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SANTRAUKA

Kiekvieng diena su Saulés $viesa Zemés pavirsiy pasiekia milZiniski energijos kiekiai. Per
metus jie dvigubai virSija visg i§ i8kastinio kuro (akmens anglies, naftos, gamtiniy dujy ir urano)
galima iSgauti energija. ISsenkant neatsinaujinantiems energijos $altiniams Vvis patraukliau atrodo

tiesioginis elektros iSgavimas i§ Saulés §viesos.

Platesnj saulés elementy paplitimg stabdo auksta jrenginiy kaina ir 1étas atsiperkamumas.
Vienintelé skatinanti priemoné investuoti j saulés energetikg yra valstybés subsidijos. Auksta
saulés elementy kaing lemia sudétinga ir brangiy irenginiy reikalaujanti silicio gryninimo
technologija. Mazéjantis iskastinio kuro kiekis ir atsinaujinanciy energijos $altiniy svarba skatina
ieSkoti pigesniy ir efektyvesniy technologijy bei medziagy. Potencialiai pigesnius sprendimus
gali pasitlyti organiniai ir hibridiniai saulés elementai.

2012 metais Henris Snaitas ir Michaelis Graetzelis paskelbé apie naujo tipo saulés
elementus, kuriy efektyvumas sieké 9-11%. Kaip Sviesg sugerenti medziaga buvo panaudotas
metilamonio §vino (IT) jodido perovskitas. Per 2 metus perovskitiniai saulés elementai virsijo
20% efektyvumo riba, ir pagal §j rodiklj tapo konkurencingi silicio elementams. Greitg jvedima |
rinkg stabdo keletas problemy. Viena iS jy - auksta skyles transportuojancios medziagos kaina.

26\

H3CO OCH;

H3CO\©\ OCH3

5" ©

H;CO OCH,

Geriausiu  veikimu  pasizymi  saules elementai su  2,2',7,7'-tetra-(N,N-di-p-
metoksifenilamino)-9,9'-spirobifluorenu. Sios medziagos sintezé yra daugiapakopé, naudojami

jautrus ir nuodingi reagentai.

Vi



Ankstesniuose tyrymuose buvo iSbandyta “Klik” reakcija organiniy puslaidininkiy sintezei.
Hidrazonui su nepakeistu vandeniliu prie azoto atomo reaguojant su bromometilbenzeno
dariniais buvo gauti $akotos struktiros junginiai. Siame darbe buvo tesiami tyrimai Sioje srityje.
Susintetinta 13 Sakoty hidrazony bei nustatytos priklausomybés tarp struktiiros ir makroskopiniy
savybiy. Taipogi panaudojant bifunkcinius junginius §i Strategija buvo pritaikyta polimery
sintezei. Perovskitiniai saulés elementai su Siomis medziagomis nerodé efektyvumo.

\O O/

6

16,91%

/0 0\

Tesiant tyrimus ir siekiant gauti efektyvias medziagas buvo atlikta keletas pakeitimy

sintezés schemoje. Vietoje hidrazono buvo naudojamas 3,6-dibromokarbazolas. Halogeno

atomai ledo antroje stadijoje jvesti difenilamino fragmenta.

Su 1,2-bis[3,6-(4,4-dimetoksidifenilamino)-9H-karbazol-9-metil]Jbenzenu pasiektas vienas
geriausiy saulés Sviesos konversijos efektyvumy (16,91%) perovskitiniuose saulés elementuose

su mazamolekulinémis skyles transportuojanciomis medZiagomis.

vii
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1. INTRODUCTION

Every day with the sunlight huge amount of energy reaches surface of the Earth. Just
imagine, in a year it is twice as large as total reserves of non-renewable energy sources (such as
coal, oil, natural gas and uranium) [1]. As fossil fuel goes to the end it looks very attractive to

produce electricity directly from the sunlight.

More and more solar plants appear all around the world, but there is an important stopping
factor. Although silicone solar cells have in general moderate to good performance (~20-25%
energy conversion efficiency) they are still too expensive due to the difficult technology of
silicon purification. High price and long payback period makes this business strongly dependent
on the government subsidies. So the search of the new materials is crucial for the technological

progress.

Recently perovskite solar cells made a splash in a scientific community. They can be
prepared by a solution processes, manufacturing can be easily scaled up, and what is the most
important in a several years efficiencies reached 20%. But every light has its shadow. One of the

drawbacks — high price of the hole transporting material (HTM).

This work concentrates on the search of the alternative to the best HTM - 2,2',7,7'-tetrakis-
(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene. The final product should be easily
prepared and isolated. That is why “Click” chemistry philosophy was adopted for the fast and
versatile synthesis.

Aim of this work: to synthesize novel inexpensive and efficient hole transporting

materials for the perovskite solar cells.

Tasks:
1. To synthesize and investigate branched hydrazones by “click” chemistry reaction.
2. To synthesize and investigate hydrazone-based polymers.

3. To synthesize and investigate diphenylamine substituted carbazole twin molecules.



2. LITERATURE REVIEW

2.1. Organic materials in solar cells

The early investigations of the organic materials for the applications in solar cells were
inspired by natural photosynthesis process. It starts with the chlorophyll molecule absorption of
the photon and is followed by the charge separation. Plants are using energy of the sun to
synthesize carbon-carbon bonds. For us it is more relevant to directly use movement of electrons

to produce electricity.

Figure 1 First organic solar cell inspired by nature

First attempts to use organic materials for the sun energy conversion into electricity were
made in the 1958 [2]. The cell was made of magnesium phthalocyanine disc coated with a thin
film of air oxidized tetramethyl p-phenylenediamine (Figure 1). Maximum voltage was 200 mV,
but efficiency of this cell was very low. Main limitation was the high internal cell resistance.
Nevertheless, for the first time it was shown that photovoltaic effect can be observed in pure
organic systems. In 1974 some improvement was achieved by changing contacts to metals. Still,

efficiency was only about 0.01% [3].

Direct using materials from the plants were also tested in 1975 by C.W. Tang and A.C.
Albrecht [4]. Single layer of a microcrystalline chlorophyll-a, coated with metal electrodes were
constructed in a similar manner as in previous investigations. As it can be expected, due to the

same reasons efficiency again was very low.



Magnesium phthalocyanine Merocyanine dye

0.01% 0.7%

Figure 2. Materials used in the single layer organic solar cells

One of the best results for single layer organic solar cells was obtained in 1978. As light
absorbing layer merocyanine dye (Figure 2) were used and the interfacial oxide layer between

metal and dye was added. For the best cell power conversion efficiency reached 0.7% [5].

Although the first results were promising and some improvements were achieved, such
devices suffered from the high exciton recombination due to the low electric field generated by
electrodes. It is simply not enough to overcome exciton binding energy. Thus vast majority of

energy are not converted into electricity and wasted.

The first significant improvement was made with introduction of the heterojunction
concept. In this case two layers of electron donor and electron acceptor are used. Differences in
electron affinities at surface promote dissociation of the exciton. In 1986 1% efficiency [6] was
achieved. Limitation for the further progress was exciton diffusion length. Typically for organic
materials it lays in a range of 10 nm. But in order to absorb enough light the layer should be at
least 100 nm. It means that only excitons generated near the interface will dissociate. Others will

recombine reducing overall performance of the device.

To overcome this limitation it was proposed to make interfaces at the nano-scale. In a
scientific literature it has name “bulk heterojunction” (or BHJ) [7]. Ideally it can be made by
forming nanostructures (wires, or walls), with at least one dimension near to 10-20 nm. That
would provide very large surface area and support that fact that all excitons are generated near
the interface (Figure 3). In the real heterojunctions a lot of imperfections occur (c.a.
inhomogenity of the layers, differences in sizes etc.). With the development of lithography and

by optimizing solution processes better results can be obtained.
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Figure 3. Bulk heterojunction concept

Another way of reducing recombination were proposed in 1991 by Gritzel and O'Regan
Dye sensitized solar cells (DSSC, also known as the Gritzel cell) employs an organic dye
monolayer, absorbed on a mesoporous TiO, scaffold. Large surface area provides good
absorption of light. TiO; also provides fast electron transport from dye to an electrode. Resulting
oxidized dye is then regenerated by the liquid electrolyte (I,/13). Already in the first publication
incredible 7.9% efficiency was reported [8]. After several years it reached ~11% efficiencies, but

then saturation came [9].

Important change in construction of DSSC was made in 1998 by replacing liquid
electrolyte with the solid hole transporting material (HTM) [10]. Resulting solid state dye
sensitized solar cells (ssDSSC) shows lower efficiencies (usually around 3-5% [11], up to 8%
[12]) but are more promising from the practical point of view, as they prevents leakage of the

highly corrosive iodine electrolyte.

Recently solar cells again attracted lots of attention from the scientists all over the world.
Perovskite solar cells made revolution and in three years overcome 20% efficiency (Figure 4),

what makes them competitive with silicone solar cells [13].
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Figure 4. Technological progress and benchmarks of the organic and hybrid solar cells [9]

2.2. Perovskite Solar Cells — (r)evolution

Original perovskite is a CaTiOs mineral named after Russian mineralogist Lev Perovski
(rus.: Jles Anexceesuu Ileposckuit). Nowadays this name is used for all materials with the same
crystalline structure as in CaTiO3 [14]. In a context of solar energetics perovskite states for the
hybrid organic inorganic material (large metal cation, small organic cation and halide anions). If
not specially mentioned, in this work perovskite would mean lead halide methylamine perovskite
[15].

