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The optical, fluorescent, and photoconductive properties of solution-processable functionalized pentacene and
anthradithiophene (ADT) derivatives are presented. Considerable fluorescence quantum yields of ∼70-75%
and ∼40-50% were observed in several ADT derivatives in toluene solutions and in thin films, respectively.
No electric field-induced fluorescence quenching was observed in films at applied electric fields of up to at
least 2 × 105 V/cm. Strong temperature dependence of fluorescence quantum yields was observed in all ADT
films but not solutions, which emphasizes importance of intermolecular interactions in these materials. All
films exhibited fast charge carrier photogeneration upon 100 fs 400 nm excitation and power-law decay
dynamics of the transient photocurrent over many orders of magnitude in time. In solution-deposited ADT
thin films, effective charge carrier mobilities calculated from the space-charge-limited currents reached ∼0.1
cm2/V · s. In the same films, bulk photoconductive gains of up to 130 were observed at 532 nm continuous
wave excitation with light intensity of 0.58 mW/cm2 at the applied electric field of 4 × 104 V/cm.

Introduction

Organic semiconductors have been investigated as an alterna-
tive to conventional inorganic semiconductors due to their low
cost, ease of fabrication, and tunable properties.1 Applications
envisioned for organic semiconductors include xerography, thin-
film transistors, light-emitting diodes, lasers, solar cells, and
photorefractive devices.2-6 Small-molecular-weight solution-
processable materials that can be cast into high-performance
(photo)conductive thin films are of particular technological
interest.

Functionalized anthradithiophene (ADT) and pentacene de-
rivatives have attracted considerable attention due to their high
charge carrier mobility,7-12 photoconductivity,13-18 and lumines-
cence.7,17,19,20 In particular, charge carrier (hole) mobilities of
over 1.2 cm2/V · s have been observed in solution-deposited films
of pentacene functionalized with triisopropylsilylethynyl (TIPS)
groups and of fluorinated ADT functionalized with triethylsi-
lylethynyl (TES) side groups.10,21 In addition, in similar films,
fast charge carrier photogeneration and nonthermally activated
charge transport on picosecond time scales after photoexcitation
have been reported.13-15 In films of conjugated functionalized
pentacene dimers, photoconductive gains of over 10 have been
observed.17 Finally, high photoluminescence quantum yields
(QYs) of 72% and 76% have been obtained in dioxolane-
substituted pentacene derivatives in toluene solution and when
used as guest molecules (at 0.25 mol % concentration) in Alq3

films, respectively.19,20

Slight chemical modifications of the side groups of both ADT
and pentacene derivatives lead to considerable changes in
molecular packing,7 which affects electronic and optical proper-
ties of thin films. Additional changes in these properties may

be produced by functionalization of the core of the molecule.
In this paper, we investigate optical, fluorescent, and (photo)-
conductive properties of several functionalized ADT and
pentacene derivatives. By exploring these materials, we seek
(1) to clarify influence of modifications of the core and of the
side groups of the molecule on the photophysical properties of
molecules in solutions and thin films, and on the (opto)electronic
properties of thin films; (2) to probe the contribution of inter-
molecular interactions into optical, fluorescent, and (photo)-
conductive properties of thin films, and (3) to investigate the
relationship between the photoconductive and fluorescent
responses in thin films. Optical absorption spectra and fluores-
cence spectra, quantum yields, and lifetimes, measured as a
function of temperature in solutions and thin films, are presented.
Results of measurements of space-charge-limited currents,
transient photocurrents (with <100 ps time resolution), and
continuous wave (cw) photocurrents in thin films are also
reported and discussed.

Experimental Section

Materials. The synthesis of functionalized (TIPS or TES)
pentacene7,22-24 and of fluorinated ADT derivatives (ADT-
TIPS(TES)-F)25 has been reported elsewhere. 2,8-Dicyano-5,12-
bis(triisopropylsilylethynyl)anthradithiophene (ADT-TIPS-CN)
was prepared by a palladium-catalyzed coupling of copper(I)-
cyanide to the corresponding dibromo anthradithiophene deriva-
tive (tetrahydrofuran solvent, 65 °C, 14 h) in 78% yield. The
product was recrystallized from dichloromethane. 1H NMR (200
MHz, CDCl3): δ 1.34 (s, 42H), 8.04 (s, 2H), 9.18 (s, 2H), 9.30
(s, 2H). 13C NMR (50 MHz, CDCl3): δ 11.71, 19.05, 97.29,
103.15, 108.09, 108.72, 109.34, 113.30, 113.50, 114.20, 117.33,
119.35, 120.74, 120.81, 121.40, 125.17, 130.30, 130.82, 131.16,
131.68, 135.64, 137.91, 138.20, 139.14, 139.58. MS (EI 70 eV)
m/z 702 (30%, M+ + 1), 701 (65%, M+), 700 (100%, M+ - 1).

Differential Pulse Voltammetry (DPV). Electrochemical
data were measured using a BAS CV-50W voltammetric
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analyzer in a three-electrode configuration consisting of Ag wire
pseudo-reference electrode, platinum button as working elec-
trode, and platinum wire as counter electrode. Tetrabutylam-
monium hexafluorophosphate was dissolved in anhydrous
dichloromethane to produce 0.1 M supporting electrolyte
solution. The system was calibrated versus the ferrocene/
ferrocenium redox couple. The highest occupied molecular
orbital (HOMO) energy of ferrocene with respect to vacuum
(4.8 eV) was used to calculate the HOMO and lowest unoc-
cupied molecular orbital (LUMO) energies of the molecules
under study. The optimal potential window for both compounds
was determined using cyclic voltammetry; then the anodic and
cathodic electrochemical processes were studied individually
using DPV.

