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Abstract
A novel dual functional and visual rhodamine ethylenediamine bis(triazolyl silsesquioxane) (RBS) chemosensor was success-
fully synthesized using “click” chemistry. The results have unambiguously demonstrated that RBS can act in fluorescent and 
colorimetric sensing of Cu2+ and Zn2+ by their respective coordination with triazole structures and, more importantly, it has 
also been found that triazole-amide of RBS could turn on chelation-enhanced fluorescence (CHEF) of Cu2+. Remarkably, 
the addition of Cu2+ triggered an enhanced fluorescent emission by 63.3-fold (ϕF = 0.41), while Zn2+ enhanced it 48.3-fold 
(ϕF = 0.29) relative to the original RBS (ϕF = 0.006) in acetonitrile (MeCN) solvent. The fluorescent limit of detection 
for Cu2+ and Zn2+ is similar and fall within 3.0 nM, while under colorimetric sensing the responses were 2.14 × 10–8 and 
4.0 × 10–8 mol L−1, respectively. Moreover, the effective sensing profile of RBS and extended applications of RBS–Cu2+ 
and RBS–Zn2+ for fingerprinting detection and imaging were observed with adequate sensitivity, stability and legibility 
under the dual visual responses.
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1  Introduction

The design and synthesis of novel nanoscopic molecules that 
can recognize and detect cations and show specificity for 
biologically relevant metal ions have gained attention during 
the last decade [1]. Particularly, Cu2+, Zn2+ and Fe3+ play 
vital roles in several biological, environmental and chemi-
cal systems. These metal ions are essential trace elements 
for both plants and animals, including humans. Literature 
medical data reiterates that excess accumulation of Zn2+ 
has the propensity to alter Cu2+ and Fe2+/Fe3+ absorption in 
humans and eventually lead to a series of health problems 
[2]. While several expensive and time-consuming spectro-
scopic analytical techniques could detect and discriminate 
Zn2+, Cu2+ and Fe2+/Fe3+ among many other metals [3, 4], 
a more accurate and sensitive probe would be beneficial for 
detecting these biologically relevant cations.

Within this context, fluorescent and colorimetric sensors 
are appropriate alternative probes for Cu2+ and Zn2+ sensing 
[5–10]. Among common fluorophores, rhodamine deriva-
tives are widely employed for detection of metal ions due to 
their variably distinguished properties such as (i) the ability 
to generate cell- and tissue-permeant labels for biological 
imaging and sensing, despite the photophysical equilibrium 
between the non-fluorescent lipophilic closed form and 
the open form of strongly fluorescent rhodamine derivates 
[11–14] and (ii) the ability to re-design a red-shifted longer 
wavelength absorbance/emission spectrum from a green to 
pinkish red colour for a fluorogenic and/or chromogenic 
response [13].

To turn on the fluorescence emission of rhodamine 
probes, a spirolactam ring must be opened [14]. One of the 
methods to achieve this consists in introducing a strongly 
chelating metal ion [15]. Several photoactive moieties, 
including rhodamine, have been effectively conjugated 
with appropriate binding units using “click”-generated 
1,2,3-triazole-based chemosensors for Zn2+, Cu2+ and Fe3+ 
[16–20]. For effective and efficient practical application of 
rhodamine triazolyl-based fluorogenic probes, photostabil-
ity is a highly required feature that, unfortunately, remains 
unresolved. Indeed, we recently pioneered the synthesis of 
fluorescent-labeled triazolyl polyhedral oligomeric silses-
quioxanes (POSS) for applications in forensic science [21, 
22]. Taking advantage of the great versatility of the Cu(I)-
catalyzed 1,3-dipolar cycloaddition of azides and alkynes 
(CuAAC), the obtained POSS nanohybrids showed excel-
lent photostability and thermal properties, and were able 
to image fingerprints with good selectivity, sensitivity and 

legibility. Several factors that underpin the candidature of 
POSS include the photostability showed by its triazolyl 
hybrids, together with their biocompatibility, facile func-
tionalization and nano-dimensionality (0.5–0.7 nm) [23–27]. 
As we engaged in unprecedented advances vis-à-vis proof 
of concept of our ongoing work, we present herein the 
strategic design and synthesis of novel rhodamine-labeled 
bis(triazolyl)-POSS (RBS) using the popular CuAAC for 
selective sensing of Cu2+ and Zn2+ and extended the appli-
cation for fingerprint imaging via (RBS-M2+)–amino acid 
interaction. As far as we are aware, this is also the first exam-
ple utilizing two binding profiles of bis-triazolyl-POSS rho-
damine for dual functionality and visuality.

