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ABSTRACT
Solvent-free alkyl-π liquids, an emerging class of optoelectronically-active soft materials, have 
attracted attention for their applications in soft electronics, offering liquid fluidity as well as 
predictable and stable π-functions. Extensive research has been conducted to date on control
ling the optoelectronic properties of alkyl-π liquids. When modulating function by adding solid 
dopants, the dopant molecules have poor solubility, leading to insoluble aggregates and 
inconsistencies in properties such as luminescent color. Chemical modification of the π- 
skeleton requires synthesizing molecules that display the desired properties, which poses 
challenges in achieving predictable performance and ensuring economic feasibility across 
various molecular designs. In this study, we propose a liquid-liquid blending strategy that 
enables the precise and homogeneous merge of π-functions of alkyl π-liquids. Rheological 
analysis was used to evaluate miscibility between alkyl π-liquids. Furthermore, the accurate and 
uniform control of the photoluminescent color––a representative π-function––was successfully 
demonstrated through the blending of three alkyl π-liquids that emit the three primary colors. 
This liquid-liquid blending strategy offers an innovative approach for adjusting not only 
luminescent color but also for merging various π-functions in solvent-free liquid materials.

IMPACT STATEMENT
Merging of π-function was established through homogeneous blending of alkyl-π liquids and 
verified by rheology, which allows for accurate control of photoluminescent color in binary and 
ternary liquid blends.
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1. Introduction

Merging distinct functions within a singular class of 
materials presents a considerable challenge, chiefly 
attributable to the phase separation tendencies preva
lent in heterogeneous systems, such as metal alloys 
[1,2] and polymer blends [3,4]. Upon the occurrence 
of phase separation, the material’s function becomes 

non-uniform, leading to a composite of distinct func
tions rather than a singular, unified one [5–7]. This 
results in, for instance, mechanical properties that are 
intricate and challenging to anticipate [8]. In develop
ing organic molecular materials, comprehensive 
research has emphasized the effective use of self- 
assembly [9–16], supramolecular complexation [17– 
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20], and controlled phase separation [21–24], achieved 
through proficient manipulation of intermolecular 
interactions. Nevertheless, when the objective is to 
guarantee consistent material properties and accom
modate intricate deformations for soft electronics 
applications, a comprehensive molecular design is 
imperative. This design ought to reflect the inherent 
functions of the active units with minimal alteration 
while preserving significant deformability. One pro
mising approach to realizing these design principles 
involves utilizing alkyl-π functional molecular liquids 
(alkyl-π liquids) [25–37].

In alkyl-π liquids, the bulky yet flexible branched 
alkyl chains encase and protect the optically and elec
tronically active π-conjugated core, thereby augment
ing its photostability [34,38]. In recent years, there has 
been a surge in research on functional π-liquid mate
rials that exhibit luminescent [28,32,33,39,40], electro
chromic [41,42], mechanochromic [43,44], 
thermoresponsive [39,43–47], and electret properties 
[34,48–50], among other features derived from π-con
jugated systems [27,30,31,51,52]. In alkyl-π liquids, it 
is often necessary to fine-tune the π-functions to meet 
specific application requirements. Two major strate
gies have been reported thus far. The first is functional 
modulation through doping, which involves incorpor
ating dopant molecules into alkyl π-liquids [39,53,54]. 
This technique primarily modifies luminescent color, 
enabling multi-color luminescence [39,55,56] or even 
white luminescence [54,57]. Nevertheless, the limited 
solubility of solid dopants frequently leads to aggrega
tion, thereby compromising the uniformity of their 
properties and restricting the advancement of materi
als more broadly [58,59]. The second approach 
involves chemically modifying the π-conjugated core 
to produce unique liquid molecules with customized 

optical properties [59–61]. Although this method can 
ensure uniform luminescence in a single color, it 
necessitates the meticulous design and synthesis of 
individual, distinct molecules, which poses challenges 
in achieving predictable performance and maintaining 
economic viability across various molecular designs.

In this study, we propose a liquid-liquid blending 
strategy aimed at achieving precise control over the π- 
function of alkyl π-liquids. We initially illustrate that 
time-temperature superposition (TTS) in rheological 
analysis assesses the miscibility of alkyl π-liquids pos
sessing analogous physical characteristics. 
Subsequently, by employing photoluminescence––a 
representative π-function––as a probe, we synthesize 
three solvent-free alkyl-π room-temperature liquids 
that emit red, green, and blue light, respectively. 
Through blending these liquids in various combina
tions, we attain uniform and tunable control over the 
photoluminescent color. This liquid-liquid blending 
strategy provides an innovative materials design plat
form for merging diverse π-molecular functions of 
solvent-free alkyl-π liquids.

2. Results and discussions

2.1. Molecular design and characterization of 
liquids

We newly designed and synthesized a series of alkyl-π 
liquids (Alk-TBT, Alk-B, and Alk-T, in Figure 1a). 
Based on the ‘alkyl-π engineering’ strategy [38] (con
trolling the state of alkyl-π molecules by taking 
a balance between the van der Waals forces of the 
alkyl chains and π-π interactions), three alkylated 
bis-phenylene derivatives were designed. While intro
ducing 2-octyldodecyl Guerbet-type branched alkyl 

Figure 1. a) chemical structures and b) photographs of Alk-TBT, Alk-B, and Alk-T (from top to bottom) in the liquid state at 23.0 ±  
0.5 °C under 365 nm UV light irradiation. c) color tuning schematic diagram. The arrows indicate where the electron acceptor-type 
liquid is blended with the electron donor-type liquid.
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side chains (Alk), benzothiadiazoledithiophene (TBT), 
benzothiadiazole (B), and thiophene (T) groups were 
selected as energy donor-acceptor-donor, acceptor, 
and donor-type chromophores to produce the 
expected three primary luminescent colors, red, 
green, and blue, respectively (Figure 1b). The synthetic 
details of Alk-TBT, Alk-B, and Alk-T can be found in 
the Experimental Section/Methods section. All com
pounds were unambiguously characterized by 1H and 
13C NMR (Supplementary Information Figures S1– 
S11) and matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (MALDI-TOF-MS) 
(Figures S12–S14). 1H NMR also indicated the absence 
of residual solvents for all three compounds in the 
liquid state. The blending combination applied in 
this study is shown in Figure 1c.