Perovskite solar cells originally evolved from the DSSC technology. Organic dyes usually
have intensive, but narrow absorption bands. In order to increase absorbance of the light in the
wider spectral range scientists started to sensitize TiO, with thin layer of inorganic absorber
(quantum dots). First attempts to replace dye with perovskite were made in 2006-2008 years by
T. Miyasaka [16], but did not achieve much attention. First report in peer-reviewed journal was
in 2009 [17]. At that time 3.8% efficiency was achieved. After two years 6.5% efficiencies were
reported [18]. However cells with liquid electrolyte were extremely unstable due to solubility of

the perovskite in organic solvent.

Real breakthrough was made in 2012 by Snaith and Gratzel [19, 20]. They replaced liquid
electrolyte with 2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (Spiro-
OMeTAD) solid electrolyte in the same manner as in ssDSSC and achieved 9-11% efficiencies.

5



This did not left unnoticed and today dozens of scientific groups are working in attempt to

increase performance of the perovskite solar cells (Figure 5). Up to day 20% limit is already

reached. Some technical points will be reviewed in brief.
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Figure 5. Publications on the topic “Perovskite solar cells”. Data from Thomson Reuters Web of Knowledge

citation report (2015-05-28)

2.2.1. Architectures

Interesting point is a development of the perovskite solar cells architecture. Originating

from the DSSC and ssDSSC, when only absorber layer were changed, it is now making its own

way. TiO, mesoporous layer became optional. Solar cells with mesoporous non-conductive

Al,O3 layer instead of TiO, still show good performance. In this case electron conduction is

performed by perovskite layer itself. Further simplifications were also made to the flat

heterojunction architecture (Figure 6). It was even shown that perovskite solar cells can operate

without HTM layer [21]. Fortunately to us such devices show lower performance (only up to

10%).

Perovskite

(ETA) cell

(Extremely Thin
Absorber)

Perovskite@ TiO:

TiO:
TCO

Perovskite

MSSC Perovskite
(Meso Super thin-film cell
Structured Cell) (p-i-n)

Au Au
AN e
Perovskites% ALO:!

TiO: TiO:

TCO TCO

Figure 6. Perovskite solar cell architecture development [22]



2.2.2. Deposition techniques

What also makes perovskite solar cells such attractive is a large variety of layer formation
techniques. One way to prepare metylamonium lead-halyde perovskite is a solution processes.
The most common technique is a spin coating in different variations. Most simple is to spincoat
mixture of lead halide and methilamonium halide and anneal it at 1000°C [23]. Two compounds
can also be covered one on top another and after diffusion perovskite layer is formed. Finally,
methylamonium iodine can be inserted into Pbl, by dipping [24] or from vapor [25]. Other way —
vapor deposition of all components [26]. Again it can be done in a various combinations, with

mixed halogen ions, at the different deposition times etc. [27].

2.2.3. Issues

Perovskite solar cells are showing very promising performance. But on the way to the
commercial products there are still some issues that have to be overcome.

e Reproducibility. At this point the reproducibility is not very good. The efficiencies for
the series of the cells prepared under the same conditions can differ in a range up to 5%
[28]. Better understanding of the processes is needed.

e Stability. Perovskite itself is very sensitive to the moisture and oxygen. Also such
materials as bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) even further
increase moisture sensitivity. Careful encapsulation can overcome this issue [29].

e Ecology. Possible lead leakage increase importance of the right utilization of the waste.
Possible solution — changing lead by a less harmful tin [30].

e High price. The price of the most popular organic HTM Spiro-OMeTAD is very high. It
can double price of the device [31]. Alternative cheaper materials are of the high

importance.

2.3.  Spiro-OMeTAD as a HTM in perovskite solar cells

The group of J. Salbeck in 1997 published an article with an application of 9,9’-
spirobifluorene based compounds as blue emitters for OLED [32] (Figure 7). One year later
Grétzel et al. published in Nature on the first effective solid-state dye-sensitized mesoporous
TiO, solar cells with Spiro-OMeTAD as an HTM (efficiency 0.74%) [33]. In details
photophysical properties of this compound were investigated by Udo Bach in his PhD thesis
[34].
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Figure 7. Spiro-OMeTAD — most popular HTM for ssDSSC and perovskite solar cells

Up to date it is the most studied hole transporting material for the application in both
ssDSSC and perovskite solar cells. All record efficiencies were achieved by using Spiro-
OMeTAD. While testing new potential HTM’s usual strategy is to compare efficiency with the
device prepared under the same conditions using Spiro-OMeTAD. That is why we will review
in more details synthesis and properties of this compound.

2.3.1. Synthesis

Synthesis of the spiro-based compounds can be relatively divided into two stages:

synthesis of the 9,9’-spirobifluorene and further fictionalization with diphenylamine moiety [35].

For the first time the unsubstituted 9,9’-spirobifluorene was synthesized in 1930 by R. G.
Clarkson and M. Gomberg [36]. 9,’9-spirobifluorene synthesis usually starts from the 2-halogen-
biphenyle. After metallization (Mg or Li [37]) 9-fluorenone is added and the intermediate 9-
(biphenyl-2-yl)-9-fluorenol is generated. Consequentially catalytic amount of hydrochloric acid
is added what leads to a ring-closure reaction. Overall yield for this stage differ from 19% to
90% [35-38].

At the next stage 9,9’-spirobifluorene is halogenated to introduce reactive groups (usually
Br [39]) and consequentially Pd-catalized reactions can be used to obtain final product (e.g.

Buchwald-Hartwig reaction for the functionalization with diarylamine [40]).

As a rule, higher yields require more sensitive and more expensive compounds. In
contrary, if one uses readily available starting materials, yield is lower. It makes very difficult to

reduce price of the final product.

One of the possible synthesis routes is shown in Figure 8.
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Figure 8. One of the possible Spiro-OMeTAD synthesis scheme



2.3.2. Additives

In a device HTM should provide fast charge transfer from the absorbing layer to the
electrode. As most of the organic HTM’s Spiro-OMeTAD have very low conductivity
(~10® Sm/cm [41]). It results in a high resistivity of the solar cell and low efficiency. Usual
strategy is to increase charge carrier concentration by positive doping. In terms of chemistry this
process can be understood as oxidation. Doping of organic materials is complicated task. Lots of

very different materials were tested. Here we will overview the most popular and effective ones.

Talk about additives to the Spiro-OMeTAD would be the best to start from the LiTFSI. It
is the most used dopant in perovskite solar cells. LiTFSI mechanism of action for some time was
unclear. In 2013 [42] it was shown that LiTFSI in oxygen atmosphere stimulates oxidation of the
HTM (Figure 9). Still questionable is the role of formed LiO,, Li+ ions and unreacted LiTFSI.

O o
F3C\/|4 g/cg
ST N .
O/ 1‘\1 o) LiTFSI
Li

02+h v

[ °*— . ° | _
Spiro-OMeTAD Spiro-OMeTAD 0, MTFSL - Spiro-OMeTAD TFSI' + Li,Oy

Figure 9. LiTFSI structure and proposed oxidation mechanism

Dependence on the environmental conditions (air oxygen) makes fabrication and
encapsulation process very complicated, as it is unclear how to perform exposure to the oxygen
(time, concentration etc.). Other drawback is that unreacted LiTFSI is strongly hygroscopic and

provides to the moisture pathways to the perovskite surface [29].

In 2014 AgTFSI was tested as an alternative to LiTFSI. In this case oxidation occurs in

the absence of O, (Figure 10) and better long-term stability can be achieved [43].
Spiro-OMeTAD _AgTFSL Spiro-OMeTA]).+TFSI' + Ag

Figure 10. Oxidation with AgTFSI

In the same year in the group of prof. M. McGehee oxidation by AgTFSI were performed
in solvent and Ag was consequentially removed from the final product. Dication salt with two
TFSI™ counteranions (Spiro(TFSI),) were isolated and used as a dopant, making lithium free
solar cells [41]. Earlier attempts to use oxidized Spiro-OMeTAD were unsuccessful due to the
low solubility of the obtained salts [34]. TFSI is a weakly coordinating anion providing stability
of the oxidized Spiro-OMeTAD and good solubility in organic solvents.

10



Another widely used strategy to oxidize Spiro-OMeTAD is to use cobalt complexes (e.g.
tris(2-(1H-pyrazol-1-yl)pyridine)cobalt(l11) (FK102) Figure 11). They are one electron oxidants
and are suitable for the oxidation of the Spiro-OMeTAD. As oxygen is not required, generally
better reproducibility is obtained. Usually this compounds are used in a combination with
LiTFSI [44].

AN ] 3+
I®

Figure 11. Cobalt complex FK102

Not only oxidative additives are used. In all devices with Spiro-OMeTAD 4-tert-
butylpiridine (tBP) is used. For the first time it was used in 1993 for DSSC. Dipping TiO;
electrode into tBP and addition of the small amount to the liquid electrolyte enhanced
performance [45]. Lately on this material was transferred to the ssDSSC and then to perovskite
solar cells. Action mechanism is still unclear. One of the possible effects is reduction of the trap
states at the perovskite boundaries [46].

