully blotted with Kimtech tissues then dried in a
vacuum oven at 70 °C for 24 h. The water uptake measurement was repeated five times for
each of the prepared thin films, and the average value and standard deviation of these
measurements are reported.
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The optical absorbance was measured in the range 250-2500 nm by using an UV/vis/NIR
spectrophotometer (PerkinElmer, Lambda 950) with a 150 mm diameter integrating sphere.
The absorbance of the as-deposited and acetone rinsed films was measured on the glass
substrates. The absorbance of the acetone-soluble phase of the films was measured in quartz
cuvettes of 3.5 mL and 1 cm light path. The helium ion microscope (HIM) images were
recorded with an Orion Nanofab Instrument from Zeiss. The images were acquired from thin
film samples deposited on silicon wafers. Helium ions are generated using a gas field
ionization source (GFIS). Within the GFIS a sharp needle having an apex radius of ~100 nm
is set to a positive high voltage with respect to an extraction electrode. lonization of helium
atoms happens in close proximity of the sharp needle, and a helium ion beam is extracted
through an opening in the extraction electrode. An impact energy of 30 keV was used
(energy of impinging ion beam at sample location), with ion current between 0.1 and 1 pA
and a tilt angle of the substrate holder stage of 20°. The helium ion beam scans the sample
surface creating secondary electrons (SE). The contrast in the images is created mainly by
material composition and topography. Compared to the standard secondary electron
microscope (SEM), the HIM allows to probe specimens with a better surface sensitivity and
a higher depth of field which makes it very suitable for topographic imaging.1” Quantitative
images of the topography and nanomechanical properties of the samples were acquired by
using the AM-FM mode of the MFP-3D Infinity atomic force microscope (AFM) (Asylum
Research). All measurements were made under ambient conditions (room temperature and
relative humidity of about 50%), and a standard cantilever holder for operation in air was
used. Images of a 2 x 2 zm? area were taken with a resolution of 256 x 256 pixels at a scan
rate of 3 Hz. Cantilevers’ spring constants used in this study were about 20-30 N m™1
(Olympus, AC160TS-R3). The first and second resonant frequencies for AC160TS-R3
cantilevers were about 238 kHz and 1.34 MHz, respectively. A relative calibration method
was done to estimate the tip radius by using a dedicated reference samples kit provided by
Bruker (PFQNM-SMPKIT-12m). The deflection sensitivity and the spring constant of the
cantilever were determined by using the GetReal Automated Probe Calibration feature. The
tip radius was adjusted to obtain the proper value of 2.7 GPa for the polystyrene reference,
matching the deformation applied on the sample of interest. To ensure repulsive intermittent
contact mode, the amplitude set point was chosen as A get point/ A o = ca. 0.7 so that the phase
is well fixed at 60°. The reported average and standard deviation values of modulus and
roughness (Ra) consider at least three images in each sample for reliable results.

Secondary ion mass spectrometry (SIMS) measurements were performed on a CAMECA
NanoSIMS 50 using a Cs* primary ion beam with an impact energy of 16 keV and a current
of around 1.5 pA on sample surface. The masses studied simultaneously in multicollection
mode were 12C14N, 35CI, and %6Fel20. Images were acquired at a size of 40 x 40 zm? and
256 x 256 pixels. Secondary electron (SE) images were recorded by using the same SIMS
instrument. Atmospheric-pressure laser desorption/ionization coupled with a high-resolution
mass spectrometry (AP-LDI-HRMS) was used for the characterization and identification of
the oligomers produced by the oCVD reaction of NiDPP with FeCl3. HRMS analyses were
performed with an LTQ/Orbitrap Elite Hybrid Linear lon Trap-Orbitrap mass spectrometer
from Thermo Scientific (San Jose, CA) coupled with an AP-MALDI (ng) UHR source from
MassTech Inc. (Columbia, MA) with a 355 nm Nd:YAG laser. The as-deposited NiDPP-
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based thin films were directly probed, without any matrix deposition, by the laser following
a spiral motion during 30 s per sample. An in-source decay (ISD) of 70 V was applied to the
samples to prevent any formation of noncovalent NiDPP clusters that could interfere with
the distribution of the NiDPP oligomers. A maximum injection time of 800 ms and a
resolving power of 240000 at m/z 400 within the normal mass range (/7/z 300-2000) and the
high mass range (/m/z 1800-4000) were employed for the HRMS analyses. X-ray
photoelectron spectroscopy (XPS) analyses were performed on a Kratos Axis Ultra DLD
instrument using a monochromatic Al Ka X-ray source (Zv = 1486.6 eV) at a power of 105
W. Charge calibration was accomplished by fixing the binding energy of carbon (C 1s) to
285.0 eV.