According to the results of small- and wide-angle 
X-ray scattering (SWAXS) (Figure 2a), Alk-TBT, Alk- 
B, and Alk-T exhibit two halos, in which the halo in 
the smaller q region corresponds to the average dis
tance (Alk-TBT: 21.6 Å, Alk-B: 21.5 Å, and Alk-T: 21.3 
Å) between the π-core moiety of the adjacent mole
cules, while the other halo in the larger q region is 
attributable to the average spacing of the short-range 
distribution (around 4.6 Å) among molten alkyl 
chains. This is typical of alkyl-π liquids in SWAXS or 
X-ray diffraction (XRD) patterns [32,34,39,49,54,62]. 
In addition, the absence of birefringence under the 
observation of polarized optical microscopy (POM) 
illustrates no long-range ordering in the three liquids 
(Figure 2b). In the heating scan of differential scan
ning calorimetry (DSC; Figures 2c and S15), only 
a single glass transition (Tg) was observed for all 
three liquids (Alk-TBT: −54 °C, Alk-B: −59 °C, Alk- 
T: −61 °C), which are sufficiently lower than room 
temperature, indicating their liquid state at room 

temperature. According to the report, 2-octyldodecyl 
chains can construct superior liquids at the (2,5-) 
substitution position of the phenyl group [28,32,34]. 
The three liquids have been practically stable at room 
temperature for four years (since synthesis), and 
Figure S16 also shows that these liquids do not have 
supercooling behavior [63]. Thermogravimetry analy
sis (TGA; Figure S17) proves that the three liquids 
have relatively high thermal stability, and the thermal 
decomposition temperatures (5% weight loss, T95%) 
are up to 362 °C at least. These results indicate that 
their liquid state is practically stable within the wide 
temperature range of approximately − 50 °C to 350 °C.

2.2. Miscibility evaluation by general approaches

Miscibility refers to the ability of two or more compo
nents to mix thoroughly in any proportion without 
phase separation. Achieving a perfectly miscible blend 
is essential for high-quality color tuning, and evaluat
ing miscibility is of critical importance. Common 
characterization methods for miscibility are primarily 
considered in terms of physical properties such as 
density, refractive index, and viscosity, as well as struc
tural difference analysis by XRD and thermal analysis 
by DSC. The criterion is that when components with 
distinct physical properties are immiscible, their indi
vidual properties are retained. In contrast, if a miscible 
homogeneous phase forms after blending, a single 
intermediate property merges, reflecting 
a combination of the original components. As dis
cussed earlier, the SWAXS results showed that the 
three liquids are amorphous with similar structural 
distance information, making it difficult to determine 
their miscibility by using SWAXS (or XRD). Another 
example of similar physical properties is the density 

Figure 2. a) SWAXS profiles of Alk-TBT, Alk-B, and Alk-T at 23.0 ± 0.5 °C. (b) OM and POM images of Alk-TBT, Alk-B, and Alk-T were 
taken at 23.0 ± 0.5 °C. The region marked with an asterisk (*) represents the sample. Scale bar: 50 μm. c) DSC traces of Alk-TBT, Alk- 
B, and Alk-T during the heating scan at 10 °C min−1 under the nitrogen atmosphere.
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(Alk-TBT: 0.93 g cm−3, Alk-B: 0.91 g cm−3, Alk-T: 
0.91 g cm−3). In this case, density could not be used 
as an indicator to evaluate miscibility for these liquids. 
Next, we attempted to assess the miscibility of the 
liquids using positron annihilation lifetime spectro
scopy (PALS; Figure S18, Table S1) based on the frac
tional free volume [64–67] of the liquids, but a clear 
conclusion was not reached. As an additional evalua
tion method, we explored the possibility of measuring 
the refractive index (nD): the nD of Alk-TBT (1.578) 
was sufficiently different from that of Alk-B (1.513) 
and Alk-T (1.513) so that it could be used to determine 
the miscibility of Alk-TBT/Alk-B and Alk-TBT/Alk-T 
blends. With the increase in the content of one com
ponent, nD showed a linear increase (Figure S19a-b), 
allowing the evaluation of the high miscibility of Alk- 
TBT/Alk-B and Alk-TBT/Alk-T. In contrast, in the 
case of immiscible liquid blends, for example, 
a blend of hydrophilic molten polymer polyethylene 
glycol PEG (nD = 1.466) and hydrophobic liquid Alk- 
T (Alk-T/PEG), an irregular refractive index distribu
tion was seen, hinting at the presence of phase separa
tion (Figure S19c). However, this technique is not 
universal since the refractive indices of Alk-B and 
Alk-T are similar; thus, it is unable to judge the mis
cibility of Alk-B/Alk-T blends. DSC, a more versatile 
evaluation technique, was used to evaluate the misci
bility of the liquids using the glass transition tempera
ture (Tg) [62,68,69]. Multiple Tg values are usually 
recognized in blend systems where phase separation 
occurs. The DSC curves (Figure S20) of three binary 
blends (Alk-TBT/Alk-B, Alk-B/Alk-T, and Alk-TBT/ 
Alk-T) and a ternary blend (Alk-TBT/Alk-B/Alk-T) 
were analyzed through DSC and DDSC signals. As 
a result, only a single Tg was observed for all blends. 
Generally, a single Tg for a blend is a miscible system. 
However, the individual Tg values of the three liquids 
are close (Figure 2c), so detecting the slight difference 
in Tg is difficult even if phase separation occurs. 
Therefore, the abovementioned methods are not fully 
applicable to this system, and other robust methods 
are needed to judge and evaluate the miscibility.

2.3. Miscibility evaluation by rheological analysis

The time – temperature superposition (TTS) [70] 
principle was employed for rheological analysis to 
characterize the liquid blending systems and dis
cuss the miscibility. Rheological analysis [71] has 
several advantages: i) its broad scope of applica
tion means that it can be used to study almost any 
fluid without being limited by the chemical struc
ture or properties; ii) the liquid sample testing 
process is nondestructive to the sample; and iii) 
the rheological response is sensitive enough to 
identify changes in the internal structure of the 
liquids.

