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Abstract: Two piezochromic materials containing phenan-
thro[9,10-d]imidazole and tetraphenylethylene (M1 and
M2) were developed. A supra-amplification piezochromic
effect originating from their various long-to-short axis
ratios was discovered in high-pressure experiments. Based
on the linear relationship between applied pressure and
emission-peak wavelength during pressurizing and de-
pressurizing cycles, quantitative sensitivity for piezochrom-
ism could be denoted. M2 displayed higher piezochromic
contrast (102 nm) and better sensitivity (11.19 nm GPa�1)
than M1 (69 nm and 6.12 nm GPa�1), which helps to devel-
op a more comprehensive general strategy to evaluate
pressure-responsive performance.

Smart materials have attracted tremendous attentions in
recent years, driven by the human demand for accurate re-
sponses to external changes in real time.[1] Pressure is one of
the most common natural stimuli. Those materials that enable
the translation of the physical impact from pressure into
a change of emission property are usually defined as piezo-
chromic materials.[1c, 2] The challenge for precise and gradient
pressure measurements in various environments such as
marine research, underground geochemistry, wind tunnels,
and aircraft industries,[3, 4] promotes the pursuit for piezochro-
mic materials sensitive to high external pressure and giving
observable signals.[5] Since the discovery of the difference be-
tween anisotropic grinding and isotropic compression with tet-
rathiazolylthiophene as the model compound, which displayed
reversible luminescent chromism at an applying pressure of
3.2 GPa,[6] a rapid expansion has been sparked in the field of
piezochromic materials responsive to high external pressure.[7, 8]

A number of small organic molecules,[9] metal complexes,[10]

and polymers[1c, 11] have been tested. Recently, visible-light al-
teration of the organolead–bromide perovskite under hydro-

static pressure up to 34 GPa was reported.[12] These inspiring
results demonstrated the great potential of the materials for
their application as pressure sensors. However, there are still
important unresolved fundamental problems that hamper fur-
ther applications. Most piezochromic materials are discovered
serendipitously, and these reports[5–12] are relatively indepen-
dent. It is difficult to estimate the sensitivity of various kinds of
compounds. Very limited systematic investigations have been
performed concerning the question of how to manipulate the
ability of responding to high external pressure, as well as how
to influence piezochromic color contrast and reversibility by
adjusting the molecular structure. With these considerations in
mind, in this work, we focused on regulating the piezochromic
property through molecular design for a general strategy to
further promote the development of piezochromic materials.

In general, the luminescence quantum yield of organic com-
pounds decreases with increasing external pressure.[1b, 13] A pre-
liminary requirement to access excellent piezochromic materi-
als is that the organic dye should exhibit high quantum effi-
ciency. In prior studies, materials with aggregation induced
emission (AIE) characteristics were important resources for pie-
zochromic materials.[14, 15] Tetraphenylethylene (TPE) is a typical
AIE luminogen that processes a simple molecular struc-
ture.[16–19] However, TPE is non-piezochromic, which is believed
to result from the quick recrystallization driven by multiple in-
termolecular interactions and rigid near-spherical geometry
that can consume the external stress by free sliding or roll-
ing.[20] To endow it with piezochromic property, one promising
way is coupling with an appropriate group that can emit high
fluorescence in the solid state asymmetrically to disrupt the
near-spherical geometry of TPE. Phenanthro[9,10-d]imidazole
(PI) was proven to be a class of dye with high solid-state quan-
tum yield and good thermal stability in our previous work.[21–24]

Here, the two materials M1 and M2 were designed by attach-
ing a PI unit to one of the phenyl rings of TPE to obtain an ex-
tended molecular structure. The distance between twisted TPE
and planar PI is determined by the center-linked benzene ring.
In this approach, the long-to-short axis ratios of M1 and M2
were tuned accordingly. In addition, combing the two units
may generate an interesting molecular stacking structure. The
propeller structure of TPE could lead to a relatively loose pack-
ing mode that would resist high external pressure without col-
lapse.[2b, 19b] PI, with rigid molecular structure, might reduce the
non-radiative transitions and enhance the change of fluores-
cent signal. In the high-pressure experiment, it was found that
the emission-peak wavelengths of M1 and M2 had a one-di-
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mensional linear relationship with the applied pressure, which
was varied from 0.0 to 10.1 GPa, accompanied by visible colori-
metric changes with good reversibility. M2 exhibited a better
piezochromic contrast with a much bigger wavelength redshift
than M1 (102 and 69 nm, respectively). The sensitivity was de-
noted according to the slope of the curve (emission wave-
lengths vs. pressure), which demonstrated that M2 shows
a twofold higher sensitivity than M1, caused by the extension
of the long-to-short axis ratio by one extra phenyl ring in the
center of the molecule for M2.

