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the luminescent property of star-
shaped triphenylamine (TPA) derivatives as
mechanochromic materials†

Ying Zhang, *a Yao-Qin Feng,a Jun-Hao Wang,b Gaoyi Han,a Miao-Yu Li,*a

Yaoming Xiaoa and Zhen-Dong Fenga

Two TPA-based star-shaped mechanochromic materials, namely ester-TPA and COOH-TPA, were

designed and synthesized using TPA as the core and benzoic acid and methyl benzoate as the arms, and

then importantly the moiety effect on the luminescent property of the materials was investigated. They

displayed similar solvatochromic effects in different solvents for the D–p–A motif with charge transfer

from TPA to the benzoic acid or methyl benzoate moiety, which was confirmed by the consistent UV-vis

absorption and large differences displayed when dropped into different solvents as well as by orbital

distribution analysis using density functional theory. However, they showed different mechanochromism

performances, which were investigated by analysing the fluorescent spectrum, fluorescent quantum

yield and fluorescence lifetime. The COOH-based emitter showed a better performance with a relatively

obvious red-shift for CIE (0.17, 0.35) to (0.26, 0.49) together with transformation from crystalline to

amorphous states, indicating the molecular packing pattern had been destroyed, which could be

speculated from single-crystal structure analysis and powder X-ray diffraction analysis. In addition,

COOH-TPA could also respond to alkalis, leading to a blue-shift and band broadening of the spectra,

which might be ascribed to a reduced charge transfer from TPA to benzoic acid owing to deprotonation.
Introduction

Mechanochromic uorescent materials (MCFs) possess an
interesting property of the emission colour or/and intensity
capable of being tuned with an external stimulus, such as
through grinding, shearing or pressing, and recovering to their
initial state by annealing and/or fuming with an organic solvent.
They have attracted extensive investigation due to their poten-
tial applications in displays, security printing, data storage
devices, etc.1 In the past several years, various MCFs have been
reported based on polymers,2 metal complexes3 and, in partic-
ular, organic dyes for their exible of options in molecule
design and rich molecule interactions for tuning their emission
properties with an external stimulus.4–12

A twisted conformation is important for organic MCFs owing
to their loose packing simultaneously allowing an easy change
of the stacking mode in response to an external stimulus, which
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is better than MCFs with structure disruption caused by
chemical bond breaking, and leads to better stability and life-
time. To date, several types of excellent packing mode variation
dependent organic MCFs have been reported, including deriv-
atives of tetraphenylethene,4 9,10-divinylanthracene4a,5 oligo(p-
phenylene vinylene),6 b-diketone boron complexes,7 pyrene,8

cyanostyrene,9 pyran10 and onium salt.11 These MCF emitters
are oen investigated with regard to the tuning of their inter-
molecular interactions, such as p–p, C–H/p and H-bonding
related to their transformation from crystalline to amorphous
states, as well as changes with their polymorphs or intra-
molecular interactions caused by different molecular confor-
mations.4–12 Thus, investigation of the uorescence property of
such emitters under an external stimulus can help us to better
understand the relationship between the molecular structure
and luminescent property, which is very important for mecha-
nochromic analysis and therefore essential for designing novel
luminescent materials with MCF activity.13

TPA is a typical electron-donor with high hole-mobility and
a high uorescent quantum yield; thus, it oen serves as a hole-
transport material, luminescent emitter or sensitizing dye in
optical-electrical elds.14 Introducing some strong electron-
withdrawing groups into the triphenylamine framework may
form a class of typical donor–acceptor (D–A) or donor–p-
conjugated bridge (D–p–A) structure, where a twisted structure
is benecial for twisted intramolecular charge transfer (TICT),
This journal is © The Royal Society of Chemistry 2017
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which could promote efficient intramolecular charge transfer
from the donor to acceptor under certain conditions, and to
a certain extent increase the electronic delocalization of the
whole system, thereby, for example, displaying solvatochromic
effects with a uorescence red-shi gradually with increasing
the solvent polarity.

On the other hand, the three dimensional (3D) propeller-
shaped unit of a TPA derivative with a non-coplanar structure
is benecial for a loose packing formation in the aggregate
state, which is the basis for the active MCF property.