In simple terms, regarding the viscoelastic behavior 
of a fluid, increasing the temperature is equivalent to 
extending the time, known as ‘time – temperature 
equivalence’. According to this principle, the fluid’s 
dynamic modulus curves at different temperatures are 
shifted using the shift factors and are superimposed on 
the reference temperature to form a rheological master 
curve at the reference temperature, which contains the 
key parameters horizontal shift factor αT and vertical 
shift factor bT. Miscibility can be confirmed by verify
ing the TTS principle: if phase separation occurs, the 
TTS principle is not satisfied [70]. For example, we 
performed rheological TTS analysis of a sample where 
Alk-TBT was blended with Alk-T to make 10 mol% 
(i.e. 10 mol% Alk-TBT/Alk-T). In the experiment, we 
measured the temperature-dependent rheology of the 
blend to obtain the storage (G′) and loss (G″) moduli 
at different temperatures (Figure 3a). Taking 20 °C as 
the reference temperature, the moduli at each tem
perature were superimposed by horizontal and vertical 
shifts to generate two fully independent curves 
(Figure 3b), called rheological master curves. Two 
crucial parameters are αT and bT. αT, which varies 
with the reference temperature, is obtained by shifting 
the curve. bT, derived from the van Gurp – Palmen 
plot, is constant across temperatures, typically 1. With 
αT, we can obtain the rheological master curve at any 
reference temperature, usually applying the 
Williams – Landel – Ferry (WLF) equation [70], 
which is an empirical equation expressed as:  

where T0 is the reference temperature, C1 and C2 
are empirical parameters associated with T0, and αT is 
the horizontal shift factor [72]. Figure 3c shows the 
WLF curves of the binary blend Alk-TBT/Alk-T when 
T0 is 20 °C. The primary function of the WLF equation 
and TTS is to enable rheological data measured at low 
temperatures to be extrapolated to short periods (or 
high frequencies). Alk-TBT, Alk-B, and Alk-T and 
their blends follow the TTS (Figures S21 and S22), 
allowing the prediction of the rheological behaviors 
using the WLF equation (Figure S23). The results 
suggest a high miscibility of the blends, as the absence 
of phase separation is generally considered an impor
tant condition for compliance with the TTS. For 
a more intuitive comparison, we evaluated the immis
cible case to see what happens when TTS is not met. 
Figure S24a indicates the rheological results (dynamic 
frequency sweep) of the blend of 10 mol% PEG in Alk- 
T. The van Gurp – Palmen plot (Figure S24b) deter
mines bT (here, all bT are 1), and Figure S24c is 
obtained by horizontal shifting. G″ was selected as an 
example. In the low-temperature region, the master 
curve of the PEG/Alk-T blends is almost the same as in 
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the miscible case. Nevertheless, a significant modulus 
jump at high temperatures indicates that it is not 
a perfect curve and does not comply with the TTS. 
The PEG/Alk-T blend undergoes phase separation as 
the temperature increases. Figure S24a shows that G″ 
and G′ intersect in the high-temperature region, indi
cating a phase change.

Activation energy (Ea) is a critical parameter 
representing the energy barrier that molecules must 
overcome to undergo molecular motions, making it 
essential for understanding molecular blending 
behavior. One method for deriving Ea is through 
its relationship with zero shear viscosity (η0). In 
general, zero shear viscosity (η0 = lim ω–0 |η*|) is 
the viscosity of a static fluid. It can be obtained for 
shear-thinning liquids by achieving a constant com
plex viscosity after shear thinning. For non- 
Newtonian fluids at extreme temperatures, TTS can 

extrapolate η0 using the master curve. In the case of 
liquids Alk-TBT, Alk-B, and Alk-T, the details are 
summarized in Table S2. According to the Arrhenius 
equation, by plotting 1/T against η0 or η*, the corre
sponding molecular activation energy can be calcu
lated (Figure S25). It should be noted that two values 
of Ea for the three liquids appeared in the higher and 
lower temperature regions around Tg (Table S3). Ea 
is rarely seen in the region below Tg. It is probably 
due to bulky but flexible alkyl side chains, which 
create the potential for configurational change even 
in the glassy state [72]. In the liquid state, the Ea 
values of Alk-TBT, Alk-B, and Alk-T were 86.3, 68.4, 
and 68.6 kJ mol−1, respectively. The Ea of Alk-TBT is 
more significant than that of Alk-B and Alk-T, indi
cating that Alk-TBT is more sensitive to temperature 
changes than Alk-B and Alk-T. Furthermore, the Ea 
values of the three liquids are comparable to that of 

Figure 3. a) temperature dependence of rheological results of 10 mol% Alk-TBT in Alk-T blend. b) rheological master curves 
obtained by shifts at a reference temperature T0 = 20 °C. c) WLF equation plot for 10 mol% Alk-TBT in Alk-T blend, T0 = 20 °C. d) 
Angell plot of Alk-TBT, Alk-B, Alk-T and their blends (10 mol% Alk-TBT in Alk-B, 10 mol% Alk-TBT in Alk-T, and 10 mol% Alk-B in Alk- 
T).
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the reported alkyl-π liquids (38.8–48.1 kJ mol−1 for 
alkyl – distyrylbenzene liquids [28] 62–77 kJ mol−1 

for alkyl – C60 liquids [49]). Ea increased to more 
than 200 kJ mol−1 in the glassy state, which is about 
2.5 to 4 times higher than in the liquid state. This is 
thought to be because molecular motion is sup
pressed in the glassy state compared to the liquid 
state [73]. The change in viscosity with the tempera
ture in the glass transition region reflects the 
dynamic properties.

Angell et al. [74] proposed a theory of strong and 
fragile liquids. Strong liquids follow the Arrhenius 
equation, and behaviors that deviate from the 
Arrhenius equation can be fitted by the Vogel – 
Fulcher – Tammann (VFT) equation: 

where η∞ represents the viscosity at an infinite 
temperature, D is the stiffness, and T0 is the tempera
ture where the viscosity diverges to infinity. Each of 
these is a constant. The degree of deviation is typically 
described by the fragility (m) [26,75].  

In the present system, individual liquids exhibit 
different m values: Alk-TBT: 60.7, Alk-B: 80.8, and 
Alk-T: 82.8 (Figure 3d, Table 1), indicating that Alk- 
TBT is the strongest liquid and Alk-T is the most 
fragile liquid among the three. On the contrary, the 
VFT relationship was maintained for all binary 
blends, and the m values were comparable to those 
of pure Alk-T and Alk-B. Therefore, these blend 
liquids have a similar fragility as the Alk-T or Alk- 
B liquid alone: a similar degree of heterogeneity in 
the amorphous molecular dynamics. This result also 
supports the miscibility between the alkyl-π liquids.

2.4. Multi luminescent color tuning

To verify the merge of π-functions of multiple types of 
alkyl π-liquids, fluorescence, a representative example 
of π-function, was used as a probe. By blending two or 
three types of alkyl π-liquids that luminescent red 

(Alk-TBT), green (Alk-B), and blue (Alk-T) light, 
respectively, we demonstrate a system in which the 
luminescent color can be precisely and uniformly con
trolled to the desired color.

