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Abstract: Herein, a series of triphenylamine derivatives (TPAs), 
which are comprised of electron donor and acceptor moieties, have 
been exploited as sensitive colorimetric sensors for Cu2+, operating 
via the formation of the corresponding organic radicals through a 
redox reaction in a mixed solvent system (acetonitrile/water). Further 
studies indicated that the Cu2+ recognition triggered organic radical 
cations were stable in aqueous solution, and can be used as an 
antibacterial agent for both Escherichia coli (E. coli) and 
Staphylococcus aureus (S. aureus) at very low concentrations (10–7 
M). On comparison with light irradiated photodynamic therapy 
triggered radicals, the present work reveals that the direct use of 
radical cations of TPAs is more convenient for practical applications 
in killing bacteria. This work thus provides new insight into the 
design of sensitive colorimetric sensors and antibacterial agents. 

Introduction 

Organic radical cations have attracted increasing attention 
because of their applications in catalysis, mixed-valence 
materials, and biomedicines.[1-3] Meanwhile, studies have 
indicated that free organic radicals can be exploited as 
probe sensors, which is attributed to their remarkable UV-
vis absorption changes.[4-8] For example, Gopidas and co-
workers revealed that aromatic amine radical cations could 
be generated with a fast response by mixing of the aromatic 
amines with Cu2+ in acetonitrile (ACN) solution, where Cu2+ 
can accept an electron from the aromatic amines and 
thereby form the corresponding amine radical cations.[9] 
Compared to other methods of amine radical cation 
generation including anodic oxidation, photoionization, and 
photoinduced electron transfer, where the amine radical 
cations are generated as transient intermediates, this 
approach allows for the generation of stable organic radical 
cations with distinct color changes in a very simple 
operation.[10] Thus, a series of colorimetric Cu2+ sensors 
have been reported on the basis of generating the 
corresponding organic radical cations via the redox couple 
Cu2+/Cu+ in N-containing π-systems.[11-14] However, the 
recognition of Cu2+ using this approach in aqueous media is 
somewhat limited.  

The Cu2+ ion is an essential nutrient for life and plays 
an important role in the areas of biological, environmental, 

and chemical systems.[15,16] However, either an excess or a 
deficiency of Cu2+ ions may lead to the deterioration of vital 
organs and to the progression of complications such as 
Menkes and Wilson diseases and Alzheimer’s disease.[17, 18] 
As a result, many methods have been developed for the 
trace detection of Cu2+ ions in biological and environmental 
systems. Among these approaches, fluorescence 
spectroscopy is a frequently used technique because of its 
high sensitivity and low cost.[19-21] However, fluorescence 
quenching generally occurred in the detection procedure of 
Cu2+ ion due to its intrinsic paramagnetic nature,[22] which 
seriously reduced the detection sensitivity of the sensors.  

Alternatively, the use of colorimetric sensors is the 
other valuable approach for the detection of Cu2+ ions,[23-26]

but the lesser sensitivity of UV-vis absorption compared to 
fluorescence emission is the main disadvantage of this 
method. Therefore, the key factor in improving the 
sensitivity of colorimetric sensors is to enhance their molar 
absorption coefficient (ε). To achieve a high ε in the UV-vis 
absorption spectra of colorimetric sensors, an effective 
approach is to introduce strong electron donor and acceptor 
groups into the π-conjugated chromophores. Indeed, 
numerous studies have suggested that the use of π-
conjugated organic chromophores, incorporating D-A units 
in their backbone, affords properties such as broad light 
absorption in the visible range, low band gap and high 
electric conductivity.[27-29] Reports on organic radical cation-
based colorimetric sensors that feature improved sensitivity 
via an appended D-A structure are scant.[30]  