For the reasons mentioned above, various excellent TPA-
containing luminescent materials have been designed and
synthesized by introducing some electron-withdrawing groups,
such as benzophenone,15 boron complex,7g dicyanvinyl,16 benzo-
thiazole/-oxazole,17 tetraphenylethene4b or cyanostyrene18 etc. to
form a D–p–A motif for MCF activity. However, the study of the
effect of introducing a small moiety on the luminescent prop-
erty of MCFs based on star-shaped TPA derivatives is still
limited. Furthermore, the introduction of certain small moie-
ties, such as formyl and/or –COOH, will form supra-molecular
interactions (especially H-bonding) with different self-
assemblies, sometimes giving excellent luminescent prop-
erty.19 Herein, we synthesized and investigated two different
star-shaped TPA derivatives denoted as ester-TPA and COOH-
TPA (Scheme 1), respectively. Owing to their (i) potential high
quantum yield and twisted molecular structure for the loose
packing of TPA and (ii) benet for intramolecular charge
transfer for the D–p–A motif as well as H-bonding formation
ability of –COOH and –COOCH3, using two such simple mole-
cules by attaching –COOH and –COOCH3 on the end branch of
TPA together with bridging by benzene ring was a good choice
for investigation of the moiety effect on the MCF property.

As expected, they displayed a typical D–p–A structure with an
intramolecular charge transfer (ICT) character and showed
similar solvatochromic behaviour in different solvents. By
utilizing theory calculation, powder X-ray diffraction (PXRD),
uorescent/excitation spectrum, uorescent lifetime and
single-crystal structure analyses, we found that the moiety on
the end branch does indeed play an important role in the
different performances in terms of the MCF behaviour, whereby
(1) for COOH-TPA, we found a relatively obvious red-shi with
the CIE coordinate changing from (0.17, 0.35) to (0.26, 0.49) and
a decrease in quantum yield from 14.53% to 7.53% aer
Scheme 1 Synthesis route for ester-TPA and COOH-TPA using a Suzuk

This journal is © The Royal Society of Chemistry 2017
grinding. The decreasing quantum yield of COOH-TPAmight be
due to the damaged intermolecular hydrogen bond, which
weakens the adjacent intermolecular bond so that it increases
the non-radiation transition. Crystals of COOH-TPA with
different colour emission (blue and green) could be obtained
from different solvents (Fig. 2b). In addition, COOH-TPA could
respond to ammonia vapour with an accompanying blue-shi
of the emission with the spectrum prole broadening due to
a deprotonation effect; (Fig. 4) (2) for ester-TPA, we found an
increase in the quantum yield from 39.69% to 45.90% with
a little red-shi of only about 8 nm aer grinding, where the
increase in the quantum yield may be ascribed to the increased
co-planarity and expanded conjugated system aer grinding,
with the non-radiation transition then reduced.
Results and discussion
Photo-physical properties in different solvents

The UV-Vis absorption and uorescence emission spectra of
ester-TPA and COOH-TPA in different solvents are shown in
Fig. 1. Two distinct absorption bands at ca. 255 nm and ca.
360 nm can be clearly seen for ester-TPA and COOH-TPA, which
are attributed to p / p* transitions of the triphenylamine
fragment and intramolecular charge transfer (ICT) from the
donor of TPA to the acceptor of the moiety on the end branch,
respectively (Fig. 1a and d). Fig. 1a and d show that the
absorption spectra in different solvents have little difference,
suggesting that solvent polarity cannot affect the ground state
electronic structures of the two compounds.17b,d

Fig. 1b shows the uorescence spectra of ester-TPA in
different solvents, namely n-hexane, DCM, DMF, ethanol, HCN,
and methanol. With the increasing solvent polarity from n-
hexane to methanol, the maximum emission wavelength of
ester-TPA displays an obvious red-shi from 405 nm to 532 nm,
gradually changing from bluish violet to green-yellow, while the
CIE chromaticity coordinates vary from (0.16, 0.03) to (0.32,
0.45) (Fig. 1b and c, and inset picture). In the low polarity
solvent n-hexane, the emission spectrum prole is relatively
narrow with a weak shoulder peak, while it becomes featureless
and broad in highly polar solvents, such as HCN and methanol,
because of the dipole–dipole interactions between the solute
and solvents, with the full width at half-maximum (FWHM)
increasing from 44 nm in n-hexane to 119 nm in ethanol and
i coupling reaction and hydrolysis.

