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ABSTRACT: The technology of organometal halide perovskites is on the
verge of the lab to fab transition due to particularly high efficiencies and low
cost of the raw materials employed in the active later. The hole transport
layer is a key enabling component of such solar cells and at the same time
the one requiring more significant synthetic efforts. Alternative materials
with improved sustainability are under constant development, yet 2,2',7,7'-
E-factorK
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tetrakis(N,N-di(4-methoxyphenyl)amino)-9,9’-spirobifluorene (Spiro-OMe-
TAD) still represents the standard in the field. We show that the

combination of solventless approaches, chemistry on water, and micellar 5299 3°|Vent !

catalysis gives access to such critical material in a fully sustainable, scalable, pfnffncé:tr:;n Solventless

and eflicient way. Performances are validated in devices delivering results \_/ reactions
A ~—

equal to those with standard commercial Spiro-OMeTAD but greatly
reducing the overall E-factor—a green chemistry metric measuring the
waste/purified product ratio of a synthesis, from 5299 to 5SS, as well as eliminating chlorinated solvents and hazardous chemicals.
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B INTRODUCTION

Solar cells based on organometal halide perovskites have been 800
very important for third generation photovoltaics.' They
combine solution-processing fabrication techniques with
power conversion efficiencies that almost reach those of
silicon.” Such remarkable performances are the result of the
careful optimization of all the components of the multistacked
ensemble constituting the final device. Literature reports show
a wide variety of assembly techniques and device architec-
tures,” yet the presence of an efficient hole transport layer
(HTL) is a frequent feature. In the vast majority of the cases,
the material of choice is the well-established Spiro-OMeTAD. 200
Originally proposed as an HTL to be applied in organic
monolayer-modified TiO, heterojunctions,” the popularity of
such a 9,9'-spirobifluorene derivative has grown enormously,
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first as solid state HTL for dye-sensitized solar cells’’ and
more recently since the introduction of perovskite solar cells.”
Figure 1 shows the rapid increase in the number of papers
citing the use of Spiro-OMeTAD as an HTL which have been
published over the past decade. Despite its wide applicability
and commercial availability, there is very active research in
finding more sustainable and cheaper alternatives. 67,910

The literature access to Spiro-OMeTAD is problematic on
several respects. As is shown in Scheme 1, the first hurdle is the
synthesis of 9,9'-spirobifluorene, requiring the use of hazardous
Grignard or organolithium reagents over either 2-bromo'" or
2-iodo biphenyl (Suppporting Information, Section 2).'*"?
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Figure 1. Publications per year in the 2010—2021 period involving

the use of Spiro-OMeTAD as the HTL layer. Source SciFinder (as of
December 2021).
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Scheme 1. Example of Established Literature Accesses to Spiro-OMeTAD (Top, Black) and Green Chemistry Compliant
Route Described in This Paper (Bottom, Green)

Literature route
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Our route

! 4 5

2-Halogenobiphenyl derivatives are themselves poor inter- By far the best way to dramatically reduce the E-factor is the
mediates requiring a multistep synthesis characterized by poor removal of organic solvents, frequently accounting for over
atom economy. The subsequent bromination is efficient but 90% of the total waste. Water would be the ideal substitute, if
requires the use of a particularly obnoxious chlorinated not for the hydrophobicity of most organic species. Yet, the last
solvent."” Lastly, 2,2',7,7'-tetrabromo-9,9’-spirobifluorene is 20 years witnessed a dramatic increase in the number of
converted in the final product via palladium-catalyzed processes based on water as the solvi?t,2 1regardless of the water
Buchwald—Hartwig amination with excess 4,4'-dimethoxydi- solubility of reagents and products.””~~ Solventless reactions

are also becoming increasingly relevant.””

In this paper, we show that it is possible to dramatically
reduce both the cost and the environmental impact of the
Spiro-OMeTAD synthesis, by drastically reducing organic
solvents needed for both synthesis and purification. To these
aims, we fully exploit the whole toolbox of green chemistry by
developing solventless, micellar, and plain water processes. Our
results show that the new synthetic route enables an order of
magnitude reduction in cost and E-Factor (from 5299 to 555),
and it is scalable and does not compromise the performances.