In this work, 4',4''-dimethoxytriphenylamine derivatives 
(TPAs) including TPA-Br, TPA-Py and TPA-Py+ have been 
exploited as D-A appended colorimetric sensors. Results 
indicated that the highly sensitive and selective colorimetric 
detection of Cu2+ was achieved via a redox reaction with a 
distinct color change in a mixed solvent of ACN and water. 
Further studies indicated that the Cu2+ recognition triggered 
organic radical cations can be used as antibacterial agents 
and were found to exhibit highly antibacterial efficiency 
toward both Escherichia coli (E. coli) and Staphylococcus 
aureus (S. aureus) 
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Results and Discussion 

 

Figure 1. (a) Chemical structures of TPA-Br, TPA-Py and TPA-Py+, (b) UV-vis 
absorption spectra of TPA-Br, TPA-Py and TPA-Py+ (at 1.0 ×10–5 M) in 
acetonitrile solution. 

As show in Figure 1a, TPA-py and TPA-py+ were 
synthesized in high yield from TPA-Br by a standard Suzuki 
cross-coupling reaction, with methoxybenzene as the electron 
donor moiety. Their UV-vis absorptions were recorded in ACN 
solution. As can be seen from Figure 1b, the solutions of TPA-
Br, TPA-Py and TPA-Py+ exhibited a typical triphenylamine 
absorption maximum at around 295 nm, corresponding to the π -
π* transition of the parent aromatic motifs, while remarkable 
charge transfer (CT) peaks with a red-shift at 388 nm and 432 
nm for TPA-Py and TPA-Py+, respectively were observed. This 
indicated a strong electronic communication between the donor 
methoxybenzene and the acceptor pyridine core. The 
corresponding ε values for TPA-Br, TPA-Py and TPA-Py+ were 
determined to be 2.81× 104 M–¹·cm–¹, 3.11× 104 M–¹·cm–¹, and 
4.23 × 104 M–¹·cm–¹, respectively. Clearly, the bathochromic shift 
of the UV-vis absorption and the increased value of ε for TPA-Br 
to TPA-Py+ suggested that the strategy of D-A is an efficient 
approach in regulating the photophysical properties of such dye 
molecules. 

In order to gain detailed electronic structural 
information on the D-A system, density functional theory 
(DFT) calculations were performed at the B3LYP/6-31G* 
level and acetonitrile was selected as the solvent. The 
contours of the HOMO and LUMO of TPA-Br, TPA-Py and 
TPA-Py+ are shown in Figure 2. The computational results 
imply that the HOMO orbitals of the three molecules are 
localized over the methoxybenzene derived triphenylamine 
unit, whereas the LUMO is delocalized over the bipyridine 

moiety. Close inspection revealed that the energy levels of 
the LUMOs of TPA-Py and TPA-Py+ undergo a significant 
decrease relative to TPA-Br, and no obvious changes were 
observed in the energy levels of the corresponding HOMO 
orbital. As a result, the HOMO–LUMO gap in TPA-Br, TPA-
Py and TPA-Py+ are 4.3169 eV, 3.3623 eV, 2.2096 eV, 
respectively. The trend observed in the HOMO–LUMO gap 
displays the order TPA-Br > TPA-Py > TPA-Py+. These 
results suggested that the incorporation of bipyridine and its 
cationic species efficiently lowers the HOMO–LUMO gap, 
which show good agreement with the corresponding 
experimental optical properties. In particular, the 
unchanged HOMO energies of TPA-Py and TPA-Py+ 
indicated similar electron transfer (ET) reactions can take 
place upon mixing with Cu2+.[10] 

 

Figure 2. B3LYP/6-31G*-calculated frontier HOMOs and LUMOs of TPA-Br, 
TPA-Py and TPA-Py. 

