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Synthesis of SOT-OH and its application as a
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Spiro-OMeTAD has become a ubiquitous hole-transporting material (HTM) in perovskite-based solar cells.
However, it has several intrinsic drawbacks including its long-term stability, low conductivity and hole-
mobility. Hence, the synthesis of new derivatives with improved charge transporting properties remains an
important goal. Here, we have devised a novel synthetic route to prepare unsymmetrically functionalised
Spiro-OMeTAD derivatives. We report the synthesis of a mono-demethylated Spiro-OMeTAD derivative,
SOT-OH, utilising two different synthetic protocols and show two new derivatives, a dimer (SOT-D) and a
trimer (SOT-T) as exemplars. We fully characterise the developed materials and show significantly higher
conductivity values than Spiro-OMeTAD when doped with standard ionic salts at the same concentrations.
The solar cells fabricated using the mixed composition Csg o5(FAg 8sMAg 15)0.95Pbls perovskite and the novel
SOT-D show power conversion efficiencies of up to 16.4% under standard AML1.5 illumination compared to
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16.1% observed when using the benchmark Spiro-OMeTAD.

We have designed methodology to reliably and conveniently synthesise a new asymmetric Spiro-OMeTAD building block (SOT-OH) using both top-down
and bottom-up procedures. As exemplars, we have synthesised a dimer (SOT-D) and a trimer (SOT-T) from SOT-OH and have shown that these materials
have higher conductivities, and in the case of SOT-D a higher power conversion efficiency, than Spiro-OMeTAD, which we attribute to the more porous
morphology of their films. This work not only provides new methodology for creating unsymmetrically functionalised Spiro-OMeTAD derivatives, which will
allow exciting new HTMs to be prepared for perovskite and solid-state dye-sensitised solar cells, but also indicates that a more porous HTM film

architecture may be advantageous in developing better performing devices.

Introduction

Since its first use as a hole-transporting material (HTM) in
solid-state  dye-sensitised solar cells (ss-DSSCs)" Spiro-
OMeTAD has become the benchmark HTM for ss-DSSCs.
Importantly, this molecule has also become the HTM of
choice for perovskite-based solar cells (PSCs)>* which, since
2012, have surpassed the efficiency of any other emerging
solar device by achieving a certified record efficiency of
25.7%." Although Spiro-OMeTAD has a relatively poor hole-
mobility, it can be improved upon doping,>® and has several
properties ideal for use as a HTM including energy levels
with an appropriate over-potential for typical absorbers
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(either perovskite or dye), good visible light transparency and
electrochemical stability. Furthermore, the high solubility
and relatively high glass transition temperature (T)
contribute to its excellent processability and good
morphological properties, which promote pore filling of the
mesoporous TiO, layer.” This blend of properties arises from
the combination of the spiro centre, diphenylamine donor
groups and methoxy ether substituents. However, the >20
years of research since its first report have shown it difficult
to improve on the Spiro-OMeTAD core design, suggesting this
is close to optimal for this HTM family.

Nevertheless, Spiro-OMeTAD is not the perfect HTM owing
to the high production costs, inconsistent batch-to-batch
purity and low conductivities. Even film morphology, a
strength in its as-made devices, limits device durability, as
device performance of Spiro-OMeTAD-based PSCs has been
reported to deteriorate at temperatures above 50 °C.5™*° This
has been ascribed to phenomena such as iodine diffusion
from the perovskite layer (in PSCs)’ and crystallisation,
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especially after annealing.’®'" Additionally, additives such as
tert-butylpyridine (¢BP) which are added to balance the drop
in the conduction band edge position of TiO, after addition
of lithium-based salts in ssDSCs or passivate the perovskite
layer in PSCs, have been directly shown to evaporate from the
Spiro-OMeTAD film causing further device degradation by
formation of pinholes.”'> These changes hint at the
importance of molecular packing within HTM films which
arise from the key design feature of the spiro unit at the
centre of every Spiro-OMeTAD molecule. So, whilst this
facilitates ionic within films which aids
conductivity, dopant loss or indeed rearrangement of Spiro-
OMeTAD molecules within HTM films is not desirable for
device longevity. In this work, we have explored maintaining
the Spiro-OMeTAD motif but doubling or trebling the
molecular weight to hinder intra-film molecular movement.