2 � Experimental

2.1 � Materials

All chemicals (i.e., rhodamine B, propargyl bromide, 
sodium azide, ethylenediamine, CuBr, N,N,N′,N″,N″-
pentamethyldiethylenetriamine (PMDETA) and 3-chloro-
propyl)hepta(i-butyl)octasilsesquioxane) were purchased 
from Sigma-Aldrich. Stock solutions of various metal 
ions (20 μM) were prepared from Zn(NO3)2, Ca(NO3)2, 
Cd(OAc)2·H2O, Cu(NO3)2, Co(NO3)2, Ni(OAc)2, Pb(NO3)2 
and Fe(NO3)2. 1H NMR spectra were recorded on a Bruker 
Avance 300, 400, 500 MHz spectrometer in CDCl3. For the 
optical responses of RBS to metal ions, phosphate-buffered 
saline of pH 7.4 was used. 13C NMR was recorded on a 
Bruker Avance 300 or 400 MHz (resonance frequency: 75 
and 101 MHz, respectively) under broadband 1H decou-
pling in CDCl3. 29Si NMR was recorded in the same man-
ner. Chemical shifts are reported in ppm relative to either 
tetramethylsilane (TMS) (1H) (δ = 0 ppm) as an internal 
standard or the residual solvent peak of CDCl3 (1H NMR: 
δ = 7.26 ppm; 13C NMR: δ = 77.16 ppm). FT-IR spectra were 
obtained with an Agilent Technologies Cary 630 FT-IR 
spectrometer equipped with Golden Gate Diamond attenu-
ated total reflection (ATR) accessory. Mass data for RBS 
were obtained at Wurzburg University with an Exactive Plus 
Orbitrap Mass Spectrometer from Thermo Scientific. All 
reactions were monitored by TLC using Merck silica gel 
plates 60 F254, and visualization was accomplished with 
short-wavelength UV light (254 nm) and/or upon staining 
with appropriate stains (anisaldehyde, orthophosphomolyb-
dic acid).
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2.2 � Synthesis and characterization of compounds

2.2.1 � Synthesis of 3‑azidopropyl hepta(i‑butyl)POSS 
(POSS‑azide, PA)

POSS-azide (PA) was synthesized following a previously 
described methodology [22]. Briefly, sodium azide (0.436 g, 
6.71 mmol, 3 equiv) was added to 3-chloropropyl hepta(i-
butyl)POSS (2.0 g, 2.24 mmol) in a mixture of dry DMF 
(70 mL) and dry THF (20 mL) under a dry nitrogen atmos-
phere. The mixture was stirred at 70 °C for 24 h and the 
reaction was cooled down at room temperature (RT). The 
reaction was quenched by adding triturated ice (80 g) to 
induce precipitation. The obtained product was filtered, 
dried under vacuum, and recrystallized from a mixture of 
THF:methanol (1:3, v/v) affording the desired compound as 
a colorless solid (1.43 g, 2.09 mmol, 81% yield). 1H NMR 
(300 MHz, CDCl3): δ (ppm) = 3.28 (t, 2H), 1.90 (m, 7H), 
1.75 (quin, 2H), 0.97 (d, 42H), 0.70 (overlapped, 2H), 0.63 
(m, 14H). 13C NMR (125 MHz, CDCl3): δ (ppm) = 52.88, 
25.66, 25.69, 23.89, 23.84, 22.46, 22.41, 9.31.29Si NMR 
(99 MHz, CDCl3): δ (ppm) = − 67.55, − 68.17.

2.2.2 � Synthesis of rhodamine–ethylenediamine conjugate 
(RED)

A solution of rhodamine B (500 mg, 1.05 mmol) in dry 
EtOH (20 μM) was added dropwise to a solution of eth-
ylenediamine (528 μL, 7.88 mmol, 7.5 equiv) in EtOH 
(1 mL) under vigorous stirring at RT, and the mixture was 
refluxed for 16 h. Then, it was cooled to RT and the solvent 
was removed under reduced pressure. The obtained residue 
was dissolved in CH2Cl2 (20 mL) and extracted with water 
(3 × 15 mL). The combined organic layers were dried over 
anhydrous Na2SO4 and the solvent removed under reduced 
pressure to afford the desired product as an orange solid 
(409.5 mg, 0.87 mmol, 81.9% yield). 1H NMR (300 MHz, 
CDCl3): δ (ppm) = 7.92 (m, 1H), 7.46 (m, 2H), 7.11 (m, 
1H), 6.46 (s, 1H), 6.44 (s, 1H), 6.38 (d, 2H), 6.28 (dd, 2H), 
3.34 (q, 8H), 3.20 (t, 2H), 2.40 (t, 2H), 1.18 (t, 12H); 13C 
NMR (75 MHz, CDCl3): δ (ppm) = 168.58, 153.42, 153.23, 
148.77, 132.35, 131.19, 128.63, 127.99, 123.78, 122.70, 
108.10, 105.62, 97.67, 64.88, 44.29, 43.81, 40.74, 12.53.