Sample Preparation. Stock solutions of functionalized ADT
and pentacene derivatives were prepared at ∼1% by weight in
toluene. For quantum yield measurements, solutions were
prepared by dilution of stock solutions to ∼10-5 M. For
measurements of fluorescence spectra in the solid state, but
without effects of significant intermolecular interaction, the
mixtures of a 10-5 M solution of molecules under study and 1
wt % of polymethylmethacrylate (PMMA) in toluene were
prepared and spun-cast onto a glass substrate at 3000 rpm at
room temperature. For all other measurements, films with
thickness of 0.5-2 µm were prepared by drop-casting stock
solutions onto glass substrates at ∼60 °C.

For measurements of dark currents and photoresponse, glass
substrates were prepared by photolithographic deposition of 5
nm/50 nm thick Cr/Au or 100 nm thick aluminum (Al) electrode
pairs. Each pair consisted of 10 interdigitated finger pairs, with
1 mm finger length, 25 µm finger width, and 25 µm gaps
between the fingers of opposite electrodes. Films were drop-
cast onto the interdigitated regions. For measurements of electric
field-induced fluorescence quenching, the coplanar electrode
geometry, with 25 or 50 µm gap and 1 mm channel width, was
used, in addition to interdigitated geometry. With the exception
of ADT-TIPS-CN, materials investigated here formed poly-
crystalline films when solution deposited, as confirmed by X-ray
diffraction and transmission electron microscopy (TEM). At
least 10 samples of each material were studied.

Optical and Photophysical Measurements. Optical absorp-
tion spectra were measured using a halogen lamp and a fiber-
coupled Ocean Optics USB2000 spectrometer. Absorbance (A)
was calculated from the incident (I0) and transmitted (I) beam
intensities as A ) -log(I/I0). Reflection losses were taken into
account by referencing with respect to cuvettes with pure solvent
or clean glass substrates for solution and film measurements,
respectively.

Solution emission spectra were acquired in a custom fluo-
rescence measurement setup with laser excitation at wavelengths
of either 400 (frequency-doubled mode-locked Ti:Sapphire laser
from KM Laboratories), 532 (Nd:YVO4 laser from Coherent,
Inc.), 633 (HeNe laser), or 655 nm (diode laser). Emitted
photons were collected using a parabolic mirror and detected
with a fiber coupled spectrometer (Ocean Optics USB2000)
calibrated against a 3100 K blackbody emitter. Absorption of
solutions was measured using a standard 1 cm path length quartz
cuvette with a halogen light source fiber-optically delivered to
the sample holder and spectrometer. Fluorescence QYs in
solution were referenced against standards with known QYs and
corrected for differences in optical density and solvent refractive
index.26 The ADT derivatives were measured against rhodamine
6G in ethanol (Φf ) 0.95) and DCDHF-N-6 in toluene (Φf )
0.85).27 The QY of TIPS pentacene solution was measured

against rhodamine 6G in ethanol and Alexa Fluor 647 in a
phosphate buffer solution (pH 7.2, Φf ) 0.33).28 The QYs in
films were estimated using DCDHF-N-6 in PMMA (Φf )
0.98)27 as a reference and assuming a value of 1.7 for the index
of refraction. The detection limit of the setup was estimated to
be at QY ≈ 0.5%.

Fluorescence lifetime measurements were performed using
a frequency-doubled mode-locked Ti:Sapphire laser with a
repetition rate of 93 MHz picked at 9.3 MHz using a home-
built pulse picker (based on a TeO2 acousto-optic modulator
from NEOS) and pulses 80 fs in length as the excitation source.
A single-photon avalanche photodiode (SPAD, Molecular
Photonic Devices) was used in conjunction with a time-
correlated single-photon counter (TCSPC) data analysis board
(PicoQuant TimeHarp 200) for detection. The instrument
response function (IRF) (∼200 ps) was recorded using scattered
light from an etched microscope slide.

For measurements of temperature dependence of film spectra
and fluorescence lifetimes, samples on microscope coverslips
were mounted on a custom electrically heated and water cooled
stage (range: 278-360 K) for temperature control. Absorption
and fluorescence measurements were taken in situ over the entire
temperature range in ambient air. Experiments were also
performed under N2 atmosphere and showed no discernible
difference.

For measurements of electric field-induced fluorescence
quenching, either 532 nm cw light or pulsed 400 nm light was
focused on the samples similar to those used in our (photo)-
conductivity studies. At 532 nm cw photoexcitation, fluores-
cence was collected using a Thorlabs amplified photodetector
and a SRS830 lock-in amplifier. Keithley 237 source-measure
unit was used to apply voltage in the range of 0-500 V and
measure photocurrent, simultaneously with measurements of the
fluorescence. At 400 nm pulsed excitation, fluorescence transient
decay was detected using SPAD and TSCPC, as described
above. The experiment was repeated at voltages up to 500 V
and at different temperatures.

Dark Current and Transient and cw Photocurrent Mea-
surements. For transient photoconductivity measurements, an
amplified Ti:Sapphire laser (800 nm, 100 fs, 1 kHz) was used
in conjunction with a frequency-doubling �-barium borate
(BBO) crystal to excite the samples. Voltage was supplied by
a Keithley 237 source-measure unit, and light pulse-induced
transient photocurrent was measured with a 50 Ω load by a 50
GHz CSA8200 digital sampling oscilloscope.15,29 Average
electric field (E) was calculated as E ) V/L, where V is the
applied voltage and L is the gap between the electrodes. For
dark current and cw photocurrent measurements, the samples
were embedded in a fixture incorporating a thermoelectric unit
for temperature control (range: 285-350 K). The Keithley 237
source-measure unit was used to measure current through the
sample in the absence and in the presence of cw photoexcitation
with a Nd:YVO4 laser at 532 nm. The photocurrent was
calculated as the difference between the two.

