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Molecular Self-Doping Controls Luminescence of Pure 
Organic Single Crystals

Olga D. Parashchuk, Artur A. Mannanov, Vladislav G. Konstantinov, Dmitry I. Dominskiy, 
Nikolay M. Surin, Oleg V. Borshchev, Sergei A. Ponomarenko,* Maxim S. Pshenichnikov,*  
and Dmitry Yu. Paraschuk*

Organic optoelectronics calls for materials combining bright luminescence 
and efficient charge transport. The former is readily achieved in isolated mole-
cules, while the latter requires strong molecular aggregation, which usually 
quenches luminescence. This hurdle is generally resolved by doping the host 
material with highly luminescent molecules collecting the excitation energy 
from the host. Here, a novel concept of molecular self-doping is introduced in 
which a higher luminescent dopant emerges as a minute-amount byproduct 
during the host material synthesis. As a one-stage process, self-doping is 
more advantageous than widely used external doping. The concept is proved 
on thiophene–phenylene cooligomers (TPCO) consisting of four (host) and 
six (dopant) conjugated rings. It is shown that <1% self-doping doubles the 
photoluminescence in the TPCO single crystals, while not affecting much 
their charge transport properties. The Monte-Carlo modeling of photolumi-
nescence dynamics reveals that host–dopant energy transfer is controlled by 
both excitonic transport in the host and host–dopant Förster resonant energy 
transfer. The self-doping concept is further broadened to a variety of conju-
gated oligomers synthesized via Suzuki, Kumada, and Stille crosscoupling 
reactions. It is concluded that self-doping combined with improved excitonic 
transport and host–dopant energy transfer is a promising route to highly 
luminescent semiconducting organic single crystals for optoelectronics.

DOI: 10.1002/adfm.201800116

1. Introduction

Emerging organic light-emitting devices, 
e.g., organic light-emitting transistors 
(OLETs) and electrically pumped lasers, 
need materials combining high lumines-
cence and efficient charge transport.[1] The 
latter requires tight molecular packing, 
which usually results in luminescence 
quenching. One of the effective ways to 
control and enhance the light-emitting 
properties of organic semiconductor mate-
rials is their doping by highly luminescent 
molecules as commonly used in organic 
light-emitting diodes. For example, if the 
dopant absorption spectrum overlaps with 
the fluorescence spectrum of the host 
material, the host–dopant Förster reso-
nant energy transfer (FRET) can be used 
to control the luminescence efficiency and 
spectra of the doped host material.[2]

The most attractive materials for OLET 
and organic injection lasers are organic 
semiconducting single crystals,[1d,3] which 
can also be doped by highly luminescent 
molecules to improve their luminescence 

properties via host–dopant energy transfer.[4] Despite the FRET 
effect is well understood in various donor–acceptor systems,[5] 
its detailed study in organic crystals (donor) doped by lumines-
cent molecular acceptors is still lacking. Although color tuning 
via donor–acceptor energy transfer was demonstrated in molec-
ularly doped single crystals,[6] such important issues as the 
optimization of the doping level and exciton diffusion, both of 
which can affect the host–dopant energy transfer efficiency and 
hence the device performance, have not been addressed.

Vapor-grown organic semiconductor single crystals with 
dopant-controlled and dopant-enhanced fluorescence have already 
been demonstrated where the host and dopant molecules were 
synthesized separately, their powders were milled and mixed, and 
finally the crystals were grown from the mixture of the two.[4b,6] 
On the other hand, during the host material synthesis, small 
amounts of various byproducts are usually produced. If one of 
them is highly luminescent and has a lower optical energy gap 
than the host, it could serve as a dopant controlling the lumi-
nescence of the material via exciton transport in the host mate-
rial and consecutive FRET to the dopant. As a result, molecular 
self-doping of the host by the energy acceptor is realized thereby 
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removing the necessity to synthesize the dopant separately. 
Moreover, in this manner, one avoids complicated purification 
of the host organic semiconductor from the dopant; accordingly, 
the overall cost of the material could be substantially reduced. 
This approach radically differs from both physical self-doping 
used earlier to dope the amorphous phase of polyfluourene by 
its β-phase,[7] and self-doping by charges recently demonstrated 
within one molecule (perylene diimide) by amine substituents.[8]

