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New rn-stacking motifs for molecular
semiconducting materials: bis(bis(8-quinolinyl)
amide)metal(in) complexes of Cr, Mn, Fe, and Zn7
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n—n stacking of adjacent molecules is an essential prerequisite for charge carrier transport in organic
semiconductors. Neutral metal-organic complexes with two pincer-type bis(8-quinolinyllamide (BQA)
ligands forming orthogonal m-systems in complexes with octahedrally coordinated metal centres
(Cr, Mn, Fe, Zn) were synthesized. Cr and Fe are shown to facilitate face-to-edge and parallel displaced
stacking in two orthogonal directions as evident from single crystal X-ray diffraction (XRD). We
demonstrate that the crystal structure as well as properties of the electron system of these complexes
can be changed substantially upon variation of the metal centre. Cyclic voltammetry, UV-Vis absorption,
and DFT computations were employed to characterize electronic properties at the molecular level. Thin
films of the complexes, grown as interconnected islands, were prepared and investigated by optical
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spectroscopy, atomic force microscopy, and electrical measurements in organic field-effect transistor
geometry. Increased conductivity was measured for thin films of the Fe and Cr complexes, which
DOI: 10.1039/d1ma00078k showed the strongest intermolecular coupling by optimized stacking in the independently grown single

crystals. Successful transfer of such beneficial stacking into the thin films is discussed based on a
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Introduction

Metal-organic complexes are well-established materials in
organic semiconductor devices.' Alteration of the metal centre
allows facile tuning of the electronic properties; phthalocyanine
derivatives are prime examples in this context."*”” Their charge
carrier mobilities are amongst the highest reported in single
crystalline samples as well as in thin film transistors."®° Planar
molecular structures are a common motif, often leading to
stacking along one direction or in a herringbone type.”'%'!
The n-m stacking of adjacent molecules leads to coupling of
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combination of XRD and Raman spectroscopy.

their electronic wavefunctions, which is an essential prerequisite
for charge carrier transport.'®***¢

Therefore, a molecule tailored to stack well in two orthogonal
directions should improve isotropic charge carrier mobility even
further. Such a structure is provided by the octahedral coordination
of tridentate planar ligands around a central metal. In addition
to the proposed structural arrangement leading to facile
electronic coupling of the ligands, electronic and optical
properties of the material should be strongly influenced by
the choice of metal. Metal-organic complexes that contain two
pincer-type bis(8-quinolinyl)amide (BQA) ligands, forming two
orthogonal n-systems in metal complexes (Scheme 1) have been
reported,’” " but electro-optical properties in thin films have
not been investigated. The general complex structure allows the
use of early transition metals including Cr, Mn, Fe, Co, Zn, and
others. Despite their high abundance,® these elements are
rarely used in organic semiconductor devices. Similar crystal
structures can be expected for different central metals, if the
intermolecular interactions are governed by the overlap of the
ligand systems, instead of, for example, d-orbital overlap found
in square planar systems.>* Furthermore, the BQA ligand
system offers the possibility for derivation to either enlarge
its size or to alter its electronic structure by functionalization.®
In the present work, in order to avoid distortion of the overlap by
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Scheme 1 Synthesis of the M(BQA), complexes (M = Cr, Mn, Fe, Zn).
counteranions, which are necessarily present in charged

complexes,”” we use metals (Cr, Mn, Fe, Zn) in the +2 oxidation
state. Combined with two negatively charged BQA moieties these
lead to neutral complexes. To test our molecular design hypothesis
and to assess the degree of m-m stacking and intermolecular
coupling in the solid state, crystal structures of the complexes
were determined by single crystal X-ray diffraction.

Furthermore, the electronic structures and redox processes of
the complexes with the different central metals were investigated
by UV-Vis absorption spectroscopy and cyclic voltammetry (CV)
in solution. Spin states found by density functional theory (DFT)
computations in line with single crystal X-ray diffraction (XRD)
were correlated to electrical and UV-Vis absorption measure-
ments. Growth of thin films by physical vapour deposition (PVD)
was established and films characterized by thickness dependent
optical spectroscopy and electrical measurements in organic
field-effect transistor (OFET) geometry. Electrical conductivity
as well as charge carrier mobilities are discussed in view of the
respective molecular arrangement in the solid state.

Experimental

Chemicals and solvents were purchased by commercial suppliers
and used as received. Chemical synthesis was performed in an inert
nitrogen atmosphere within a glovebox. High resolution mass
spectrometry (HRMS) spectra were recorded on an ESI-MS Finnigan
LCQ-DUO. Powder and thin film samples were dissolved in dichloro-
methane (DCM) prior to ESI-MS analysis. 'H-Nuclear Magnetic
Resonance (NMR) spectra were measured with a Bruker Advance
III HD spectrometer at 400 MHz. Infrared (IR) Spectra were recorded
on a Bruker Vertex 70 as thin films on BaF,. IR intensities are
denominated as strong (s), moderate (m), and weak (w). Raman
spectra were collected in a Renishaw inVia Raman microscope. Full
molecular geometry optimizations at the DFT level of theory (Tables
S1-S3 and Fig. S1, ESIt) were performed using the PBE*** func-
tional combination as implemented in the Gaussian16 Revision
B.01 software package. No symmetry restrictions were applied.
Unless mentioned otherwise, we employed a Def2TZVP***’ basis
set, which was found to give satisfactory results for the electronic
structure computations of transition metal complexes.”®

Preparation of BQAH and Zn(BQA),

N-8-Quinolinyl-8-quinolinamine (BQAH) and Zn(BQA), were
synthesized following literature procedures.>' Crystals suitable
for X-ray structural analysis were grown by vapour diffusion of
n-hexane into a concentrated solution of Zn(BQA), in tetrahydro-
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furan (THF). Also, crystals were obtained by sublimation at
220 °C and ~10~> mbar.