To understand the optical properties of Alk-TBT, 
Alk-B, and Alk-T, UV-Vis absorption and fluores
cence spectroscopies in different solvents and the sol
vent-free liquid state were measured (Figure 4a). The 
UV-Vis absorption and fluorescence spectra of Alk-B 
and Alk-T are almost identical in dilute toluene solu
tion and in the liquid state, which means that in the 
solvent-free liquid state, the π-cores of adjacent mole
cules are sufficiently separated by the branched alkyl 
chains that are arranged around the π-cores. Figure 1b 
shows that Alk-TBT, Alk-B, and Alk-T in the liquid 
state under 365 nm UV light irradiation exhibit red, 
green, and blue fluorescence with an absolute fluores
cence quantum yield (ΦFL; Table S4) of 0.65, 0.74, and 
0.14, respectively. The higher ΦFL of Alk-TBT and 
Alk-B can be explained by the definition of the abso
lute fluorescence quantum yield. The ΦFL is defined as: 

where kR represents the radiative decay rate con
stant, and kNR is the nonradiative decay rate constant. 
The kNR of Alk-T is high both in toluene and in the 
liquid state (Table S4), almost two orders of magni
tude higher than Alk-TBT and Alk-B. As a result, the 
loss of nonradiative energy directly translates into 
a decrease in ΦFL. The CIE 1931 chromaticity diagram 
is often adopted to better evaluate colors. The lumi
nescent color coordinates of Alk-TBT, Alk-B, and Alk- 
T in the liquid state (Alk-TBT: (0.64, 0.36), Alk-B: 
(0.30, 0.54), Alk-T: (0.17, 0.09)) are close to the stan
dard color coordinates: (sRGB): sR (0.64, 0.33), sG 
(0.30, 0.60), and sB (0.15, 0.06) (Figure 4b). The 
homogeneous blending of the three liquids will result 
in a multi-color system with uniform luminescent 
colors. In this study, Alk-T acts as the energy donor, 
Alk-TBT acts as the energy acceptor, and Alk-B sits in 
between. The role of Alk-B changes to energy donor or 
acceptor depending on what is blended. The large area 
that overlaps between the donor fluorescence spec
trum and the acceptor absorption spectrum (Figure 
S26) suggests that blending any two components 

Table 1. VFT parameters and fragility (m) determined from the viscosity.

entry

VFT parameters

m d)106 × η∞ 
a) D b) T0

c)

Alk-TBT 0.0508 20.7 139.7 60.7
Alk-B 9.76 10.4 157.5 80.8
Alk-T 4.89 10.5 158.1 82.8
10 mol% Alk-TBT in Alk-B 5.36 10.7 158.5 81.2
10 mol% Alk-TBT in Alk-T 3.58 10.9 158.0 81.8
10 mol% Alk-B in Alk-T 2.61 11.4 156.6 81.4

a)Viscosity at infinity temperature. b)Stiffness. c)Temperature where viscosity diverges to infinity. 
d)Fragility.
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facilitates the occurrence of FRET from Alk-T to Alk- 
B, Alk-T to Alk-TBT, and Alk-B to Alk-TBT. The 
change in the blends’ luminescent color directly 
reflects this phenomenon. Fine-tuning of the lumines
cent color is easily achievable for binary and ternary 
liquid blends by adjusting the ratio of donor to 
acceptor.

As typical examples, the luminescent color coordi
nates and distributions of three binary blend combi
nations are shown in Figure 4b. The excitation spectra 
of the binary and ternary blends (Figure S27) indicate 

that the excited donor (Alk-T or Alk-B) contributes to 
the fluorescence of the acceptor (Alk-TBT or Alk-B). 
The ΦFL of the binary blends (Table S5-S7) also 
reflects the occurrence of efficient FRET, as 
a moderate increase in the acceptor content leads to 
an overall enhancement in ΦFL. The luminescent color 
of the blend of two liquids is distributed on the con
necting line of the luminescent colors of each liquid. 
With increasing acceptor component, the luminescent 
color gradually transitions toward the acceptor-domi
nated emission (Figure 4c). In all cases, increasing the 

Figure 4. A) UV-Vis absorption and fluorescence spectra of Alk-TBT, Alk-B, and Alk-T in a solvent-free liquid state (solid line) and in 
dilute toluene solution (dotted line), 10−5 mol L−1 for absorption and 10−6 mol L−1 for fluorescence measurement. Two absorption 
peaks appeared for Alk-TBT and Alk-B, and normalization was performed based on the peak at a longer wavelength. The direction 
indicated by the arrow is the corresponding absorption or fluorescence spectrum. b) fluorescent color distribution of binary/ 
ternary blends on CIE 1931 chromaticity diagram. c) color change diagram of binary/ternary blends (corresponding CIE 1931 
chromaticity diagram). The white color coordinate (0.30, 0.33) was obtained with Alk-TBT/Alk-B/Alk-T ratio of 0.05/0.30/100. d-f) 
fluorescence spectral changes of the binary blends are shown in a stacked mode.
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acceptor component leads to a gradual red shift in its 
fluorescence (Figure 4d–f, indicated by dashed 
arrows). Reabsorption may contribute to the observed 
red-shift, as its complete elimination is highly imprac
tical in the solvent-free state. At higher acceptor con
centrations, reabsorption becomes more pronounced, 
as its emission in a spectral region where absorption is 
inherently present, particularly at the shorter wave
lengths. As will be shown later, Alk-B and Alk-TBT 
exhibit relatively strong solvatochromic effects. Even 
in the absence of an external solvent, the donor and 
acceptor, both being in the liquid state, act as the 
solvent. At low acceptor concentrations, the donor 
primarily acts as the solvent, solvating the acceptor 
molecules. With increasing acceptor component, self- 
solvation by the acceptor itself becomes more domi
nant. This progressive change in the solvation envir
onment modifies the overall polarity of the system, 
leading to a solvatochromic-like effect that enhances 
emission at longer wavelengths.

We emphasize that adding a minute amount of the 
acceptor component leads to a significant change in 
the luminescent color, resulting in a high efficiency of 
FRET (ΦFRET). For instance, in Alk-TBT/Alk-T 
blends, the fluorescence spectra of Alk-TBT and Alk- 
T can be clearly resolved and separately integrated 
(Figure S28a, b) so that ΦFL of each blend can be 
obtained by calculation, and the following formula 
can obtain ΦFRET [76]:  

where ΦFD is the quantum yield of the donor com
ponent in the blend, and ΦFD0 corresponds to the 
value without the donor liquid. Consequently, by 
blending only 0.1 mol% of Alk-TBT in Alk-T, ΦFRET 
increased to 37.8%. Remarkably, by increasing the 
ratio to 5 mol%, ΦFRET reached an unprecedented 
value of 97%, almost approaching 100%. Some reports 
[77] suggest that donors with higher energy levels can 
rapidly promote efficient FRET. However, in the pre
sent system, the ΦFL of the blue-emitting liquid donor 
(Alk-T) was only 0.14. Even when the liquid acceptor 
content increased from 0 to 5 mol%, the ΦFL of Alk-T 
decreased by only 0.091, from 0.14 to 0.049, and nearly 
100% FRET was achieved (Figure S28c). This intri
guing result suggests that efficient FRET can be 
achieved by homogeneously blending a low-energy 
liquid donor with a high-energy liquid acceptor. 
Implementing ternary blends was essential to attain 
broad tuning, particularly for exploring white-emis
sion conditions.