In this work, we introduce the concept of molecular self-
doping as a novel approach to control the luminescence of 
nominally chemically pure (>99%) conjugated organic mate-
rials. For this purpose, we used thiophene–phenylene cooli-
gomer (TPCO) single crystals, which combine pronounced 
luminescence and efficient charge transport.[9] As the host 
material, we synthesized TPCO with the molecular struc-
ture 5,5′-bis[4-(trimethylsilyl)phenyl]-2,2′-bithiophene (TMS–
P2TP–TMS),[9a] where P and T stand for 1,4-phynelene and 
2,5-thiophene, respectively; TMS is trimethylsilyl group. We 
found that a longer TPCO, 5,5′″-bis[4-(trimethylsilyl)phenyl]-
2,2′:5′,2″:5″,2′″-quaterthiophene (TMS–P4TP–TMS) that 
emerges in minute amounts (<1%) as a byproduct during the 
host synthesis acts as an efficient energy acceptor of the host 
excitation energy in the crystal. To identify and quantify such a 
minute amount of dopant that is chemically very similar to the 
host, we applied a photoluminescent (PL) method with sensi-
tivity to dopant down to 100 ppm level at the presence of the 
host of a very similar molecular structure. The optimal doping 
doubles the PL quantum yield (QY) of the solution-grown 
TPCO single crystals while retaining the efficient charge trans-
port properties. Monte-Carlo (MC) modeling of the PL time-
resolved spectra recorded in variously doped crystals was used 
to reveal the interplay between exciton diffusion in the host 
material and FRET to the dopant. We further broadened the 
scope of the self-doping concept onto other molecular crystals, 
which were grown from various conjugated oligomers synthe-
sized via different chemical routes. Our findings clearly dem-
onstrate that molecular self-doping combined with enhanced 
excitonic transport and host–dopant energy transfer paves the 
way to highly luminescent semiconducting organic crystals for 
optoelectronics applications.

2. Results

2.1. Material Synthesis and Crystals Growth

To synthesize self-doped TMS–P2TP–TMS material, we 
used the synthetic route (Figure 1a) based on Pd-catalyzed 
Suzuki crosscoupling between trimethyl[4-(4,4,5,5-tetrame-
thyl-1,3,2-dioxaborolan-2-yl)phenyl]silane (1) and 5,5′-dibromo-
2,2′-bithiophene (2). At the first stage, a monosubstituted 
intermediate product, 5-bromo-5′-[4-(trimehylsilyl)phenyl]-2,2′-
bithiophene (3), is formed, further reaction of which with com-
pound 1 leads to the final product TMS–P2TP–TMS. However, 
exchange of the boronic acid residue of compound 1 with the 
bromine of compound 2 or 3 within the catalytic cycle even-
tually gives rise to a byproduct 5-[4-(trimehylsilyl)phenyl]-5′-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,2′-bithiophene 
(4), reaction of which with compound 3 results in a longer 
TPCO, 5,5′″-bis[4-(trimethylsilyl)phenyl]-2,2′:5′,2″:5″,2′″-quater-
thiophene (TMS–P4TP–TMS). A step-by-step scheme of its 
formation is described in Section 1 in the Supporting Infor-
mation. As a result, this route leads to the host material TMS–
P2TP–TMS doped by longer TPCO TMS–P4TP–TMS (dopant) 
as a byproduct, i.e., TMS–P2TP–TMS is self-doped by TMS–
P4TP–TMS. The self-doping level in the crude powder after the 
standard purification by column chromatography on silica gel 
(eluent—hot toluene) followed by recrystallization from toluene 
(see Experimental Section) was found to be 1.4%; using sub-
sequent vacuum sublimations, we obtained the molecular self-
doped host powders doped in the range of 0.01–0.05%. Samples 
with the doping range of 0.1–1.4% were prepared by mixing the 
lowest (0.01%) and the highest (1.4%) self-doped materials with 
precalculated ratios; we will also refer to such samples as self-
doped. TMS–P4TP–TMS (dopant) was also synthesized sepa-
rately (see Figure 1b) to dope the host externally, the pristine 
dopant was also needed for its quantitative identification in the 
doped host material. Thus, the synthesis of the host was the 
same for self and external doping, and the difference was only 
in the purification of the raw host material.

Differential scanning calorimetry (DSC) data for the self-
doped crude samples indicate the only crystalline phase 

Adv. Funct. Mater. 2018, 28, 1800116

Figure 1. Implementation of the self-doping concept. a) Synthetic route of TMS–P2TP–TMS (host) doped by TMS–P4TP–TMS (dopant) as a byproduct. 
b) Scheme of synthesis of TMS–P4TP–TMS.
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(Section 2, Supporting Information). Crystals grown from 
solution of the doped host powders (for the micrographs, see 
Figure S4a, Supporting Information) had the same doping 
levels as the parent powders used for crystal growth (Figure S5, 
Supporting Information). At the low doping levels, the single 
crystals had a shape of smooth flat square plates with a lateral 
size of about 1−5 mm and a thickness from a half to a few µm 
(Figure S4a, Supporting Information). In contrast, the heavily 
(≈1% and higher) doped crystals contained many visible defects, 
which suggests that the dopant impedes the crystal growth by 
inducing growth defects. The crystals prepared by external and 
self-doping did not differ visually from each other (Figure S4a, 
Supporting Information).