Preparation of Mn(BQA),

BQAH (123.3 mg, 0.454 mmol) was dissolved in THF (3 mL) and
potassium tert-butoxide (KO'Bu) (51.0 mg, 0.454 mmol) was
added. The mixture was stirred for 30 min, followed by addition
of MnCl, (28.6 mg, 0.227 mmol). After stirring overnight, the
mixture was filtered and the residue was washed with THF
(2 x 1 mL). The filtrate was layered with n-hexane and cooled
to —30 °C. After three days the formed crystals were filtered off,
washed with n-hexane (3 x 1 mL) and dried. Mn(BQA), (55.8 mg,
41% yield) was obtained as a dark orange solid. Crystals suitable
for X-ray structural analysis were grown by vapour diffusion of
n-hexane into a concentrated solution of Mn(BQA), in THF. HRMS
[ESI]: m/z = 595.1448 (calc. m/z = 595.1443); "H-NMR (THF-dg): No
peaks visible because of paramagnetism, corresponding to the
calculated spin state. IR (Fig. S18, ESIt): v = 2921 (w), 2850 (W),
1552 (m), 1499 (m), 1490 (m), 1448 (s), 1423 (W), 1387 (s), 1331 (m),
1229 (w), 1179 (m), 1119 (m) cm .

Preparation of Cr(BQA),

BQAH (120.5 mg, 0.444 mmol) was dissolved in THF (3 mL) and
KO'Bu (49.9 mg, 0.444 mmol) was added. The mixture was
stirred for 30 min, followed by the addition of CrCl, (27.3 mg,
0.222 mmol). After stirring overnight, the mixture was filtered
and the residue was washed with THF (2 x 1 mL) and DCM (2 x
1 mL). The residue was then continuously extracted with DCM.
The extract was evaporated to dryness to obtain Cr(BQA),
(38.7 mg, 29% yield) as a dark red solid. Crystals suitable for
X-ray structural analysis were grown by slow evaporation of a
concentrated solution of Cr(BQA), in DCM. HRMS [ESI|: m/z =
592.1467 (cale. m/z = 592.1468); 'H-NMR (THF-dg): No
peaks visible because of paramagnetism, corresponding to
the calculated spin state. IR (Fig. S19, ESIf): v = 2916 (w),
1574 (m), 1561 (m), 1534 (m), 1494 (s), 1456 (s), 1434 (w), 1389
(s), 1376 (m), 1331 (w), 1315 (w), 1130 (w) cm .

Preparation of [Cr(BQA),|Cl

BQAH (100.7 mg, 0.371 mmol) was dissolved in THF (3 mL) and
KO'Bu (41.7 mg, 0.371 mmol) was added. The mixture was
stirred for 30 min, followed by the addition of CrCl; (29.4 mg,
0.186 mmol). After stirring overnight, the mixture was filtered
and the residue was washed with THF (2 x 1 mL). The residue
was taken up in DCM (2 mL) and filtered again. This procedure
was repeated twice. The combined filtrates were evaporated to
dryness to obtain a sample of [Cr(BQA),|Cl as a dark red solid.
HRMS [ESI]: m/z = 592.1467 (calc. m/z = 592.1468); IR (Fig. S20,
ESI): v = 2922 (w), 1563 (m), 1494 (m), 1460 (s), 1454 (s), 1427
(w), 1386 (s), 1371 (m), 1327 (w), 1129 (W) cm ™.

Preparation of Fe(BQA),

BQAH (105.3 mg, 0.388 mmol) was dissolved in THF (3 mL) and
KO'Bu (43.6 mg, 0.388 mmol) was added. The mixture was
stirred for 30 min, followed by the addition of FeCl, (24.6 mg,
0.194 mmol). After stirring overnight, the mixture was filtered

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and the residue was washed with THF (2 x 1 mL) and DCM (2 x
1 mL). The residue was then continuously extracted with DCM.
The extract was filtered and the residue was dried to yield
Fe(BQA), (69.0 mg, 60% yield) as a dark purple solid. Crystals
suitable for X-ray structural analysis were grown by vapour
diffusion of methanol into a concentrated solution of
Fe(BQA), in DCM. HRMS [ESI]: m/z = 596.1413 (calc. m/z =
596.1412); "H-NMR (CD,Cl,) (Fig. S16, ESIf): & [ppm] = 7.20,
6.90, 6.19, 1.21, 0.78; IR (Fig. $17, ESIT): v = 2954 (w), 2917 (W),
2852 (w), 1594 (m), 1545 (s), 1488 (s), 1444 (s), 1434 (m), 1392
(s), 1379 (m), 1329 (w), 1278 (w), 1260 (w), 1193 (m), 1108 (W),
1011 (w), 983 (W) em ™.

Crystallography

Details regarding single crystal structure determination can be
found in the ESIt (Tables S4-S28, ESI). Crystallographic data
and refinement details were deposited with the Cambridge
Crystallographic Data Centre as CCDC 1897889-1897893 and
2057276 and can be obtained free of charge.”® Powder XRD
patterns were collected by a Panalytical Empyrean diffractometer.

