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applications of synthetically versatile silicon
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Thomas A. Schmedake

Hexacoordinate silicon pincer complexes using 2,6-bis(benzimidazol-2-yl)pyridine (bzimpy) ligands have
been developed as a multifunctional, molecular electronic materials platform. We report the synthesis,
characterization, and device application of a variety of Si(pincer), complexes that exhibit tunable
optoelectronic properties and excellent thermal stabilities. Promising, ambipolar charge carrier
properties and excimeric electroluminescence were obtained from thermally deposited films using
several device architectures. Incorporation of the complexes as a thin, interfacial contact and electron
transport layer improved organic solar cell efficiencies by as much as 50%. The versatility and tailorability
of this class of silicon complexes provides promising evidence for their future application in molecular

rsc.li/materials-advances electronic devices.

Introduction

Despite the tremendous commercial success of the OLED display
and lighting industry in recent years, there is still an urgent need
within the field for new materials to improve the efficiency, stability,
and sustainability of these devices." The need has been exacerbated
by recent advances in the field of organic electronics such as the
incorporation of TADF and other triplet harvesters in the OLED
field,>™ the development of TADF-enabled single-layer OLEDs,’
high-efficiency perovskite-based photovoltaics,” and emerging spin-
tronics applications such as organic spin-valves,”® each of which
introduces new demands on the optical, electronic, and chemical
properties of the enabling organic semiconductor materials.

Since the beginning of the OLED field, metal chelates have
represented a very successful and popular class of material for
meeting the exotic demands of organic electronic devices.”"* From
a synthetic standpoint, incorporation of various metal centers allows
for a simple and effective pathway to rationally tune the molecular,
thinfilm, and device level properties. The incorporation of the
metal center can restrict undesirable molecular rotations, impact
the extent of charge carrier delocalization, improve thin-film
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deposition properties, affect the rates of intersystem crossing and
other excited state relaxation processes. The archetype, tris(8-
hydroxyquinoline)aluminum, Alg3, continues to be ubiquitous in
the field due to its reliability, favorable electronic/optical properties,
and ability to be vapor deposited as high-quality, amorphous, pin-
hole free films. The incorporation of heavy metal centers has led to
triplet-harvesting phosphors, exemplified by Ir(m) and Pt(u)
complexes.*™®

Organosilicon heterocycles, including siloles, silafluorenes,
and dithienosiloles have been extensively developed for charge
transport and other applications in the optoelectronics
field."*™"° However, the coordination chemistry of Si(iv) metal
chelates has been largely overlooked in the organic electronics
field, which is surprising considering the attractiveness of
silicon as an earth-abundant, non-toxic, light-atom, tetravalent
center. Tetracoordinate Si(v) complexes exhibit significant
acidity and are typically very sensitive to hydrolysis, while
penta- and hexacoordinate complexes tend to exhibit signifi-
cant ligand lability and poor stability. Notable exceptions are
the Si(iv) complexes of porphyrins and phthalocyanines, which
benefit from the N,N,N,N polydentate nature of the dianionic
ligand and have shown promise in OLED and OPV
schemes.”*>* The remarkable stability of hexacoordinate sili-
con complexes with polydentate pyridine-containing ligands
inspired us to explore dianionic pincer ligands such as
the deprotonated 2,6-bis(benzimidazol-2-yl)pyridine ligand,
bzimpy.>>*® Complexing a Si(iv) center with two perpendicular
dianionic pincer ligands provides synthetic access to a wide
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range of new tailorable materials with a built-in contortion site
for amorphous thin-film deposition, and the HOMO and LUMO
still tend to be broadly delocalized over the ligand for enhanced
charge mobility.