Results

General Materials Properties. Materials studied here are
pentacene functionalized with alkyne side groups of TIPS or TES
and derivatives of ADT functionalized with TIPS or TES and
containing fluorine (F) or CN as end groups (Figure 1). By
modifying the type and location of side and end groups on the
core of molecule, different packing motifs have been achieved.7,22,23

For example, while unsubstituted pentacene assumes her-
ringbone-type molecular packing in the crystal, TIPS pentacene

Photophysical Properties of Functionalized Acenes J. Phys. Chem. C, Vol. 113, No. 31, 2009 14007
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exhibites “brick-layer” arrangement in the solid state with
significant π-overlap favoring 2-D transport30 (triclinic sym-
metry, unit cell parameters: a ) 7.57 Å, b ) 7.75 Å, c ) 16.84
Å, R ) 89.15°, � ) 78.42°, γ ) 83.63°, interplanar spacing ≈
3.47 Å).7,22 TIPS pentacene forms high-quality solution-
deposited films, in which thin-film transistor (TFT) mobilities
over 1.2 cm2/V · s have been demonstrated.21 In contrast, TES
pentacene exhibits “ slip-stack” crystal packing characterized
by 1-D transport;30 it does not yield thin films with good
coverage when deposited from solution, and thus, our studies
of this derivative have been limited to those in solution.

In the case of the ADTs, the combination of the end and
side groups determined the packing motifs.25 In fluorinated ADT
with TIPS side groups (ADT-TIPS-F), the crystal structure was
a 2-D π-stacked configuration (triclinic symmetry, unit cell
parameters: a ) 7.58 Å, b ) 8.18 Å, c ) 16.15 Å, R ) 100.85°,
� ) 92.62°, γ ) 98.79°, interplanar spacing ≈ 3.3-3.4 Å),22

and it formed polycrystalline films when drop-cast from toluene
solution, as confirmed by X-ray diffraction and TEM. ADT-
TES-F had a similar crystal structure (triclinic symmetry, unit
cell parameters: a ) 7.71 Å, b ) 7.32 Å, c ) 16.35 Å, R )
87.72°, � ) 89.99°, γ ) 71.94°, interplanar spacing ≈ 3.2-3.4
Å),31 with a slight long-axis shift due to interactions between
an end fluorine atom and the sulfur atom on the neighboring
molecule, yielding higher quality crystalline films when spun-
coat or drop-cast, as compared to ADT-TIPS-F.10,25 Films of
ADT-TIPS-CN deposited from solution under similar conditions
to fluorinated ADT derivatives were amorphous.

Energies of the HOMO of the studied derivatives ranged
between 5.16 (in TIPS pentacene) and 5.55 eV (in ADT-TIPS-
CN). The gap between the HOMO and the LUMO energies
(Egap) was from 1.81 (in TIPS pentacene) to 2.3 eV (in ADT-
TIPS-F), which corresponded to wavelengths (λgap ) hc/Egap,
where h is the Planck constant and c is the speed of light)
between 685 and 539 nm, respectively (Table 1). In addition to
a promising potential of the pristine compounds in Figure 1 for
(opto)electronic applications,7 availability of these high-
performance, solution-processable, structurally similar, deriva-
tives with different HOMO and LUMO energies can be utilized
to tune optical and electronic properties of materials by creating
composites. For example, fluorescence properties and charge
carrier dynamics at sub-nanosecond time-scales after 100 fs

photoexcitation of thin films of mixtures of ADT-TES-F with
ADT-TIPS-CN and with TIPS pentacene exhibited very different
behavior, which can be further exploited to tailor the organic
semiconductor composites for specific applications.29

Optical Properties. Solutions. Table 1 and Figure 2 sum-
marize optical and fluorescent properties of several function-
alized ADT and TIPS pentacene derivatives in toluene solution.
In solution, optical properties were determined primarily by the
molecular core and were not affected by TIPS or TES side
groups, which resulted in identical spectra of, for example, ADT-
TES-F and ADT-TIPS-F in Figure 2 or TIPS and TES pentacene
(only TIPS pentacene data are shown). Spectra of ADT-TIPS-
CN and TIPS pentacene in solution were both red-shifted with
respect to those of ADT-TIPS(TES)-F. In absorption spectra,
coupling of the first singlet transition with the ring-breathing
mode at ∼1400 cm-1 was observed in all solutions;32 vibrational
mode progression 0fk, with k ) 0-2, characterized by
dominant 0f0 transition and distribution of the intensities of
the vibronic bands similar for all molecules, was obtained. Small
Stokes shifts of <10 nm, observed in all solutions, are due to
rigidity of the molecular core.17,33,34 Fluorescence lifetime decay
of solutions was well described by a single-exponential function
(∼exp[-t/τ], where τ is the fluorescence lifetime). ADT-TIPS-F
and ADT-TES-F derivatives exhibited similar lifetimes (τ) of
∼9 ns (Figure 4) and high fluorescence QYs (Φf) of ∼70% in
toluene. Solutions of ADT-TIPS-CN and TIPS pentacene
showed longer lifetimes (∼12.5 ns) and Φf ≈ 75% (Table 1).
The radiative lifetimes (τrad ) τ/Φf)26 yielded ∼13 ns in the
case of ADT-TIPS(TES)-F and ∼16-17 ns in the case of ADT-
TIPS-CN and TIPS pentacene (similar to ∼17 ns measured in
monomeric anthracene32,35). No temperature dependence of
fluorescence spectra or lifetimes was detected in solutions in
the range of temperatures studied.

Films. Optical absorption spectra of films (Figure 3a)
exhibited a red-shift, or displacement (∆), with respect to those
in solutions. The values of ∆ ranged between ∼290 (in ADT-
TIPS-CN) and ∼1560 cm-1 (in TIPS pentacene) (Table 2). ∆
is due to enhanced Coulomb interaction of the molecule with
its surrounding and exchange interaction between translationally

Figure 1. Functionalized pentacene (a) and anthradithiophene (ADT)
(b) derivatives. The side groups (R) are either Sii-Pr3 (TIPS) or SiEt3

(TES). The end-group (R′) is either F or CN.

