Showcasing research from Professor Takeshi Hasegawa’s
laboratory, Institute for Chemical Research,

Kyoto University, Gokasho, Uji, Kyoto, Japan.

Image designed and illustrated by Kazutaka Tomita.

Control of supramolecular organizations by coordination
bonding in tetrapyridylporphyrin thin films

By changing the central metal ion of tetrapyridylporphyrin,
the balance of the coordination bonding and hydrogen
bonding between the molecules is controlled. Edge-on
orientation of the porphyrin ring has been first realized

in addition to the face-on one.
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Coordination bonding has been employed for the first time to
control molecular orientation in thin films and is demonstrated by
using tetrapyridylporphyrin. Changing the central metal ion of
porphyrin controls the balance of the coordination bonding and
hydrogen bonding, and edge-on orientation has been realized for
the first time as well as face-on orientation. The mechanism of the
film structure formation is comprehensively explained based on the
electron configuration of the central metal ion.

The molecular orientation of organic semiconductors is closely
related to the performance of thin-film-based electronic
devices. For example, if the conjugated rings are packed with
standing (edge-on) orientation to the substrate, charge carriers
are easily transported parallel to the substrate, making it
suitable for the active layer of devices such as organic field-
effect transistors (OFETs)."® Noh and co-workers reported that
the edge-on and lying (face-on) orientations of platinum(m)
octaethylporphyrin change the carrier mobility in OFETSs: the
edge-on case exhibits a ~100 times higher mobility than the
face-on one." Therefore, control of the molecular orientation of
the semiconductor material on dielectric layers such as silicon
oxide is vital to optimize device performance.

When the semiconductor materials are deposited on the
dielectric layer, the anisotropic intermolecular interactions
naturally induce the resulting molecular orientation during
the molecular aggregation process. For example, a planar
conjugated compound represented by phthalocyanine gener-
ates multilayers of the molecules, in which the intermolecular
interaction in the ring-stacking direction is stronger than that
in the interlayer direction.'®"" In this case, the relatively strong
ring-stacking interaction is aligned parallel to the substrate
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surface, so that the surface energy of the resulting layer would
be reduced. In other words, the standing (edge-on) orientation
gives the thermodynamically stable structure on silicon in this
case.”

On the other hand, some planar compounds with hydrogen-
bonding yielding groups such as 1,4,5,8-naphthalenetetracarboxylic
and 3,4,9,10-perylenetetracarboxylic diimides are known to take the
face-on orientation.”*'® In these films, the hydrogen bonding forms
a two-dimensional (2D) supramolecular structure along the sub-
strate, in which the planar molecules are aligned parallel to the 2D
aggregate. Yokoyama and co-workers demonstrated that several
amorphous materials containing pyridine rings exhibited face-on
orientation due to intermolecular hydrogen bonding.'”"'® Using a
similar approach, a star-shaped phthalimide-based molecule has
recently been designed by Nakamura et al.'® This compound has
three N-H/O hydrogen bonding sites forming a 2D supramolecular
structure, yielding face-on orientation. Therefore, molecular design
considering anisotropic intermolecular interactions is an important
chemical strategy for controlling molecular orientation.

The molecular design strategy using intermolecular hydro-
gen bonding, in this manner, works to realize the face-on
orientation of target molecules, but the strategy does not work
for the edge-on one. Here, we propose another chemical
strategy using intermolecular “‘coordination bonds” to realize
the edge-on orientation. In this study, a series of metallated
tetrapyridylporphyrins (MTPyPs, M = metal; Fig. 1a) with four
pyridyl rings on the porphyrin skeleton is investigated. If Fe(u)
is chosen for the central metal ion of the porphyrin ring, the
compound, FeTPyP, is reported to generate a molecular aggre-
gate, in which the molecules are aligned by the intermolecular
coordination bonds between the pyridine ring and the metal
ion in a single-crystal structure.*® Since each coordination bond
is “perpendicular’”’ to the porphyrin ring, the molecules should
have the edge-on orientation in the polycrystalline thin film as
illustrated in Fig. 1b. However, this supramolecular structure
has not been used for molecular orientation control in “thin
films” thus far. To investigate the influence of the central metal

This journal is © The Royal Society of Chemistry 2022
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Fig.1 (a) Molecular structure of MTPyP. (b) Expected supramolecular
structures formed by metal/N coordination bonds.2® The pyridyl groups
that are not used for the coordination bonds were omitted.

ion on the molecular orientation, in the present study, a series
of MTPyPs, containing Fe(u), Co(u), Ni(u), and Cu(u) ions, is
studied. These compounds were synthesized by referring to the
literature.>® The supramolecular organization in the vapor-
deposited MTPyP film was investigated by using the two-
dimensional grazing incidence X-ray diffraction (2D-GIXD)
and infrared p-polarized multiple-angle incidence resolution
spectrometry (IR pMAIRS)>* techniques (detailed experimental
conditions are in the ESIY).