Recently, we demonstrated that a Si(iv) complex with two bzimpy
pincer ligands, Si(bzimpy),, could be used as the thermally depos-
ited active layer in a single-layer (Al/Si(bzimpy),/ITO) OLED device.*®
In this paper, we develop the usefulness of a family of materials for a
variety of molecular electronics applications. We demonstrate the
synthetic versatility of the Si(pincer), scaffold with a series of
modified Si(bzimpy), complexes, and we explore their optical and
ambipolar charge transport properties, as well as their application
in OLED and OPV electronic devices.

Results and discussion
Synthesis and characterization

Si(bzimpy),, Si(MeObzimpy),, Si(Me,bzimpy),, and Si(MeOMe,
bzimpy), complexes were all synthesized by reaction of the appro-
priate bzimpy ligand with SiCl, in CHCl; in the presence of
triethylamine (Fig. 1la and Fig. S1, ESIf). Bzimpy ligands were
obtained through condensation of appropriately substituted o-
phenylenediamine and pyridine-2,6-dicarboxylic acid in poly-
phosphoric acid (PPA).> Crystals of the four complexes were grown
and analyzed with X-ray diffraction. We reported the structure of
Si(bzimpy), previously,”® and all structures of are shown in Fig. 1b-e.
The bzimpy ligand is a palindromic, dianionic ligand with the neutral
pyridine restricted and tightly bound to the silicon center resulting in
an exceptionally short Si-N dative bond. The Si-Np,, bond ranges
from 1.87 to 1.85 A. All four complexes adopt a symmetrical,
hexacoordinate, nearly octahedral geometry with perpendicular pin-
cer ligands. This is consistent with the considerably shielded aro-
matic H at the C7 position of the benzimidazole ring observed in the
"H-NMR for each Si(bzimpy), derivative.”® Additionally, the substi-
tuted bzimpy ligands (in complexes 2-4) were observed to be only
slightly less planar than the parent Si(bzimpy), (Fig. 1b—d).

The rigid tridentate bzimpy pincer ligand affords Si(bzimpy)
complexes excellent thermal stability. Thermogravimetric analyses
under nitrogen shows stability over 400 °C for the methoxy-
containing complexes, Si(MeObzimpy), and Si(MeOMe,bzimpy),,
over 500 °C for the parent Si(bzimpy),, and 600 °C for the
Si(Me,bzimpy), derivative (Fig. 2). The remarkable thermal stability
of these materials allows them to be deposited using thermal
evaporation, and makes them promising candidates as an active
layer material for efficient molecular electronic devices.

Optical and electrochemical characterization

Solutions of Si(bzimpy), derivatives in dichloromethane show
two UV-vis absorbance bands with the strongest transition
between /m.x = 325-350 nm and molar absorptivities ranging
from 50000 to 80000 cm ' M ' (Fig. 3a). The lower energy
So—S; singlet transition (n—-n* transition) varied between Ayax =
400-500 nm. The octamethylated, Si(Me,bzimpy), complex
exhibited the lowest energy absorbance onset (AE), while the
dimethoxy, Si(MeObzimpy), exhibited the largest. Calculated
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Fig. 1 Synthesis (a) of complexes 1 — Si(bzimpy),, 2 — Si(MeObzimpy),,
3 — Si(Meybzimpy),, and 4 — Si(MeOMe,bzimpy),, and crystal structures of 1
(b), 2 (c) 3 (d), and 4 (e).
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Fig. 2 Thermogravimetric analysis of complexes (1-4) under nitrogen.

highest occupied molecular orbitals (HOMO) and lowest unoc-
cupied molecular orbitals (LUMO) levels agree with this trend
(Table 1). Electron density orbital maps show the HOMO

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-vis absorption (a) and fluorescence emission spectra (b) with
Si(bzimpy) complex solutions under UV light.

