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1. Introduction

Advances in organic semiconductors and the knowledge
of their corresponding physical and chemical properties drive
the development of low-cost optoelectronic applications such
as light-emitting device,” solar cells$$'> nonvolatile-
memory devicedt 22 photosensing devicé$,?® vapor
sensorgy 3! biological and chemical sensos2 and field-
effect transistorg3—+°

Organic semiconductors as active materials in thin film
electronic devices offer several major advantages over their
inorganic counterparts. They can be processed by a multitude
of different methods, the most important of which are vapor
deposition and solution-based processes, such as spin-coating
and different printing techniques. The deposition of thin films
can be carried out at room temperature, and the production
costs are considerably lower than those of the corresponding
inorganic optoelectronic devices. The optoelectronic devices
can be fabricated on low-cost flexible substrates, paving the
way for all-plastic electronics and transparent devices.

Nevertheless, controlling the reproducibility of device
performance and the lifetime (stability) of the device become
major issues in organic optoelectronics devices, challenging
materials scientists and device engineers. This issue is
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world. For instance, understanding the morphology and
microscopic organization of the materials used in the active
films, that is, single crystals, polycrystals, liquid crystals,
and amorphous glasses, is of paramount importance to control
addressed in industrial research as well as on an academi@and to optimize the corresponding optoelectronic device
level in universities and institutional laboratories around the performance.
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The amorphous glassy state is particularly desirable in z-systems with identical or different functions (emission,
active materials for various optoelectronics applications for charge transport) via a common®dpybridized atom. This
several reasons. First, the amorphous state is relatively easys the basic idea of the spiro concépihe general structure
to achieve compared with single-crystal growth, and second, of the resulting molecules is displayed in Figure 1a. This
the amorphous character of the resulting thin films prevents
any grain boundaries, leading to spatial homogeneity of the

transport properties. In contrast to polycrystalline thin films, TE'SYStem
where grain boundaries between adjacent microcrystallites

act as traps for charge carriers, deteriorating the device \<
performancé®*’reproducibility of the device characteristics <

is thus facilitated with amorphous active materials. Third,

the optical properties are favorable in an isotropic stable n-System
glassy state. Polycrystalline materials lead to a large amount

of scattering, and single crystals introduce birefringence, (a)

which is not always wanted. Therefore, when the simple
manufacturing process of amorphous films is applied, a high ;b
stability of the glassy state is needed in order to prevent the “x. o AP
degradation of devices in applications. OH o j;
An important physical parameter indicating the stability “¢ dO
of the amorphous state of a given material is the glass
transition temperaturer). If an amorphous film is heated ;:5’% i
above this temperature, molecular motion increases rapidly, ”nyd@%? ]
allowing the transition into the crystalline state. Therefore & dot L%
it is of utmost importance to design the molecular structure & 4 3
of low molecular weight compounds in such a way that a
high Ty is achieved. A relationship between molecular .
structure and stability of the amorphous state was shown by o d o i
Naito and Miurat®4® They found that molecules with a g
symmetric globular structure, large molecular weight, and N fJ Q d
small intermolecular cohesion result in a high stability of i 3
the amorphous state. Several concepts addressing this issu O
have been proposed, including the development of dendritic ‘ IR .
architecture® and tetrahedral structurésA broad range of Q 02 :
amorphous organic semiconductors was developed by Shirote ?0 Cfﬁw,
and co-worker$?—58 (b)

In this article, the important class of spiro compounds as Figure 1. (a) General structure of spiro-linked low molecular mass
organic m(_)lecular materials with high, that _evolved_as a4 molecules (Reprinted from ref 59. Copyright 2006. With kind
very promising approach for optoelectronic materials are permission of Springer Science and Business Media.) and (b) crystal
reviewed. An overview summarizing the literature about structure of 4-Spirdshowing the perpendicular arrangement of the
spiro compounds up to the year 2004 was published by usaryl chains.
recently®® Since then, new light was shed on the interpreta- ] ] ]
tion of optical and electronic properties due to the finding approach has several benefits. First, the perpendicular
of strong coupling in doneracceptor-type materials. In order ~arrangement of the two molecular halves leads to a high steric
to account for these new developments, we focus in this demand of the resulting rigid structure, efficiently suppressing
review on the physicochemical properties of spiro compounds Molecular interactions between thesystems. Furthermore,
in solution as well as in the solid state. In the last section, this results in a higher solubility of the spiro compounds
however, we will also give a comprehensive overview on compared with the corresponding non-spiro-linked parent
synthetic pathways, which exhibit some new approaches ascompounds. The sterically demanding structure of fluorescent
well. emitters, based on the spiro concept, also suppresses very

We will concentrate on compounds based on the spiro- €ffectively excimer formation, frequently encountered in
bifluorene core. Materials based on other spiro structures, SOlid-state fluorescent dyes. In addition, doubling of the
for instance, spirobisindariéspirooxaziné!-6¢ spiropyrarf? molecular weight in combination with the cross-shaped
or polymers like polyspirobifluorerie 76 will not be included molecular structure along with the rigidity of spiro com-

in this review. Spirosilabifluorenes will be touched briefly. Pounds causes entanglement in the amorphous state and
hinders recrystallizatioP?

Spiro compounds based on the spirobifluorene core are
conceptually derived mostly from the corresponding biphenyl
compounds (like spiro® 2 from p-sexiphenyll or spiro-

. TAD 4 from TAD 3). The spiro atom, however, forces the
2.1. Molecular and Electronic Structure adjacent aryl rings in a coplanar arrangement. Thus, with
2.1.1. The Spiro Linkage respect to the parent compounds derived from biphenyl as

Improving the morphological stability of low molar mass H_._._._.
materials while retaining their electronic properties is based O O O O O O

on the concept of connecting two more or less extended p-sexipheny! 1

-0

2. Basic Physicochemical Properties of Spiro
Compounds
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The 4-fold symmetry of these molecular orbitals allows an
interaction of both halves (Figure 2).

Al I

QNNO 7

TAD 3

7 TN
4f ] )

Figure 2. Model of spiro conjugation of higher molecular orbi-
tals. The upper chromophore lies in tlge-z plane, the lower
chromophore in the—y plane. Reprinted from ref 59. Copyright
2006. With kind permission of Springer Science and Business
central structure unit, one rotational degree of freedom is Media.

lost in the corresponding fluorene derivative. As an example
of the arrangement of aryl chains in spiro compounds, the
crystal structure of 4-spifa(5) is given in Figure 1b.

spiro-TAD 4

Along with the spiro-conjugation, other mechanisms
capable of causing an interaction between both halves are
vibronic coupling®#° or, for some compounds, coupling
occurring because the transition moments are not perpen-
\\\\ dicular® Schartel et al. demonstrated energy transfer between
two identical halves from vibrationally excited states by
means of fluorescence polarization spectrosc8pyip et
al. estimated the rate of symmetry-forbidden but vibronically
allowed energy transfer between spiro-linked deramceptor
pairs to be on the order of & 102 57183

o

In the following, the basic spectroscopic and electrochemi-
cal properties derived from measurements in dilute solution
and quantum chemical calculations will be discussed and

As far as the electronic properties are concerned, the compared with the parent compounds. Solid-state properties
molecules resemble fluorene compounds, and deviations ofwill be described in the next section.
the spectroscopic and electrochemical properties from the
parent biphenyl analogous compounds can be expected: i ;

Generally, however, the functional characteristic of the 2.2. Spectroscopic Properties

chromophores in each half of the spiro molecule is retained. 2.2.1. Oligophenyls

As already mentioned, the perpendicular arrangement of the

m-systems reduces the electronic interaction between the Oligophenyls are very interesting chromophores since they
halves to a large extent, with some restrictions given in the are excellent blue emitters exhibiting high fluorescence

4-spiro? 5

next section. guantum yields and high stability. The color can be tuned
) . . o by extending the oligophenyl chain, but only to a certain
2.1.2. Electronic Coupling via the Spiro Linkage? extent (Davydov rule¥* With increasing number of phenyl

The electronic independence of the two halves is based!ngs, the extinction coefficient increases, and the fluores-
on the perpendicular arrangement of theystems and the ~ cence lifetime decreas&s.Oligophenyls exhibit a large
spectroscopic transition moments. There is, however, ex-Stokes shift; typical data measured in solution are as
perimental evidence for interactions in the excited states thatfollows: for p-terphenyl6, 1abs = 280 nm andien = 340
are discussed within the model of so-called “spiro-conjuga- NM; for p-quaterpheny7, Zas = 300 nm andien = 370
tion”.”8 If we consider the molecular orbital picture of two Nm; for p-quinquephenyB, Aaps = 310 nm andiem = 390
perpendicularly arranged spiro-linked-systems, both of

which are in the ground state, the only nodal plane of the O O O
highest occupiedr-molecular orbital is the plane of each

chromophore. In this configuration, interaction is prevented p-terphenyl 6

by symmetry mismatch of the wave functions. On the other

hand, higherr-orbitals that can be occupied in excited states

may exhibit a second nodal plane perpendicular to the first O O O O

one but parallel to the plane of the second chromophore. p-quaterphenyl 7
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OO0~ g, (0 o o0

painquepteny!s SO0 OO0
nm, and forp-sexiphenyll, Aaps = 320 nm andlg, = 393 OQ O'Q O'O OO
””;:ihe ground state of these molecules, the torsional angle L Q L
be_tween adjacent phenyl rings is °23n,. fluorenes. and - O~ Q.Q
due o Torced planar aignment of pheryi rings that are. oL OGO

linked by the spiro atom. Since the equilibrium geometries Q.Q e “ Q.O Q.Q &) ” Q.Q

of the ground state and the excited state differ, the modi-
fications of the oligophenyl chain have a considerable O OO OO OO
influence on the photophysical properties, namely, on the 4espirot 12

Stokes shift. In the series of spiro-oligophenyls with four

(spiro-4d 9), six (spiro-8D 2), eight (spiro-& 10), and ten solution are 95%; that of spirodt 9 is 92%% The
(spiro-16> 11) phenyl rings in the chromophore, the fluorescence lifetime was determined to be 1124 ps for spiro-
4@ 9, 785 ps for spiro-@ 2, and 831 ps for 4-spifdb in
dichloromethane, which is similar to that of the parent
oligophenyls but different from that of unsubstituted fluorene
(10 ns)® Theoretical studies on these compounds have been
published, including the calculation of polarizabilities and
second hyperpolarizabiliti€4.°® Lukes et al. modeled the
electrical and optical properties of spir@49, spiro-6D 2,

and 4-spiré 5 by means of the collective electronic oscillator
method and have supported their findings by optical mea-
surement$849 Spiro-4d 9 shows the smallest Stokes shift
in solution (2214 cm?), which is due to small geometry
differences between the ground and excited statdhe
increasing number of nonhindered inter-ring torsional angles
(spiro-6D 2) leads to a larger Stokes shift (2979 ¢ In
contrast, 4-spirb5 has a~200 cm! smaller Stokes shift
with respect to spiro-® 2, which is probably due to the
reduction of nonhindered inter-ring torsional angles.

Katsis et al. extended the oligofluorene chain up to seven
fluorene units and showed that spiro compounds with five
spiro-100 11 and with seven fluorene units exhibit no difference in their
emission maximad® Below this limiting value, the emis-
sion wavelength of short oligophenyls and oligofluorenes,
however, can be slightly shifted by appropriate electron
donor or acceptor substituents such as in spibgMeO),

13 or in spiro-4b-F, 14,°7 respectively.

absorption maxima are 332, 342, 344, and 344 nm in
dichloromethane, respectively®”8% As in the case of the
unsubstituted oligophenyls, a limiting value for long chains
exists. The wavelengths of the fluorescence maxima of the
first of the homologous series of spiro oligophenyls increase
steadily in the order 359, 385, 395, and 402 nm. The  MeO Q Q Q O O O OMe
vibrational fine structure of the emission spectra is more .

pronounced than that of the corresponding absorption spectra ;.o
due to the increased planarity and rigidity in the excited state.
For spiro-8P 2, a detailed analysis shows that the vibrational
splitting of 0.20 eV corresponds to a phenyl breathing mode
in the Raman spectruffi.In 4-spird 5 and other oligofluo-
renes, the torsional constraint is even more pronounced: only
rigid fluorene units are coupled together. For 4-spiadn
comparison with spiro® 2, absorption and emission
maxima are shifted bathochromically by approximately 10
nm while maintaining the Stokes shift. The unsubstituted
perpendicular fluorene units in 4-spif®show an additional

spiro-4®-F, 14

_ . When oligophenyls are applied as luminescent films,
characteristic absorption band at 310 nm. Energy tra”Sferhowever, it has to be taken into consideration that photo-

from the shorter chains of one half to the longer chains of . iqation may occur in the presence of molecular oxy&en.
the other half is possible. Cascade energy transfer iSthe proposed pathway for the decomposition is based on
demonstrated for compounds of higher dendrimer generationshe attack of singlet oxygen, which is formed by spin transfer
like 4-spirc® 12.* from the excited oligophenyl moleculesxcPeroxides as
The fluorescence quantum yields of spiro-oligophenyls suggested in ref 98 or, more probabéndeperoxides are
with six, eight, and ten phenyl rings measured in dilute formed, which may open to form quinones. This mech-
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anism is supported by the infrared spectroscopic detection
of carbonyl groups after irradiation in the presence of
oxygen?®

2.2.2. Arylamines and Carbazoles

Arylamines usually show relatively low fluorescence
quantum yields and are not used frequently as emitters. Most
of the spiro compounds based on arylamines show a strong
absorption in the ultraviolet (UV) range (between 375 and splro Carb 18
383 nm) with extinction coefficients between 42 000 and
82 000 M cm1.91 Notable is the strong bathochromic shift and the substitution pattern. Maps for the distribution of spin
in emission when a diphenylamino group such as that in density in the triplet state were calculatéd.
spiro-TAD 4 (403 nm in CHCI,) is replaced with an
a-naphthyl-phenyl-amino substituent (485 nm for spiro- 22 Stilbene and Azobenzene Chromophores
NPB 15in CH.CL,). A quite interesting blue emitter is spiro-DPVRD, the
spiro version of 4,4bis(2,2-diphenylethenyl)-bipheny20
(DPVBI), which was introduced by Hosokawa et al. as an

?—8

5

spiro-a-NPB 15

Phenoxazine (spiro-PhOx-TAL6) and phenothiazine
derivatives (spiro-PhTh-TAD17) with similar emission

by
3+

DPVBIi 20

excellent blue emittet?® Spiro-DPVBI 19 absorbs attmax
) = 377 nm and emits at 453 nm in dichloromethane,
\@ @ exhibiting a large Stokes shift. The fluorescence quantum
yield measured in cyclohexane is 82%.
Photochromic spiro compounds based on azo chromo-

phores have also been reported; for a discussion, see the
section about solid film properties.

L

2.2.4. Spirobifluorenes with Asymmetric Substitution
Patterns on the Fluorene Units

The compounds discussed up to now have a symmetric
substitution pattern at the 2,2,7 positions of spirobifluo-
rene. They belong to the point grolg and do not exhibit
chirality. If different substituents are applied at the'2ghd
7,7-positions (2,2A,7,7-B substitution, “left-right asym-
metric”), the molecular point group changes @ and

spiro-PhTh-TAD 17 optically active materials are obtained. Usually racemic

mixtures have been prepared and characterized, but in a few

characteristics are report€dOn the other hand, replacement cases, the enantiomers were separated and the chiroptical
of the diphenylamino substituents of spiro-arylamines with properties of the individual enantiomers were repdftéet. 10
a carbazole moiety results in a distinct hypsochromic shift In circular dichroism (CD) spectra, the main UV absorption
of absorption and emission. The fluorescence quantum yieldbands are split into a couplet with positive and negative
of spiro-Carb18 is relatively high (83%%° which can be  sign8-1°1These results indicate substantial coupling between
attributed to the increased rigidity of the carbazole moiety the two crossed chromophores in the investigated naphthalene
with respect to arylamines. Carbazoles are also interestingand anthracene compound®)){+)-21 and (R)-(+)-22,
as hosts for triplet emitters since their own triplet energy is which is rendered possible by the existence of parallel
quite high (3.26 eVy? Avilov et al. studied various components of the transition moment. From the sign of the
combinations of spirobifluorene and carbazole moieties CD bands of the coupled chromophores, the absolute
theoretically indicating the correlation of the triplet energy stereochemistry of the spiro center can be determined. In
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(R)-(+)-22

the following discussion, however, only racemic mixtures
are considered.

If the 4- and 4-positions of 2,27,7-substituted spiro-
oligophenyles are additionally substituted, like in the “octo”
compounds, the influence of the additional substitution on
the electron system is minor. For example, the additional
two biphenyl units in the 4;4positon in24 do not disturb
the conjugation along the tw-sexiphenyl chains because
the central two phenyl rings in each chain are fixed planar
by the spiro atom. Thus the compounds spiro-oct®31
spiro-octo-224, and spiro-octo-25 exhibit spectra similar
to their linear oligophenyl counterpaf®®

spiro-octo-3 25

Chemical Reviews, 2007, Vol. 107, No. 4 1017

If only the 2- and 2positions of spirobifluorene are
substituted, molecules with short conjugation lengths are
feasible. Compounds with excellent fluorescence properties
for UV emission include spiro-terpheng6,1®* compound
SSS 27 containing two bis(fluorene) chromophoré106
spiro-PBD 28, and spiro-CN-PBD29.1%7 Interestingly, the

spiro-CN-PBD 29

more restricted geometry in S35 has a minor influence
on absorption and emision as shown in comparison with
spiro-4P 9 in which the bonds between the first and second
and between the third and fourth phenyl rings are subject to
rotation. The phosphorescence spectra of $6&hd related
compounds have been measured in thin films at 77 A&;.a
value of 545 nm (2.28 eV) was obtain&4.

For the spiro-oxadiazole, spiro-PBE8, a detailed study
of the electronic structure and optical properties was
published® The vibronic structure of the lowest energy
absorption band is well resolved in solution as well as in
the amorphous film, with a-80 transition at 351 nm (3.53
eV), and as strongest absorption peaks thd @nd G-2
phonon bands at 336 nm (3.69 eV) and 318 nm (3.90 eV),
respectively. The fluorescence spectrum of this compound
is mirror symmetrical to the absorption spectrum with a
Stokes shift of 43 nm in solution. In neat films, the second
vibronic emission band is more pronounceégh{ = 334 nm;

Aem = 406 nm).

Wu et al. examined the photophysical properties of
compounds containing phenanthrolid® and indole 31
substituents in the 2- and’-Positions. They obtained
fluorescence lifetimes of 1.2 and 1.8 ns with quantum yields
of 48% and 75%, respectivel{® Investigations of phenan-
throline 32)-, biphenyl @3)-, pyridyl (34)-, and phenyl
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a5

spiro-DPA 37

The introduction of different substitutions at the 2- and
7-positions of the fluorene moieties in spirobifluorenes, for
example, with electron-donating and -accepting groups,
respectively, allows highly conjugated systems with red-
shifted low-energy emission. The fluorescence quantum

O O O O yields however, are generally not as high as in the case of
oligophenyls. Additionally, solvatochromic effects can be
quite large for these compount€.Compounds include the

O O O O series spiro-AMO=Bu 38, spiro-AMPO+-Bu 39, spiro-

AMO-CN 40, and spiro-AMPO-CN41197.113and the series

(35)-substituted spirosilabifluorenes have shown that the
substitution of the spiro C atom by Si yields compounds with
similarly favorable optical propertié8? The absorbance
spectra showed significant bathochromic shifts relative to
those of their carbon analogues as a result of the effective
o* —mr* conjugation between the* orbital of the exocyclic
Si—C bond and ther* orbital of the oligoarylene fragment.
All compounds exhibit intense violet-blue emission (398
415 nm) with relative high solid-state photoluminescence
quantum yield (36-55%). Recently, Yang et al. calculated
the static second-order polarizability of those compoufitls.
They found a second-order polarizability of 12<71073°
esu, which agrees very well with the experimental value (14.4
x 10730 esu)iio

Described as an efficient blue emitter is the spirobifluo- @

rene-linked bis(phenylanthracene) spiro-FBA with an

spiro-AMPO-CN 41 @

spiro-FPA 36 DPASF42, DPVSF43, CHOSF44, BTSF45 BTCNSF46,
and CNSH7.1%4 Derivatives featuring oxadiazole groups as
emission maximum at 425 nm in toluetié Spiro-DPA37 acceptor give the highest quantum yielés!'3and with a

has absorption maxima measured in dichloromethane at 360dicyanoethenyl substituent as acceptor, the emission can be
378, and 399 nm. The emission maximum is at 429 nm with shifted well into the red spectral range. Interestingly, no
a shoulder at 443 nit? fluorescence was found for BTS# in chlorobenzené'#
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mophores on the second hyperpolarizabiljtyiq 2,2 -diami-
no-7,7-dinitrospirobifluorene48.11%> They obtained a value

of 4.7 x 1073 esu, ten times higher than that for a single
chromophore, not four times as expected from geometric
considerations, and concluded that electronic coupling effects
have to be involved. Unfortunately, data on the first hyper-
polarizability (3) of these spiro molecules are not reported.
Long-wavelength red fluorescence is achieved by incor-
porating a diarylamino electron donor and a dicyanovinyl
electron acceptdi® Two example compounds are PhASPDCV
49 with a diphenylamino substituent as donor and pTSPDCV
50 with a di(4-tolyl)amino donor. Both compounds, pTSP-

pTSPDCV 50

DCV 50 and PhSPDCMY, exhibit strong solvatochromism

in their fluorescence. They emit green in hexane, yellow-
orange in 1,4-dioxane, and red in dichloromethane or
acetonitrile. This effect can be understood by partial charge
transfer between donor and acceptor moieties. The fluores-
cence quantum yields of these compounds measured in 1,4-
dioxane range between 70% and 75%.

2.2.5. Spirobifluorenes with Different Fluorene Units

Connecting two different chromophores by the spiro
linkage (2,7-A,2,7'-B substitution pattern, “top-down asym-
metric compounds”) can result in quite unexpected optical
properties if there is an electronic interaction via the spiro
carbon atom. A wide range of spiro compounds have been
reported in which one half is unsubstituted fluorene, for
example, the bipyrene dye SDPH,1” TDAF-1 52,18 or
the pyrimidine dye TBPSKE3.11° Since in most cases the
orthogonally linked fluorene unit has no influence on the

CN  CcNsFa7 @

The introduction of strong donefacceptor substitution
patterns raises the question about the nonlinear optical prop-
erties. Kim et al. presented an interesting study about the
influence of the perpendicular arrangement of identical chro- SDPF 51
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[
-
£
TBPSF 53 i . :
other chromophore, they behave in principle like the parent 350 400 450}» (nm) 500 550 600

chromophores from which they are derived. Especially
interesting, on the other hand, are spiro compounds consistingigure 3. Fluorescence of spiro-DP86 with increasing solvent

of electron-donating and electron-accepting halves since everPolarity.

in highly dilute solution photoinduced electron transfer from o ) o )
the donor half to the acceptor half is frequently observed. émission spectra, accompanied by no significant change in
Examples are spiro compounds in which one half consists @Psorption spectra, indicates that the two halves of the
of one or two arylamines and the other of one or two Molecule have negligible interaction in the ground state but
oxadiazoles, that is, D1A84, D1A2 55 D2A156 (synonym  Strong interaction in the vibrationally relaxed excited stéf&:*
spiro-DPO56'%), and D2A257.120121 These compounds Wong and co-workers have investigated the photoinduced
electron transfer by means of femtosecond fluorescence up-
conversion spectroscop$t A time constant of 430 fs was
measured for the photoinduced electron transfer in D2A1
56 (monitoring at 460 nm). Whereas for D1AY a similar

time constant of 410 fs was obtained, the electron transfer
in the compounds with two oxadiazole moieties as acceptors,
D1A2 55 and D2A257, is substantially faster (below 150
fs). In addition, the free energy change favoring electron
transfer was also larger for the latter compounds, as
calculated from electrochemical, spectroscopic, and structure
parametersAG ~ —0.6 eV in apolar solventsy>t2*Polar
solvents stabilize the charge-separated state significantly. The
change in dipole moment between ground and charge-
separated excited state was calculated from the slope of the
linear relationship between the frequency of the emission
maximum and the solvent polarity functioxf = (¢ — 1)/

(2¢ + 1), depending on the dielectric constant of the solvent
e. Values as large as 30 D were obtairéd.