We tested the materials prepared according to the new route
in the preparation of thin film hybrid perovskite solar cells with
results in line with those that can be obtained with reference,
commercially available samples. Remarkably, we devise an

phenylamine. The reaction has only a moderate yield (45%)
and requires the use of toluene as the solvent, and the
achievement of a suitable purity for applications in devices
requires a laborious chromatographic purification impacting in
the overall organic solvent’s consumption.

The literature suggests several different metrics to
quantitatively evaluate the overall impact of a synthetic
protocol, including the popular but somewhat limited atom
economy.”” The E-factor, a parameter corresponding to the
weight ratio between the waste produced and the purified
product, offers additional crucial information.'"® The most
relevant quantity included in the E-factor but not in the atom
economy is the amount of solvent employed. In the

pharmaceutical industry, where synthetic complexity is highest, original purification procedure providing Spiro-OMeTAD
accepted E-factor values for scaled processes are in the order of batches free from organic contaminants (as assessed by
a few hundreds.'” As is detailed in Section 1 of the Supporting NMR and elemental analysis) and featuring a particularly
Information, the E-factor for the established synthesis of Spiro- small residual concentration of metal catalysts. The presence of
OMeTAD is over 5000, a particularly disappointing value.” metal impurities is a known factor influencing performances of
Moreover, the protocol requires toxic solvents and hazardous, organic semiconductors in both photovoltaic and field effect
pyrophoric materials. transistor devices.”” In our cases, purification rather than
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directly enhancing performances sizably improved durability
with respect to the control sample prepared with commercial
HTL.

B EXPERIMENTAL SECTION

Materials and Methods. Reagents and solvents were bought
from Fisher Scientific, Fluorochem, or Sigma-Aldrich. Filtration on
Celite was performed using Celite 353. Filtration on carbon was
performed using DARCO activated charcoal (moisture content <
12%, 100 mesh particle size). Compositions of solvent mixtures used
as eluents are indicated as volume/volume ratios. NMR spectra were
collected on a Bruker NMR Avance 400 NEO. Melting points were
determined using a Buchi M-560 apparatus.

Dibenzothiophene-S,S-dioxide (7). Dibenzothiophene (10.00
g, 54.27 mmol), H,WO, (0.13S g, 0.543 mmol), NaH,PO, (65.1 mg,
0.543 mmol), and Aliquat 336 (0.235 g, 0.543 mmol) are weighed in
a 250 mL round-bottomed flask, and then, concentrated H,0O, (30%
in H,0, 110.7 g, 976.8 mmol) is added. The mixture is allowed to stir
at room temperature for 24 h, progressively turning from yellow to
white. Reaction progress can be monitored by TLC (heptane/AcOEt
7:3). The mixture is filtered on a fritted silica funnel, washed with
water (40 mL), and dried at 60 °C under vacuum until weight
stabilization. White powder, 11.579 g, 98.7% yield. mp 232—234 °C
(lit. 231-232 °C). 'H NMR (400 MHz, CDCL,): 6 7.83—7.79 (m,
4H), 7.66—7.62 (m, 2H), 7.55—7.51 (m, 2H) ppm.

9,9'-Spirobifluorene (4). Dibenzothiophene-S,S-dioxide 7 (2.000
g, 9.249 mmol), fluorene (2.306 g, 13.87 mmol), 18-crown-6 (0.245 g,
0.925 mmol), and finely ground KOH (85%, 2.442 g, 37.00 mmol)
are weighed in a two-necked 100 mL round-bottomed flask, equipped
with a reflux condenser. The system is put under a nitrogen
atmosphere by means of a Schlenk line. Here, 1 mL of diglyme is
added, and the flask is heated to 115 °C for 3 h, observing the color
turning from yellowish to purple. The reaction is further heated to
160 °C for 21 h. The reaction is quenched by addition of 3.5 mL of
degassed methanol and refluxed until the disappearance of the purple
color. Upon cooling to room temperature, the reaction mixture is
filtered on a pad of Celite (S g) using toluene as the eluent (S0 mL).
The solvent is evaporated under reduced pressure, and the obtained
raw mixture is purified by sublimation to separate the product from
unreacted excess fluorene. Here, 2.418 g of product (yellow powder,
82.7%) and 0.998 g of fluorene are recovered. 194—196 °C (lit. 198—
199 °C). '"H NMR (400 MHz, CDCL,): § 7.85 (d, ] = 7.6 Hz, 4H),
7.37 (m, 4H), 7.11 (m, 4H), 6.73 (d, ] = 7.6 Hz, 4H) ppm. *C NMR
(100 MHz, CDCL,): 5 148.76, 141.76, 127.80, 127.68, 124.02, 119.96,
66.02 ppm.