2.2.3 � Synthesis of rhodamine dipropargyl‑ethylenediamine 
conjugate (REDD)

REDD was obtained according to the reported proce-
dure [20]. Briefly, rhodamine B-ethylenediamine conju-
gate (193.4 mg, 0.40 mmol) was dissolved in 30 mL of 
MeCN. Then, anhydrous K2CO3 (110.6 mg, 0.80 mmol, 
2 equiv) and KI (6.6 mg, 0.04 mmol, 10 mol %) were 
added under vigorous stirring and the mixture refluxed 

for 30 min. Then, a solution of propargyl bromide (50 μL, 
0.80 mmol, 2 equiv) in MeCN (1 mL) was added to the 
suspension and the mixture was refluxed for 24 h. Then, it 
was cooled to RT and the solvent removed under reduced 
pressure. The obtained residue was dissolved in CH2Cl2 
(30 mL) and washed with water (3 × 20 mL). The com-
bined organic layers were dried over anhydrous Na2SO4, 
filtered, and the solvent removed under reduced pressure. 
The obtained material was purified by column chroma-
tography affording the desired product as a brown solid 
(111.8 mg, 0.24 mmol, 57.8% yield). 1H NMR (300 MHz, 
CDCl3): δ (ppm) = 7.89 (m, 1H), 7.42 (m, 2H), 7.07 (m, 
1H), 6.44 (d, 2H), 6.38 (d, 2H), 6.26 (dd, 2H), 3.32 (q, 
8H), 3.25 (m, 6H), 2.25 (t, 2H), 2.10 (t, 2H), 1.16 (t, 12H); 
13C NMR (125 MHz, CDCl3): δ (ppm) = 167.97, 153.45, 
153.22, 148.70, 132.26, 131.23, 129.04, 127.95, 123.70, 
122.70, 108.21, 105.61, 97.77, 78.78, 73.37, 72.59, 64.76, 
53.36, 50.82, 44.36, 41.70, 37.96, 12.50.

2.2.4 � Synthesis of rhodamine ethylenediamine bis(triazolyl 
POSS) (RBS)

A DMF/THF (1:1, v/v) solution (10 mL) of PA (0.35 g, 
4.0 × 10–4 mol, 2.2 equiv) was added to a stirred solution of 
rhodamine dipropargyl-ethylenediamine conjugate (0.1 g, 
1.8 × 10–4 mol) in THF (5 mL). Then, a suspension of CuBr 
and PMDETA (50 mol%) in DMF (5 mL) was added under 
nitrogen atmosphere. The reaction mixture was left under 
stirring for 24 h at RT. After the solvent was removed under 
reduced pressure, the obtained product was re-dissolved in 
CH2Cl2, washed with aqueous EDTA (7.44 mL, 0.02 mol) 
and dried under Na2CO3. The resulting product was further 
purified by column chromatography affording the desired 
product as a light brown solid (260 mg, 0.11 mmol, 73% 
yield). 1H NMR (300 MHz, CDCl3): δ (ppm) = 0.62–0.69 
(–SiCH2–, SiCH2CH(CH3)2, 32H, overlapped), 0.72–0.97 
[(–CH(CH3)2]2, 84H), 1.1–1.9 (− N[CH2CH3]2 rhoda-
mine, 12H), 1.7 − 1.8 (SiCH2CH(CH3)2, 14H), 1.9–2.0 
SiCH2CH2CH2–N, 4H) 3.2–3.4 (–N[CH2CH3]2 rhoda-
mine 8H, NCH2CH2–diethylene, 2H, overlapped), 3.6 
(N–[CH2-triazole]2, 4H), 4.3 ([triazole–CH2–]2, 4H), 6.3 
(–CH2NC=O, 2H, spirolactam ring), 7.6 (–[triazole]2, 2H), 
6.4 − 8.3 (aromatic protons of rhodamine, 10H). 13C NMR 
(125 MHz, CDCl3): δ (ppm) = 12.62, 12.60, 40.85, 40.87, 
43.89, 43.92, 44.34, 65.92, 97.66, 97.69, 108.13, 108.10, 
122.74, 123.23, 123.84, 128.69, 131.25, 132.41, 148.80, 
153.49, 168.20, 168.66. 29Si NMR (99 MHz, CDCl3): δ 
(ppm) =  − 67.86, − 68.34. FT-IR (cm−1): v(CH) 2992–2891; 
δ (CH) 1374–1211; v(C=C) 1658; v(Si–O–Si) 1134–1022; 
MS (API-ESI) m/z: 2361.9 [M++H]+. Elemental analysis: 
calculated for C98H180N10O26Si16 (MW 2362.92) C 47.79, H 
7.68, N 5.93; found C 47.92, H 7.74, N 5.89%.
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2.3 � Photophysical characterization

2.3.1 � Absorption measurements

Steady-state absorption spectra were recorded in a JASCO 
V-630 spectrophotometer. Quartz cells with 1 cm optical 
path length and 3 mL capacity were employed. Molar coef-
ficient extinction was determined according to the Lam-
bert–Beer law (Eq. 1):

where Abs is the absorbance of the sample, C the concentra-
tion (M), and L the optical path length (cm).