Results and Discussion

A series of fused porphyrin tapes thin films were prepared from the oCVD reaction of
nickel(11) 5,15-(diphenyl)porphyrin (NiDPP) and iron(l11) chloride (FeCls) at different
substrate temperatures. NiDPP was selected due to its proven ability to form multiply fused
porphyrin tapes in oCVD,18 while FeCl; was previously demonstrated as a better choice to
promote the dehydrogenative coupling of porphyrins over their undesired chlorination11
(Scheme 1). Particularly, FeCls can oxidize a porphyrin core to yield a porphyrin radical
cation, which can subsequently reacts with the meso-position of a neutral porphyrin to form
an adduct stabilized through the elimination of H* (Scheme S2). 18 Porphyrin dimers and
longer oligomers are formed concurrently to the release of FeCl, and HCI as byproducts.
Substrate temperature was varied from room temperature (25 °C), traditionally used in
solution-based approaches,9 to 200 °C, which can only be investigated through the
proposed gas phase method (Table S1).

Irrespective of the substrate temperature, the oCVD reaction of NiDPP and FeCls yields the
formation of macroscopically smooth and uniform thin films with an electrical conductivity
in the range of 1073-1072 S cm™1 (Table S2). The oCVD thin films exhibit colorations that
strongly differ from the light orange color of the reference thin films prepared from the
sublimation of NiDPP without oxidant. Such a color change, already observed in previous
studies, is indicative of the formation of fused porphyrin tapes.10 Nevertheless, the color
gradient between the greenish coloration of the oCVD thin films elaborated at the lowest
substrate temperatures and the dark brownish color of the oCVD thin films obtained for the
highest substrate temperatures (Figure 1) hints at a difference in the deposition rate and/or in
the reactivity, i.e., different reaction kinetics between the dehydrogenative coupling,
chlorination, and r-extension via ring fusion of the porphyrins (Scheme 1).

Influence on the Morphology and Growth

Contact profilometry measurements highlighted strong discrepancies between the
thicknesses of the oCVD thin films. Indeed, increase of the substrate temperature from room
temperature and 200 °C yields an increase of the oCVD thin films’ thickness from 60 nm to
1.2 ym (Figure 2a). Interestingly, irrespective of the substrate temperature, the thickness of
the reference thin films deposited at 25-200 °C was shown constant at ca. 50 nm. In spite of
the large growth rate discrepancies observed for the oCVD thin films, their weight per unit
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area was shown constant (ca. 27 g cm~2) for all the investigated substrate temperatures,
from ca. 29 g cm~2 for the oCVD thin film formed at room temperature to ca. 26 g cm™2
for the one deposited at 200 °C (Table S2). One should note that weight per unit area (ca. 28
19 cm=2) of the reference thin films is highly similar to the ones of the oCVD thin films.
Such an observation is consistent with the identical amounts of NiDPP sublimed for the
preparation of all the thin films reported in this work (Table S1) but suggests strong
variations in the density of the films. Indeed, the calculated density is shown to drastically
decrease with increase of the substrate temperature (Figure 2b). The densities calculated for
the reference thin films (ca. 4.7 + 2.4 g cm~3) and the oCVD thin film elaborated at 25 °C
(ca. 4.8 0.8 g cm™3) are over 20 times greater than the one calculated for the oCVD thin
film elaborated at 200 °C (ca. 0.2 + 0.1 g cm™3).