Cyclic voltammetry

CV was conducted in saturated solutions of the analyte in
dimethylformamide (DMF, Carl Roth GmbH), using 0.1 M
tetrabutylammonium  tetrafluoroborate  (TBABF,, Sigma
Aldrich) as a supporting electrolyte. Platinum wires were used
as working and counter electrodes and a leak free Ag/AgCl-
electrode (LF-2, Warner Instruments) as reference electrode.
Ferrocene (Fc) was purchased from Sigma Aldrich (>98%) and
used as external reference. Electrochemical measurements
were performed with an Ivium Technologies IviumStat poten-
tiostat in a water and oxygen free environment (<0.5 ppm) at
100 mV s~ ' scan rate. Estimates for the redox potentials of the
first oxidation E,, and the first reduction E..q of the metal
complexes have been determined according to the average of
peak potentials E & Epea + E{,i%k/z of the respective wave.
HOMO and LUMO energies were estimated in reference to the
oxidation potential of Fc, assuming its HOMO at —4.8 eV*° vs. a
free electron in vacuum. A portion of the DMF/TBABF, solution
was taken aside before CV to measure the absorbance of the
dissolved molecules. All UV/Vis absorption measurements were
done with a Tec5 Evaluation Line spectrometer. The optical gap
is determined from a linear fit of the absorption edge and
converting the intersection wavelength to an energy.**

Characterization of thin films

For UV/Vis absorption measurements on thin film samples,
quartz glass slides (GE124, Ted Pella Inc.) were cleaned with
acetone, isopropanol, ethanol and water in an ultrasonic bath
for 5 min each. For OFET preparation, highly n-doped silicon
wafers (Silicon Materials) with a 300 nm thermally grown oxide
layer were cleaned with acetone and isopropanol, dried in a
nitrogen stream and pre-baked at 180 °C. Interdigital electrode
arrays were then structured on top by photolithography: Hex-
amethyldisilazane (HMDS, micro resist technology), an adhe-
sion promoter, and the positive photoresist ma-P1215 (micro

© 2021 The Author(s). Published by the Royal Society of Chemistry
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resist technology) were deposited by spin coating and baked at
100 °C consecutively. These wafers were then exposed to UV-
light through a shadow mask and developed in ma-D331 (micro
resist technology). Electron beam evaporation using a UNIVEX
300 from Leybold was employed to deposit a 50 nm thick Au
layer on top. Unless mentioned otherwise, the length and width
of the conductive channel were 5 pym and 15 mm, respectively.
The lift-off process was conducted by immersion into acetone
and ultrasonic treatment, leaving the micro-structured elec-
trode arrays. Source and drain electrodes, as well as the back-
side of the structures composed of doped silicon and used as a
gate electrode, were then contacted by Ag paste. Thin films of
the organic materials were deposited by PVD under high
vacuum from a resistively heated boron nitride crucible filled
under nitrogen atmosphere in a glovebox (¢(0,) < 0.5 ppm) and
sealed by a gate valve to avoid oxidation of the source material,
unless mentioned otherwise. Evaporation rates were monitored
by a calibrated quartz crystal microbalance (QCM) assuming the
density of 1.48 g cm > obtained from the vacuum grown
Zn(BQA), crystal. The evaporation rates were adjusted to about
0.5 + 0.2 nm min~' by appropriately setting the heating current.
If not mentioned otherwise, thin films of 60 + 2 nm were
prepared. Electrical and optical experiments on thin films were
conducted during and subsequent to deposition in the evacu-
ated evaporation chamber. To specifically study the influence of
oxygen on thin film properties, the chamber was vented with air
after initial characterization. The source and drain electrodes
were contacted by a Keithley 6430 sub-femtoamp sourcemeter
and the gate voltage was applied by a Keithley 487 picoammeter.
Where possible, the charge carrier mobility x4 was calculated
from the dependence of the source-drain current I, on the gate
voltage Vi in the saturation regime of Isp vs. source-drain
voltage Vgp to minimize the possible influence of any contact
resistance. For Zn(BQA),, the dependence of Iy, on Vg was
evaluated in the linear regime of Isp vs. Vsp since saturation
could not be reached. Two separate devices of Zn(BQA), yielding
©=(8.940.7) x 107”7 cm® V' s, and three separate devices of
Fe(BQA), yielding u = (5.6 &+ 3.1) x 107> ecm® V' 57" were
studied. In the text, individual values are used for a given device.

Results and discussion

The neutral metal complexes were synthesized by deprotonating
N-8-quinolinyl-8-quinolinamine with potassium ter¢-butoxide
in THF and subsequently adding the corresponding metal
chloride salt. Purification was then performed by crystallization
or extraction depending on the solubility of the complexes.
Successful synthesis was shown by the molecular structure
obtained from XRD. For all complexes, the general molecular
structure is in accordance to expectations, yet the proposed
packing motif, with ligands stacking in orthogonal directions
was not obtained in all cases.