A similar solvatochromic behavior with transition to an
electron transfer state upon excitation can be observed if the
electron-accepting moiety is replaced by an oligophenyl/
oligofluorene chain (spiro-DPS®8, spiro-DPSP 59)122.123

exhibit strong solvatochromic effects in emission, but not
in the absorption spectra. Spiro-DP&B, for example,
exhibits fluorescence in hexane with a maximum at 434 nm.
By addition of dichloromethane, the fluorescence intensity
decreases, and the maximum is shifted toward longer
wavelengths. In pure dichloromethane, only a broad and
weak fluorescence band, centered around 570 nm can be
detected (Figure 3" The strong solvent dependence of the spiro-DPSP2 59
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but not if the electron donor is replaced by an oligophenyl
chain (spiro-SP®0). The emission maximum of spiro-DPSP

spiro-SPO 60

58 shifts from 419 nm in hexane to 520 nm in dichlo-
romethane solution. Thus, similarly to oxadiazoles, oligo-
phenyls may also act as acceptors in photoinduced charge . .
transfer. Applications of these materials in photoresponsive SUred in ethyl acetate comprises a broad, low-energy absorp-
devices are described in a later section. tion at 420 nm with two weak absorptions in the region-340
Oligophenyls with spiro-linked 3,6-substituded alkoxy- 360 NM and a strong peak at 288 #hThe maximum of

fluorenes, such a&1, 62, and63, show a similar absorption ~ the absorption spectrum of phenyl-substituted spirobi-
CH.O OC.H fluorene-based pyrazoloquinolines (spiro-PAQ-B8) is
8 17 8 17

spiro-PAQ-Ph 66

slightly red-shifted (26 nm). The emission spectra are at
438 and 455 nm with corresponding fluorescence quantum
yields of 67% and 95% for spiro-PAQ-M&5 and spiro-
PAQ-Ph66, respectively2

Dispirofluorene-indenofluorene compounds, a new family
of double spiro compounds, have been also synthe&fZed.
Three compounds of this class &% 68, and69. The UV—
vis spectra 067, 68, and69 show absorption bands around
and emission behavior to the corresponding spiro oligo- 230, 254, 300, and 310 nm, as for spirobifluorene. The
phenyls (spiro-® 9, spiro-6P 2, and spiro-& 10). The
photoluminescence maxima are at 365 and 382 nm for
compound6l, at 387 and 407 nm for compou, and at
396 and 416 nm for compour@8.12* The alkoxy side chains
in these compounds help to increase the solubility but lower
the glass transition temperatures.

A compound has been synthesized by connecting two
truxene moieties via a spirobifluorene unit (compo6Aii?>

The absorption maximum of this compound is at 362 nm,
which corresponds to a slight red shift as compared with
truxene, owing to the increased conjugation length. The
second absorption peak is at 309 nm, which originated from
the truxene moiety. The fluorescence maximum is at 411
nm with another peak at 388 nm.

2.2.6. Other Compounds

The absorption spectrum of methyl-substituted spirobi-
fluorene-based pyrazoloquinolines (spiro-PAQ-8% mea-
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emission peaks of compoun@3, 68, and69 measured in correlated to the difference between oxidation and reduction
dichloromethane are at 367, 372, and 373 nm, respectively.potentials.

Compounds7 shows a fluorescence quantum yield of 1.5%

measured in dichloromethane, which is 7.5 times larger than 2.3.1. Arylamines

s pgpAR
that of spirobifluorene (0.296}. We will reverse the order of the discussion with respect

: : to the previous sections and start with the spiro compounds
2.3. Electrochemical Properties featuring two different halves, since in this case the oxidation
The electrochemical properties of spirobifluorene deriva- steps of the arylamine half are not significantly influenced
tives are of course dominated by the functional substituents by the spiro-linked second molecular half with significantly
in each half, but the electrostatic interaction between the two higher oxidation potentials? For spiro-DPSP8, spiro-DPO
molecular halves may have a significant influence on the (D2A1) 56, and D2A257, the first oxidation potential is
redox potentials. Before we start discussing several func-lower, whereas the second is higher, as in TAD.29 and
tional groups, a few words on the comparability of electro- 0.52 V vs Fc/F¢ in CH.Cl,). These differences can be
chemical data found in the literature are appropriate. Becauseattributed to the planarization by the spiro linkage. In the
classical (and mostly aqueous) reference electrodes arecase of spiro-DPO (D2A1j1, we measured values of 0.21
usually not defined in nonaqueous solvents, electrochemic-and 0.54 33 (Figure 4), whereas Wong et al. reported lower
ally determined redox potentials in nonaqueous solvents
should be referred to a stable and nearly solvent-independ-
ent reference redox system, for example, ferrocene/ferri-
cinium (Fc/F¢) or cobaltocene/cobaltoinium (Co@p
CoCp') as recommended by IUPAC for more than 20
years!?® At least the redox potential of ferrocene/ferricinium
in the used electrolyte system against the reference electrode
used should be given. In this review, redox potentials are
generally given against Fc/Fcunless noted otherwise.
Positive values are typically measured in £# and
negative values in THF. : :
In order to derive “HOMO (highest occupied molecular spiro-DPSP
orbital)” and “LUMO (lowest unoccupied molecular orbital)” : :
values and to be able to compare the data with photoelectron
spectroscopy data measured in solid films, an offset value
of 4.8 eV is usually suggested. The molecular orbital energy —m™MmMm—m———4——————————1——7———
is then given as, for example(MO) = —(4.8 eV + eEyp), -2 00 02 04 06 08 10 12 14
E12 being the reversible half wave potential with respect to Potential (V vs. Fe/Fc')
ferrocene?®

spiro-MeO-DPO

spiro-DPO

Recently, Forrest and co-workers refined the relationship E/:guor.eaéo%%%tﬁgi r?;‘nzpgg;gi?nlz&rﬁ»g'erggfﬁg 212% s&:;on;em

between th‘? HQMO obtamed from solid-state measurem_entsWas carried out in dichloromethane containing 0.1 M TBAHFP
and the oxidation potential obtained from electrochem!cal as supporting electrolyte: working electrode, platinum disc elec-
measurementS? The HOMO levels of a number of organic  trode; counter electrode, glassy carbon electrode; reference elec-
semiconductors were determined by ultraviolet photoemis- trode, Ag/AgCl pseudo-reference electrode. The scan rate for all
sion spectroscopy and compared with the relative oxidation measurements was 50 mV/s performed at room temperature
potential {/.,) measured using pulsed cyclic voltammetry, under nitrogen. The vertical bars indicate the half-wave poten-
leading to the relationshifromo = —(1.4 £ 0.1)€Ve) — tials.
(4.6+ 0.08) eV, consistent with theoretical predictions. Here,
eis the electron charge.

Relative redox potentials in solution are assumed to reflect

values under similar conditiort! The origin of this mism-
atch is not clear; however, the positions of the potentials
the relative potentials in the solid state, but of course, not gg/eg gg?}’eoag‘é @%?fg%gl\; |5n7c%mzp3a(|/s%n5v;|t\r} fg'm'gpsp
all interactions with the molecular environment can be ©. e ): . 0. P ) an
accounted for by this approximation. Often, the “band gap” measurements of D2A36 in benzene/acetonitrile (0.28 V,

energy is defined from the onset of the absorption spectra.o'46 V) . o )

The electrochemical pendant, that is, the energy difference If the second half of the spiro molecule is identically
between first oxidation and reduction potential, may be electroactive (e.g., in spiro-TAB), the first oxidation steps
substantially different. This can be seen immediately in the Of the two halves split: The first charge is transferred at a
case of the spiro compounds with two different chromo- low potential (0.20 V) and the second one, which has to
phores, discussed in the previous section. If one half is easilyovercome Coulombic repulsion, at 0.44 V. The first two
oxidized and the second easily reduced, the resulting energyelectron-transfer steps are followed by a formal two-electron-
difference cannot be seen in the absorption spectra but istransfer step to the tetracation at 0.65 V (all values vs
reflected in the position of the red-shifted charge-trans- FC/Fc™ in CH:CL).

fer emission band. This was, for example, nicely demon-  The first oxidation potential is barely reduced by replacing
strated by Fungo et &¥* for the donor-acceptor compounds  the phenyl substituents by naphthyl (spiteNPB 15, 0.20
D1A1 54, D1A2 55, D2A1 (spiro-DPO)56, and D2A257 V), but it is substantially lowered if the terminal phenyl
by means of electrogenerated chemiluminescence. Theygroups have methoxy or methyl substituents at plaea
found electrochemiluminescence spectra similar to that of position (spiro-MeO-TAD73 0.11 V, spiro-TTB74 0.08

the photogenerated charge-separated state, with energie¥).%! The cyclic voltammogramms for some compounds are
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© © oxadiazole is applied at the same side in the 7-position of

© © the spirobifluorene (AZ8), the value shifts to about2.29
M O@—N Q.O N—@—OMe
Q ’C C f TTB75

spiro-MeO-DPO 72

zx,

ueo—_Hn Q.Q N~ )-owe s .
Meo O~y )-ome V, whereas the second reduction can be foundatl V1
© © $piro-TPD 76 If the substituents are applied at different sides'{ggaitions,
Ome ome spiro-PBD28), the first electron transfer is a merged wave
spiro-MeO-TAD 73 for a formal two-electron transfer taking place-a2.46 V

(in THF) 88 This corresponds to the reversible uptake of two
shown in Figure 5, together with the corresponding data for glectrons resulting in a stable bis(radical anion) as proved
the parent compounds. by spectroelectrochemistry measurements and differs only
. by 20 mV from the first reduction potential of its corre-
2.3.2. Oxadiazoles and Other Heterocyles sponding compound, 2-(4-biphenyl)-5-(@-butylphenyl)-

In contrast to arylamines, oxadiazoles are interesting for 1,3,4-oxadiazole (PBD), under the same conditfoli.the
their electron-accepting properties. If only otest-butyl- second half of the molecule is an arylamine, the reduction
phenyl-oxadiazole substituent is attached to the spirobifluo- potential of the oxadiazole does not shift much (spiro-DPO
rene core in the 2-position (AX7), the first reduction 56, spiro-MeO-DPQO72, Figure 6). The reduction potentials
potential lies at-2.56 V (vs Fc/F¢, in THF). If a second of spiro-DPSP58, which does not contain an oxadiazole

spiro-TTB

spiro-TPD

spiro-TAD

spiro-a-NPB

—0'.2 ' ofo ' ofz ' 014 ' ofs ' ofs ' 110 -d.z I 0:0 I 0:2 l 0:4 | 0:6 l 018 l 110
Potential (V vs. Fc/Fc") Potential (V vs. Fc/Fc")

Figure 5. Cyclic voltammogram of (a) spiro-TAD, spiro-TPD76, spiro-TTB 74, and spiroe.-NPB 15 and (b) the parent compounds

TAD 3, TPD70, TTB 75, anda-NPB 71. The measurements were carried out in dichloromethane containing 0.1 M TBAHFP as supporting
electrolyte: working electrode, platinum disc electrode; counter electrode, glassy carbon electrode; reference electrode, Ag/AgCl pseudo-
reference electrode. The scan rate for all measurements was 50 mV/s performed at room temperature under nitrogen. The vertical bars
indicate the values of half-wave potentials.
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Fc/Fc" in THF.* The first oxidation and reduction potential
of spiro-DPA 37 occur at 0.8 V (vs Fc/Fg CH,Cl,) and
—2.44 V (vs Fc/F¢, THF) 112

2.3.4. Oligothiophenes

Most oligothiophene-functionalized spirobifluorenes ex-
hibit reversible oxidation waves but show poor reversibility
in reduction'®®137 As is the case with arylamines, these

spiro-MeO-DPO

spire-DPO materials have a higher effective conjugation length if
bridged via a spiro atom with respect to the non-spiro linked
compounds. This is manifested in smaller energy gaps and
lower oxidation potentials. For a spiro compound containing
spiro-DPSP a cyclohexyl-capped quaterthiophene chai)(0.18 V vs
32 28 24 2.0 16 1.2 0.8

Potential (V vs. Fc/Fc")

Figure 6. Reduction of spiro-DPSBS, spiro-DPO56, and spiro-
MeO-DPQ72 containing oligophenyl or oxadiazole moieties. The
measurement was carried out in THF containing 0.1 M TBAHFP
as supporting electrolyte: working electrode, platinum disc elec-
trode; counter electrode, glassy carbon electrode; reference elec-
trode, Ag/AgCI pseudo-reference electrode. The scan rate for all Fc/Fc for the first oxidation and 0.57 V for the second
measurements was 50 mV/s performed at room temperature undegyiqation were measured For the higher homologue with
nitrogen. The vertical bars indicate the half-wave potentials. six thiophene rings in the chairg@), the values are 0.16
and 0.37 V, respectively. A third, quasi-reversible oxidation

moiety, are included in the figure in order to compare the
reduction of the sexiphenyl chain with those of the oxadiazole
moiety.

The electrochemical behavior of the pyrazoloquinolines
spiro-PAQ-Me65 and spiro-PAQ-PI66 was reported by
Chen et al?® Spiro-PAQ-Me 65 and spiro-PAQ-Ph66
exhibit reversible reductions with onset potentials vs Ft/Fc
in THF solution at—2.09 and—2.00 V, respectively. During
the anodic sweep measured in dichloromethane, they underg

0.87 V for spiro-PAQ-Mes5 and 0.86 V for spiro-PAQ-Ph
66.

2.3.3. Oligophenyls and Oligofluorenes

The experiments on photoinduced charge transfer de-
scribed above show that oligophenyls may act as electron
acceptors. Indeed, reversible reduction and also oxidation

step was detected at 1.09 V. Reduction takes placeg &8
and—2.78 V (irreversible) for79 and at—2.32 and—2.43

V for 80. Since the materials can also be reduced electro-

chemically, electrogenerated chemiluminescence is observ-
ablelst

For compounds based on the spirobifluorene core sym-
metrically functionalized with four mono8(), bi- (82), and

6erthiophene &3) units, onset oxidation potentials of 1.20,
quasi-reversible oxidation processes with onset potentials at

81-83: R=H,n=1-3
84-86: R=n-C;H,;, n=1-3

steps can be detected for compounds of appropriate conjuga-

tion lengths. For a terfluorene containing three spirobifluo-
rene units in a chain, both oxidation and reduction potentials
were reported by Wong et &% Two oxidation steps were
detected at 1.32 and 1.56 V vs Ag/AgCl (&8, 0.1 M
n-BuyNPFs), and two reduction steps at2.01 and-2.21 V
vs Ag/AgCl (THF, 0.1 Mn-BuyNCIQ,). Electrochemilumi-
nescence was demonstrated for this compdiéh&or the
compound spiro-DPSB8, containing biphenyl substituents
instead of fluorene units at the spirobifluorene core, we
measured first and second reduction potentials 269 and
—2.81 V vs Fc/F¢ in THF, respectively33

For spiro oligophenyls with two identical chromophores,
the question arises whether the doubly charged species hav
their charges on the same branch or on different branches
Crispin et al*®® performed doping experiments with Li and
Na in solid films and concluded that if spirab9 or spiro-
6® 2 is doped with Li, dianions (bipolarons) are formed on

0.86, and 0.65 V vs SCE and sufficient stability of the radical
cations were reporteld? For the compound84, 85, and86,

in which the thiophenes are substituted with alkyl chains in
the 3-position, the onset potentials shift to 0.99, 0.88, and
0.85 V vs SCE, respectively. Electrochemical measurements
have shown that radical cations of oligothiophene-function-
alized 9,9-spirobifluorene derivatives are more stable than
those of non-spiro oligothiophenes. The oxidative peak
potential shifts cathodically as the number of thiophene units
increases due to a higher degreeredelocalization. Simul-
taneously, the band gap energy can be varied between 2.18
and 2.98 e\A%7

.3.5. Other Compounds

The cyclic voltammograms of asymmetric spirosilabif-
luorene measured in GBN/THF (9:1 v/v) show a single
reduction and a single oxidation procé®sBoth processes

the same spiro branch, whereas doping with Na leads to theare irreversible. Irreversible reduction may be due to

formation of radical anions (polarons) on each branch.
The bisanthracene compound spiro-FB&shows bipolar

character, with a first oxidation potential at 0.76 V vs

Fc/Fc in CH,CI, and a reversible reduction at2.42 V vs

extremely short lifetime of the corresponding radical anion.
The onset potentials of oxidation and reduction38mwere
determined to be 1.11 and2.42 V, respectively (vs
Ag/AgCl), corresponding to 1.01 ane2.52 V (vs Fc/F¢).
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T,=253°C Figure 8. Thermogravimetric curve of spira-NPB 15 measured
at rate of 5 K/min under Npurging (200 mL/min).
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01  1stheating Figure 8, a thermogravimetric curve for spiweNPB 15 is
displayed as example for the high thermal stability. The
decomposition temperaturg, is defined as the temperature
at which a 5% weight loss occurs during heating. For spiro-
o-NPB 15, this is the case at 52%.
— In the series of the spiro oligophenyls, tfgincreases
T,=109°C with increasing chain length in the order 183 (spiro-4b
9), 212°C (spiro-6D 2), and 243°C (spiro-8b 10).7787.88.138
The melting point ) also increases with lengthening of
the molecules with additional phenyl rings. Further branching
2nd heating . . leads to even highéfy's: Both spiro-octo-24 and 4-spiré
50 100 150 200 250 300 5 exceed theTy of spiro-6D 2, at 236 and 273°C,
Temperature / °C respectively.”8%91138|n contrast, the methoxy-substituted

Figure 7. Differential scanning calorimetric curves for the molec- spiro-6P, spiro-6>(MeO), 13, has a reduced, of 191 °C

ular glasses (a) compou®® (second heating curve) and (b) spiro- With & melting point of .326°C-89 The Ty's of 4-Ph-spird
terphenyl26 (first and second heating curve). Thigis indicated 87, 6-spirc 88, and 4-spird 12 are as high as 285, 258, and
by a characteristic step and the melting point by an endothermic
peak. In panel a, recrystallization occurs ab®yewhich manifests
itself as an exothermic peak. The material in panel b forms a stable
amorphous glass. The melting point from the first heating curve of
a crystalline sample disappears in the second heating cycle. Only
the glass transition is visible. All measurements were carried out
under N purging (20 mL/min) and at a rate of 10 K/min.
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Thus the HOMO and LUMO levels fd33 are estimated to
be —5.81 and—2.28 eV, respectively.

The cyclic voltammetry of dispirofluorergndenofluorene
compounds has been also measured. Compdaif@s8, and
69 have the first and the second oxidation potentials at 1.03
and 1.47 V (irreversible), 0.96 and 1.48 V (irreversible), and
1.04 and 1.58 V (irreversible), respectivély The measure-
ment was carried out in acetonitrile, using ferrocene as an
internal standard.

3. Solid-State Properties

3.1. Thermal Properties

As stated in the introduction, spiro compounds are
generally characterized by a high glass transition temperature
Ty due to their bulky shape. The crystallization kinetics above
Ty can vary substantially, depending on the substitution
pattern and is independent of the valueTgf This means
that in the typical time scale of a calorimetric experiment,
recrystallization can be observed for some spiro compounds,
whereas other compounds do not crystalliz€igure 7a,b
shows a typical calorimetric experiment for both cases. In 6-spiro?88
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330°C 1138 The calorimetricTy of spiro-terphenyR6 was an even highefy (240°C) and a remarkably high temper-
measured at 109C and the melting point at 253C. No ature stability Tq = 570 °C) for an aromatic amine.
recrystallization was detected in the calorimetric scan after Usually the top-down asymmetric spiro compounds such
vitrification.1%* Among spiro compounds, thg, of 4-spirc® as spiro-DPSB8, spiro-SPO60, spiro-DPO56, and spiro-
12 is the highestTy, while 4-spir@ 5 shows the highest MeO—DPO 72 exhibit Ty values between those of the
decomposition temperature at 620. corresponding symmetric spiro compoun#fsSpiro-DPSP
Spiro oligophenyls containing alkoxy side chains, such as 58, for instance, shows &; of 152 °C, which lies between
compounds2, show very lowTy's (Tg = 70°C) .1 Therefore, the Ty's of spiro-6P 2 and spiro-TADA4. This also holds for
the introduction of alkoxy side chains in spiro oligophenyls spiro-DPO56 and spiro-SPG50.
serves only to improve the solubility of the compound at  Calorimetric measurements for the left-right asymmetric
the cost of a significant reduction of tiig with respect to spiro compounds, spiro-AM®Bu 38, spiro-AMPO#-Bu 39,
spiro-6b 2. The decomposition temperature is still high spiro-AMO-CN40, spiro-AMPO-CN41 and spiro-CN-PBD
enough for applications (38%C). 29 gave highTy's ranging from 165 to 212C.1%7 These
Spiro-linked oligofluorenes carryingroctyl groups show  values are even higher than those obtained for the symmetric
significantly lowerTy's than those witm-propyl groups® spiro compounds, spiro-TARt and spiro-PBD28. This
The strong interaction betweamnoctyl pendants seems to indicates that the spiro junction has a positive influence on
dominate over the effect of molecular weight, because boththe stability of the amorphous state of donor/acceptor-
n-octyl-substituted spiro-terfluorene and spiro-pentafluorene substituted spiro compounds. Note that no recrystallization

exhibit Ty ~ 60 °C. Spiro-terfluorenes with both-propyl was observed in the caseteft-butyl-substituted compounds,
andn-octyl pendants were found to crystallize upon heating while the cyano-substituted compounds showed both recrys-
beyondTs,. tallization and melting signals in the time scale of the

An effective approach to highiy terfluorenes has been experiment. Obviously, the bulktert-butyl groups reduce
successfully implemented in which all the fluorene units are the kinetics of crystallization compared with the cyano
spiro-configured to prevent interchromophoric interaction group*®
without disrupting zz-conjugationt®® Among these com- Spiro compounds containing heterocyclic units, such as
pounds, the highedj, of 296°C was obtained with dendritic  head-to-tail, regioregular oligothiophene-functionalized-9,9
pendants to a spiro-linked fluorene trime&9), which was spirobifluorene, are interesting as charge-transporting materi-
als in organic electronics? It is well-known that unsubsti-
tuted a-oligothiophenes tend to crystallize. In contrast,
oligothiophene-functionalized 9;8pirobifluorene derivatives
without substituents were found to easily form amorphous
glasses at ambient temperature. Compo®idhas the

91:R=n-CiH,;

maximumTy among these compounds at U537 Most of
the compounds reported exhibit a stable amorphous glass in
the solid state, as proven by thermal analysis. Increasing the
number of thiophene units leads to improved thermal stability
of these compounds.

