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9,10-Bis(N-alkylphenothiazin-3-yl-vinyl-2)anthracenes (PT-Cn) with different carbon numbers (n) of
alkyl chains (n =2, 3,5, 6, 7,9, 12, 18) are prepared to further understand the effect of alkyl lengths on the
solid-state fluorescence and piezochromic luminescence of alkyl-containing 9,10-bis(arylvinyl)anthra-
cenes. The results show that the fluorescence emissions of both pressed and annealed PT-Cn are grad-
ually blue-shifted, but the blue-shifted amplitudes of annealed states are more remarkable with the
increase of alkyl length, leading to that longer alkyl-containing PT-Cn show larger piezofluorochromism
(PFC) spectral shifts. Powder wide-angle X-ray diffraction and differential scanning calorimetry experi-
ments reveal that the transformation between crystalline and amorphous states under various external
stimuli is responsible for the PFC and restoration behaviors. This work demonstrates once again that
combining the simple alternation of molecular chemical structure and the physical change of aggregate
morphology under external stimuli could tune the solid-state optical properties of some organic
fluorophores.

Wittig—Horner reaction
End group effect

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Conjugated organic molecules exhibiting strong solid-state
fluorescence are promising optical and optoelectronic materials,
and tuning and switching the solid-state luminescence by external
mechanical stimuli (such as grinding, pressing, shearing, defor-
mation, etc. named mechano- or piezo-fluorochromism (PFC)),
instead of the chemical alteration of molecular structures not only
have potential applications in chemo- and mechano-sensors, data
storage, security inks and optoelectronic devices but also profit the
understanding of solid-state photophysical properties [1-8].
Recent studies have demonstrated that conjugated molecules
with strongly twisted skeleton conformations not only show
aggregation-induced/crystallization-enhanced emission but also
are mostly promising candidates for PFC materials [8—26]. In this
context, 9,10-bis(arylvinyl)anthracene derivatives have been the
mainstay of PFC materials reported to date [17,23—32]. Interest-
ingly, recent several reports show that PFC behaviors of some alkyl-
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containing conjugated molecules are alkyl length-dependent, such
as 9,10-bis(p-alkoxystyryl)anthracences only with sufficient long
alkyl chains (n > 10, n represents carbon number of alkyl chains)
are effective PFC materials [29], and 9,10-bis[(N-alkylcarbazol-3-yl)
vinyl]- and 9,10-bis[(9,9-dialkyl-fluorene-2-yl)vinyl]anthracenes
exhibit different alkyl length-dependent PFC behaviors [24,28], etc.
These results not only underline the complexity of the structure—
property relationship of PFC materials but also indicate the signif-
icant effect of the nature of end-aryl and substituents at the aryl
rings on the solid-state fluorescence and piezochromic lumines-
cence. 9,10-bis(N-alkylphenothiazin-3-yl-vinyl-2)anthracenes are
also alkyl-containing 9,10-bis(arylvinyl)anthracene derivatives, and
one of them, 9,10-bis(N-hexylphenothiazin-3-yl-vinyl-2)anthra-
cene has been found to show remarkable PFC behavior [33]. To
further understand the effect of alkyl chains on the solid-state
fluorescence and piezochromic luminescence, in the current
work, we have prepared a series of 9,10-bis(N-alkylphenothiazin-3-
yl-vinyl-2)anthracenes (PT-Cn) with different length of alkyl chains
(n=2,3,5,6,79,12,18. Scheme 1) and their fluorescence prop-
erties are investigated. We now report that the solid-state fluo-
rescence emissions and PFC spectral shifts of PT-Cn are indeed
related to the length of alkyl chains.
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Scheme 1. Synthetic route and structure of PT-Cn.

2. Experimental section
2.1. Reagents and solvents

All the starting chemicals were purchased from Aldrich Chem-
ical Co. Other solvents and reagents were analytical grade and used
as received, unless otherwise stated. 9,10-bis(diethylphosphor-
ylmethyl)anthracene was from previous work [34]. THF was
distilled over metallic sodium and DMF over calcium hydride
before use.