The variation of the film density (Figure 2b) correlates with the helium ion microscopy
(HIM) analyses of the films that reveals different morphologies (Figure 3) and (Figure S1).
While the oCVD thin film prepared at room temperature shows a relatively dense and
smooth surface (Figure 3a), the oCVD thin films prepared at higher substrate temperatures
display rough and textured surface (Figure 3b,c). In particular, the oCVD thin film
elaborated at 200 °C exhibit a mesoporous structure with numerous voids in the range 10-50
nm. Such an observation correlates with the report by Gleason et al. on the formation of
nanoporous PEDOT films whose pores are induced by the outgassing of bubbles formed
during the oCVD reaction.18 However, some discrepancies exist with our work where the
high sticking coefficient of the porphyrin molecules, sublimed at 250 °C on a substrate
maintained at a lower temperature (25 to 200 °C), implies that the porphyrins deposit and
remain on the substrate surface even if nonpolymerized.2% Such a behavior is illustrated by
the reference thin films prepared from the sole sublimation of NiDPP (Figure 1). This
highlights the key roles of FeCl3 used in excess in the present work (Table S1) and the
reaction temperature in the formation of highly porous fused porphyrin thin films in oCVD.
We suggest that FeCl3 and the substrate temperature can affect the porosity of the films in
two different ways: (i) increased reactivity at higher temperatures and (ii) decomposition of
FeCls into gaseous products at higher temperatures. First, the enhanced reactivity at higher
temperatures promotes the oxidative coupling (as suggested by the weak solubility of the
film produced at 200 °C, Figure S2) and chlorination reactions that all yield the formation of
a greater amount of HCI. The formation of HCI during the oCVD reaction of FeCl3 and
porphyrins has previously been evidenced from the demetalation of zinc(ll) 5,15-
(dimesityl)-porphyrin and the protonation of free-base 5,15-(dimesityl)-porphyrin (H,DMP)
to [H3DMP]* and [HsDMP]2*.15 The fast condensation of the porphyrin units and fused
porphyrin tapes is suggested to slow down the escape of gaseous HCI from the films,
favoring the formation of porous structures. On the other hand, FeCl3 is known to
decompose to FeCl, and gaseous Cl, upon heating.21:22 Thus, gaseous FeCls byproducts can
bubble out from the film during oCVD process, further contributing to the expansion of the
structure and formation of pores and holes.

Dynamic secondary-ion mass spectrometry (D-SIMS) reveals hot spots of 3> Cl and °6
Fel60 fragments at the surface of all the oCVD thin films. In particular, clusters of 3°Cl and
56Fel60 fragments are detected at the surface of the thin film elaborated at a substrate
temperature of 200 °C (Figure 4), confirming that iron chloride can accumulate at the
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surface of the film even though brought at a temperature higher than the one used to sublime
FeCl3 (150 °C) (Figure S3 and Figure S4). Quantitatively, X-ray photoelectron spectroscopy
(XPS) confirmed that, irrespective of the substrate temperature, highly similar amounts of
iron (2.6 to 3.7 + 1.0 at. %) and chlorine (2.0 to 2.5 £ 1.0 at. %) were present at the surface
of the oCVD thin films (Table S3). Iron and chlorine elements can be present in different
forms in the oCVD thin films. First, FeCl, and HCI are both produced during the
dehydrogenative coupling of porphyrins. If HCI is very likely desorbed, FeCl, can remain in
the films and later oxidizes spontaneously into iron(l11) species upon exposure to air,
creating residues of iron(l11) linked to oxygen and chlorine atoms. In addition to the metal
chloride, chlorine may also substitute hydrogen atoms of the porphyrin macrocycle or
substituents such as depicted in Scheme 1 and previously evidenced by XPS.1! Chlorine
may also be available as dopant anion in the films.23 Finally, part of the FeCl; remains
unreacted in the films. One should note that excess of FeClz and its oxidation byproducts
can be removed through a rinsing step with methanol such as reported by Gleason et al.23