2.4. Alternatives to the Spiro-OMeTAD

As mentioned above high HTM price is one of the unsolved problems. During the last few
years, a number of various charge transporting materials were synthesized and investigated for
the application in perovskite solar cells. Here we will review some classes of the HTM’s. In all
cases performance of the standard cell (prepared under the same conditions with Spiro-
OMeTAD as a HTM) will be showed in brackets.
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2.4.1. Spiro-OMeTAD like HTM’s
H;CO OCH;,
\Q ©/ H,CO OCH;,

H;CO” : ' : "OCH;  H,CO~ : : “OCH;,
H3CO\©\ . /@ocm H3CO : OCH3
f i H3CO OCHs
H;CO OCH;

13.9 (14.9) 167(149)

Figure 12. Spiro-OMeTAD type compounds
In order to investigate influence of the methoxy group position three Spiro-OMeTAD
isomers were synthesized and tested by S. I. Seok et al. [47]. Best result was obtained for the
molecule with ortho substituent (Figure 12). This material have a highest LUMO value,
therefore serves as a better electron blocking layer between Au electrode and perovskite. These
results give us some insight on the desired properties of the molecule, but no improvement on the

final product price is achieved.

2.4.2. Pyrene-based HTM’s

OCH; H,CO
OCH,
mco@ 60 H3CO/® * rom
* H;CO
3.3(12.7) - 12.3(12.7)
OCH3
OCH; H;CO
H;COO 060 NOOCHs
H3CO©\N Q . /O/OCH3
OCH, H;CO
12.4(12.7)

Figure 13. Pyrene-based HTM’s

Also much simpler synthetic route was presented by the same authors [48]. It avoids
complicated 9,9’-spirobifluorene core synthesis and uses as a starting material bromo-substituted
pyrene. Three representatives were synthesized by the Buchwald—Hartwig amination reaction

with one, three and four dimethoxy-diphenylamino fragments. Overall good results were
12



achieved with two of the synthesized HTM’s (12.3 and 12.4 with the control 12.7). Some small
drawbacks of these compounds are absorption in the visible light range (low LUMO), crystalline
state and reducing in solubility with an increase in the number of di-p-methoxyphenylamino

substituents.

2.4.3. Thiophene-based HTM’s

H,CO, 0//_\\0 OCH,
e} NQ
@ 13.8 (13.7) Q

H,CO OCH; ooy, H,CO

/O/N N\O\ ? N
H,CO O Q OCH, )©/ O O OCH,
H;CO, OCH, tco N

Qoo ey 7 0 o

@ 15.4 (14.4) Q Q 15.2 (14.4) @
H;CO OCH;

OCH, H,CO

OCH; H,CO

Figure 14. Thiophene-based HTM’s

Other way to change 9,9’-spirobifluorene was proposed by S.G. Mhaisalkar and A.C.
Grimsdale et al.. They developed a simpler small molecule HTM incorporating 3,4-
ethylenedioxythiophene (EDOT) as a core [49]. Synthetic route includes bromination of the
EDOT and a consequent Suzuki cross-coupling with  {4-[bis(4-methoxyphenyl)
amino]phenyl}boronic acid. As EDOT itself is also relatively high in price, thiophene and

bithiophene were used for the similar synthetis purposes [50] (Figure 14).

These compounds after doping optimization showed slightly better performance in

comparison to the Spiro-OMeTAD.
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2.4.4. Carbazole-based HTM’s

OCH;,

& ‘“’@ Q

N,
H3C0/®/ O H,co OCHx H’CO OCH‘
N OCH‘ H
Hsc0\©\N O H‘CO oc1-l3 3C0 OCH,
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( ) 13.3 (15.2)

OCH, ocu3 H3C0 D “ Q
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OCH, H;CO OCH;
H;CO OCH;,4 H3CO ocH;
sty
~ OOy
H;CO OCH, H3COD Q
1 15.2
14.8 (15.2) 3905.2)

Figure 15. Carbazole-based HTM’s

In 2014 L. Sun and co-workers synthesized and tested in perovskite solar cells two
carbazole-based compounds [51] (Figure 15 top left). One HTM shoved performance close to
the Spiro-OMeTAD. Some questions are left, as control result was relatively low (only ~10%)
so performance in the better cells is still unclear. Also three more molecules with branched
structure were synthesized in the same year [52]. Instead of 3,6-substitued carbazole 2,7-
dibromocarbazole, linked through phenylene, diphenylene or triphenylamine core, were used.
Efficiencies for these HTM’s exceeded 13%. The best value was 14.79%.
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2.4.5. Polymers

Figure 16. P3HT and PTAA

Other widely used class of materials is conducting polymers. Among the first tested
materials were poly(3-hexylthiophene-2,5-diyl) (P3HT). After optimization of layer formation
parameters 9% efficiency was achieved [53]. In 2014 by using LiTFSI doping efficiency

increased up to 12.4%, mostly due to increase of the conductivity [54].

Lately on it was shown that triphenylamine-based polymer PTAA (Poly(triaryl amine))
overperform P3HT in an undoped state, showing 12% efficiency [55]. Lately on by changing
some part (0.1-0.15) of the iodine in the perovskite to bromine incredible 18% efficiency was
achieved [56].

2.4.6. Doping-free

S S<
CysH37™ IS>_:SI CsHzy
CisHyng” S S \g-CisHy,

11.03 (11.4)

Figure 17. Tetrathiofulvalene-based dopant-free HTM

During the last year several dopant-free HTM’s were reported to show high results in
perovskite solar cells. These compounds have relatively high conductivity without oxidation.
Due to a n-stacking such compounds have relatively high absorption in a visible light range. Still
unclear is the absorption intensity influence on the overall performance. Another technical
question is an assembly of the molecules. It was shown that heating at 65°C for 24h. in argon
atmosphere increase performance of the solar cell [57]. This can be attributed to the orientation
of the molecules and formation of the more efficient z-stacking. As a consequence conductivity

increases.
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2.5.  Synthesis of the new HTM’s

In the beginning of the 21-st century novel trend appeared in the synthetic chemistry called
“Click chemistry” [58]. The main idea is to adopt simple reactions for fast and versatile search of
novel materials. To match this approach reaction should be modular, result in very high yields,
generate non-toxic by-products, reaction conditions and product isolation has to be simple [59].
Originally it was proposed for the pharmacy, in order to speed-up process of determining

structure-activity relationships and make scale-up process easier.

TPA

Br
Br, M
”’"\4-‘\," u—\N (.l'
A‘ Br (l
PA
S

Nr,“ ,
e
\\<: '3
Al
& s

Figure 18 Proposed ,,Click* scheme for the synthesis of the novel HTM’s

Same synthesis philosophy can be translated to the other fields of chemistry. In the
Bachelor thesis [60] “Click” chemistry principles were adopted for the HTM’s synthesis (Figure
18). Reaction between hydrazone with active hydrogen atom and aromatic linker with
bromomethyl groups gave desired products in a high yields and with simple purification

procedure.

2.6. Review conclusions

In a last two years perovskite solar cells have shown great promise as a cost-effective
alternative to other solar technologies. Efficiencies have reached limit of the inorganic analogs

and have potential to increase even more.

Literature review shoved that there are only very limited amount of hole transporting
materials that are known to have good performance in the perovskite solar cells. Price of the
most popular Spiro-OMeTAD is too high due to the long synthesis and cannot be reduced
much. “Click” chemistry concept can help to overcome this problem. Hydrazones were used for
the concept testing and structure influence on properties determination. Also HTM’s with
methoxydiphenylamine fragments were investigated in order to get materials more suitable to the

existing doping procedure.
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3. MATERIALS AND METHODS

Hydrazones H(a-f) and DH(a,b) were synthesized according to an earlier reported
procedure [61] and after filtration and washing were directly used for the following synthesis.
All other chemicals were purchased from Sigma-Aldrich and TCI Europe and used as received
without further purification. Organic solvents were dried and purified by the standard methods
[62]. Reactions were magnetically stirred and monitored by thin layer chromatography (TLC)
with ALUGRAM SIL G/UV254 plates and developed with UV light. Silica gel (grade 9385,
230-400 mesh, 60 A, Aldrich) was used for column chromatography. *H NMR (300 or 700 MHz
field strength) spectra and **C NMR (75 or 176 MHz) were recorded with a Varian Unity Inova
or Bruker Avance Il 700. The chemical shifts, expressed in ppm, are reported relative to
tetramethylsilane (TMS). UV-Vis spectra were recorded on Perkin Elmer Lambda 35 UV/Vis
spectrometer. Melting points were determined for the crystalline materials on an Electrothermal
MEL-TEMP capillary melting point apparatus and are uncorrected. Elemental analysis was
performed with an Exeter Analytical CE-440 elemental analyzer, Model 440 C/H/N/.
Differential scanning calorimetry (DSC) was performed on a Q10 calorimeter (TA Instruments)
at a scan rate of 10 K min™ in the nitrogen atmosphere. The glass transition temperatures for the

synthesized compounds were determined during the second heating cycle.

UV/Vis/NIR spectra were recorded on Shimadzu UV-3600 spectrometer. The
mixture of 0-OMeCz and AgTFSI (1, 2, 3 and 4 equivalents) in DCM (under argon atmosphere)
was stirred overnight (or for one hour) at the room temperature. The solutions were filtered and

diluted to the final concentration of the 10 M.