M1 and M2 were synthesized with good yields by Suzuki
coupling reactions (Scheme S1).[22a, 25] The final products were
characterized by NMR spectroscopy, high-resolution MS, FTIR,
and elemental analysis, and corresponded well to their expect-
ed structures (see Supporting Information). The thermogravi-
metric analysis (TGA) revealed that the decomposition temper-
ature (5 % weight loss) was 378 8C for M1 and 456 8C for M2,
demonstrating their good thermal stability (Figure S3a in the
Supporting Information).

To understand the molecular structure and packing in the
solid state, a single-crystal X-ray diffraction (XRD) study was
performed. Fortunately, the crystal of M1 was obtained suc-
cessfully by slow diffusion of petroleum into a chloroform solu-
tion. As shown in Figure 1, the crystalline lattice of M1 indi-
cates that TPE adopts a twisted conformation and PI retains
a planar conformation, with a relatively big dihedral angel of
578 between the TPE and PI planes. An antiparallel arrange-
ment is observed, that is, the TPE and PI units are stacked al-
ternately based on a head-to-tail arrangement. The intermolec-
ular interactions between PI units are thus interrupted effec-
tively. As a result, the formation of excimers or exciplexes
through p–p stacking, commonly observed for planar mole-
cules, is prevented in the crystal,[18b] leading to its high quan-
tum efficiency. Multiple C�H···p hydrogen bonds are formed
between the hydrogen atoms of the TPE phenyl rings and the
p-electrons of PI (Figure 1 b). The interplane distance between
adjacent TPE and PI units is 2.778–3.066 �. These multiple C�

H···p hydrogen bonds could help to rigidify the molecular con-
formation and lock the molecular rotations of TPE, which re-
duces the energy loss through the non-radiative rotational re-
laxation channel and thus further enhances the emission effi-
ciency. All these features enable M1 to show intense solid-state
emission. The quantum efficiency of the M1 crystal was as high
as 85 %. In addition, the powders of M1 and M2 also exhibited
strong blue emission peaking at 468 and 462 nm, respectively,
with high quantum efficiencies of nearly 90 %.

M1 and M2 were sensitive to mechanical grinding and
showed completely reversible fluorescence-emission changes.
M1 displayed a redshift from 468 to 486 nm (18 nm) after
grinding with a 17 nm increase of full width half maximum
(FWHM), whereas M2 showed a redshift from 462 to 472 nm
(10 nm) with an enhanced FWHM of 35 nm (Figure S7 in the
Supporting Information). The wide-angle XRD (WXRD) indicat-
ed that the ground samples of M1 and M2 were amorphous
phases (Figure S9 in the Supporting Information), whereas
the original ones showed remarkable crystalline features at
2q<258. The differential scanning calorimetry (DSC) curves
(Figure S3 in the Supporting Information) of M1 and M2 in
different solid states confirmed that the two samples show dif-
ferent metastable aggregation structures. These phenomena
are in accordance with the mechanistic explanations reported
in other systems.[9b] However, based on the alternations of
redshifts and FWHMs of M1 and M2, it is difficult to comment
on the superiority between these two compounds because
of a lack of conventional evaluation standards for piezochrom-
ism.

A significantly enhanced piezochromic contrast was ob-
served under high external pressure. The high-pressure experi-
ments were performed by placing the samples in the holes of
a T301 steel gasket with silicone oil as a pressure-transmitting
medium. If the applied pressure was gradually increased from
0.0 to 10.1 GPa, the emission peak of M2 depicted a large-scale
redshift from 462 (blue emission) to 564 nm (orange emission)
(Figure 2 a). At the same time, the luminescence intensity of
M2 was reduced continuously. The emission intensity at
10.1 GPa remained only 1/64 of that at 0.0 GPa. If the external
pressure was fully released, the emission-peak wavelength and
intensity of M2 were completely restored to its original state,
indicating its good reversibility (Figure 2 b). The emissions
could be switched between 462 and 564 nm (102 nm redshift)
during pressurizing–depressurizing cycles many times without
any fatigue (Figure 2 c), further confirming a good reversibility.
For M1, the reversible emission switch between 468 and
537 nm (69 nm redshift) could be repeated by pressurizing–de-
pressurizing cycles from 0.0 to 10.1 GPa (Figure S12 in the Sup-
porting Information). The emission-peak wavelength showed
a linear relationship with the applied pressure in both pressur-
izing and depressurizing cycles of M1 and M2 (Figure 2 d). This
implies that, as long as the emission wavelength of the materi-
al is measured, the value of the external pressure can be deter-
mined very conveniently. The results provide the possibility to
compare the sensitivity quantitatively. The slope of the wave-
length–pressure curve was calculated by the following equa-
tion [Eq. (1)]:

Figure 1. Molecular structures of M1 and M2, and the molecular packing of
M1: a) Side view; b) C�H···p hydrogen-bond interactions; c) top view;
(d) front view.
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k ¼ l1 � l2

P1 � P2

ð1Þ

in which k represents the slope of the curves, and l1 and l2

refer to the maximum emission-peak wavelengths at pressures
of P1 and P2, respectively. Thus, the k value of M2 was calculat-
ed to be 11.19 nm GPa�1 according to the linear fit in the pres-
surizing cycle. In comparison, the k value of M1 was
6.12 nm GPa�1. The approximately twofold higher k value of
M2 illustrates its better sensitivity. Unlike the similar piezochro-
mic property of M1 and M2 at ambient conditions, there exists
a supra-amplification effect originating from the increased
long-to-short axis ratio in high-pressure experiments, demon-
strating the superiority of M2.

During the compression, better planarity of TPE and closer
molecular packing may be induced by pressure, which would
manifest in the formation of excimer. This effect is more severe
in M2 owing to the longer effective conjugation length that in-
creases the overlap of p-electrons and gives rise to a larger
redshift. To understand the physics behind the effect, high-
pressure in situ UV/Vis absorption spectra of M1 and M2 up to
10.1 GPa were measured. As shown in Figure 3 a, the absorp-
tion sidebands were gradually shifted to longer wavelengths
and broadened continuously, indicating that the energy gaps
were gradually reduced with increasing pressures. For M2, the
optical energy gap was calculated to be approximately 2.93 eV
from the sideband of UV absorption at 423 nm at ambient
pressure, which belongs to the category of blue-emission ma-
terial. At 10.1 GPa, this sideband was shifted to 518 nm, and
the optical energy gap was changed to 2.39 eV. M1 displayed
a similar alteration of the energy gap with a change from 2.76
to 2.04 eV. Notably, by releasing the applied pressure, the UV

spectrum was restored to the initial one, which is consistent
with the results of high-pressure fluorescence spectroscopy.
The reduced energy gap can be attributed to the flattening of
molecular rings in the TPE unit because PI readily adopts
a planar conformation. Further proof was obtained by using in
situ Raman spectroscopy. The Raman spectra in the range of
1100–1700 cm�1 at different pressures were applied to track
the changing molecular structure. The Raman peak at
1133 cm�1 was attributed to the stretching vibration of the C�
C bond formed between ethylene and the benzene ring in
TPE. The peak at approximately 1600 cm�1 resulted from the
stretching vibrations of C=C and the benzene ring.[26] As
shown in Figure 3 c, the peak from the stretching vibration dis-
plays a significant blueshift from 1606 to 1640 cm�1 with in-
creasing pressure, indicating that the bond lengths are short-
ened. In addition, all the Raman peak intensities gradually
weakened, illustrating that molecular vibrations are limited by
the close packing induced by pressure, which causes a loss of
Raman vibration activity and intensity. The shortened intermo-
lecular distance could enhance the polarization effect of adja-
cent molecules, which would reduce the energy of the lowest
excited state and the radiative transition rate, leading to a red-
shift in the fluorescent wavelength and a decrease in photolu-
minescence (PL) intensity.[27] The effect was intensified in M2
owing to the more conjugated structure, which generates
higher piezochromic contrast in emission wavelength. If the
hydrostatic pressure returned to atmospheric level, all Raman
peaks were recovered, which indicates that the changes in mo-
lecular conformation are completely reversible. There was no
peak degeneration or splitting in the in situ absorption and
Raman spectra, meaning that no phase transition occurred
during the pressurization. Thus, the spectra change originates

Figure 2. Fluorescence spectroscopy of M2 at various pressures from 0.0 to
10.1 GPa: a) Pressurizing; b) depressurizing; c) reversible switch of emission
of M2 by pressurizing–depressurizing cycle; d) pressure versus emission-
peak wavelength during the pressurizing–depressurizing cycle. A UV-LED
lamp was used for the excitation (lex = 405 nm).