Zn(BQA),, crystallized from solution (Fig. S21, ESIt), leads to
a hexagonal unit cell with @ = b = 20.695 A, and ¢ = 13.596 A. The
space group was P6,. Molecules of the complex form a dense
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packing, while larger channel-like cavities are filled by solvent
molecules. The n-stacking is of particular interest because of its
importance for electronic coupling. The relative orientation of
ligands can, therefore, serve as a metric to compare packing
motifs. In case of the Zn(BQA), molecules, ligand planes are
distorted and oriented non-parallel in a range of orthogonal to
angled positions. Such an arrangement leaves only face-to-edge
type stacking.'® The absence of a constant relative arrangement
of ligands does not speak in favour of strongly interacting
n-systems. Zn(BQA), crystals obtained from the vapour phase
(Fig. 1a) do not contain solvent and crystallize in the mono-
clinic C2/c space group a = 19.562 A, b = 13.471 A, ¢ = 22.595 A,
and f = 113.988. Again, ligands were not found in a constant
relative orientation. In direct comparison, removal of solvent
molecules does not lead to significantly changed packing of the
complex. Crystallization of Mn(BQA), (Fig. S23, ESIt) yields a
hexagonal cell with a = b = 20.545 A, and ¢ = 13.835 A within the
P65 space group, closely related to Zn(BQA),.

In contrast, the intended stacking motif can be observed for
Cr(BQA), (Fig. S24, ESIt) and Fe(BQA), (Fig. 1b). For Fe(BQA),,
in addition to a face-to-edge orientation, ligand planes are
parallel displaced and face-to-face in the orthogonal direction,
packing in a triclinic cell of a = 11.858 A, b =12.237 A, ¢ = 12.268 A
and o = 90.362° f = 101.553°, y = 116.949° within the P1 space
group. Interaction between ligands leaves free volume that is filled
by solvent. Such m-stacking typically leads to strong electronic
coupling.'® A similar structure was found for Cr(BQA), (Fig. S24,
ESIt), with a corresponding triclinic unit cell of a = 9.072 A,
b=12.758 A, c=16.071 A, and o = 81.026°, f§ = 75.685°, y = 79.295°
within the P1 space group. In an oxidized sample, aside from the
solvent molecules, chloride ions were found characterizing the

j: \ »/%’”
P '\/'
72\

Fig. 1 Unit cells with complete molecules of (a) Zn(BQA), obtained from
sublimation and (b) Fe(BQA), crystallized from solution.
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sample as [Cr(BQA),]|Cl (Fig. S25, ESIt) with a triclinic unit cell of
a=10.774 A, b =11.688 A, c = 15.329 A, « = 80.557°, § = 78.385°, 7 =
68.265° within the P1 space group. Partial oxidation of the
synthesized Cr(BQA), is revealed but complete oxidation is
excluded based on the UV/Vis spectra of the synthesized
Cr(BQA), in comparison to [Cr(BQA),]Cl (Fig. S3, ESIf). Clear
differences in the spectral shape prove that the Cr(u) complex
was synthesized, however, with potential contamination by Cr ().

Despite the use of identical ligands prior to complexation,
quite different packing motifs emerge, depending on the
central metal. The metal is coordinated by two ligands, with
all nitrogen atoms forming ligand-metal bonds, resulting in a
partially distorted octahedral coordination sphere. Both quino-
linyl moieties within a given ligand are not perfectly coplanar
because of the repulsive interaction of the hydrogen atoms at
the positions 2 and 2’ of each moiety. In extension, the sizes of
the metal centres, which can be compared by measuring the
length of the six metal-nitrogen bonds, are reflected in the
dihedral angles between the two quinolinyl moieties of each
ligand. The size of the metal centre is defined by the number of
d-electrons and the spin state of the complex. These geometric
features were also investigated using DFT computations, which
allows us to determine the spin states of the complexes.

The experimental crystal structures are not completely
symmetric regarding individual ligands and corresponding
bonds due to packing effects. In contrast, the computed
individual metal complexes are completely symmetric. Still,
the average bond lengths (Table S3, ESIf) and resulting
dihedral angles within the crystal structure and the computations
compare rather well, e.g., for Zn(BQA), (found 23.7°, calc.: 25.4°).
The large angles found are in line with the large size of zinc(u) with
its completely filled d-orbitals. The largest angle is measured for
Mn(BQA), (found 25.8°, calc.: 28.9° for the sextet, 16.8° for the
quartet state) suggesting the presence of a d; high spin system. The
iron(u) centre of Fe(BQA), (found 5.2° calc.: 9.7°) is compact in size,
as rationalized by a computed favoured de low spin state. For
Cr(BQA),, the two ligands showed differing dihedral angles of 7.9°
and 19.0° (average of 13.5°) which also compares favourably with a
calculated value of 15.7°. In general, more defined - stacking was
found for smaller dihedral angles within this study, pointing at this
angle as a good indicator for the overlap of the ligands’ n-orbitals.
Variation of the central metal, therefore, leads to changes in
molecular arrangement of the ligand in the complex as seen in
the single crystal structure. Therefore, a strong influence of the
different metal atoms on the molecular properties is expected.

Redox potentials of the first oxidation (E,,) and the first
reduction (E..q) were obtained by CV in solution (Table 1, Fig. 2
and Fig. S2, ESIt). For Zn(BQA),, the reduction could not be
observed because of limitation by the potential window of the
electrolyte solution. E,x of Zn(BQA), at 0.37 V vs. Ag/AgCl
corresponds to a HOMO energy of —4.68 €V if calibrated against
an external Fe/Fc' couple. The potential is significantly lower
than E,, reported for the ligand, which, by similar reference to
Fc/Fc', converts to a HOMO energy of —5.36 €V.”° Such a low Eoy
of Zn(BQA), emphasizes strong contributions of the metal
centre. For the early transition metal complexes (Cr(BQA),,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table1l Redox potentials obtained by CV, derived frontier orbital energies
and the optical gap derived from the absorption edge

