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Carbazole-based materials such as 4,4′-bis(N-carbazolyl)-2,2′-biphenyl (CBP) and its derivatives are frequently

used as matrix materials for phosphorescent emitters in organic light emitting diodes (OLED)s. An essential

requirement for such matrix materials is a high energy of their first triplet excited state. Here we present a

detailed spectroscopic investigation supported by density functional theory (DFT) calculations on two series

of CBP derivatives, where CH3 and CF3 substituents on the 2- and 2′-position of the biphenyl introduce

strong torsion into the molecular structure. We find that the resulting poor coupling between the two halves

of the molecules leads to an electronic structure similar to that of N-phenyl-3,6-dimethylcarbazole, with a

high triplet-state energy of 2.95 eV. However, we also observe a triplet excimer emission centered at about

2.5-2.6 eV in all compounds. We associate this triplet excimer with a sandwich geometry of neighboring

carbazole moieties. For compounds with the more polar CF3 substituents, the lifetime of the intermolecular

triplet excited state extends into the millisecond range for neat films at room temperature. We attribute this

to an increased charge-transfer character of the intermolecular excited state for the more polar substituents.

Introduction

While organic semiconductor materials are of current interest

for a range of applications such as solar cells, displays, sensing,

or radio frequency identification tags (RFIDs),1 they offer

particularly promising opportunities for solid-state lighting since

they allow for the engineering of efficient white organic light

emitting devices (WOLEDs).2,3 One approach to WOLEDs

consists in the use of red, green, and blue emissive dopants

that are incorporated into carefully designed multilayer structures

or suitably attached as side groups to a polymer backbone.2-4

As an alternative method, the incorporation of a single emitter

with efficient broad excimer emission has been demonstrated

successfully.5 In either case, the emitters used in WOLEDs

require host materials that need to fulfill several constraints.

To allow for efficient charge injection from both electrodes,

the energy separating the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital (LUMO)

should be not too high. At the same time, the energy of the

first triplet excited state needs to be high enough so that

phosphorescence from blue or green emitters is not quenched

by energy transfer to the host.

Host materials that are considered suitable and that are

therefore used frequently for WOLED applications are often

based on carbazole structures,5-9 such as CBP (CBP ) 4,4′-

bis(9-carbazolyl)biphenyl)orpoly(vinylcarbazole)-likepolymers.10-15

Approaches to obtain high triplet energies include reducing the

size of the conjugated system, e.g., by replacing the biphenyl

bridging between the two carbazoles with a single phenyl as in

mCP (mCP ) 3,5-bis(9-carbazolyl)benzene),16 or by introducing

torsion between the two biphenyls as in 4,4′-bis(9-carbazolyl)-

2,2′-dimethylbiphenyl (CDBP).7 This substitution leads to good

results with respect to emission and efficiency. We have recently

reported the synthesis of a set of CBP derivatives with triplet

excited state energies of about 2.95 eV.17 As for CDPB, the

high triplet energy is obtained by introducing torsion between

the biphenyls through substitution with a CH3 group or a CF3

group. Further substitution with CH3 groups on the carbazole

moiety was employed to fine-tune HOMO and LUMO levels

for optimized charge injection.

We present here a detailed spectroscopic and quantum

mechanical study on the electronic structure of these compounds,

focusing on the influence of the electron-richer CH3 group

compared to the electron-withdrawing CF3 group on the nature

of the optical transitions. In addition to fluorescence and

phosphorescence from the monomer, we observe phosphores-

cence that can be attributed to a sandwich excimer of adjacent

carbazole moieties. While this intermolecular triplet-state emis-

sion is present for both types of compounds, the radiative

excimer emission rate is higher for the CH3-substituted com-

pounds than for the compounds with the more polar CF3 group,

where the intermolecular excited state seems to acquire a

stronger charge-transfer component. With a view to the ubiq-

uitous use of CBP derivatives as hosts for WOLED applications

we note that the well-known propensity of this general class of

materials to form excimer states (and the polarity dependence

of triplet excimer formation) deserves more attention.11,18-28 The

presence of poorly emissive triplet excimers by the host can

easily go unnoticed, in particular when combined with efficient

phosphorescent emitters that cover a broad spectral range as is

the case in WOLEDs. Nevertheless, long-lived triplet excimers

may present nonradiative decay channels, and they can reduce

device efficiency and device lifetime if not suitably managed.