To reveal the molecular aggregation structure depending on
the central metal ion of MTPyPs, we first discuss the 2D-GIXD
pattern of the FeTPyP film (Fig. 2a). This pattern exhibits
several spot-like reflections, which indicates that the molecules
are highly organized. By referring to the lattice parameters of
the single-crystal structure®® (CCDC No. 179299; denoted
“form I”), the reflection on the g, axis (g = 6.9 nm™ ") is derived
from the (200) plane of the form I crystal, which suggests the
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Fig. 2 2D-GIXD patterns of (a) FeTPyP, (b) CoTPyP, (c) NiTPyP, and
(d) CuTPyP thin films deposited on silicon.

This journal is © The Royal Society of Chemistry 2022

View Article Online

ChemComm
@ ? ® e Y
> { L [ b
A~ if' "%)q/“" XK
o IR
AR Sl o L T
= ),qf"’" )){J
!
«: Metal/N Coordination «=: C-H/N Interaction
(020)
2R (021)
& T+ oSS , » W
L JR YA A =
7 T(200) W‘n (402)
¥, :
A A
Substrate Substrate
Form | Form Il
(c)
M(t) Fe(ll) Co(ll)  Ni(ll)  Cu(ll)
dry e
d P P, PO
G HhH o
aty TR TR
Molecular - Eqge-on Random Face-on Face-on
Orientation
gtac"'“g Form | Form | Form Il Form Il ™
ructure

+ Form Il

Fig. 3 Schematics of the (a) form | and (b) Il structures. (c) Schematic
summary of the MTPyP film structures with the electron configurations of
the porphyrin central metal ions. 2524

formation of intermolecular coordination bonding. Since the
(200) plane parallel to the film surface is perpendicular to the
porphyrin plane (Fig. 3a), the compound is thus determined to
have the edge-on orientation as expected. Comparison with the
simulated pattern of the (200) plane oriented parallel to the
substrate (Fig. S1a, ESIT) reveals that the rest of the reflection
spots in Fig. 2a are all consistent with the edge-on orientation
of the form I crystallite.

The CoTPyP film has several diffraction rings (Fig. 2b).
Judging from the magnitude of the scattering vectors, these
rings are also assigned to the reflections of the form I crystal-
lite. This indicates that the polymorph is basically kept
unchanged, but that the structure is disordered in terms of
mosaicity by changing the central metal. Note that the crystal
structure of CoTPyP has not been reported thus far, and that
the present study is the first report of it. The disordered
structure is confirmed by the atomic force microscopy (AFM)
measurements: the topographic image of the FeTPyP film
exhibits small crystalline grains (Fig. S2a, ESIt), while no such
grains are observed in the CoTPyP film (Fig. S2b, ESIT).

To consider the reason for this difference in crystallinity, the
electronic structures of the metal ions are discussed. According
to former studies,>*** the 3d orbital energy of the central metal
ion splits as shown in Fig. 3c. The Fe(u) and Co(u) in porphyrins
have different numbers of 3d,. electrons; the 3d,. orbitals of
Fe(u) and Co(u) are empty and half-occupied, respectively. The
intermolecular coordination bond of MTPyPs is formed by
donation of the nitrogen lone-pair electrons of the pyridyl
group to the unoccupied d,. orbital of the metal ion.>>*® The
interaction generates both ¢ bonding and o* antibonding
orbitals simultaneously, and the nitrogen lone-pair electrons
are given priority to fill the unoccupied bonding orbital of
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FeTPyP. In the case of CoTPyP, however, an additional electron
is in the antibonding orbital, resulting in a relatively weak
coordination bond (Fig. 3c). This may be the reason why
CoTPyP has a lower molecular aggregation propensity than that
of FeTPyP. Based on this mechanism, the formation of the
coordination bonds should be more suppressed for NiTPyP and
CuTPyP, where the d,. orbitals are fully occupied (Fig. 3c). This
prediction is readily confirmed by the absence of the form I
reflection spots in the diffraction patterns for Ni and Cu (Fig. 2c
and d).

The diffraction patterns and the surface morphology of the
NiTPyP and CuTPyP films, in fact, are similar to each other
(Fig. 2c, d and Fig. S2c, d, ESI{), indicating that the two films
have a common crystal structure. The diffraction pattern is
newly recognized for these metal-coordinated compounds, but
it has already been reported for free-base (metal free) TPyP*’
(CCDC No. 749711; denoted “form II”). Indexing of the
observed reflection spots in Fig. 2c and d was performed by
referring to the simulation pattern of the form II crystal in
Fig. S1b (see the ESIt). This crystal structure is characterized by
a ruffled conformation of the porphyrin ring.”” Considering the
ruffled conformation is energetically unfavorable for a single
molecule,?® it should be induced by the intermolecular inter-
action around the molecule.

Since the (402) plane roughly parallel to the porphyrin ring
(Fig. 3b) appears nearby the g, axis (Fig. 2c and d), the
molecular orientation is categorized into the face-on type. In
the form II structure, the C-H group of the porphyrin ring and
the N atom of the pyridyl ring are closer than the van der Waals
radius, suggesting that the C-H/N intermolecular interaction is
actually at work.?” This intermolecular interaction thus forms a
2D network structure of the face-on arrangement.