Enomo Erumo Optical
Eox (V) (=€V)  Erea (=V) (-€V)  Egap (eV) gap (V)
Zn(BQA), 037  4.68  — — — 2.25
CI(BQA)Z 0.87 5.18 1.07 3.24 1.94 2.02
Mn(BQA), 0.75  5.06  0.24 407  0.99 2.12
Fe(BQA)Z 0.62 4.93 0.34 3.97 0.96 1.45

Mn(BQA),, and Fe(BQA),), the values of E,, are also below that
of the pure ligand, demonstrating that the HOMO includes
contributions of metal orbitals to a significant proportion also
in these cases. In extension, we observed a trend of easier
oxidation with higher nuclear charge of the central metal. Both
Mn(BQA), and Fe(BQA), are similar in their redox properties,
showing reversible oxidation and reduction at almost the same
potential, which is explained by their direct neighbourhood in
the periodic table of the elements. Two oxidation waves were
observed for Cr(BQA),, which is typical for chromium com-
plexes that often display a broad range of oxidation states.*?
Cr(BQA), is reduced in an irreversible wave at significantly
lower E,.q.

The measured UV/Vis absorbance spectra also clearly reflect
the influence of the central metal on the electronic structure of
the complexes and correspond to literature data: below an
upper limit of around 600 nm bands are commonly assigned
to ligand centered n-m* transitions, while at higher wavelengths
d-orbital transitions become prevalent."®>°** Results obtained
for Zn(BQA), in comparison to BQAH are shown in Fig. 3a.
The ligand has a well-defined absorption band at 400 nm,
which is shifted to higher wavelength (500 nm) in Zn(BQA),
caused by coordination to the metal centre. Above 575 nm, no
transitions are found, since all d-orbitals are occupied.

Mn(BQA), showed very similar spectral features below
600 nm (Fig. 3b), which are assigned to ligand-centred transitions.
This is supported by only small differences in the dihedral angle
of the ligand. Consequently, just a small red-shift was observed
relative to Zn(BQA),. Furthermore, we observed a range of weak
transitions from 600-900 nm, which can be assigned to the (albeit

0.4
< 021
IS
=
)
S 001
o

-0.24

Ereq =-0.34 V

1 0 1
Potential vs Ag/AgCl / V

Fig. 2 Cyclic voltammogram of Fe(BQA), dissolved in DMF. Dashed lines
indicate the redox potentials E,cq and Eqy.
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Fig. 3 UV/Vis absorption spectra in DMF solution of (a) BQAH and
Zn(BQA), and (b) of all complexes in direct comparison.

unfavourable because spin-forbidden) d-orbital transitions in the
high spin complex. The optical gap (Table 1) is substantially larger
than the difference between E,.q and E,, indicating the presence
of states that cannot be accessed by photon excitation below the
So-S; transition. The spectrum measured for Cr(BQA), was very
similar to that of Mn(BQA),, with the two high energy bands and a
weaker transition at higher wavelength. In the high energy range,
the spectral shape is influenced by a lower dihedral angle of the
ligand. The optical gap of Cr(BQA), fits well to Eg,, found by CV,
demonstrating the optical transition to be equivalent within good
approximation. In line with previous findings, the spectrum of the
presumably low spin Fe(BQA), complex (see calculated results in
Fig. S1, ESIt) showed significantly stronger absorptions above
600 nm. Below 600 nm, ligand-centred transitions are influenced
substantially by the significantly lower dihedral angle. The red-
shift of the ligand-centred bands (Fe(BQA), > Cr(BQA), >
Mn(BQA), ~ Zn(BQA),) inversely correlates with the dihedral
angle between the quinolinyl moieties (Fe(BQA), < Cr(BQA), <
Mn(BQA), ~ Zn(BQA),). A higher planarity (lower dihedral angle)
in the BQA ligand obviously leads to increased orbital delocalization
and, hence, decreased transition energy.

Thin films were prepared by PVD at temperatures of
Fe(BQA), (129 + 22 °C) ~ Cr(BQA), (129 + 12 °C) >
Mn(BQA), (120 £+ 8 °C) > Zn(BQA), (104 + 12 °C), indicating
stronger intermolecular coupling and higher lattice energy for
complexes with a smaller dihedral angle. All complexes could
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be evaporated and resublimed without decomposition. This is
most clearly seen for Zn(BQA), since vapour-grown single
crystals could be obtained (Fig. 1a). The stability of Zn(BQA),
and Fe(BQA), during thin film preparation was confirmed by
ESI-MS analysis of the source materials compared to vapour-
deposited thin film samples (Fig. S4 and S5, ESIt), in which no
significant impurities were observed. Integrity of the metal
complexes upon the deposition of thin films is also seen in
quite similar band positions of the chromophores in optical
absorption spectra of the thin films compared to solutions
(Fig. 4 exemplarily shows this for Fe(BQA),, see Fig. S6 for
others, ESIt).