2.3.2 � Fluorescence experiments

Emission spectra were recorded at 22  °C on a JASCO 
FP-8500 spectrofluorometer system, provided with a mono-
chromator in the wavelength range of 200–850 nm. From 
the intersection between normalized excitation and emission 
spectra, the singlet energy was determined. Fluorescence 
quantum yields were determined using 9,10-dimethylan-
tracene as standard (ϕF(std) = 0.95, EtOH) (Eq. 2):

where Ai is the fluorescence area of the sample, Astd is the 
fluorescence area of standard, Abs and Absstd correspond 
to the absorbance intensity at excitation wavelength of the 
sample and standard, respectively, and n is the refraction 
index of the solution employed. Fluorescence lifetimes 
were recorded on a Photon Technology International (PTI) 
fluorometer which includes a pulsed LED excitation source 
(310 nm), a sample holder and a lifetime detector. For life-
time analysis, EasyLife X software, was used.

2.3.3 � Binding constant

The binding constant was determined from a Job plot using 
Benesi–Hildebrand (B–H) equation [28] (Eq. 3):

where F0 is the emission intensity of the probe RBS at maxi-
mum (λ = 580 nm), F is the observed emission intensity at 
that particular wavelength in the presence of a certain con-
centration of the analyte (C), Fmax is the maximum emission 
intensity value that was obtained at λ = 580 nm during titra-
tion with varying analyte concentration, [C] is the concentra-
tion of Cu2+ or Zn2+ and Ka is the apparent binding constant 

(1)Abs = C ⋅ � ⋅ L,

(2)�F =
A
i
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⋅

Absstd

Abs
i

⋅

n

nstd

�F(std),

(3)
1∕
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)

=
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1∕Ka[C]
){
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)}

+ 1∕
(
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)

,

(M−1), which was determined from the slope of the linear 
plot. Absorption and emission experiments were carried out 
using mixtures of MeCN:H2O or DMF:H2O (99:1, v/v).

2.3.4 � Photostability studies

RBS, RBS–Cu2+ and RBS–Zn2+ solutions in THF (20 μM) 
were irradiated with a monochromatic xenon arc lamp at 
irradiances of 0.039 W/cm2 and 0.052 W/cm2 for 60 min. 
Photostability was evaluated by monitoring absorption and 
emission spectra as a function of time.

2.4 � Fingerprint development and imaging

Fingermarks were collected from two voluntary anonymous 
donors and deposited on various selected substrate surfaces 
(i.e., smooth cell phone surface, cellotape paper, glass bot-
tles) (Fig. S1). After the donor rubbed with their thumb or 
forehead/nose, it was press-stamped on the selected sub-
strate. The sample was then immersed in RBS, RBS–Cu2+ 
and RBS–Zn2+ solution and rinsed with water or some 
organic solvents (acetone or ethyl acetate). The developed 
fingerprint was illuminated with UV lamp (365 nm) and the 
image recorded with a Samsung smartphone camera.