The nanoscale morphology and mechanical properties of the oCVD thin films were imaged
by atomic force microscopy (AFM) in the amplitude modulation-frequency modulation
(AM-FM) mode. One can observe on the topography images the general trend of increasing
roughness (Ra) of the films with substrate temperature (Figure S5), from Ra=1.2 £ 0.4 nm
for the film deposited at 25 °C to 6.7 = 0.9 nm for the one deposited at 200 °C. The
evolution of the Ra value, summarized in Table S2, correlates well with the thickness
increase of the oCVD thin films upon increase of the substrate temperature. The Young’s
modulus measurements, performed over three different areas of 2 x 2 pm? for each sample
(Figure 3d-f), reveal a decrease in the modulus values with the increase of substrate
temperature (Figure 2d). Thanks to the calibration of the mechanical response of the AFM
tip, the modulus value was evaluated to 5.4 + 0.9 GPa for the oCVD thin film deposited at
25 °C to 2.4 + 0.3 GPa for the film formed at 200 °C (Table S2). Interestingly, the decrease
of the Young’s modulus can be related to the decrease of the film density (Figure 2b), both
related to the formation of porosities during the oCVD reaction.

To confirm the evolution of the films porosity along with increase of the substrate
temperature, water uptake measurements were undertaken. To ensure a fair comparison of
the water uptake, the water contact angle (WCA) of the films was first measured. WCA
varied from 69° to 89° for the as-deposited oCVD thin films and was shown to slightly
increase to 87° to 105 °C for the oCVD thin films rinsed with water (Figure S6). Indeed,
FeCls increases the polarity of the surface. Therefore, the solubilization and removal of
FeClj3 (alongside its byproducts) by water causes an increase of the WCA (Figure S6). As
shown in Figure 2c, an increase of the water uptake from 21 to 114 g cm~2 is observed with
increase of the substrate temperature. Increase of the water uptake is consistent with an
increase of the porosity at higher substrate temperature. The ability to form porous fused
porphyrin thin films and increase their specific surface area is particularly desirable for
sensing or catalysis applications.24
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Influence on the Oxidative Coupling and Chlorination

The UV/IVis/NIR absorption spectra of the oCVD thin films (Figure 5) confirm the color
change described above. Notably, the spectra reveal a progressive broadening of the Soret
band (420 nm) and a red-shift and broadening of the Q bands (500-600 nm) upon increasing
the substrate temperature. More importantly, all the oCVD thin films absorb up to the NIR
region as much as 2500 nm such as expected for multiply fused porphyrin tapes, while
singly fused porphyrins only exhibit absorption in the UV/vis region.2® In accordance with
our previous reports, 1018 the oCVD thin films are almost insoluble in common organic
solvents (Figure S2a—c). UV/ vis/NIR analysis of the acetone-soluble phase ascertains the
presence of unreacted FeClj for all the oCVD thin films and NiDPP monomer derivatives
for the ones deposited at the lowest substrate temperatures (Figure S2c). Interestingly, NIR
absorption is slightly more pronounced with the increase of the substrate temperatures
(Figure S5b), suggesting a higher degree of conjugation for higher substrate temperatures.