Asymmetric spirosilabifluorenes show higly's between
203 and 228°C, which similarly to the spiro carbon
analogues can be attributed to the rigidity of the molectifes.

3.2. Thin Film Preparation and Optical Properties

Thin films of spiro compounds may be fabricated by
proven to stay amorphous even upon prolonged heating bymeans of thermal evaporation or by solution-based processes,
means of polarizing optical microscopy and electron dif- such as spin coating. The spiro oligophenyls of lower to
fraction. medium molecular weight can usually be thermally evapo-

Arylamines such as TPDO0 and a-NPB 71 have found rated as well as spin-coated from various solvents, such as
widespread application as hole transporter in OLEDSs. chloroform, chlorobenzene, toluene, or dichloromethane. In
However, the values o, of the corresponding compounds the former case, the molecular weight becomes the limiting
are not high enough to prevent thin films of the material factor; while for spin-coating decreasing solubility starts to
from recrystallizing. TheTy's of the parent compound limit the achievable film thickness. From chloroform solu-
arylamines such as TAB, TPD 70, TTB 75, anda-NPB tion, film thicknesses up te-140 nm can be obtained for
71are 70, 62, 66, and 98C.1%2|n contrast, thély's of their spiro-6P 2 using standard spin-coating techniques. The
corresponding spiro compounds are 133, 115, 146, and 147optical properties of spin-coated and evaporated films of the
°C for spiro-TADA4, spiro-TPD76, spiro-TTB74, and spiro- spiro compounds discussed herein are usually quite similar,
o-NPB 15, respectively. 87891321385 pjiro-Carbl8 exhibits and in some cases, such as the branched spiro-oligophenyl
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spiro-octo-123, the optical constants, as obtained by variable quantum yield of spiro-® 2 in the solid state increases from
angle spectroscopic ellipsometry (VASE), are hardly distin- 38% to 58% from the amorphous to the fully crystalline

guishable, as shown in Figure 9. state’’138
The fluorescence lifetimes of the spiro compounds mea-
25 sured in thin films are 456800 ps for spiro-® 9, 390-

470 ps for spiro-@® 2, and 386-450 ps for 4-spird5.

The second generation spiro-oligophenyl derivative spiro-
octo-2 24 has a solid-state photoluminescence guantum
= efficiency of 48%’’ Even after thermal annealing, it has
1.5 shown neither a decrease in the fluorescence intensity nor

2.0+

X any detectable excimer emission. Even after the compound
< 10l is melted at temperatures over 30D, the glassy solid still
' shows the same emission characteristics.
1 ) A very important characteristic, which holds for all
0.5- ::::E’:Si'gjgg:fzg spirobifluorene compounds discussed in this section, is that
| \f\ n, evaporated they do not exhibit a long wavelength emission beyond 500
——k, evaporated nm, which is usually found in poly(fluorene)s after annealing
001 B — , : , : and is attributed to chain defects by partial oxidation to
200 300 400 500 600 700 800 900 1000 fluorenone units.
Wavelength (nm) The photoluminescence spectrum of the polar compound
Figure 9. Optical constants dispersion of evaporated and spin- SPiIFo-AMO+-Bu 38in thin films coincides with the spectrum
coated thin films of spiro-octo-23 modeled with four Taue measured in dilute solutiof¥/-*3It does not depend on the
Lorentz oscillatorg#0.141 method used to fabricate the thin films (either through spin-

coating or vapor deposition methods). The position of the
emission peak, however, may differ by approximately 5 nm.
The formation of excimers in the solid state can thus be

Table 1. Optical Data of Some Spiro Compounds Prepared by
Vacuum Thermal Evaporation®

a(102nm™) excluded, because no additional bands at longer wavelength

material at337 nm Atmax can be detected. Similar results were obtained for the cyano
spiro-TAD 4 1.10 1.88 compounq spiro—AMO—CMQ. Again, these results cqnfirm
spiro-6b(MeO), 13 3.08 3.32 the effectiveness of the spiro concept to prevent intermo-
spiro-Carbl8 1.90 2.30 lecular interaction and to stabilize the emission properties
spiro-DPVBI19 0.76 0.86 of the dyes in the solid state.
spiro-octo-24 1.45 1.56
spiro-PBD28 1.88 1.94
Spiro-AMO4-Bu 38 0.90 1.70 3.3. Surface Morphology
spiro-AMPO+-Bu 39 1.09 1.36 . :
Spiro-SPOS0 303 303 In this section, the surface morphology of vacuum-

deposited thin films of spiro compounds grown on different
substrates measured by tapping-mode atomic force micros-

Table 1 shows the optical data of some spiro compound copy (AFM) and optical microscopy is presented and
thin films prepared by vacuum thermal evaporation. The compared with the surface morphology of the corresponding
attenuation coefficiend is given for the pump wavelength  parent compounds. Time-dependent measurements are dis-
of 337 nm and at the absorption maximum. Spectral data cussed as well.
for absorption and emission can be found in Table 8 (section  Figure 10 shows the surface morphology change of spiro-
6). TAD 4 thin films grown on a Si@Si substrate. In Figure

A crucial issue is the optical anisotropy of the resulting 10a, we see a very flat surface having a mean roughness of
films, 142143 which influences the optical and electrical 1.56 nm. The peak-to-valley heighti€9.8 nm. After spiro-
properties of related devices such as OLEDs, for instance, TAD 4 thin films were stored for 5 weeks in ambient
quantum efficiency or charge transport. Anisotropic proper- atmosphere and at room temperature (RT), the surface images
ties in vacuum-deposited spiro compounds were reported byof thin films were measured again, and the result is shown
Lin et al!** It was shown that both the real and imaginary in Figure 10b. The as-deposited film underwent only
parts of the refractive indices exhibit a significant uniaxial negligible change; the mean roughness level slightly changed
anisotropy with the optical axis being oriented along the from 1.56 to 1.89 nm for films grown on SiGsubstrates.
surface normal. The in-plane extinction coefficient is sub- The peak-to-valley heights of films after the samples have
stantially larger than the out-plane extinction coefficient.  been stored for 5 weeks were 12.1 nm. Time dependent

In thin films, the shape of the absorption spectrum of measurements of the surface morphology also showed that
4-spir@ 5, for example, remains identical to that measured the films of spiro-TAD4 did not change significantly after
in solution, showing the same vibronic splitting and only a the samples were exposed to ambient atmosphere at RT for
slight red shift of the peak maxima of about 10 nm. These 5 weeks. The roughness values and average peak-to-valley
results indicate that the intermolecular interaction and heights did not change significantly either.
aggregation of individual molecules in neat amorphous films  Figure 11a,b shows larger areas of spiro-TADIn films,
of 4-spir¢ 5 are effectively hindered by their sterically after the samples have been stored for 9 months at RT in
demanding structure. Accordingly, they behave like isolated ambient atmosphere. The surfaces of spiro-TAthin films
molecules in highly dilute solutiof® The fluorescence  grown on SiQ substrate ang-Si substrate remained flat
quantum yield of 4-spirb5 is 70%4 10%, which is higher  and smooth. In contrast, the films of TAR) the correspond-
than that for spiro-®. It is worth to mention that the ing parent compound of spiro-TAB underwent a distinctive
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Figure 10. AFM topographical images of a spiro-TABthin film on a SiQ/p-Si substrate (4 4 um?): (a) as deposited film in which
the mean roughnesR;, was 1.56 nm and the root-mean square roughigssas 1.96 nm; (b) sample after storage in ambient atmosphere
at RT for 5 weeks in which the mean roughneRg,was 1.89 nm and the root-mean square roughrigssyas 2.41 nm.

tures with different morphologies and large voids, which is
not the case for the corresponding spiro compound films.
No crystallization has been observed after up to 9 mdAths.

3.4. Patterning on a Mesoscopic Scale

There are also several approaches described in the
literature aiming at controlling the morphology of thin films
of spiro compounds on a micrometer scale. The first one is
the application of azo substituents in order to write polariza-
tion gratings with large film thickness modulations. Surface
corrugation gratings with a modulation depth of 320 nm were
reported for 440 nm thick films of the compound spiro-ADA
92148 The mechanism of this process, which was detected

Figure 11. Optical microscopy images of spiro-TA®thin films © ©
after the samples were stored in ambient atmosphere and at RT for N* N*

9 months. Spiro-TAD! thin films were grown on (a) Si©substrate

and (b)p-Si substrate. The optical microscopy images of TAD

thin films after the samples were stored in ambient atmosphere and

at RT for 3 days. TALB thin films were grown on (cp-Si substrate
and (d) SiQ substrate.

change in morphology, as shown in Figure 11c,d. The images
were obtained after the samples were left in an ambient
atmosphere at RT for 3 days. The films grown piSi
substrate and Sisubstrate showed spherulite-type crystals
and large voids. Crystalline domains with a radius between

500 and 90Qum were observed. The resulting crystals of

TAD 3films indicate that the films are not morphologically

stable in ambient atmosphere and at RT. The optical spiro-ADA 92

microscopy data was supported by the data obtained from

AFM measurements's for azo polymers in 199%%1%0and later also applied for low
The surface morphologies of as-deposited TADIPD molecular glasse'$} is based on orientation redistributions

70, TTB 75, a-NPB 71, spiro-TAD 4, spiro-TPD76, spiro- of the azo chromophores. Due to photoselective isomerization

TTB 74, and spiroe-NPB 15 thin films grown on HMDS- cycles, the molecules tend to orient perpendicular to the laser

treated Si@p-Si have been studiéd?146The thin films of polarization. Stress gradients then lead to mass transport and
as-deposited parent compounds exhibited crystalline struc-surface deformation. Since in spiro-ADR four azo groups
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are connected and therefore correlated in their orientation A —A

when irradiated with polarized light, one should expect a FWHM = ————— + A, (1)
different degree of order when compared with molecules 1+ (X/%)

exhibiting only oné€'>2two,*>* or threé>3 chromophores. Data ) ,

for comparison are lacking, though. wherex is the pulse energy, is the upper andy the lower

limit of line widths, andp corresponds to the slope of the

Another possibility to achieve surface patterns is a function1®® An alternative method leading to comparable
controlled relaxation of the intrinsic mechanical stress that '@ 1c1on- ive mi _€ading parab
values is a plot of emission intensity vs absorbed intensity,

occurs in evaporated or spin-coated multilayer structures. " .
When this strepss is aIIoweé) to relax by heatir>1/g to Thef giving the threshold as sharp bend of the curve. ASE usually

a layer covered by a solid deformable cladding, self- occurs near the maximum of the photoluminescence spec-

organized surface corrugations of defined spatial periodicities:[]um' put i th? Stol:esl shift is smalll, ret?]bsor;()jtllon can Slh'ft
evolve. In films of spiro compounds, this effect was € gain spectrum 1o fonger wavelengtns and lower vaiues

demonstrated, for example, for spiro-TAD capped by  °f the gain coefficient. Using gueshost systems with
silicon nitride1% spiro-6b 2 capped by silicon nitridéss and Forster transfer can significantly increase the separation of

o ; ; 156 the emission and absorption spectra as well as decrease
Spiro-TAD 4 capped by spiro® 2 (Figure 12 concentration quenching effects. ASE thresholds as low as

~200 nJ/cm were demonstrated in a 130 nm thick film of
2.5% PV-spiro-4 94 doped into spiro-® 2 spin-coated

PV-spiro-4® 94

Figure 12. Periodic pattern formation in the system substrate/spiro- from chlorqform (see Figur(_e 13)’ ASE has been _shown in
TAD 4/spiro-8D 2. The periodicity of the surface corrugationis 2  several spiro compounds in neat and doped films (Table

um. 2)_97,104,15&160

Distributed feedback reflection (DFB) laséf3,5¢ which
3.5. Waveguide Properties and Stimulated can be understood as a one-dimensional photonic crystal with
Emission a periodic variation of the (effective) refractive index along

the propagation direction of the amplified light in a slab

The suitability of thin films of spiro compounds for lasing  waveguide has been demonstrated featuring several low
can be evaluated either by pump and probe experiments tomolecular weight spirobifluorene derivatives as the active
test for stimulated emission and quantification of the gain gain medium, both in neat films and in guestost
profile or with considerably lower demand on the equipment systemg?97.104158161 Thjs type of device is fabricated by
in so-called amplified spontaneous emission (ASE) experi- spin-coating or vacuum-depositing a thin £3800 nm) film
ments. Typically the films are a few hundreds of nanometers on a low refractive index substrate with a surface grating of
thick and form a slab waveguide on a low refractive index periodA. Lasing occurs near the Bragg wavelength defined
substrate. When the film is optically pumped, spontaneously by 1g.qq = 2nerA/m, wherem is an integer referred to as
emitted photons travel through the waveguide, where they the order anahey is the effective refractive index of the film,
are confined by total internal reflection. With increasing which is obtained by solving the Maxwell equations for the
pump intensity, population inversion is attained, and the light waveguide structure and which depends on the refractive
traveling through the waveguide is amplified according to  indices of the film and the claddings as well as the thickness
= lo exp[@@ — a)l], where b is the initial intensity g anda. of the active material. Its numerical value (typically around
are the gain and loss coefficients, ahds the distance  1.8-2) lies between those of the substrate and film refractive
traveled through the gain medium. The gain coefficient is indices. Substrates with several regions of different grating
strongly wavelength dependent, and thus the transitions with periods are usually employed to test for the wavelength range
highest gain are amplified exponentially resulting in a accessible to DFB lasing with the material under consider-
narrowed output spectrum of the device. To derive the ation. Second-order DFB gratings are generally easier to
threshold of stimulated emission, we plot the full width at fabricate because for a given material and wavelength the
half-maximum (fwhm) of the emission spectrum versus the grating period is twice that of the corresponding first-order
corresponding absorbed pump pulse energy on a logarithmicgrating. Also, since first-order DFB lasers emit radiation out
scalet® of the side (in plane) of the waveguide and second-order

The data points are then fitted to a sigmoidal curve and emission occurs also perpendicular to the surface, the latter
the intersection of the inflection tangent of the curve with is considerably less cumbersome to detect. On the other hand,
the upper limit of line widths is defined as the threshold of lower losses due to waveguide scattering in first-order DFB
ASE. To fit the data numerically, we use the function lasers compared with second-order structures enable signifi-
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Figure 13. (a) ASE in a 130 nm thick film of a blend of 2.5%
by weight PV-spiro-® 94 in spiro-6P 2 spin-coated from
chloroform and (b) the fwhm of the emission plotted versus the
absorbed pulse energy per Zfitted with a sigmoidal curve. The
intersection of the inflection tangent of the fitted curve with the
upper limit of line widths defines the threshold for stimulated
emission.

Table 2. ASE Properties of Some Spiro Compounds
ASE threshold Aase fwhm-ASE

material (udlen?®) (nm) (nm) ref
spiro-4b 9 2.2 161
spiro-6D 2 11 419 2.9 138, 161
4-spiré 5 3.2 428 32 138
4-spird 12 443 3.9 138
spiro-6b(MeO), 13 30 427.5 9.3 89
spiro-octo-24 3 425.4 4.6 89
spiro-SPC60 1 419 54 89
spiro-Carbl8 50 400.3 7.9 89
SP6-BuSP293 111 412 160
2.5% PV-spiro-4b 94 0.1 440 5.5 157

doped in spiro-&® 2

Saragi et al.

order DFB laser was 8.8J/cn? in spiro-terphenyR6 at a
lasing wavelength of 383 nm on a 220 nm period grating.
Table 3 shows the lasing properties of some spiro com-
pounds.

Further challenges for organic semiconductors are the
vertical cavity surface-emitting las&, 1% which is in
principle a short path version of the Fabifyerot cavity with
distributed Bragg reflector (DBR) mirrors in a vertical stack
of layers; the microring and disc lasers, where feedback is
achieved by several round trips of the emitted radiation
confined in the resonator by total internal reflectigfrl73
and 2D and 3D photonic crystal laséfs$:1%6 Spiro com-
pounds seem to be good candidates also for these laser types.

3.6. Charge Transport

An important parameter defining the charge transporting
capabilities in thin films of semiconductors is the charge
carrier mobility. The mobility: is the proportionality factor
between drift velocity and electric field as well as between
conductivity and the charge concentration. In the character-
ization of organic semiconductor materials, time-of-flight
(TOF) and field-effect transistor (FET) measurements have
been widely used to extract the mobility of charge carriers.
The basic principles of these methods can be found else-
wherel’4175The temperature dependence is interpreted within
the terms of different charge transport models, for example,
an Arrhenius-type model or the Gaussian disorder migtier
In the latter, the charge carrier mobility is predicted to be
proportional to the inverse square of the temperature: (In
0 T-2) and to the square-root of the applied electric field
(In « O E¥?). The mobility is then given by

_ 20\? o’
e =merd (2] el L -

whereuo denotes the prefactor mobility; is the energetic
(diagonal) disordefT is the temperaturdis the Boltzmann's
constantX is the degree of positional disorder (off-diagonal),
Co is the empirical constant of 2.9 1074 (cm/V)Y2, andE

is the applied electric field. The Arrhenius model describes
the hopping transport as resulting from a single level of traps
or an activation energy arising from polaron relaxation.
This model predicts that the mobility of charge carriers is
logarithmically proportional to the reciprocal temperature (In
wOT).

Table 4 summarizes the charge transport properties of
spiro arylamines measured by means of TOF technique. The
hole mobilities (i) are around 10* cn?/(V s). Poplavskyy
and Nelso#® found that the temperature- and electric-
field-dependent behavior of the TOF mobility within the
Gaussian disorder (GD) model revealed higher prefactor
mobilities (uo) and energetic (diagonal) disorder) for the
methoxy-substituted compou@® than for the unsubstituted
compound4. They explained their results by a higher

2:2) gl/2 )

cantly lower thresholds. Schneider et al. have shown a 20-negative charge density on the HOMO in the methoxy-

fold reduction in threshold for spiro-DPVB19 in 2,7-
bis(biphenyl-4-yl)-27-di-tert-butyl-9,9-spirobifluorene (SR6
BuSP293) from 6 uJ/cn? for second-order DFB lasing down
to 320 nJ/crhin a first-order DFB laset®® DFB lasing with

substituted spiro compound that results in a greater inter-
molecular overlap integral and by a higher morphologi-
cal disorder in solution-processed films than in evaporated
films.

spiro compounds has been demonstrated covering wave- Recently, Kirkpatrick and Nelsé#f also reported that the

lengths between 361.9 nm (spiro-terphe@@) and 529.3
nm (spiro-DPVBIi19) with only a small gap from 395 to
401.5 nmf.97.104.158161 The |owest lasing threshold obtained

for an undoped neat film of a spiro compound in a second-

effect of methoxy side groups on the spatial extent of the
wave function may be able to explain why spireTTB 95

is found to have a smaller prefactor mobility than spiro-
MeO-TAD 73. The theoretical calculation has shown clearly
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wavelength fwhm
material order range (nm) (nm) threshold ref
SP6-BuSP293 2 401.5-434.2 0.1+0.40 83uJd/cn? at 411.7 nm 159, 160
spiro-DPVBIi 19 2 457.8-529.3 26ud/cn? at 469 nm 158
spiro-DPVBIi19in SP8-BuSP293 2 435.3-498.9 6uJdicnt at 460 nm 158
spiro-DPVBIi19in SP&-BuSP293 1 478-530 320 nJ/crhat 478 nm 158
spiro-4b -F, 14 2 377.7395 0.19-0.35 62ud/cn? at 382 nm 97
spiro-terphenyR6 2 361.9-393.8 8.9J/cn? at 383 nm 104
PV-spiro-4b 94 doped in spiro-& 2 2 419-470 3.4udlcn? at 440 nm 157

Table 4. Summary of the Charge Transport Properties Obtained
by TOF Technique

un? o Co
material  (cm?/(Vs)) (cn?/(Vs)) o(eV) (cm/V)2 X ref

spiro-TAD4 5 x 1074 0.016 0.08 2% 10* 2.3 178

spiro4m- 4x 10 0.010 0.08 2% 10* 1.2 178
TTB 95

spiro-MeO- 2 x 1074 0.047 0.101 2.% 10* 2.3 179
TAD 73

a At an electric field of 2.6x 10° V/icm and temperature of 300 K.

that the localization radius for spiro-MeO-TAEB s larger
than that for spiran-TTB 95. This will lead to a greater

Therefore, the mobilities of charge carriers decrease with
increasing oligomer length. This can be attributed to the fact
that longer oligomers can exhibit larger variations of mo-
lecular conformation of the corresponding molecule and,
consequently, larger disorders, which may impede the
corresponding charge carrier transport.

The charge carrier mobilities in thin films of spiro
compounds and their corresponding parent compound have
also been measured by the FET technitfdé?618 The
calculated field-effect mobilities in thin films of spiro
compounds are approximately 1 order of magnitude lower
than those obtained by the TOF method. Figure 14 shows
the field-effect mobilities of charge carriers in thin films of
TPD 70and spiro-TPDr6 as a function of temperature. The

'8.5 T T T T T T T T T T T
{(a) o TPD
9.0 o Spiro-TPD |
7 -9.57
NZ |
, £ -10.0 1
spiro-m-TTB 95 -~ |
overlap of wave functions on adjacent molecules and hence 3 -10.5+
to a higher value of the transfer integral. The calculated 1
values of the mean-square hole transfer integral at an  =11.0 .
intermolecular spacing of 12.7 A are 237 n7%e¥98 me\?, ]
and 114 meYfor spiro-MeO-TAD73, spirom-TTB 95, and 11.5 . . . . . .
spiro-TAD 4, respectively:®° Due to the strong localization 20 25 30 35 40 45 50 55
of the wave function, the interaction between adjacent 1000/T (1/K)
molecules and, hence, the local energetic landscape will be
more sensitive to intermolecular geometry, thus leading to 8.5 — : : -
a larger energetic (diagonal) disorder. {(b) o TPD
TOF mobility data on ambipolar charge transport materials ] o Spiro-TPD |
based on spiro compounds are still rare. One example for |
which data are available is spirobifluorene-derivative TDAF-1
52. A hole mobility of up to 4x 103 cm?/(V s) and an @ 997 1
electron mobility of lower than 1G cn?(V s) were 2 ]
reportedi®l with reorganization energies of 182 and 279 mev  § -10.0+ 1
for holes and electrons, respectivélyThe electron and hole  ~¢ 1
mobilities are in the range of 18 cm?/(V s) for B4 97.183 3 -10.5- -
-11.0- -
-11.5 T T T T T
4 8 12 16 20 24 28
1000000/T” (1/K%)

0 B2 96
1 TDAF-1 52
2 B4 97

Figure 14. Field-effect mobilities of charge carriers in thin films
of TPD 70 and spiro-TPD76 plotted against (a) the reciprocal of
the temperature in the Arrhenius representation and (b) the in-
verse square of the temperature in the GD model. Reprinted with

In contrast, electron and hole mobilities in the range between permission from ref 132. Copyright 2006 WILEY-VCH Verlag
103 and 10?2 cn¥/(V s) can be obtained for B®6.183

GmbH.
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Figure 15. (a) Temperature dependence of field-effect mobility
for a spiro-TPD76 at gate biases of2.5, —10, —15, —20, and
—30 V and (b) the activation energy of field-effect mobility plotted
against gate voltage. Reprinted with permission from ref 132.
Copyright 2006 WILEY-VCH Verlag GmbH.

dependency of the field-effect mobility on the temperature
can be plotted as mobility versus the reciprocal of the

Saragi et al.