RSC Adv., 2017, 7, 35672–35680 | 35673
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Fig. 1 UV-Vis absorption spectra, fluorescence spectra and CIE chromaticity coordinates for ester-TPA (a, b, c) and COOH-TPA (d, e, f) in
different solvents. Inset picture of (b) is a photo of ester-TPA excited under a 365 nm UV-hand lamp in the solvents hexane, DCM, DMF, ethanol,
HCN, and methanol from left to right.
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138 nm in methanol, which resembles the behaviour observed
in linear D–p–A compounds, thus indicating that the emission
derives from an excited state with a polar nature.17b

COOH-TPA showed a solvatochromic phenomenon similar
to that of ester-TPA. From the orescence spectra of Fig. 1e, we
can see that there is a blue emission in DCM with well-resolved
structured spectra, with the main peaks at 406 nm and 435 nm
accompanied by a shoulder peak at 458 nm. However, in
ethanol, COOH-TPA reveals a featureless and broad emission
peak at 503 nm (FWHM: 156 nm), with the maximum emission
wavelength red-shied about 78 nm towards that in DCM, and
the emission spectra band gradually broadens from dichloro-
methane to ethanol, with the CIE coordinates changing from
(0.16, 0.09) to (0.24, 0.33) (Fig. 1f).

Above all, the absorption proles and excitation spectra of
both compounds varied little in different solvents (Fig. 1a and d,
S2 in the ESI†), suggesting a solvent-polarity-independent
ground state electronic structures, whereas the emissions
exhibit an obvious bathochromic shi (Fig. 1b and e).17b,d The
density functional theory (DFT) calculations performed (see
more detail in the following theoretical calculation part) and the
different distributions in the HOMO and LUMO suggest the
formation of the ICT state. Thus, in the excited state, the polar
solvents could promote the charge transfer from the donor of
the TPAmoiety to the acceptor of the small moiety on the end of
the branch within the molecule, thereby affecting the HOMO
and effectively giving a low-lying energy level, thus leading to
a large red-shi of the emission spectra with increasing polarity.
Such an ICT state will also be benecial for color tuning in the
solid state under external stimuli.19b
35674 | RSC Adv., 2017, 7, 35672–35680
Mechanouorochromic properties

TPA displays a special 3D propeller-shaped twisted structure
due to the SP3 hybrid orbital of the N atom and phenyl rings,
which is benecial for the uorescence response to external
stimuli with tuning of the emission colour or intensity. Fig. 2
shows the MCF properties for both COOH-TPA and ester-TPA.
As can be seen from Fig. 2b and the inset picture, grinding
the initial powder of COOH-TPA with a mortar leads to a red-
shi of the maximum emission peak from 485 nm to 503 nm,
with the CIE chromaticity coordinates changing from
(0.17, 0.35) to (0.26, 0.49), and subsequently the original emis-
sion spectra could be recovered by dropping DCM in to the
sample. Furthermore, we could obtain crystals in a mixture of
solvents with different ratios of DCM and ethanol, with
different emission colours of blue and green peaking at 474 nm
and 500 nm, respectively. Although we could not obtain crystals
good enough for crystal analysis, from the excitation spectra
(Fig. S3 in ESI†) for B-crystal and G-crystal, we could see
a difference in the relative intensity in the long wavelength
(425 nm for B-crystal and 434 nm for G-crystal) and short
wavelength (328 nm for B-crystal and 287 nm for G-crystal),
indicating that molecule packing in the solid state with
different intermolecular interactions might be caused by
a different conjugation of the twisted TPA, which would affect
the luminescent property.

However, by replacing the moiety of –COOH with –COOCH3,
the obtained compound of ester-TPA showed only a relatively
slight change with�8 nm red-shi from 458 to 466 nm, with the
CIE chromaticity coordinates changing from (0.15, 0.12) to
(0.14, 0.19) according to the original powder aer grinding
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Normalized fluorescence emission (lex ¼ 380 nm) and excitation spectra of the original, ground and recovered powders of ester-TPA (a
and c) and COOH-TPA (b and d).
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(Fig. 2a), indicating that the end moiety on the branch of the
star-shaped TPA plays an important role in the MCF properties
for the different uorescent response ability of colour tuning
towards external stimuli.