2,2',7,7'-Tetrabromo-9,9’-spirobifluorene (5). In a two-
necked 100 mL round-bottomed flask equipped with dropping
funnel, 9,9’-spirobifluorene 4 (1.850 g, 5.849 mmol) is suspended in
aqueous 4% Dowfax 3B2 (9.00 g). Concentrated H,0, (30% in H,0,
4.0 mL, 5.76 g) is added, and the reaction flask is cooled to 0 °C by
mean of an ice bath. Bromine (5.607 g, 35.09 mmol) is therefore
added dropwise in 20 min. After 40 more minutes, the ice bath is
removed, and the reaction is allowed to stir at room temperature
overnight. After 16 h, the reaction is quenched by addition of aqueous
10% NaHSOj; (30 g), observing the disappearance of the red color.
The mixture is filtered on a fritted silica funnel, and the as-obtained
yellowish powder is dried at 60 °C under vacuum. The raw mixture is
purified by Soxhlet extraction using ethanol (SO mL) as the solvent.
Both the undissolved material in the thimble and the crystallized
material in the ethanol are recovered as pure product. White powder,
3.030 g, 82.0%. mp 398—399 °C (lit. 395—400 °C). 'H NMR (400
MHz, CDCI3): 6 7.68 (d, ] = 8.2 Hz, 4H), 7.54 (dd, J = 8.1, 1.8 Hz,
4H), 6.83 (d, ] = 1.7 Hz, 4H) ppm. *C NMR (100 MHz, CDCl,): §
148.79, 139.55, 131.76, 127.33, 122.17, 121.68, 66.25 ppm.

2,2',7,7'-Tetrakis(N,N-di-p-methoxyphenylamine)9,9’-spi-
robifluorene (Spiro-OMeTAD). 2,2',7,7'-Tetrabromo-9,9’-spirobi-
fluorene (316 mg, 0.500 mmol), 4,4"-dimethoxydiphenylamine (573
mg, 2.50 mmol), Pd(OAc), (9.0 mg, 0.040 mmol), XPhos (38.1 mg,
0.080 mmol), K;PO, (637 mg, 3.00 mmol), and PEG 2000 dimethyl
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ether (38 mg) are weighed in a 10 mL Schlenk tube. The system is
put under a nitrogen atmosphere by mean of a Schlenk line. Toluene
(0.5 mL) is added, and the reaction is heated to 110 °C for 24 h.
Reaction progress can be monitored by TLC (heptane/AcOEt 7:3, Ry
= 0.19). The reaction is warmed to room temperature, and 3 mL of
toluene is added. The soluble fraction is added dropwise to 20 mL of
methanol, and the precipitate is collected by filtration and washed
with 5 mL of methanol. The powder is dried at 60 °C under vacuum
and then subjected to a further purification to remove the Pd catalyst.

Raw Sample. The raw sample is purified by filtration over a pad of
silica (15 g) using AcOEt as the eluent (180 mL). Dark yellow
powder, 577 mg, 94% yield (purity 95% according to 'H NMR,
Figures S14 and S15).

C-Filt Sample. The C-filt sample is purified by filtration over
decolorizing DARCO carbon at —12 °C, using AcOEt/dioxolane 6:4
as the eluent (this operation is described in detail in Section 5). Pale
yellow powder, 459 mg, 75% yield. "H NMR (400 MHz, C/D): &
7.13 (s, 4H), 7.06 (d, ] = 2.0 Hz, 4H), 7.02 (m, 16H), 6.97 (dd, J =
8.3, 2.1 Hz, 4H), 6.73 (m, 16H), 3.25 (s, 24H) ppm.