Table 5. Transport Parameters Extracted from the FET
Techniquets?

Arrhenius model GD model

material o (cM?/(V's)) Ea(eV) wuo(cm?(Vs)) o(eV)
TAD 3 7.6x 1072 0.220 4.4x 1073 0.077
spiro-TAD 4 40x10° 0.110 4.0x 104 0.057
TPD70 8.0x 10 0.057 2.0x 104 0.045
spiro-TPD76 8.0x 10 0.071 2.0x 104 0.051
TTB 75 33 0.330 4.5¢ 1072 0.092
spiro-TTB74 0.2 0.206 3.3 1078 0.076
a-NPB71 5.0x 1072 0.174 2.0x 1078 0.071
spiro-a-NPB 15 8.0x 1072 0.205 3.0x 1073 0.077

carriers will occupy sites with a higher energy, and less
energy will be required for jumping to neighboring sit&s!8”
Table 5 summarizes all parameters extracted through the
FET method:*>* The prefactor mobilities obtained from the
Arrhenius model for TAD3, TPD 70, TTB 75, a-NPB 71,
spiro-TAD 4, spiro-TTB74, spiro-TPD76, and spiroe-NPB
15cover a broad range of 8 104 and 33 cr/(V s), which
is rather unexpected. In contrast, the prefactor mobilities
obtained from the GD model cover a range fronx 2.0
to 4.5 x 102 cn?/(V s), which is realistic for low molar
mass amorphous thin films. The Gaussian distribution widths
obtained from the Gaussian disorder model for all thin films
are in the range of 0.051 and 0.092 eV. The discrepancy
between a good data fit and a large deviation in the prefactor
mobility value for the Arrhenius model is not fully under-
stood yet. However, we find that the temperature depend-
encies of spiro arylamine compounds slightly differ from
those of the parent compounds.

4. Applications

4.1. Field-Effect Transistors

In this section, organic field-effect transistors (FET) based
on thin films of spiro compounds are reviewed. Figure 16
shows the schematic view of a typical bottom-contact and
top-contact organic FET (OFET).

Organic Semiconductors

temperature (called the Arrhenius representation) and versus
the inverse square of the temperature, according to the
Gaussian Disorder (GD) model, respectively. The Arrhenius
model has been found to fit our experimental data better than
the GD model32146Prefactor mobilities in thin films of TPD

70 and spiro-TPD76 of 8 x 1074 and 2x 104 cn?/(V s)

were obtained for the Arrhenius and the GD model,
respectively. Moreover, an activation eneigyof 0.057 eV

was obtained from the Arrhenius model for TRD, which (a)

Source
Source

Drain
Gate Dielectric

(Gate Electrode

Gate Dielectric
Gate Electrode

(b)
is in contrast with the result obtained from the TOF technique rigyre 16. Schematic view of a bottom-contact (a) and a top-

(E. = 0.12 eV)185

contact (b) OFET.

Figure 15a shows the temperature dependence of the field-

effect mobility for a spiro-TPD76 FET at different gate
biases\Vy (Vg = —2.5, —10, —15, —20, and—30 V). The

The output and transfer characteristics of a spirbHPB
15 FET are given in Figure 17, as an example of spiro

lines are least-squares fits used to extract the activationarylamines. The electrical characteristics are given for a fresh
energy. Figure 15b shows the dependency of the activationdevice measured in air and under vacuum. The drain current
energy on the applied gate bias. The apparent activation(lss) increases as the gate voltagg)(is increased toward a
energy decreased with increasing gate biases. At low gatelarger negative voltage, exhibiting an effective field-effect
biases, the activation energy is large, and as the gate bias i€aused by the gate bias. The sign of the field-enhanced cur-
increased, it finally saturates at a value of 0.050 eV. The rent (4s < 0 with Vg < 0) is consistent with an accumulation
decrease of the activation energy with increasing the absoluteregime, owing to the p-type character of spirteNPB 15.

gate bias value is probably a result of accumulated chargesAt low drain bias Yys), the characteristics exhibit some non-
filling the lower-lying states. Therefore, any additional charge linearities that can be attributed to the nonohmic contact be-
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Figure 17. Output and transfer characteristics of a spirddPB . . . .
15 FET. Panel a provides the output characteristics measured inWhich was 0V for a fresh device, has slightly shifted toward

air and under vacuum. The gate bias was swept fici to —60 positive bias after 3 month&/{, ~ +1 V). A similar result

V in steps of 10 V. Panel b provides the transfer characteristics was also obtained for the fitted threshold voltage, which shifts
measured in air and under vacuusy{= —60 V). Reprinted with from —4.2 to —4.8 V for in-air operation, after the sample
permission from ref 132. Copyright 2006 WILEY-VCH Verlag  as stored for 3 months. An on/off ratio ofs2 10P (at Vgs
GmbH. = —60 V) was obtained for measurements performed in air.
The measurement carried out under vacuum gave an ON/
OFF ratio of 1.9x 1 (at Vgs = —60 V), which is only
slightly lower than the values measured for a fresh device.
In contrast, the transistor action of corresponding parent
compounds such as TAB, TPD 70, TTB 75, ando-NPB

71 are not observable anymore after the devices have been

saturated drain current (aks = Vy = —60 V) measured stored for several days at ambient atmosphere or in a

) ._continuously evacuated vacuum chamiyé#+6

under vacuum was 30% higher than the value measured in o o

air. The field-effect mobility of holes was estimated to be A hysteresis in the transfer characteristics of a sample that
4.3 x 1075 c?/(V s). The high on/off ratio in this device =~ Was stored in ambient atmosphere for 3 months has also been
originates from the low drain current in the off state, a result 0bserved. Probably, this hysteresis is due to the presence of
of using material of high purity with no unintentional doping. trapped mobile charges introduced by the presence of mois-
In addition, the gate leakage current was relatively low in ture and oxygen as the sample was stored in ambient
the devices. atmospheré??

Generally, thin film transistors based on spiro compounds Table 6 summarizes the FET hole mobilities obtained for
are more stable compared with their corresponding parentthe spiro compounds. The hole mobility of spimeNPB 15
compounds. As an example, Figure 18 shows the transistoris the lowest among the investigated compounds. Also, it
characteristics of the same device, spirtdPB 15 FETS, was observed that spiro-TTBA s relatively prone to aging,
after being stored at room temperature in the dark in ambientas compared with the other spiro compounds. The hole
atmosphere for 3 months. It has been found that the saturatednobilities in thin films of spiro-TAD4 and spiro-TPD76
drain current (a¥ys= Vy = —60 V measured under vacuum) appear to be independent of the ratio of channel width to
decreased by 11% and the hole mobility decreased by onlychannel length® However, the mobilities computed from
4%. However, the switch-on voltag¥s,, of the transistor, the linear regime are always lower than mobilities calculated

tween spiroe-NPB 15 and the gold electrodes. This behavior
was found in all transistors based on thin films of spiro
compounds and their corresponding parent compotiids.
The field-effect mobility of holes measured upon exposure
to air was 2.9x 107° cn?/(V s). An on/off ratio of typically
1.8 x 10 for Vgs = —60 V can be obtained. In contrast, the
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Table 6. Hole Mobilities in Thin Films of Spiro Compounds
Extracted from FET Measurements

hole mobility (105
cn?/(V s)) at RT

6.7+ 0.3

material ref

spiro-TAD 4

stability

stable in air up to 9 month484
mobility decreased by 2%
stable in air up to 9 month484
mobility decreased by 3%
stable in air up to 4 month432
mobility decreased by 13%
stable in air up to 3 month432
mobility decreased by 4%

spiro-TPD76 6.9+ 0.4

spiro-TTB74 5.7+ 0.5

spiro-a-NPB 15 44+0.2

from the saturation regime of the characteristic curve for all
transistors based on spiro compoutts.

4.2. Phototransistors and Solar Cells

4.2.1. Phototransistors

One key component of optoelectronic circuits is the
phototransistor, allowing the detection of light and photo-
switching. It is also interesting for light triggered amplifica-
tion and high sensitive image sensors. In principle, pho-
totransistors can be realized in the bipolar transistor geometry
based on photoresponsive heterojunctions or as a unipolar
device derived from the field-effect transistor. Whereas
unipolar phototransistors based on inorganic semiconductors
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Drain Current (nA)
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have been known for some timi&, unipolar organic pho-

totransistors (OPTs) have not been exploited widely. Ex-

amples of OPTs are based on poly(3-octylthiophéhe),
polyfluorene!®® poly(phenylene ethynylenéy? oligothio-
phenel®® pentacené?? copper phthalocyanin€? and bi-
functional spiro compound$?123In this section, the pho-

Figure 20. Panel a shows the output characteristics of spiro-DPSP
58 phototransistors at different gate voltages in the d@kgnd
under illumination with 19W/cn? (). The illumination of the
device was done by using a Nichia NSHU590E UV light-emitting
diode @max= 370 nm, fwhm= 11 nm). Panel b shows the transfer
characteristics (a¥ygs = —10 V) measured in the dark and under
illumination with 1274W/cn?. The drain current is plotted both

totransistors utilizing spiro compounds as active thin films |ogarithmically (left axis) and linearly (right axis).
are reviewed. The photoresponsive materials are spiro-DPSP

58, spiro-DPSP 59, spiro-DPO56, and coevaporated thin
films of spiro-TAD 4 and spiro-@® 2.

Figure 20a displays the output characteristics of a spiro-
DPSP58 phototransistor measured in the dark and under an

Figure 19 shows the schematic view of a bottom-contact illumination of 191xW/cn¥ at 370 nm. For measurements
OPT. Generally, the phototransistors can be operated as gerformed in the dark, the drain current clearly increases

three-terminaldevice with two electrical contacts (source
and drain) and light as the amplifying gate or a$oar-

terminal device with an additional electrical gate, allowing
additional biasing of the device by the electrical field-effect.
Light works in the devices in a manner similar to the con-
ventional field effect by increasing the number of mobile

with increasing gate voltage toward a more negative value.
The sign of the field-enhanced drain curreht < 0 with
Vg < 0) is consistent with an accumulation regime, owing
to the p-type character of spiro-DPSB.

A distinct increase in the current was observed under
illumination. Without irradiation, the current is of the order

charge carriers in the channel. The underlying mechanismof 10 pA, and it increases to several nanoamperes upon

can be sufficiently explained by ultrafast photoinduced
charge transfer4430 fs) between an electron donor and an

irradiation??? For a spiro-DPSP 59 phototransistor, the
current measured in the dark\4t= Vys= —30 V was—2.9

electron acceptor moiety upon illumination (see section NA.*?3This current increased t68.7 nA as the device was

2.2.5)121

Light

Organic Semiconductors

Drain Source

Gate Dielectric

Gate Electrode

Figure 19. Schematic view of a bottom-contact OPT, where the
light is used as a third or additional control parameter.

measured under illumination at 6AW/cnv.

Figure 20b shows the transfer characteristics of a spiro-
DPSP58 phototransistor. A ratio of photocurrent to dark
current as high as & 10° was obtained, which is comparable
to amorphous silicon phototransisté?&lt has been shown
clearly that thel4s—V, curves are not changed substantially
in shape or magnitude but rather displaced by a shift in the
fitted threshold voltage (from-9 V in the dark to+15 V at
127 uW/cnP). The threshold voltagé/) for OFETs in the
accumulation regime is given by

TH —

_ane
C.

T Veg 3)

where Vgg is the flat-band potentialC; is the capacitance
per unit aread is the thickness of thin filmsg is the ele-
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mentary charge, ang is the bulk carrier density. Assuming compound system. In the absence of any incident radiation,
the flat-band voltage to be invariant, the charge carrier the charges injected by applying an appropriate gate bias
density is the only parameter which can be changed by illum- (either positive or negative) remain located close to the active
ination, causing the shift in the threshold voltage. From thin film/SiO; interface. In the bulk material, the molecules
Figure 20b, it becomes clear that low light intensities could are in their neutral state. As light is absorbed in the film, an
not be measured at zero gate voltage. Instead, the optimunexciton is formed, which can eventually dissociate into
working point can be adjusted by choosing a gate bias electrons and holes. After dissociation (photoinduced charge
directly at the switch-on voltag&/{,) under dark conditions,  transfer), a geminate pair of an electron at the donor and a
in this case at-6 V. For low drain voltages, the OPT oper- hole at the acceptor is formed. These electrbale pairs
ates in the linear regime and allows the extraction of the are bound by Coulomb interaction because of the low
charge carrier mobility”> A value of 1.3x 10°¢ cn?/(V s) dielectric constant of the organic materials. Overcoming this
was obtained, independent of the illumination conditions. On Coulomb barrier, the charges may diffuse by hopping
the other hand, the hole mobility in thin films of spiro-DESP transport from donor to donor or acceptor to acceptor. In

59 measured in the linear regime was 2707 cn?/(V s). the transistor, the majority charge carriers participate in the
This compound has also been used as active materials inoverall transport, giving rise to the increased photocurrent.
phototransistors. With the spiro concept, majority charge carriers and acceptors

OPTs based on spiro-DP&bB have also been fabricated for the opposite charge can be combined in one material.
and characterize®? Ratios of photocurrent to dark current As mentioned previously, spiro-DP3$8 consists of a
up to 1.9x 10° (6.1 uW/cn?) and 4.3x 10° (11.5uW/cn¥) sexiphenyl and a bis(diphenyl-amino)biphenyl moiety. In
can be obtained af; = —10 V, which is comparable to the  order to test the influence of linking both moieties in one
values obtained for amorphous silicon phototransisfSis. molecule, a comparison experiment with an equimolar
this case, a responsivity of up to 16.1 A/W can be obtained mixture of spiro-TAD4 and spiro-&@ 2 was made. The
at Vg = —40 V, which is higher than our previous results active layer was deposited by coevaporating the two materi-
based on other spiro compouf#s?® and polymer pho-  als!*® Phototransistor action has also been observed in this
totransistorg>189,1%0 device, but the performance was lower than that of spiro-
The time-resolved response of the phototransistor is shownDPSP58, probably because of domain formation and the
in Figure 21. The time-resolved response behavior (for corresponding distribution statistics.

-1.6 T . 4.2.2. Photodiodes
Recently, spiro compounds have also found use as active
< 1.2 ¥ ] materials in diode-type organic UV photodetectors. The
= A 6t pwiom? || device structures employed in these studies are ITO/
w— PEDOT-PSS (30 nm)/D28 (25 nm)/A278 (25 nm)/LiF
S 0.8 5l 1e8mom (0.5 nm)/Al (150 nm) (device 1), ITO/PEDGIPSS (30 nm)/
5 / ‘
O .04- ¢ % .
£ ?
5 . ]
S 5
a 0.0 LN i
Light ON Light ON Light ON Light ON
0-4 T M T M T T T T
0 100 200 300 400
Time [s]

D2 98—A2 78 (mixture 1:1, 50 nm)/LiF (0.5 nm)/Al (150
Figure 21. Time-resolved response of the spiro-DE® pho- nm) (device 2), and ITO/PEDGTPSS (30 nm)/D2AS7
t?trgn\?lst_or_ungr\l/|IIum|nat|on with 6.1, 11.5, and 1@\8//cn¥ at (50 nm)/LIF (0.5 nm)/Al (150 nm) (device 3§* Here,

o~ Y™ ' PEDOT-PSS stands for poly(ethylene dioxythiophene)
instance, at an incident light intensity of G:#/cn?) cannot  Poly(styrene sulfonate), and ITO stands for indium tin oxide.
be described by a single response time, but rather as aAll three devices displayed high external quantum efficiency
combination of a fast increase of photocurrent at the atreverse biases, 30% electron/photon (0.09 A/W) for device
beginning and a second, slower process in the end. For thel and approximately twice as much for devices 2 and 3 (62%
fast response, the time constant is approximately 2.9 s. On(0.18 A/W) and 73% (0.22 A/W), respectively). The mech-
the other hand, the slower process has a rather long timeaNism governing the device operation is taken to be an
constant of 20.5 s. The relaxation after switching the light efficient photoinduced electron transfer with a quantum yield
off can be fitted by a single-exponential quite well, giving a close to unity. It was also shown in a preliminary reliability -
time constant of 5.4 s. The relaxation time is related to the test of the corresponding devices that the devices lose their
recombination of the photoseparated charges, which can bePhotoresponse by-3% after being continuously illuminated
improved by an appropriate material design, thus allowing for over 200 h with UV radiation (380 nm) of 1 mW/ém
faster detection speed. A similar phototransistor, constructed” typical response time of approximately 400 ns was
with spiro-DPSP58 as active material also showed a double observed>*
gfg%giﬁ'ggggﬁf g:(o{b\_’gtjg_za fast component of 1.5 s and a ; ; 5 Dye-Sensitized Solar Cells

In the following discussion, the photoeffect will be Spiro compounds have found also applications as solid-

qualitatively explained as photoconductivity in a single- state transport materials for the transfer of holes in dye-
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sensitized solar cells, replacing the comnigh™ electrolyte
system. The device, commonly referred to as af&ieell,

is based on the photoinduced electron transfer from a dye to

mesoporous Ti@'®® The network of connected Tihano-
particles forms a large active surface area for light absorption
and electron transfer. As the active material, ruthenium dyes
such as Ru(IDk(SCN), where L is 4,4dicarboxy-2,2
bipyridyl ligands, are quite suitable because of the good
adhesion of the carboxyl groups to the Ti€urface. If the
dye is optically excited, electrons are injected into the
conducting band of Tig leaving a ruthenium(lll) species.

[RU(INL (SCNYJ* — [Ru(lIl)L (SCN)]* + € (TiO,)

The electrons are collected by an F-doped Salectrode,
and the electrical circuit is closed via a gold electrode by a

mediator, which transports the charges needed for the back

reduction of the dye (electrons are injected from the gold
electrode to the LUMO of the dye or, in an equivalent
picture, holes from the dye to the gold electrode). The
original Grdzel cell suffers from the use of a liquid
electrolyte with the redox systetw/ls~ as mediator, which

causes some problems due to leakage and solvent evaporation

unless properly sealed.

In order to avoid the problems associated with liquid
electrolytes, all-solid-state variations of this cell have been
developed by replacing the liquid electrolyte with hole-
transporting spiro compound®¥:*The tetramethoxy deriva-
tive spiro-MeO-TAD73 was used with Ru(ll),(SCN), as
sensitizing dye. Spiro-MeO-TAD3 is a good hole trans-
porter and penetrates the nanoporous ;Ti@twork ef-
ficiently, and by introduction of methoxy substituents, the
oxidation potential of the hole transporter was matched to

Saragi et al.
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Figure 22. Panel a shows an organic solar cell with spiro-MeO-
TAD 73 as solid-state hole transport material (HTM). The
photosensitive ruthenium dye is attached as a monolayer te TiO
nanoparticles, thus forming a large active area for photoinduced
electron transfer. Panel b shows the energy level scheme. Photo-
induced electron-transfer takes place from the photoexcited ruthe-
nium dye into the TiQconduction band. The recombination directly
back to the dye has to be suppressed. Instead, the current is directed

that of the sensitizer. The structure and energy level diagramthrough the circuit to the counter electrode and the hole transport

of this cell is displayed in Figure 22.

The incident-photon-to-electron conversion efficiency
(IPCE) was determined to be 5%, which is still lower than
that for comparable liquid cells. The IPCE is defined by the
ratio of the number of electrons generated in the solar cell
to the number of photons incident on the photoactive surface
of the device at a given wavelengtH.

nelectrong/l) . |(/1)hC - 1239 (;L)

IPCE@) N nphotong') Pin(’D61 - Pin(l)ﬂ

(4)

wherel(1) corresponds to the measured current in micro-
amperes per square centimetB(4) is the input optical
power in watts per square meter, ahis the wavelength of
the incident light in nanometers. Generally, the IPCE is
measured under a short-circuit condition and is graphically

displayed versus the corresponding wavelength in a solar

cell's action spectrum. Therefore, the IPCE relates to the
photoresponse or external quantum efficiency. By doping
the hole transport material with N(PhB8pbCk and
Li[(CF3sSOy):N], which increases the charge carrier concen-
tration by partial oxidation, an IPCE of 33% was measured.
The overall efficiency of the cell was 0.74% at white-light
irradiation with 9.4 mW/cr Under full sunlight (air mass
1.5, 100 mWi/cr), short-circuit photocurrents of 3.18 mA/
cn? have been achieved. In a later regdfthe performance
was improved by blending the hole conductor matrix with a
combination of 4tert-butylpyridine and Li[(CESO,).N]. The
hole conductor matrix was applied by spin-coating a 0.17
M chlorobenzene solution of the hole conductor. Partial

layer, which brings the electrons back via hopping transport.
Reprinted from ref 59. Copyright 2006. With kind permission of
Springer Science and Business Media.

oxidation of spiro-MeO-TAD73 by N(p-CsH4Br):SbCk was
used to control the dopant level and to increase the
conductivity of the hole-conducting layer. Open circuit
voltages of 910 mV and short-circuit currents of 5 mA were
obtained, yielding a power efficiency of 2.56%.

This power efficiency has been improved to 3.2% by
performing the dye adsorption step in the presence of silver
ions at low concentrations in the dye solution. From
spectroscopic evidence, it is inferred that the silver is mainly
binding to the sensitizer via the amphidentate thiocyanate,
allowing the formation of ligand-bridge dye complexés.