We also observed a difference in the MCF property for
COOH-TPA and ester-TPA, which was also reected in the
uorescent spectrum prole directly and showed a signicantly
decreased intensity accompanying an obvious red-shi for the
ground sample of COOH-TPA, while an increased intensity and
relatively smaller red-shi for the ground powder of ester-TPA
(see Fig. S1 in the ESI,† Table 1). The pure uorescent
quantum yield for both the original powder and the ground
powder of COOH-TPA was obtained by integrating sphere,
Table 1 Summary of the photo-physical data of the quantum yield, fluo
transition rate constant for the original and ground powders of ester-TP

s1 (ns) s2 (ns) s1 Rel.% s2 Rel.%

Ester-TPA 1.61 3.05 78.90 21.10
Ester-TPA grinding 2.11 6.68 98.98 1.02
COOH-TPA 1.12 2.30 69.31 30.69
COOH-TPA grinding 1.07 2.84 75.07 24.93

a FF¼ uorescence quantum yield determined using a calibrated integrati
Knr ¼ non-radiative transition rate constant (Knr ¼ (1 � FF)/s).

This journal is © The Royal Society of Chemistry 2017
showing a decrease from 14.53% to 7.56% upon grinding. In
contrast, the emission of ester-TPA was enhanced, with the
quantum yield increasing from 39.69% to 45.90%.

For better understanding the moiety effect on the MCF
property, we investigated the PL performance together with the
excitation spectrum, uorescent lifetime and PXRD of the
original and ground samples of the two compounds (Fig. 2c
and d, 3, S4 and 5 in the ESI†). Knr and Kr were calculated from
the uorescent quantum yield and lifetime, and the summary
data are shown in Table 1. Aer grinding COOH-TPA, the non-
radiation transition rate increased from 5.78� 108 s�1 to 6.12�
108 s�1, while the radiation transition rate decreased from
9.82 � 107 s�1 to 5.01 � 107 s�1, which might be due to (1) the
rescence lifetime, radiative transition rate constant and non-radiative
A and COOH-TPAa

c2 s (ns) lmax FF (%) Kr (s
�1) Knr (s

�1)

1.032 1.91 458 39.69 2.08 � 108 3.16 � 108

0.925 2.16 466 45.90 2.13 � 108 2.51 � 108

0.848 1.48 485 14.53 9.82 � 107 5.78 � 108

0.931 1.51 503 7.56 5.01 � 107 6.12 � 108

ng sphere, s¼ lifetime, Kr¼ radiative transition rate constant (Kr¼FF/s),

RSC Adv., 2017, 7, 35672–35680 | 35675
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Fig. 3 PXRD patterns of the original powder, ground and recovered by
dropping into organic solvents the compounds ester-TPA (a) and
COOH-TPA (b).

Fig. 4 Normalized spectrum (a) and CIE coordinates (b) of COOH-

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 4
:3

4:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
damaged intermolecular hydrogen bond caused by the
mechanical force, which will be benecial for free rotation of
the benzene ring, with more excitation energy wasted in vibra-
tion. This can also be proven by the PXRD results, where it was
found to turn into an amorphous phase, with H-bonding dis-
rupting aer grinding, but could be recovered into the crystal-
line state again with the H-bonding framework reforming by
dropping DCM (Fig. 3b); (2) a more planar conformation versus
twisted core will be benecial for enhanced p–p interaction,
leading to emission quenching, which is consistent with the
obvious red-shi of the excitation spectrum from 422 nm to
452 nm (Fig. 2d).

For ester-TPA, the increased quantum yield of the ground
powder may originate from the extended conjugation of the
entire system being more efficient for emission, with the non-
radiation transition rate decreasing from 3.16 � 108 s�1 to
2.51� 108 s�1 (Table 1). In addition, there was nearly no shi of
the excitation spectrum for the ground powder of ester-TPA,
which prevents the strong p–p interaction induced emission
quenching compared to that of COOH-TPA, and this is also
consistent with the increased quantum yield and increased
uorescence lifetime from 1.91 to 2.16 ns aer grinding.