Molecular weight of the hydrazone polymers were determined by a gel permeation
chromatography using GPC systems including Bischoff LAMBDA 1000 detector and GMHug-
M columns. THF was used as an eluent, polystyrene standards were used for column system

calibration.

lonization potential (I,) of the solid state materials was measured by the electron
photoemission in air method [63] from the layers of the synthesized HTM’s. Hole drift mobility
(1) has been measured by xerographic time of flight method (XTOF) [64]. I, and p were
measured at the Departament of Solid State Electronics, Vilnius University by dr. V. Gaidelis

and dr. V. Jankauskas.

Preliminary tests of the performance in solar cells with 2H3 and PH2 were performed at
the Photovoltaic and Optoelectronic Device Group, University of Oxford, United Kingdom by
dr. James Ball.
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Solar cells with twin molecules ((o,m,p)-(O)MeCz) were fabricated following a one-step
anti-solvent approach [65] at the Laboratory for Photonics and Interfaces, Ecole Polytechnique
Fédérale de Lausanne, Switzerland by Paul Gratia. HTM’s were spin-coated from a
chlorobenzene solution (30mmol in 400ul,) using LIiTFSI (3.5ul from a 520mg/ml stock
solution in acetonitrile), tBP (5.8ul) and FK102 (freshly prepared [44], 10mol%, 4.4ul from a
40mg/ml stock solution). Spiro-OMeTAD were spin-coated from a chlorobenzene solution
(289mg in 400ul, 60mmol) using LITFSI (7.0ul from a 520mg/ml stock solution in
acetonitrile), tBP (11.5ul) and FK102 (freshly prepared, 10mol%, 8.8ul from a 40mg/ml stock

solution). The spin conditions for both of the compounds were: speed - 4000rpm, time — 20 s.

3.1. Synthesis of the branched hydrazones

Synthesis of the hydrazones (2-4)H(a,b) were described in the Bsc thesis [60].

3.1.1. Synthesis of the dihydrazones
General procedure:

To a solution of 1,3-bis(bromomethyl)benzene (1 eq.) in acetone (12ml/mmol) 2.5 eq of
HYDRAZONE was added. The mixture was stirred at reflux for 1 h, followed by addition of

5.8 eq. powdered KOH. Completeness of the reaction was controlled by TLC. Product

purification PROCEDURE is specified in more details for each compound.

2Hc: 1,3-bis{1-phenyl-2-[4-(bis(9,9-dimethyl-9H-fluoren-2-yl)amino)benzyliden]
hydrazinmethyl}benzene

f ©

méﬁ@@ - O'O

HYDRAZONE:  4-(bis(9,9-dimethyl-9H-fluoren-2-yl)amino)benzaldehyde  N-phenyl-
hydrazone (0.87 g 1.47mmol)

TLC: toluene:n-hexane; 10:15 v:v

PROCEDURE: the reaction mixture was treated with ethyl acetate and washed with
distilled H,O. The organic layer was dried over anhydrous Na,SQ,, filtered and the solvents
18



were removed. The residue was purified by column chromatography (eluent toluene:n-hexane;
10:15 viv)

Yield - 0.60 g (79 %); m.p. 195°C.
'H NMR (300 MHz, CDCls) & 7.63 — 6.88 (m, 52H), 5.14 (s, 4H), 1.38 (s, 24H).

BC NMR (75 MHz, CDCls) & 155.17, 153.63, 147.96, 147.91, 147.19, 139.05, 137.06,
134.40, 132.55, 130.81, 129.94, 129.32, 129.16, 127.24, 127.13, 126.63, 125.30, 123.97, 123.83,
123.36, 122.61, 120.76, 119.57, 118.77, 114.82, 50.54, 46.95, 27.17.

Anal. calcd for CosHgoNe: C, 87.27; H, 6.23; N, 6.50; found: C, 87.15; H, 6.25; N,6.44.

3.1.2. Synthesis of the trihydrazones

General procedure:

To a solution of 2,4,6-tris(bromomethyl)mesitylene (1 eg.) in acetone (20ml/mmol) 3.5 eq
of HYDRAZONE was added. The mixture was stirred at reflux for 1.5 h, followed by addition of

8 eq. powdered KOH. Completeness of the reaction was controlled by TLC. Product purification

PROCEDURE is specified in more details after each compound.

3Hc: 2,4,6-tris{1-phenyl-2-[4-(4,4 -dimethyldiphenylamino)benzyliden]hydrazinmethyl}

1,3,5-trimethylbenzene

Qaﬁ?ﬂ S
O

;

-

HYDRAZONE: 4-(4,4’-dimethyldiphenylamino)benzaldehyde N-phenyl-hydrazone (1.1g
2.8mmol)

TLC: toluene:methanole:n-hexane, 3:1:21 v:v:v

PROCEDURE: the reaction mixture was treated with chloroform and washed with distilled

H.O. The organic layer was dried over anhydrous Na,SO,, filtered and the solvents were
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removed. The residue was purified by column chromatography (acetone:diethyl ether:n-hexane,
1:5:19 viviv)
The yield was 0.58 g (53 %)

1H-NMR (300MHz, CDCI3), § 7.33-6.87 (m, 54H); 4.77 (s, 6H); 2.29 (s, 18H); 2,23 (s,
9H)

C NMR (75 MHz, CDCl3) & 148.03, 147.31, 145.20, 137.43, 136.42, 132.65, 132.33,
129.97, 129.01, 126.98, 124.73, 124.12, 123.18, 122.48, 52.91, 20.95, 16.79.

Anal. calcd for Co3Hg7Ng: C, 83.94; H, 6.59; N, 9.47; found: C, 83.77; H, 6.52; N, 9.44.

3Hd: 2,4,6-tris{1-phenyl-2-[4-(diphenylamino)benzyliden] hydrazin-2-methyl}1,3,5-
trimethylbenzene

v .
oo LT
7
4

%

HYDRAZONE: 4-(diphenylamino)benzaldehyde N-phenylhydrazone (1.5g 4.1mmol)

TLC: acetone:n-hexane, 3:22 v:v

PROCEDURE: the reaction mixture was treated with dichloromethane and washed with
distilled H,O. The organic layer was dried over anhydrous Na,SO,, filtered and the solvents
were removed. The residue was purified by column chromatography (eluent acetone:n-hexane,
3:22 viv)

The yield was 0.81g (55 %)
'H-NMR (300MHz, CDCls), § 7.37-6.91 (m, 60H); 4.80 (s, 6H); 2.24 (s, 9H)

C NMR (75 MHz, CDCls) & 147.65, 147.54, 147.10, 137.44, 135.63, 132.34, 130.92,
129.35, 129.07, 127.04, 124.48, 124.33, 123.69, 123.37, 123.02, 52.98, 16.83.
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Anal. calcd for Cg7H75Ng: C, 83.82; H, 6.06; N, 10.11; found, %: C,83.80; H, 5.99; N,
10.01.

3.1.3. Synthesis of the tetrahydrazones
General procedure:

To a solution of 1,2,4,5-tetrakis(bromomethyl)benzene (1 eq.) in acetone (34ml/mmol)
4.5 eq of HYDRAZONE was added. The mixture was stirred at reflux for 1.5 h, followed by

addition of 10.4 eq. powdered KOH. Completeness of the reaction was controlled by TLC.
Product purification PROCEDURE is specified in more details after each compound.

4Hc: 1,2,4,5-tetrakis{1-phenyl-2-[4-(4,4 -dimethyldiphenylamino)benzyliden]

¢ .

ol Lo

o5 o

: 7

HYDRAZONE: 4-(4,4’-dimethyldiphenylamino)benzaldehyde N-phenylhydrazone (0.56 g

hydrazinmethyl}benzene

1.4mmol)
TLC: ethyl acetate:diethyl ether:n-hexane, 1:1:20 v:v:v

PROCEDURE: obtained solid was filtered and washed with water (until neutral reaction)

and 2-propanole.
The yield was 0.27 g (51 %); m.p. 143-144°C (recrystallized from toluene:acetone, 1:1 v:v)
'H-NMR (300MHz, CDCl3), 8 7.28-6.77 (m, 74H); 5.01 (s, 8H); 2.29 (s, 24H)

3C NMR (75 MHz, DMSO) & 148.17, 147.26, 145.23, 133.39, 132.78, 132.72, 130.02,
129.75, 129.18, 127.61, 127.25, 124.75, 122.48, 121.24, 116.24, 49.09, 20.96.

Anal. calcd for Cq18H10sN12: C, 83.75; H, 6.31; N, 9.93; found: C, 83.70; H, 6.33; N,9.87 .
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4Hd: 1,2,4,5-tetrakis{1-phenyl-2-[4-(benzyl(ethyl)amino)benzyliden] hydrazinmethyl}

a0 O
@EQ%Q

csad<iiehaey

HYDRAZONE: 4-(benzyl(ethyl)amino)benzaldehyde N-phenyl-hydrazone (2.2 g 6.68

mmol)

TLC: acetone:n-hexane, 5:20 v:v

PROCEDURE: obtained solid was filtered and washed with water (until neutral reaction)

and diethyl ether.
The yield was 1.54 g (72 %); m.p. 178°C (recrystallized from toluene)

'H-NMR (300MHz, DMSO), 5 7.39-6.96 (m, 48H); 6.72-6.54 (m, 14H); 5.15 (s, 8H); 4.56
(s, 8H): 3.58-3.42 (m, 8H); 1.16 (t, J=6.8Hz, 12H)

13C NMR (75 MHz, DMSO) & 147.69, 147.25, 139.14, 133.89, 133.86, 132.11, 128.68,
128.43, 127.40, 126.67, 126.45, 123.87, 119.29, 114.35, 111.55, 52.97, 46.12, 44.94, 12.19.