Power efficiencies above 4% can be achieved by utilizing
an organic indoline dy®9, instead of the commonly used

»
7
»

Indoline dye 99

O
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ruthenium dyes. The higher extinction coefficient makes it cathode
an ideal dye for solid-state dye-sensitized solar cells. This EIL

dye also shows light-harvesting properties superior to those . ——.
of ruthenium dyes such as N719D0 when applied as a ETL
sensitizer of mesoporous TiQayer?°! EML
o HTL
0 HIL
anode
=N NCS
T8A00C— "Ne—RuNCS
A% N T—
— — Figure 23. Structure of an OLED: HIL= hole injection layer
TBAOOC o (e.g., CuPcl02 copper phthalocyanine); HTE hole transport
0 layer; EML = emission; ETL= electron transport layer; ElE
N719 100 electron injection layer (e.g., LiF, lithium fluoride). The light

generated by the recombination of holes and electrons is coupled
An efficiency of 4% for the standard air mass 1.5 spectrum out via the transparent anode (e.g., ITO, indium tin oxide). Typical

(100 mW/cn?) can be obtained by using an amphiphilic dye cathode materials are Mg/Ag, Ca/Ag, Al. Reprinted from ref 59.

i i 202,203 hi Copyright 2006. With kind permission of Springer Science and
with hydrophobic spacers (for example, Z9071). This Busiess Media.

the color perception of a standard observer and integrated,
giving the tristimulus values, y, andz with the normalization
X +y + z = 1. In the diagram, usually given two-
dimensionally byx andy, the white point is defined by the
coordinatex =y = z = /3.2

Blue electroluminescence based on a spiro compound
single-layer device was reported in 1997. The active device
consists of a vapor-deposited 60 nm thick layer of spio-6
2 sandwiched between the ITO anode and Al/Mg cathode.
The color coordinates for the emitted blue light in photolu-

= = minescence and electroluminescence are &t0.16,y =

° ° 0.08 and ak = 0.18,y = 0.15, respectivel§# In this device,
a turn-on voltage ©9 V is measured. The turn-on voltage
can be further reduced by combining spir®-& with the
performance is attributed to the self-assembly of the dye to electron transporter AlgIn a two-layer device based on a
a dense layer on the TiQurface with its carboxylate groups 40 nm thick layer of Alg 103on top of a 40 nm thick layer
as anchors and with its hydrophobic isolating chains as a

blocking layer between the hole conductor spiro-MeO-TAD S
73 and TiG. =N~ N”
N_ _N

N e N 03,/°

7907 101

4.3. Light-Emitting Devices AN \N"'/'M""Nl N
Spiro compounds have been used in organic light-emitting é)QN \\ | J © P

diodes (OLED) in a variety of functions, as electrolumines-

cent dye and as hole and electron transport material. The CuPc 102 Alg; 103

basic structure of an OLED is given in Figure 23. The

structure is derived from a three-layer concept by Adachi, of spiro-6D 2 sandwiched between the ITO anode and Al/

Tsutsui, and Saité?* who extended the original bilayer Mg cathode on a glass substrate, the turn-on voltage is indeed

device of Tang and Van SlyKeLight is generated in the  reduced to 7.5 \#8 A brightness of 900 cd/fis measured

central emission layer (or at one of its interfaces) by at a voltage of 16 V. But the chromaticity values for the

recombination of injected charge carriers being transported emitted light are shiftedx(= 0.31,y = 0.55) closer to the

by mutual solid-state redox reactions. In OLED structures emission of Alg 103 The reason for the color shift is that

using electrophosphorent dyes for harvesting triplet excitonsthe emission zone is very near, partially inside, the;Alg3

in addition to singlet excitons, additional charge and exciton layers. A blue-light-emitting two-layer device based only on

blocking layers are used for an optimum perfomance. spiro compounds has been also fabricated by combining a
One of the tasks for display applications is the combination 40 nm thick vapor-deposited spiro-PBIB layer on top of

of materials of different colors to produce white light and a 40 nm thick spin-coated layer of spiro-TADsandwiched

full color devices. For that reason, separate strategies aim abetween the ITO anode and Al/Mg cathode. A turn-on

the development of blue-, green-, and red-emitting materials voltage of 2.7 V is measured. A brightness of 500 ¢d/m

with suitable color coordinates. The color of the lumines- was measured at a voltage of 5 V.

cence can best be described in the Commission Internationale The issue of temperature stability of OLEDs was addressed

de I'Eclairage (CIE) chromaticity diagram in which the color by comparing the device performance of devices based on

coordinates are defined as follows: The emission spectrumregular (non-spiro) OLED materials with that of devices

is weighted by the three given color matching functions for made with spiro compound By replacement ofx-NPB
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71 with spiro-TAD 4, the thermal stability is greatly

enhanced while the favorable electro-optical device properties

are maintained. Moreover, these results have shown that OO
OLEDs based on materials with high glass transition tem- ‘
perature are less prone to the occurrence of leakage currents O‘
during device operation. The investigation of blue OLEDs

containing DPVBI20 clearly showed that this material was
the limiting factor for highly efficient devices. The loil

of only approximately 64C can lead to an intermixing of - ayimum current efficiency of 4.9 cd/A and a maximum
adjacent layers even at temperatures as low &£8&hich brightness of 9720 cd/iwas reported for a device with the
may cause drastic spectral changes, whereas devices basegycture ITO/CuPd02 (15 nm)&-NPB 71 (50 nm)/SDPF
on the morphologically stable compound spiro-DPVB 53 (30 nm)/Alg, 103 (50 nm)/Mg/Ag, where SDPB1 is

(Tg ~ 130 °C) have shown robust emission behavior at 3 7_gipyrene-9,9spirobifluorene” The emission peak of
temperatures above 12€.*° Two different types of blue g gevice was at 472 nm, and the CIE coordinates (at 20
OLE_Ds have been also fabricated using spiro compounds.mAlcmz) werex = 0.17 andy = 0.27.

In this case, the device structures are (1) ITO/PEBO®$S Recently, a series of Z'-di-tert-butyl-9,9-spirobifluorene
104 (~30 nm)/NCB105 (45 nm)/TBPSF53 (30 nm)/Alg; derivatives incorporating arylamine at the 2- or 7-position
103 (20 nm)/LiF/Al and (2) ITO/ PEPOT—P_SSlO4 (~|30 or both have been synthesiZ&thnd successfully employed
nm)/NCB 105 (45 nm)/TBPSF53-b ue-emitting perylene a5 active materials in blue-emitting OLEDs. Double-layer
(30 nm)/Alg; 103 (20 nm)/LiF/Al, respectively:® TBPSF  ayices with a narrow full width at half-maximum (fwhm)

of less than 68 nm in the blue were demonstrated using these
materials as hole-transporting and emitting material and TPBI

O O O O O O 107, 1,3,5-tris\-phenylbenzimidazol-2-yl)benzene, as electron-
transporting layer. ITAO8TPBI 107/Mg/Ag device emitted

SO,- SO,H SO,HSO,H SO~ SOH

o o o o 0 o

I\ + s___ “ S __ + s

s s S\M
d o g o o o
—/ N N

PEDOT-PSS 104

{9
e et
o0

NCB 105

53 and NCB105 are 2,7-bis[2-(4ert-butylphenyl)pyrimi-
dine-5-yl]-9,9-spirobifluorene and 4MN-carbazolyl)-4-(N-
phenylnaphthylamino)biphenyl, respectively. The concen-
tration of blue-emitting perylene was 1 wt %. A maximum
brightness of>30 000 cd/m (device 1) and~80 000 cd/m
(device 2) was obtained at an injection current of 5000 pure blue light with CIE coordinates at= 0.15 andy =
mA/cn¥. The electroluminescence efficiencies at a brightness 0.09. A maximum luminescence of 8390 cd/tat 13.5 V),
of 100 cd/n% were about 2.3% photon/electron (1.6 cd/A) a maximum luminescence efficiency of 3.6 cd/A, and a
and 4% (5.2 cd/A) for devices 1 and 2, respectively. The maximum power efficiency of 2.1 Im/W were obtained.
nondoped device (device 1) showed pure blue electrolumi- Wong and co-workers also reported devices with bright
nescence from TBPSE3, while in the doped device (device blue electroluminescence based on spiro compotiidhe
2), the electroluminescence was completely converted intodevice structure used in this study was ITO/PEDOFSS
that of perylene, indicating very efficient resonant energy 104 (30 nm)/TDAF-152 (50 nm)/TPBI107 (37 nm)/LiF
transfer from TBPSF3 to blue-emitting perylene. (0.5 nm)/Al. This device exhibited pure blue electrolumi-
Another spiro-type molecule for blue OLED applications nescence with a turn-on voltage f3 V. The electrolumi-
is 2,2-bis(10-phenylanthracen-9-yl)-9.8pirobifluorene, spiro-  nescence spectrum of the device is similar to the photolu-
FPA 36.11! Devices with the configuration ITO/CuPO2 minescence spectrum of the corresponding active spiro
o-NPB 71/spiro-FPA36—x% TBP 106Alqs 103LiF/Al have compound. The device can be operated at low voltage, for
been fabricated and studied, where TRB6 stands for instance, 86 V (with a brightness of 100 cdAor at a bias
2,5,8,11-tetraert-butylperylene. With a 1.0 wt % TBPO6 8 V (with a brightness of 1000 cdAn High external
doped spiro-FPA36 emissive layer (20 nm), a high lumi-  quantum efficiency of 2.53% photon/electron and bright-
nescence efficiency of 4.9 cd/A (2.07 Im/W) with CIE ness of up to 5000 cdfwere achieved in this device.
coordinates ok = 0.134 andy = 0.207 at a current density Efficient blue OLEDs based on spiro compounds have also
of 20 mA/cnt and driving voltage of 7.4 V was obtained. A been fabricated by employing double heterostructure devices

TBP 106
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that provide effective double confinement of both carriers |, . 4
and excitong® In a device structure consisting of ITO/ *
PEDOT-PSS 104TDAF-1 52/LiF/Al, pure blue electro-
luminescence was achieved but with a low quantum ef-
ficiency (0.15% photon/electron). By addition of 50 nm
4,4 4" -tris(N-carbazolyl)-triphenylamine (TCTAQ9% be-

nylene] (MEH-PPV}% Two different types of devices have

been used. The first device type was ITO/blend of MEH-
PPV with 11VAl (150 nm) and the second device type was
N ITO/PEDOT-PSS104 (40 nm)/blend of MEH-PPV with
11YAl (150 nm). The devices without PEDGIPSS104
exhibited an external quantum efficiency of 0.02% because
the blend contains 50 wt % compouddl In those that
N use PEDOTPSS104, an efficiency of 0.08% was obtained
O /©/ \©\ O at a current density of 30 mA/cinThe external quantum
N N efficiency also increased as the ratio of the spiro compound
O TCTA 109 O in the blend increases.
Chen et al. demonstrated red-light-emitting diodes based

) on spiro compound88 The red-emitting materials used are
tween PEDOFPSS 104 and the active compound, the designed and synthesized by combining a di(4-tolyl)amino
quantum efficiency increased by a factor of 53. Moreover, (pTSPDCV50) or diphenylamino (PhSPDCY9) electron
the brightness is substantially enhanced in comparison todonor with a dicyanovinyl electron acceptor in a spiro
single-layer devices, indicating the positive effect of TCTA compound. The device structure IT®ONPB 71 (10 nm)/
1090n improved hole-electron balance. Addition of 30 nm  pTSPDCV 50 (40 nm)/2,9-dimethyl-4,7-diphenyl-1,10-

of TPBI 107, sandwiched between active material and phenanthroline, BCPL12 (20 nm)/Algs (30 nm)/Mg/Ag
cathode, without TCTA, resulted in a quantum efficiency of

2.5%. Finally, a quantum efficiency of 4.1% (1.1 cd/A) and
brightness of 8000 cd/frwere obtained when the device
structure was ITO/PEDOFTPSS104TCTA 109 (40 nm)/
TDAF-1 52 (30 nm)/TPBI107 (30 nm)/LiF/Al.

Blue electroluminescence was also demonstrated with
spirobifluorene-based pyrazoloquinolines as emissive mate- BCP 112
rial'?® from devices with the configuration IT@Q/NPB 71 - . .
(40 nm)/CBPL10(10 nm)/TPBIL07—x% spiro-PAQ-PI66 exhibited a maximum luminescence of 6080 cti/However,

20 nm)/TPBI107 (20 nm)/Ma/Ag, where CBR 10denotes the operating voltage at a current density of 20 mA/eras
( ) ( JMgIAg, w 7.7 V. The maximum efficiency is 2.6%, and the corre-

O O sponding current efficiency and power efficiency were 1.8
cd/A and 0.9 Im/W. The electroluminescence peak was
NN centered at 652 nm with the CIE coordinatesxat 0.66
andy = 0.33. In contrast, a device with the same configu-
O CBP 110 O ration but with PhRSPDCM9 as active material exhibited a
maximum luminance of 11380 cd?mThe operational
4,4-dicarbazolyl-1,%biphenyl. As the concentration of the voltage was 8.1 V at a current density of 20 mAfcihhe
spiro compound in TPB107was varied from 1.0 to 5.0 wt ~ maximum efficiency of the corresponding device was 3.6%
%, the electroluminescence peak with a maximum at 460 (3.5 cd/A, 1.8 Im/W), and the electroluminescence peak was
nm was maintained. The turn-on bias for devices with 1.0, at 638 nm. The CIE chromaticity coordinates of this device
2.0, and 5.0 wt % spiro compouié in TPBI 107 remained werex = 0.65 andy = 0.35.
almost constant (approximately 3.5 V). However, the highest An important approach toward reducing the internal
external quantum efficiency was obtained for devices with resistance of OLED devices was presented by Leo and co-
1.0 wt % spiro compoun@6in TPBI107(3.67% at a current  workers by controlled redox doping of the charge transport-
density of 20 mA/crf). The CIE coordinates of this device ing material. Controlled redox doping of the transport layer
werex = 0.14 andy = 0.15. is beneficial for two reasons: high conductivities are
A spiro oligophenyl containing alkoxy side chains, 2,7- achieved by the increased number of charge carriers, and
dibiphenyl-3,6'-bis(octyloxy)-9,9-spirobifluorene62, was thin space charge layers created by doping (near to the
used as active material in blue OLEE4.The device electrode) lead to low contact barriers and quasi-ohmic
structure was ITO/TPD0 (60 nm)62 (40 nm)/Alg 103 (20 contacts. For this purpose, spiro-TADwas chosen as a
nm)/LiF (1 nm)/Al (100 nm). The device showed a maximum hole-transporting material with high stability. Several results
luminance of 3125 cd/fat a bias of 12.8 V. The power have been reported showing significant improvements in
efficiency was 0.9 Im/W at a brightness of 100 cé/n OLED performancél® One example is a highly efficient
external quantum efficiency of 2.8% was obtained at a deep-blue OLED with an n-doped electron transport layer
brightness of 100 cd/fwith color coordinates = 0.14 and and a p-doped hole transport layer. By incorporation of the
y = 0.12. spirobifluorene-substituted anthracene 9,10-bi&(&@obi-
OLEDs with an emission in orange-red region was [9H-fluorene]-2-yl)anthraceng&l3or 4P-TPD114, 4,4-bis-
reported by blending 2,7-Hig-[2-(4-dodecyloxyphenyl)-  (N,N-diphenylamino)-tetraphenyl, as emitting layers in a
1,3,4-oxadiazol-5-ylphenytspirobifluorenel 11 with poly- p—i—n-type OLED structure, a luminance of 100 cd/at
[2-(2-methylethylhexyloxy)-5-methoxy-1,4-phenylene vi- an operating voltage of 2.9 V and 1000 cd/at 3.4 V was
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spiro-Anthracene 113

“ooool

4P-TPD 114

obtained?! In an optimized device structure, a satisfactory
color coordinate = 0.14 andy = 0.14) was achieved with
113 as emitter. High current efficiencies of 4.5 cd/A and
guantum efficiencies of 3% at a brightness of 100 Gdimre
demonstrated. Spiro-TAR was also used in a very highly

efficient, low-voltage phosphorescent OLED based on a

p—i—n junction?'2-214 By incorporation of MeO-TP115
Bphen 116, spiro-TAD 4, F,-TCNQ 117, TCTA 109
Ir(ppy)s 118 Cs, TAZ119 and TDATA 12052 utilizing ITO

as anode and aluminum as cathode, a power efficiency of
approximately 77 Im/W and an external quantum efficiency

of 19.3% was achieved at a brightness of 100 édkith an
operating voltage of only 2.65 V. More importantly, the

efficiency decayed only weakly with increasing brightness,

and a power efficiency of 50 Im/W was still obtained even
at 4000 cd/r

MeO OMe

BPhen 116

FF

NC CN

NC CN
FF

F,-TCNQ 117

Ir(ppy), 118

Orv

TAZ 119

Saragi et al.
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Doping of an emissive oligophenyl with a dye emitting at
longer wavelengths offers the possibility of obtaining almost
any desirable mixed color by fine-tuning the dopant con-
centration. Preferred for various display applications is white
light emission. If an emitting host is doped, the color
coordinates follow a trajectory in the CIE diagram with
increasing dopant concentration. This is shown in Figure 24
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Figure 24. CIE color diagram for electroluminescent devices,
consisting of anode/spiro-TABspiro-4P 9—rubrenel2V/Alq; 103
cathode with different concentrations of rubrene. The spectrum
shifts from blue to yellow, crossing the white point (W). Reprinted
from ref 59. Copyright 2006. With kind permission of Springer
Science and Business Media.

for a series of electroluminescent devices based on spiro
materials as hosts. White light emission from OLEDs
utilizing doped spiro compounds as emissive layers has been
also reported. Two series of white-light-emitting devices
using exclusively highTy materials have been fabricated.
They are ITO/spiro-TAD4/spiro-octo-224—rubrenel2l/

Algs 103Mg/Ag (device A) and ITO/spiro-TAD4/spiro-

40 9—rubrenel2l/Algs 103Mg/Ag (device B)?*> Without
rubrene 121 dopant, devices A and B emit blue light.
Optimized correspondence with the white point (CIE 0.33,
0.33) has been achieved with a rubrene concentration of 0.58
wt % for both types of devices (CIE 0.32, 0.33 for device
A, CIE 0.30, 0.36 for device B). At these points, a luminous
efficiency of 2.4 cd/A and a maximum luminance as high
as 11 800 cd/fwere attained at a voltage of 15 V for device
A. An efficiency of 1.6 cd/A and a maximum luminance of
4100 cd/m were achieved for device B.
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Rubrene 121

Recently, white OLEDs have been also fabricated
utilizing blue-emitting DPVSBFL122, 2,7-bis(2,2diphen-
ylvinyl)-spirobifluorene, lightly doped with DCJTBL23

DCJTB 123

4-(dicyanomethylene)-2butyl-6(1,1,7,7-tetramethyljulolidyl-
9-enyl)-4H-pyran, as the source of the emission anlPB
71 and Alg 103 as the hole and electron transporter,
respectivel\?1® The device displayed a luminous efficiency
of 8 cd/A, a power efficiency of 5.35 Im/W, and an external
quantum efficiency of 3.31% at a driving current of 20 mA/
cn? (at 4.7 V). The brightness under such conditions is 1575
cd/n?, while up to 66 000 cd/fis feasible at a driving bias
of 15 V. The CIE coordinates remain nearly constant,
changing only from 0.35, 0.36 to 0.32, 0.34 as the voltage
increased from 6 to 12 V. It was also found that the relative
device lifetime increased by a factor o0 with respect to
a similar device with 4,4bis(2,2-diphenylvinyl)-1,%tbi-
phenyl (DPVBI20) as the active material for blue emission.
The extended half-lifetime of this device can be attributed
to the higher morphological stability of the spiro compound.
Extending the emission of OLEDs into shorter UV
wavelengths is still a big challenge. Recently, highly efficient
UV OLEDs have been fabricated by utilizing07 and
108105106 The OLED device structure was ITO/PEDOT
PSS104 (30 nm)/TCTA109 (40 nm)/B296 (30 nm)/TPBI
107 (30 nm)/LiF (0.5 nm)/Al. Electroluminescence maxima
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of 3 V. The brightness of these device were 4020 &din

y a voltage of 13.5 V for device A and 3600 cd/mt 12 V

for device B.

Spirobifluorene derivatives have been also investigated as
host materials for red-phosphorescent devices with the device
structure of ITO/PEDOF+PSS104 (30 nm)/TCTA109(30
nm)/8 wt % Btplr(acac)125 doped in SS27 (device C)

O=
lr
o=
|

S

Z >N’
N

Btp,Ir(acac) 125

or TST 124 (device D) (30 nm)/BCR12 (10 nm)/Alg; 103

(60 nm)/LiF (0.5 nm)/AIL% In this case, the emitting layer
consists of spirobifluorene derivatives, S&E&and TST124,
doped with 8 wt % of the red phosphor bis(2-t#&nzo[4,5-
oJthienyl) pyridinato-N,CG) (Btpzlr(acac)125). A thin layer

of BCP112was inserted between the emitter and the electron
transporter as hole-blocking and exciton-blocking layer in
order to provide exciton and carrier confinement. The
brightness of the device was 4060 cé{jaevice C) and 4330
cd/n? (device D). The operational turn-on voltages were
between 2.5 and 3.0 V. The maximum quantum efficiency
of the device was 8.6% at a current density of 0.3 m&/cm
for device C and 10% at 0.07 mA/énfor device D. Both
devices exhibited maximal power efficiency of 4 Im/W.

Recently, a spiro compound was also used as the active
material for studying the spin injection in OLEBY. The
OLED structure is nickel/spiro-TAB/Alq3 103Nig siF &y 10
An increase in intensity for antiparallel configuration of
magnetic electrodes of up to 0.3% was observed, which
corresponds to a spin polarization of electrons and holes of
~4%. However, this increase is not evident for spin injection
but seems to be a consequence of the magnetic dependence
of the electroluminescence intensity combined with magnetic
stray fields from the electrodé&¥’

5. Synthesis of Spiro Compounds

were observed at 374 and 392 nm. The turn-on voltage wass 1, General Synthetic Routes to the

very low with a value of only 2.5 V. The maximum

brightness and external quantum efficiency were 4890 cd/

m? (at 11 V) and 3.6%. UV OLED based on other spiro-
compounds were also report&The corresponding OLED
device structure was ITO/PEDGIPSS104 (30 nm)/TCTA
109 (40 nm)/SSKR27 (30 nm) (device A) and TST24 (30
nm)/TPBI1107 (30 nm)/LiF (0.5 nm)/Al (device B). Device
A exhibited an emission below 400 nm with two distinct

Spirobifluorene Core

The common feature of many spiro compounds synthe-
sized so far is the central core of spirobifluorelr#s, which
can be substituted in each position to build up the final
compounds. The core can conceptually be considered to be
constructed either from two biphenyl moieties with an
additional carbon atom or from two fluorene moieties sharing

electroluminescence peaks at 373 and 393 nm. These UV-a common carbon atom. The numbering in the final

emitting devices showed high quantum efficiency (2.6% for
device A and 3.1% for device B) with a low turn-on voltage

compound originates from the fluorene nomenclature. The
fluorene moieties share their carbon atom number 9, which
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leads to the full name of 9%pirobi[H-fluorene], also
denoted as 9;Sspirobifluorene.