2.2. Measurement

'H and ¥C NMR spectra were recorded on a Bruker-AC500
spectrometer with CDCl3 as solvent and teramethylsilane (TMS)
as the internal standard. Elemental analysis was performed on
Perkin—Elmer 2400. UV—vis absorption spectra were recorded on a
Hitachi U-4100 spectrophotometer. Fluorescence measurements
were carried out with Hitachi F-4600 spectrophotometer. The peak
wavelength of the lowest energy absorption band was used as the
excitation wavelength for the PL measurement. The fluorescence
quantum yield (®) was determined at room temperature by the
dilution method using fluorescein in water (pH = 11) as the refer-
ence. Powder wide-angle X-ray diffraction (PXD) experiments were
performed on a Powder X-ray Diffractometry (INCA Energy, Oxford
Instruments) operating at 3 kW. Differential scanning calorimetry
(DSC) curves were determined on a Netzsch DSC 204F1 at a heating
rate of 10 °C/min.

2.3. Piezofluorochromic and stimulus-recovering experiments

Pressing experiment: A quantity of PT-Cn and KBr powder was
simply mixed in a mortar and then pressed with IR pellet press
under the pressure of 1500 psi for 1 min at room temperature.
Annealing experiment: The pressed sample (or molten solid) was
put into an oven whose temperature was 40 °C over T. (cold-
crystallization temperature of each compound) for 2 min. Solvent-
fuming experiment: The pressed sample was put above the
dichloromethane level and exposed to the vapor for 1 min at room
temperature. Grinding experiment: pristine solids were put on a
glass plate and ground with a metal spatula at room temperature.

2.4. Synthesis

2.4.1. 9,10-Bis(2-(10-hexylphenothiazin-3-yl)vinyl Janthracene
(PT-C7)

9,10-Bis(di-ethylphosphorylmethyl)anthracene (0.10 g, 0.21
mmol) and 10-heptylphenothiazine-3-carbaldehyde (0.150 g,
0.46 mmol) was dissolved in anhydrous THF (20 mL). Potassium
tert-butoxide (0.19 g, 1.67 mmol) was added and the suspension
was stirred for 3 h at room temperature. Methanol was added into
the mixture and a yellow-green solid was collected by filtration.
The crude product was purified by silica gel column chromatog-
raphy (petroleum ether/methylene chloride = 4:1, v/v). A
yellowish-green solid with a yield of 75% (0.19 g) was obtained. 'H
NMR (500 MHz, CDCl3): 6 8.37 (q, 4H), 7.80 (s, 1H), 7.77 (s, 1H),
7.40—7.50 (m, 8H), 7.15—7.28 (m, 4H), 6.89—7.05 (m, 6H), 6.82 (s,
1H), 6.78 (s, 1H), 3.90 (t, 4H), 1.86 (qui, 4H), 1.29—1.56 (m, 16H),
0.89 ppm (t, 6H). °C NMR (125 MHz, CDCl3): ¢ 145.01, 136.19,
132.68, 131.91, 129.63, 127.49, 127.30, 126.47, 125.94, 125.38, 125.17,
124.99, 124.36, 123.42, 122.48, 115.40, 47.54, 31.92, 29.69, 29.36,
26.93, 22.62,14.14 ppm. Anal. Calcd for C56H56N2S; (%): C, 81.91; H,
6.87; N, 3.41; S, 7.81. Found: C, 81.86; H, 6.91; N, 3.39; S, 7.85.