On the other hand, when the radiative decay rate of the host

triplet excimer is high enough, they could be contemplated as

emitter materials for WOLEDs by themselves. In the context

of the study presented here, we focus on understanding the

electronic structure of the CBP derivatives by spectroscopic

studies in combination with quantum chemical calculations.

Experimental Section

The series of CBP derivatives were synthesized as described

by Schrögel and co-workers.17 For optical measurements, 10-5
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M cyclohexane solutions of the materials as well as thin films

on quartz substrates were prepared. Both neat films and films

with 10 wt % of compound in poly(methyl methacrylate)

(PMMA) were prepared by spin coating. The ultraviolet-visible

(UV/vis) absorption spectra were measured in solution and on

neat films with a Hitachi U-3000 spectrometer. Room-temper-

ature steady-state emission spectra from solution and from thin

films were obtained from a Shimadzu spectrofluorophotometer

RF-5301PC using excitation at 300 nm.

The phosphorescence spectra were taken with the thin film

samples mounted in a continuous flow helium cryostat. The

temperature was controlled with an Oxford Intelligent temper-

ature controller-4 (ITC-502). Excitation was provided by a

pulsed, frequency-tripled Nd:YAG laser at 355 nm (3.49 eV;

Spectron SL401). This wavelength corresponds to the red tail

of the first absorption band in our compounds. The duration of

the laser pulses was 6 ns, and the laser was operated at a

repetition rate of 10 Hz by a self-made electronic delay

generator. The light emitted by the sample was dispersed and

subsequently detected by a time gated intensified CCD camera

(Andor iStar DH734-18F-9AM). The measurements were taken

with a delay time of 500 ns and a gate width of 60 ms. The

measurements were carried out at an excitation density of about

250 µJ cm-2 pulse-1 on films of about 150 nm thickness as

determined by a Dektak profilometer. To increase the signal-

to-noise-ratio, all spectra were obtained by averaging over 2000

laser shots.

Density functional theory (DFT) calculations were carried

out for compounds 3 and 6 using the B3LYP hybrid functional

together with the basis set 6-31G*.29,30 The excited states were

calculated by using time-dependent-DFT with the optimized

ground-state geometries. All DFT calculations were carried out

with the Gaussian 03 program.

Results and Discussion

(i) Absorption and Fluorescence. We use the widely

employed CBP as our reference compound. Figure 1 shows the

general structure of the compounds along with a table that details

the substitution pattern. To obtain torsion, the 2- and 2′-positions

of the biphenyl unit were substituted with electron-withdrawing

CF3 groups or with electron-rich CH3 moieties. To assess the

degree of electronic decoupling obtained by torsion, we compare

our materials to N-phenyl-3,6-dimethylcarbazole. The structure

for N-phenyl-3,6-dimethylcarbazole is also displayed in Figure

1. To block the reactive 3- and 6-positions of the carbazole unit,

methyl groups have been introduced. In addition, this leads to

a further fine-tuning of the electronic structure. Thus, compounds

1-6 form two sets of materials, with the group formed by 1

(CDBP), 2, and 3 based on the methyl-substituted biphenyl

center and compounds 4-6 based on the trifluoromethyl-

substituted core. Within each set, the amount of CH3 substitution

on the carbazole unit rises.

To understand how the substitutions affect the excited states

of these compounds, we first consider the effect of torsion by

comparing the compounds CBP and CDBP. CDBP differs from

CBP only by the presence of the methyl group at the 2,2′-

positions of the central biphenyl unit. According to DFT

calculations, the methyl group increases the ground-state torsion

angle between the two central phenyl rings from about 33 to

81°.17 Parts a and b of Figure 2 display the room-temperature

absorption and fluorescence spectra taken from 10-5 M cyclo-

hexane solutions of both compounds. Despite the different

ground-state geometries, both CBP and CDBP display a first

absorption band at the same energy, that is, with a S1rS0 0-0

peak at 3.70 eV and the 0-1 vibrational replica at 3.88 eV, yet

for the more planar CBP the molar extinction of this first band

is more than twice that found for CDBP. In contrast to CDBP,

there is also some intensity at 3.95 eV in CBP. The next

absorption band with a 0-0 peak at 4.30 eV and a 0-1

vibrational sideband at 4.45 eV is at the same energy and at

very similar intensity for both compounds.