In an effort to obtain more practical conditions for the 
realization of the TPA-based organic radical selectivity for the 
targeting of Cu2+ cations, various perchlorate salts, such as Li+, 
Na+, Cd2+, Al3+, Fe3+, Zn2+, K+, Hg2+, Ca2+, Cs+, Ba2+, Mg2+, Ni2+, 
Pb2+, Co2+, Ba2+, Ag+, Cu2+ were directly added to the ACN 
/water solution (99:1, v:v) of TPA-Br, TPA-Py and TPA-Py+, 
respectively. As can be seen from Figures 3a-c, on addition of 
Cu2+, new absorbance peaks in the visible and NIR regions at 
around 364, 580, and 748 nm were observed for the TPA-Br 
solution, peaks at 408, 610, and 748 nm were observed for the 
TPA-Py solution, and peaks at 371, 610, and 748 nm were 
observed for the TPA-Py+ solution (the UV-vis absorption peak 
of pure Cu(ClO)4 was appeared at 980 nm, Figure S1). 
Importantly, no significant UV-vis absorption spectral changes 
appeared upon addition of the other tested metal cations to the 
solution, with the exception of TPA-Py, where a slightly red-
shifted absorption peak was observed in the presence of Cd2+, 
Al3+, Fe3+, Zn2+, Pb2+ ions, which may be attributed to the ease of 
coordination of these cations to the pyridine nitrogen atom of 
TPA-Py leading to an increased intramolecular charge transfer 
(ICT) effect. Meanwhile, the extremely rapid and distinct color 
change of the sensors from colorless or pale yellow to blue or 
green can be observed by the naked eye in the presence of Cu2+ 
(inserts of Figures 3a-c). 
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Figure 3. UV-vis absorption spectra of (a) TPA-Br, (b) TPA-Py, (c) TPA-Py+ (at 1.0 ×10–5 M in ACN/water solution, 99:1, v/v) in the presence of various metal ions 
including Li+, Na+, Cd2+, Al3+, Fe3+, Zn2+, K+, Hg2+, Ca2+, Cs+, Ba2+, Mg2+, Ni2+, Pb2+, Co2+, Ba2+, Ag+, Cu2+ (3.0 equiv.) (insert: color change of the TBAs solution 
after addition of metal ions), UV-vis absorption spectra of (d) TPA-Br, (e) TPA-Py, (f) TPA-Py+ (at 1.0 ×10–5 M in ACN/water solution, 99:1, v/v) with increasing 
concentrations of Cu2+ in water (1.0 equiv.) (insert: color change of TBAs solution with increasing concentrations of Cu2+ from 0 to 1.0 equiv.), EPR spectra of (d) 
TPA-Br, (e) TPA-Py, (f) TPA-Py+ ( 1.0 ×10–2 M in ACN/water solution, 99:1, v/v) in the presence of 1.0 equiv. of Cu2+. 

Figures 3d-f shows the UV-vis absorption spectra of TPA-
Br, TPA-Py and TPA-Py+ upon the addition of increasing 
concentrations of Cu2+ in aqueous solution (0-1.0 equiv.). The 
intensities of the new absorbance peaks in the visible and NIR 
regions exhibited remarkable increases with a concomitant 
decrease of the ICT bands (300 nm for TPA-Br, 353 nm for 
TPA-Py, 425 nm for TPA-Py+) and were accompanied by 
distinct corresponding color changes (inserts of Figures 3d-f). 
Additionally, a well-defined isosbestic point clearly appeared in 
the spectra. The limits of detection (LOD) of TPA-Br, TPA-Py 
and TPA-Py+ for Cu2+ were calculated by the formula (3σ/K) to 
be 1.33 × 10–6 M, 5.24 × 10–7 M, 4.95 × 10–7 M, respectively 
(Figure S2), which indicated that the sensitivity of these 
molecules as colormetric sensors for Cu2+ followed the order 
TPA-Br < TPA-Py < TPA-Py+. The improved sensitivity of the 
sensors toward the target Cu2+ cation can be attributed to the 
increasing ICT effect in the corresponding D-A system. In 
addition, it seems that no significant interference in the detection 
of Cu2+ was observed in the presence of other competitive 
cations (Figure S3). These results suggested that the TBAs as 
colorimetric sensors have an excellent selective response for 
Cu2+ ions via the formation of radical cations. 