Anal. calcd for CogHggN1o: C, 81.52; H, 6.84; N, 11.64; found: C, 81.36; H, 6.81; N, 11.69.

4He: 1,2,4,5-tetrakis{1-[4-methylphenyl]-2-[4-(4-methyldiphenylamino)benzyliden]

hydrazinmethyl}benzene

7 :

HYDRAZONE: 4-(4-methyldiphenylamino)benzaldehyde N-(4-methylphenyl)-hydrazone
(0.8 g 2.04 mmol)

TLC: toluene:n-hexane, 15:10 v:v

PROCEDURE: the reaction mixture was treated with chloroform and washed with distilled

H,O. The organic layer was dried over anhydrous Na,SO,, filtered and the solvents were
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removed. The residue was purified by column chromatography (eluent acetone:n-hexane, 5:20
AY)!
The yield was 0.40 g (52 %); amorphous solid.

'H-NMR (300MHz, CDCl3), § 7.28-6.85 (m, 74H); 4.98 (s, 8H): 2.29 (s, 12H); 2.21 (s,
12H)

C NMR (75 MHz, CDCl3) & 147.78, 145.00, 133.05, 132.94, 132.73, 130.78, 130.55,
130.42, 130.08, 129.76, 129.28, 127.09, 126.22, 125.12, 123.97, 123.05, 122.65, 118.87, 116.86,
49.92, 29.84, 20.98.

Anal. calcd for C118H10sN12: C, 83.75; H, 6.31; N, 9.93; found: C, 83.71; H, 6.20; N, 9.85.

4Hf: 1,2,4,5-tetrakis{1-[3-methylphenyl]-2-[4-(4,4 -dimethyldiphenylamino)benzyliden]

hydrazinmethyl}benzene

QN@%@,@@“@
QO AL

7 7

HYDRAZONE: 4-(4,4’-dimethyldiphenylamino)benzaldehyde  N-(3-methylphenyl)-
hydrazone (0.48 g 1.2mmol)

TLC: toluene:n-hexane, 20:5 v:v

PROCEDURE: the reaction mixture was treated with chloroform and washed with distilled
H,O. The organic layer was dried over anhydrous Na,SO,, filtered and the solvents were
removed. The residue was purified by column chromatography (eluent toluene:n-hexane, 10:15

ViV)
The yield was 0.26 g (61 %); m.p. 66°C

'H-NMR (300MHz, CDCls), 5 7.28-6.83 (m, 66H); 6.64 (d, J=7.4Hz, 4H); 5.00 (s, 8H);
2.28 (s, 24H); 2.21 (s, 12H)

B3C NMR (75 MHz, CDCls) & 148.06, 147.36, 145.22, 138.93, 133.10, 132.83, 132.67,
130.00, 129.87, 128.98, 128.36, 127.17, 124.71, 122.48, 122.16, 116.88, 113.22, 49.28, 21.93,
20.95.
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Anal. calcd for Cq5oH114N12: C, 83.81; H, 6.57; N, 9.61; found: C, 83.72; H, 6.59; N, 9.54.

3.2. Synthesis of the polyhydrazones
General procedure:

To a solution of 1,3-bis(bromomethyl)benzene (0.4 g, 1.5 mmol) in THF (7 ml) 1.5mmol
of HYDRAZONE was added. The mixture was stirred at reflux for 1 h, followed by addition of

5.8 eq. powdered KOH. Completeness of the reaction was controlled by TLC (acetone:n-hexane,
1:4). Obtained solid was filtered and washed with water (until neutral reaction) and methanol.
The crude product was purified by column chromatography using 1:2 v/v acetone/n-hexane as a
starting eluent and THF at the end. The obtained product was precipitated from 20% solution in
THF into 15-fold excess of methanol. The precipitate was filtered off and washed with methanol

to collect final compound.

PHa: Poly{4,4'-[(4-methoxyphenyl)azanediyl]dibenzaldehyde bis(N-phenylhydrazone)-alt-
1,3-bis(bromomethyl)benzene}

Ry ool

OCH,

HYDRAZONE: 4,4'-[(4-methoxyphenyl)azanediyl]dibenzaldehyde bis(N-
phenylhydrazone) 0.8¢g

Yield: 0.83g (86.5%)
GPC: My, = 30910, M, = 12151.

Anal. calcd for (C41H3sNsO),: C, 80.23; H, 5.75; N, 11.41; found, %: C,80.19; H, 5.76; N,
11.40.

'H NMR (700 MHz, DMSO) & 7.53 — 6.57 (m, 28H), 5.28 — 4.95 (m, 4H), 3.73 — 3.54 (m,
3H)
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PHb: Poly{ 4,4'-[ (4-methoxy-3-methylphenyl)azanediyl]dibenzaldehyde bis(N-
phenylhydrazone)-alt-1,3-bis(bromomethyl)benzene}

Ry L0

H;C
OCH,

HYDRAZONE: 4,4'-[(4-methoxy-3-methylphenyl)azanediyl]dibenzaldehyde bis(N-

phenylhydrazone) 0.8¢g
Yield: 0.75g (78.5%)
GPC: M,, = 16485, M, = 8958.

Anal. calcd for (C4,H37NsO),: C, 80.35; H, 5.94; N, 11.16; found, %: C,80.30; H, 5.93; N,
11.17.

'H NMR (700 MHz, DMSO) & 7.53 — 6.61 (m, 27H), 5.37 — 4.97 (m, 4H), 3.76 — 3.51 (m,
3H), 2.05 - 1.85 (m, 3H).

3.3. Synthesis of the diphenylamine substituted carbazole twin

molecules
3.3.1. Intermediate compounds

General procedure:

A mixture of 3,6-dibromo-9H-carbazole (1.30g, 4 mmol) and DIBROMOXYLENE
(0.53 g, 2 mmol) was dissolved in 15 ml of THF and 0.80 g (0.012 mol) of 85% powdered

potassium hydroxide was added in small portions during 2-3 minutes. The obtained mixture was
vigorously stirred at room temperature for 10 min (TCL, acetone:hexane, 1:4). The product was
filtered off and washed with water until neutral and three times with ethanol. Compound was
dried in vacuum oven at 40°C for 24 hours and used in the next step without additional

purification.
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0-Cz: 1,2-Bis(3,6-dibromo-9H-carbazol-9-methyl)benzene

Br. Br

ol e
sRale

Br’ Br

DIBROMOXYLENE: 1,2- bis(bromomethyl)benzene

Yield: 1.35 g, 89.7%, m.p. 317-319°C.

'H NMR (700 MHz, DMSO) 5 8.60 (s, 4H), 7.67 (t, J = 5.8 Hz, 8H), 6.90 (dd, J = 5.6,
3.2 Hz, 2H), 6.00 (s, 4H), 5.97 — 5.94 (m, 2H).

3C NMR (176 MHz, DMSO) & 139.52, 133.99, 129.07, 127.00, 123.86, 123.74, 123.18,
112.07, 111.91, 43.23.

Anal. calcd for C3oHxoBrsN»: C, 51.10; H, 2.68; N, 3.72; found: C, 51.00; H, 2.59; N, 3.75.

m-Cz: 1,3-Bis(3,6-dibromo-9H-carbazol-9-methyl)benzene

Qe

Br Br

DIBROMOXYLENE: 1,3- bis(bromomethyl)benzene

Yield: 1.3 g, 86%, m.p. 255-256°C

'H NMR (700 MHz, DMSO) & 8.41 (d, J = 1.9 Hz, 4H), 7.45 (dd, J = 8.7, 2.0 Hz, 4H),
7.40 (d, J = 8.7 Hz, 4H), 7.18 (t, J = 7.7 Hz, 1H), 7.03 (dd, J = 7.7, 1.0 Hz, 2H), 6.63 (s, 1H),
5.52 (s, 4H).

3C NMR (176 MHz, DMSO) & 138.98, 137.56, 128.95, 128.76, 125.85, 124.64, 123.36,
122.95, 111.63, 111.54, 45.47.

Anal. calcd for C3oHooBraNo: C, 51.10; H, 2.68; N, 3.72; found: C, 50.96; H, 2.69; N, 3.70.
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p-Cz:1,4-Bis(3,6-dibromo-9H-carbazol-9-methyl)benzene

DIBROMOXYLENE: 1,4 - bis(bromomethyl)benzene

Yield: 1.37 g, 91.1%, m.p. 330-332°C.

'H NMR (700 MHz, DMSO) & 8.48 (d, J = 1.4 Hz, 4H), 7.59 — 7.54 (m, 8H), 7.01 (s, 4H),
5.60 (s, 4H).

3C NMR (176 MHz, DMSO) & 139.16, 136.40, 128.98, 126.92, 123.52, 123.09, 111.86,
111.63, 45.39.