When considering the absorption spectrum of CDBP, we note

a striking similarity to the absorption of N-phenyl-3,6-dimeth-

ylcarbazole that is also displayed in Figure 2 for ease of

comparison. In the same way, the fluorescence spectra of

N-phenyl-3,6-dimethylcarbazole and CDBP coincide. In contrast

to the absorption, the emission of CBP is red-shifted compared

to CDBP. We attribute this to the planarization of CBP after

the transition to the excited state, while such a geometric

relaxation is not possible for CDBP due to the bulkier side

groups. From this comparison of the three compounds it is

evident that the torsion induced by the methyl unit at the central

biphenyl reduces conjugation between the two parts of the

molecule such that the optical transitions in CDBP are domi-

nated by just the separate N-phenylcarbazole moieties.

If the biphenyl is substituted with the electron-withdrawing

trifluoromethyl group instead of the electron-rich methyl unit,

we observe only minor changes in the absorption yet an entirely

Figure 1. Chemical structures of 4,4′-bis(9-carbazolyl)biphenyl (CBP), the substituted derivatives 1-6 and of N-phenyl-3,6-dimethylcarbazole
(compound 7).
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different spectrum in emission. For example, the only differences

in the absorption of compounds 3 and 6 (Figure 3a) are a slightly

higher extinction at about 3.85 eV and a significantly reduced

extinction in the band around 4 eV for the CF3-substituted

compound while the energetic positions and spectral shapes of

the absorption features remain essentially unaltered. In contrast,

in the fluorescence spectra the emission energy and vibrational

structure differ strongly. The emission of compound 3 closely

resembles that of the parent molecule CBP in both energy and

structure, while the luminescence of 6 consists of a broad

unstructured peak centered at about 3.25 eV with a small

shoulder at 3.55 eV.

Before considering the difference between the CF3- and the

CH3-substituted compounds in more detail, we briefly comment

on the minor modifications to the excited-state energies obtained

by introducing additional methyl substituents at the pendant

carbazole moieties. We consider compounds 1-3 (Figure 3b).

For all compounds, we observe a small bathochromic shift with

an increasing amount of methyl substituents. Otherwise the

spectra retain the features of the carbazole emission. We attribute

this to a slight upshift of the HOMO due to the electron-donating

character of the methyl group, as confirmed by quantum

chemical calculations. The same effect occurs in the trifluoro-

methyl series 4-6 upon CH3 substitution on the carbazole

moiety.

To understand what causes the striking difference in the

emission spectra of the CF3-substituted series compared to the

CH3-substituted one, we compare solution spectra with spectra

taken on thin films. The fluorescence spectra taken from the

liquid solution (10-5 M of the host compound in cyclohexane)

are, apart from a very minor bathochromic shift of 50 meV,

identical to those taken from thin films of solid-state solution

(10 wt % of host compound in PMMA). For the neat films,

however, we observe an additional broad emission feature in

the CH3-substituted compound 3 centered at about 2.6 eV.

(Figure 4) Such a broad red emission that only occurs in the

neat film yet not in solutions is typical for an intermolecular

excited state. If we correct for the slight energy shift between

the solid solution spectrum and the neat spectrum and then form

the difference spectrum between the two, we find that the broad

emission centered at 2.6 eV contributes about 40% to the overall

neat film emission in 3. In contrast for 6, the same red emission

only becomes evident after forming the difference spectrum as

it amounts to merely 7% of the integrated neat film emission.

We carried out DFT calculations of the molecular orbitals

and excited-state energies for the compounds 3 and 6 in order

to understand the influence of CF3 substitution on the central

biphenyl compared to the CH3 substitution. The HOMO and

LUMO electron densities are displayed in Figure 5, and the

resulting term scheme is shown in Figure 6.