Essentially, the new absorption bands formed in the 
UV and visible regions indicated that the radical cations of 
the respective aromatic amines formed as a result of an  

 

Figure 4. X-ray structure of Cu(CH3CN)4ClO4 and the packing diagram of the 
unit cell. 

electron transfer reaction between the phenylamine and 
Cu2+.[10] In other words, the TPA-based amines are 
converted to radical cations and Cu2+ is converted to Cu+. In 
an effort to further confirm the formation of radical cations, 
electron paramagnetic resonance (EPR) spectra of the 
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Figure 5. Biocidal activities of TPA-Br, TPA-Py and TPA-Py+ and the corresponding radical cations at different concentrations toward E. coli (a, c) and S. aureus 
interacted (b, d). 

solutions were recorded (Figure 3g-i). When 1.0 equiv. of 
Cu2+ was added to the ACN solution of the TPA derivatives 
(TPAs) at room temperature, a similar three-line EPR 
spectrum in the range of 3490 to 3520 G was observed in 
all the sample spectra. The g value of the radicals was 
determined to be 2.004, which is similar with the previously 
reported values of TPA radicals.[9, 10, 31] Therefore, this EPR 
data clearly revealed that radical cations of the TPAs were 
formed as a result of electron transfer from the parent 
amine to the Cu2+.  

Interestingly, the reduction of the Cu2+ species was 
successfully observed in the corresponding X-ray structure. 
Colorless crystals of [Cu(CH3CN)4][ClO4] were obtained by 
slowly evaporating the mixture solution (ACN/water, 99:1, 
v/v) of TPA-Br in the presence of 3.0 equiv. of Cu(ClO4)2 at 
room temperature, which crystallized in the orthogonal 
system with the Pna21 space group. As shown in Figure 4, 
the single-crystal X-ray structure of [Cu(CH3CN)4][ClO4] 

revealed that each copper atom is tetrahedrally coordinated 
by nitrogen atoms from four almost linear acetonitrile 
molecules. The acetonitrile molecules are arranged around 
the copper atoms so that the whole Cu(I) tetra-acetonitrile 
complex can be described as having an almost ideal 
tetrahedral symmetry. The corresponding average bond 
distances in the complex such as Cu–N, N–C, and C–C 
were found to be 2.01, 1.13, 1.46 Å, respectively. The 
average Cl–O distance in the perchlorate counter anions 
was determined to be 1.43 Å. These bond features agree 
with those found in similar Cu(I) coordination complexes.[32] 
Accordingly, this result further confirmed the reduction of 
Cu2+ to Cu+ in the TPA solutions. 

In the past few decades, the emergence of multi-
resistant microbial strains due to the abuse of antibiotics 
poses a serious threat to global public health.[33] For 
example, Gram-negative bacteria can cause severe 
hospital-acquired infections and are becoming a great 
threat to most available antibiotic therapies.[34] Undoubtedly, 
it is of great significance to development non-conventional 
treatments to overcome such a resistance problem. As a 
result, several strategies including probiotics, antimicrobial 
peptides, antibodies and bacteriophages have been 
presented.[35-37] Among these approaches, photodynamic 
therapy, as an efficient deactivation agent (PDI) of 
microorganisms, has been probed as an alternative 
methodology to eliminate bacterial diseases in recent 
years.[38-40] In antimicrobial therapy, the PDI agent 
sensitizes the oxygen in the surroundings to directly or 
indirectly convert it into reactive oxygen species (ROS) 
including superoxide anions (O2

•−), hydroxyl radicals (HO•), 
and singlet oxygen (1O2) under light irradiation. Then, the 
ROS rapidly reacts with proteins or lipids to damage 
cytoplasmic membranes and this results in the death of 
microbials.[41,42] Essentially, the high reactivity of radicals of 
oxygen is the key factor in the death of the microbials. 
However, because of the instability of most organic radicals 
in air or aqueous environments, few reports have appeared 
that directly exploit them as antibacterial agents. 