We started by searching for Alk-TBT/Alk-T ratios 
of 1/100 and 0.5/100 and then further adjusted the 
Alk-TBT/Alk-T ratio to obtain four ratio combina
tions. A comparison with the CIE 1931 chromaticity 
diagram (Figures S29 and S30) revealed that fine- 

tuning was necessary to reduce the green component 
properly. When the Alk-TBT/Alk-B/Alk-T ratio was 
0.05/0.30/100, the white color coordinate (0.30, 0.33) 
[78] was obtained, which is very close to the standard 
white light color (Figures 4b,c). For reference, the 
fluorescence and excitation spectra are displayed in 
Figure S31. Therefore, wide-range luminescence 
color can be achieved by tuning the binary and ternary 
liquid blending ratios. The prerequisites for achieving 
the targeted tuning of luminescent colors are homo
geneous liquid blending and the occurrence of FRET, 
which has been successfully demonstrated in this 
system.

To further verify the effectiveness of this strategy, 
we performed a study blending Alk-T with the refer
ence solid sample Me-B (Supplementary 
Information, Figures S10–S11). Me-B is a solid fluor
ophore with the same chromophore as Alk-B, except 
that the branched alkyl side chains of Alk-B are 
replaced with methyl groups. Based on the Alk-B/ 
Alk-T liquid blend mentioned above, we can infer 
that FRET also occurs between Me-B and Alk-T. 
When the acceptor Me-B (0.1 mol%) was added to 
the donor liquid matrix Alk-T, the fluorescence peak 
intensity of Alk-T began to decrease (Figure S32a). 
Meanwhile, a new luminescent peak appeared in the 
500–550 nm region, which was evidence of the FRET 
occurrence phenomenon. Moreover, as the Me-B 
content increased (0.5, 1.0, 5.0 mol%), the fluores
cence peak intensity of Alk-T gradually decreased. 
However, when the Me-B content was increased to 
10 mol%, the fluorescence peak intensity of Alk-T 
decreased sharply, and the luminescent peak at 530  
nm showed a slight red shift. This is most likely due 
to the severe aggregation of high concentrations of 
Me-B in Alk-T, and the OM/POM observations sup
port this hypothesis. When the Me-B content is low 
at the initial blending stage, Me-B is slightly soluble 
in Alk-T, and the expected FRET behavior can be 
observed. However, with the increase in the amount 
of Me-B added, the solubility of Me-B in Alk-T was 
not high, so Me-B gradually aggregated and precipi
tated, resulting in solid – liquid phase separation. 
When the amount of Me-B added was 5 mol%, slight 
crystallization of Me-B was recognized in OM, and 
a weak birefringent texture was observed in POM 
(Figure S32b). When the amount of Me-B added 
was increased to 10 mol%, the Me-B aggregation- 
derived characteristics seen in OM/POM became 
more pronounced. Furthermore, crystallization was 
visible to the naked eye when the 10 mol% Me-B/Alk- 
T blend was left for one day at room temperature. 
This result suggests that the compatibility of solid 
dyes in alkyl-π liquids is limited to low concentration 
ranges. As the concentration of added solids 
increases, the solid dyes aggregate and precipitate, 
separating the solid – liquid phase.
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The videos (Supplementary Videos 1 and 2) and 
Figure S33 visualize the difference between solid – 
liquid and liquid – liquid blending. When a small 
amount of green luminescent solid Me-B was placed 
on the surface of blue luminescent Alk-T, no signifi
cant color change was observed over time, i.e. Me-B 
was not dissolved in Alk-T, except for a lump of Me-B 
floating at the edge of the Alk-T surface. In contrast, 
when a liquid droplet of green luminescent Alk-B was 
placed on the Alk-T liquid surface, Alk-B rapidly 
diffused within Alk-T due to the flow properties of 
the liquid, forming a homogeneous and stable mixed 
phase. The results have demonstrated that alkyl-π 
liquid blends with excellent miscibility and homoge
neity have been obtained, highlighting the advantages 
of liquid – liquid blending.

So, what is the function of each alkyl-π liquid as 
a medium? It is not easy to imagine that it is precisely 
the same as a nonpolar environment such as n-hexane, 
and it cannot be denied that it may provide 
a somewhat polar liquid medium environment 
depending on the π-conjugated core unit. In the Alk- 
B/Alk-T binary liquid blend, the luminescent color 
coordinates were linearly distributed along the line 
connecting the luminescent color coordinates of the 
two liquids (Figure 3b). However, the coordinates of 
the Alk-TBT/Alk-B and Alk-TBT/Alk-T blends 

deviated slightly from the linear distribution and can
not be ignored (Figure 3b). This is thought to be due to 
the polar effect caused by the π-conjugated core of the 
alkyl-π liquids. Different π-cores in Alk-TBT, Alk-B, 
and Alk-T should lead to varying polarities for the 
molecules. Interestingly, the liquid blends (Alk-TBT  
+ Alk-B + Alk-T) can be separated by silica gel column 
chromatography, reflecting the mismatch of the three 
polarities (Figure S34 for photographs of the thin layer 
chromatography and silica gel column chromatogra
phy). In contrast, as mentioned earlier, a trace amount 
of acceptor liquid blended with a donor liquid 
achieves highly efficient FRET. Therefore, the donor 
liquid plays the role of a host medium in such blends 
and is responsible for the effect of the ‘solvent’. 
Further investigations on the solvatochromic impact 
of the liquid blend system should be useful for gaining 
a deeper understanding of the deviations seen in the 
blends (Alk-TBT/Alk-B and Alk-TBT/Alk-T).