Figure 2. (a) Absorption spectra and (b) fluorescence spectra, both
taken at room temperature for CBP, CDBP, and the N-phenyl-3,6-
dimethylcarbazole 7 in 10-5 M cyclohexane solution.

Figure 3. Room-temperature absorption and fluorescence spectra in
10-5 M cyclohexane solution (a) for compounds 6 and 3, (b) for the
CH3-substituted compounds 1-3, and (c) for the CF3 substituted
compounds 4-6.

Figure 4. Room-temperature steady-state emission spectra of neat films
(labeled 100%) and solid-state solution in PMMA (labeled 10%)
normalized to unity (a) for the CH3-substituted compound 3 and (b)
for the CF3-substituted compound 6.
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For compound 3, the torsion between the central biphenyl

ring due to the CH3 groups leads to a localization of the electron

wave function on each of the carbazole units. As a result,

HOMO and HOMO-1, as well as LUMO and LUMO+1, are

nearly degenerate, separated by only 1-2 meV. The lowest

excited singlet state, S1, involves mainly transitions from

HOMOfLUMO+1 and HOMOfLUMO. Only the former of

the two is illustrated in Figure 6. In the HOMO, the lone pair

on the nitrogen mixes with the π-conjugated system of the rings.

The transitions contributing to S1 have predominantly a πfπ*

character, and the vertical transition energy is calculated to be

at 3.97 eV. At slightly higher energy, that is, at 4.10 eV, we

find the second excited singlet state which involves transitions

from orbitals localized on the carbazole unit to an orbital

localized on the central biphenyl section of the molecule, such

as the HOMOfLUMO+2 transition illustrated in Figure 5. S2

has thus a strong charge-transfer character.

In contrast to 3, compound 6 is substituted with electron-

withdrawing CF3 groups on the biphenyl. As a result, the orbital

localized on the central biphenyl is stabilized and becomes the

LUMO. LUMO+1 and LUMO+2 are also centered on the

biphenyl. Only orbitals from LUMO+3 onward contain some

nonnegligible electron density on the carbazole units. Transitions

from a HOMO localized on the carbazole to the LUMO on the

biphenyl group lead to a singlet excited state with a strong

intramolecular charge-transfer character (and concomitantly a

very small oscillator strength) at a vertical transition energy of

3.41 eV. The second excited singlet state S2 comprises both

carbazole-carbazole centered πfπ* transitions such as HOMO

fLUMO+3 and carbazole-biphenyl charge-transfer-type tran-

sitions. With 3.79 eV, it is at energy similar to the πfπ* based

S1 state in 3.

With these calculations, we can now interpret the absorption

and fluorescence spectra. Absorption requires reasonable oscil-

lator strength. Consequently, the absorption observed experi-

mentally at 3.54 eV takes place into the S1 state of 3 and into

the S2 state of 6. The S1 state of 6 cannot be seen in the

absorption spectrum due to the low oscillator strength associated

with this intramolecular charge-transfer-type transition. After

absorption, fluorescence in 3 occurs from the same S1 state that

has been excited, resulting in a small Stokes’ shift and clear

vibrational structure that mirrors the absorption band (see Figure

3a). In contrast for 6, fast internal conversion to the lower energy

S1 takes place, in agreement with Kasha’s rule.31 The intramo-

lecular charge-transfer character of the S1fS0 transition pre-

cludes a vibrational structure and causes the broad emission.

(ii) Phosphorescence. To experimentally observe the triplet-

state emission, we measured the 10 K luminescence from thin

films at a delay time of 500 ns after an excitation pulse and

using a detector with a large gate width of 60 ms. Figure 7

shows the spectra obtained for 1-3, normalized to unity at about

2.95 eV. The corresponding spectra for 4-6 are displayed in

Figure 8.

For all spectra taken in a solid-state solution (Figures 7a and

8a), we observe two sharp peaks at 2.95 and at 2.76 eV as well

as a broad peak centered at 2.6 eV. The intensity of this broad

peak reduces when the number of methyl substituents on the

pendant carbazoles is increased along the series 1-3 and along

the series 4-6.