Of note is that the CuTPyP film is characterized by another
polymorph as a minor component as typically found for the
reflections at g,, = 5.1 and ¢, = 5.9 nm™ " in Fig. 2d, which is not
observed for NiTPyP (Fig. 2¢c). These Cu-specific reflection spots
can be assigned to the triclinic crystal of free-base tetraphenyl-
porphyrin (CCDC No. 1275315: see the simulation pattern in
Fig. Sic, ESIT),>>*° where the porphyrin ring has the planar
conformation.?® The new crystallite is referred to as “form III”
in this paper. To explain the difference in crystal composition
between CuTPyP and NiTPyP, let us go back to the electronic
structures of the metal ions. In terms of electronic structure,
these metal ions are distinguished by the number of d,._,.
electrons, that is, Ni(u) has no electrons, and Cu(u) has one
electron (Fig. 3c). The vacant orbital accepts an electron pair
from the porphyrin N atom, but as the orbital occupancy
increases, the electron-accepting capacity decreases. In fact,
the intramolecular metal/N bonds in Cu porphyrins are gen-
erally weaker than those in Ni ones as shown by a longer bond
length.>"*> This longer bond length is unfavorable for the
ruffled conformation, which geometrically needs a shorter
distance between the nitrogen atom and the metal ion.**?? In
this manner, the form II crystal with the ruffled porphyrin is
suppressed in the CuTPyP film because of the electronic
structure, and another crystallite, form III, is generated instead.
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In this manner, the 2D-GIXD measurements have revealed
that the supramolecular organization of MTPyPs depends
strongly on the central metal ion, as summarized in Fig. 3c.
The analytical results will further be confirmed by IR pMAIRS
measurements with respect to molecular orientation and inter-
molecular interaction. For this purpose, the stretching vibra-
tion band of the pyridyl rings (v(ring),,) is focused on as shown
in Fig. 4, since the band is useful for orientation analysis and is
sensitive to the metal/N coordination bond.**

Fig. 4a shows the 1(ring),, band region of the IR pMAIRS
spectra of the MTPyP films. The red and blue curves are the in-
plane (IP) and out-of-plane (OP) absorption spectra, respec-
tively. The band assignments were performed on the density
functional theory calculation with the B3LYP/6-31G* basis set
(Fig. S3e and Table S2, ESIt). The (ring),, band is commonly
found at about 1595 cm ™! for all the metal ions, each of which
has a satellite band at 1611 cm™ " for FeTPyP and 1605 cm™ " for
CoTPyP. Previously reported IR spectra of pyridine exhibit a
blueshift for the i(ring),, band due to the intermolecular
coordination bonding.** Therefore, the stem band at about
1595 cm ™! is attributed to the free pyridyl ring; whereas the
satellite band is assigned to the i(ring),, mode of the coordi-
nated pyridyl ring. The coexistence of different components
found for FeTPyP and CoTPyP agrees with the schematic of the
coordinated and free pyridyl rings involved in form I (Fig. 3a,
and Fig. S1a, ESIt). Of further interest is, that the blue shift of
FeTPyP is larger than that of CoTPyP, which suggests a tighter
molecular arrangement for FeTPyP.

The IR pMAIRS spectra enable us to analyze the molecular
orientation in the films. For FeTPyP, the IP and OP spectra are
significantly different from each other: the band of the coordi-
nated bond appears mainly in the IP spectrum, while the band
of the free pyridine appears predominantly in the OP spectrum.
Since the transition moment of the 1(ring),, mode is parallel to
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Fig. 4 (a) IR pMAIRS spectra of the v(ring),, region of the MTPyP films, and
(b) schematics of the molecular orientation. The red and blue lines are the
in-plane (IP) and out-of-plane (OP) absorption spectra, respectively.
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the C, symmetry axis of the pyridyl ring, this result clearly
implies that the axis of the coordinated pyridyl ring is parallel
to the substrate surface; whereas the free one stands on the
substrate perpendicularly as shown in Fig. 4b. This orientation
is consistent with the edge-on crystal of form I revealed by the
2D-GIXD measurements in Fig. 3a. The CoTPyP film, on the
other hand, exhibits IR pMAIRS spectra with nearly identical IP
and OP spectra, indicating the random orientation. This result
also agrees with the XRD results. In a similar manner, the
stronger IP band confirms the face-on orientation of the
porphyrin ring in both the NiTPyP and CuTPyP films, as shown
schematically in Fig. 4b.

In summary, selective control of the edge-on and face-on
orientations of MTPyPs has been achieved by changing the
central metal ion of the porphyrin ring. When Fe(u) is intro-
duced into the porphyrin ring, the Fe/N coordination bond
generates a 2D metal-organic framework structure with the
porphyrin ring perpendicular to the substrate. By introducing
Ni(u) or Cu(u), on the other hand, the formation of the coordi-
nation bond is highly restricted, and instead the C-H/N inter-
molecular interaction between the porphyrin and pyridyl rings
induces another supramolecular organization, in which the
porphyrin ring is aligned parallel to the substrate. In this
manner, the present study presents a novel strategy to control
2D supramolecular structures by changing the balance of the
two different intermolecular interactions.
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