3 � Results and discussions

3.1 � Characterization of RBS

POSS-azide (PA) and rhodamine ethylenediamine dipro-
pargyl conjugate (RED) were synthesized following the 
procedure previously reported [20, 22] (Fig. 1). That both 
compounds were successfully obtained was confirmed 
upon proper characterization and comparison with litera-
ture data (Figs. S2–S6) [20, 22]. Thereafter, the novel rho-
damine bis(ethylenediamine triazolyl POSS), (i.e., RBS), 
was obtained in 82% yield by CuAAC reaction between PA 
and RED. 1H NMR spectra confirmed the structure of RBS 
with evidence of bis(triazole) protons (δ 7.61 ppm, 2H) and 
rhodamine aromatic protons (δ 6.4–8.4 ppm, 10H) (Fig. S7). 
Similarly, 13C NMR, 29Si NMR and mass spectra (Figs. S8, 
S9 and S10, respectively) also supported the structure of 
RBS. However, it draws attention the presence of a signal 
centered at 65.9 ppm in the 13C NMR spectrum, which indi-
cates the closed form of the spirolactam ring (Fig. S8) [20]. 
The presence of 1,2,3-triazole groups in the RBS probe was 
also corroborated by FT-IR, which prominently exhibited 
–N=N group and –C–N bonds in addition to the character-
istic Si–O–Si of the POSS (Fig. S11).
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We explored its photophysical properties in different 
solvents which included absorption/emission bands, molar 
absorption coefficients, Stokes shifts, fluorescent quantum 
yields, emission rate constants, singlet energies and life-
times (Fig. S12 and Table S1). The absorption band in the 
UV region was clearly dominated by the rhodamine-type 
chromophore. Values of Stokes shifts were found to be sol-
vent dependent, being markedly higher for polar media. 
Regarding fluorescence quantum yields (ϕF), RBS presented 
extremely poor values in all solvents in comparison with the 
parental rhodamine B (for instance, ϕF = 0.40 in acetoni-
trile) [12]. This fact could be attributed to the nearby POSS 
moieties that may influence the radiative and non-radiative 
pathways of the material, with the occurrence of aggregate 
formation. In this sense, the emission decay traces of RBS 
were satisfactorily fitted by a biexponential function. This 
was in full agreement with previously reported data for simi-
lar POSS nanohybrids containing dansyl chromophores [22]. 
Thus, the shorter lifetimes would be ascribed to an intra-
molecular charge transfer (ICT) state, in which an electron 
transfer from the amino group to the xanthene π-system, 
followed by rotation of the alkyl groups was occurring [29]. 
Meanwhile, the formation of aggregates could be responsi-
ble for the longer lifetimes. As previously established for the 

rhodamine dyes that can easily form aggregates in solution 
[30], when a locally excited (LE) state cannot be mixed with 
a charge transfer (CT) (or electron transfer) state, the inter-
conversion from the LE to the CT results in fluorescence 
properties that are highly sensitive to steric environments, 
i.e., aggregation. This fact was indeed reflected in the con-
tribution of the longer lifetime component, being the same 
or even higher, at moderately polar solvents, strengthening a 
major participation of aggregate formation. With the photo-
physical data in hands, RBS might be a potential candidate 
to be successfully applied as an “OFF–ON” metal sensor, 
since the possible coordination could evade formation of the 
aggregates and enhance the radiative pathways.

3.2 � Metal ion sensing capability of the RBS probe

To establish the sensing capacity of RBS, we first evalu-
ated its photophysical properties, focusing mainly on the 
emission property changes due to the low sensitivity that 
UV–visible (absorbance) measurements usually exhibit. A 
solution (20 μM) of RBS was visually colorless and almost 
non-fluorescent in common solvents such as THF, MeCN 
or n-hexane (HEX) (Table 1). This observation indicates 
the predominant existence of ring closed spirolactam form 
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[20]. Upon separate addition of several metal ion solutions 
to RBS, only Cu2+ and Zn2+ exhibited a strong fluorescent 
band (580 nm) with Cu2+ having stronger emission band 
(Fig. 2). Under incremental addition of Cu2+ to RBS, the 

absorption spectra supported the fluorescence spectra as 
shown in Fig. S13.

This observation indicates that only Cu2+ and Zn2+ from 
among the tested metal ions could coordinately chelate with 
RBS and, eventually, emit reddish pink and yellowish green 

Table 1   Fluorescent and colorimetry data of RBS in sensing Cu2+ and Zn2+

Sample λabs max λf. max Solvent (ɸF) BC LOD fluores-
cence

LOD colorim-
etry

Sensing mode 
(color)

F(τ)/ns Recovery (%)

RBS NA NA THF
MeCN NA NA NA NA NA NA
HEX

RBS–Cu2+ 468 580 THF (0.39)
MeCN (0.41) 5.12 × 108 3.0 nM 2.14 × 10–8 Fluorescent (red-

dish pink)
3.20 97.9

Colorimetry 
(pink)

98.3

HEX (0.18)
RBS–Zn2+ 427 578 THF (0.22)

MeCN (0.34) 3.6 × 108 3.0 nM 4.0 × 10–8 Fluorescent (yel-
lowish green)

1.68 98.6

Colorim-
etry (yellowish 
green)

94.4

HEX (0.17)
[RBS–

Cu2+] + Zn2+
472 582 MeCN (0.47) – NA NA Fluorescent (yel-

lowish green)
2.40

Fig. 2   A Photographic images 
and fluorescent responses of 
RBS (20 μM) in the presence of 
various metal ions. B Fluo-
rescent changes of RBS upon 
addition of various metal ions 
(10 μM)
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fluorescence, respectively. RBS–Cu2+ and RBS–Zn2+ with 
enhanced fluorescent profiles corroborated with a 63.3-fold 
(0.41) and 48.3-fold (0.29) enhanced quantum yield when 
compared with the highest achieved by RBS in MeCN 
(Table 1). These results provide a platform for Cu2+ and 
Zn2+ sensing in either biological or environmental condi-
tion accompanied by structural transformation occasioned 
by ring opening of the spirocyclic unit via a “turn-on” chela-
tion-enhanced fluorescent (CHEF) mechanism [31]. It is 
worth mentioning that we also tested additional monovalent 
and trivalent ions (i.e., Al3+, Fe3+, Cr3+, Na+, Ag+ and K+). 
However, titration experiments resulted in non-coordinated 
uncomplexed colloidal suspensions, which made further 
photophysical experiments rather difficult. Therefore, we 
limited in this study the probe responses to representative 
divalent metal ions shown in Fig. 2A.