Increasing the concentration by using a pure film of com-

pounds (Figures 7b and 8b) does not change the spectral shape

any further for the series with the methyl substituents on the

biphenyl, except for a small bathochromic shift with increasing

CH3 content. In contrast, for the compounds with CF3 at the

central biphenyl, the sharp features are lost and the emission is

entirely dominated by the broad peak now centered at 2.5 eV.

Furthermore, the spectra do not change with an increasing

amount of CH3 content, except again for a small bathochromic

shift.

We consider that the broad peak may be associated with

intermolecular interactions since it reduces in relative intensity

when the molecule is in a solid solution (compare Figure 8b

Figure 5. DFT optimized chemical structures and relevant orbitals
for compounds 3 (left side) and 6 (right side). The energies of the
orbitals with respect to the vacuum level are also indicated. The arrows
indicate the transitions into S1 and S2 along with their dominant
character.

Figure 6. Scheme of the singlet and triplet energy levels based on the
DFT calculations for compounds 3 and 6. The predominant nature of
the transitions involved, i.e., charge transfer (CT) or ππ*, is indicated
next to the energy levels.

Figure 7. Emission spectra taken at 10 K with a delay time of 500 ns
and a gate width of 60 ms for the CH3-substituted compounds 1-3 (a)
in a 10 wt % solid-state solution of PMMA and (b) in pure film.The
spectra are normalized to unity at the first emission peak.
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and Figure 8a) and when the number of bulky CH3 groups on

the molecule increases. For compound 6, some vibrational

structure is clearly visible in the emission from solid solution,

while the luminescence from the neat film contains only the

broad feature. We therefore use these two spectra to separate

the contributions. Figure 9a shows the emission from the solid-

state solution for compound 6. Also shown is the emission

obtained from the neat film, scaled to the red tail of the solid

state solution spectrum. Subtracting the scaled neat film

spectrum from the solid state solution spectrum results in a well-

structured difference spectrum, with a 0-0 peak at 2.95 eV and

clear vibrational replica at 2.75, 2.60, and 2.44 eV. In Figure

9b, we compare the so obtained difference spectrum to the

phosphorescence spectrum we found for N-phenyl-3,6-dimeth-

ylcarbazole (7) in a neat film. The spectra are very similar. From

this analysis it is evident that the emission from compounds

4-6 is due to a superposition of the well-structured carbazole

phosphorescence with the 0-0 peak at 2.95 eV and a broad

unstructured emission centered around 2.5-2.6 eV that we

attribute to intermolecular interactions, detailed further as

follows. The same applies analogously to 1-3, albeit with a

lower contribution by the intermolecular peak in the neat film.

The well-resolved vibrational structure of the phosphores-

cence in contrast to the broad fluorescence for the CF3-

substituted compounds implies that the state giving rise to

phosphorescence is of a different nature from the state causing

the fluorescence. This is confirmed by the quantum chemical

calculations. The nature of the optical transitions directly affects

the position of the associated triplet excited states. The exchange

energy, and thus the energy gap between a singlet and the

associated triplet state, is well-known to scale with the overlap

of the orbitals involved.32 In consequence, πfπ* transitions

result in a larger exchange energy than the charge-transfer-type

transitions. For compound 6 this implies that the πfπ*

transitions that contribute to S2 lead to a large calculated

singlet-triplet splitting of 0.77 eV, while the charge-transfer-

type transitions involved in S1 give rise to a calculated

singlet-triplet splitting of only 0.32 eV (see Figure 6). In

consequence, charge-transfer-type transitions cause the second

lowest triplet excited state, T2, while the lowest energy triplet

excited state, T1, has some π-π* character that leads to

vibrational structure, as in compound 3.

To summarize the results obtained so far, we find that the

CH3-substituted molecules have a first excited singlet state with

0-0 S1fS0 transition energies are in the range from 3.5 to 3.7

eV, depending on the substituents on the carbazole moiety.