Anal. calcd for C3,Ho0BrsNo: C, 51.10; H, 2.68; N, 3.72; found: C, 51.01; H, 2.60; N, 3.73.

3.3.2. HTM’s
General procedure:

A solution of INTERMIDIENT COMPOUND (1.13 g, 1.5 mmol), DIPHENYLAMINE

(7.5 mmol) in anhydrous toluene (15 mL) was purged with argon for 20 minutes. Afterwards,

palladium(Il) acetate (6.7 mg, 0.03 mmol), tri-tert-butylphosphonium tetrafluoroborate (11.6
mg, 0.04 mmol) and sodium tert-butoxide (0.72 g, 7.5 mmol) were added and the solution was
refluxed under argon atmosphere for 20 hours. After cooling to room temperature, reaction
mixture was filtered through Celite. 50 mL of distilled water was added to the filtrate and
extraction was done with ethyl acetate. The combined organic layer was dried over anhydrous
Na,SO,4, filtered and solvent evaporated. The crude product was purified by column
chromatography using 1:3 v/v acetone/n-hexane as an eluent. The obtained product was
precipitated from 20% solution in acetone into 15-fold excess of methanol. The precipitate was

filtered off and washed with methanol to collect final compound.
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0-MeCz: 1,2-Bis[3,6-(4,4-dimethyldiphenylamino)-9H-carbazol-9-methyl]benzene

oINS
sRale

INTERMIDIENT COMPOUND: 0-Cz

DIPHENYLAMINE: 4,4’-dimethyldiphenylamine, 1.48 g

Yield: 1.27 g, 69 %
'H NMR (700 MHz, DMSO) § 7.64 — 6.81 (m, 48H), 5.98 (s, 4H), 2.18 (s, 24H)

BC NMR (176 MHz, DMSO) & 151.46, 139.19, 129.71, 129.51, 128.03, 125.86, 124.91,
122.25, 122.10, 120.47, 119.23, 116.68, 109.69, 43.08, 20.24

Anal. calcd for CgsH76Ng: C, 86.81; H, 6.29; N, 6.90; found: C, 86.69; H, 6.23; N, 6.85.

m-MeCz: 1,3-Bis[3,6-(4,4-dimethyldiphenylamino)-9H-carbazol-9-methyl]benzene

Q %

INTERMIDIENT COMPOUND: m-Cz

DIPHENYLAMINE: 4,4’-dimethyldiphenylamine, 1.48 g

Yield: 1.42 g, 78%

'H NMR (700 MHz, DMSO) & 7.77 (s, 4H), 7.53 (d, J = 8.4 Hz, 4H), 7.46 (s, 1H), 7.29 —
7.17 (m, 3H), 7.07 — 6.95 (m, 20H), 6.78 (d, J = 7.7 Hz, 16H), 5.53 (s, 4H), 2.19 (s, 24H)
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B3C NMR (176 MHz, DMSO) & 145.92, 139.44, 137.64, 132.08, 130.20, 129.64, 129.45,
126.72, 126.47, 125.44, 122.88, 122.02, 118.32, 110.68, 45.90, 20.23

Anal. calcd for CggH76Ng: C, 86.81; H, 6.29: N, 6.90; found: C, 86.72; H, 6.28; N, 6.88.

p-MeCz: 1,4-Bis[3,6-(4,4-dimethyldiphenylamino)-9H-carbazol-9-methyl]benzene
») Qo
)@N O N/\Qy Q/
N.
) O
O,NQ Q

INTERMIDIENT COMPOUND: p-Cz

DIPHENYLAMINE: 4,4’-dimethyldiphenylamine, 1.48 g

Yield: 1.26 g, 69 %

'H NMR (700 MHz, DMSO) & 7.75 (s, 4H), 7.45 (s, 4H), 7.17 — 6.70 (m, 40H), 5.48 (s,
4H), 2.18 (s, 24H).

3C NMR (176 MHz, DMSO) & 145.91, 139.45, 137.68, 136.86, 130.18, 129.62, 127.08,
125.40, 122.85, 122.03, 118.29, 110.52, 45.49, 20.22.

Anal. calcd for CggH76Ne: C, 86.81; H, 6.29; N, 6.90; found: C, 86.67; H, 6.21; N, 6.86.

0-OMeCz: 1,2-Bis[3,6-(4,4-dimethoxydiphenylamino)-9H-carbazol-9-methyl]benzene

a3 0 NJUO\
3 ¥
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INTERMIDIENT COMPOUND: 0-Cz

DIPHENYLAMINE: 4,4’-dimethoxydiphenylamine, 1.72 g

Yield: 1.35 g, 67%

'H NMR (700 MHz, DMSO) § 7.71 (d, J = 1.5 Hz, 4H), 7.39 (d, J = 8.8 Hz, 4H), 7.08 (dd,
J =87, 1.4Hz, 4H), 7.02 (dd, J = 5.1, 3.4 Hz, 2H), 6.85 (d, J = 8.9 Hz, 16H), 6.78 (d, J =
9.0 Hz, 16H), 6.48 — 6.44 (m, 2H), 5.80 (s, 4H), 3.66 (s, 24H)

3C NMR (176 MHz, DMSO) & 154.23, 142.01, 140.48, 137.47, 134.72, 129.43, 124.30,
123.81, 122.88, 116.74, 114.63, 113.83, 110.53, 55.13, 43.53

Anal. calcd for CggH76NeOg: C, 78.55; H, 5.69; N, 6.25; found: C, 78.50; H, 5.66; N, 6.22.

m-OMeCz: 1,3-Bis[3,6-(4,4-dimethoxydiphenylamino)-9H-carbazol-9-methyl] benzene

-0 o—

. >
\QNN NNQ/

/ \

INTERMIDIENT COMPOUND: m-Cz

DIPHENYLAMINE: 4,4’-dimethoxydiphenylamine, 1.72 g

Yield: 1.75 g, 87%

'H NMR (700 MHz, DMSO) & 7.66 (d, J = 1.8 Hz, 4H), 7.50 (d, J = 8.8 Hz, 4H), 7.46 (s,
1H), 7.23 (t, J = 7.6 Hz, 1H), 7.14 (d, J = 7.6 Hz, 2H), 7.04 (dd, J = 8.7, 1.9 Hz, 4H), 6.84 (d, J =
9.0 Hz, 16H), 6.78 (d, J = 9.0 Hz, 16H), 5.51 (s, 4H), 3.68 (s, 24H)

3C NMR (176 MHz, DMSO) & 154.17, 142.03, 140.24, 138.21, 137.15, 129.04, 126.76,
126.30, 124.37, 123.72, 122.76, 116.73, 114.60, 110.54, 55.07, 45.86

Anal. calcd for CgsH7NgOs: C, 78.55; H, 5.69; N, 6.25; found: C, 78.48; H, 5.67; N, 6.21.
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p-OMeCz: 1,4-Bis[3,6-(4,4-dimethoxydiphenylamino)-9H-carbazol-9-methyl]benzene

\?Q ({QN/OO/
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INTERMIDIENT COMPOUND: p-Cz

DIPHENYLAMINE: 4,4’-dimethoxydiphenylamine, 1.72 g

Yield: 1.33 g, 66%

'H NMR (700 MHz, DMSO) & 7.56 (s, 4H), 7.27 (s, 4H), 7.00 — 6.90 (m, 8H), 6.76 (d, J =
8.9 Hz, 16H), 6.70 (d, J = 9.0 Hz, 16H), 5.35 (s, 4H), 3.62 (s, 24H)

3C NMR (176 MHz, DMSO) & 154.61, 142.50, 140.72, 137.64, 137.25, 127.38, 124.80,
124.22,123.19, 117.15, 115.03, 110.73, 55.57, 45.89

Anal. calcd for CgsH7NgOs: C, 78.55; H, 5.69; N, 6.25; found: C, 78.51; H, 5.62; N, 6.22
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4. RESULTS AND DISCUSSIONS

4.1. Branched hydrazone HTM’s

Materials with hydrazone (>C=N-N<) functional groups are widely used in a different
areas, e.g. medicine [66], organic synthesis [67], as a molecular switches [68]. One of the
important application field — HTM’s in different electronic devices [69]. Suitable hole drift
mobilities in a combination with a relatively simple synthesis makes them attractive for
industrial uses. On the other hand high cristallinity is often a limiting factor because of the poor
long-term stability of amorphous HTM layers. It enforces to use materials dispersed in polymer
binder or attached to the polymer chain as a side group [70]. Inactive components reduce
concentration of hydrazone moieties and consequently decrease overall performance. That is
why new material structures are needed. Usual strategies are synthesis of dendrimeric or
branched structures. These methods afford a better photophysical and morphological properties.
However they have two main disadvantages: complicated synthesis process with low yields and
high environmental impact [71, 72]. “Click” chemistry possibilities for the HTM synthesis were

investigated in a more details on the hydrazone example.

4.1.1. Synthesis

Synthesis of the branched hydrazones was made by the two step synthesis (Figure 20).
Intermediate hydrazones H(a-f) with various electron donor groups were freshly prepared by a
simple reaction of aromatic aldehyde with phenylhydrazine [61] and after filtration and washing

with hexane were directly used for the following synthesis.