The above results show a large difference between ester-TPA
and COOH-TPA in terms of the MCF property despite there
being only a small difference in moiety replacement. The
mechanism of mechanochromism could be beautifully
explained by powder X-ray diffraction (PXRD) in Fig. 3, which
shows some difference in behaviour between the original
powder for the ground sample of ester-TPA and that for COOH-
TPA. Aer grinding, little changes in the patterns for ester-TPA
can be observed with a well-resolved peak, while in contrast an
obvious transformation into the amorphous state for COOH-
TPA can be observed. This is consistent with the MCF prop-
erty whereby ester-TPA showed just a little change in the
maximum wavelength, while COOH-TPA showed an obvious
colour tuning from blue to green. COOH-TPA undergoes an
orderly accumulation in the crystal state, linked with the
hydrogen bonds,14 which suppresses intramolecular vibration
and rotation of the phenyl ring, reducing the non-radiative
relaxation of the excited states, thus leading to a relatively
strong uorescence intensity. However, when the ordered
crystal structure of COOH-TPA is destroyed by grinding, with
the crystal phase transformed into the amorphous phase, and
35676 | RSC Adv., 2017, 7, 35672–35680
the close intermolecular packing is damaged accordingly, it
puts the molecule in a poorly organized state, leading to a low
quantum yield and an obvious red-shi of the emission spec-
trum.19b The original powder of ester-TPA exhibits much more
intense and sharp diffraction peaks, yet the ground powders
show relatively little change in the XRD pattern with relatively
well-resolved diffraction, reecting that molecular packing from
the regular crystalline nature changes to a relatively disordered
state, which could also be proven by the crystal analysis
described in the following section. And it is reversible by
dropping the dichloromethane into ground powder, the weak or
disappeared peaks are gradually restored or even enhanced,
implying the recovery to the initial ordered crystalline state. The
much stronger mechanochromism of COOH-TPA compared
with that of ester-TPA implies that it does make a difference to
their MCF property by tuning the stacking mode with different
intermolecular interactions caused by the replacement with the
different moieties of –COOH and –COOCH3 on the star-shaped
TPA.
Response to ammonia vapour

Analysis of the structure of COOH-TPA showed that there are
three carboxylic acid units on the periphery of each molecule.
The carboxylic acid unit always has protonated or deprotonated
activity when placed in an acidic or alkaline environment. As is
shown in Fig. 4, when it was fumed with ammonia, the uo-
rescence spectrum showed a slight blue-shi accompanying
band widening of the emission spectrum. This change could be
obviously observed on the CIE chromaticity coordinates from
(0.17, 0.35) to (0.23, 0.32) (Fig. 4b). This may be attributed to the
deprotonation of COOH-TPA, which exists as an alkaline
structure when fumed with ammonia, which may weaken the
adjacent intermolecular hydrogen bond, leading to relative
conjugation reduction of the entire system, thus inhibiting
effective charge transfer from triphenylamine to carboxylic acid,
which can be reected in a slight emission peak blue-shi.19c
Crystal analysis

Yellow-green needle-like crystals of ester-TPA were obtained by
slow evaporation of the dichloromethane solution at room
temperature for one week. Single-crystal X-ray diffraction
revealed that ester-TPA molecules were crystallized in the
TPA for the original powder and that fumed with ammonia.

This journal is © The Royal Society of Chemistry 2017
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monoclinic system P21/c space group. As shown in Fig. 5b–f,
there are three types of interactions observed, including (1) two
types of C–H/p interactions (i) with a H atom from the methyl
of the ester moiety linked in one row (3.14 Å) or between rows
(2.88 Å) (Fig. 5f) or (ii) with a H atom from a benzene ring within
a distance of 2.87–3.66 Å (Fig. 1c); (2) C–H/O interactions with
a distance of 2.54 Å linked by H from methyl or benzene ring to
the carbonyl of the ester group with distances of 2.54 Å and
2.49 Å, respectively; (3) as expected, p–p interactions are effec-
tively suppressed owing to the twisted structure of TPA, such
that there is only one type of p–p interaction between the
phenyl ring of two adjacent molecule with a distance of 3.84 Å.
Usually, the “A” group of one molecule is oen located on the
“D” group of another molecule in a dipole D–p–A molecule,
which is benecial for stability of the crystalline state. Those
molecules with an “A” group placed on a “D” group are relatively
rare as the D–p–A dipole–dipole interactions are mutually
repulsive, which is sufficient for intermolecular excitonic
coupling with quenched uorescence.15b Such is the case for
ester-TPA in this study (Fig. 5f); on the other hand, it displays
a twisted structure with phenyls in the molecule adopting
a different orientation (Fig. 5a). Thus, the net formed by the
H-bonding/p–p interaction motif might be benecial for
a loose packing mode and interestingly, it showed an “off–on”
mode, with the uorescent quantum yield increased from
Fig. 5 (a) Twisted structure of ester-TPA, (b) full analysis of the molec
C–H/O interactions, (c) clarified analysis of C–H/p interactions in w
structure, (e) clarified analysis of C–H/O interactions, (f) clarified analys

This journal is © The Royal Society of Chemistry 2017
39.69% to 45.90% aer grinding. This might be due to the more
planar conjugation of the molecule aer grinding, blocking
the non-radiative deactivation pathways, which can also be
proven by the lifetime and quantum yield measurement, with
Knr decreasing from 3.16 � 10�8 to 2.51 � 10�8. Crystals with
different emission colours of COOH-TPA (blue and green) were
obtained in different ratio mixtures of DCM and ethanol (Fig. 2b
and the inset picture); unfortunately, they were too small for
measurement; however, it can be proven that the different
moiety on the branch may affect the packing mode, thus giving
a different mechanochromism behaviour.