2.2. Photoluminescence

Figure 2 summarizes absorption, PL spectra of the host (TMS–
P2TP–TMS), dopant (TMS–P4TP–TMS) in solution (a), and 
doped host crystals (b,c). To prove host–dopant energy transfer, 
the PL spectrum of the pure host crystal (i.e., whose lumines-
cent properties are not affected by the dopant) is needed as a 
reference. However, from our numerous unsuccessful attempts 
to purify the host material from the dopant above 99.99% (by 
using multiple vacuum sublimations, vapor crystal growth, 
solution recrystallization), we concluded that the dopant mol-
ecules are firmly embedded in the host crystal and do not form 
their own phase, which could be detected by X-ray diffraction or 
DSC (Section 2, Supporting Information). As a result, PL from 
the lowest doped (0.01%) crystal was used as the reference. 
Figure 2b compares this reference PL with the PL excitation 
spectra of the lowest and highly doped host crystals, the grey 
area illustrates a noticeable overlap between the host PL and the 
dopant optical absorption thereby promising efficient energy 
transfer of the host excitation via, e.g., FRET to the dopant. The 
dopant PL QY in solution was measured as 44 ± 2%, which is a 
factor of two higher than that of the host (20 ± 2%). This makes 
it feasible to tune the luminescence spectrum and enhance QY 
in the doped host crystal utilizing host–dopant energy transfer 
via exciton diffusion in the host matrix with consecutive host–
dopant FRET.

The host (dopant) PL and absorption spectra noticeably 
overlap (see the blue and black lines for the host, and the red 
and magenta lines for the dopant in Figure 2a). As a result, 
PL spectra in the crystals are expected to be affected by PL 
reabsorption, which is further enhanced by strong wave-
guiding observed in various TPCO single crystals.[1d] To mini-
mize the effect of both, we mechanically grinded the doped 
crystals into powder.[10] Figure 2c compares PL spectra of 
the grinded (solid lines) and as-grown (dashed lines) TMS–
P2TP–TMS crystals with the lowest (0.01%) and highest (3%) 
doping levels. It clearly shows that the PL red shift is caused 
by both doping and PL reabsorption. The doping-induced red 
shift could be assigned to host–dopant energy transfer (see 
below). Remarkably, the PL spectra of the grinded lowest and 
highest doped crystals (Figure 2c) virtually reproduce those of 
dopant and host solutions (Figure 2a), respectively; an ≈0.1 eV 
shift caused by the solid-state phase notwithstanding. Accord-
ingly, the dopant in the lowest doped crystal does not affect 

the crystal PL, whereas nearly all PL comes from the dopant 
in the highest doped crystal, which implies complete host–
dopant energy transfer. Thus, we conclude that the PL spectra 
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Figure 2. Steady-state PL and absorption spectra. a) Absorption and PL 
spectra of the host (TMS–P2TP–TMS) and the dopant (TMS–P4TP–TMS) 
in THF solutions. The PL excitation wavelength was set at 300 nm for 
the host and 375 nm for the dopant; b) Illustration of the feasibility of 
FRET in TMS–P2TP–TMS crystals doped by TMS–P4TP–TMS. As the PL 
spectrum of the donor (host), PL of the grinded lowest doped (0.01%) 
crystal is shown by the blue line; grinding was used to decrease the PL 
reabsorption. The magenta and black lines demonstrate the PL excita-
tion spectra of the lowest and highly doped TMS–P2TP–TMS crystals (for 
details see Figure S6d, Supporting Information), the shoulder at ≈2.55 eV 
is assigned to the dopant absorption. The inset illustrates FRET in the 
doped host. The grey area in panel (b) indicates the spectral overlap 
between host PL and dopant absorption required for FRET; c) PL spectra 
of as-grown (dash lines) and grinded (solid lines) doped TMS–P2TP–
TMS crystals, the doping levels are shown in the plot. The solid blue line 
(PL of the grinded 0.01% doped crystal) is duplicated from panel (b) for 
comparison. The PL excitation wavelength was set at 405 nm.
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of the grinded crystals are almost free of PL reabsorption so 
that grinding was used for evaluation of PL QY in the crys-
tals (see below). To focus on the host–dopant energy transfer 
process, one needs to minimize the PL reabsorption effect on 
the PL spectra of variously doped crystals. For this, their PL 
was collected in the microscopic configuration so that the PL 

pathway in the crystals was about their thickness (≈1 µm) or 
less.