CH;
Br Br
Br Br Br Br
H3C CH3 Br Br
Br
Figure 19. Structures of the linkesr used for the synthesis of the HTM‘s

At the second “Click” stage three different compounds (Figure 19) with two, three and
four methylbenzene branches were tested as linkers in order to get high molecular weight

molecules with stable amorphous state.

32



Br/\©/3r ArvN\N/\©/\N,N§/Ar
2H(a-c)
CH;
@ Br Br CH-;
N H;C CH; Ar N h N Ar
Ay N H Br 20N N
XN
Ar” N H KOH H,C cn,
H(a-f N
(@) 3H(a-d) @
N
)
Ar
R R
& B
= =
w ‘“VN‘NQQCN'N\VM
Ar SN NN
KOH / g
\\IL \\l
4H(a-f) ®
Ha, 2Ha, Hb, 2Hb, He, 3Hc,
3Ha, 4Ha: 3Hb, 4Hb: 4Hc:

H;C
H;C
Arm el e elel am QLT
J N

H;C
R=H R=H @ R=H

Hd, 2Hc: He, 3Hd: Hf, 4Hd:
C*ah - @N Q/ o
s S spad

Loeen
&

4He: 4Hf:

H;C
H;C 3
A=y Oy A
N r N

< s

R=p-CH, e, "
-m-CH,

Figure 20. Synthesis scheme of the branched hydrazones

Reaction conditions for all compounds were similar. After dissolving reagents in acetone
and addition of the powdered 85% KOH mixture were stirred at reflux for one hour.
Dihydrazones 2H(a,b) and tetrahydrazones 4H(a-d) crystallized during the reaction and were
purified by non-chromatographic methods (filtration and washing). All trinydrazones 3H(a-d),
dihydrazone 2Hc and tetrahydrazones 4H(e,f) did not formed crystalline state during the reaction

and after column chromatography were obtained as amorphous solids. Yields were in a range of
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51-79%. It is a good values for a high molecular weight branched molecules. All materials were

characterized by *H NMR, **C NMR and elemental analysis.

4.1.2. Properties

In order to determine aggregation state of the synthesized HTM’s DSC analysis were
performed. Results are summarized in Table 1. During first heating cycle 2H(a-c) and 4H(a-d,
) showed melting process (Figure 21 top left). For 4Ha after first melting recrystallization were
observed, followed by two additional more sharp endothermic transitions (Figure 21 top right).
It means that there exist several crystalline states with different molecules arrangement. After
cooling on the second heating only glass transition were observed for all of these materials. All
trihidrazones (3H(a-d)) and one of the tetrahydrazones (4He) exists only in an amorphous state
(Figure 21 bottom).

61°C 2 heating

1 heating

Exo

171°C

-~

50 100 150 200 250
Temperature, °C

1 heating 72°C
(@] o
g \ gl
231°C
222°C \ 1 heating
/ \—/
50 100 150 200 250 50 100 150

Temperature, °C Temperature, °C

Figure 21. DSC of the 2Ha (top left), 4Ha (Top right) and 3Hb(bottom)
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Table 1. Thermal properties of the synthesized branched hydrazone HTM’s. ' — capillary melting points; " —
no crystalline transition were detected; "' — polymorphism (from DSC); " — determined from the DSC analysis

second heating results
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Although it is very difficult to predict transition temperature several observations about

amorphous state stability can be made. First of all, T4 values increase by going from dihydrazone
to tetrahydrazone (+14°C for 2Ha to 4Ha and +7°C for 2Hb to 4Hb) and from trihidrazone to
thetrahydrazone (+12°C for 3Ha to 4Ha, +32°C for 3Hb to 4Hb and +22°C for 3Hc to 4Hc).

Another important thing is asymmetry of the molecule. On the example of the 3H(b-d) it can be
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seen that introduction of one methyl group in the triphenylamine chromophore have stronger
influence on the Ty, as asymmetry of the molecule increase. Finally for the tetrahydrazones
changes made closer to the central unit led to the fully amorphous material (4He).

Absorption maximums of all synthesized compounds from the solution lay in the range of
340-400 nm. As there is no conjugation through the —CH,— bond hiperchromic effect is observed
with the increasing number of chromophores in the molecule. For trihidrazones hipsochromic
shift is also observed. It can be related to the presence of methyl groups in the central fragment
(Figure 22).

N 4
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2 044 @
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0,0 : : A : . @“@”@
250 300 350 400 450 500 2Ha

Wavelength, nm

Figure 22. Absorption spectra of (2-4)Ha. Recorded from the 10™*M solution in CHCl,

The ionization potential (l,) was measured by electron photoemission in air' and are
presented in the Table 2. Values are almost the same in a row of the compounds with same
chromophore and differ for different chromophores (5-5.02 for 2Ha, 3Ha, 4Ha, 5.24-5.29 for
3Hc, 4Hc and 5.33-5.35 for 2Hb, 3Hb, 4Hb). Influence of the methyl group is in the agreement
with the previously reported results for simple hydrazone molecules [61]. With the increasing
number of methyl groups ionization potential is decreased. For the good performance in the
perovskite solar cell I, should be lower than the valence band of perovskite (~5.3 V). [73]. 9 out

of 13 synthesized compounds have suitable ionization potential values.

To further investigate electrical properties of the synthesized compounds hole drift
mobility was measured by time of flight technique® (Table 2). Films of synthesized compounds
were prepared by casting technique from a solution. Tetrahydrazones 4H(a-c) tended to

crystallize or formed inhomogeneous layer, that is why only approximate hole drift mobilities

! I, and p were measured at the Department of Solid State Electronics, Vilnius University by dr. V. Gaidelis
and dr. V. Jankauskas.
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are reported. As expected, compounds with triphenylamine based chromophores showed ca. one
order of magnitude higher results than corresponding compounds with N,N-diethylaniline or N-
benzyl-N-ethylaniline fragment. In the series of compounds with the same chromophores
dihydrazones have noticeably higher mobilities. Best value was obtained for the 2Hc. In the high

electrical field it exceeds 10 cm?/Vs. It is a very good result for the amorphous HTM.

Table 2. lonization potentials and drift mobilities of the branched hydrazones. ' - at an electric field

6.4x10°V/cm.
Material | o, (CM?/V:-s) | w, (cm?V-s)' | I,, eV
2Ha 3x10” 8x107 5.02
2Hb 7.4x107 1.3x10° | 5.35
2Hc 4.2x107 3x10° 5.30
3Ha 3.5x10° 2.2x107 5.0
3Hb 4.6x10° 2.0x10" | 5.33
3Hc 5x10° 6x10™ 5.24
3Hd 8x10” 1.1x10™ 5.4
4Ha ~1x107 5.0
4Hb ~6.7x10" | 5.35
4Hc ~5x10™ 5.29
4Hd 1.2x107 3.2x10° 5.13
4He 3x10” 1.2x10™ 5.3
4Hf ~2x107 5x10™ 5.23

2Hc with the best hole drift mobility was tested in the perovskite solar cell®. Unfortunately,

only 0.07% efficiency was reached.

4.2. Hydrazone polymers

Inspired by the relatively high yields and simple reaction conditions of the “Click” reaction
polymeric hydrazones were synthesized. In this case dialdehydes were used for the synthesis of
the intermediate compounds DH(a-b) which were further polymerized via “Click” reaction

(Figure 23). Main advantage of this scheme is that metal complexes (such as Pd and Ni) are not

2 Preliminary tests of the performance in solar cells with 2H3 and PH2 were performed at the Photovoltaic
and Optoelectronic Device Group, University of Oxford, United Kingdom by dr. James Ball.

37



used for the synthesis, as it is known that even traces of the catalyst in the final product
dramatically decrease performance of the material. Methoxy groups were introduced in order to

reduce ionization potential.

@

R
OCH, N DH(a,b) . PH(a,b)

OCH;, OCH,
Figure 23. Synthesis scheme of the polyhydrazones PHa (R=H) and PHb(R=CH,).

As intermediate DHa had poor solubility in acetone, solvent was changed to THF. For the

polymer PHa optimization of the reaction time was performed. Results are shown in Figure 24.
14 -
12 -
10 -

Mn, kDa
O N b OO @

Reaction time, h
Figure 24. Number average molecular weight (Mn) dependence on the reaction time.

It can be seen that high number average molecular weight (~10 kDa) can be obtained after
very short reaction times. Already after 20 min. Mn of 11 kD were achieved reaching maximum
after 1 h. With the longer reaction times slow decrease in Mn is observed. This can be attributed
to the thermal degradation of the hydrazone moiety under influence of the KOH, temperature,

solvent and O,.

DHb structure has only small difference from the DHa. That is why the same time (1h.)

was used for the synthesis. Mn was smaller but still relatively high (~9 kDa).

I, of the synthesized compounds are almost the same (5.23 for PHa and 5.20 for PHb) and
<5.3eV. Hole drift mobility of the PHb at the high electrical field almost reach
10 cm?V-s (Table 3)* -39,
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Table 3. Properties of the PHa and PHb.' - at an electric field 6.4x10°V/cm.