Other 9,10-bis(2-(10-alkylphenothiazin-3-yl)vinyl)anthracenes
were synthesized as described for PT-C7 except that different 10-
alkylphenothiazine-3-carbaldehydes were used. After purification,
they were characterized only by 'TH NMR because of their similar
and simple structure. The 'H NMR data were as follow:

2.4.2. 9,10-Bis(2-(10-ethylphenothiazin-3-yl)vinyl)anthracene (PT-C2)

TH NMR (500 MHz, CDCl3) 6 8.36 (q, 4H), 7.80 (s, 1H), 7.76 (s, 1H),
7.40-7.49 (m, 8H), 7.16—7.27 (m, 4H), 6.89—7.03 (m, 6H), 6.82 (s,
1H), 6.78 (s, 1H), 3.86 (t, 4H), 0.98 ppm (t, 6H).

2.4.3. 9,10-Bis(2-(10-propylphenothiazin-3-yl)vinyl)anthracene
(PT-C3)

'H NMR (500 MHz, CDCl3) 6 8.37 (q, 4H), 7.81 (s, 1H), 7.75 (s, 1H),
7.40—7.49 (m, 8H), 7.16—7.26 (m, 4H), 6.89—7.02 (m, 6H), 6.82 (s,
1H), 6.78 (s, 1H), 3.85 (t, 4H), 1.86 (q, 4H), 0.90 ppm (t, 6H).

2.4.4. 9,10-Bis(2-(10-pentylphenothiazin-3-yl)vinyl)anthracene
(PT-C5)

'H NMR (500 MHz, CDCl5) 6 8.37 (g, 4H), 7.77 (s, 1H), 7.75 (s, 1H),
7.45-7.47 (m, 8H), 7.16—7.26 (m, 4H), 6.89—7.02 (m, 6H), 6.82
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Fig. 1. Emission (PL) spectra of PT-Cn at 1.0 x 10~> M in water—THF mixtures; the insets are the fluorescence images with water contents of 0% and 90% under illumination with a

365 nm UV lamp.

(s, 1H), 6.78 (s, 1H), 3.90 (t, 4H), 1.86 (q, 4H), 1.29—1.56 (m, 8H),
0.92 ppm (t, 6H).

2.4.5. 9,10-Bis(2-(10-hexylphenothiazin-3-yl)vinyl)anthracene (PT-
C6)

TH NMR (500 MHz, CDCl3) 6 8.34 (q, 4H), 7.80 (s, 1H), 7.76 (s, 1H),
7.39—7.49 (m, 8H), 7.14—7.25 (m, 4H), 6.88—7.94 (m, 6H), 6.80 (s,
1H), 6.77 (s, 1H), 3.89 (t, 4H), 1.84 (q, 4H), 1.29—1.56 (m, 12H),
0.89 ppm (t, 6H).

2.4.6. 9,10-Bis(2-(10-nonylphenothiazin-3-yl)vinyl )anthracene
(PT-C9)

TH NMR (500 MHz, CDCl3) 6 8.36 (q, 4H), 7.80 (s, 1H), 7.77 (s, 1H),
7.40—7.50 (m, 8H), 7.15—7.28 (m, 4H), 6.89—7.02 (m, 6H), 6.82 (s,
1H), 6.78 (s, 1H), 3.90 (t, 4H), 1.86 (q, 4H), 1.27—1.56 (m, 24H),
0.88 ppm (t, 6H).

2.4.7. 9,10-Bis(2-(10-dodecylphenothiazin-3-yl)vinyl Janthracene
(PT-C12)

"H NMR (500 MHz, CDCl3) 6 8.36 (q, 4H), 7.80 (s, 1H), 7.77 (s, TH),
7.40—7.50 (m, 8H), 7.16—7.27 (m, 4H), 6.89—6.95 (m, 6H), 6.82 (s,
1H), 6.79 (s, 1H), 3.90 (t, 4H), 1.85 (q, 4H), 1.26—1.56 (m, 36H),
0.88 ppm (t, 6H).