Detailed inspection reveals that the absorption band
positions for thin films of all complexes except Cr(BQA), are
shifted towards lower energy when compared to spectra in
solution. Such a shift is typically caused by changes in the
dielectric environment (organic solid vs. solution). For increas-
ingly thicker films, the optical absorbance maximum showed a
red-shift (Fig. 4 and Fig. S6, ESIt). In the monolayer regime
(around 1 nm), isolated molecules interact with the substrate,
while increasing coverage leads to intermolecular coupling,
which ultimately decreases the energy of the band towards its
bulk value.** Such intermolecular coupling of frontier orbitals
is of significance for charge transport since these energy levels
host the conducting electrons or holes. For Zn(BQA),,
Mn(BQA),, and Cr(BQA), frontier orbital transitions were
mainly ligand-centred. Taking the shift of the peak around
550 nm from 1 to 20 nm film thickness as an estimate for the
difference between isolated and bulk energy (Fig. 5), values of
50 meV for Zn(BQA), (516-527 nm) and Mn(BQA), (528-
540 nm) were obtained. The shift for Cr(BQA), (512-535 nm)
was found significantly larger (100 meV), in line with the
increased m-m stacking of ligands in the crystal lattice. The
frontier orbital transition in Fe(BQA), was found at a notably
higher wavelength and still yields a 40 meV (722-740 nm) shift,
despite the fact that it corresponds to a metal-centred
transition.

Fe(BQA),

1 nm film
— 20 nm film
«weee-- solution

Normalized Absorbance

600 700 800 900

Wavelength / nm

400 500

Fig. 4 Thickness dependent UV-vis absorbance of Fe(BQA);
subsequently measured during PVD onto quartz glass. The solution
spectrum (from Fig. 3b) is provided as dotted line for direct comparison.
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Thickness-dependent shifts of the absorption bands can,
further, indicate changes in the growth-mode of organic
materials. For layered growth, the peak energy of an absorption
band can be expressed as a function of thickness d:

E(d) = Fpuik + AE X dint/d

with AE being the difference in transition energy of interface
and bulk molecules and dj, the thickness of an optically
different interface layer.>**> This relationship holds for a
compact film growing in a constant growth mode as the
amount of molecules at the interfaces remains constant.**
Assuming that isotropic interaction dominates for all complexes
in this study and since the average film thickness (measured by
QCM) is proportional to the number of deposited molecules, the
transition energy should be approximated by a 1/d dependence
subsequent to formation of a compact film.

Regarding the data shown in Fig. 5, two regimes were
identified in the decrease of the band energies for Zn(BQA),,
Mn(BQA),, and Fe(BQA),: one up to about d = 5 nm characteristic
for a decreasing influence of isolated molecules and one above
d = 5 nm characteristic for a decreasing ratio of surface to bulk
molecules. The data were fitted according to 1/d. In case of
Fe(BQA), (Fig. 5¢), this transition at d = 5 nm correlates well with
the beginning of measurable current between interdigitated
electrodes, when the current is monitored depending on film
thickness (Fig. 6). Up to 5 nm film thickness, growth of isolated
islands seems to be the preferred growth mode for Fe(BQA),.
The surface to molecule interaction should contribute in such
thin films, as seen by the strong decrease of band energy.
Independent atomic force microscopy (AFM) studies confirmed
these islands (Fig. S7a, ESIT). At the onset of a linear increase in
current (Fig. 6), percolation leads to the closing of gaps between
islands (Fig. S7b, ESIt). The linear increase with film thickness
up to 12 nm corresponds to the filling of these gaps (Fig. S7c,
ESIf), after which the current remains almost constant.
Therefore, further island growth on top of the film occurred,
which had little influence on the optical shift. The second regime
in Fig. 5¢c, corresponding suitably well to the 1/d relationship, is
assigned to an increased relevance of the bulk energy. Similar
behaviour was found when investigating the shift for Zn(BQA),
and Mn(BQA), (Fig. 5a and b), both displaying the plateau at 5 nm
or 4 nm, respectively, in an even more pronounced way, proving a
similar growth mode as for Fe(BQA),. In case of Cr(BQA),,
conductive pathways form already at 2.1 nm film thickness,
significantly closer to the monolayer regime (inset Fig. 6). Islands
start to be in contact at lower film thickness and the plateau in
the decrease of band energy to the bulk value is masked (Fig. 5d).
The absence of any plateau in the current dependent on thickness
(Fig. 6) indicates monotonous growth of Cr(BQA), thin films.

A first outlook on the electrical performance of the investigated
complexes to discuss their suitability as organic semiconductors
can be gained from thin films in a bottom gate bottom contact
field-effect transistor geometry. A silicon wafer with thermally
grown oxide as a gate insulator and two interdigitated Au electro-
des was chosen because of its simple device architecture (Fig. S11,
ESIY). The Au electrode work function of 4.7 €V, determined by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Thickness dependent shift of the absorbance peak energy taken from the band of highest wavelength for (a) Zn(BQA),, (b) Mn(BQA),, (c) Fe(BQA),,
and (d) Cr(BQA),. Lines represent fits of the data according to a 1/d relationship.
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Fig. 6 Thickness dependent evolution of the current along thin films
between Au electrodes of an interdigitated electrode array for Cr(BQA),
and Fe(BQA),. The Fe(BQA), evaporation source was filled at air.

Kelvin probe force microscopy, when compared to the determined
HOMO energies, should provide Ohmic contact characteristics to
the studied films. This is confirmed by a pronounced linear
regime in the transfer characteristics (insets of Fig. 7, details in
Fig. S12, ESIT).*

Conductivities and charge carrier mobilities were measured
and show significant differences for the four studied materials.
Such differences can be of intrinsic character and originate
from different intermolecular coupling within grains of the
films or can originate from different transport across grain

© 2021 The Author(s). Published by the Royal Society of Chemistry

boundaries caused by variations of film morphology. In a first
approximation, a significant influence of film morphology is
excluded since identical growth modes of the four materials
were observed by shifts of the absorption energies (Fig. 5) and
since AFM studies for Zn(BQA), and Fe(BQA), on the OFET
substrates verified a similar morphology (Fig. S8, ESIt).