Bl RESULTS AND DISCUSSION

Green Synthesis of 9,9’-Spiro-bifluorene. Aiming at
dramatically improving all the aspects of the synthetic access to

Table 1. Tested Conditions for Synthesis of 9,9'-
Spirobifluorene

O O
\‘S’/ fluorene, KOH 0.0
PTC, solvent
No, 160 °C, 24 h QO
7
4
Entry Solvent Phase transfer catalyst Yield (%)

1 Anisole PEG20000Me 52

2 Anisole 18-crown-6 S6

3 Proglyde PEG20000Me 56

4 Proglyde 18-crown-6 60

S Diglyme 18-crown-6 83
O |
(O '
Sm |
SF
H [ ]literature route

I our route
0 1000 2000 3000 4000 5000

Mass of chemicals per unit mass of product (g/g)

Figure 2. Amount of chemicals ranked by chemical hazards associated
with the different synthetic routes.

Spiro-OMeTAD, we employed a variety of green chemistry
approaches enabling (a) a reduction of the E-Factor by one
order of magnitude, (b) removal of all hazardous and
pyrophoric materials, (c) reduction to a bare minimum of

https://doi.org/10.1021/acssuschemeng.2c00493
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Figure 3. Power conversion efficiency (PCE) of PVK cells fabricated
with commercial Spiro-OMeTAD (reference), or with Raw and C-
Filt samples. Photovoltaic parameters extracted either from the
reverse (RV) current—voltage scan (from Ve to V = 0) and the
forward (FW) scan (from V = 0 to V). Boxes indicate the standard
deviation and mean value of the results in the RV (continuous line)
and FW scan (dotted line).
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Figure 4. Current density vs voltage curves of the best glass/ITO/
SnO,/FAMACs/HTM/Au cells with commercial Spiro-OMeTAD
HTM (reference), or with the newly synthesized spiro-type HTM
either purified by charcoal filtration (C-Filt) or silica filtration (Raw).

organic solvents employed, (d) resource efficient purification,
and (e) ease of scale up.

First, we tackled the preparation of 9,9'-spirobifluorene 4.
This is a key material not only for the preparation of Spiro-
OMeTAD but for the whole family of spirobiﬂuorene—emittin%
molecules and polymers developed for OLED fabrication.”*~*
The only documented alternative to the reaction of either the
Grignard or the organolithium derivatives prepared from 2-
bromo or 2-iododiphenyl with fluorenone was recently
reported by Yorimitzu et al.. The reaction of fluorene and
dibenzothiophene-S,S-dioxide (7) in the presence of KN-
(SiMe,), as the base in anhydrous dioxane at 150 °C for 16 h
gives 4 in 45% yield after chromatographic purification.”®

We thought this synthesis promising as 7 can be prepared by
the quantitative oxidation of dibenzothiophene by hydrogen
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peroxide in the presence of catalytic H,WO,. Dibenzothio-
phene is a widely available petrochemical raw material. After
careful optimization of reaction conditions (Table 1), we
found out that the reaction of 7 with excess fluorene under
solid—liquid phase transfer catalysis (SL-PTC) with KOH and
18-crown-6 as the phase transfer catalyst (PTC) in refluxing
diethylene glycol dimethyl ether (diglyme) yields 4 in 83%
yield. The use of SL-PTC conditions enhances the basicity of a
safe and inexpensive inorganic base (KOH 85%) enabling the
substitution of the hazardous potassium bis(trimethylsilyl)-
amide (KHDMS) and the need of anhydrous solvents. The
benefits in terms of cost (no dehydration required) and ease of
operation (no dry atmosphere required) are substantial,
particularly while scaling up. Moreover, no chromatographic
purification is required as the crude reaction mixture is simply
filtered through a pad of Celite and evaporated. Excess
fluorene contaminating the crude can be removed via vacuum
sublimation and recycled.

As very little solvent is required, the E-factor of this step is
23.0. On a large scale, the reaction would not require any
solvent as the molten excess fluorene is a good enough solvent.
On a lab scale, such a solution is unpractical due to the
tendency of the latter to sublime away from the reaction
mixture. The reprotoxic diethylene glycol dimethyl ether can
be replaced with eco-friendly proglyde (di(propylene glycol)
dimethyl ether, mixture of isomers) at the expense of a modest
reduction of the yield from 83% to 60% (Table 1, entry 4).