Phosphorescence takes place with the 0-0 T1fS0 transition in

the range of 2.9-3.0 eV, and it is superimposed by a broad

additional emission band. The strong torsion within the biphenyl

unit implies that the π-π* transition causing the S1 and T1 state

is localized on the carbazole moieties. As a result, absorption,

fluorescence, and phosphorescence are essentially identical to

the spectra reported for N-arylcarbazoles in the pioneering works

by Klöpffer10-13 and Johnson.12,18 We have shown this by direct

comparison of 1-3 to 7, and by DFT calculations. Our

calculations only consider the vertical S1rS0 and T1rS0

transitions. In the excited state, there is likely to be some degree

of planarization, yet the similarity between the emission spectra

of compounds 1-3 and 7 confirms the essentially localized

character of the excited states.

When using CF3 instead of CH3 for the biphenyl substitution,

the absorption and phosphorescence spectra remain very similar,

yet the fluorescence shifts to the red and loses all structure. This

is because absorption and phosphorescence still involve the

π-π* transition localized on the carbazole, while fluorescence

takes place from an intramolecular charge-transfer (CT) state.

Essentially, the result of the CF3 substitution is to stabilize an

unoccupied orbital centered on the biphenyl, so that an intramo-

lecular CT transition from the carbazole to the biphenyl moiety

requires less energy than the carbazole-based π-π* transition.

Without the CF3 substitution, this order is reversed.

(iii) Excimer Emission. We now consider the broad emission

found around 2.5-2.6 eV (Figures 4, 7, and 8) in more detail.

First we note that for the spectra taken under steady-state

conditions at room temperature (Figure 4), the broad emission

is particularly prominent for the CH3-substituted compound 3,

while it contributes only a little to the spectrum of the CF3-

substituted compound 6. However, when the emission is

recorded at 10 K with a delay time of 500 ns after the excitation

pulse and with a long detector gate width of 60 ms (Figures 7

and 8), the broad emission features more strongly in the spectra

Figure 8. Emission spectra taken at 10 K with a delay time of 500 ns
and a gate width of 60 ms for the CF3-substituted compounds 4-6 (a)
in a 10 wt % solid-state solution of PMMA and (b) in pure film.The
spectra are normalized to unity at the first emission peak.

Figure 9. (a) phosphorescence spectra at 10 K of compound 6 in a
pure film (blue line) and in a 10 wt % solid-state solution in PMMA
(black line), normalized to unity at the first peak of emission, along
with the difference spectrum between the pure film spectrum and the
solid-state solution spectrum (red line). (b) Comparison of the difference
spectrum (red line) with the 10 K phosphorescence spectrum from 7
in a pure film (black line).
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of the CF3-substituted materials. This difference in intensity is

easily resolved when considering the detection modes used in

more detail. With use of steady-state detection all the photons

emitted from an excited state are integrated, so excitations that

decay with a high radiative decay rate show up more strongly.

Naturally, these excitations have already decayed when waiting

for a delay of 500 ns after excitation, and the collected signal

intensity is mostly due to excitations with a lower radiative

decay rate. Comparison of Figures 4, 7, and 8 suggests therefore

that the broad emission centered around 2.5-2.6 eV is present

in both classes of materials, yet with a faster decay rate for the

CH3-substituted compounds compared to the CF3-substituted

counterparts. To confirm this hypothesis, we measured the decay

time at 2.4 eV in a neat film at room temperature (Figure 10).

The emission decays in a non-monomolecular fashion to about

1/e of its initial value in 240 µs for 3 yet in 1.2 ms for 6.

Next we draw attention to the fact that the relative contribu-

tion of the broad emission decreases when the molecule has

more bulky substituents on the carbazole or when the molecule

is diluted into a solid-state solution, suggesting that the broad

emission is associated with intermolecular interactions. Fur-

thermore, there is no corresponding absorption feature. We

therefore attribute the broad emission to an excimer. We use

the term excimer to refer to an intermolecular state that is only

stable in the excited state and that has both covalent and ionic

contributions to the overall excited-state wave function,Ψ. This

can be expressed as

where A and B refer to different molecules, the symbols *,+,

and - indicate the excited or charged state, and c denotes a

constant.32 Usually it is understood that the covalent contribu-

tion, given by the first two terms in eq 1, dominate the character

of the excited state.