2.4.8. 9,10-Bis(2-(10-octadecylphenothiazin-3-yl)vinyl)anthracene
(PT-C18)

TH NMR (500 MHz, CDCl3) 6 8.36 (q, 4H), 7.80 (s, 1H), 7.77 (s, 1H),
7.40—7.50 (m, 8H), 7.15—7.26 (m, 4H), 6.88—6.95 (m, 6H), 6.82 (s,
1H), 6.79 (s, 1H), 3.90 (t, 4H), 1.85 (q, 4H), 1.25—1.49 (m, 60H),
0.87 ppm (t, 6H).

3. Results and discussion

Synthetic route and structure of 9,10-bis(2-(10-octadecylp
henothiazin-3-yl)vinyl)-anthracenes (PT-Cn) was depicted in
Scheme 1. The alkylation of phenothiazine with different n-alkyl
bromides followed by the treatment with POCl3/DMF produced 10-
alkyl-3-formylphenothiazines (B) with different length of alkyl
chains [35]. The Wittig—Horner reaction of B and 9,10-
bis(diethylphosphorylmethyl)anthracene (C) afforded the target
compounds PT-Cn in good high yields (75—91%) [35]. The chemical
composition and structure of these products were confirmed by
proton nuclear magnetic resonance spectra and elemental analysis.

PT-Cn homologs are all highly soluble in common organic sol-
vents, such as THF, chloroform, dichloromethane, and toluene. To
understand whether these water-nonsoluble conjugated organic
molecules are aggregation-induced emission (AIE) active, a large
amount of water was added into the organic solution of the com-
pound and the change of fluorescence intensity recorded (Fig. 1). In

contrast to the faint fluorescence of PT-Cn in THF, the aqueous
dispersions of PT-Cn in THF—water mixtures at high water content
exhibit strong fluorescence. Since water is the non-solvent for PT-
Cn, the molecules of PT-Cn must have aggregated in THF—water
mixtures with high water content. Therefore, PT-Cn homologs are
strongly AlE-active. In addition, the aqueous dispersions of PT-Cn
prepared by us emit bright orange fluorescence. Fig. 2 shows the
fluorescence emission spectra of as-prepared (pristine) PT-Cn solids
by evaporating the solvents (petroleum ether/methylene chloride).
Among them, pristine PT-C18 solid exhibits the most blue-shifted
emission, and others are related irregularly to alkyl length.

The PFC and recovery behavior of PT-Cn (mixed with KBr to
minimize the amount of fluorophores) is examined (Fig. 3). When
they are pressed with an IR pellet press (30 s at 1500 psi), the
pressed samples show red to orange colors from PT-C2 to PT-C18.
However, when the pressed samples are annealed before the
isotropic melt transition or exposed to solvent vapor (fuming above
dichloromethane), the fluorescence colors are changed into
orange-yellow to green ones. Furthermore, when the fumed or
annealed samples are re-pressed, the fluorescence colors are again
changed as the first pressing. This process is reproducible, indi-
cating a reversible PFC behavior. It is noted that PT-Cn with long
alkyl chains exhibit more remarkable fluorescence color changes
between pressed and annealed (or fumed) states.

Meanwhile, the emission spectra of above samples under
various stimuli are recorded on a luminescence spectrophotometer
(Fig. 4), and the corresponding peak emission wavelengths (1) are
summarized in Table 1. It is shown that the emission spectra are
very consistent with the corresponding fluorescence colors
observed (Figs. 4 and 3). The Apressed and Aannealed all decreased with
the increase of alkyl length, and the decrease of Ainpealed is more
obvious (Table 1). Although short alkyl (C2, C3, and C5) and middle

Pristine solid ( A, in nm)

\\ —O— C12(555)
\ \—e— C18(522)

PL Intensity (a.u.)