Atmospheric-pressure laser desorption/ionization high-resolution mass spectrometry (AP-
LDI-HRMS) analysis confirms the successful oxidative polymerization of NiDPP
irrespective of the substrate temperature. Up to hexameric oligomers are observed in the
mass spectra (Figure 6 and Figure S7). In addition, AP-LDI-HRMS also evidences
chlorination (+ClI- H), and intramolecular cyclization (-Hy), reactions known to occur
during the oCVD of porphyrins(Scheme 1).18 Although AP-LDI-HRMS analysis does not
provide an exhaustive view into the mass distribution and that the intensities related to the
different species detected are not fully related to their abundance, the high mass resolution
(up to 240000 at /m/z 400) and the high mass accuracy (around 3 ppm) of the technique
enable the draw of informative trends. 11 In particular, the analysis of the trimeric region of
the spectra reveals a progressive shift of the maximum intensity toward lower masses
(Figure S8). This is related to the increase in the number of unsaturation in the molecule
(loss of2H pairs) with the increase of the substrate temperature (Figure 7 and Figure S9 and
Figure S10). Indeed, when the substrate is held at 25 °C, the singly linked trimer [(NiDPP)3—
H4]* and the corresponding chlorinated compounds [(NiDPP)3—Hy4 (+Cl-H),]* are the
dominant species detected among the trimers. On the contrary, highly unsaturated trimers
[(NiDPP)3-Hg]* and the respective chlorinated trimers [(NiDPP)3-Hg (+CIl-H),]* become
the preponderant species at 200 °C. This observations hint on the formation of mostly singly
fused NiDPP trimers at low substrate temperatures to mostly doubly fused trimers at higher
temperatures. For all cases, peaks related to the elimination of additional pairs of hydrogen
atoms (—2H) , are detected, arising from (i) the intramolecular dehydrogenative cyclization
between the phenyl rings and porphyrin macrocycles'# and (ii) the formation of triply fused
oligomers.15 Indeed, Ni(Il) diphenyl porphyrin can form double and triple linkages (Scheme
S3 and Scheme S4) under oCVD conditions due to a mixing of the a;,, and ay, radical
characters that dictate the reaction’s regioselectivity.1® Particularly, the AP-LDI-HRMS
spectrum of the oCVD thin film deposited at 200 °C shows the signal related to the
formation of the triply fused porphyrin dimers with the four phenyl ring fused on the
porphyrin core (m/Z gpserved = 1022.099, m/Z cajculated = 1022.098; mass error <1 ppm)
(Figure S11).
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Understandably, high substrate temperatures enhance the oxidative coupling reactions,
which can be both ascribed to a higher reactivity at higher temperatures2® and to the
formation of Cl, from FeClz under these conditions.2122 Indeed, Cl, has been reported as
stronger oxidant able to doubly oxidize the porphyrin allowing the formation of phenyl
fused porphyrins (i.e., cyclization/porphyrin rt-ex:tension).2”:28 While a decrease of the
conductivity would be expected upon the decrease of the density observed for higher
reaction temperature (Figure 2b), the formation of multiply fused porphyrin tapes enables to
maintain the conductivity of the oCVD thin films (ca. 1072-1073 S cm™1) (Table S2) along
with high porosities (Figure 3c). Indeed, Osuka et al. demonstrated that flat and tapeshaped
triply fused porphyrin tapes possess higher conductivities over singly fused porphyrins.2
Thus, the use of high substrate temperatures (ca. 200 °C) for the oCVD of porous conjugated
polymer thin films might provide a convenient alternative to the oxidant aggregate approach
for the improvement of their electrochemical properties.3°

While XPS elemental analysis revealed similar incorporation of chlorine (2.0 to 2.5 + 1.0 at.
%) in the oCVD thin films (Figure S3), in-depth analysis of the AP-LDI-HRMS spectra and
XPS CI 2p core level spectra point toward an influence of the substrate temperature on the
chlorine environment. In particular, for the oCVD thin film elaborated at 25 °C
nonchlorinated fused porphyrins are preponderant (Figure 7), while for the oCVD thin films
prepared above 50 °C fused porphyrins with one or two chlorines are the most detected
species. This observation is supported by the XPS CI 2p core level analysis that is dominated
by the metal chloride environment (Cl 2ps/, = ca. 198.7 eV and CI 2py/, = ca. 200.3 eV) for
the oCVD thin film elaborated at 25 °C and by the organic chloride environment (Cl 2p3p, =
200.8 eV and ClI 2py/p = 202.4 eV) for the ones prepared at substrate temperatures above 100
°C (Figure 8 and Figure S12).The chlorination of the fused porphyrins, also reported in the
solution-based synthesis of fused porphyrins,31:32 may be promoted by the formation of Cl,
from FeCls at higher substrate temperatures. Our experiments show that the thermodynamic/
kinetic equilibrium between the chlorination and oxidative coupling reactions is inverted
around 100 °C. In spite the fact that XPS analysis indicates a fairly constant ratio between
metallic and organic chloride above 100 °C (Figure S12), analysis of the mass spectra
clearly shows that oxidative coupling is more favored over the chlorination reaction upon
increase of the substrate temperature from 100 to 200 °C (Figure S10). This change in the
reactivity yields longer fused porphyrin chains (deeper absorption in the NIR at higher
temperatures, Figure 5b).