Table 1 Optical and electronic properties of complexes 1-4 with calcu-
lated HOMO/LUMO energy levels

Eredlb AEUV-vis EHOMOd

Complex 7% (n8) ¢p  Erear” (V) AEppr” (eV) Erumo® (€V) 2°Si (ppm)

1 4.2 0.50 —1.52 2.59 —5.98 —185.7
—1.82 3.28 —3.39

2 3.3 0.63 —1.79 2.86 —5.95 —187.4
—2.06 3.54 —3.09

3 3.8 0.67 —1.62 2.44 —5.69 —185.9
—1.94 3.15 —3.25

4 4.1 0.66 —1.85 2.71 —5.79 —188.5
—2.07 3.42 —3.08

“ Lifetime and quantum yield determined in degassed CH,Cl,. ” Poten-
tials are referenced to ferrocene/ferrocenium. ¢ Calculated in gas phase,
B3LYP/6-31G*.  Calculated as Fxomo = Frumo — AEq my,uvwis- © Deter-
mined from cyclic voltammetry: Eyymo = —€[E(o/—1),0nset T 4.8 V].

delocalized predominantly over the benzimidazole portion of
the complex ligands while the LUMO is spread over the
pyridine moiety. Experimentally determined HOMO/LUMO
values were obtained using cyclic voltammetry (reduction
potentials) and the UV-vis absorption onset (AE) - (Table 1).
Two semi-reversible reductions potentials were observed for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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each derivative (Fig. S2, ESIf). The addition of electron-
donating methyl groups to the benzimidazole portion of the
ligand raises the HOMO energy level, lowering the HOMO/
LUMO gap (AE). The addition of the methoxy groups to the
pyridine portion of the ligand raises the energy of the LUMO
and results in a blue-shifted UV-vis spectrum and larger
HOMO/LUMO gap (AE). The Si(bzimpy), parent compound
and complex 4 containing the methoxy and methylated benzi-
midazole ligand, Si(MeOMe,bzimpy),, exhibit an absorption
range and (AE) in between complexes 2 and 3. The *°Si NMR
peak also indicates an upfield shift (more electron shielding) in
agreement with the overall electron donating ability of the
substituents and the experimentally determined reduction
potentials.

Singlet fluorescence emission spectra of the complexes in
solution also show the HOMO/LUMO gap energy trend with a
peak fluorescence range between 460 and 525 nm. This demon-
strates the ability to easily tune the Si bzimpy pincer complexes
to emit across a wide visible range (blue to yellow) through
judicious substitution of electron-donating groups on either
pyridine or benzimidazole moieties (Fig. 3b). The planarity and
rigidity provided to the bzimpy ligand by the Si pincer structure
results in enhanced singlet fluorescence quantum yields
®p = 0.5-0.67 and lifetimes 1z = 3.3-4.2 ns (Table 1 and
Fig. S2, ESIY). Calculated radiative rates (kyaq = @g/7r) exhibited
a narrow range between 1.2 x 10° s7" and 1.9 x 10® s~ for all
investigated Si pincer complexes. Lastly, phosphorescence
spectra were obtained by cooling dichloromethane solutions
of each complex to 77 K, and observing phosphorescence
emission several seconds after UV-LED light excitation (Fig. 4).

Charge transport and device applications

Organic semiconducting materials have proven to be a disrup-
tive technology due to their low cost, flexibility, and large area
processibility. Measuring, optimizing, and establishing struc-
ture function relationships electron and hole mobilities is
critical for designing efficient devices regardless of the organic
material function. Organic semiconductors also find uses in a
variety of OPV and OLED devices specifically as a hole conduc-
tion layer (HTL),*®*° or as the electron conduction layer
(ETL).>° To demonstrate the full versatility of these complexes,
devices incorporating the derivatives were constructed using
vacuum-deposited thin films of the derivatives. We measured
the electron and hole mobilities of the four Si(bzimpy), com-
plexes using space charge limited current (SCLC). We also
evaluated their application as the electroluminescent layer in
an OLED device and as the electron transport layer an organic
photovoltaic device.