Since the crystallisation is facilitated by the symmetry of
the molecule, Getautis and co-workers demonstrated that
making Spiro-OMeTAD more unsymmetric improves its
mechanical stability without significantly affecting its
optoelectronic properties."” The introduction of a methyl
group to each diphenylamine peripheral unit significantly
increased device stability, with 90% of the efficiency retained
after 1000 hours of light exposure at 60 °C. This result was
followed by more systematic studies of unsymmetric Spiro-
OMeTAD analogues, changing both the position'*'* and the
type of peripheral heteroatoms.'”> These changes also
improved thermal properties and hydrophobicity, with
minimal impact on the spectro-electrochemical properties of
the HTM."'* More complex modifications involving the
central core of Spiro-OMeTAD have been investigated by
several research groups.'®™"’

Small molecules having completely different properties,
which sometimes outperform Spiro-OMeTAD, have been
reported, while significant improvements have been made
using polymeric HTMs,***® metal-organic®®>® or inorganic
HTMs.>*° Here, we report the synthesis of SOT-OH, which
serves as a novel building block, due to its reactive hydroxyl
group, for the synthesis of new derivatives. Two synthetic
approaches using top-down and bottom-up synthetic protocols
to furnish SOT-OH are described. Furthermore, we report the
synthesis of two new Spiro-OMeTAD derivatives, SOT-D and
SOT-T, having identical optoelectronic properties to the parent
material but different thermal properties and circa double or
treble the molecular mass, respectively.

movement

20,21

Results and discussion

Two different synthetic routes were developed. In our top-
down approach (route A, Scheme 1 and ESIf{), SOT-OH was
synthesised from commercially available Spiro-OMeTAD.
Various demethylation procedures were attempted (Table S1,
ESIT), with the most successful conditions being a sodium
bis(trimethylsilyl)Jamide (NaN(SiMe3),) mediated
demethylation in 1,3-dimethyl-2-imidazolidinone (DMI) at
185 ©°C.*' This convenient one-step approach proved
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Scheme 1 Synthesis of SOT-OH via route A (1 step) and route B (4 steps).

effective for the small scale (~50 mg) synthesis of SOT-OH,
whereas for large scales, our bottom-up protocol (route B,
Scheme 1) proved to be very robust. This route commenced
with inexpensive 4-bromophenol 1, which underwent
quantitative hydroxy-protection using a tert-butyldimethylsilyl
(TBDMS) group under standard conditions to produce
compound 2. A Buchwald-Hartwig cross-coupling reaction
with p-anisidine was then employed to obtain the TBDMS-
protected diphenylamine 3. Next, a one-pot Buchwald-
Hartwig cross-coupling between 3, 4,4'-
dimethyoxydiphenylamine 4, and 2,2',7,7-tetrabromo-9,9'-
spirobifluorene 6 produced consistent 32% yields of mono-
TBDMS-protected SOT-OTBDMS. Despite the moderate yield,
this process is scalable (>1 g) and highly reproducible. The
other major product of this reaction is Spiro-OMeTAD which
suggests that symmetrical diphenylamine 4 is more active
under the reaction conditions in comparison to the TBDMS-
protected diphenylamine 3. The final step to form SOT-OH
involved the removal of the protecting group via
tetrabutylammonium fluoride (TBAF). Full experimental
details are reported in the ESLf

Using the desired building block SOT-OH, we investigated
its reactivity by synthesising exemplar dimer and trimer
derivatives, SOT-D and SOT-T, respectively. Assemblies of this
type were selected to both indicate the potential synthetic
applications of SOT-OH and provide new materials that will
retain the advantages of Spiro-OMeTAD whilst providing
materials with  potentially enhanced thermal and
morphological properties. Hydroquinone 7 and
phloroglucinol 9 were chosen as linker groups due to their
commercial availability and structural simplicity (Scheme 2).
Both compounds were subjected to standard Williamson
ether synthesis conditions using sodium hydride and 1,6-
dibromohexane to install the brominated hexyl chain on each
derivative. Hexyl chains were selected in this study as it was
hypothesised that, if shorter alkyl chains were used, then
steric hindrance between the bulky spiro units could lead to
poor conversion towards the target materials. The obtained
alkyl bromide intermediates 8 and 10 underwent Williamson
ether synthesis with SOT-OH, to yield the desired dimer SOT-
D and trimer SOT-T materials in 51% and 57% yields,
respectively (detailed synthesis provided in the ESI}).