Conclusion

The reaction temperature, i.e., substrate temperature, drastically affects the chemistry and
morphology of fused porphyrin thin films prepared from the oCVD reaction of NiDPP and
FeCls. Increase of the reaction temperature notably induces a higher degree of conjugation
of the fused porphyrin chains such as evidenced by high-resolution mass spectrometry.
While the oCVD thin films elaborated at room temperature are mostly singly fused
porphyrins, the one elaborated at 200 °C is mostly composed of doubly fused porphyrins.
Beside, higher substrate temperatures also promote the chlorination of the fused porphyrins,
known to further decrease the solubility of porphyrins and that might be useful for several
applications, including electrocatalysis. In addition, higher reaction temperatures yield a
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large decrease of the film density and mesoporous morphology, such as observed by helium
ion microscopy. This enables water to penetrate the porous structure of the oCVD thin films
elaborated at higher temperature in a greater extent, i.e., higher water uptake. The ability to
simultaneously synthesize and deposit multiply fused porphyrin thin films possessing high
surface area may directly benefit various applications that would combine the fascinating
properties of fused porphyrins and high interfacial areas, for example, sensors and
heterogeneous catalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Photography of the thin films obtained from (a) the sublimation of NiDPP and (b—f) oCVD

reaction of NIDPP and FeClj at different substrate temperatures: (b) 25, (c) 50, (d) 100, ()
150, and () 200 °C. (a) Substrate temperature was 150 °C for the preparation of the
reference thin film without oxidant.
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Figure 2.

(a) Measured thickness, (b) calculated density, (c) measured water uptake, and (d) measured
Young modulus for the oCVD thin films.
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Figure 3.
(a—c) Helium ion microscopy images and (d—f) mapping of the local Young modulus from

the elastic deformations observed by atomic force microscopy of the oCVD thin films
elaborated at a substrate temperature of (a, d) 25 °C, (b, €) 150 °C, and (c, f) 200 °C.
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Figure 4.

Elemental distribution of 12C14N, 35CI, and >6Fe!60 fragments originating from the
porphyrin and oxidant and corresponding secondary electron image of the oCVD thin film
prepared at a substrate temperature of 200 °C. The field of view is 40 x 40 zmZ2. Noticeably,
the 35Cl hot spots match with the hot spots of the “6Fel60 fragments, which are both the
exact negative of the 12C14N fragment.
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UVNVis/NIR absorption spectra of the reference and oCVD thin films in the ranges (a) 300-

2500 nm and (b) 1000-2500 nm.
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Figure®6.

AP-LDI-HRMS spectra of the oCVD thin films elaborated at 25 and 200 °C. lons are

detected as radical cations [M]™*. Two scan events were used to acquire spectra within a

broad mass range (/m/z400-2000 and m/z 2000-4000).
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Figure8.
XPS curve fitting of the CI 2p core level for the oCVD thin films elaborated at 25 and 200

°C. The organic chloride contributions (Cl 2p3/, = ca. 200.8 eV and Cl 2pq/, = ca. 202.4 eV)
is depicted in brown, alongside the metal chloride contributions (Cl 2psj, = ca. 198.7 eV and
Cl 2p1/p = ca. 200.3 eV) in red.
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NiDPP Conjugated Poly(NiDPP) Thin Film

®

—— Porphyrin Coupling — Porphyrin n-extension = Porphyrin Chlorination

Scheme 1. Illustration of the Reactions Occurring during the OCVD Reaction of NiDPP2
aAlongside the targeted dehydrogenative coupling of NiDPP, which can form singly, doubly,

or triply fused porphyrin tapes, chlorination and IT—extension via ring fusion can occur.18
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