Electron and hole mobilities (u. and uy) of the complexes
were measured in ITO/Si(bzimpy),/Al or ITO/PEDOT:PSS/
Si(bzimpy),/Au sandwich configurations. The complexes were
vacuum-deposited directly onto cleaned, patterned ITO sub-
strates or PEDOT:PSS coated ITO substrates followed by metal
cathode evaporation. Thin films of the materials exhibited
similar surface roughness between 0.3-0.6 nm as measured
by AFM (Fig. S3-S6, ESIt). Achievable film thicknesses and

Mater. Adv,, 2022, 3, 2373-2379 | 2375
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Fig. 4 Phosphorescence spectra and optical images of complexes (1-4)
in frozen dichloromethane (77 K) several seconds after UV excitation.

vacuum deposition rates varied for the Si(bzimpy), complexes.
The methoxy-containing derivatives, Si(MeObzimpy), and
Si(Me,OMebzimpy),, were limited to deposition rates of
~0.1 A s~" and thicknesses between 14-35 nm. Whereas the
Si(bzimpy), and Si(Me,bzimpy),, could be deposited at higher
rates (0.2-0.4) A s~' and thicknesses ~90 nm. The lower
achievable film thicknesses and ease of vacuum deposition
may be related to the lower thermal stability of the methoxy
containing derivatives (Fig. 2). The as-deposited films showed
amorphous characteristics as determined from powdered X-ray
diffraction (p-XRD) studies of the thin films which indicate
minimal crystallinity. Charge mobilities were calculated from
the slopes of J vs. V* curves fit to the Mott-Gurney equation.
Plots of log(J) — log(V) showed linear behaviour with slopes
consistent with a space charge limited current (SCLC)
behaviour.?' The average electron and hole mobilities of the
top three devices for each derivative are reported in Table 2.
Electron and hole mobilities were highest for the parent
complex, Si(bzimpy),, (te = 9.68 x 107> em* V' s, p, = 5.31 x
107% em” V! s7) and were lowest for the methoxy-containing
derivative Si(MeOMe,bzimpy),, (e = 2.51 x 10°% em> V' s},
pn = 1.76 x 1072 em® V' s71). The octamethylated complexes,
Si(Me,bzimpy), and Si(MeOMe,bzimpy),, also exhibited good
charge mobilities ranging between 1.4 x 107°29 x
107> em?® V' ! s~ There are many considerations to account for
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the observed mobility variations including film quality from the
thermal deposition, crystallinity, ohmic contact from the metal
anode/cathodes, and molecular orientation within the films. Effec-
tive orbital overlap (HOMOs - hole transport) and (LUMOs -
electron transport) due to molecular orientation induced by the
addition of methyl/methoxy substituents can impact carrier
transport.®” Thin film structural defects may also be present leading
to larger trap state concentrations.® Interestingly, all of the com-
plexes studied showed relatively similar electron and hole mobilities
suggesting their suitability as ambipolar charge transport layers or
as host materials.>*** These are encouraging results and demon-
strate the clear multifunctional electronic nature of this class of
molecular semiconductors.

Electroluminescence

Previously, we demonstrated electroluminescence of the parent
compound in a simple two electrode OLED device structure.>®
To further explore the unique electronic structure of the Si
pincer complexes, OLED devices were constructed to probe
both excitonic and excimeric emission. An excimer (exciplex
or electroplex) is an excited state that forms between donor and
acceptor material.>>>® This excited dimer results in emission
that is lower in energy than emission from either monomeric
species. We utilized the hole transport material, N,N’-di(1-
naphthyl)-N,N’-  diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB)
whose HOMO level is higher than the Si pincer complexes to
enable the observation the electroplex emission. We define
this as electroplex emission, since emission was only observed
through electroluminescence and not through photo-
excitation.>® Devices were constructed with a MoOj; hole injec-
tion layer, the NPB hole transport layer, and the thermally
evaporated Si(bzimpy), complex serving as both electron trans-
port and electroluminescence layer. The devices were com-
pleted with a LiF buffer layer and Al cathode. Fig. 5a-d
depicts a Si(bzimpy), device construction (ITO/MoO;/NPB/
Si(bzimpy),/LiF-Al) with energy level diagram, electrolumines-
cence images from an encapsulated Si(bzimpy), device, and
overlaid photoluminescence and electroluminescence emission
spectra for each Si pincer complex.