Figure 3a shows PL spectra of the self-doped crystals at 
three representative doping levels together with the reference 
host and dopant spectra (marked as the shaded areas). Upon 
increase of the doping level, the PL spectra shift to the red from 

Adv. Funct. Mater. 2018, 28, 1800116

Figure 3. PL data of the doped crystals. a) PL spectra in a few self-doped crystals after 400 nm excitation (lines), obtained from the streak-camera 
PL maps integrated over the 0–2 ns time window, in the microscopic configuration (for the PL maps, see Figure S9, Supporting Information). The 
cyan- and red-shaded spectra represent, respectively, the reference spectra of the grinded 0.01% doped crystal from Figure 2b (the host PL spectrum) at 
405 nm excitation and the 0.7% doped crystal at 465 nm excitation, where mostly the dopant is excited. b,c) PL transients extracted from the PL maps 
at the blue and red PL spectral flanks (indicated in (a) by the blue and red rectangles) originated mostly from host and dopant PL, respectively. Dots are 
the experimental data; the lines are the outcome of the MC simulations. Scaling between the experimentally obtained and simulated PL intensities is 
preserved. For the 0.7% doped crystal, dopant PL begins to dominate at long times, which leads to the biexponential decay of the transient. d) Experi-
mental (circles) and MC simulated (solid lines) dynamical red shifts of the mean PL energy. Solid lines depict the MC simulated mean energy values 
with the following output parameters: the Förster radius of R0  =  3.6 nm and the exciton diffusion length of LD  =  2.5 nm  (see Section 14, Supporting 
Information). e) Experimental (symbols) and MC simulated (the purple line) PL QY values as functions of the doping level. The blue open dots and 
navy stars show the data for externally and self-doped crystals, respectively. The experimental PL QYs are corrected for PL reabsorption (Section 12, 
Supporting Information). The horizontal lines demonstrate the host and dopant PL QYs in solution, the experimental accuracy is depicted by hatching. 
The upper axis in (e) shows an average distance between the dopants in the host crystals (Section 8, Supporting Information).
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one reference spectrum to another, which is attributed to the 
increased share of the red-shifted dopant PL (for the complete 
set of PL spectra in the doped crystals, see Figure S6a, Sup-
porting Information). As direct dopant excitation at 400 nm is 
negligible due to low dopant concentration, the observed PL 
features are assigned to host–dopant energy transfer. Host and 
dopant PL exhibit identical polarization properties (Figure S7,  
Supporting Information), which suggests that the dopant mole-
cules substitute the host sites in the doped crystals as was ear-
lier reported for other doped TPCO crystals.[4b] Although the 
dopant molecule has a similar shape but a longer length as 
compared with the host ones, it could substitute the host one 
with minor deformations of dopant and a few adjacent host 
molecules, which is confirmed by molecular dynamics simula-
tion (Section 7, Supporting Information).

To prove the energy transfer between the host and dopants, 
we recorded PL transients at the blue and red flanks of PL 
spectra (Figure 3a), which correspond mainly to host and 
dopant PL, respectively (Figure 3b,c). Decay of the host PL 
(Figure 3b) accelerates from ≈0.4 to 0.1 ns with increasing the 
doping level. Correspondingly, dopant PL (Figure 3c) acquires 
a raising component with the time that is similar to the blue-
flank decay (0.07–0.2 ns; Figure S11c, Supporting Information). 
Shortening of decay times of the blue-flank transients with 
doping and the corresponding rise in the red-flank transients 
are fully consistent with host–dopant energy transfer. Finally, 
PL at the red flank decays considerable longer as compared 
with the blue flank (0.7–0.8 vs 0.07–0.4 ns) again confirming its 
origin from the dopant.

Another convenient way to characterize the energy transport 
process in the crystals is to analyze the dynamical red shift of 
the mean PL energy (Figure 3d and Section 10c, Supporting 
Information). For the lowest doping level, PL originates mostly 
from the host excitons (mean energy of ≈2.55 eV), with a weak 
PL shift to the red due to energy transfer to the dopants. At the 
doping level of 0.2% and higher, the majority of excitons in the 
crystal are transferred to the lower energy levels with the red-
shifted PL energy of ≈2.3 eV, which corresponds to the dopant 
PL. The low-temperature transient PL data demonstrate that the 
host–dopant energy transfer is weakly temperature-dependent 
(see Section 11, Supporting Information), which is consistent 
with FRET domination over exciton diffusion.