PHa PHb

Number average molecular weight Mn | 12151 | 8958

Polydispersity index Mw/Mn 3.48 1.84
I, eV 523 | 5.20
Lo, (cM?/V-s) 5x10° | 1.5x107
i, (cm?/V-s)' 6x10* | 9x10™

As photoelectrical properties of the DHb are good for the non-conjugated polymers
performance in perovskite solar cell was tested. In this case better results were achieved, but still

only ~1.2% efficiency was achieved? ®- %9,

4.2.1. Conclusion hydrazones

Proposed synthesis scheme can be used for the fast synthesis of the novel HTM’s. Almost
without changes it is suitable for the synthesis of a large variety of compounds. By molecular
engineering stable amorphous state can be achieved. The problem is that hydrazones did not
showed good or even average performance in perovskite solar cells. It can be attributed to poor
energy level matching and inconsistency with oxidative additives.

4.3. Diphenylamine substituted carbazole twin molecules

In order to adopt “Click” reaction for the synthesis of the more suitable HTM’s for
perovskite solar cells several changes in scheme were made. Hydrazone was changed with
carbazole. Further functionalization with diphenylamine derivative is also of the most
importance, as it ensures good photoelectrical properties and matching with dopants. It is the
common fragment in most of the alternatives to Spiro-OMeTAD. As the best hole drift
mobilities were achieved for dihydrazones, bis(bromomethyl)benzenes were used for the

synthesis. All three possible isomers were tested.

4.3.1. Synthesis

The synthesis route to these hole transporting materials involves the “click” reaction of
suitable bis(bromomethyl)benzene (dibromoxylene) with 3,6-dibromocarbazole, followed by the

palladium catalyzed C—N cross-coupling reaction with diphenylamine derivatives (Figure 25).
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Figure 25. Synthesis of the diphenylamine substituted carbazole twin derivatives

Intermediate  compounds (o,m,p)-Cz were formed already after 10 min. at room
temperature. After filtration and washing with water these compounds were directly used for the
further synthesis. Final materials (0,m,p)-(O)MeCz were purified by column chromatography.

Overall yield (of two stages) reaches 75%.

4.3.2. Properties

DSC analysis (Table 4) showed that HTM’s with methoxy groups does not form
crystalline state. The highest T values are for p- substituted central fragment, the lowest — for o-.
Destruction temperatures are high enough (lowest for 0-OMeCz 389°C). In comparison to the
Spiro-OMeTAD our proposed compounds have an advantage. Spiro-OMeTAD can form
crystalline state and glass transition temperature is 34-48°C lower than of the twin molecules
(o,m,p)-OMeCz. Crystallization of the HTM is undesired process, as under working conditions

it can reduce long-term stability of the device [74].
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Table 4. Thermal properties of the twin molecules

Compound Ty °C | T, °C | Tg, °C
0-OMeCz 141 - 389
m-OMeCz 139 - 391
p-OMeCz 144 - 391

0-MeCz 158 | 233 | 399

m-MeCz 151 - 402

p-MeCz 163 337 399

Spiro-OMeTAD | 105 | 255 | 440
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Figure 26. Optical spectra of the (0,m,p)-(O)MeCz Recorded from the 10™*M solution in THF

UV/Vis absorption spectra of the (o,m,p)-(O)MeCz are shown in Figure 26. Major
absorption occurs in the UV range. For the isomers, as can be expected, absorption is identical.
Also methyl group change by methoxy introduces only small changes in optical properties. In a
comparison to the Spiro-OMeTAD our HTM’s have much lower absorption between 350-
420 nm. In some cases this can be an advantage (e.g. tandem cells or cells with inverted
architecture [75]).
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Table 5 lonization potential and charge mobility values of the twin molecules. ' - at an electric field

6.4x10%V/cm.
Formula Ip, eV | po, (€M?V-s) | p, (cm?/V-s)
o NN NN o = 4
Y N5N . | 504 2x10 6x10
0-OMeCz QA 3@
RO Q| 506 1x10° 4.6x10°
Nas Mo
m-OMeCz QP QQ
) OQNQ,d
F&rald, o sor | saos 4x10°
Oy 4
p-OMeCz 2
Oy SAC
:NEC: 5.20 3.5x10° 7.8x10™
0,2 O O
0-MeCz Q
o arC
O KT Q| 525 8x10° 3.7x10
O N~
m-MeCz O\ /©
@r
o o, F | 520 | 1310 4x10°
L) Oy
p-MeCz Q
Spiro-OMeTAD 5.00 4x107 5x10™

Functional groups attached at the ends of the molecules have noticeable influence

on ionization potential. HTM’s with methoxy groups have lower I, compared with methyl

containing ones (Table 5). Interesting tendency is observed in the hole drift mobilities' ®*%. For

the compounds (0,m,p)-MeCz with methyl group values are of the same order of magnitude.
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Completely different situation is for the (0,m,p)-OMeCz. The highest result is of the metha
isomer (4.6x10° cm?V-s at the strong fields) while for the para isomer it is only
4x10™ cm?/V-s. This can be attributed to the hydrogen bond formation between different
molecules. It means that in some cases shape of the molecule and way of packing in the film has

major influence on the hole mobility results, in some not.
4.3.3. Optical properties of the oxidized 0-OMeCz

0

Q AgTFSI
— >
N ,®/N
0 @ \O/®/

Figure 27. Oxidation of the methoxydiphenylamine fragment
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As in a device HTM is partly (20-30%) oxidized it is interesting to check properties in the
oxidized state. In a similar manner to the procedure reported by prof. M. McGehee [41]
oxidation of the 0-OMeCz with AgTFSI were performed (Figure 27) and optical properties
investigated by the UV/Vis/NIR spectroscopy.
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Figure 28. Absorption spectra of the different 0-OMeCz oxidation states

Upon addition of the oxidant diphenylamine moieties are transforming into cation radicals

and novel strong absorption bands appear in the visible and near-infrared ranges. As there are 4
diphenylamine fragments in the molecule up to 4+ oxidation state molecule can be obtained. In
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the spectra there can be seen appearance of the very broad band in the NIR region with the
maximum >2200 nm by going from 0 to 2+ oxidation state and consequent decrease of it from
2+ to 4+. This band can be attributed to the intervalence charge transfer (IV-CT). The band at
1200 nm is most probable due to the electron transfer from carbazole unit to diphenylamine and
appears only from the 2+ [76].Such behavior indicates that oxidation occurs stepwise on the two

fragments independently (Figure 29).
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Figure 29. Oxidation process and absorption band formation
State of the highest oxidation (4+) is quite unstable. Already after several hours at room
temperature significant changes in absorption are observed (Figure 30). On the other hand 2+

oxidized molecules did not showed signs of decomposition.
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Figure 30. Degradation of the 0-OMeCz* (TFSI"),.
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Performance in perovskite solar cells were investigated at the Ecole Polytechnique
Fédérale de Lausanne®. Compounds with the methyl group did not shove any reasonable
performance. With m-OMeCz 6.7% efficiency was achieved. The most exciting result was
achieved with the perovskite solar cell employing 0-OMeCz as a HTM. Highest reached
efficiency is 16.91%. For the best of our knowledge it is one of the best reported values for the
small molecule hole transporting materials. Device of the same construction but with Spiro-
OMeTAD showed 18.36% efficiency.

¥ Perovskite solar cells with (0,m,p)-(O)MeCz were constructed and tested at the Laboratory for Photonics
and Interfaces, Ecole Polytechnique Fédérale de Lausanne, Switzerland by Paul Gratia.
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1.

CONCLUTIONS

In the work novel hole transporting materials were synthesized by the “Click” reaction
in a fast and efficient way. Perovskite solar cells with 1,2-bis[3,6-(4,4-
dimethoxydiphenylamino)-9H-carbazol-9-methyl]benzene (0-OMeCz) shows up to
16.91% efficiency. It is one of the best results for the small molecule hole transporting
materials.

Branched hydrazone HTM’s by “click” chemistry reaction with three different linkers

(1,3-bis(bromomethyl)benzene,  2,4,6-tris(boromomethyl)mesitylene and 1,2,4,5-

tetrakis(bromomethyl)benzene) were synthesized and investigated. It was shown that:

e While optical properties and 1, are mostly determined by the chromophore,
aggregation state and hole drift mobilities are strongly dependent on the linker.

e Best hole drift mobilities are of the dihydrazones with the best result for 1,3-bis{1-
phenyl-2-[4-(bis(9,9-dimethyl-9H-fluoren-2-yl)amino)benzyliden]hydrazinmethyl}
benzene (2Hc) reaching 3x10° cm?/V s mobility at an electric field 6.4x10°V/cm.

In the similar manner two hydrazone polymers were synthesized and properties

investigated. It was shown that:

e Optimal reaction time for the synthesis of poly{4,4'-[(4-methoxyphenyl)
azanediyl]dibenzaldehyde bis(N-phenylhydrazone)-alt-1,3-bis(bromomethyl)
benzene} (PHa) is 1h.

e Perovskite solar cell with poly{ 4,4'-[(4-methoxy-3-methylphenyl)azanediyl
]dibenzaldehyde bis(N-phenylhydrazone)-alt-1,3-bis(bromomethyl)benzene}
(PHD) efficiency is 1.2%.

“Click” chemistry scheme was adopted for the diphenylamine substituted carbazole

twin molecules synthesis and 6 compounds were synthesized. It was shown that:

e Stable amorphous state materials can be obtained.

e Way of molecules packing in a film can have major influence on the hole drift
mobility.

e Upon oxidation absorption in visible and near-infrared increases dramatically.
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