Due to the overriding sensing performance of RBS for 
Cu2+, we performed titration experiments. The results indi-
cated that the probe displays significant “turn-on” responses 
upon incremental addition of Cu2+ (0–25 μM ranging from 0 
to 10 equiv) (Fig. 3A). The corresponding absorption spectra 
are shown in Fig. S14.

The saturation point was easily reached with the addition 
of just 7 equiv of Cu2+, indicating tight binding. However, 
the reversibility of, in particular, RBS–Cu2+ formation is 
underscored by a reversible color transition from reddish 
pink back to colorless upon addition of EDTA which brought 
down the emission intensity to the same level as in the origi-
nal uncomplexed RBS (Fig. 3B). Thereby, the loss of the 
spectroscopic features of the system due to the induced 
decomplexation process would be indicative of the restor-
ing of the spirocyclic form. The equilibrium interchange [14] 
between the open and closed spirolactam ring in reversible 
motif prompted by EDTA addition could be an index for 
monitoring metal complex formation and subsequent sens-
ing of M2+.

Among the divalent metal ions tested for RBS sensing, 
Cu2+ and Zn2+ are, undoubtedly, notable in this work. How-
ever, where both metal ions co-exist, selectivity should be an 
important parameter for testing the performance of a novel 
probe like RBS. In this regard, we conducted a competitive 
experiment by monitoring the change in fluorescent intensi-
ties at 580 nm upon addition of 5 equiv of Cu2+ to a solution 
of different metal ions (5 equiv). The results are displayed in 
the chart (Fig. 4A). High selectivity of RBS for Cu2+ from 
among all the metals tested was underscored by the signifi-
cant fluorescent profile in a co-existing multi-metallic inter-
ference environment. Furthermore, confirmation of the con-
tinued selectivity and sensitivity dominance of Cu2+ sensing 
among multi-metallic interferences was further proved by 
the addition of RBS–Zn2+ to various cations, which did not 
induce any noticeable changes in the relative intensities of 
other metal ions except Cu2+ (Fig. 4B).

3.3 � Dual sensing profile of RBS

Fluorescent transition from colorless to reddish pink and 
colorless to yellowish green favoring RBS–Cu2+ and 
RBS–Zn2+ falls within the addition of 1–7 equiv of metal 
ions to RBS. From Benesi–Hildebrand plots, we could 
determine the binding constants of 5.12 × 108 and 3.6 × 108, 
respectively, which are high enough to justify stable 
RBS–M2+ bindings (Fig. 5).

The detection limit of Cu2+ and Zn2+ via fluorescent 
response was the same as 3.0 nM, which allows sensing 
of both metal ions in the nanomolar concentration range. 
It is noteworthy that colorimetric responses capable of 
being detected with the naked eye proceeded with the 
incremental addition of metal ions (8–10 equiv) to RBS 
(Fig. 6A). The colorimetry responses were supported by 
a linear relationship between the absorption intensity at 
452 nm and various concentration of metal ions in the 
range 1–100 μM (Fig. 6B) with correlation coefficients of 
0.9926 (RBS–Cu2+) and 0.9923 (RBS–Zn2+). The limit 
of colorimetric detections of RBS for Cu2+ and Zn2+ were 
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2.14 × 10–8 and 4.0 × 10–8 mol L−1, respectively. Hence, the 
results obtained, to a large extent, validate the reliability 
and practicality of the established dual-mode colorimetry 
and fluorescent sensing of Cu2+ and Zn2+. Furthermore, the 
dual-mode sensing of Cu2+ and Zn2+ by RBS was compared 
with a series of previously reported probes (Table 2). In 
general, results shown in this work are encouraging and 
superior in some cases.