Theoretical calculations

To obtain further insights into the uorescent property of ester-
TPA and COOH-TPA, density functional theory (DFT) calcula-
tions were performed via Gaussian 09w at the B3LYP/6-31G
level, using the structure of a single-crystal of ester-TPA ob-
tained from the X-ray diffraction crystallographic data and the
optimized molecule geometry of COOH-TPA obtained from
Chemdraw 3D.

Fig. 6 shows the spatial electron distributions of ester-TPA
and COOH-TPA. In the highest occupied molecular orbital
(HOMO), the electrons are mainly located on the electron-
donating triphenylamine moiety and there is relatively little
distribution on the p bridge of the benzene ring; However, in
ule interaction in the crystal structure, including p–p, C–H/p and
hich H is from the benzene ring, (d) p–p interactions in the crystal
is of C–H/p interactions in which H is from the methyl.

RSC Adv., 2017, 7, 35672–35680 | 35677
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Fig. 6 Spatial electron distributions of the HOMO and LUMO of ester-
TPA and COOH-TPA.
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the lowest unoccupied molecular orbital (LUMO), the electrons
are mainly located on the two branches of the star-shaped
molecule, including the p bridge of the benzene ring and the
moiety of –COOH and –COOCH3. For both of the compounds,
the appropriate separation between HOMO and LUMO indi-
cated that a substantial charge transfer from the donor of TPA
to the acceptor of the small moiety on the end of the branch
occurs within the molecule when the molecule is excited, which
agrees with the absorption spectra and emission wavelength
red-shi with increasing the polarity of the solvent, as shown in
Fig. 1. In addition, grinding the compounds with a twisted
structure may increase the ICT process as indicated from Fig. 6,
thus leading to the red-shi of the maximum wavelength for
both compounds.18b
Experimental
Materials and instruments

All the solvents and chemicals were purchased from Alfa Aesar
or TCI and used without further purication. 1H NMR and 13C
NMR spectra were recorded on a Bruker AVANCE III-600 MHz
spectrometer, using DMSO-d6 as the solvent and tetramethyl-
silane (TMS) as the internal standard (1H NMR and 13C NMR
spectra can be seen in Fig. S5 and 6 in the ESI†). Absorption
spectra were recorded using a Cary 50 Bio UV-visible spec-
trometer with the samples in solution and a quartz cuvette (path
length 1 cm). The steady state photoluminescence (PL) curves
were measured with an Edinburgh Instruments FLS980 device,
and the time-resolved photoluminescence (TRPL) decay curves
were measured under the excitation of a hydrogen ash lamp
with the wavelength at 377 nm (nF920, Edinburgh Instru-
ments). Absolute uorescence quantum yields in solid powder
state (FF) were determined using an integrating sphere on
Edinburgh Instruments FLS980. The powder X-ray diffraction
(PXRD) patterns were recorded on Rigaku Ultima IV with the
35678 | RSC Adv., 2017, 7, 35672–35680
2q range from 2� to 50�. The single-crystal structure was
measured with a Bruker D8 Venture X-ray diffraction system
equipped with a CCD detector using graphite-monochromated
Mo Ka radiation.

Synthesis

The two compounds in this study have been previously reported
as ligands for a metal–organic framework20 and here they were
synthesized using the same methods reported previously in
literature. Tris-(40-carbomethoxybiphenyl)amine (ester-TPA)
was synthesized by a Pd-catalyzed Suzuki coupling between
tris-(4-bromophenyl)amine and 4-(methoxycarbonyl)phenyl-
boronic acid, and then tris-(4-carboxybiphenyl)amine (COOH-
TPA) was synthesized followed by a base-catalyzed hydrolysis
reaction (shown in Scheme 1).