TABLE 1: Electrochemical and Fluorescent Properties of Pentacene and ADT Derivatives in Solution

name HOMOa (eV) LUMOa (eV) Egap (eV) λgap (nm) λabs
b (nm) λem

c (nm) Φf
d τd (ns) τrad

e (ns)

ADT-TES-F -5.35 -3.05 2.3 539 528 536 0.70 9.4 13.4
ADT-TIPS-F -5.35 -3.05 2.3 539 528 536 0.72 9.1 12.6
ADT-TIPS-CN -5.55 -3.49 2.06 602 582 590 0.76 12.7 16.7
TIPS pentacene -5.16 -3.35 1.81 685 643 650 0.75 11.8 15.7

a Measured by differential pulse voltammetry. b Wavelength of maximal absorption, which corresponds to 0f0 transition (Figure 2a).
c Wavelength of maximal emission, which corresponds to 0f0 transition (Figure 2b). d Measured as described in the Experimental Section.
e Calculated from Φf and τ as described in the text.

Figure 2. Optical absorption (a) and fluorescence (b) spectra of
functionalized pentacene and ADT derivatives in toluene solution.
Spectra of ADT-TIPS-F and ADT-TES-F in toluene solution are
identical.

14008 J. Phys. Chem. C, Vol. 113, No. 31, 2009 Platt et al.
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equivalent molecules.35 It depends on the molecular-orbital
overlap and on the structure and morphology of the film, with
lower displacement values in amorphous films (such as ADT-
TIPS-CN) compared to polycrystalline films (such as TIPS
pentacene).14 In contrast to identical absorption and fluorescence
spectra of ADT-TIPS-F and ADT-TES-F in solution, those of
corresponding films were considerably different (Figure 3),
which we attribute to differences in packing of these molecules
in the solid and in film crystallinity.25 In particular, ADT-TIPS-F
and ADT-TES-F films exhibited displacements ∆ of ∼320 and
∼760 cm-1, respectively. Although ∆ exhibited slight sample-
to-sample variation, it was always larger in ADT-TES-F films
compared to ADT-TIPS-F ones, indicative of a higher degree
of exciton delocalization in ADT-TES-F films. Also red-shifted
were fluorescence spectra of ADT-TES-F with respect to those
of ADT-TIPS-F films (Figure 3b). Vibronic bands in both
absorption and fluorescence spectra were broader in films, as
compared to solutions, with relative intensities of the bands
varied depending on the film thickness and morphology.
Regardless of the film thickness, ADT-TIPS-F films showed a
more pronounced vibronic structure of the fluorescence spectra
than ADT-TES-F and ADT-TIPS-CN. The differences observed
in fluorescence spectra of films compared to those in solutions
are due to intermolecular interactions leading to a formation of
molecular aggregates (whose properties depend on the degree
of molecular order, size, and intermolecular coupling).36-38 This
is further supported by our observations that the fluorescence
spectra of molecules under study embedded in low concentra-
tions in PMMA matrix yielded spectra identical to those of
solutions in Figure 1b, as expected from noninteracting mol-
ecules.39 Although all materials studied could be prone to
aggregate formation due to their π-stacking properties,7,25

fluorescent properties of aggregates significantly depended on
the material. For example, at room temperature, thin films of
ADT-TIPS-F and ADT-TES-F were highly fluorescent, with
QYs (Φf,film) of at least 40-50% depending on the film thickness
and morphology. (These values represent a lower limit, since
effects of self-absorption were significant in even the thinnest
of our films). These QYs are considerably higher than, for
example, Φf ) 0.008% obtained in tetracene single crystals,40

exceed those of 12-14% in quaterthiophene crystals,41 and
approach those observed in, for example, sexithiophene J-
aggregates36 at room temperature. In contrast, fluorescence in
TIPS pentacene films was considerably quenched (QYs of
<0.5%).

In all materials studied, the fluorescence decay dynamics in
films were faster than those in solution and could be described
by a biexponential function (∼a1 exp[-t/τ1] + a2 exp[-t/τ2],
where τ1(2) and a1(2) are shorter (longer) lifetimes and their
relative amplitudes, respectively (a1 + a2 ) 1)), characteristic
of molecular aggregates (Figure 4).36 Both τ1 and τ2 were shorter
than lifetimes τ measured in solutions of the same molecules
(Table 2 and Table 1, respectively), and the weighted average
lifetimes in films, τav ) a1τ1 + a2τ2, were typically on the order
of 0.4-3 ns at room temperature, depending on the material,
and varied with film quality (e.g., from 1.1 to 2.5 ns in ADT-
TIPS-F films).

Temperature Dependence. Figure 5a illustrates optical ab-
sorption spectra of an ADT-TIPS-F film at various temperatures.
No considerable temperature dependence was observed in any
ADT film studied in the 5-80 °C (278-353 K) temperature
range.14 In contrast, fluorescence response in the same films was
strongly temperature dependent. Fluorescence spectra obtained
upon cw 532 nm excitation of ADT-TIPS-F films of two
different thicknesses (with maximal absorbance Amax of 1.7 and
0.1, respectively) at 25, 45, and 80 °C are shown in Figure 5b
and c. At all temperatures, the spectral characteristics of these
two films differed from each other due to differences in self-
absorption and aggregation effects (such as average size of the

Figure 3. (a) Optical absorption and (b) fluorescence spectra of films.