We now consider the subtle differences between the excimer

in the CH3-substituted compounds such as 3 and in the CF3-

substituted ones such as 6. The energy and shape of the emission

are identical, yet, for 6 compared to 3, the lifetime of the excimer

emission is about five times longer and the intensity under

steady-state detection is lower. As already mentioned above,

this implies a lower radiative decay rate in 6 than in 3. We

interpret this as an indication that the more polar character of

a neat film of 6 increases the ionic contribution to the overall

excimer wave function expressed in (1). A stronger charge-

transfer character of the intermolecular state reduces the wave

function overlap that is needed according to Fermi’s golden rule

to give a high radiative decay rate. The fact that the substitution

with the CF3 group increases the charge-transfer character of

the intermolecular excitation is a remarkable detail. The relative

amount of the covalent to the ionic contribution in an intermo-

lecular excitation such as an excimer or, in the case of a

heterojunction, such as an exciplex is one of the factors that

control the efficiency of charge separation at the intermolecular

interface.33,34 It is therefore desirable to be able to fine-tune this

property by a simple mechanism such as substitution. From the

present data we are not able to differentiate whether the longer

lifetime of the excimer is caused by the increased polarity of

the two molecules constituting the excimer or whether it can

be attributed to the enhanced polarity of the excimer’s environ-

ment, or both.35

We have already shown that the strong torsion in the biphenyl

unit in compounds 1-6 electronically decouples the two halves

of the molecule to some degree, resulting in absorption and

phosphorescence spectra that are identical to those of N-

phenylcarbazole. N-Arylcarbazoles and N-alkylcarbazoles have

been studied extensively in the past by Klöpffer, Johnson, and

many others,11,18-28 and it is well-known that they are prone to

form excimers. Given the similar electronic structure, it is

instructive to compare the excimer emission we find for

compounds 1-6 with the existing literature on excimers in

N-arylcarbazoles and N-alkylcarbazoles. These materials can

form two different kinds of excimers, depending on their

geometric arrangement.

If the carbazoles overlap by only one phenyl ring, a partial

overlap excimer is formed. This excimer fluoresces in broad

unstructured fashion at about 3.1 eV (400 nm).19,26 For carba-

zolophanes that are used as model compounds for the partial

overlap excimer, Tani and co-workers26 also report phospho-

rescence, though we note that this phosphorescence has

vibrational structure with a 0-0 peak about 2.91 eV (425 nm),

such as the corresponding N-ethylcarbazole monomer. Since the

triplet is strongly localized, it is conceivable that the resonance

interaction is not sufficient to form a stable triplet excimer. A

different conformation is that of a sandwich excimer where the

two carbazole derivatives involved overlap fully.19,26,36 Broad

and unstructured fluorescence and phosphorescence are reported

centered at about 2.7 eV (460 nm) and at about 2.5 eV (500

nm), respectively, for the sandwich excimer.19,26,36

Triplet excimers are not reported often since the singlet-triplet

splitting in excimers is small. As a result, triplet excimers are

often energetically above the triplet state in the monomer and

they become quenched by it.32 Triplet excimers can be observed

if the stabilization energy of the excimer formation is large

compared to the S1-T1 energy splitting of the monomer, so

that the energy level of the excimer triplet is lower than the

monomer triplet (Figure 11). For carbazole sandwich excimers,

this is the case.24,26,37 The monomer S1-T1 energy splitting is

about 0.7 eV (see Figures 2 and 9 for N-phenylcarbazole or

Figure 3 in ref 26 for N-ethylcarbazole). In contrast the energetic

stabilization associated with the excimer formation is 0.9 eV,

as is evident from the change in S1 energy from 3.6 to 2.7 eV.

We consider that this large stabilization energy is associated

with a significant wave function overlap of the π-system in the

carbazole sandwich excimer.