This journal is © The Royal Society of Chemistry and IChemE 2022
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Scheme 2 Synthesis of dimer SOT-D and trimer SOT-T materials.

To maximise the light harvesting of perovskite/dye
absorbers, HTM light absorption between 400-800 nm
should be minimised. The absorption and emission spectra
for SOT-D and SOT-T were recorded in dichloromethane and
compared with Spiro-OMeTAD (Fig. 1). The Ayax for SOT-D
and SOT-T are both observed at 386 nm, which is similar to
the Amax for Spiro-OMeTAD (384 nm) and correspond to their
n-m* electron transitions.*”?* The extinction coefficients
increase on going from Spiro-OMeTAD to SOT-T due to the
increased number of Spiro-OMeTAD units per molecule.
However, importantly for light harvesting, no red shift into
the visible range is observed and all three molecules have an
identical cut-off wavelength of 420 nm, corresponding to an
optical energy gap (Egop) of ~2.95 eV. This phenomenon
arises from the molecular design of these new HTMs whereby
separate Spiro-OMeTAD units are connected through non-
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Fig. 1 UV-vis absorption (solid lines) and fluorescence (dashed lines)
spectra of Spiro-OMeTAD, SOT-D and SOT-T (CH,Cl,, 1.0 x 107> M).
Excitation at 1 = 386 nm for fluorescence spectra.
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conjugated linkers, which effectively means each Spiro-
OMeTAD unit behaves as a separate HTM unit regardless of
whether present within the monomeric Spiro-OMeTAD,
dimeric SOT-D or trimeric SOT-T. The emission spectra of
Spiro-OMeTAD, SOT-D and SOT-T originate from the n*-n
transition. The maximum emission wavelength of the three
materials is again very similar at 424, 427 and 427 nm,
respectively. Due to the analogous absorption and emission
spectra, the Stokes shift values were almost identical (40 nm),
for the same reasons described above.

Electrochemical analysis of SOT-D and SOT-T in
dichloromethane was carried out via cyclic voltammetry (CV)
and square wave voltammetry (SWV) and the results were
compared with Spiro-OMeTAD,** under the same conditions.
As the CVs indicate (Fig. 2), SOT-D and SOT-T both undergo
three main oxidations, identical to Spiro-OMeTAD,*
confirming that the alkyl chains that connect the terminal
units are long enough to prevent intramolecular charge
transfer between spiro units. Although the peak currents
increase in line with increasing spiro units on going from
Spiro-OMeTAD, SOT-D to SOT-T, the shape of the curves are
almost identical suggesting that, similarly to Spiro-OMeTAD,
the first oxidation events (grey shaded area, Fig. 2) are likely
the result of two reversible one-electron oxidations of the
diarylamine subunits. Finally, the third more prominent

. . T .
23| — Spiro-OMeTAD |

Current (uA)
o
o
T
1

-15.0

0.5 0.0 -0.5 -1.0 -1.5
Potential vs. Fc+/Fc (V)