Output characteristics representative for Zn(BQA), thin
films are shown in Fig. 7a. Negative gate voltages increase the
current as also seen in the transfer curves (inset of Fig. 7a and
details in Fig. S12, ESIf), which identifies Zn(BQA), as p-type
semiconductor. The currents observed are in the 0-100 nA
range. A conductivity of less than 1.9 x 107° S m™' (instru-
mentational limit) can be estimated at Vi = 0 V and a charge
carrier mobility of u(—20 V) = 9.5 x 1077 em® V' 57! was
determined, both rather low compared to many other organic
semiconductors.'?” Accordingly, a small on/off-ratio of about 15
was determined for Isp at maximum Vg compared to Vg = 0 V.
The threshold voltage Vi, = —74.0 V (Fig. S12, ESIf) indicates
significant hole trapping at the SiO,/Zn(BQA), interface.

Thin films of Fe(BQA), (Fig. 7b and Fig. S12, ESIY) also showed
ptype characteristics with, however, a significantly higher
charge carrier mobility of u(—60 V) = 8.1 x 107> em®> V' s %
This higher mobility is similar to that of, eg, iron(u)
phthalocyanine, an established iron(u) complex as organic
semiconductor, measured in a similar device setup.*® The On/
Off ratio of Fe(BQA), was determined as 1178. A threshold
voltage Vi, = —18.7 V again points at hole-trapping at the interface
to SiO,.

Such improved performance of Fe(BQA), thin films compared
to those of Zn(BQA), comes in line with the well-ordered face-to-
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Fig. 7 OFET output characteristics of (a) an 88 nm thin film of Zn(BQA),
and (b) a thin film of Fe(BQA), with their transfer curves as insets (details in
Fig. S12, ESI+). For Zn(BQA),, the transfer curve is evaluated in the linear
regime since Zn(BQA), devices lack saturation.

face and parallel displaced n-r stacking found for single crystals
of Fe(BQA), (Fig. 1) as opposed to those of Zn(BQA),, for which
such well-defined and constant relative arrangement of the
ligands was not seen. Electric characteristics of the thin films,
therefore, appear reasonable in view of different solid-state
packing structures observed in the single crystals. Thin films
of organic semiconductors, however, can show a structure
different from that of single crystals and, therefore, the structure
of the thin films deserves further attention. The -crystal
structures of powder samples were independently shown to be
compatible to the single crystal structures by X-ray powder
diffraction (Fig. S9 and S10, ESIt). To discuss the significance
of such stacking patterns in the thin films, Raman spectroscopy
on films, source materials and a single crystal was performed
(Fig. 8). Raman scattering is very sensitive to structural changes.
For Zn(BQA),, the Raman spectrum of a sublimation-grown
single crystal was identical to that of the powder source material
(Fig. 8a). In contrast, however, the spectrum of a Zn(BQA), thin
film differs significantly from those of crystal and powder.
Since the molecular structure is unchanged during PVD of
the thin films (Fig. S4, ESIt), differences are revealed in the
molecular packing within Zn(BQA), thin films vs. powder or
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Fig. 8 Raman spectra of vapour-deposited thin films of (a) Zn(BQA),
(d = 72 nm) and (b) Fe(BQA), in comparison to the respective source
material as powder and, for Zn(BQA),, to the sublimation-grown single
crystal. The Zn(BQA), evaporation source was prepared at air.

single crystal. For Fe(BQA),, however, widely identical Raman
band positions and intensity ratios were obtained for thin film
and powder samples (Fig. 8b), proving the intended transfer of
the well-ordered stacking motif (Fig. 1b) to thin film devices.
The planarity and small dihedral angle in Fe(BQA), leads to
well-defined n-m interaction. Such stacking motif proved to be
more stable and was transferred into working OFET devices with
reasonable charge carrier mobility. For distorted ligands as in
Zn(BQA),, a less defined molecular arrangement was obtained in
vapour-deposited thin films, characteristic for weakly interacting
complexes.

Venting the chamber with air after film preparation of
Fe(BQA), and initial OFET measurements leads to an increase
in current (Fig. 9 and Fig. S13, ESI{), corresponding to an
increase of the hole concentration indicating partial oxidation
by O,. The conductivity changes by several orders of magnitude
from 9.9 x 107> Sm ' to 1.6 x 107> S m . Caused by such
high concentration of charge carriers, Vs has only little influence
on Igp, in this state (Fig. S13, ESIt). To avoid partial oxidation of
the material already before film preparation, the evaporation
source for the majority of experiments was sealed by a gate
valve and the source was filled under inert gas in a glove box.
Devices fabricated without such precautions showed a

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Output characteristics of an Fe(BQA), OFET (d = 96 nm) influenced
by venting the recipient to 1 mbar of air (1) and subsequent re-evacuation
(2). Inset: Change of current during re-evacuation (Vsp = —10 V).

decreased on/off ratio of only 80 (Fig. S14, ESIt) caused by an
increased hole concentration as a consequence of partial
oxidation, but the charge carrier mobility was widely preserved
at u(—50 V) = 7.5 x 107> em”® V' s, indicating unchanged
film growth. Deliberate subsequent exposure to air also of such
films led to an increase of the conductivity from 7.7 x 10" Sm™"
to 5.4 x 10°* S m~". Restoring high vacuum partly reversed the
oxidation over the course of two days (Fig. 9). Such interaction
with air was only observed for Fe(BQA), but not for Zn(BQA),
despite its lower E,, which must be due to the singlet spin state of
the Zn-complex kinetically hindering the oxidation by triplet O,.