The electroluminescence data agrees well with the trend that
a lower Si pincer HOMO level (more negative) leads to a larger
electroplex (lower energy) emission contribution. Both
Si(bzimpy), and Si(MeObzimpy), complexes show primarily
an electroplex peak emission contribution between 750-
930 nm and little or no excitonic emission at 540 nm. Both
these complexes have the lowest HOMO levels (Table 1).
Si(Me,bzimpy), has the highest HOMO level resulting in

Table 2 Measured electron and hole mobilities using SCLC model and Mott—Gurney law. Device structures — ITO/Si(bzimpy),/Al — (electron mobilities),

and - ITO/PEDOT:PSS/Si(bzimpy),/Au — (hole mobilities)

Complex

te (em?> vts™h

i (em? vts™h

1-Si(bzimpy),
2-Si(MeObzimpy),
3-Si(Me,bzimpy),
4-Si(MeOMe,bzimpy),

2376 | Mater. Adv, 2022, 3,2373-2379

9.68 x 10 ° + 5.49 x 10 °
2.51 X 1078 4+ 1.44 x 107®
2.94 x 107° + 1.21 x 10°°
4.89 x 1077 £+ 3.98 x 10~/

5.31 x 10 °+2.97 x 10°°
1.76 x 1078 4+ 5.45 x 107°
1.44 x 10°°+1.75 x 1077
3.19 x 1078+ 1.00 x 107°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Sipincer complex energy level comparisons (a), Si(bzimpy), device
construction with energy diagram (b), electroluminescence images (light
and dark) from an encapsulated Si(bzimpy), device (c), and overlaid
photoluminescence and electroluminescence emission spectra of each
Si pincer complex (d).

primarily excitonic peak emission and appears yellow (540 nm).
Interestingly, the Si(MeOMe,bzimpy), devices exhibits nearly
white electroluminescence with a relative equal mix of excitonic
and electroplex emission. The electroplex emission varies con-
siderably for each Si complex with the Si(MeObzimpy), exhibit-
ing no visible emission. This is likely due to interfacial nature
of the electroplex emission, and the electronic differences in
the contact between the NPB hole transport layer and the Si
pincer derivatives. These observations open up other possible
opportunities for optimizing mixed excitonic/excimeric emis-
sions tuning the electroluminescent emission wavelength.
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Electron transport and buffer layer for OPVs

The promising charge transport properties of the Si(bzimpy),
materials led us to examine these materials as an electron
transport and buffer layer for organic photovoltaic devices
(OPVs). Previous work using Alg3 as an electron transport
material for a prototypical P3HT:PCBM device configuration
showed strong improvements in fill factors (FF) and overall
solar cell device performance.?”*® Both reports used Alq3 as an
evaporated®® or solution-processed®” thin film inserted
between the blended P3HT:PCBM photoactive region and the
Al or AI/LiF cathode. The inserted layer improves the electron
extraction efficiency and facilities electron transport within the
solar cell device, resulting in improved short-circuit current
densities (Js.) and open-circuit voltage (V,.). We therefore
constructed P3HT:PCBM organic solar cell devices and tested
their performance with and without an evaporated Si pincer
electron transport layer between the active layer and Al metal
contact. All four Si(bzimpy), complexes were evaluated in an
OPV device through deposition as thin films on the active
photovoltaic region of the device (structure ITO/PEDOT:PSS/
P3HT:PCBM/Si(bzimpy),/Al) with thicknesses ranging between
3-4.5 nm. A summary of the resulting solar cell device proper-
ties is listed in Table 3 with JV curves of the devices with the
various derivatives in Fig. 6.