Fig. 2 CVs of Spiro-OMeTAD, SOT-D and SOT-T (CH,Cl,, 5 x 1074 M).
Conditions: Pt disc working electrode, Pt wire counter electrode, Ag
wire pseudo-reference electrode, 0.1 M TBAPF; electrolyte. Fc*/Fc was
used as external reference.
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reversible oxidation event corresponds to a two-electron
oxidation from the di-cation to form the fully quinoidal tetra-
cation.*> SWV (Fig. S1, ESIf) allows more accurate
determination of the oxidation peaks and ionisation potentials
(IP), which for the three compounds are —4.9 eV, which is in
good agreement with reported data for Spiro-OMeTAD.*®
Similar results were observed by computational studies. The
structures of SOT-D and SOT-T were calculated using density
functional theory (DFT) calculations, using the B3LYP hybrid
functional and the 3-21G basis set. The results were compared
to those of Spiro-OMeTAD, obtained with the same level of
theory. The highest occupied molecular orbital (HOMO) levels
of —4.27 eV, -4.29 eV and —4.26 eV for SOT-D, SOT-T and Spiro-
OMEeTAD, respectively, were obtained. Although the use of
more robust basis sets on Spiro-OMeTAD has provided more
accurate results,’” these performance-demanding methods
could not easily be applied on the structurally more complex
SOT-D and SOT-T. Nonetheless, this DFT study shows how the
HOMO levels of the three molecules are very close to each
other, highlighting again the electronic similarities of the three
systems, thereby auguring well for future device applications of
SOT-D and SOT-T. The HOMO-LUMO maps (Fig. S2, ESIT) give
an idea of the spatial distribution of the frontier molecular
orbitals of the three molecules. As expected, the symmetry gives
rise to nearly degenerate HOMOs (Table S2, ESIf), two for
Spiro-OMeTAD, four for SOT-D and six for SOT-T, all separated
by less than 10 meV and spatially delocalised over the side
arms and the spiro-centres. The same phenomenon applies to
the lowest unoccupied molecular orbitals (LUMOs) which are
however spatially more localised over the spiro-centres. A
summary of electro-optical properties of SOT-D and SOT-T
compared with Spiro-OMeTAD is provided in Table S3 (ESI).

The thermal properties of SOT-D and SOT-T were studied
by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), and compared with Spiro-OMeTAD. The
results (Fig. 3 and 4) indicate that SOT-D behaves very
similarly to Spiro-OMeTAD, with a mass loss <5%, below 400
°C. SOT-T is even more robust with <1% mass lost below 400
°C. Above this temperature they all start to decompose.

100 - .
< 90 - —— Spiro-OMeTAD ]
< ——SO0T-D
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> 80 -
(]
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60 1 1
0 200 400 600
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Fig. 3 TGA of Spiro-OMeTAD, SOT-D and SOT-T. Heating rate: 10
°C min™,
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Fig. 4 DSC of Spiro-OMeTAD, SOT-D and SOT-T (first heating wave).
Heating rate: 10 °C min™®. Heat flow values were offset for better
visualisation.

The DSC analysis of Spiro-OMeTAD indicates that it can
exist in both amorphous and crystalline forms,*® as suggested
by the presence of a T, of 117 °C and a crystallisation
temperature (7.) of 162 °C. The melting point (Ty,) of the
material is identified by the peak at 238 °C. The second
heating wave confirmed the presence of the Ty, shifted at 125
°C, while the 7. and Ty, were not observed, suggesting that
the amorphous phase is more stable than the crystalline (Fig.
S3, ESIf). A similar behaviour is shown by SOT-D, which
exhibits a post crystallisation peak at 170 °C during the first
heating cycle, that is not observed during the second heating
cycle (Fig. S4, ESIt). A more pronounced T, is observed at 79
°C, during the first heating wave, and at 121 °C during the
second. A different thermal behaviour is shown by SOT-T and
in particular, the lack of 7. in all cycles suggests that the
material is highly amorphous. A T, at 137 °C is appreciable
only during the second heating cycle (Fig. S5, ESIT). This value
is higher than that of Spiro-OMeTAD, indicating that, in
principle, SOT-T should have better morphological stability
under continuous sunlight exposure.*”

150 T T T
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100

(41
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Current (uA)
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Fig. 5 Current (/)-voltage (V) characteristics of Spiro-OMeTAD, SOT-D
and SOT-T.
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2

Heigt

2.0 um

Fig. 6 Tapping mode AFM micrographs of (a) Spiro-OMeTAD (Rq = 2.7 nm) and (b) SOT-D (Rq = 7.5 nm) films on a glass substrate. Scan area =

10 x 10 um.