No current above the detection limit was measured for
Mn(BQA), thin films, independent of the applied gate voltage.
Interaction with air also did not give rise to a measurable
current. We assume that this is due to a low charge carrier
mobility, a hypothesis supported by the low degree of m-m-
stacking found in Mn(BQA), single crystals. Based on the
estimated HOMO energy, injection of charge carriers from
Au should be feasible and film growth similar to the other
complexes was observed (Fig. 5), so that a compact layer of
molecules can be expected. Cr(BQA), thin films showed a high
conductivity of 0.33 S m™ ", extracted from a linear fit of the
current voltage plot at high voltage (Fig. S15, ESIt) directly after
deposition, i.e., in high vacuum, indicating a high charge carrier
concentration, since no field-effect was observed. As is the case
for Fe(BQA),, ligands in the single crystal structure showed
clear m-system interaction, suggesting facile charge carrier
transport. As-deposited Cr(BQA), thin films already contained
chromium(m) leading to p-doping of the film, since partial
oxidation during synthesis was seen in the UV-Vis absorbance
spectra (Fig. S3, ESIT). Exposing such films to air leads to an
irreversible oxidation and loss of conductivity (Fig. S15, ESIT).
Changes in the absorbance spectra of the thin films (Fig. S3,
ESIt) showed such oxidation of the complex, when compared
to Cr(BQA), and [Cr(BQA),]Cl in solution. Consequently, the
as-deposited hole-conducting films become insulating following
complete oxidation by air.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

The targeted neutral complexes were synthesized and their
structures were determined by single crystal X-ray diffraction.
The expected n-r stacking in two orthogonal directions was
discerned for Fe(BQA), and Cr(BQA), in the crystal structures as
opposed to Zn(BQA), and Mn(BQA), with a variety of ligand-to-
ligand orientations. The different central metals showed a clear
influence on the dihedral angle of the ligands, correlating to
metal centre size, which directly led to significantly different
relative orientation of the ligands and, hence, different crystal
structures. A corresponding trend in HOMO energies was found
by CV. For the most part, reversible oxidation and reduction
waves were observed, with the exception of Cr(BQA),. Further-
more, UV/Vis absorption of the complexes differs depending on
the d-orbital configuration of the central metal. Bands at higher
wavelengths were observed in particular for Fe(BQA),.

The complexes were sublimed and deposited without
decomposition and thin films were prepared by PVD. Absorption
bands were found progressively red-shifted with increasing film
thickness. Comparing these shifts to thickness-dependent AFM
measurements, as well as to the development of electric current
along growing films, a constant growth mode was observed for
the different metal complexes. On micro-structured inter-
digitated Au electrode arrays, thin films of Zn(BQA), were
characterized as p-doped with low conductivity and charge
carrier mobility of (8.9 + 0.7) x 1077 em® V™' s™', consistent
with a low degree of m-m stacking of distorted complexes.
Mn(BQA), does not conduct significantly, while Cr(BQA), on
the other hand is strongly conductive at 0.33 S m™", caused by
partial oxidation. For Fe(BQA),, we obtained p-type conduction
and a field-effect mobility of (5.6 + 3.1) x 107> em®> V' 57"
depending on environmental conditions, but substantially
higher than the values for Zn(BQA),, consistent with a considerably
more efficient n-n stacking of planar ligands. Significant
differences in redox behaviour upon exposure to air were found
for the films. Zn(BQA), devices are air-stable. Exposing
Cr(BQA), films to air leads to a complete loss of its initially
high conductivity. The partially reversible response of Fe(BQA),
to oxygen from air indicates some potential as a chemical
sensor.

We demonstrated that the structures of BQA complexes are
strongly influenced by different central metals, which has
significant consequences for their molecular properties. Thin
films of complexes which showed the intended face-to-face and
face-to-edge type m-n stacking (e.g. Fe(BQA),) showed higher
conductivity and charge carrier mobility than those, which did
not show such high order in thin films and just showed face-to-
edge type stacking with no constant relative orientation even in
single crystals (e.g. Zn(BQA),). This conclusion of an influence
of molecular packing is valid even if a superimposed influence
of transport properties across grain boundaries at present
cannot be fully excluded despite quite similar growth
characteristics and morphologies of the films grown from the
different complexes. The electrical performance of the materials
as of yet is not on par with high mobility materials. This may at
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least in part be caused by a residual influence of grain
boundaries, which is indicated by the observed island growth
and which often can be cured by interface modification and
fine-tuning of the deposition conditions.

In fulfilment of the outlined strategy, we established the
intended m-n stacking motif for thin film devices of Fe(BQA),,
essential for their electrical performance. In analogy to atoms
in inorganic semiconductors, the complexes should be inter-
changeable to a certain extent because of closely related size
and structure. Charged complexes obtained by oxidation of one
central metal (e.g., Cr) can then be used as dopants in pristine
films of the same ligand’s complex with another central metal
(e.g., Fe). Chemical substitution at the ligand n-system offers
means to modify its structure and energy level position as
recently shown, e.g., for Fe(phenanthridin-4-yl)(quinolin-8-yl)
amido-complexes.*® Similar modification at the BQA ligand aims
at improved intermolecular electronic coupling, stabilisation of
the targeted stacking motif and, thereby, improved electrical
characteristics of the solids. Such studies are presently ongoing
in our laboratories as well as detailed characterization of contact
formation with other semiconductors or metals.
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