TABLE 2: Optical and Fluorescent Properties of Thin Films

name ∆a (cm-1) λabs (nm) λem-max (nm) τ1(τ2)b (ns) a1(a2)b (ns) τav
c ∆fl

d (eV)

ADT-TES-F 760 550 595 1.7-2.9 (4.8-8.6) 0.92 (0.08) 2.3-3.3 0.11-0.27
ADT-TIPS-F 320 537 600 0.7-1.9 (4.0-6.9) 0.9 (0.1) 1.0-1.5 0.18-0.26
ADT-TIPS-CN 290 592 ∼688 0.2 (1.7) 0.88 (0.12) 0.4 0.15
TIPS pentacene 1560 ∼705 -e -e -e -e -e

a Calculated relative to the absorption maximum in toluene solution. b τ1 and τ2 are the short and long lifetimes with amplitudes a1 and a2,
respectively, obtained from biexponential fits of the normalized fluorescence decay dynamics. c τav ) a1τ1 + a2τ2. d Calculated from the
temperature dependence of the quantum yields. Range in numbers represents variation in values obtained for multiple samples of varying
thickness and morphology. e Quantitative data for fluorescence of TIPS pentacene films could not be made due to the QYs below resolution of
our setup (Φf < 0.5%).

Figure 4. Normalized fluorescence decays measured in solutions of
ADT-TIPS-F (O) and TIPS pentacene (]), fitted with a single-
exponential function ∼exp[-t/τ]. Also shown are fluorescence decay
dynamics obtained in a polycrystalline ADT-TIPS-F film at 23° (×)
and 87° (+), fitted with a biexponential function ∼a1 exp[-t/τ1] + a2

exp[-t/τ2] with τ1 (τ2) of ∼1.35 ns (6.9 ns) and ∼ 0.99 ns (6.8 ns),
respectively. The instrument response function (IRF) (2), with the full-
width at half-maximum of ∼200 ps is also included.

Photophysical Properties of Functionalized Acenes J. Phys. Chem. C, Vol. 113, No. 31, 2009 14009
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aggregate and molecular arrangement within the aggregate).
Strong temperature dependence of fluorescence emission was
observed regardless of film thickness. In particular, fluorescence
QYs decreased by a factor of 3-6 as the temperature increased
from 5 to 80 °C, depending on the sample and on the material.
Figure 6a shows (i) fluorescence QY calculated from the
integrated fluorescence spectrum measured at 400 nm excitation,
(ii) the peak fluorescence intensity measured under pulsed 80
fs 400 nm excitation with the time resolution of ∼200 ps (IRF
in Figure 4), and (iii) integrated time-resolved fluorescence
decay measured under pulsed 80 fs 400 nm excitation, all
normalized by their values at room temperature of 20 °C, as a
function of temperature in an ADT-TIPS-F film. Considerable
temperature dependence of the peak fluorescence intensity
suggests significant contribution of processes occurring on sub-
200 ps time scales, not resolved in our experiments, to the
overall temperature dependence of the QYs. The remaining
contribution is due to processes occurring on time scales of
<2-4 ns, manifested through the temperature dependence of
the shorter lifetimes τ1, as the longer lifetimes τ2 are temperature
independent in this temperature range (Figure 4). Since we did
not observe any temperature dependence of fluorescence of the
ADT molecules in solution, strong temperature dependence
observed in films is due to thermally activated nonradiative
processes caused by temperature-dependent intermolecular
interactions in films.42-45 In order to quantify the observed
temperature dependence, we consider fluorescence QY to be
inversely proportional to a sum of temperature independent
radiative rate and thermally activated nonradiative rate,46,47 so
that

where kB is the Boltzmann constant, T is temperature, and a is
a fitting parameter related to the ratio between radiative and
temperature-independent nonradiative rate prefactor. Fluores-
cence quenching activation energies ∆fl, as obtained from fits
of data measured in multiple samples to eq 1, yielded 0.11-0.27,
0.15 ( 0.03, and 0.18-0.26 eV in the case of ADT-TES-F,
ADT-TIPS-CN, and ADT-TIPS-F films, respectively (Figure
6b). Since similar fluorescence quenching activation energies
were observed in polycrystalline ADT-TES(TIPS)-F and amor-
phous ADT-TIPS-CN films, the temperature dependent nonra-
diative processes do not seem to depend on the long-range
molecular order.

Electric Field Dependence. In order to address a possibility
of electric field-induced dissociation of the radiative state, we
measured fluorescence spectra and lifetimes upon either cw 532
nm or pulsed 80 fs 400 nm photoexcitation of ADT films, under
applied voltage. No changes in the fluorescence QYs, peak
fluorescence intensity, or fluorescence lifetimes have been
detected at the applied voltages of 0-500 V, i.e., up to average
electric fields of 2 × 105 V/cm, at any temperature in the range
of 5-80 °C.

(Photo)conductive Properties. Transient Photocurrent.
Upon excitation with 400 nm 100 fs pulses, all samples showed
fast photoresponse, with the risetime of about 30 ps, limited by
the time resolution of our setup,15,39 which indicates fast charge
carrier photogeneration in these materials.13,29,48 Transient pho-
tocurrents obtained in ADT-TIPS-F and ADT-TES-F films on
Au electrodes upon excitation with 400 nm pulses at the fluence
of ∼5 µJ/cm2 and average electric field (E) of 4 × 104 V/cm
are shown in Figure 7. In all polycrystalline films, transient
photocurrents exhibited behavior previously observed in several
organic crystals:13,14,48 fast initial decay, most likely due to initial
carrier trapping and recombination, followed by a slow com-
ponent that can be fitted with a power-law function (Iph ∼ t-�)
with � ≈ 0.2-0.6, depending on the sample and on the material,
over at least 3 orders of magnitude (inset of Figure 7).29 Among
ADT-TIPS-F, ADT-TES-F, and TIPS pentacene samples, the
decay of the transient photocurrent was, on average, slowest in
ADT-TES-F, followed by ADT-TIPS-F and TIPS pentacene,
when measured under the same conditions. For example, at 10
ns after photoexcitation, ∼42% of “initially” photogenerated
carriers (i.e., without taking into account trapping and recom-
bination that occurred on time scales not resolved in our
experiments) were mobile in ADT-TES-F films, while only
∼22% and <10% of the carriers were still mobile in ADT-
TIPS-F and TIPS pentacene films, respectively. Power-law
exponents (�) describing the transient photocurrent decay
dynamics on time scales from sub-nanoseconds to at least tens
of microseconds after photoexcitation were also slightly dif-
ferent, with � of ∼0.2-0.3 in ADT-TES-F and of ∼0.4-0.6 in
ADT-TIPS-F and TIPS pentacene films.15,16,29 From the peak
of the transient photocurrent (Iph,max), a product of intrinsic
charge carrier mobility µ and photogeneration efficiency (η) was
calculated using µη ) Iph,max/(eNphEd), where Nph is the number
density of absorbed photons per pulse, E is the electric field, e
is the charge of the electron, and d is the channel width. The
µη products were comparable in all three materials, yielding
values between 0.01 and 0.025 cm2/V · s at 1.2 × 104 V/cm
(Table 3). Here η includes trapping and recombination that
occurred during the first tens of picoseconds after photoexci-
tation, not resolved in our experiments, and therefore, η < η0,