To verify their suitability as hole-transporting materials for
solar cells, thin films of these materials were spin coated on
patterned ITO substrates including typical additive
concentrations and deposited following state-of-the-art
perovskite solar cell protocols (detailed device fabrication
provided in the ESIT). Their conductivity was extracted from
the resistance values of standard current-voltage curves
employing an interdigitated electrode pattern, as shown in
Fig. 5. To ensure that the resulting HTM films had completed
the oxidation process and therefore reach maximum
conductivity, the films were left in a desiccator for one week
in the dark prior to measuring. The conductivity values
obtained for Spiro-OMeTAD ((0.4 + 0.1) x 10* S em™") match
well with the values reported in the literature.’®*!
Interestingly, SOT-D and SOT-T demonstrated better
conductivity than Spiro-OMeTAD throughout. The steeper
curves for the SOT-D and SOT-T clearly demonstrate lower
resistance, and conductivity values about 4 times higher ((1.6
+0.1) x 10" S em™). The higher values could be attributed to
higher oxidation rate in these materials as compared to
Spiro-OMeTAD, as shown by the increase in the oxidised
band present at 520 nm in the light absorption spectra (Fig.
S6, ESIT).*>"** We attribute this difference to the more porous
nature of our synthesised spiro derivatives, as evidenced in
AFM images, (Fig. 6, line plots in fig. S7, ESIt), which
increases the available surface area for the oxidation process
and thus results in a higher oxidation rate, leading to the
observed increase in conductivity. The larger peak-to-trough
lateral distances in SOT-D films, may be explained by the
presence of the spacer groups which may prevent tighter
intermolecular packing. Additionally, the increased molecular
weight of the dimer, relative to Spiro-OMeTAD, can cause
reduced solubility, meaning a rougher film is formed due to
reduced drying time of solutions undergoing spin-coating.

Further, perovskite solar cells were fabricated to investigate
the suitability of these materials as HTMs. Conventional n-i-p
device architecture was adopted with FTO/SnO, nanoparticles/
FAMAGCs perovskite/HTM/Au stack (experimental details can be

This journal is © The Royal Society of Chemistry and IChemE 2022

found in the ESIT). A mixed cation perovskite with composition
Cs0.05(FAo.85MAg 15)0.05PbI; was used as the light absorbing
layer. The HTMs were doped with ¢BP and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSi) to increase the
conductivity and mobility of these materials. The devices were
characterised through current-voltage measurements under
standard AM1.5 sun illumination. The current density/voltage
(J/V) curves of the best devices are shown in Fig. 7. The devices
displayed good performance with 16.47% and 16.01%
efficiency for the best SOT-D and Spiro-OMeOTAD based
devices, respectively. The slightly enhanced efficiency value for
devices employing SOT-D can be attributed to faster oxidation
and increased p-doping of the material which can be
corroborated with the increased surface area as seen in the
AFM images. The data also show slightly enhanced fill factor
for the SOT-D devices. This suggests that slightly less
recombination may occur for SOT-D due to its improved
conductivity, which is a further benefit of the dimeric HTM. It
is often assumed that smoother surfaces are desirable for

T T T T T
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¢ 20L —SOT-D
£
o
< L i
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N
z
g 10 1
[=]
-
5 5 | HTL Jsc Voc FF PCE i
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3 Spiro-OMeTAD 21.0 1.10 0.69 16.0
SOT-D 20.5 1.05 0.76 16.5
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Fig. 7 Current density (J)-voltage (V) characteristics of devices under
one sun illumination (AM 1.5) employing Spiro-OMeTAD and SOT-D as
HTMs.
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HTMs, but this study has shown that a more porous film can
be used to improve the device performance.

Conclusions

In summary, we report a convenient top-down and a scalable
bottom-up procedure for synthesising SOT-OH. Furthermore,
we report the use of this building block to synthesise SOT-D
and SOT-T by exploiting the reactivity of the hydroxyl group
of SOT-OH. We have investigated the optical, redox, thermal
and optoelectronic properties of SOT-D and SOT-T, which
have shown that these derivatives retain the redox and optical
properties of Spiro-OMeTAD, whilst in the case of SOT-T
improved thermal and optoelectronic properties are
displayed. We have also shown that SOT-D and SOT-T have
higher conductivity values compared to the parent Spiro-
OMeTAD which we have attributed to the higher porosity of
the dimer and trimer. Likewise, the power conversion
efficiencies of perovskite-based devices fabricated using
SOT-D are higher than those obtained using Spiro-OMeTAD,
thereby indicating that HTM porosity may also be an
important factor affecting device performance. Therefore,
this study paves the way for further development of SOT-OH
for creating a range of new Spiro-OMeTAD-based materials
for high-performance ss-DSSCs and PSCs, and our progress
in this area will be reported in due course.
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