Solvent-dependent UV-Vis absorption and fluores
cence spectroscopies of Alk-TBT, Alk-B, and Alk-T 
were performed with n-hexane, toluene, tetrahydro
furan (THF), chloroform (CHCl3), and dichloro
methane (CH2Cl2). In the UV-Vis absorption spectra 
(Figure 5a), polarity was insensitive for the three com
pounds. With increasing solvent polarity, Alk-TBT 
and Alk-B showed corresponding shifts in their 

Figure 5. A) UV-Vis absorption and fluorescent spectra of Alk-TBT, Alk-B, and Alk-T in solvents, e.g. i) n-hexane, ii) toluene, iii) THF, 
iv) CHCl3, and v) CH2Cl2 of different polarities. Inset photographs in figure 5a, taken under 365 nm UV light irradiation, correspond 
to the polarity of the solutions from small i) n-hexane to large v) CH2Cl2. The direction indicated by the arrow is the corresponding 
spectrum. Two absorption peaks appeared for Alk-TBT and alk-B, and normalization was performed based on the peak at a longer 
wavelength. b) electrostatic potential distributions of alk-TBT, alk-B, and alk-T in excited states. c) natural transition orbitals of S1 

and S0 states for Alk-TBT, Alk-B, and Alk-T.
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fluorescence spectra, while Alk-T showed little change. 
The wavelengths of the maximum emission peaks for 
Alk-TBT and Alk-B red-shifted by 50 nm (from 595 to 
645 nm) and 66 nm (from 504 to 570 nm), respec
tively, in solvents ranging from a nonpolar n-hexane 
to a polar CH2Cl2. Under the same solvent conditions, 
Alk-T shifted by only 7 nm (from 417 to 424 nm). 
Theoretical calculations [79] were conducted to 
explore the origins behind the solvatochromic effect.

Based on the B3LYP functional of the density func
tional theory (DFT), geometric optimization of the 
ground state of the target molecule (a simplified 
model in which branched alkyl chains are replaced 
with methyl groups) was performed using the 6-31 G 
(d,p) basis set, and the structure was optimized by 
frequency analysis. No imaginary frequencies were 
present, confirming that the optimized structure was 
at the lowest energy point on the potential energy 
surface. The simplified model of the ground state/ 
excited states of Alk-TBT, Alk-B, and Alk-T was cal
culated at the CAM-B3LYP/6-31 G(d,p) level of the
ory. The polarizable continuum model (PCM) was 
used to model the solvatochromic phenomenon, in 
which n-hexane and CH2Cl2 were selected as repre
sentatives of low- and high-polarity solvents. All cal
culations were completed using the Gaussian program 
[80]. Electrostatic potential (ESP) and natural transi
tion orbitals (NTOs) were analyzed with Multiwfn 
[81,82], and visualized via the Visual Molecular 
Dynamics (VMD) [83] program. It was speculated 
that one of the reasons for the solvatochromic effect 
was the charge redistribution caused by electron exci
tation, the root cause of which was the change in the 
dipole moment. The calculation results are summar
ized in Table 2. Suppose the dipole moments of the 
three molecules in the first excited state are more 
significant than those in the ground state. In that 
case, the interactions between the solvent and solute 
molecules also become more important than those 

between the molecules in the ground state. The excited 
state dipole moment and solute/solvent intermolecu
lar forces increase with an increase in the solvent 
polarity. The fluorescence generation of the three 
molecules is due to the orbital transition of electrons 
from the lowest unoccupied molecular orbital (S1) to 
the highest occupied molecular orbital (S0), and their 
energy band gap (ΔE) affects the difficulty of the 
transition. Notably, the ΔE of the excited states Alk- 
TBT and Alk-B is smaller than that of Alk-T, whether 
in the solvent or the gas phase. This indicates that Alk- 
TBT and Alk-B are more likely to undergo electronic 
transitions. This also explains why a solvatochromic 
effect was not observed in Alk-T. In addition, the 
theoretically calculated values of the emission maxi
mum wavelength were consistent with the experimen
tal values (Table 3), which fully indicates the influence 
of the solvatochromic effect on Alk-TBT and Alk-B. 
Alternatively, the molecular electrostatic potential and 
natural transition orbitals [79] can also explain the 
solvatochromic effect.

Figure 5b shows the surface electrostatic poten
tial distribution diagram of three simplified mole
cules in the excited state. The methoxy groups 
attached to the 2,5-position of the phenyl group 
exhibit a relatively large positive potential due to 
the presence of the methyl groups. At the same 
time, non-alkyl moieties exhibit negative potential. 
Such a nonuniform electrostatic potential distribu
tion facilitates interactions with polar molecules. 
The analysis of natural transition orbitals further 
supported this conclusion. Figure 5c shows the 
natural transition orbital pairs from S1 to S0 for 
the three compounds in the gas phase. The phenyl 
units in Alk-TBT and Alk-B tend to form electron- 
deficient structures, whereas Alk-T is not in 
a similar situation. Moreover, the transition ten
dency weights of all three compounds exceeded 
97%. Therefore, the solvatochromic effect in Alk- 

Table 2. The dipole moments and energy band gaps from different states.
Alk-TBT Alk-B Alk-T

dipole moment 
(Debye)

∆E 
(eV)

dipole moment 
(Debye)

∆E 
(eV)

dipole moment 
(Debye)

∆E 
(eV)

ground state 
(gas-phase)

1.14 4.86 1.85 5.47 1.02 6.11

excited state 
(gas-phase)

4.81 4.15 5.69 4.67 2.02 5.23

excited state 
(in n-hexane)

5.11 4.11 6.38 4.63 2.60 5.19

excited state 
(in CH2Cl2)

5.42 4.13 7.43 4.65 2.67 5.14

Table 3. Comparison of the maximum wavelengths of fluorescence for three liquids in different states.
Alk-TBT Alk-B Alk-T

theoretical value (nm) actual value (nm) theoretical value (nm) actual value (nm) theoretical value (nm) actual value (nm)

solvent-free state 576 626 488 516 399 425
in n-hexane 595 595 500 504 417 417
in CH2Cl2 625 645 515 570 442 424
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TBT and Alk-B can be explained by the change in 
the dipole moment at the excited state and the 
inhomogeneity of the electrostatic potential distri
bution, as well as the analysis of the natural transi
tion orbitals. In summary, the difference in polarity 
of the liquid itself is the main factor leading to the 
slightly deviated color distribution of the blended 
system.

3. Conclusion

To manage and regulate the π-functions of alkyl π- 
liquids, it is advisable to avoid the labor-intensive 
chemical synthesis of individual and distinct liquid 
molecules, as well as the inconsistencies and 
unreliability of their properties associated with the 
use of solid dopants. To address this challenge, we 
have devised a liquid-liquid blending strategy. Phase 
separation was not observed in the highly miscible 
liquid blends, even at an equimolar blending ratio 
(Figure S35) while employing this technique. In 
certain instances, the linear distribution of the 
refractive index exhibited miscibility; however, this 
phenomenon is not universally applicable to all 
liquid blends. Comparing the miscibility with 
liquid – liquid and solid – liquid blends confirmed 
the many advantages associated with miscibility for 
alkyl-π liquid blends. It is important to note that 
rotational rheology serves as the most effective mea
surement technique for verifying the miscibility and 
homogeneity of liquid – liquid blends. 
Photoluminescent color tuning is comprehensively 
demonstrated as an exemplary illustration of the 
merging π-functions. Using binary and ternary 
liquid blends equipped with energy donor and 
acceptor functions has resulted in efficient FRET- 
induced luminescent color shifts. Additionally, these 
blends exhibit extensive control over luminescence 
color, attributable to their uniform compatibility. 
One caveat of this approach is that the environment 
in alkyl-π liquids may act as a moderately polar 
medium. As anticipated by the theoretical model, 
the luminescent color distributions of binary blends 
showed slight deviations from a linear progression 
in color distribution, attributed to the polarity of 
the π-conjugated cores of Alk-TBT and Alk-B. The 
liquid – liquid blending method implemented in 
this study for alkyl-π liquids facilitates the produc
tion of low-volatility, ink-like materials that exhibit 
a diverse spectrum of uniform luminescent colors, 
devoid of any color unevenness. Furthermore, by 
capitalizing on the softness and fluidity of the 
liquid, alkyl-π liquids and their liquid – liquid 
blends are expected to advance the development of 
light-emitting materials with high dimensional free
dom, including flexible and flowable light-emitting 
devices [56,57]. The liquid – liquid blending 