Bromination of 9,9’-Spirobifluorene under Micellar
Catalysis and Buchwald—Hartwig Amination. For the
bromination of 4, we evaluated water as the reaction medium,
bromine as the electrophile, and an oxidizer. The presence of
the oxidizer is necessary to oxidize the HBr formed in the
reaction back to Br,, thus improving the overall atom economy
of the rection.

We tested both “on water” catalysis,” working with a
suspension of 4 in aqueous Oxone, and micellar catalysis, in
this case using a 4 wt % solution of Dowfax 3B2 and H,O,
(Table S6). Dowfax 3B2 is an industrial anionic surfactant,
very cheap and freely soluble in water even at 0 °C, the
temperature required to control the regioselectivity of
bromination. Both “on water”- and micellar-catalyzed reactions
gave almost quantitative conversion. The use of Oxone in
water led to the formation of oxidation byproducts
substantially impacting on the reaction yield. Conversely the
micellar reaction performed in aqueous Dowfax 3B2 enables
the straightforward isolation of the target regioisomer in 82%
yield by simple filtration of the crude reaction mixture followed
by extractive (Soxhlet) crystallization. The literature procedure
(requiring the use of chloroform as the solvent) remains more
efficient in terms of yield,'” yet we reduced the E-factor of the
single step from 225 to 29.3, and we did not use toxic solvents.

The final step requires the Buchwald-Hartwig (B—H)
palladium-catalyzed amination of 5. B—H amination is
among the many transformations reported to be particularly
efficient under micellar catalysis conditions.’* > We tested the
reaction under several distinct micellar conditions (details are
included in Table S7), with best results obtained when working
with aqueous 2 wt % cetyltrimethylammonium bromide
(CTAB) in a 9:1 vol/vol mixture with toluene. Under such
conditions, we obtained Spiro-OMeTAD in 32% vyield after
chromatographic purification. We got much better results by
completely removing the solvent, thus carrying out the reaction
in the melt using 6 equiv of the 4,4'-dimethoxydiphenylamine.

https://doi.org/10.1021/acssuschemeng.2c00493
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Figure 5. Box charts illustrating the statistical distribution of power conversation efficiency of perovskite solar cells at (a) day 1, (b) day 103, (c)
day 140, and (d) day 166. Between measurements, samples were stored in the dark in a box with relative humidity (RH) in the 30%—40% range.
Measurements were performed under standard test conditions (STC, 25 °C, 1000 W/m? irradiance, air mass 1.5 (AML.5) spectrum), and the
photovoltaic parameter was extracted from the reverse scan at a rate of 33 mV/s.

The reaction proceeds with complete conversion of starting
bromide under a standard laboratory environment and with an
isolated yield of 60%, after column chromatography. We
further improved the results by the addition of a 25 wt % of
toluene with respect to the total amount of reagents and near
stoichiometric amine. The NMR analysis of the crude reaction
mixture evidenced the expected product, barely contaminated
by small amounts of tris-aminated intermediate, still bearing
one bromine residue, and 4,4'-dimethoxydiphenylamine. After
reprecipitation of the crude in methanol, we carried out a
filtration through a pad of silica to remove the catalyst,
affording the product in 95% purity (in the following section,
such a sample is identified as Raw). The ICP characterization
of traces impurities in the Raw samples shows 65 ppm of
remaining Pd.

Solvent Efficient Purification of Spiro-OMeTAD. To
reduce the amount of Pd contaminant and remove the other
byproducts (trisubstituted intermediate and amine), we
devised a simple and solvent efficient nonchromatographic
purification method involving a cold filtration of a concen-
trated AcOEt:dioxolane 6:4 vol:vol solution of the crude
through a pad of carbon black. We selected such a stationary
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phase according to the known affinity of carbon black for
halogenated aromatics as well as for palladium. The process
enables the reduction of the Pd contamination below the
sensitivity level (1 ppb) of ICP (this sample was identified as
C-Filt) and allows one to increase purity from 95% to >99%
(according to NMR characterization).