Synthesis of tris-(40-carbomethoxybiphenyl)amine (ester-TPA)

A mixture of tris-(4-bromophenyl)amine (2.41 g, 5 mmol),
(4-(methoxycarbonyl)phenyl)boronic acid (3.6 g, 20 mmol),
Pd(PPh3)4 (0.29 g, 0.25 mmol), aqueous Na2CO3 (2 M, 18 mL) in
toluene (36 mL) and ethanol (12 mL) was heated to reux under
argon atmosphere for 24 h. The mixture was cooled to room
temperature and extracted with dichloromethane. The extracts
were dried with anhydrous Na2SO4 and concentrated by rotary
evaporation. The residue was puried by column chromatography
(petroleum ether : CH2Cl2 ¼ 1 : 1) to obtain the pure product as
a pale yellow powder. Yield: 3 g, 90%. 1H NMR (600 MHz, DMSO)
d 8.04 (d, J¼ 8.2 Hz, 6H), 7.81 (dd, J¼ 42.0, 8.4 Hz, 12H), 7.23 (d, J
¼ 8.5 Hz, 6H), 3.88 (s, 9H). 13C NMR (151 MHz, DMSO) d 166.33,
130.33(s), 128.75 (s), 126.90 (s), 124.84 (s), 55.40 (s).

Synthesis of tris-(40-carboxybiphenyl)amine (COOH-TPA)

Tris-(40-carbomethoxybiphenyl)amine (1.30 g) was added to
a mixture of aqueous NaOH (1 M, 60 mL) and THF (60 mL), and
the mixture was reuxed for 6 h. The solution was cooled to
room temperature and the solvent was removed under vacuum
evaporation; then, some H2O was added into the residue. The
obtained yellow clear solution was stirred at room temperature
for 2 h. Then, the pH value was adjusted to�2 using dilute HCl.
The resulting yellow solid was collected by ltration, washed
with water, and then dried under vacuum. Yield: 1.0 g, 82%. 1H
NMR (600 MHz, DMSO) d 12.93 (s, 3H), 8.01 (d, J ¼ 7.8 Hz, 6H),
7.78 (dd, J¼ 28.7, 7.4 Hz, 12H), 7.21 (d, J¼ 7.3 Hz, 6H). 13C NMR
(151 MHz, DMSO) d 167.66 (s), 147.26 (s), 143.99 (s), 134.16 (s),
130.47 (s), 129.79 (s), 128.69 (s), 126.73 (s), 124.81 (s).

Conclusion

In this study, we designed and synthesized TPA-based deriva-
tives of ester-TPA and COOH-TPA and investigated the moiety
effect on the luminescent property in both solution and the
solid state. The experiment results revealed the existence of
intramolecular charger transfer (ICT) from TPA to the carboxyl
or ester moiety on the end branch, which could also be
conrmed by the orbital separation of HOMO and LUMO. By
attaching different moieties of COOH– or –COCH3 to TPA,
This journal is © The Royal Society of Chemistry 2017
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COOH-TPA showed an obvious change of emission colour, with
CIE coordinates from (0.17, 0.35) to (0.26, 0.49), together with
the quantum yield decreasing from 14.53% to 7.53%, which is
different from ester-TPA, exhibiting only an 8 nm red-shi aer
grinding, but with the quantum yield increasing from 36.69% to
45.90%. The emission could be recovered to the original state by
dropping DCM into the ground sample. In different ratio
mixtures of DCM and ethanol, we obtained crystal of COOH-
TPA with different colour emission (B-crystal and G-crystal).
Furthermore, COOH-TPA could respond to ammonia vapour
with an emission blue-shi and broadening, with CIE coordi-
nates changing from (0.17, 0.35) to (0.23, 0.32) owing to the
deprotonation effect. By solid-state uorescence, lifetime, XRD,
and single-crystal structure analyses, we found that the mech-
anism of the MCF for COOH-TPA was the transformation from
the crystal state to a disordered amorphous state. The increased
quantum yield of ester-TPA aer grinding may be attributed to
the relative planarity conjugate conguration, which is bene-
cial for emission, with a reduction of the non-radiation transi-
tion rate. However, the decrease in the quantum yield of COOH-
TPA may be ascribed to the destroyed intermolecular H-
bonding, leading to strong p–p interactions, along with the
reduction of the radiation transition rate and increase of the
non-radiation transition. In summary, the experiment results
proved that the moiety on the end branch does play an impor-
tant role in the emission property, and this insight will help for
designing MCFs with better emission performance.
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