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Modular design of SPIRO-OMeTAD analogues as
hole transport materials in solar cells†

Alexander T. Murray,‡ Jarvist M. Frost,‡ Christopher H. Hendon,‡
Christopher D. Molloy, David R. Carbery and Aron Walsh*

We predict the ionisation potentials of the hole-conducting material

SPIRO-OMeTAD and twelve methoxy isomers and polymethoxy

derivatives. Based on electronic and economic factors, we identify

the optimal compounds for application as p-type hole-selective

contacts in hybrid halide perovskite solar cells.

Considerable scientific effort has been focused on the challenge

of converting sunlight to electricity. Recently, solution-processed

hybrid perovskite based solar cells have reached power conver-

sion efficiencies of 20.1%, values competitive with the mature

silicon technologies.1–10 A critical component of any solar cell

(or optoelectronic device) is the electrical contact, which needs

to efficiently and selectively extract electrons or holes from the

active layer. In order to maximise the photovoltage and photo-

current, the energy levels of the contacts should be well-matched

to the active layer of the device.11 As new hybrid perovskites and

alternative absorber layers are being developed for solar cells,

beyond the widely employed CH3NH3PbI3, the ability to mod-

ulate the energy levels of the selective contacts to match those

of the absorber12 will be essential in order to maximise power

conversion efficiency.

Most high-efficiency hybrid perovskite solar cells use the hole

conductor N2,N2,N20,N20,N7,N7,N70,N70-octakis(4-methoxyphenyl)-

9,90-spirobi[9H-fluorene]-2,20,7,70-tetramine (SPIRO-OMeTAD,

Fig. 1a).14,15 SPIRO-OMeTAD is widely used in solution pro-

cessed solar cells with an ionisation potential well matched to a

number of active (light absorbing) layers. The material forms

an amorphous glass, rather than a partially crystalline phase,

enabling smooth films to be formed.16

Electronic energy level alignment is important for solar cells,

but is commonly used in post-rationalisation of successful archi-

tectures rather than as a design principle a priori. One compelling

example was recently presented by Seok and co-workers, where the

energy levels of SPIRO-OMeTAD were tuned by altering the con-

nectivity of the methoxy ethers on the amino phenyl motifs.17

Similarly, other groups are interested in the computational design

of contacts for more mature photovoltaic technologies.

From the study of Seok, it was concluded that the geminal ortho-

methoxyphenyl, para-methoxyphenyl arrangement produced a cell

with +2% boost in conversion efficiency relative the typical SPIRO-

OMeTAD (geminal para-methoxyphenyl, para-methoxyphenyl).

Fig. 1 Calculated p,p-SPIRO-OMeTAD highest-occupied molecular orbital
(HOMO) (a) and the associated one electron oxidised spin density (c) and
p,m-SPIRO-OMeTAD HOMO (b) and the associated one electron oxidised
spin density (d). The plots were made with a HOMO isovalue = 0.03 e Å�3

and spin-density isovalue = 0.01 e Å�3 in the code VESTA.13
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They also found that the geminal meta-methoxyphenyl, para-

methoxyphenyl isomer was detrimental to hole conduction.

This increase in efficiency was correlated with an increase in

oxidation potential as estimated from cyclic voltammetry,

which has limited accuracy. Careful measurements using tech-

niques such as differential pulse voltammetry (which allows

for low concentration voltammetry measurements, avoiding

aggregation) would allow more accurate and informative mea-

surements with the broadly the same experimental setup.18

Variation in device-to-device performance, and issues such

as implicit doping19 from various syntheses of hybrid or

organic electronic materials, means that it requires extremely

large study to provide the definitive answer of which material

is optimal.

In solar cells, SPIRO-OMeTAD can be used in the neutral,

one and two electron oxidised forms. Chemical doping with

lithium salts is typically performed to increase conductivity.20

Fig. 1 shows the Kohn–Sham highest occupied molecular

orbital (HOMO) of the neutral, and the singly-occupied mole-

cular orbital (SOMO) of the cationic radical state of the most

common SPIRO-OMeTAD isomer (p,p-SPIRO-OMeTAD), as well

as the p, m isomer previously found to be detrimental. These

frontier orbitals provide a qualitative interpretation of the

chemical bonding. Both the HOMO and SOMO show similar

electronic structure: the electron density is centred on the

extended p network, primarily on the carbons.

The oxidised doublet state can be viewed as the removal of

an electron from this p system; the associated spin density is

centred again on the carbon system, but there is significant

spin stabilisation from the heteroatoms (i.e. N). Additionally,

the amino phenyl carbons, as defined by the position of the

methoxy ether motifs, do not appear to affect the contribution

to the delocalised radical. This effect is notable as the amino

phenyl motifs are not part of the extended p system due to the

violation of Hückel planarity.21

Due to the lack of p planarity, we would not expect organic

modifications to affect the ionisation potential to the extent we

observe for typical planar conjugated systems.22 This suggests

that isomer modifications should allow for energy level modula-

tion, within a narrow range, through repositioning of the methoxy

ether motifs.23,24

To investigate the possible synthetic scope in modifying the

side chains, we have predicted the energy level alignment of

p,p-SPIRO-OMeTAD and 12 structurally related isomers (Fig. 3).