Herein, the TPA derived radical cations were not only stable 
in ACN solution, but also exhibited good stability in aqueous 
solutions, even when diluted to 10–7 M (Figure S4). Thus, it is 
anticipated that the TPA-based radical cations may be used as 
antibacterial agents. For this purpose, we investigated the 
antibacterial activities of the TPAs and their radicals toward E. 
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coli and S. aureus. These bacteria were chosen as 
representatives of Gram-negative and Gram-positive strains of 
great interest because of their ability to produce nosocomial 
infections. The E. coli and S. aureus were incubated with TPAs 
and their radical cations in agar plates at different concentrations, 
respectively, by a traditional surface plating method.[43] 
Photographs of the corresponding agar plates were recorded to 
observe the growth of E. coli and S. aureus (Figure 5 and Figure 
S5). It can be found from Figures 5a,b that the no obvious 
decrease in the bacterial colony was observed in the presence 
of the TPAs. This result indicated that the two species of 
microorganisms will not be affected by the neutral TPA 
molecules. However, as shown in Figures 5c,d, the bacterial 
colony of both microorganisms can be efficiently killed by the 
corresponding TPA radicals at low concentrations. The 
concentration of TPA-Br and TPA-Py can be fixed at 1× 10–6 M, 
and the lowest concentration of TPA-Py+ can be fixed at 1× 10–7 
M. To further study the antimicrobial mechanism of the TPA 
radicals, the bacterial colony changes of the two species of the 
representative microorganisms, after incubation with different 
concentrations of Cu2+ or Cu+ under the same experiment 
conditions, were performed. Figure S6 shows that E. coli and S. 
aureus can survive when the concentrations of Cu2+ and Cu+ are 
lower than 1× 10–5 M. Consequently, these results revealed that 
the TPA radical cations play a crucial role in the process of 
eliminating the bacteria. In the present work, the corresponding 
radicals can be directly generated by Cu2+ rather than photo-
irradiation. In other words, PDT agents only generate free 
radicals when exposed to light, which needs a PDT agent, O2, 
and light,[38-40] whereas the direct use of TPA radical cations is a 
more convenient and practical method for killing bacteria. 
 
Conclusion 

In summary, a unique D-A strategy has been exploited to 
prepare colorimetric sensors for Cu2+ based on TPAs. These 
sensors exhibited improved sensitivity and selectivity for the 
detection of Cu2+ in a mixed solvent of ACN and water via a 
redox reaction with distinct color changes. In particular, the 
reduction species of Cu(Ⅰ) from Cu(Ⅱ) was successfully 
observed in the corresponding X-ray crystal structure. Further 
studies indicated that the Cu2+ recognition triggered organic 
radical cations exhibited good stability in aqueous solutions and 
have excellent antimicrobial activity against Gram-(−) bacteria 
and Gram-(+) bacteria such as E. coli and S. aureus at relatively 
low concentration (10–7 M). Importantly, it should be noted that 
the TPA-derived colorimetric sensors and the corresponding 
organic radicals are easily prepared without complicated 
functional modification compared to PDT agents. This work thus 
provides valuable information for the design of sensitive 
colorimetric sensors for metal ions and potential therapeutic 
applications of organic radicals for pathogenic infections caused 
by drug-resistant bacteria. 

Supporting Information Summary 

Experimental section, UV-vis absorption spectra of Cu(ClO)2, 
limit of detection, interference experiment in the detection of 
Cu2+, stability experiment of the corresponding radicals in water, 

plate images showing the the growth of E. coli and S. aureus in 
the resence and absence of radicals, Cu2+ and Cu+. 
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 A novel organic radical cation-based colorimetric sensor for Cu2+ was reported, in particular, the reduction species of Cu (Ⅰ) from Cu 
(Ⅱ) was successfully observed in the corresponding X-ray structure. Further study revealed that the Cu2+ recognition triggered organic 
radical cations shows excellent antibacterial efficiency.  

 
 