Figure 5. Characteristic absorption of a thick ADT-TIPS-F film (a)
and fluorescence of the thick (b) and thin (c) ADT-TIPS-F films, all at
25 °C (dot-dashed line), 45 °C (dashed line), and 80 °C (solid line).
The temperature dependence of the absorption spectrum of the ADT-
TIPS-F thin film is identical to that of the thick film in (a).

Figure 6. (a) Temperature dependence of (i) the QYs calculated from
the integrated fluorescence spectrum measured at 400 nm excitation
(2), (ii) peak amplitude of the fluorescence transient measured under
pulsed 80 fs 400 nm excitation with 200 ps resolution (×), and (iii)
integrated fluorescence decays measured under pulsed 80 fs 400 nm
excitation (]) in ADT-TES-F film. All are normalized by their values
at room temperature of 20 °C. (b) Temperature dependence of the QY,
normalized at its value at room temperature,obtained in an ADT-TIPS-
CN film. The fit of the QY by eq 1 is also shown.

1/Φf,film ∼1 + a exp[-∆fl

kBT ] (1)
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where η0 is the initial photogeneration efficiency. If intrinsic
mobilities in our materials are on the order of 1 cm2/V · s, then
the lower limit for the initial photogeneration efficiency η0 is
∼1-2%, which is comparable to that of 5% estimated from
the transient photocurrents measured in tetracene single crys-
tals.49

Dark Current. Dark currents measured in the ADT-TIPS-F,
ADT-TES-F, ADT-TIPS-CN, and TIPS pentacene samples with
Au electrodes are shown in Figure 8. From comparison between
the HOMO energies of the compounds under study (Table 1)
and work function of Au (5.1 eV),50 it is expected that Au form
a hole-injecting contact to ADT-TIPS-F, ADT-TES-F, and TIPS

pentacene films, enabling space-charge-limited currents (SCLCs)
in these samples. Effective charge carrier mobilities (µeff) were
calculated from the slope of the fits of the dark current as a
function of applied voltage squared (inset of Figure 8). In the
case of planar electrode geometry used here, the current flows
along a layer of unknown thickness, and there is no analytical
solution for the relationship between SCLC (linear) density (j
) Id/d, where Id is the dark current and d is the channel width)
and voltage (V) in a film of finite thickness.16,51 In the
approximation of the infinitely thin film, valid when the film
thickness is much lower than the gap width (L) between the
electrodes (which is the case here), j ) 2 µeffεε0V2/(πL2), where
ε is a relative dielectric constant of the film and ε0 is the
dielectric permittivity of vacuum. SCLC effective mobilities
(µeff), which represent a lower bound of charge carrier mobilities
in these films, showed sample-to-sample variation, especially
significant in the case of ADT-TIPS-F and TIPS pentacene
(Table 3). On average, however, µeff in ADT-TES-F was at least
a factor of ∼3 higher than that in ADT-TIPS-F, and a factor of
∼7 higher than in TIPS pentacene films. A much lower current
observed in ADT-TIPS-CN films (Figure 8) was a result of both
poor hole injection from Au contact due to a relatively high
barrier of ∼0.45 eV Au forms with ADT-TIPS-CN and
amorphous nature of the film. The effective mobility µeff ) µθ,
where θ is the ratio between free and trapped charge carriers
(θ e 1) is lower than the intrinsic mobility µ, since most likely
the trap-free limit has not been achieved in our samples.16

Indeed, although µeff values of 0.033-0.092 cm2/V · s obtained
in ADT-TES-F films were similar to those obtained in ADT-
TES-F TFTs with channel lengths similar to ours (i.e., 25 µm),12

mobilities of over 1.5 and 6 cm2/V · s have been achieved in
short-channel ADT-TES-F films spin-coated on the Au elec-
trodes treated with pentafluorobenzenethiol10,25 and in ADT-
TES-F single crystals,31 respectively. Therefore, θ is below
∼0.015 in our ADT-TES-F films. It is lower yet in TIPS
pentacene films, since µeff values of 0.002-0.007 cm2/V · s
obtained in our SCLC measurements are much lower than 1.2
cm2/V · s observed in TIPS pentacene TFTs,21 indicative of high
trap density in our TIPS pentacene films.

Cw Photocurrent. Figure 9 shows cw photocurrent obtained
at 532 nm excitation of ADT-TIPS-F, ADT-TES-F, ADT-TIPS-
CN, and TIPS pentacene films on Au electrodes. In all samples,
cw photocurrent measured at light intensity of 0.58 mW/cm2

was higher than the dark current. Especially strong cw photo-
response was observed in best ADT-TES-F films, with photo-
currents of over 200 µA at the average electric field of 4 × 104

V/cm at low light intensities (Figure 9). This corresponds to
linear photocurrent densities (jcw ) Icw/d) of over 0.1 mA/cm,

Figure 7. Transient photocurrent obtained in ADT-TIPS-F and ADT-
TES-F films under 400-nm 100 fs excitation. Inset shows decay
dynamics in the ADT-TIPS-F films on longer time scales. Power-law
fit (Iph ∼ t-�) is also shown.