Scheme 1 summarizes the conditions and the corresponding
overall metrics (starting from commercial raw materials) of
reference commercial Spiro-OMeTAD and C-Filt. Under the
best experimental conditions and including purification, we
managed to reduce the overall E-factor from 5299 to 555. We
also dramatically improved safety. Figure 2 shows the health
and safety risks associated with the chemicals used in the
different synthetic routes. Our route enables a critical
reduction of all hazardous chemicals and a complete removal
of the particularly obnoxious halogenated solvents and
hazardous organometallic species.

Performances of Spiro-OMeTAD Samples in Perov-
skite Solar Cells. We evaluated the HTL performances of all
materials in perovskite-based solar cells. We fabricated triple
cation perovskite cells with glass/ITO/SnO,/
Cso.06FA07sMAg16Pb(Iog4Bro6); (FAMACs)/ HTM/Au ar-
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chitecture according to previously optimized fabrication
procedures,”* and we characterized comparative performances
and stability according to the protocols proposed by the
International Summit on OPV Stability (ISOS)-D-1 shelf
testing conditions.

The three materials are identical from the point of view of
UV—vis absorption properties (Figure SS). Figure 3 shows the
PCE of cells having the structure glass/ITO/SnO,/FAMACs/
HTM/Au, where the HTM is either the reference commercial
Spiro-OMeTAD (purchased by Borun New Material Tech-
nology LTD) or the newly synthesized materials, measured
both from the reverse (RV) current—voltage scan (from Vg to
V = 0) and the forward (FW) current—voltage scan (from V =
0 to Vo).

Reference and C-Filt samples behave identically within the
experimental error (13.9% and 13.8% average efficiency from
the reverse scan, respectively), while the Raw derivative
provides sizably poorer performance (12% average PCE). The
best efficiencies achieved were 15.0% for both the cells with C-
Filt and reference Spiro-OMeTAD, and 13.2% for the Raw
material. These values are close to average values of a large,
scattered database of over 42,400 cells collected by Jacobsson
et al.”® Future improvements in performance can be sought by
controlling conditions during device fabrication, including
engineering composite electron transport layers that can boost
PCEs significantly further.***’

The lower efficiencies of Raw cells, as well as higher
hysteresis, are mainly the result of lower fill factors (Table S9
and Figure S6) and slightly lower open circuit voltages,
possibly resulting from the presence of traces of palladium, as
well as other contaminants in these nonpurified HTLs.
Current—voltage characteristics of the best cells for each
HTL are reported in Figure 4.

Figure S shows that the shelf life stability of the solar cells
with our C-Filt sample is as good as the commercial solar
grade material and even superior, especially in reproducibility,
over a period of 166 days where the cells were stored in the
dark in a controlled environment with relative humidity
between 30% and 40%.

After 166 days, C-Filt devices are still essentially unchanged,
whereas reference devices show a significantly larger scatter in
the results and a PCE reduced to 77.5% of the day 1 value.
Within the same time frame, C-Filt devices preserved 82.2% of
their original efficiency.

B CONCLUSIONS

We have developed a new, green chemistry compliant, and
economically advantageous protocol for the preparation of
Spiro-OMeTAD, a key enabling material for the perovskite
solar cells technology.

The new protocol is advantageous over the existing ones in
terms of removal of hazardous chemicals, reduction of wastes,
overall efficiency, and purity of the final material. The key steps
of the new synthesis are a more direct access to the key
intermediate 9,9’-spirobifluorene, a micellar-catalyzed bromi-
nation of the same in a water solution of surfactants and a
Buchwald—Hartwig amination performed in almost solventless
conditions. We have also developed a purification protocol
involving minimum amounts of organic solvents and providing
samples whose performances in perovskite cell devices are
better, particularly in terms of reproducibility and durability,
with respect to those afforded by commercially available
reference samples. The effect is possibly connected with a

particularly low level of contamination from traces of metal
catalysts and intermediates of incomplete B—H amination. The
new protocol is directly scalable and could contribute to
significantly reducing the cost and overall environmental
impact of the rapidly emerging perovskite photovoltaic
technology.
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