method is anticipated to effectively merge and 
hybridize π-functions beyond luminescent color, 
paving the way for further advancements in liquid 
science.

4. Experimental section/methods

4.1. General materials

Carbon tetrabromide, 2,1,3-benzothiadiazole-4,7-bis 
(boronic acid pinacol ester), 2,5-bis(trimethylstannyl) 
thiophene, triphenylphosphine, potassium carbonate, 
and methyl trioctyl ammonium chloride were purchased 
from Sahn Chemical Technology Co., Ltd. (Shanghai, 
China), 2-octyl dodecanol and 4,7-bis(2-trimethylstan
nyl-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole were 
obtained from Alfa Chemical Co., Ltd. (Zhengzhou, 
China), tetrakis(triphenylphosphine)palladium, tris
(dibenzylideneacetone)dipalladium(0) and tri(o-tolyl) 
phosphine were obtained from Greenchem Technology 
Co., Ltd. (Beijing, China). Bromohydroquinone was pur
chased from Tokyo Chemical Industry Co., Ltd. (Tokyo, 
Japan). All solvents used for the reactions, such as 
dichloromethane, N,N-dimethylformamide, chloroben
zene, and toluene, were sourced from Sahn Chemical 
Technology Co., Ltd. (Shanghai, China).

4.2. General synthetic methods

Three-step reactions synthesized the target com
pounds (Scheme S1). In the first step, 9
(bromomethyl)nonadecane underwent the Appel 
reaction. In the second step, 9(bromomethyl)nonade
cane and bromohydroquinone underwent the 
Williamson reaction to obtain 1-bromo-2,5-bis 
(2-octyldodecyloxy)benzene. In the final step, the 
three target compounds were synthesized by either 
Suzuki or Stille coupling with different π-unit mole
cules. All calculations of the blending experiments in 
this study were based on molar ratios. All blending 
experiments were carried out by preparing the corre
sponding solutions, mixing them, and removing the 
solvent. Binary or ternary blends were separated by 
silica gel column chromatography, with the eluent 
being n-hexane: CH2Cl2 = 10:1.

4.3. General characterization methods
1H and 13C NMR spectra were tested by a Bruker 
AVANCE III 600 MHz superconducting nuclear mag
netic resonance spectrometer (Bruker Corporation, 
Germany) or a JEOL ECZ 400S spectrometer (JEOL 
Ltd. Japan) at room temperature in CDCl3. Chemical 
shifts are expressed in part per million (ppm, δ scale) 
and are referenced to tetramethylsilane (TMS). 
A Shimadzu AXIMA-CFR Plus station (Shimadzu 
Corporation, Japan) measured the matrix-assisted 
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laser desorption ionization time-of-flight mass spectra 
(MALDI-TOF MS). The measuring methods included 
linear positive (LP) and reflectron positive (RP) modes 
without matrix suppression. The measurements 
involved in this work were in RP mode. 
Thermogravimetric analysis (TGA) was performed 
with a TA Instruments SDT Q600 (TA Instruments, 
USA) under nitrogen flow at a heating rate of 10 
°C min−1. Differential scanning calorimetry (DSC) 
was performed using a Hitachi DSC7000X (Hitachi 
High-Tech Corporation, Japan) with a liquid nitrogen 
cooling accessory under nitrogen flow (25 mL min−1). 
Small- and wide-angle X-ray scattering (SWAXS) 
measurements were performed using an Anton Paar 
SAXSess mc2 system (Anton Paar GmbH, Austria). 
Polarizing optical microscopy (POM) and optical 
microscopy (OM) images were performed using an 
optical microscope (Olympus BX51, Olympus 
Corporation, Japan) equipped with a CCD camera. 
UV-Vis absorption spectra were measured on an 
Thermo Fisher Evolution 220 (Thermo Fisher 
Scientific Inc., USA) or a JASCO V-770 spectrophot
ometer (JASCO Corporation, Japan). Fluorescence 
spectra were obtained on a Jasco FP-8300 spectro
photometer (JASCO Corporation, Japan). Absolute 
fluorescence quantum yields (ΦFL) were recorded on 
a Hamamatsu Photonics Quantaurus C11347 
(Hamamatsu Photonics K.K., Japan). Density mea
surements were performed with a Micromeritics 
AccuPyc II 1340 (Micromeritics Instrument 
Corporation, USA), using a 1.0 cm3 inner cell. The 
refractive indices were measured by a KEM Kyoto 
Electronics RA-600 refractometer (Kyoto Electronics 
Manufacturing Co. Ltd., Japan). The Toyo Seiko PSA 
L-II system (Toyo Seiko Co., Ltd., Japan) was used for 
the positron annihilation lifetime spectroscopy 
(PALS). Rheology was performed by an Anton Paar 
MCR 702 rheometer (Anton Paar GmbH, Austria) 
equipped with a parallel plate geometry plate of 
a Peltier temperature controller. The measurement 
content includes the temperature dependence of the 
dynamic frequency sweep (DFS).

4.4. Synthesis steps and structure 
characterization

Alk-TBT; 4,7-Bis(2-trimethylstannyl-4-hexyl-2-thie
nyl)-2,1,3-benzothiadiazole (1.00 eq, 0.99 g, 1.26  
mmol), S2 (2.20 eq, 2.0 g, 2.76 mmol), tri(o-tolyl)phos
phine (0.25 eq, 0.095 g, 0.310 mmol), and tri
(dibenzylideneacetone)dipalladium(0) (0.05 eq, 0.057  
g, 0.063 mmol) were placed in a two-necked flask. The 
air in the flask was replaced with nitrogen several 
times to provide a nitrogen atmosphere for the sub
strate. Anhydrous chlorobenzene (5.0 mL) was then 
added via a syringe. The mixture was heated to 120 
°C, and the reaction was monitored by TLC. After the 

reaction was completed, the mixture was extracted 
with CH2Cl2/H2O (×3), and the lower organic phase 
was collected. The product was purified by silica gel 
column chromatography with the eluent (CH2Cl2: 
n-hexane = 1:30) to afford a red liquid (1.39 g, 62% 
yield).