Figure 3. In situ UV/Vis absorption and Raman spectroscopy in the range of
1100–1700 cm�1 of M2 at various pressures from 0.0 to 10.1 GPa:
a), c) Pressurizing and b), d) depressurizing.
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from the change of molecular conformation and enhanced in-
termolecular interactions.

The in situ angle-dispersive XRD (ADXRD) pattern with high-
intensity synchrotron radiation further offered an opportunity
to track the pressure influence during compression and release
(Figure 4). All the diffraction peaks of M2 shifted to higher

angles from 0 to 3.8 GPa, demonstrating a decrease in unit-cell
volume. The intensities of the diffraction peaks were decreased
simultaneously, suggesting that the distance between adjacent
molecules is shorter during the pressurization, which is in
agreement with the observations made concerning the emis-
sion spectra and Raman spectra. The XRD patterns beyond
3.8 GPa became blurry, hinting at the emergence of an amor-
phous phase, which is associated with the emission decrease
at higher pressure. The molecular arrangement at this point
was not as regular as in the initial state, which indicates that
the system progressively evolved into a disordered state. As
a result, the degree of crystallinity was reduced continuously,
eventually leading to the amorphous state at 10.1 GPa, consis-
tent with the results from WXRD measurements (Figure S9 in
the Supporting Information). No new diffraction peaks were
observed, suggesting that the phase transition did not occur
during the whole process. Moreover, the ADXRD pattern re-
turned to the initial state after the pressure was released to
ambient pressure, demonstrating that the original molecular
arrangement of M2 was restored. All these features make M2
a good candidate as visible colorimetric pressure sensor by ap-
plying a design strategy of single-direction extension of the
molecular structure.

In summary, two new organic dyes, M1 and M2, containing
flexible TPE and rigid PI units were designed and synthesized.
They showed observable fluorescent signals during pressure
measurements within a range of 0.0–10.1 GPa, and presented
a one-dimensional linear relationship between the applied
pressure and the maximum emission-peak wavelengths with
good reversibility. M2 displayed a higher piezochromic contrast
(102 nm) and better sensitivity (11.19 nm GPa�1) than M1 (69
and 6.12 nm GPa�1) owing to the increased long-to-short axis
ratio that resulted from the introduction of one more phenyl
ring between the TPE and PI units. The in situ UV/Vis absorp-
tion spectra indicated a flattening of phenyl rings in the TPE
unit. The intermolecular interactions were enhanced and no

phase transition was involved in the pressurizing–depressuriz-
ing process as evidenced by in situ Raman spectroscopy. The
ADXRD patterns with high-intensity synchrotron radiation
showed that M2 maintained the original molecular structure
under a high pressure of 10.1 GPa. The results illustrate that
there exists a supra-amplification effect influencing the ability
to respond to high external pressure, and that piezochromic
contrast and reversibility can be tuned by simultaneously ad-
justing the molecular structure in high-pressure experiments.
Results from our experiments not only deepen the understand-
ing of piezochromism, but also help to develop a more com-
prehensive general strategy to evaluate high-pressure-respon-
sive performances. Compounds with further-extended molecu-
lar structure are under investigation and the results will be re-
ported in the near future.

Experimental Section

1-Phenyl-2-(4-(1,2,2-triphenylvinyl)phenyl)-1H-phenan-
thro[9,10-d]imidazole (M1)

(2-Bromoethene-1,1,2-triyl)tribenzene (0.50 g, 1.00 mmol), 1-
phenyl-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1H-
phenanthro[9,10-d]imidazole (0.37 g, 1.10 mmol), K2CO3