Efficient host–dopant energy transfer enhances PL of the 
doped host crystals. However, strong PL reabsorption results 
in underestimation of the PL QY values in the as-grown crys-
tals (Figure S17c, Supporting Information). To correct the PL 
QY measured in the as-grown crystals for PL reabsorption, we 
applied two methods (for more details, see Section 12, Sup-
porting Information). Parker’s one[11] is based on deconvolu-
tion of the experimental PL spectrum into a linear combination 
of the reabsorption-free PL spectra of the host crystal and the 
dopant in host crystal (cyan- and red-shaded spectra in Figure 3a, 
respectively). The second PL reabsorption correction method 
is based on comparison of the PL spectra of the as-grown and 
grinded crystals.[9b,12] Both methods provide very close values 
of the reabsorption-corrected PL QY (Figure S17c, Supporting 
Information).

Reabsorption-corrected PL QYs calculated by Parker’s 
method are shown in Figure 3e as a function of the doping 

level. In the 0.7% doped (referred further on as an optimally 
doped) crystal, PL QY climaxes at almost 40%, which is close to 
that of the dopant in solution (the red line in Figure 3d). In the 
lowest doped crystal (0.01%), PL QY of ≈20% is equal to that of 
the host molecule in solution (the aqua line in Figure 3d). This 
fully corroborates the time-resolved data where the optimally 
doped crystals show the fastest host PL decay time (Figure S13a, 
Supporting Information). In the crystals doped at >1%, PL QY 
decreases, and the host–dopant energy transfer becomes less 
efficient (Figures S13a and S15b, Supporting Information). 
This is explained by aggregation of dopant molecules, which 
also results in the visible defects in the highly doped samples 
(Figure S4a, Supporting Information). Note that the PL QY data 
(Figure S17c, Supporting Information) as well as PL spectral 
data (Figures S6c and S9, Supporting Information) are virtually 
identical for the self- and externally doped samples; therefore, 
the two doping techniques result in the optically indistinguish-
able crystals.

2.3. MC Simulations

To support the FRET mechanism of host–dopant energy 
transfer and unravel the balance between exciton diffusion 
and FRET in host–dopant energy transfer, we performed 
MC simulations of the energy transport in the host matrix 
with randomly distributed dopants (see Section 13, Sup-
porting Information). The simulated data describe well the 
experimental PL transients and red shifts (Figure 3b–d) and 
the experimental PL QY (Figure 3e) at the doping levels up 
to the optimal one. At the higher doping levels, the obvious 
discrepancy between the simulated and experimental PL QYs 
is explained by the fact that the dopant aggregation was not 
included in the MC simulations.

From the MC simulation (see Sections 14–16, Sup-
porting Information), the Förster radius R0 was obtained as  
3.6 ± 0.2 nm, which corroborates the value of 4.0 nm cal-
culated directly from the Förster equation (for details, see 
Section 17, Supporting Information). The exciton diffusion 
length amounts to Ld = 2.5 ± 0.4 nm, which is at the short side 
of the known exciton diffusion lengths of ≈5–10 nm in amor-
phous organic films.[13] This is ascribed to weak intermolecular 
interaction in the host crystal as the coupling between the tran-
sition dipole moments of the nearest molecules corresponds 
to weak J-aggregation (see Figure S3, Supporting Information 
in ref. [9b]). Weak J-aggregate-type coupling also explains why 
the host crystal PL QY equals to that of diluted host molecules. 
In the optimally doped crystal, about 90% of the initial host 
excitons transfer their energy to the dopants (Figure S21, Sup-
porting Information) mostly via FRET, i.e., the majority of the 
host excitons are already generated within the Förster radius 
from the dopant (for the interplay between FRET and exciton 
diffusion, see Section 15, Supporting Information).