TABLE 3: (Photo)conductive Properties of Functionalized
Pentacene and Anthradithiophene Derivativesa

name µeff
b (cm2/V · s) µηc (cm2/V · s) η0,min

d Ge

ADT-TES-F 0.033-0.092 0.02-0.025 0.013-0.024 70-130
ADT-TIPS-F 0.002-0.029 0.018-0.025 0.018-0.033 16-30
TIPS pentacene 0.002-0.007 0.01-0.022 0.0003-0.001 9-28

a Range of numbers represents variation in values obtained in 10
samples of each material. b Calculated from SCLC data at room
temperature. c Calculated from the peak of the transient photocurrent
obtained in films on Al electrodes at the average electric field of 1.2
× 104 V/cm at room temperature. d Calculated from the cw
photocurrent obtained in films on Al electrodes as the number of
photogenerated carriers per number of absorbed photons at the
average electric field of 1.2 × 104 V/cm at 0.58 mW/cm2 at 532 nm
at room temperature. e Calculated from the cw photocurrent obtained
in films on Au electrodes as the number of photogenerated carriers
per number of absorbed photons at the average electric field of 1.2
× 104 V/cm at 0.58 mW/cm2 at 532 nm at room temperature.

Figure 8. Dark current obtained in ADT-TES-F, ADT-TIPS-F, ADT-
TIPS-CN, and TIPS pentacene films on Au electrodes as a function of
applied voltage. Double symbols correspond to different samples. Inset
shows data for the ADT-TES-F film replotted as a function of voltage
squared. Linear fit, from which effective space-charge-limited-current
mobility (µeff) is calculated, is also shown.

Figure 9. Photocurrent obtained in ADT-TES-F, ADT-TIPS-F, ADT-
TIPS-CN, and TIPS pentacene films on interdigitated Au electrodes
(with 25 µm gap) as a function of applied voltage under cw 532 nm
excitation at 0.58 mW/cm2.
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which, under assumption that photons absorbed throughout the
entire thickness of a 1 µm thick film may contribute to the
photocurrent, yields (area) current densities (Jcw) of over 1
A/cm2. If photoconductivity (σph) is calculated using σph ) Jcw/
E, then values of σph ≈ 2.5 × 10-5 S/cm are obtained at 4 ×
104 V/cm at 0.58 mW/cm2 in ADT-TES-F, which are consider-
ably higher than those reported in conductive polymers such as
PPV52 and in unsubstituted pentacene films or tetracene crystals
under cw excitation.49,53,54 ADT-TIPS-CN films showed the
weakest cw photoresponse (Figure 9), both due to a noninjecting
nature of the Au/ADT-TIPS-CN contact (Table 3)16 and
amorphous nature of the ADT-TIPS-CN film.

Photoconductive gain (G) was calculated from the cw
photocurrents, absorption coefficients, and light intensity as the
ratio between the number of carriers flowing in the film and
the number of absorbed photons.17,18,55 In the case of hole-
transporting materials and hole-injecting electrodes (such as Au
in the case of ADT-TIPS(TES)-F and TIPS pentacene), bulk
photoconductive gain G ≈ η0τc/ttr (where τc is the carrier
lifetime, and ttr is the time for the hole to transit through the
film), and G can be much larger than the initial photogeneration
efficiency η0 (η0 < 1). G values that are much larger than unity
were indeed observed in fluorinated ADT and TIPS pentacene
films, as summarized in Table 3.17,18,55 The highest photocon-
ductive gains, up to 130 at 4 × 104 V/cm at 0.58 mW/cm2,
were achieved in ADT-TES-F films, consistent with highest µeff

(shorter transit time ttr) and longest carrier lifetimes (observed
in SCLC and in the transient photocurrent measurements,
respectively) in ADT-TES-F films, as compared to other
materials under study (Figure 7).15 The values of G measured
in ADT-TES-F films were similar to those in GaN photodetec-
tors at similar light intensity levels56 and at least an order of
magnitude higher than those in unsubstituted pentacene and in
functionalized pentacene films.17,18 As light intensity increased,
the photoconductive gain decreased,15,16 which has been previ-
ously observed in both inorganic56 and organic18,57 photocon-
ductors. In samples with blocking electrodes (such as Al in the
case of ADT-TIPS(TES)-F and TIPS pentacene and Au in the
case of ADT-TIPS-CN), G cannot exceed η0.55 Thus, the photo-
conductive gain calculated from cw photocurrents measured in
samples with Al electrodes at low voltages16 represents a lower
limit of the photogeneration efficiency η0,min. In ADT-TES-F
and ADT-TIPS-F films, comparable values of η0,min ≈ 0.01-0.03
were obtained at 1.2 × 104 V/cm (Table 3). Interestingly, these
values are similar to those estimated from transient photocurrents
measured in the same films. In constrast, in TIPS pentacene
films, the η0,min values were considerably lower than those calcu-
lated from the amplitudes of the transient photocurrents (Table 3).
This is most likely due to extensive deep trapping in TIPS
pentacene, which reduces carrier lifetime, leading to an underes-
timation of the initial photogeneration efficiency η0 from G.