3.4 � Stability profile of RBS in sensing Cu2+ and Zn2+

Photo and chemical stability are major pre-requisites for any 
chemosensor to be considered for biological and environ-
mental applications [35]. Thus, we determined the stabil-
ity of RBS–Cu2+ and RBS–Zn2+ over the physiologically 
relevant pH range (1–12) (Fig. 7). Only RBS–Cu2+ was 
found to be strongly pH dependent and recorded relatively 
weak fluorescent decline up to pH 5. However, there was an 
exponential increase in fluorescence up to pH 11, indicat-
ing that proper pH is a pre-condition for bio-application of 
RBS–Cu2+. On the other hand, neither RBS nor RBS–Zn2+ 
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was pH dependent, showing that RBS could not be used for 
Zn2+ detection under physiologically aqueous conditions. 
More detailed experiments are yet necessary to unequivo-
cally correlate protonation/deprotonation rate constants 
and/or induction of molecular aggregation with the emis-
sion intensity profile over the pH scale for the different 
complexes.

Secondly, to establish the photostability profile, we irradi-
ated a solution of RBS–Cu2+ and RBS–Zn2+ at 356 nm up 
to 60 min. The absorption and emission as a consequence of 
the irradiation are comparatively illustrated in Fig. 8. As it 
can be observed, RBS in its complex formation is adequately 
photostable in sensing both Cu2+ and Zn2+, as there are no 
significant absorption and emission changes at their respec-
tive maximum band peaks.

Table 2   Comparison of other probes for Cu2+ and Zn2+ sensing with 
the probe reported in this work

F fluorescent mode, C colorimetry mode

Recognition/mode Probe based LOD (M) References

Cu2+/F Rhodamine 1.0 × 10–9 [32]
Zn2+/F Rhodamine 1.0 × 10–6 [20]
Cu2+/F Rhodamine 1.16 × 10–9 [33]
Zn2+/F Fluorescein 3.36 × 10–7 [34]
Cu2+/C Fluorescein 2.19 × 10–6 [34]
Cu2+/C Schiff base 7.1 × 10–8 [9]
Cu2+/F Schiff base 3.8 × 10–8 [9]
Zn2+/F Schiff base 7.69 × 10–9 [10]
Cu2+/C Schiff base 5.35 × 10–9 [10]
Cu2+/F Rhodamine–POSS 3.0 × 10–9 This work
Zn2+/F Rhodamine–POSS 3.0 × 10–9 This work
Cu2+/C Rhodamine–POSS 2.14 × 10–8 This work
Zn2+/C Rhodamine–POSS 4.0 × 10–8 This work
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Along with the adequate photostability shown by RBS 
in sensing Cu2+ and Zn2+, the fast sensing response time 
toward these metal ions should also be highlighted, within 
11 and 13 min, respectively, and keeping constant thereafter 
for a reasonable period of time (Fig. 9).

Additionally, the excited state of RBS–Cu2+ and 
RBS–Zn2+ showed adequate lifetime within 3.20 ns and 
1.68 ns, respectively, which equally signified sensing sta-
bility (Table 1). The recovery of both fluorimetry and col-
orimetry detections of Cu2+ and Zn2+ is on the high side 
(96.4–98.3%; values calculated from Fig. 8 = [max–min]/
[min] × 100) (Table 1), corroborating the good stability, reli-
ability and practicality of the dual sensing properties of RBS 
for these metal ions. These results underpinned to a large 
extent earlier studies [21, 22], reiterating triazolyl-POSS 
with scavenging photodegradation. Our designed bis-tria-
zolyl-POSS anchoring rhodamine enhanced the photostabil-
ity as a result of the strong binding profile of bis-triazoles to 
metal ions. The folding tendency of the triazole unit toward 
metal coordination depends on the bulkiness of the group 
at the terminal. In this sense, the inclusion of large POSS 
units facilitates the folding over the diamino linker favoring 
a stronger metal coordination.

3.5 � Coordination sensing mechanism

The observed dual-mode visuality prompted by fluorescent 
and colorimetric responses of RBS to Cu2+ and Zn2+ occa-
sioned, undoubtedly, the plausible binding modes vis-à-vis 
structural orientation as detailed in Fig. 10. Job’s plot indi-
cates that RBS–Cu2+ and RBS–Zn2+ have preferences for 
2:1 and 1:1 binding stoichiometry, respectively (Fig. 11). 
The observed discrepancy in the binding stoichiometry 
suggests different binding orientations with respect to bis-
tirazole (–N=N–Cu–N=N–) and open spirolactam carbonyl 
of the amide/triazole (O–Cu–N=N). Plausibly, once the 
Cu2+ or Zn2+ is fixed in the cavity of RBS via the coordina-
tion–bonding interaction, the electron cloud on the electron-
rich imine fragment will transfer to the large rhodamine ring 
system resulting in the ring opening of spirolactam amide 
to form a five-member or six-member ring [36]. The exclu-
sive sensing of Cu2+ and Zn2+ owes to the stronger ability 
of these ions toward the ligand due to the optimal size of 
RBS cavity. We can further explain this phenomenon based 
on hard and soft acid and base interaction (HSAB) theory 
[36, 37] and chelation size [38], since Cu2+ and Zn2+ have 

comparable chelating sizes. The predominating selectivity 
of RBS for Cu2+ is based on an analogy that the metal ion 
is a hard acid, which preferentially opts for a stronger “N” 
hard base in the triazole moiety [35]. 