2.4. Charge Transport

We have established that molecular self-doping enhances PL 
of organic crystals; but does it affect their charge transport 

Adv. Funct. Mater. 2018, 28, 1800116
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properties? Figure 4 summarizes charge transport data recorded 
in organic field-effect transistors (OFETs) based on the self-
doped TMS–P2TP–TMS single crystals, the full OFET data 
are presented in Table S2 and Figure S25 in the Supporting 
Information. As panels a–d show, OFETs on the self-doped 
crystals demonstrate clear p-type behavior with small hyster-
esis. The charge mobility is among the best reported for other 
TPCO single crystals.[1d] Increasing the doping level somewhat 
degrades the charge transport resulting in lower charge mobility 
and higher threshold charge density as shown in Figure 4e,f. 
With the doping level increased by a factor of almost 100, the 
hole mobility in the optimally doped crystal decreases by a factor 
of ≈4 as compared with the lowest doped one (0.06 cm2 V−1 s−1), 
while the threshold charge density doubles. We explain this as 
follows: the dopant affects charge transport in the host inducing 
deep or/and shallow traps for moving charges as the dopant 
highest occupied (lowest unoccupied) orbital energy is higher 

(lower) than the host one (see Section 20, Supporting Informa-
tion). In organic field-effect devices, the deep traps determine 
the threshold voltage (charge density), and the shallow traps 
control the charge mobility according to the multiple trap 
and release model.[14] All in all, the detrimental impact of the 
dopants charge transport in the host crystals is rather mode rate, 
and therefore self-doped single crystals could be used in OLETs 
and current-driven organic lasers.

3. Discussion

We have harnessed the byproduct of Suzuki reactions to syn-
thesize a doped organic semiconductor with enhanced lumi-
nescence as proved by steady-state and time-resolved optical 
spectroscopy. However, formation of byproducts due to ligand 
exchange within the organometallic catalytic cycle is known 

Adv. Funct. Mater. 2018, 28, 1800116

Figure 4. OFET data for self-doped crystals. Transfer (a,c) and output (b,d) characteristics of best single-crystal OFETs for self-doping level 0.01% 
(a,b) and 0.7% (c,d). Optical image of a crystal with the source and drain graphite contacts is shown in the inset. Hole mobility (e) and threshold charge 
density (f) calculated from the threshold voltage, each data point is an average over 6–8 devices (Table S2, Supporting Information).
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not only for Suzuki but also for other Pd-catalyzed crosscou-
pling reactions used for synthesis of conjugated materials.[15] 
To demonstrate that the molecular self-doping is not limited 
to a single aforementioned case, we studied different conju-
gated oligoarylenes synthesized via Suzuki, Kumada, and Stille 
crosscoupling reactions: TPCOs, oligophenylene, and furan/
phenylene cooligomer with various conjugated lengths and 
terminal substituents (Section 21, Supporting Information). 
All these reactions produce self-dopants with longer conjuga-
tion lengths as minor byproducts. The time-resolved PL data on 
crystals of these oligomers clearly indicate prominent energy 
transfer from the host to the self-dopants (Section 21c, Sup-
porting Information), which broadens the scope of the self-
doping approach.

As the accuracy of standard techniques used to prove the 
purity of organic materials (NMR, high-performance liquid 
chromatography, gel permeation chromatography (GPC) ele-
mental analysis, and mass spectroscopy) might miss such 
minor byproducts, we believe that the effect of these tiny-
amount molecular self-dopants on the luminescent properties 
of the nominally chemically pure materials has been largely 
overlooked in the past. In our view, the self-dopant molecules 
are embedded in host crystal matrix substituting the host sites 
as was demonstrated above for TMS–P2TP–TMS/TMS–P4TP–
TMS, i.e., the host and dopant form cocrystals.[16] Despite much 
less solubility of the self-dopants in organic solvents as com-
pared with the host, the self-dopant does not precipitate during 
self-doping, but it is incorporated in the host crystal. This can 
be explained by complex formation between the dopant and 
host molecules already in solution as both have the similar 
rod-like molecular structures so that they stick together with 
their molecular axes having nearly the same orientation. These 
complexes survive in the course of further processing including 
cocrystallization so that the dopant substitutes the host sites in 
the host crystal lattice. As a result, complete purification of the 
host from the dopant is a complicated task.

It might well be possible that unintentional doping by 
longer oligomers also occurred in numerous earlier lumines-
cent studies in nominally chemically pure (>99%) solid sam-
ples of conjugated oligomers synthesized via metal-catalyzed 
crosscoupling reactions. As shown herein, the luminescent 
dopant even at low content (<1%) in the host material could 
strongly affect its luminescent properties. This may be one of 
the reasons for poor understanding of the luminescent prop-
erties of conjugated materials, as a very minute amount of 
dopants can be sufficient to drastically change the lumines-
cence in host–guest systems based on conjugated oligomers.[17] 
For example, if the self-dopant is low-emissive, it may quench 
luminescence of the material via host–dopant energy transfer, 
limiting the exciton diffusion length and resulting in nonra-
diative losses of excitation energy. Accordingly, molecular self-
doping can be detrimental in materials for organic photovol-
taics, where long exciton diffusion length is a prerequisite for 
high performance of organic solar cells.[18] On the other hand, 
by finding an appropriate route for the host material synthesis, 
molecular self-doping could be applied to a vast variety of con-
jugated oligomers as a means to control their luminescence 
by a minute amount of dopant. Agreeably, the control of the 
self-doping level is an important issue for applications. In the  