If we compare the excimer emission observed in compounds

1-6 to the excimer emission reported for N-arylcarbazoles and

N-alkylcarbazoles, we find that our excimer emission centered

around 2.5-2.6 eV is energetically identical to the triplet of

the carbazole sandwich excimer. Furthermore, the lifetime of

the excimer in our compounds is on the order of a few hundred

microseconds to milliseconds (Figure 10). This is too long for

Figure 10. Normalized decay curves of the photoluminescence
intensity for compounds 3 and 6 in neat film (where, for example, 1E-3
represents 1 × 10-3).
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a singlet excimer, which is typically in the range of tens of

nanoseconds,33,34,38,39 yet it is consistent with a typical phos-

phorescence lifetime at room temperature for organic solids.40

On this basis we conclude that the excimer emission observed

in compounds 1-6 can be assigned to a triplet excimer that is

localized on two carbazole moieties in a sandwich configuration.

On passing we remind the reader that we attributed the longer

lifetime found for the CF3-substituted 6 to a stronger charge-

transfer character of the intermolecular state. This is consistent

with reports by Haggquist and co-workers who considered how

the balance between geminate pair recombination, triplet exci-

mer formation, and triplet-triplet annihilation in the sandwich

excimer of N-ethylcarbazole depends on the dielectric constant

of the solvent.36 It also confirms earlier work by Tani et al. on

sandwich-type carbazole derivatives24,26,37 and by Lim et al. on

triplet excimers in naphtalene derivatives that arrange in a

skewed or L-shaped geometry.28,41 Both groups pointed out that

triplet excimers are stabilized if charge resonance adds to the

usual electronic resonance associated with excimers, i.e., if the

third and fourth terms in eq 1 also contribute substantially. This

is in contrast to singlet excimers, where electronic resonance

alone, i.e., the first two terms in eq 1, is often sufficient.

Having established that there is a nonnegligible amount of

triplet excimers present in neat films of compounds 1-6, we

may now question whether these materials are suitable as hosts

for blue triplet emitters. There are a number of reports where

compound 1, that is CDBP, was used as a host for the iridium

complex FIrpic. The OLED performance was found to be very

good and certainly superior to that with CBP as host material.7,42

The reason for the good performance of 1 (CDBP) may be that

FIrpic has a 0-0 triplet energy of 2.64 eV and the triplet excimer

in CDBP is centered around 2.6 eV, i.e., nearly isoenergetic as

indicated in Figure 11. The energy-transfer rates for forward

transfer and back transfer therefore have to be very similar. Since

the lifetime of FIrpic is only in the range of microseconds,

whereas the triplet excimer lives for several hundreds of

microseconds; this implies that almost all of the excited triplet

states still decay from the FIrpic site. To which degree this

balance shifts when the energy of the triplet in the phospho-

rescent emitter is higher than that in the excimer still needs to

be investigated in a quantitative fashion.

Summary and Conclusion

We have shown that the substitution on the central biphenyl

unit successfully raises the triplet T1 energy from 2.58 eV in

the more planar CBP to 2.95 eV in the twisted compounds 1-6.

The monomeric phosphorescence is superimposed by triplet

emission centered at 2.6 eV from a sandwich-type excimer

localized on the carbazole moiety. This triplet excimer emission

can be reduced by increasing the number of bulky substituents

on the carbazole. When using CF3 instead of CH3 as substituents

on the central biphenyl, the fluorescence acquires a charge-

transfer character, and the radiative recombination of the triplet

excimer reduces. This is attributed to a larger ionic character

of the intermolecular triplet excited state for the more polar

compounds. It implies that depending on the local molecular

polarization, the intermolecular excited state may vary between

having a dominant resonance character (more excimer-like) or

a stronger coulomb contribution (more charge-transfer-like). A

partially similar dependence of the nature of the intermolecular

excited state on the local molecular environment has also been

observed for molecular heterojunctions, where this effect is

known to contribute decisively to the recombination or dis-

sociation rate of excited states.35 Given the structural similarity

of compounds 1-6 to the widely used host materials CBP or

mCB and the relevant role of long-lived excimer states to device

efficiency and lifetime, the possible existence of only weakly

emissive triplet excimers from the host materials needs to be

taken into account and requires consideration when evaluating

the performance of device structures such as WOLEDs.
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