(0.28 g, 2.00 mmol), and tetrakis(triphenylphosphine)palladium(0)
(11.60 mg, 0.01 mmol) were added to a round-bottomed flask
equipped with a reflux condenser, and dissolved in methylbenzene
(6.00 mL) and H2O (1.00 mL). The reaction mixture was heated at
85 8C for 24 h, quenched with water, and extracted with chloro-
form. The combined organic phases were dried over MgSO4 and
concentrated under reduced pressure. After solvent evaporation,
the liquid was purified by column chromatography using petro-
leum ether/methylene chloride as the eluent to afford a white
solid (0.63 g). Yield: 50.20 %. 1H NMR (500 MHz, DMSO): d= 8.93 (d,
J = 8.51 Hz, 1 H), 8.88 (d, J = 8.5 Hz, 1 H), 8.67 (d, J = 7.84 Hz, 1 H),
7.78 (t, J = 7.22 Hz, 7.10 Hz, 1 H), 7.71–7.64 (m, 6 H), 7.57 (t, J =
7.17 Hz, 7.07 Hz, 1 H), 7.35–7.32 (m, 3 H), 7.18–7.06 (m, 10 H), 6.99–
6.92 ppm (m, 8 H); 13C NMR (500 MHz, CDCl3): d= 143.43, 131.30,
129.08, 128.72, 127.74, 127.67, 126.59, 123.09, 120.87, 77.28, 77.03,
76.78 ppm; FTIR (KBr): ñ= 3116, 3067, 3045, 3033, 2977, 2882,
2373, 2063, 1910, 1779, 1632, 1333, 1271, 1184, 1088, 1024, 960,
862, 794, 737, 645, 598, 524, 464, 399 cm�1; MALDI-TOF-MS: m/z
calcd for C47H32N2 : 624.77; found: 624.45; elemental analysis calcd
(%) for C47H32N2 : C 90.35, H 5.16, N 4.48; found: C 90.13, H 5.14, N
4.24.

1-Phenyl-2-(4’-(1,2,2-triphenylvinyl)-[1,1’-biphenyl]-4-yl)-1H-
phenanthro[9,10-d]imidazole (M2)

(2-(4-Bromophenyl)ethene-1,1,2-triyl)tribenzene (1.00 g, 2.43 mmol),
1-phenyl-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-
1H-phenanthro[9,10-d]imidazole (1.39 g, 2.80 mmol), K2CO3

(0.69 g, 5.00 mmol), and tetrakis(triphenylphosphine)palladium(0)
(28.07 mg, 0.02 mmol) were added to a round-bottomed flask
equipped with a reflux condenser, and dissolved in methylbenzene
(17.50 mL) and H2O (3.00 mL). The reaction mixture was heated at
85 8C for 24 h, quenched with water, and extracted with chloro-
form. The combined organic phases were dried over MgSO4 and
concentrated under reduced pressure. After solvent evaporation,
the liquid was purified by column chromatography using petro-
leum ether/methylene chloride as the eluent to afford a white

Figure 4. a) Micrographs of M2 at pressures from 0 to 10.1 GPa. A UV-LED
lamp was used for the excitation (lex = 405 nm); b) in situ ADXRD patterns
of the M2 crystal at various pressures.
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solid (1.21 g). Yield: 62.15 %. 1H NMR (500 MHz, DMSO): d= 8.95 (d,
J = 8.43 Hz, 1 H), 8.90 (d, J = 8.58 Hz, 1 H), 8.72 (d, J = 6.73 Hz, 1 H),
7.81–7.69 (m, 7 H), 7.64 (s, 4 H), 7.59 (t, J = 8.18 Hz, 8.3 Hz, 1 H), 7.53
(d, J = 8.41 Hz, 2 H), 7.37 (t, J = 8.12 Hz, 7.22 Hz, 1 H), 7.19–7.09 (m,
10 H), 7.06–6.99 ppm (m, 8 H); 13C NMR (500 MHz, CDCl3): d=

131.87, 131.42, 131.34, 127.72, 126.13, 123.12, 120.91, 77.28, 77.03,
76.78 ppm; FTIR (KBr): ñ= 3117, 3039, 2975, 2878, 2004, 1929,
1854, 1778, 1710, 1583, 1447, 1392, 1305, 1219, 1054, 989, 852,
746, 677, 620, 567, 471, 399 cm�1; MALDI-TOF-MS: m/z calcd for
C53H36N2 : 700.87; found: 700.16; elemental analysis calcd (%) for
C53H36N2 : C 90.83, H 5.18, N 4.00; found: C 90.57, H 5.10, N 4.28.

CCDC 1052087 contains the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre.
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& Piezochromic Effects

Z. Gao, K. Wang, F. Liu, C. Feng, X. He,
J. Li, B. Yang, B. Zou,* P. Lu*

&& –&&

Enhanced Sensitivity and
Piezochromic Contrast through Single-
Direction Extension of Molecular
Structure

Light them up : Two piezochromic ma-
terials containing phenanthro[9,10-
d]imidazole and tetraphenylethylene
(M1 and M2) are developed. Based on
the linear relationship between the ap-
plied pressure and the emission-peak
wavelengths in both pressurizing and
depressurizing cycles, quantitative sensi-
tivity for piezochromism is denoted ac-
cordingly. M2 displays better piezochro-
mic contrast and sensitivity than M1,
originating from the longer long-to-
short axis ratio of M2.
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