TMS–PTTP–TMS/TMS–P4TP–TMS host–dopant system, the 
synthesized crude powder had a reproducible doping level 
of about 1%, which accidently was very close to the optimal 
doping level needed for applications. Nonetheless, in the TMS–
PTTP–TMS/TMS–P4TP–TMS system, the self-doping level 
is readily controlled via vacuum sublimations; in other mate-
rials (see Section 21, Supporting Information), the self-doping 
level can also be controlled during solution processing, which 
is more promising for practical applications. Basically, solution 
processing in the course of chemical synthesis grants a plenty 
of opportunities to control the self-doping level as the host and 
the self-dopant have similar but different molecular structures 
and, therefore, much or less different physical and chemical 
properties. For example, using the strong difference in solu-
bility of the self-dopant and host molecules, one could control 
the self-doping level during the chemical synthesis by using 
appropriate solvents and temperature.

4. Conclusion

To summarize, we have introduced the molecular self-doping 
concept as a novel approach to controlling the luminescence 
in single crystals prepared from nominally chemically pure 
conjugated oligomers via excitonic transport and host–dopant 
energy transfer. We have demonstrated that molecular self-
doping operates in various conjugated oligomers synthesized 
via different Pd-catalyzed crosscoupling reactions so that their 
luminescence in solid-state is strongly affected by the self-
dopants. Self-doping offers a number of attractive benefits as 
compared to more conventional external molecular doping. 
First, the byproducts produced during the host synthesis could 
be shorter or longer than the host oligomers. The former are 
easily removed by standard purification, while the latter remain 
due to their lower solubility, ensuring the red-shifted dopant 
absorption spectrum, which is necessary for efficient host–
dopant FRET. Second, molecular self-doping provides suit-
able dopant oligomers in tiny amount immediately in the host 
powder; therefore, there is no need to synthesize and process 
the dopant separately which lowers the costs of the chemical 
synthesis and purification. Finally, the longer dopant is typi-
cally less soluble that rises the solubility issues for external 
doping but not so critical for self-doping, where the host mole-
cules probably impede dopant aggregation. The moderate but 
still detrimental effect of doping on the charge transport can 
be reduced by exciton transport optimization, which would lead 
to even lower doping levels to facilitate highly efficient host–
dopant energy transfer. In a broader context, the molecular self-
doping concept is deemed as a promising route for designing 
the perspective organic optoelectronic materials compatible 
with solution-based technologies of organic electronics.

5. Experimental Section
TPCO Synthesis: 5,5′-bis(4-(trimethylsilyl)phenyl)-2,2′-bithiophene 

(TMS–P2TP–TMS) was synthesized according to the procedure reported 
elsewhere.[9a] Pristine TMS–P4TP–TMS was synthesized via coupling of 
trimethyl{4-[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl]-
phenyl}silane (TMS–PT–BPin)[19] with 5,5′-dibromo-2,2′-bithiophene 
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under Suzuki conditions (Figure 1b). The GPC data, results of NMR 
analysis, sublimation technique, reagents, solvents, and TMS–P4TP–
TMS detailed synthesis are presented below.

Characterization: GPC analysis was performed by means of a 
Shimadzu LC10AVP series chromatograph equipped with an RID-
10AVP refractometer and SPD-M10AVP diode matrix as detectors and 
a Phenomenex column with a size of 7.8 × 300 mm2 filled with the 
Phenogel sorbent with a pour size of 500 Å; tetrahydrofuran (THF) 
was used as the eluent. Glassware was dried in a drybox at 150 °C for 
2 h, assembled while hot, and cooled in an argon stream. For thin layer 
chromatography, “Sorbfil” plates were used. In the case of column 
chromatography, silica gel 60 (Merck) was used.

1H NMR spectra were recorded at a Bruker WP-250 SY spectrometer, 
working at a frequency of 250.13 MHz and utilizing CDCl3 signal 
(7.25 ppm) as the internal standard. In the case of 1H NMR spectroscopy, 
the compounds to be analyzed were taken in the form of 1% solutions in 
CDCl3. The spectra were then processed using the ACD Labs software.