The behavior of the photoresponse of films under study at
different temperatures depended on the time-scale after photo-
excitation.15 In particular, transient photocurrents measured on
picosecond time scales were not thermally activated in the
285-350 K temperature range,14,15 and their amplitudes, in most
films, decreased as the temperature increased. In contrast, dc
photocurrents measured under cw excitation were thermally
activated (Icw ∼ exp[-∆cw/(kBT)]), with the activation energy
∆cw varied between 0.05 and 0.17 eV depending on the sample
and on the material.15 Figure 10 illustrates temperature depen-
dence of the cw photocurrent in ADT-TIPS-F and ADT-TES-F
films, which yielded activation energies of 0.17 ( 0.01 and 0.13
( 0.01 eV, respectively. Interestingly, these activation energies

∆cw were similar to ∆fl values obtained from fits of the
temperature dependence of fluorescence QYs in the same ADT-
TIPS-F and ADT-TES-F films (Table 2), as discussed in the
next section.

Discussion

One of the most interesting features of the ADT-TES(TIPS)-F
films is their relatively high fluorescence QYs (at room
temperature) and high bulk photoconductive gains G, both of
which are temperature dependent, with ∆fl values (which
characterize a decrease in QY with temperature) similar to those
of ∆cw (which characterize an increase in cw photocurrent with
temperature). It has been shown theoretically42,43 that in materials
with π-stacking, such as functionalized pentacene and ADT
derivatives, thermal fluctuations lead to dramatic changes in
intermolecular coupling, which could be important for both
fluorescence and photoconductivity in films. In particular, it
appears that thermally activated nuclear motions42 can both
enhance nonradiative recombination, leading to a decrease in
fluorescence,58 and facilitate charge carrier detrapping from
shallow traps and transport of localized carriers, which would
improve cw photoconductivity.15 High bulk photoconductive
gains in these materials are most likely due to long carrier
lifetimes, also manifested through slow power-law decays of
the transient photocurrents.

Another interesting question is that of the origin of photoge-
nerated charge carriers in these materials. In all materials studied,
charge carriers could be photogenerated fast, on sub-30 ps time-
scales, limited by the time resolution of our setup. (Most likely,
the carriers can be generated on subps time-scales, as probed by
time-resolved optical pump-THz probe spectroscopy.13,14,48) Since
no electric-field quenching of the fluorescence was observed in
either time-resolved or cw measurements of fluorescence, even
at highest temperatures (at which Onsager-type photogeneration
efficiency would be highest) and at electric fields up to 2 × 105

V/cm, which are significantly higher than those typically used
in our photocurrent measurements, there is no evidence that
charge carrier photogeneration is due to dissociation of the
emissive species dominating fluorescence response of the same
films. This is further supported by our observation that the
product of the charge carrier mobility and photogeneration
efficiency (µη) obtained from the peak transient photocurrent,
(Table 3) in TIPS pentacene films was comparable to those in
ADT-TES-F films, in spite of their dramatic differences in the
fluorescence QYs in films (e.g., Φf,film of <0.5% and ∼40-50%
in TIPS pentacene and ADT-TES-F films, respectively). Also,
very different dynamics of the transient photocurrent and
fluorescence emission in the same films were observed (long
power-law decay and fast biexponential decay, respectively),

Figure 10. Cw photocurrent (Icw) as a function of inverse temperature
(1/T) obtained in ADT-TES-F and ADT-TIPS-F films. Fits with Icw ∼
exp[-∆cw/(kBT)] are also shown.
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which confirms no direct relation between the emissive states
and the charge carriers observed on short time-scales after
excitation. However, based on our estimates of fluorescence QYs
and photogeneration efficiencies in films, there could be other
excited states that are not seen by either fluorescence or
photocurrent measurements with our time resolution, which
could play a role in charge photogeneration.45 By doping of
these materials with other molecules, it is possible to initiate
charge transfer and energy transfer reactions between the host
and the dopant molecules, which may open up additional charge
carrier generation channels, including dissociation of emissive
states. For example, additions of 5% of C60 and of 10% of ADT-
TIPS-CN to the ADT-TES-F host have been shown to improve
the transient photocurrent by an order of magnitude and to
introduce an additional, slow, charge photogeneration process,
respectively.29

Conclusions

In summary, we presented a detailed study of fluorescent
and photoconductive properties of functionalized pentacene
and ADT derivatives. Single exponential fluorescence decays
with lifetimes τ between 9 and 13 ns and QYs of ∼70-75%,
depending on the molecule, were observed in toluene
solutions of ADT-TES(TIPS)-F, ADT-TIPS-CN, and TIP-
S(TES) pentacene. In films, biexponential decays were
obtained, and fluorescence QYs were reduced to ∼40-50%
in ADT-TES(TIPS)-F and to <0.5% in TIPS pentacene. No
electric field-induced fluorescence quenching was observed
in films at applied electric fields of up to at least 2 × 105

V/cm. Strong temperature dependence of the QYs, with a
QY reduction by a factor of 3-6 as the temperature increased
from 5 to 80 °C, was observed in films, but not in solutions,
emphasizing importance of intermolecular interactions in
these materials.

Effective SCLC mobilities µeff of ∼0.03-0.092 cm2/V · s
were obtained in ADT-TES-F films. On average, µeff in ADT-
TIPS-F and TIPS pentacene films were a factor of ∼3 and
∼7 lower, respectively, as compared to that in ADT-TES-F
films. In all films, fast, sub-30 ps charge photogeneration,
limited by the time resolution of our setup, and power-law
decay of the transient photocurrent (Iph ∼ t-�) with � ≈
0.2-0.6, depending on the material, were observed. Cw
photocurrents with densities of ∼1 A/cm2 and photoconduc-
tive gains of up to 130 were achieved in ADT-TES-F films
at 532 nm photoexcitation with light intensity of 0.58 mW/
cm2 at an average electric field of 4 × 104 V/cm. Availability
of several high-performance solution-processable derivatives
such as compounds considered here opens up new possibili-
ties to tune optical and electronic properties of materials for
specific applications by creating mixtures of various deriva-
tives.29 Detailed studies of such organic semiconductor
composites are currently underway.
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