Saragi et al.

which leads to a ring-closure reaction, whereupon most of
the formed 9,9spirobifluorene precipitates on cooling from

Most spiro-linked compounds are synthesized from this the solution. For this step, Clarkson and Gomberg reported
central spirobifluorene with equal or different substituents a yield of 84%. The overall yield starting from 2-iodobi-
in one or more positions. The choice of an adequate pathwayphenyl was 59%.
for a product depends on the desired substitution pattern. Several modifications in the synthetic procedures have
Some products can be derived directly from the spirobi- heen added since the first synthesis. Recently, commercially
fluorene core, while for others the substituents need to be gvailable 2-bromobiphenyl is mostly used, although the
introduced in the precursors before linkage of the central Grignard reaction between 2-bromobiphenyl and magnesium
spirobifluorene core. Compounds that are identically sub- proceeds more slowR222 Wu et al. reported the use of
stituted in the fourpara-positions-2,2,7,7—are usually  2-chlorobiphenyl in the synthesis of spirobifluorene, which
synthesized from spirobifluorerie26itself (Figure 25). The  was metalated by usingbutyllithium instead of magnesium.
The overall yield of the corresponding synthesis was 8%%.
Tour et al. usedtert-butyllithium for the metalation of
2-iodobiphenyl achieving nearly the same vyield for the
formation of the carbinol and reported 98% for the synthesis
of spirobifluorené® Poriel et al. compared the Grignard and
the lithiation pathways and reported higher yields for the
milder Grignard variant?* Overall yields starting from
2-halogeno-biphenyl reported by other groups cover a large
range from 19% to 90%2-22+224 OQur group obtained a yield
of 67%1%7

5.3. Synthesis of Precursor Compounds

Spirobifluorene 126

Most identically 2,2,7,7-tetrasubstituted spiro compounds
are derived from the tetrahalogenated derivatives of spiro-
bifluorene, 2,27,7-tetrabromo-9,9spirobifluorenel27and
same strategy is also used for 6-fold substitution in the 2.Z,7,7-tetraiodo-9,9spirobifluorenel28 Halogenated com-
2,2,4,4,7,7 positions. Compounds featuring functional Pounds are versatile candidates for further substitution like

groups only in the 2 and 7 positions, for example, cannot be cross-coupling and amination. Of these two precursors, the
prepared by the same strategy. Selective 2,7-substitution sucf€trabromo derivativd27is used more often because of its
as halogenation is not possible due to the higher reactivity €asy preparation in high yields and good processability. In
in the 2-position as compared with the 7-position. '2,2 ~ contrast tdl27, the tetraiodo derivativé28is hardly soluble
Substituted spirobifluorene derivatives can be obtained in common organic solvents. However, the main advantage
directly by disubstitution of spirobifluorene if deactivating ©Of 128is its higher reactivity during cross-coupling reactions
substituents are used. An alternative way is the introduction and aminations.
of the 2,7- or 2,2substituents via the precursors, prior to ~ Compound127 can be synthesized according to the
the spiro linkage. procedure proposed by Tour and co-workers, who reported
ayield of 100%, utilizing a stoichiometric amount of bromine
and ferric chloride as catalyst in chloroform at@Q.219220
This procedure has been confirmed by Pei et al. with a
slightly lower yield of 87%2> Chun et al. prepared27
catalyst-free with an excess of bromine in DMF at room
temperature in a yield of 71948

Our group has also implemented a catalyst-free bromina-
tion using dichloromethane as solvent with a yield of 91%
(Scheme 2y! We found that an excess of bromine without

Figure 25. Structure of spirobifluoreng26and the corresponding
numbering of the ring system.

5.2. Synthesis of Spirobifluorene

The unsubstituted 9 8pirobifluorenel26was synthesized
first by Clarkson and Gomberg in 1930 (Schemé! ' hey

ety

Scheme 1

[ Mgl
- soen
cheme
THF
THF 2. NH,CI, H,0
Q O Br, (excess)
HCI CH,Cl,, 80h
atolilRaty
y Br
started with 2-iodobiphenyl, which was obtained through O O .
> r Br

Sandmeyer’s reaction from 2-aminobiphenyl. The intermedi-
ate 9-(biphenyl-2-yl)-9-fluorenol was obtained in 70% yield
by adding the Grighard reagent from 2-iodobiphenyl to
9-fluorenone.

In the final step, a catalytic amount of hydrochloric acid
is added to a boiling solution of the carbinol in acetic acid,

Br, (excess)
FeCl, (cat.),CH,Cl,, 20h
Br

126

T,
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the addition of a Lewis acid catalyst allows for the selective the Merkushev procedwu# from 2,7-dibromo-9,9spirobi-
4-fold bromination in the 2,27, 7-positions of spirobifluo- fluorenel31as precursor (Scheme 3). Pudzich showed that
rene, whereas the addition of ferric chloride combined with
an excess of bromine resulted in 2424,7,7-hexabromo- ~ Scheme 3
9,9-spirobifluorenel29in good yields (78%}9*
2,2,7,7-Tetraiodo-9,9spirobifluorenel28has also been
synthesized by several groups. Tour and co-workers used a
mixture of concentrated sulfuric acid, iodic acid and iodine
in acetic acid and reported a yield of 84%8.Lltzen and
co-workers used periodic acid instead of iodic acid and
reported a lower yield of 51%2 Wu and co-workers used
iodochloride in refluxing acetic acid and reached a yield of g,
75%222 In our group, we applied the bis(trifluoroacetoxy)-
iodobenzene/iodine system as described by Merkidhiev
preparel28 with a yield of 95%%

I,, PhI(OCOCF,),
—_—

CHCl,, 0°C

I,, PhI(OCOCF,),
B —

CHCl,, 0°C

5.3.1. Precursors with 2-Mono- or 2,7-Disubstitution

The synthesis of 2-halogeno- or 2,7-dihalogend-9,9
spirobifluorenes can be achieved by using 2-halogenofluo-
renone or 2,7-dihalogenofluorenone instead of unsubstituted
fluorenone. The corresponding dibromo derivative can easily
be synthesized by bromination of fluorenone in watéin
our group, we synthesized the monobromo derivative in an
analogous mannég®

Alternatively, 1- or 2-fold halogenations of fluorene and
following oxidation with potassium dichromate or chromium
trioxide in acetic aciéf® or tetrabutylammonium hydroxide
and air in pyridiné®®> was applied. Tao et al. used-
bromosuccinimide and methanesulfonic acid with com-
mercially available fluorenone to get the bisbrominated
product!'” The halogenated fluorenone compound can then
be coupled with the metalated biphenyl. Subsequent intramo-
lecular condensation yields the corresponding spirobifluorene
derivatives.

Diederich and co-workers reported the synthesis of
2-bromo-9,9-spirobifluorenel30in 78% yield?3° The 2,7-
dibromo-9,9-spirobifluorenel31 was prepared by several
groups with yields between 62% and 88%417:25239-|odo-
9,9-spirobifluorenel32was synthesized in our group with
a yield of 34%, starting from 2-iodo-fluorenoffe Some
groups reported the use of 4di-tert-butyl-2-bromobiphenyl
and mono- or dihalogenofluorenone to yield the 2,7-
bisalkylated monobromo and dibromo derivatie3*32233

and 13423 respectively. 5.3.2. Precursors with 2,2 -Disubstitution

The corresponding 2;2lihalogeno-9,9spirobifluorene
precursor is not easy to prepare in an analogous manner to
the 2,7-derivatives. The first and seemingly simplest synthesis
is the direct electrophilic aromatic substitution. The direct
bromination in 2- and "2positions was first described by
Sutcliffe et al.23>who reported a yield of 70% of the desired
product 2,2-dibromo-9,9-spirobifluorene 138 by using
bromine in dichloromethane at room temperature and ferric
chloride as catalyst. This and similar procedures were
confirmed by other groups. Pei et al. and Park et al. reported
the synthesis with a yield of 8896 and 81%#?° respectively.

Repeating this procedures in our group, we always found
2-mono-130 and 2,7-dibromo-9,9pirobifluorenel31 as

Compoundl33has been synthesized by Kim et al. in an byproducts. The monobromo compoutDcan be separated
overall yield of 51%23 Shin et al. reported a slightly better by recrystallization, but the 2;2and 2,7-dibrominated
yield of 59% using the same proceddféln 2005, Kim et products were hardly separable by recrystallization or
al. also reported on the synthesis of the bisbrominated conventional chromatography. Only by HPLC we were able
derivativel34in 40% yield using an analogous procedte.  to separate the 2;l0mer138 and the 2,7-isomet31

Another important precursor is the 2,7-dibromo#2 Chiang et al'# also reported on the problems with the
diiodo-9,9-spirobifluorenel 35 prepared by Pudziét using purification of 138 synthesized by direct electrophilic

Br,
CH,CI,, reflux

it is possible to carry out reactions such as cross-coupling
or amination reactions selectively with the more reactive
iodine substituent without affecting the bromine substitu-
ents!?” In a second step, the bromine substituents can be
used for further reactions.

Applying the same strategy, Weistal was able to
synthesize 2-bromo*2Z,7-triiodo-9,9-spirobifluorenel36
in 75% vyield starting from 2-bromo-9;8pirobifluorene
130° The inverted halogenated precursor 2-iodd-Z -
tribromo-spirobifluorend 37 was also synthesized by Weis-
sartel in a yield of 86% starting from32°! In this case, the
bromination was done by using bromine in dichloromethane
without Lewis acid catalyst. These compounds were utilized
as precursors in the synthesis of spiro starburst compounds,
for example, 4-spirb12.°*

The 2-mono- and 2,7-dihalogeno-9spirobifluorenes can
be converted into boronic acids or esters to achieve a
complementary partner in Suzuki coupling reactitfig3*222
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Scheme 4

a) Fe, HCI, EtOH
or
b) Pd/C, NaBH,
or
—_—
¢) Pd/C, N,H,*H,0O
(+ ultrasound)

141

or
d) Pd/C, H,

aromatic substitution. They reported that thd NMR
spectrum of138 stated in ref 225, shows unusually broad
signals in contrast to the spectraiffl, 130, and127. This
could be attributed to an impurity or an isomer mixture of

138and131 The spectra of the pure isomers are very similar
and thereby a mixture could generate such broadened signal<?

Other analytic methods such as elementary analysis reported .
i reported a yield of 96%

by Sutcliffe et ak3> and mass spectrometry reported by Pe
et al??5 cannot distinguish between these isomers either.
A preferable way to get pure 2;Bishalogenated 99

Saragi et al.

hydride and used methanol instead of ethanol toldétin
76% vyield??? As a further modification Wong et al. used
hydrogen and palladium on charcoal to yield 98% of the
bisamine1412% In our group, we also used palladium on
charcoal/hydrazine hydrate in ethanol for reduction and
additionally applied ultrasound, obtaining pudetl in
quantitative yield=°

The bisaminel41can be converted into 2;8ihalogeno-
9,9-spirobifluorenes using the Sandmeyer reaction and
modifications. Wu et al. used copper(ll) bromide aed-
butylnitrite in dry acetonitrile following the procedure Doyle
et al?*° to preparel38in 58% yield?** Wong et al. also
attempted the Doyle procedure and found a mixture also
containing excessively brominated compounds. Nevertheless,
the target compound38 could be isolated in a low yield
(<30%) by recrystallization from toluerté?

Recently, Thiemann et al. described a copper-free Sand-
meyer reaction with aqueous alkali iodide solution to get
the 2,2-diiodo-9,9-spirobifluorenel42and reported a yield
f 72%?222 Utilizing the procedure proposed by Moore et
1242 via the diethyltriazenyl derivativd43 Wong et al.
fot42 (Scheme 553

Recently, Chiang et al. reported a new synthesis df 2,2
dibromo-9,9-spirobifluorenel38 based on selective ipso

spirobifluorene is to use a more selective electrophilic reagentsubstitution of trimethylsilyl (TMS) groups by bromin#.

first and then convert the intermediate '2¢isubstituted

The acid-labile TMS groups cannot sustain the dehydratation

product in one or more steps into the bishalogenide. A good conditions during spiro formation. Thus, the TMS groups

example for 2-fold selective electrophilic substitution on
spirobifluorenel26is the nitration, which was investigated
by Weisburger and co-worket® They used concentrated
nitric acid in refluxing acetic acid for nitration and found

have to be substituted before condensation to the final spiro
compound. Furthermore Chiang et al. avoided the fluorenone
compound by reaction of two molecules of -{#omobi-
phenyl-4-yl)-trimethylsilane with dimethyl carbonate (Scheme

that careful control of reaction times and conditions permits 6).'** The 2-bromobiphenyl derivative was obtained by

the formation of either 2-nitro-9'Spirobifluorenel39 or
2,2-dinitro-9,9-spirobifluorenel40 as the main products.
We found that the dinitration of spirobifluoreri®6 can

Suzuki coupling of 1,2-dibromobenzene and 4-(trimethylsi-
lyl)benzeneboronic acid. The overall yield of 36%, starting
from (2-bromobiphenyl-4-yl)-trimethylsilane, appears low,

also produce byproducts, which however can be separateddut the overall yield of the synthesis @88 starting from
much more easily than halogen byproducts from each other.2-bromobiphenyl and fluorenone is not higher using the

The yields range between 60% and 78%#35237 Dinitro-
spirobifluorenel40 can be reduced to the bisamihél by

Sandmeyer pathway to get put88in multigram amounts.
Nevertheless, in case of 2diiodo-9,9-spirobifluorenel42,

several pathways (Scheme 4). Weisburger et al. used ironwhich can substituté38in most reactions, the overall yield

and hydrochloric acid in ethanol to g&#1in quantitative

yield226 Chou et al. reported only 64% using the same
procedure?’” The palladium on charcoal/hydrazine hydrate
system was applied by Sutcliffe et al. reporting a yield of
89%235 Lutzen and co-workers also used palladium on

charcoal but replaced hydrazine hydrate with sodium boro-

Scheme 5

t-BuONO
CuBr,

CH,CN

1. NaNO,, HCI, H,0
2.KI, H,0

141

1. NaNO,, HCI, H,0
2. Et,;NH, K,CO,

is even higher according to the report of Wong efa(80%
when starting from spirobifluoreng26).

Another often used 2,&ubstituted starting compound is
the 2,2-diacetyl-9,9-spirobifluorene144. Similar to the
nitration, the 2-mono- and Z;2liacetylation works well,
being even more selective than the dinitration. By Friedel
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Scheme 6
B(OH), Pd(PPh,),

Br 2M Na,CO,
L QO -
Br toluene
// \

1) NaOAc /Br, g
2) Et3

Crafts acylation with acetylchloride and aluminum chloride
in carbon disulfide, the bisacetylated produet4 can be
synthesized in 89% yield (Scheme?®#§*3Monoacetylated

Scheme 7

CH,COCI,
AlCl,

_—

cs,

byproduct145, in some cases also traces of spirobifluorene
126, 2,2,7-triacetyl-9,9-spirobifluorenel46, and 2,27,7-
tetraacetyl-9,9spirobifluorenel47were found?**The ratio
of mono- to bisacetylation can be controlled by stoichiom-

etry. The occurring byproducts can easily be separated from

the main product by chromatography. Recrystallization, as
described in the literatu®? does not work properly ac-
cording to our experience.

Compoundl44can be easily converted into heterocycles,
for example, oxadiazole derivativé’s.On the other hand, it
is also possible to halogenate the 'fdsitions by direct
electrophilic aromatic substitution, because thé-@dxitions
are already blocked. Using this procedure, thé-g2i&cetyl-
7,7-dibromo-9,9-spirobifluorenel48was first prepared by
Alcazar et al. in 77% yield** Derivative 148 is a good
precursor for the synthesis of “left-right asymmetric” spiro
compound$!® Compound144 can also be converted into
the ditriflate 149 in few steps with a high overall yield
(Scheme 8¥222%°The procedure is similar to that reported
by Cheng et al. for the synthesis of 9¢pirobifluoren-1,%
ditriflate 150245 The aryltriflates possess a reactivity similar
to arylbromides during Suzuki coupling reactitfrand can
therefore replace the halogenides in some cases.

Applying Baeyer-Villiger oxidation with metachloro-
perbenzoic acid, one can convert the bisacetyl derivative
into the bisacetoxy-spiro compourdélin yields between
73% and 919622:239.243The 2,2-dihydroxy-9,9-spirobifluo-
rene 152 can then be prepared nearly quantitatively by
following alkaline saponification of the ester functichg??23°

When spirobifluorene is identically substituted only in the
2- and 2-positions, the symmetry iS,, and the correspond-
ing compounds exist in two enantiomeric forms. The
described pathway leads to a racemic mixture of both
enantiomerd?? Toda et al. separated the-Y-enantiomer,
(+)-152 in 90% yield and 100% ee from the racemic mixture

Chemical Reviews, 2007, Vol. 107, No. 4 1045

Scheme 8

H,C-COCI
B —
AICl, CS,

a) Tf,0, pyridine
0°C -> RT
—_—
b) Tf,0, CH,Cl,
Et3
0°C ->RT

by clathrate formation withR,R-(+)-2,3-dimethoxyN,N,N,N
tetracyclohexylsuccindiamicé?

The absolute configuration, hitherto unknown, was deter-
mined recently by Ltzen and co-workers using X-ray crystal
structure analysis of the clathr&f8.They found that the
(+)-enantiomer,£)-152 has the R)-configuration applying
the rules for central chirality*®-2! They were also able
to isolate the $-configured (-)-enantiomer,~)-152 The
spiro-bistriflates ac)-149, (+)-149 and ()-149 can then
be prepared in high yields from racemic or enantiomeric-
ally pure spiro-diols ac)-152, (+)-152 and (-)4152 Our
group prepared réc)-14%3° using trifluoromethane sul-
fonic acid anhydride in pyridiné? Liitzen and co-workers
used a slightly modified procedure from Abad ef%lto
synthesize both enantiomeres ©#19 starting from the
enantiomerically pure spirodioles)-1520r (—)-1522?>The
main advantage of the triflate pathway is the possibility of
separation of the enantiomers on the spiro-diole step, thereby
enabling the synthesis of enantiomerically pure final com-
pounds.

5.3.3. Precursors with Other Substitution Patterns

In recent years, spirobifluorenes with new substitution
patterns have been reported by several gréefigd>254.255
Common to all these syntheses is that the starting materials
are methoxy-substituted biphenyl derivatives. Lee et al.
reported the synthesis of a spirobifluorene core with ether
groups in the 3and 6 positions, while the positions 2 and
7 in the second spiro-half are substituted with either bromide
153 or boronic acid functiond 54.124

X =Br
X = B(OH),

153
154

Cheng et. al described a new synthesis for the-1,1
substitution patter®>2%* The methoxy groups in 14
dimethoxy-9,9-spirobifluorenel55were cleaved to hydroxy
functions using boron tribromide. They obtained both enan-
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OH
e
OH

Scheme 9

spiro-4® 9
R=0OMe 155
OH (rac)/(+)/(-)156 Pd(PPh,), K,CO,
OTf (+)(-)150 THF, toluene, H,0
tiomers of the 9,9spirobifluorene-1,tdiol 156in 99% e.e. Spiro-6® 2

by inclusion resolution with 2,3-dimethoxy;N,N,N'-tetra- OH
cyclohexylsuccinamide. The enantiomerically pure com- B.OH
pounds {+)-156and (-)-156were converted into bistriflates L, PhIOCOCF,)
(+)-150 and ()-150 for further reactions in the 14 2,9 > *2
positions. CHCI,, 0°C

Fournier et aP® were able to prepare 3,8,6-tetrasub-
stituted spirobifluorenes. After spiro linkage from a fluorenol
derivative, the 3,36,6-tetramethoxy-9,9spirobifluorenel 57

Pd(PPh;), K,CO,

OH
OH THF, toluene, H,0

R'= OMe 157
OH 158
OTf 159

was obtained, cleaved to the tetrapheh68 by a similar
procedure as foi56 and then converted to the tetratriflate spir0-8 10, n=2
159 spiro-100 11, n=3

5.4. Spiro Compounds Containing Oligoaryls Scheme 10

It is well-known that with increasing number of phenyl
units, the solubility ofpara-oligophenyls decreases drasti-
cally, along with a growing tendency to crystalliZeSpiro-
linked para-oligophenyls up to a chain length of 10 phenyl
rings exhibit considerably higher solubility than their cor-
responding parent compount$8.256 (rac)-149

The synthesis of spiro& 9 and spiro-& 2 involves
Suzuki coupling®” of phenyl- or biphenylboronic acid with
the tetrabromo compountl7.5° Compounds and 14 can
be iodinated selectively tb60and161and further coupled
with phenyl- or biphenylboronic acid yielding spir@b810
and spiro-1@ 11 (Scheme 95%°

The spiro-linkedpara-terphenyl 2,2diphenyl-9,9-spiro-
bifluorene (ac)-26, as the first member of spiro-linked hexabromo-9,9spirobifluorenel29 through 6-fold Suzuki
oligophenyls with an odd number of phenyl rings along the coupling®®7"8Compound23was selectively tetraiodinated
chains, has been synthesized in our group starting fromand then Suzuki coupled with biphenylboronic acid to yield
the racemic bistriflate r&c)-149 in 94% yield (Scheme  spiro-octo-325 (Scheme 11).
10)23%° On the other side, a decrease of rotational freedom of the

Recently, Thiemann et al. synthesized some derivativesoligophenyl system was expected to enhance the optical
of spiro-terpheny®6, starting from the enantiomerically pure  properties, especially the fluorescence quantum yield in neat
spirodiols R)-152and §)-152 applying the same synthetic  films, and also the morphologic stability. This led to the
strategy??? development of the “starburst” spiro-oligophenyles 4-spiro

To enhance the morphologic stability of these spiro-linked 5, 4-spiré 12, 4-Ph-spiré 87, and 6-spird88.5%14*Moreover,
oligophenyls, we used two further modifications. On one the terminal fluorene units in these compounds act as spacers,
side, additional substituents in the 4- ariebdsitions result ~ which prevent interaction between the main oligophenyl
in spiro-oligophenyls with an octahedric, globular structure, chains of adjacent molecules in the solid state. In the case
increasing not only the glass transition temperature andof 12, the molecular periphery around the central pentafluo-
therefore the stability of the amorphous state but also the rene chains leads to an energetic gradient, in which excitation
solubility of the compounds. These so-called “spiro-octahe- energy can be transferred radiationlessly from the outer
dric” compounds spiro-octo-23 and spiro-octo-24 have fluorene units via the intermediate sexiphenyl to the central
been synthesized with starting compound'2,2,7,7- deciphenyl chains (photonic funnel).