Tg (DSC): −54 °C. T95% (TGA): 398 °C. 1H NMR 
(CDCl3, 400 MHz, TMS, r. t.): δ/ppm 0.81–0.89 (m, 
30 H, –CH3), 1.14–1.34 (m, 144 H, alkyl), 1.75–1.79 
(m, 4 H, alkyl), 2.59 (t, J = 8.0 Hz, 4 H, alkyl), 3.76 (d, J  
= 5.5 Hz, 4 H, –O – CH2–), 3.81 (d, J = 5.7 Hz, 4 H, – 
O – CH2–), 6.88 (dd, J1 = 9.0 Hz, J2 = 2.8 Hz, 2 H, 
benzene), 6.90 (d, J = 4.7 Hz, 2 H, benzene), 6.93 (d, 
J = 3.0 Hz, 2 H, benzene), 7.83 (s, 2 H, thiophene), 8.05 
(s, 2 h, benzene). 13C NMR (CDCl3, 150 MHz, TMS, 
r. t.): δ/ppm 14.02, 22.62, 26.81, 29.14, 29.30, 29.58, 
30.00, 30.04, 30.60, 31.31, 31.39, 31.64, 31.86, 38.00, 
38.09, 71.63, 72.65, 114.43, 115.31, 118.08, 124.49, 
125.69, 128.93, 135.30, 137.36, 141.40, 151.25, 152.64, 
153.03. MALDI-TOF MS (matrix: dithranol) calcu
lated for C118H200N2O4S3: 1806.47, found: 1806.85 
[M]+.

Alk-B; 2,1,3-Benzothiadiazole-4,7-bis(boronic acid 
pinacol ester) (1.00 eq, 0.813 g, 2.10 mmol), S2 (2.20 
eq, 3.46 g, 4.61 mmol), potassium carbonate (10.0 eq, 
2.90 g, 20.9 mmol), tetrakis(triphenylphosphine)palla
dium (0) (0.03 eq, 0.072 g, 0.062 mmol) and one drop 
of methyl trioctyl ammonium chloride were placed in 
a two-necked flask. The air in the flask was replaced 
with nitrogen several times to provide a nitrogen 
atmosphere for the substrate. Toluene (5.0 mL) and 
distilled water (1.0 mL) were then added via a syringe. 
The mixture was heated to 120 °C, and the reaction 
was monitored by TLC. After the reaction was com
pleted, the mixture was extracted with CH2Cl2/H2O, 
and the lower organic phase was collected. The crude 
product was purified via silica gel column chromato
graphy (CH2Cl2:n-hexane = 1:8) and subsequent recy
cling HPLC with chloroform as the solvent to give 
Alk-B as a yellow-green liquid (2.02 g, 58% yield).

Tg (DSC): −59 °C. T95% (TGA): 395 °C. 1H NMR 
(CDCl3, 400 MHz, TMS, r. t.): δ/ppm 0.82–0.88 (m, 
24 H, –CH3), 1.08–1.80 (m, 132 H, alkyl), 3.75 (d, J =  
5.4 Hz, 4 H, –O – CH2–), 3.8 (d, J = 5.7 Hz, 4 H, – 
OCH2–), 6.91 (dd, J1 = 3.0 Hz, J2 = 9.0 Hz, 2 H, ben
zene), 6.98 (d, J = 9.0 Hz, 2 H, benzene), 7.14 (d, J =  
3.0 Hz, 2 H, benzene), 7.68 (s, 2 H, benzene). 13C NMR 
(CDCl3, 150 MHz, TMS, r. t.): δ/ppm 14.11, 26.69, 
26.87, 29.32, 29.35, 29.58, 29.61, 29.64, 29.66, 29.69, 
29.99, 30.06, 31.27, 31.37, 31.88, 31.93, 71.51, 71.92, 
114.25, 114.96, 118.04, 127.84, 129.64, 130.72, 150.86, 
153.22, 154.1. MALDI-TOF MS (matrix: dithranol) 
calculated for C98H172N2O4S: 1473.30, found: 
1474.92 [M]+.

Alk-T; 2,5-Bis(trimethylstannyl)thiophene (1.00 eq, 
1.00 g, 2.45 mmol), S2 (2.20 eq, 4.03 g, 5.38 mmol), tri 
(o-tolyl)phosphine (0.25 eq, 0.186 g, 0.611 mmol) and 
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tri(dibenzylideneacetone)dipalladium(0) (0.05 eq, 
0.111 g, 0.122 mmol) were placed in a two-necked 
flask. The air in the flask was replaced with nitrogen 
several times to provide a nitrogen atmosphere for the 
substrate. Anhydrous chlorobenzene (5.0 mL) was 
then added via a syringe. The mixture was heated to 
120 °C, and the reaction was monitored by TLC. After 
the reaction was completed, the mixture was extracted 
with CH2Cl2/H2O, and the lower organic phase was 
collected. The product was purified by silica gel col
umn chromatography with the eluent (CH2Cl2:n-hex
ane = 1:30) to afford a light green liquid (2.14 g, 58% 
yield).

Tg (DSC): −61 °C. T95% (TGA): 375 °C. 1H NMR 
(CDCl3, 400 MHz, TMS, r. t.): δ/ppm 0.84–0.90 (m, 
24 H, –CH3), 1.23–1.46 (m, 128 H, alkyl), 1.77–1.89 
(m, 48 H, alkyl), 3.87 (d, J = 5.6 hz, 4 H, –O – 
CH2–), 3.90 (d, J = 5.5 hz, 4 H, –O – CH2–), 6.77 
(dd, J1 = 3.0 Hz, J2 = 8.8 Hz, 2 H, benzene), 6.89 (d, 
J = 9.0 Hz, 2 H, benzene), 7.23 (d, J = 3.0 Hz, 2 H, 
benzene), 7.51 (s, 2 H, thiophene). 13C NMR 
(CDCl3, 150 MHz, TMS, r. t.): δ/ppm 14.11, 22.68, 
26.89, 29.35, 29.63, 29.66, 30.07, 31.38, 31.50, 31.92, 
38.13, 71.50, 72.16, 113.69, 113.89, 114.38, 124.39, 
125.90, 139.15, 149.80, 153.32. MALDI-TOF MS 
(matrix: dithranol) calculated for C96H172O4S: 
1422.30, found: 1422.59 [M]+.
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