As predicted, RBS was much more selective for Cu2+ 
than Zn2+ and free from cross reactivity with other compet-
ing metal ions. It should also be considered that an inter-
ference of Zn2+ could be significant where Cu2+ and Zn2+ 
co-exist in analytical samples for physiological applica-
tions. This prompted us to carry out further dual metal sys-
tem experiments. The addition of Zn2+ to the RBS–Cu2+ 
resulted in a 2.1-fold fluorescent intensity (see Fig. 10, 
inset). Such enhancement may be due to the addition of 
Zn2+, which possesses the tendency to displace Cu2+ from 
the triazole–triazole (N=N–Cu–N=N) coordination and, 
eventually, opt for amide–triazole (O–Cu–N=N) coordina-
tion. As previously proposed [39], and supporting our anal-
ogy, the folding tendency of the triazole unit moves toward 
the amide segment and is favorable for Zn2+ coordination. 
Furthermore, the dangling bulky triazolyl-POSS could 
facilitate Zn+2 coordination during Cu2+/Zn2+ exchange.

3.6 � Deployment of the resulting RBS–Cu2+ 
and RBS–Zn2+ for fingerprinting imaging

Inspired by our most recent work [21, 22] where we success-
fully took advantage of fluorophore-triazolyl-POSS for fin-
gerprint imaging, coupled with various reported M+X com-
plexes [40–42], we considered it worthwhile to adopt the 
fluorescent and colorimetric attributes of RBS–M2+ in fin-
gerprint imaging. For these studies, fingerprints of selected 
donors were imaged and detected via both fluorescent and 
colorimetric responses of RBS–Cu2+ and RBS–Zn2+ with 
high sensitivity, selectivity and legibility (Fig. 12).

Detailed observation of the ridge features showed Whorf, 
bifurcation and ridge ending, which to a large extent fulfill 
the requirements of fingerprint identifications in forensic 
science.

A judicious balance of hydrophobic and π–π interac-
tions have been recognized in previous reports [21, 22]. 
Accordingly, RBS–M2+ was designed to possess multiple 
binding profiles which are subsequently available for inter-
action with the –C=O and –NH2 of amino acids in finger-
print oils (Fig. 13). The whole ensemble, which consists 
of RBS–M2+ in non-covalent interactions with –C=O and 
–NH2, formed a ternary complex that cooperatively work 
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to provide stabilized fingerprint detection and eventual 
imaging. Some fluorescent chemosensor systems have been 
developed to detect amino acids based on probe–metal 
ion ensembles [15]. Importantly, brightness, contrast and 
visual legibility remained unchanged up to 1 year, when 

developed with RBS–Cu2+ under fluorescent response (2 
equiv of Cu2+). However, dimmer and less contrast pink 
and green images surfaced at the end of the 6th month for 
RBS–Cu2+ and RBS–Zn2+, respectively, when colorimet-
ric responses (10 equiv) predominate.
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We could ascribe the apparently lesser short-lived 
and dimmer image features obtained under colorimetric 
responses to unhidden open images that are frequently 
exposed to light, which eventually fade the pink and yellow-
ish green fingerprint images over time. Obviously, the latent 
nature of fingerprint developed by fluorescent RBS–Cu2+ (2 
equiv) forestalls frequent exposure to light and eventually 

confers extra stability to the reddish pink fingerprint image 
which spanned over 12 months.

4 � Conclusion

We have established a “turn-on” type of CHEF and 
colorimetric sensor for Cu2+ and Zn2+, respectively, 
using a novel RBS derivative. The binding pattern for 
RBS–Cu2+ (2:1) and RBS–Zn2+ (1:1) exist by coordina-
tion of the corresponding metal ions with triazole–triazole 
and triazole–amide moieties. Competitive experiments with 
RBS–Cu2+ showed that the addition of Zn2+ could displace 
Cu2+ by triggering a fluorescent enhancement (2.1-fold). The 
synthetic design of the RBS sensor was modular, being pos-
sible to further attach a number of other fluorophores using 
“click” chemistry while creating a library of M2+ sensors 
with different excitations, absorptions and emission wave-
length. This is the first example of a bis-triazolyl-POSS con-
jugate anchoring on rhodamine. Therefore, one can envisage 
other uses for such a generic system in chemical sensing 
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vis-à-vis coordination chemistry. Furthermore, we used a 
novel application of the resultant RBS–M2+ for fingerprint-
ing detection vis-à-vis imaging with promising sensitivity, 
stability and legibility.
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