OH Pd(PPhy),, K,CO, LiCI
BI —_—
OH toluene, THF, H,0
70°C

(rac)-26
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Scheme 11
I,, PhI(OCOCF;),
CHCI,, 0°C
Pd(PPh;), K,CO,
THF, toluene, H,0
Scheme 12 acid 163 with halogenated spirobifluorene precursors. The
1 Mg syntheses of 4-spifd and 6-spiré 88 start from the tetra-
2. B(OMey), 127 and hexabromospirobifluoreri®9, respectively, while
3. H;S0, the halogeno compound in the synthesis of 4-Ph-3@io
consists of a 4-fold iodinated spiro-quaterpheb§6, which
was prepared similarly td625° The synthesis of 4-spifo
— 12is shown in Scheme 12.
Further oligo spirobifluorenes and oligo(9,9-diarylfluo-
130 L PmococE renes) were reported by Wong and co-worképdoe.134
gHClsf 00 o The synthesis of 2;#bisfluorenyl-substituted spirobifluor-

enes TDAF-152, 168 169 and 170 started from spiro-
bifluorene-2,7-diboronic esterl67, which was subse-
qguently Suzuki-coupled with either 2-bromo-spirobifluorene
130 or different 2-bromo-9,9diaryl-fluorenes (Scheme
13) 134 Syntheses of bis-(9;%pirobifluorene) B296 and
quater-(9,9spirobifluorene) B497 also have been re-
ported;06,134,183

The synthesis of 2)2bisfluorenyl-substituted spirobifluo-
renes started from 2;2liiodo-9,9-spirobifluorenel42 with
subsequent Suzuki coupling employing diarylfluorene bo-
ronic estersl71 or 172to yield the target compounds SSS
27 and TST124 (Scheme 14)%

163 + 136

Pd(PPh,), K,CO,
* _— 4-spiro® 12

Toluene, THF, H,0

. y R . , 173, R'=R?=R3=R4=H
All mentioned “starburst” spiro-oligophenyls are finally 174, R1=R2=Ph, R®=R%=H

synthesized by coupling 9;8pirobifluorene-2-yl-boronic 89, R'=R2=R%=R*=Ph
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o
B,
o

Scheme 13

0
BRSPS
1) n-BuLi, THF, -78°C o .
2) O:@
0-B
\( O

Br
Q.O Pd(PPh,),, P(t-Bu),
167 + _— O

Al AR Na,CO,, toluene, reflux
Pd(PPh,), Na,CO,
+ OOO — = spiro-DPA37
; Toluene, THF, H,0

.B.
o O

131

TBSA 180

a 2,2-biphenyl 130
b Ph Ph

¢ p-Tol p-Tol

d p-Tol 1-Np 127

Tao et al. prepared the 2-fold 2,7-pyrene-substituted spiro
compound SDPB1.1" Cao et al. prepared the spiro-bridged
bistruxene derivativéé4 and compared it with compounds
containing other bridge'$®

Al AT Recently, Horant et al. reported the synthesis of dispiro-
aa 2,2-biphenyl 52 fluorene-indenofluorenes (DSFIF7, 68, and69, for which
o ol pTol o three different synthetic approaches have been described in
ad p-Tol 1-Np 479 the literature (Scheme 1%’ The double spiro connection
starting from different fluorenol precursors was achieved by
Scheme 14 using the original procedure taken from Clarkson and
Gomberg'8

Kimura et al. reported the synthesis of the trispirocyclic
compound481and182(Scheme 1638 The corresponding
synthesis was similar to that of dispirofluoreriadeno-

fluorene67.1%’
SSS 27 Reports of compounds with substitution patterns other than
in the 2,2,7,7-positions of spirobifluorene are rare. Lee et
Pd(PPh,),, P(t-Bu), al. used octyloxy groups in the-&nd 6-positions to increase
142 K,CO,, toluene the solubility, varying the length of thpara-oligophenyl
reflux chain in the other molecular hals1—-63.124
I TST 124

5.5. Spiro Compounds with Stilbene and

0.0 B’.Z]i Azobenzene Units

A spiro-compound with stilbene units is spiro-DPVB),
O O which was synthesized in 52% yield by Suzuki-coupling of
2,2-diphenylvinylboronic acid and 2,2,7-tetrabromo-9,9
172 spirobifluorenel 27, as shown in Scheme 2%.The synthesis
of the 2,7-substituted derivate DPVSBE22 has been
Rothberg and co-workers reported spiro-linked terfluorenes reported by Wu et &° Spiro-ADA 92, which contains four
89, 173 and 174°° and spiro-linked ter-, penta-, and phenylazodiphenylamine groups, was synthesized by Haftwig
heptafluorenes with alkyl side chailg5-179% Buchwald coupling of 4-(phenylazo)diphenylamine dra¥
in 89% yield*48

5.6. Spiro Compounds Based on Arylamines

Aromatic amines are widely studied and used as hole
transport materials in organic electronics. The electronic
175477 1= 02 R = nC.H characteristics like energy levels (redox potentials) and
178479, = 0-1, R = n-C.H, charge carrier mobilities can be adjusted by the substitution
pattern of the aryl substituents. Spiro-linked arylamines can
Several other groups have also prepared spiro compoundde prepared in high yields, either by HartwiBuchwald
containing oligoaryl moieties. Kim et al. synthesized TBSA coupling®® of secondary amines and halogenated spiro-
180by Suzuki coupling of 2-bromo-(Z"-di-tert-butyl)-9,9- precursors or by copper-promoted Ullmann coupling reaction.
spirobifluorene133 and anthracene-9,10-diboronic aéfd. The synthesis of spiro-linked tetraamines is outlined in
Other anthracene-containing spiro compounds have beenScheme 18. The corresponding spiro arylamino compounds
described by Shen et al. (spiro-FR8&)!'' and Gerloff et al. are spiro-TAD 4, spiroo-NPB 15, spiro-PhOx-TAD 16,
(spiro-DPA37).112 spiro-PhTh-TAD 17, spiro-Carb18, spiro-MeO-TAD 73,
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Scheme 15
00 OO
| |
n-BulLi l c b ‘ n-BulLi
Li Li
2-lithiobipheny! ‘ a
*o
0
Scheme 16 spiro-TTB 74, spiro-TPD76, spirom-TTB 95, spiro3-NPB

183 spiro-MeO-TPD184, and spiro-MeMeO-TAD185.°*

e

",

spiro-B-NPB 183

Recently, Shen et al. reported on several 2,%edi-butyl-
181 9,9-spirobifluorene substituted arylamino derivatives (com-
Ph, 182 pounds108 and186—199, Chart 1)2%7
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Scheme 18

Pd(OAc),,

P(t-Buy),

NaOt¢-Bu,

toluene
—_—

or

Cu, K,CO,, 18-crown6,
xylene

spiro-MeMeO-TAD 185 @
R?

The precursors [(2Z7'-di-tert-butyl)-9,9-spirobifluoren-2-
yl]-phenyl-amine200andN,N-diphenyl-[(2,7'-di-tert-butyl)-
9,9-spirobifluorene]-2,7-diamin201were synthesized through R
Hartwig—Buchwald coupling ofL33 and 134, respectively
(Scheme 19). spirobifluorene were reported by Tour and co-worképg6!

All syntheses used HartwigBuchwald coupling except  These compounds were synthesized by Stille and Sonogash-
that of compound 99, in which Stille coupling was utilized ira coupling reactions from thienylene precursors and a
(Scheme 20). tetrahalogenated spiro core, as shown in Scheme 21.

. The spiro-oligothiophenes, compoun8%—86, 91, and
5.7. Thiophene Compounds 204—220, are similar to 202 These compounds were

In general, there are two synthetic pathways to build up reported by Pei and co-workef¥:225 They utilized the
heterocyclic spiro compounds. First, cross-coupling reac- Suzuki coupling reaction to connect oligo(hexylthiophenes)
tions like the Negishi, Kharash, Stille, Suzuki, or Sono- and Negishi coupling to connect unsubstituted oligothio-
gashira coupling reactions can be utilized to connect the phenes to the halogenated spiro cdfés.
heterocyclic subunit to the spirobifluorene céteOn the
other hand, the heterocyclic compounds can be built up from 5.8. Oxadiazole Compounds
spiro precursors containing heteroatoms. The first spiro com-
pounds comprising oligothienylene or oligo(thienylene ethi-  Another class of compounds for use in organic electronics
nylene) subunits as branches connected to a central core otonsists of substances containing oxadiazole units. Oxadi-
azole derivatives are well-known for their excellent electron-
transporting capabilities, while often suffering from low glass

Scheme 17

O transition temperatures and thus poor morphological stability.

— Pd(PPh,),,

,B‘O K,CO;,
O o toluene,
H,0

o B(OH),
O Pd(PPh,), K,CO,

toluene, H,0

DPVSBF 122

- . spiro-DPVBI 19

Pd,(dba),, P(t-Bu),,
NaOt-Bu, toluene

spiro-ADA 92

In contrast to the spiro compounds containing thiophene
units, the oxadiazole-containing moieties were not introduced
via a coupling reaction but directly built up by heterocycle
synthesis between spirobifluorene-2hiscarboxylic acid
chloride222 and tetrazole derivatives (or vice versa). This
reaction was utilized for the preparation of the spiro-linked
version, spiro-PB28, of the electron-transporting compound
PBD (Scheme 22287.88

Compound111 (Scheme 23) was recently published by
Oyston et af® In contrast to spiro-PBI28, the oxadiazole
moiety was synthesized separately and then coupled by 2-fold
Suzuki coupling with spirobifluoren-2,7-diboronic esi&y?.

5.9. Other N-Containing Heterocycles

The blue-emitting, pyrimidine-containing compound TBPSF
53 was synthesized by Wu et al. through Suzuki coupling
of 2,7-spirobifluorene diboronic esté&67 and 5-bromo-2-
(4-tert-butylphenyl)-pyrimidine in the presence of Pd(RRzh
and P{-Bu);.11°

The spiro-bridged bis(phenanthroline) ligaB@ for the
synthesis of transition metal complexes was reported by Wu
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Scheme 19

NH; PJOAC/P(t-Bu),
—
NaOt-Bu
toluene

204-206: R=H, n=13
207-209: R = n-C,H,; n = 1-3

NH,
Pd(dba),/P(t-Bu),
—
NaOt-Bu
toluene

et all®® and Juris et al? The synthetic route involves the 210-212:R=H,n=1-3
Friedlander condensation of 2;Bliacetylspirobifluorend 44 213-215:R =n-CeHy, n =1-3
and 8-amino-7-quinolinecarbaldehyde, as outlined in Scheme
22. Condensation df44with phenylhydrazine yielded 88%
of 223 (Scheme 24). To obtaiBl, the bisphenylhydrazone
223 was heated in polyphosphoric aéfd.In addition, di-
and tetra-9,9spirobifluorene porphyrines have been syn-
thesized by Poriel et &' as well as the corresponding
manganese and iron complexXé%2%4These compounds are A
.. . - . -220: R =n-CgH 5, n=2,3
promising materials as catalysts for the oxidation of alkenes
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Scheme 20

186

188

aReagents and conditions: (i) 2 mol% Pd(OAc2 mol% P{-Bu)s,
NaQ-Bu; (i) 2 mol% PdC(PPh),, DMF.

Saragi et al.

started from 2,2dinitro-9,9-spirobifluorene 140 and is
outlined in Scheme 25.

Fournier et al. attached aminotriazine groups in the 3-,
3'-, 6-, and 6-positions, starting from the tetratriflates9
to yield 226 and 22725

5.10. Spiro Compounds with Mixed
Chromophores

Mixing different chromophore units in one molecule not
only gives new functional materials featuring unique proper-
ties but also enables one to learn about the interplay of the
physicochemical properties of the corresponding chro-
mophores. One possibility of connecting different chro-
mophores with one another is through a spiro center. The
combination of an electron donor and an electron acceptor
group in the same molecular half is expected to influence
the optical and electrical properties of the parent compounds.
This leads to the general structure for vertical or “left-right”
asymmetric spiro compounds with a 2£7,7-B substitu-
tion pattern, as shown in Figure 26.

(b)

Figure 26. General structure of “left-right” 2,2A,7,7-B-
substituted (a) and “top-down” 2,7-A,Z -B-substituted (b) asym-
metric spiro compounds.

The other class of mixed spiro compounds with a
horizontal or “top-down” asymmetric 2,7-A,Z'-B substitu-
tion pattern, is intriguing because it gives rise to the
possibility of combining different functions (i.e., emitting
and charge transporting properties) in one molecule, poten-
tially reducing the necessary number of separate functional
layers in an OLE[?:107:113

5.10.1. “Left-Right” Asymmetric (2,2'-A,7,7 -B-Substituted)
Spiro Compounds

Based on the concept of “left-right” asymmetric substitu-
tion, a series of spiro-bridged emitters equipped with elec-
tron-donating arylamine groups and electron-accepting oxa-

by hydrogen peroxide and iodosylbenzene as oxygen atomdiazole moieties has been reported by Pudzich &'4[:113

donors.

The synthesis starts from 2-@iacetyl-7,7-dibromo-9,9

Spiro compounds based on pyrazoloquinolines were spirobifluorenel48 which was first prepared by Diederich

described by Chiang et #°and Chen et a8 The synthesis

Scheme 21

Me.Si—C> S Sn(Bu)
ST\ T\ °

Pd(PPh;),,
X=Br | toluene

HN(i-Pr),
X =1 |PdCL(PPh,),

and co-workerg**
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Scheme 22

» spiro-PBD 28

pyridine

Scheme 23

Scheme 24

benzyl cyanide

—_—
NaOH/CH,OH/THF
30

2

144

AcOH
PhNHNH, | EtOH

reflux

CH,COOHH,0
31
Several asymmetric spiro compounds containing oxadi-
azole and diphenylamine moieties have been synthesized
from 148in a similar way as spiro-PBR8 (Scheme 263?
The target compounds spiro-AM©Bu 38 and spiro-AMO- . spiro-PAQ-Me 65

CN 40 were synthesized via the Hartwigduchwald reac- ethylene glycol

tion,25°while spiro-AMPO#-Bu 39 and spiro-AMPO-CN41 H,N
have been prepared by the Suzuki coupling reacfibn.

The cyano derivative spiro-CN-PBEB of spiro-PBD28
was prepared in a similar way as for compo@3), starting
from 2,2-diacetyl-spirobifluorend 44 (Scheme 22) instead
of 148107

Chiang et al. recently reported a series of new spiro
compounds containing donor and acceptor groups with the
substitution pattern 2\2lonor-7,7-acceptor-9,9spirobi-
fluorene!* DPASF 42 and CHOSF44 were synthesized
through Hartwig-Buchwald coupling of diphenylamine onto jj
2,2-dibromo-9,9-spirobifluorenel38 or its bisformylated
derivative231 (Scheme 27).

The final products BTSRS5, BTCNSF46, and CNSH7 obtained. Hartwig-Buchwald reaction 0f232 with di-

were synthesized from the starting compound CHG8F  phenylamine or ditolylamine yields the compound PhASPCHO

(Scheme 28). These compounds were generatedi®8% 233 or pTSPCHO234, respectively. The final products
yields under Knoevenagel conditions (basic@d in dry

toluene). DPVSH3 was synthesized in 87% yield frod# NH
using a 2-fold HornerWadswortR-Emmons reaction.

ethylene glycol
L - spiro-PAQ-Ph 66

In addition to CNSF47, Chiang et al. have also prepared 226R=—( N
the half-substituted spiro compound PhSPD&¥and its N NH
para-tolyl derivative pTSPDC\50.11¢ The synthesis started 2
with 2,7-dibromo-9,9spirobifluorenel31 After a single N:<NH2
lithiation with a stoichiometric amount af-butyllithium at 227R=—N—( N
—78°C, followed by reaction with dimethylformamide and H N~

subsequent acidic hydrolysis, compound BrSPC32was NH,
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Scheme 26
Br,, NaOH
—_—
dioxane/H,0
148
1. SOCl,, DMF fo)
e A Ua® o
2. NN N-N
R ne o a
N-N 0
pyridine H Br ) R
N-N
R =t-Bu 229
2.0 77 Q0
N N
H
Pd(OAc), NaOt-Bu Pd(PPh,), K,CO,
toluene, P(t-Bu), toluene, THF, H,0
B(OH),
R =tBu : spiro-AMO-t-Bu 38 R =tBu : spiro-AMPO-t-Bu 39 @
R =CN : spiro-AMO-CN 40 R=CN :spiro-AMPO-CN 41
Scheme 27 Scheme 28
Ph,NH Ny _N
P(t-Bu);, Pd(OAc), Y\(
S S
Cs,CO,
—_— DPASF 42 a4 _ BTSF 45
toluene, 120°C basic Al,O,

toluene, reflux

N
\
J CH,OCH,Cl, @ S>_\CN

TiCl,/ CH,CI, as BTCNSF 46
Ph,NH basic ALO,
P(t-Bu),, Pd(OAc), toluene, 100°C
Cs,CO,
———————> CHOSF44 N
toluene, 120°C a“ NC” CN _  cNsFa7
basic Al,O,

toluene, 100°C

PhSP-DCV49 and pTSPDCV50 were obtained through N
Knoevenagel condensation with malononitrile (Scheme 29). P(OC,Hy),

5.10.2. “Top-Down” Asymmetric (2,7-A,2',7 -B-Substituted)
Spiro Compounds
Spiro compounds based on a “top-down” asymmetric
substitution pattern were initially intended to combine
independent emitting and charge-transporting moieties in one . . .
molecule. A series of compounds containing combinations 30). In the final step, spiro-DPSB8 was o_btalr_1ed by
of hole-transporting arylamine with an oligophenyl chain as Hartwig—Buchwald coupling of compour@B5with diphen-
chromophore (spiro-DPSE8 and spiro-DPSP59), electron- ylaming: Using 9,9—sp!robn‘_luorene-2-yl—boron|c ac_|d in-
transporting oxadiazole with an oligophenyl chromophore Stéad of biphenylboronic acid, the second generation spiro
(spiro-SP0B0), and hole-transporting arylamine with electron- derivative of 235 compound spiro-DPSP59 was also
transporting oxadiazole moieties (spiro-DB®and spiro-  Synthesized in our group.
MeO-DPO72) were synthesized by Pudzich et5&t%’ The synthesis of spiro-SP&D, spiro-DPO56, and spiro-
The precurso35 of spiro-DPSP58 was synthesized by  MeO-DPO72 starts from 2,7-dibromo-spirobifluorerde1,
selective coupling of biphenylboronic acid witl35(Scheme which was monoacetylated to obtaihdtetyl-2,7-dibromo-

44 DPVSF 43

NaH, THF, reflux
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Scheme 29
Ar,NH
Pd(OAC),, P(t-Bu),
1) n-BuLi, THF, -78°C Cs,CO,
2) DMF, RT toluene, 120°C
malononitrile
basic Al,O,
———
toluene, 70°C
Ar = phenyl = PhSPCHO 233 Ar = phenyl = PASPDCV 49
Ar = 4-tolyl = pTSPCHO 234 Ar = 4-tolyl = pTSPDCV 50
Scheme 30
Pd(PPh,), K,CO,
+ Ar—B(OH), — > Ar = biphenyl 235
toluene, THF, H,0 Ar = spirobifluorene 236
Br H
Pd(OAc),, P(t-Bu),
+ B
@ O toluene, NaOt-Bu O O
Ar Ar
Ar = biphenyl spiro-DPSP 58
Ar = spirobifluorene spiro-DPSP? 59
Scheme 31

Br Br Br 1. SOCI,, DMF

Br,, NaOH

2 N~

O dioxane, H,0 0 .R < > </ N

-N

N

OH pyridine H

237 238

e spiro-SPO 60

Pd(PPh;), K,CO,
toluene, THF, H,0

T,

Pd(OAc), NaOt-Bu

<

toluene, P(t-Bu) \
3 N-N
R\©\ /@/R R=H  :spiro-DPO or D2A1 56
R =0CH;, : spiro-MeO-DPO 72
9,9-spirobifluorene237. After haloform oxidation of the Wong and co-workers also reported on the synthesis of
acetyl group, the resulting carboxylic a288 was used to mixed compounds containing a combination of electron trans-
form the oxadiazole compour239 by reaction withtert- porter and hole transporter. Compound D13¥lcontains a

butylphenyltetrazole. Using Suzuki coupling with biphenyl- diphenylamino moiety in one half and an oxadiazole in the
boronic acid, spiro-SP®0was obtained. Spiro-DP&6 and other half:?® while D2A2 57 is composed of two diphenyl-
spiro-MeO-DPO72 were synthesized through coupling with  amino units in one and two oxadiazole units in the other
diphenylamine and ditolylamine, respectively (Scheme 31). half1?° D1A2 55is similar to D2A257, but it contains only
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Scheme 32

Ph,NH
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pyridine

NaN,, NH,CI

Saragi et al.

N
Br,, FeCl;

——
CH,CI,

DMF

R=H 245
R = NPh, 246

R = NPh,: D2A2 57

R=H:

Scheme 33

o Mgl

oy O
Ul

2) HCI, AcOH

pyridine H

one diphenylamino unit in one half. D2A1 is, according to
this nomenclature, a synonym of Spiro-DB6.
In the synthesis of the “double” oxadiazoles D2&2and

D1A2 55, Wong and co-workers used a different strategy.

Instead of introducing two carboxylic acid moieties, they
formed the bistetrazole®5and246from the corresponding
dicyano precursor243 and 244, respectively (Scheme
32)_120,121

Another pathway was used to synthesize D B¥E?! By

introducing a methyl and a bromine group in the precursors
before spiro linkage, Wong et al. prepared the bromo methyl

spirobifluorene247. After oxidation of the methyl group to
the carboxylic acid®?48 the oxadiazol€49 was generated
as usual, and in the last step, amination yielded DBA1
(Scheme 33).

The model compounds D250 and D298 were simply
synthesized by HartwigBuchwald reaction of diphenyl-

O

D1A2 55

CrO,

_—
AcOH, benzene

NHPh,, Pd(OAc),,
P(t-Bu),, NaOt-Bu

— > D1A154

: : toluene

",

249

amine with130o0r 131, respectively. Compounds A7 and

A2 78, which were used for comparison, also started from
1300r 131, respectively, and were synthesized via a similar
pathway described in Scheme 32.

5.11. Spirosilabifluorenes

Replacing the central carbon atom in spirobifluorene with
silicon results in 9,9spirobi(H,9-silafluorenes) or 5,5
spirobi(dibenzosiloles). The synthesis of the neat core 9,9
spirobi(H,9-silafluorene)251 was first reported 1958 by

Etlzo “

Gilman et al. yielding 56% starting from 2sdilithiobi-
phenyl?®6 Starting from 2,2dibromobiphenyl several groups
reported yields fo251 between 63% and 85%57 269

A similar strategy was used by Lee et al. to prepare the
aryl-substituted asymmetric spirosilabifluorene derivatives
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3235, starting from substituted 2;2libromobiphenyl de-  for asymmetric spiro compounds in the excited state,

rivatives109.270 interesting features such as photoinduced charge transfer have
also been demonstrated. As far as the electrical properties
6. Tables of Properties are concerned, the oxidation and reduction potentials,

) ) ) especially the second ones, may be strongly influenced by
~ For comparison, the thermal, optical, and electrical proper- the second half of the molecule. In this review, we presented
ties of the spiro compounds reported so far are summarizeda comprehensive overview of the basic physicochemical

comprehensively in Tables—711. properties of spirobifluorene-based compounds in solution
_ and in the solid state and their applications in optoelectronics.
7. Conclusion The range of potential applications based on these materials

Bv th . hologicall bl h spans the whole field of thin film devices from organic
| y the Splricqncgpbv_mhorp ologica %’ stable amorp ousd transistors, photodetectors, and solar cells to organic light-
glasses are obtained. With respect to the parent compounds,miyting diodes and lasers. Important synthetic pathways to

that consist of only one half of the spiro compounds, the ,oc\,rsors as well as target compounds were also presented.
glass transition temperature is significantly increased. The

comparatively high solubility is advantageous in many
processing steps, for example, chemical purification and film 8. Acknowledgment

deposition from solution. The perpendicular arrangement of We would like to acknowledge our colleagues and co-
chromophores via a spirobifluorene core retains the ground-workers K. Onken, J. Londenberg, |. Suske, and T. Ebert
state properties of the chromophores to a large extent, butfor their comments, support, and discussion.