Data from the P3HT:PCBM device summary and JV curves
(Table 3 and Fig. 6) consistently show an overall solar cell
device improvement in the performance over the control device
that contained no additional electron transport layer. All four
complexes showed an enhancement in the Vi, Js, FF, and
therefore overall solar conversion efficiency (). The largest
efficiency improvement was seen when using Si(Me,bzimpy),
as an electron transport and buffer layer which resulted in an
average device improvement of 50% compared to the controlled
devices with no deposited Si(pincer), layer (5 = 2.87 impro-
ved to n = 4.54%). Similar improvements were seen with
Si(Me,bzimpy), and Si(MeOMe,bzimpy), devices with the smal-
lest increase observed with the Si(MeObzimpy), derivative. The
fill factors (FF) and open-circuit voltages (V,.) improved for all
the devices containing an evaporated Si(pincer), complexes, a
good indication of an improved electronic contact between the
Al cathode and blended polymer/PCBM photoactive layer. The
lowered contact resistance demonstrates the ability of these
materials to increase open-circuit voltages, presumably through
a more ohmic, interfacial contact.®® The thermally stable,
evaporated Si(pincer), layer may also provide protection to

Table 3 Photovoltaic performance of P3HT:PCBM organic solar cells using a 3 — 4.5 nm thick silicon pincer electron transport and buffer layer (3 device
average). Device structure — ITO/PEDOT:PSS/P3HT:PCBM/Si(bzimpy),/Al with testing performed using AM 1.5 (100 mW cm~?) illumination intensity

OPV Devices w/ETL Layer Vo (V) Jse (MA cm™?) FF n (%)

No ETL layer 0.52 £ 0.02 13.2 £ 0.8 0.42 £ 0.02 2.87 £ 0.06
1-Si(bzimpy), 0.59 £ 0.01 13.7 £ 0.2 0.53 £ 0.003 4.32 £ 0.15
2-Si(MeObzimpy), 0.59 + 0.01 12.6 + 0.8 0.48 + 0.005 3.55 £ 0.21
3-Si(Me,bzimpy), 0.61 + 0.01 14.6 = 1.2 0.51 + 0.014 4.54 + 0.34
4-Si(MeOMe,bzimpy), 0.61 + 0.01 13.3 £ 2.4 0.53 + 0.033 4.27 £ 0.51

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representative J-V measurement curves (with device structure
inset image) of P3HT:PCBM OPV devices under 100 mW cm™2 illumination
with various Si(pincer), electron transport layers (3—4 nm).

the photoactive P3BHT:PCBM layer from the aluminium metal
cathode deposition.

Conclusions

Si(bzimpy),, Si(MeObzimpy),, Si(Me,bzimpy),, and Si(MeOMe,
bzimpy), complexes were synthesized, characterized, and evaluated
in a variety of molecular electronic device architectures. The rigid
tridentate pincer complexes show excellent thermal stability, strong
fluorescence, and promising electron/hole (ambipolar) charge-
carrier properties. Electroluminescent OLED devices were con-
structed to probe both excitonic and excimeric emission, which
demonstrated the ability to tune the Si(pincer), electronic structure
through a combination of methyl and methoxy groups placed
judiciously around the bzimpy ligand. Lastly, organic (P3HT:PCBM)
photovoltaic devices were constructed and tested using a thin layer
of the Si(pincer), materials as an electron transport/buffer layer.
Overall organic solar cell device performances improved for all
devices that incorporated the thermally deposited Si(pincer), thin
film to improve the electronic contact between the photoactive
region and metal cathode. The molecular properties and promising
electronic device performance, provide strong evidence of the
usefulness of this class of hexacoordinate silicon complexes for
future optoelectronic device applications.
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