These calculations are by hybrid density functional theory

(DFT) with atom-centered numerical basis functions (see ESI†

for full details). We report both the Kohn–Sham energy gap

(from B3LYP), and more reliable ionisation potentials were

calculated with the delta self-consistent field (DSCF) method.

All calculations were of a single molecule in the gas phase, as

we were looking for relative variations in the ionisation

potential, rather than an absolute value for the solid state,

which may be influenced by molecular packing. We do not

consider these values to be definitive. More accurate model

chemistries might achieve more precise gas phase values, but

the variation caused by solid state packing in the real system

would have more of an effect on device performance and the

overall accuracy of such predictions.

As detailed in Fig. 2, we defined the two aminoaryl rings as

r1 and r2, and used o,m, and p to refer to regiochemistry relative

to the amine (or bromide). These correspond to the 2-, 3- and

4-positions, respectively. The predicted electronic modulation

is modest, but important in the context of efficient hole

extraction. Two important conclusions can be made: (i) meta-

methoxy substitutions result in generally increased ionisation

potentials, as the contribution of the oxygen donation is

reduced with reduced structural symmetry (lowering the energy

of the p system); (ii) para- and ortho-substituted derivatives

result in decreased ionisation potentials due to the increased

energy of the p system. In the cases of poly-OMe substitutions,

the decreased ionisation potential is also realised by the

repulsive interaction between neighbouring rings.

The Kohn–Sham energy gap (Eg, written in colour in Fig. 3) is

relatively constant for all isomers. Here, the HOMO eigenvalue

deviates from our DSCF ionisation potential, suggesting that

Koopman’s approximation is insufficient for predicting even

qualitative trends. However, our DSCF calculations are in close

agreement with the experimentally determined ionisation potential

for the p,p-analogue,25 and with the p,m-analogue,17 though we

contradict experiment and predict that the p,o-analogue17 should

see an enhancement.

An especially interesting molecule is the case in which

r1 = r2 = o,o. This derivative has a notably smaller ionisation

potential than other analogues, which is likely due to both the

electron donating contribution of the ortho-positions and

‘through-space’ conjugation to the amine motif.26

Tuning the energy levels in a contact material is only a

partial fulfilment of the requirements – we also need to transport

the holes efficiently, and so avoid surface recombination. Calcu-

lating charge carrier transport for a novel organic material is

Fig. 2 Sequential synthesis of SPIRO-OMeTAD derivatives and B3LYP
optimised geometry of p,p-SPIRO-OMeTAD with r1 and r2 highlighted in
blue and pink.
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extremely difficult, as a full model of packing and an under-

standing of the dielectric environment is required before micro-

scopic charge transfer integrals can be calculated and a

macroscopic mobility predicted.27 One expects that adding bulky

side chains would decrease the molecular packing density and

coordination number, and so reduce the electronic overlap and

thus microscopic mobility.

A barrier to the large-scale production of novel solar cells is

the cost of SPIRO-OMeTAD. This can be partially attributed

to the recent fluctuations in supply and demand, but is also due

to the cost of the starting materials. A typical synthesis of

SPIRO-OMeTAD begins with the Pd-catalysed coupling of ani-

sidine (para-methoxyaniline) and para-methoxybromobenzene

to form a secondary aniline. Four equivalents of the aniline are then

resubjected to similar coupling conditions with the brominated

spiro core; 2,20,7,70-tetrabromo-9,90-spirobi[9H-fluorene], Fig. 2,

forming p,p-SPIRO-OMeTAD.17 In principle, any commercially

available aniline and aryl bromide could be used to construct

a diverse library of electronically dissimilar SPIRO-OMeTAD

derivatives. Assuming isomer transferable reaction conditions

(i.e. the use of the same catalysts, purification methods and

yields) we have included a rudimentary cost break down

associated with the reagents required for our library (see ESI†

for a full cost analysis).

Beyond the cases considered here, greater electronic varia-

bility should be achievable through substitution about the

fluorene core (direct conjugation modulation). However, given

the current lack of commercial availability of alternate core

materials, this could be a more synthetically challenging

endeavour. Recent advances in aryl C–H activation chemistry

could find a useful application in the functionalisation of these

molecules.28–31

In conclusion, we have calculated the ionisation potentials

of a variety of analogues of the hole conducting material SPIRO-

OMeTAD, varying the HOMO energy through alterations to the

positioning of methoxy groups on the pendant aryl rings of the

molecule. Our method is computationally efficient, has been

shown to offer good agreement with experimental measures

from solution voltammetry. We predict that these synthetic

variants offer flexibility in work function matching for solar

cell design and optimisation, and that the majority of analo-

gues could be candidates for large-scale development and

application.
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