55 600 650 750
Wavelength (nm)

Fig. 2. Emission spectra pristine PT-Cn solids.
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Table 1

Peak emission wavelengths (4, in nm) of PT-Cn solids under various external stimuli.
PT-Cn c2 c (&) C6 c7 (¢ ] C12 C18
Apressed 620 608 607 605 600 599 595 588
Aannealed 577 568 563 554 546 547 537 517
Arepressed 621 614 608 605 604 600 601 593
Afumed 572 553 560 541 537 546 534 514
Adppc? 43 40 44 51 54 52 58 71

a
AAPFC = Apressed - Aannealecb

alkyl (€6, €7, and €9) PT-Cn show similar pressing-induced spectral
shifts (AAprc = Apressed — Aannealed), Tespectively (Table 1), the general
trend of Alpgc increases with the length of alkyl chains. Therefore,
PT-Cn homologs are also alkyl chain length-dependent PFC mate-
rials, and alkyl chains have played a functional role in tuning the
PFC behavior. Without doubt, X-ray analysis of single crystals
should give more accurate information. Unfortunately, the single
crystals of long alkyl-containing PT-Cn such as PT-C12 and PT-C18
suitable for X-ray analysis are not obtained, and the origin for this
alkyl chain length-dependent PFC behavior is not clear at present.

To gain an insight into the PFC behavior of PT-Cn solids,
powder wide-angle X-ray diffraction (PWXD) and differential
scanning calorimetry (DSC) experiments are conducted on the
pristine and ground solids. As shown in Fig. 5(a), pristine solids
show sharp and intense reflections, indicative of the well-ordered
microcrystalline structures. In contrast, the ground solids display
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Fig. 4. Normalized emission spectra of PT-Cn mixed with KBr upon external stimuli and image of TP-C18 casted on a filter paper and drawn a windmill with a metal spatula.
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Fig. 6. Images of PT-Cn solids after melting and then annealing under illumination of 365 nm UV lamp (left) and normalized emission spectra under quenched melt states (right).

broad and featureless reflections along with a series of over-
lapped peaks reflecting notable amorphous features. Therefore,
grinding has induced the phase transition of PT-Cn solids be-
tween crystalline and amorphous states, which should be
responsible for their PFC behavior. This PFC mechanism could be
confirmed by DSC experiments. Fig. 5(b) shows that no additional
thermal transitions are detected for all pristine solids before the
isotropic melt transition; however, there is clearly one
exothermic transition peak at the lower-temperature region for
respective ground solids. This broad exothermic peak could be
ascribed to the cold-crystallization of amorphized PT-Cn solids
upon heat annealing [24,28].

To further understand experimentally the contribution of
amorphization—crystallization transition to the PFC behavior of PT-
Cn, PT-Cn solids are melted and then quenched in liquid nitrogen,
which could be considered to afford real amorphous solids. It is
observed that both the just quenched and long-time parked melts
at room temperature show similar fluorescence images and emis-
sion spectra (Fig. 6), which are also similar to those of pressed
samples (vide supra). When the quenched melts are annealed
before respective melt points, the blue-shifted fluorescence colors
are observed, same as above pressed samples upon annealing. This
finding evidences further that the transformation between crys-
talline and amorphous states upon various external stimuli is
responsible for the PFC behavior of PT-Cn.

4. Conclusions
We have synthesized a series of 9,10-bis(N-alkylphenothiazin-3-

yl-vinyl-2)-anthracenes (PT-Cn) with different length of N-alkyl
chains and investigated the optical properties. These aggregation-

induced emission homologs exhibit alkyl length-related piezo-
fluorochromic (PFC) behavior whose PFC spectral shifts (AApgc)
increase with the extension of alkyl length. PT-Cn homologs
become new alkyl chain length-dependent PFC materials, and a
remarkable AApgc up to 71 nm for PT-C18 is observed. PFC mecha-
nism that the transformation between crystalline and amorphous
states upon external stimuli is revealed by power X-ray diffraction
and differential scanning calorimetry analysis and further evi-
denced by melt-crystallization experiment. This work demon-
strates once again that subtle manipulation of end groups of 9,10-
divinylanthracene derivatives could endow them with unique and
tunable solid-state optical properties. The revelation of alkyl
length-dependent PFC behavior is a challenging subject and is
underway in our laboratory.
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