Table 7. Absorption (Aaps), Fluorescence Maxima 4em) and Fluorescence Quantum Yield ¢¢) of Spiro Compounds in Dilute Solution

compounds solvent Aabs (NM) Aem (NM) Dr (%) ref
spiro-6D 2 CH.Cl, 342 385, 406 95 77,87, 88
CsHi2 340 381 98 89
spiro-TAD 4 CH.Cl; 375, 306 403 91
CH.Cl; 378 402 87, 89
CeH1o 379 394, 413 42 89
4-spird5 CH.Cl, 353, 309, 298 396, 418 91
CeHi2 350 393,413 96 89
spiro-4b 9 CH.Cl, 332 359, 378 87
CHCl; 334 362, 378 92 92
spiro-8b 10 CH.Cl; 344 395, 416 95 77,87
spiro-16D 11 CH.Cl, 344 402, 428 95 77,87
4-spirc' 12 CH.Cl, 358, 309, 297 413,435 91
spiro-6b(MeO), 13 CHyCp2 353 392,412 89
CgHi2 343 387, 405 87 89
spiro-a-NPB 15 CH.Cl, 378, 3572912270 485 91
spiro-PhOx-TAD16 CH.Cl, 38723352310, 266 491 91
spiro-PhTh-TAD17 CH.Cl, 3302312, 300 511 91
spiro-Carb18 CH.Cl; 340, 290 372 91
CH:Cl, 340 372 89
CsHi2 347 363, 380 83 89
spiro-DPVBIi 19 CH.Cl; 377 453 89
CgHi2 375 452 82 89
spiro-octo-224 CH.Cl, 345 397,412 89
CsHi2 343 396 95 89
spiro-octo-35 CH.Cl; 277,348 401, 421 88
SSS27 CHCl; 310, 333 367, 387 105
spiro-PBD28 CH.Cl, 330 373 89
CgHi2 328 370 75 89
spiro-CN-PBD29 CH.Cl; 314, 337 404 50 107,113
30 CH;CN 331, 361 385 48 108
31 CHsCN 343 404 75 108
33 CHCl; 315 393 109
34 CHCl; 317 382 109
35 CHCl; 307 383 109
spiro-FPA36 C7/Hs 425 111
spiro-DPA37 CH.Cl; 360, 378, 399 429, 443 112
spiro-AMO+-Bu 38 CH.Cl, 302, 389 477 62 107,113
CsHi2 397 411, 434 56 89
spiro-AMPO+-Bu 39 CH.Cl; 306, 337, 374 497 70 107,113
CgHi2 374 416, 441 58 89
spiro-AMO-CN40 CHCl, 304, 400 541 107,113
spiro-AMPO-CN41 CH.Cl, 312, 340, 383 540 107,113
DPASF42 CeHsCl 353 401 24 114
DPVSF43 CeHsCl 385 480 50 114
CHOSF44 CeHsCl 402 495 46 114
BTSF45 CeHsCl 433 549 ~0 114
BTCNSF46 CeHsCl 464 601 14 114
CNSF47 CeHsCl 481 620 31 114
PhSPDCV49 CsHaa 500 116
CgHsO2 572 70 116

CHsCI 624 116
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Table 7 (Continued)
compounds solvent Anbs (NM) Aem (NM) Dp (%) ref
pTSPDCV50 CeH14 516 116
CeHsO- 598 75 116
CHCI 658 116
SDPF51 CH.Cl, 364 422 78 117
TDAF-152 CH3CN/CsHg (1:1) 263, 298, 309, 351 393, 414, 440 118
CHCl; 353 393,412, 441 99 134
D1A154 CeHi2 360 394 ~28 121
CeHs 448 ~5.8 121
C4HsO 484 ~2.8 121
CH:Cl; 510 ~1.9 121
CH:CN 556 ~0.7 121
D1A255 CeH12 365 440 ~11 121
CeHs 490 ~10 121
C4HsO 545 ~10 121
CH.Cl, 555 ~6 121
CH:CN 600 ~2 121
spiro-DPO56 CeH12 381 440 ~16 121
CeHs 490 ~11.9 121
C4HsO 520 ~8.1 121
CH:Cl, 560 ~4.5 121
CH:CN 595 ~1.1 121
spiro-DPO56 CH.Cl, 310, 329, 344, 378 570 <1 107
CHj3(CH,)4CHs 308, 3275342, 380 40F,434 107
CH:CN 312, 332, 347,381 4097 484 107
D2A2 57 CeHi2 382 500 ~4.5 121
C4HsO 382 588 ~1.1 121
CH.Cl, 383 609 ~0.5 121
CeHs 384 557 ~2.3 121
CH:CN 378 642 ~0.1 121
spiro-DPS%8 CH;3(CH;)4CHs 3172338¢379 394, 419 7 107
CH.Cl, 3182342, 380 52 2 107
CHsCN 3172343 0 107
spiro-DPSP59 CeH12 354 544 123
CH;(CH,)4CHs 354 415 123
spiro-SPC60 CHs(CH,)4CHs 317, 330; 343 380: 399, 4206 107
CH.Cl, 3202331, 345 386¢ 405, 427 78 107
CeH12 345 381, 399 87 89
64 THF 362, 309 388, 411 125
spiro-MeO-DPO72 CHs(CH,)4CHs 307, 3275 343, 386 389, 413, 474 107
CH.Cl, 310, 330, 345, 383 572 <1 107
CH:CN 333, 350, 380 423,521 <1 107
spiro-MeO-TAD73 CH.Cl, 383, 3652 305 424 91
spiro-TTB74 CH,Cl, 384, 309 413 91
spiro-TPD76 CH.Cl, 379, 309 406 91
A2 78 C4HsO 368 373 ~91 120
4-Ph-spird 87 CH:Cl; 352, 308, 297 403, 423 91
6-spirc 88 CH.Cl, 357, 324, 308, 298 407, 426 91
89 CHClz 358 393,414 16 139
spiromTTB 95 CHCl, 381, 310 407 91
B2 96 CHClz 310, 333 367, 387 70 105, 106
D298 C4HsO 382 392 ~58 120
108 CH.Cl, 373, 315, 345, 303 469 49 207
TST124 CHClg 333 370, 387 105
168 CHCls 353 393,412, 438 99 134
169 CHClz 353 394, 414, 440 99 134
170 CHCl; 356 395, 415, 441 99 134
173 CHCl; 358 393,414 28 139
spiro3-NPB 183 CH.Cl, 385, 3667 322, 28% 442 91
spiro-MeO-TPD184 CH.Cl, 377,310 404 91
spiro-MeMeO-TAD185 CHCl, 378, 301 408 91
186 CH.Cl 366, 315, 345, 303 414 73 207
187 CH.Cl, 353, 315, 303 452 11 207
188 CH.Cl, 350, 328, 315, 302 463 10 207
189 CH.Cl, 371, 346, 315, 303 423 82 207
190 CH.Cl, 394, 358, 315, 302 422 65 207
191 CH.Cl, 396, 354, 315, 303 488 48 207
192 CH.Cl, 378, 304 402 64 207
193 CH.Cl 343, 335, 314 368 68 207
194 CH.Cl, 379, 350, 315 480 10 207
195 CH.Cl, 371, 335, 316 464 27 207
196 CH.Cl, 415, 392, 362, 336 530 13 207
197 CH,Cl, 375, 312 469 9 207
198 CH.Cl, 387, 315 502 51 207
199 CH.Cl, 406, 314 476 25 207
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Table 8. Optical Properties of Neat Thin Films of Spiro Compound

fabrication methotl

compounds (solvent) Aabs (NM) Aem (NM) De (%) ref
spiro-6D 2 VD 346 3990 420 38 138
38°581 77
SC (CHCly) 347 402, 419 95
spiro-TAD 4 VD 383 406 89
VD 310, 3659 379 406, 426 91
4-spir@ 5 VD 300, 311, 356 406, 429 91
VD 310, 353 406, 429 7610 138
SC (CHCly) 360 402, 420 95
spiro-4D 9 SC (CHCly) 337 390, 405, 416 95
4-spirc 12 SC (CHCly) 299, 311, 366 426, 443 91
SC (CHC}) 312, 362 426, 446 138
spiro-6D (MeO), 13 VD 349 430 89
spiro-a-NPB 15 VD 371 452 91
spiro-PhOx-TAD16 SC (CHCIy) 311, 394 91
spiro-PhTh-TAD17 SC (CHCly) 315 91
spiro-Carbl18 VD 346 382 89
SC (CHCly) 295, 349 381 91
spiro-DPVBI19 VD 359 466 89
spiro-octo-24 VD 350 433 48 77,89
SSS27 VD 312,335 374,392 56 105
spiro-PBD28 VD 334 406 89
spiro-CN-PBD29 SC (CHCly) 344 425 107
33 VD 318 410 54 109
34 VD 313 415 31 109
35 VD 304 398 44 109
spiro-FPA36 SC (GHs) 439 111
spiro-AMO+-Bu 38 SC (CHCly) 389 477 107
VD 389 472 89
spiro-AMPO+-Bu 39 VD 376 479 89
SC (CHCly) 310, 340, 379 483 107
spiro-AMO-CN40 SC (CHCly) 406 524 107
spiro-AMPO-CN41 SC (CHCly) 322, 3445 40% 526 107
PhSPDCV49 VD 500 33 116
pTSPDCV50 VD 516 25 116
SDFP51 VD 465 117
TDAF-152 VD 90 134
TDAF-152 VD 309, 35% 405, 430 144
spiro-DPO56 SC (CHCly) 312,33%347°381 409 484 107
spiro-DPSF58 SC (CHCly) 347 466 107
spiro-SPC60 VD 337 420 89
64 SC (GHs) 298, 311, 362 394,412 125
spiro-MeO-DPO72 SC (CHCly) 3338350, 380 423, 521 107
spiro-MeO-TAD73 SC (CHCly) 308, 382 426 91
spiro-TTB74 SC (CHCly) 385, 311 91
spiro-TPD76 VD 314, 384 406, 426 91
4-Ph-spird 87 SC (CHCly) 310° 354 414, 435 91
6-spirc 88 SC (CHCly) 301, 310, 330, 363 438 91
spiro-ADA 92 SC (GH100) 438 148
spirom-TTB 95 SC (CHCly) 313, 385 406, 425 91
B2 96 VD 333 375, 393 63 105
TST124 VD 333 375, 393 60 105
168 VD 82 134
169 VD 87 134
170 VD 66 134
spiro3-NPB 183 SC (CHCly) 383, 326 423, 445 91
spiro-MeO-TPD 184 SC (CHCly) 313, 384 406, 425 91
spiro-MeMeO-TAD185 SC (CHCly) 305, 3642 380 428 91

aVD = vapor deposition; SG= spin-coating® Shoulder.c Amorphous.? Polycrystalline. Maximum.f Broad.

Table 9. Oxidation Potentials and HOMO Levels of Some Spiro Compounds

compounds RE;solvent Efox (V) ESox (V) HOMO® (eV) ref
TAD 3 Fc/Fc'; CH.Cl, 0.29 0.52 5.09 132,133
spiro-TAD 4 Fc/Fct; CHyCl, 0.20 0.34 ~5.00 132,133
spiro-a-NPB 15 Fc/Fc"; CH.Cl, 0.20 0.35 ~5.00 132, 133
spiro-PhOx-TAD16 Fc/Fc; CH.Cl, 0.29 ~5.09 91
spiro-PhTh-TAD17 Fc/Fc'; CH.Cl, 0.27 ~5.07 91
SSS27 Fc/Fch; CH.Cl, 0.92 5.72 105
33 Ag/AgCI; CHCN/THF (9:1 (v/v)) 1.1¢ 5.8F 109
34 Ag/AgCI; CHsCN/THF (9:1 (VIv)) 1.17 5.87 109
35 Ag/AgCl; CH;CN/THF (9:1 (v/v)) 1.09 5.7% 109
spiro-DPA37 Fc/Fc'; CH.Cl» 0.8 112
TDAF-152 Fc/Fch; CH3CN/CeHg (1:1) 1.49 1.66 118

TDAF-152 Ag/AgCl; CH.Cl, 1.32 1.56 6.12 134
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Table 9 (Continued)

compounds RE;solvent Elox (V) ESox (V) HOMO® (eV) ref
D1A154 Fc/Fc'; CH.Cl, 0.47 5.27 121
D1Al154 Fc/Fc'; PhH/MeCN (4:1) 0.50 131
D1A255 Fc/Fc'; CH.Cl, 0.42 5.22 121
D1A255 Fc/Fc'; PhH/MeCN (4:1) 0.49 131
spiro-DPO56 Fc/Fc'; CH.Cl, 0.21 0.54 ~5.01 133
spiro-DPO56 Fc/Fc'; CH.Cl, 0.09 0.42 4.89 121
D2A257 Fc/Fc'; CH.Cl, 0.23 0.55 5.03 121
D2A257 Fc/Fc'; PhH/MeCN (4:1) 0.30 0.46 131
spiro-DPSP8 Fc/Fc'; CH.Cl, 0.20 0.52 ~5.01 133
spiro-DPSP59 Fc/Fc'; CH.Cl, 0.19 0.52 ~4.99 133
TPD70 Fc/Fc'; CH.Cl, 0.27 0.51 ~5.07 132,133
a-NPB71 Fc/Fch; CH.Cl, 0.30 0.57 ~5.10 132,133
spiro-MeO-TAD73 Fc/Fch; CH.Cl» 0.11 0.23 ~4.91 91
spiro-TTB74 Fc/Fch; CH.Cl» 0.07 0.24 ~4.88 132, 133
TTB 75 Fc/Fct; CH.Cl, 0.18 0.44 ~4.98 132,133
spiro-TPD76 Fc/Fch; CH.Cl» 0.17 0.32 ~4.97 132, 133
Al 77 Fc/Fc'; PhH/MeCN (4:1) 1.30 131
A2 78 Fc/Fc'; PhH/MeCN (4:1) 1.30 131
spirom-TTB 95 Fc/Fct; CH.Cl, 0.17 0.32 ~4.97 91
B2 96 Fc/Fch; CHyCl, 0.96 5.76 105
B2 96 Ag/AgCl; CH.Cl, 1.44 106
D298 Fc/Fc'; CHyCl, 0.19 0.50 4.99 121
108 Ag/Ag*; CH.Cl, 0.71 5.33 207
TST124 Fc/Fc"; CH.Cl, 0.93 5.73 105
168 Ag/AgCl; CH.CI, 1.31 1.56 6.11 134
169 Ag/AgCl; CH.CI, 1.31 1.56 6.11 134
170 Ag/AgCl; CH.Cl, 1.30 1.55 6.10 134
spiro3-NPB 183 Fc/Fc™; CH.Cl, 0.20 0.33 ~5.00 91
spiro-MeO-TPD 184 Fc/Fc'; CH.Cl, 0.23 0.37 ~5.03 91
spiro-MeMeO-TAD185 Fc/Fc'; CH.Cl, 0.10 0.24 4.90 91
186 Ag/Ag™; CH.Cl, 0.54 5.15 207
187 Ag/Ag™; CH.Cl, 0.52 1.15% 5.10 207
188 Ag/Ag™; CH.Cl, 0.54 117 5.12 207
189 Ag/Ag™; CH.Cl, 0.43 0.68 5.05 207
190 Ag/Ag™; CH.Cl, 0.34 0.65 4.96 207
191 Ag/Ag™; CH.Cl, 0.60 0.99 5.21 207
192 Ag/Ag™; CH.Cl, 0.41 0.74 4.95 207
193 Ag/Ag™; CH.Cl, 0.76 112 5.28 207
194 Ag/Ag™; CH.Cl, 0.48 0.80 5.31 207
195 Ag/Ag™; CH.Cl, 0.72 0.90 5.26 207
196 Ag/Ag™; CH.Cl, 0.47 0.78 5.04 207
197 Ag/Ag™; CH.Cl, 0.39 0.67 4.93 207
198 Ag/Ag™; CH.Cl, 0.60 0.83 5.12 207
199 Ag/Ag™; CH.Cl, 0.45 4.99 207
D1 250 Fc/Fc"; CH.Cl, 0.44 5.24 121
D1 250 Fc/Fc'; PhH/MeCN (4:1) 0.50 131

a Potentials depend on solvent effects and the conditions of the reference electrodes (e.g., Ag/AgCl); referencing to a stable, solvent-independent
potential is essential. Fc/Fd+0.35 V vs Ag/AgCI) or cobaltocene Cogd@oCp* (—0.94 V vs Ag/AgCl) has been widely adoptétReference
electrode  The HOMO energy level was deduced from HOMO (e¥)-(4.8 eV+ E1), Ei2 being the reversible half-wave potential with respect

to ferrocened Onset potentiale HOMO (eV) = —e(E$%et + 4.8). ' Irreversible.

Table 10. Reduction Potentials and LUMO Levels of Some Spiro Compounéls

compounds RE;solvent Efea(V) ESeq (V) LUMO¢® (eV) ref
SSS27 Fc/Fc"; THF —-2.72 105
spiro-PBD28 Fc/Fch; THF —2.46 88
33 Ag/AgCl; CHCN:THF (9:1 (v/v)) —2.42 2.46 109
34 Ag/AQCIl; CHCN:THF (9:1 (v/v)) —2.24 2.28 109
spiro-DPA37 Fc/Fc'; THF —2.44 112
TDAF-152 Fc/Fc; CH3CN:GeHg (1:1) -1.91 —2.02 118
TDAF-152 Ag/AgCl; THF —-2.01 —-2.21 134
D1A154 Fc/Fc"; THF —-2.57 2.23 121
D1A154 Fc/Fc'; PhH/MeCN (4:1) —2.48 —2.92 131
D1A255 Fc/Fch; THF —2.29 —2.63 251 121
D1A255 Fc/Fc'; PhH/MeCN (4:1) —2.22 —2.49 131
spiro-DPO56 Fc/Fch; THF —2.60 2.20 121
spiro-DPO56 Fc/Fc'; PhH/MeCN (4:1) —2.45 —2.88 131
spiro-DPO56 Fc/Fch; THF —2.53 —2.98 133
D2A2 57 Fc/Fch; THF —2.31 —2.64 2.49 121
D2A257 Fc/Fc'; PhH/MeCN (4:1) -2.25 —-2.52 131
spiro-DPSF58 Fc/Fc"; THF —2.69 —-2.81 133
spiro-MeO-DPO72 Fc/Fc; THF —2.54 -3.07 133
A1 77 Fc/Fc; THF —2.56 2.24 121
A1 77 Fc/Fc; PhH/MeCN (4:1) —2.51 —2.90 131
A2 78 Fc/Fc; THF —2.29 —2.61 2.51 121
A2 78 Fc/Fc; PhH/MeCN (4:1) —2.22 —2.49 131
B2 96 Fc/Fc; THF —2.75 105
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Table 10 (Continued)

compounds RE;solvent E}req(V) ESreq (V) LUMO® (eV) ref
B2 96 Ag/AgCI; THF -2.15 106
D298 1.86 121
108 2.44 207
TST124 Fc/Fch; THF -2.71 105
168 Ag/AgCl; THF -2.11 —2.23 134
169 Ag/AgCl; THF —-2.10 —2.22 134
170 Ag/AgCl; THF —2.03 -2.17 134
186 2.06 207
187 2.00 207
188 2.05 207
189 2.08 207
190 2.04 207
191 2.42 207
192 1.84 207
193 1.93 207
194 2.32 207
195 2.23 207
196 2.39 207
197 1.98 207
198 2.22 207
199 2.38 207
D1 250 Fc/Fc'; PhH/MeCN (4:1) —3.15 131
D1 250 2.14 121

a Potentials depend on solvent effects and the conditions of the reference electrodes (e.g., Ag/AgCl); referencing to a stable, solvent-independent
potential is essential. Fc/Eq+0.35 V vs Ag/AgCl) or cobaltocene Cog@foCp* (—0.94 V vs Ag/AgCl) has been widely adoptédRE =
reference electrodé.The LUMO energy was deduced from LUMO (e¥) HOMO (eV) — Ey (eV), whereky is the optical band gap, calculated
from the absorption onsetOnset potential® LUMO (eV) = —e(Efide+ 4.8).

Table 11. Thermal Properties of Some Spiro Compounds
T, Tm Trec Tda T, Tm Trec Tda

g g
compounds °C) (°C) () (O ref compounds °C) (°C) (°C) (°©) ref

spiro-6P 2 212 408 271 77,138 TTB5 66 132
TAD 3 70 132 spiro-TPLY6 115 234 470 91
spiro-TAD 4 133 276 185 480 91 AT7 128 391 121
4-spird 5 273 447 347 620 91, 138 A28 165 412 121
spiro-4b 9 184 296 77,87 4-Ph-spit@7 285 446 580 91
spiro-8D 10 243 440 585 77,88 6-spit88 259 460 91
4-spircd 12 330 91, 138 89 296 139
spiro-60(MeQO), 13 191 326 89 spiro-AD/92 147 148
spiro-o-NPB 15 147 294 540 91 spiro+TTB 95 119 230 490 91
spiro-PhOx-TAD16 500 91 B296 174 367 105
spiro-PhTh-TAD17 430 91 D298 112 329 121
spiro-Carbl18 240 532 570 91 108 146 378 207
spiro-DPVBi19 130 228 206 TS24 197 478 105
spiro-octo-24 236 263 77,89 168 201 425 134
SSS27 228 464 105 169 210 435 134
spiro-PBD28 163 337 88 170 231 430 134
spiro-CN-PBD29 191 355 317 107 173 225 139
33 228 382 109 174 275 452 328 139
34 203 334 109 175 60 194 84 96
35 203 314 109 176 56 96
spiro-FPA36 223 397 450 111 177 ~60 96
spiro-AMO+-Bu 38 165 107 178 179 348 243 96
spiro-AMPO+{-Bu39 177 107 179 202 96
spiro-AMO-CN 40 168 293 235 107 spirg-NPB 183 137 560 91
spiro-AMPO-CN41 212 299 107 spiro-MeO-TPD384 86 218 480 91
PhSPDCV49 110 253 337 116 spiro-MeMeO-TAD85 105 238 450 91
pTSPDCV50 112 232 340 116 186 145 405 207
SDPF51 193 399 488 117 187 154 414 207
TDAF-152 450 134 188 178 440 207
D1A154 139 355 121 189 205 480 207
D1A255 187 436 121 190 210 430 207
spiro-DPO56 149 406 121 191 215 470 207
spiro-DPO56 139 234 107 192 430 207
D2A2 57 173 442 121 193 450 207
spiro-DPSF58 152 371 196 107 194 135 42F 207
spiro-DPSP59 210 107 195 139 287 194 407 207
spiro-SPC60 177 107 196 185 406 207
TPD70 62 132 197 44 207
o-NPB71 95 132 198 180 4306 207
spiro-MeO-DPO72 111 107 199 41¢ 207
spiro-MeO-TAD73 121 246 440 91 D250 89 280 121
spiro-TTB74 146 293 192 510 91

aDecomposition temperature, corresponding to 5% weight foBscomposition temperature, corresponding to 10% weight fdse. further
information.
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