Sublimation Method: The TMS–P4TP–TMS concentration in the 
TMS–P2TP–TMS powder was varied by a number of subsequent 
vacuum sublimations by Aldrich sublimation apparatus at vacuum level 
0.2–0.3 mbar upon heating in an oil bath to 210 °C.

Reagents and Solvents: Tetrakis(triphenylphosphine) palladium(0) 
Pd(PPh3)4 was obtained from Sigma-Aldrich Co. and used without 
further purification. 5,5′-dibromo-2,2′-bithiophene and trimethyl{4-
[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl]phenyl}-
silane (TMS–PT–BPin)[19,20] were synthesized according to procedures 
published elsewhere. Toluene and ethanol were dried and purified 
according to the standard techniques and then used as solvents.

5,5′″-bis(4-trimethylsilylphenyl-1-yl)-2,2′:5′,2″:5″,2′″-quaterthiophene 
(TMS–P4TP–TMS): In inert atmosphere, degassed solutions of 
trimethyl{4-[5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl]-
phenyl}silane (TMS-PT-BPin) (1.35 g, 3.8 mmol) and 5,5′-dibromo-
2,2′-bithiophene (0.51 g, 1.6 mmol) in toluene–ethanol mixture 
(40/4 mL) and 2 m solution of aq. Na2CO3 (40 mL) were added to 
Pd(PPh3)4 (50 mg, 0.04 mmol). The reaction mixture was stirred 
under reflux for 24 h, and then it was cooled to room temperature 
and poured into 150 mL of water and 250 mL of toluene. The organic 
phase was separated, washed with water, dried over sodium sulfate, 
and filtered. The solvent was evaporated in vacuum, and the residue 
was dried at 1 Torr. The crude product was purified by passing through 
silica gel column (eluent: hot toluene) followed recrystallization 
from toluene to give pure compound TMS–P4TP–TMS (0.7 g, 
71%) as orange solid. mp = 307 °C. 1H NMR (250 MHz, CDCl3, δ):  
0.30 (s, 18H, Si-CH3), 7.50-7.20 (overlapped signals, 8H), 7.50–7.62 
(overlapped signals, 8H). 29Si NMR (60 MHz, DMCO-d6): δ -4.07.

Doping and Crystal Growth: The crude TMS–P2TP–TMS (host) 
powder self-doped by TMS–P4TP–TMS (dopant) was subsequently 
sublimed in vacuum to prepare self-doped host powders with different 
doping levels. A number of doped host powders were prepared by 
external doping, i.e., by mixing the lowest self-doped host and pristine 
dopant powders at prescribed host–dopant molar ratios to compare 
with the self-doped samples and to extend the doping range to higher  
doping levels.

Doped host powders were dissolved in toluene with a concentration 
of 1.3 g L−1. Doped host crystals were grown by the solvent–antisolvent 
crystallization method.[9a] Host and dopant crystals were also grown 
from vapor by physical vapor transport (Section 3, Supporting 
Information). The X-ray diffraction, crystal structure, and atomic-force 
microscopy data for TMS–P2TP–TMS crystals were reported earlier.[9a] 
Differently doped crystals showed indistinguishable X-ray diffraction 
patterns, which suggest that the dopant molecules were embedded 
in the host crystal and did not form their own phase. After the growth, 
the few-micrometer thick crystals were transferred on glass substrates. 
The TMS–P4TP–TMS content in the doped powders and crystals was 
determined by optical absorption and PL spectroscopy as described in 
Section 5 in the Supporting Information.

Photoluminescence: PL spectra and QY in solutions were measured as 
described in Section 6 in the Supporting Information. The steady-state 

PL spectra and QY of the solid samples (unless otherwise specified) 
were measured using an integrating sphere (Newport 819C-SL-3.3) 
optically coupled to a Raman microscope (InVia, Renishaw) at an 
excitation wavelength of 405 nm as described in ref. [12b]. Time-resolved 
PL under 100 fs, 400 nm excitation was measured by a streak camera 
(C5680, Hamamatsu) combined with a polychromator (for the details 
of polarization-resolved, room and low temperature measurements, 
see Sections 7, 9, and 11 in the Supporting Information, respectively).

MC Simulations: MC simulations were performed as a random walk 
of excitons in a 3D cubic crystal grid with a subsequent FRET to the 
dopants (Section 13, Supporting Information,).

OFET: OFET samples based on the self-doped single crystals were 
fabricated using the top-contact top-gate configuration used earlier in 
refs. [9b,12b,21] (Section 18, Supporting Information). The saturation 
mode was used for calculation of the charge mobility in the OFET 
samples (see Equation S8, Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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