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A zinc-responsive fluorophore based on 5’-(p-hydroxyphenyl)-
pyridylthiazole
Yuichiro Watanabe,a Wanna Sungnoi,a Andrew O. Sartorio,b Matthias Zeller,a and Alexander Wei*a,c

The synthesis and photophysical properties of an ion-sensitive fluorescent compound are described, featuring 5’-(p-
hydroxyphenyl)pyridylthiazole (HPPT) as a highly emissive fluorophore.  Density functional theory (DFT) calculations indicate 
that HPPT is capable of intramolecular charge transfer (ICT), with further polarization upon complexation with Zn(II). A 4’-
picolyloxy-HPPT derivative was prepared and determined to form a 1:1 complex with Zn(NO3)2 in acetonitrile, with a Stokes 
shift of 137 nm (6323 cm-1) and a 67-nm bathochromic shift in emission relative to the neutral ligand, and a fluorescence 
quantum yield (ΦPL) of 92%. An X-ray crystal structure of the HPPT–Zn(II) complex confirmed a tridentate structure with a 
seven-membered chelate ring, and the picolyloxy unit rotated out of plane.

Introduction
Chemically responsive fluorescent dyes are useful as 

probes for biological imaging and as components in the design 
of molecular logic gates.1,2,3,4,5 In many cases, molecular 
recognition events can be transduced by fluorescence using 
photoinduced electron transfer (PET) or intramolecular charge 
transfer (ICT) mechanisms.6,7 The latter has been broadly 
applied toward the design of ratiometric fluorescence sensing 
modalities that can quantify changes in the concentration of 
specific analytes.

ICT is commonly observed in π-conjugated systems with 
electron-rich and electron-poor (donor and acceptor) units at 
opposite ends of the molecule. If the excited-state dipole is 
proximal to an ion binding site, then ICT efficiency can be 
modulated in a supramolecular fashion. For example, acceptor 
units that can bind metal ions may experience an increased 
electric polarization upon chelation, causing a bathochromic 
shift in photoemission (Figure 1a). Ratiometric fluorescence 
sensing has been applied successfully toward the detection of 
transition-metal ions including Zn(II), an essential cofactor in 
many biological functions.8,9,10 The Zn(II) ion is compatible with 
excited-state processes, and can be incorporated into the 
design of fluorophores with large Stokes shifts.11,12,13,14

 
Figure 1. (a) Intramolecular charge transfer (ICT) within a π-conjugated 
donor–acceptor system, modulated by ion binding; (b) a Zn(II)-binding 
fluorophore using 5’-(p-hydroxyphenyl)pyridylthiazole (HPPT) as an 
ICT platform.

Several Zn(II)-binding fluorophores are based on well-
established dye scaffolds such as BODIPY,1,15 xanthene,3,16 and 
coumarin,3b,11 which all have high quantum yields (ΦPL) but 
produce small Stokes shifts upon metal ion binding. 
Fluorophores containing quinoline units have been shown to 
respond to Zn(II) with Stokes shifts of over 200 nm (8500 cm-

1), but are limited by their low ΦPL.13 These earlier examples 
set the stage for developing new classes of ion-responsive 
fluorophores, featuring supramolecular binding motifs that 
have direct impact on their excited-state dipoles. 

We have identified 5’-phenyl-2’-(2-pyridyl)thiazole (PPT) as 
a promising scaffold for the rational design of ratiometric 
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fluorescent probes, using the ICT approach (Figure 1b). The 
bidentate cleft of the pyridylthiazole unit can be fashioned into 
a receptor for transition-metal ions, providing a useful 
mechanism for lowering the energy of its acceptor state.17,18 
Earlier studies on the chemistry and photophysical properties 
of 2’-(2-pyridyl)thiazoles by Yan19 and Beckert20 have shown 
these compounds to be capable of supporting high ΦPL and 
large Stokes shift due to structural changes in their excited 
states, with considerable tolerance for chemical modification. 
Their studies provide an excellent starting point for designing 
PPT derivatives whose fluorescence outputs can be tuned by 
well-defined supramolecular interactions. In this paper, we 
introduce 5’-(p-hydroxyphenyl)pyridylthiazole (HPPT) as a 
highly emissive ICT-type fluorophore, and a Zn(II)-binding 
HPPT derivative that exhibits a 67-nm bathochromic shift in 
emission upon complexation, with 92% ΦPL and a Stokes shift 
of 137 nm (6323 cm-1).

Results and discussion
DFT calculations. To determine the feasibility of generating 
excited-state ICT within the PPT scaffold, we first conducted 
density functional theory (DFT) calculations to evaluate the 
effects of p-substitution on the phenyl ring of the PPT unit, 
with and without Zn(II) complexation. 21  HPPT was selected as 
an ICT-type fluorophore due to the strong polarization of its 
molecular orbital (MO) states by the p-hydroxyl group, relative 
to that of unsubstituted PPT (Figure 2 and ESI).  Coordination 
between the pyridylthiazole unit and Zn(NO3)2 further 
increased polarization of the LUMO coefficients as expected, 
with the decrease in energy band gap (ΔEg) being most 
pronounced for HPPT. We also performed DFT calculations on

Figure 2. DFT calculations of energy bands and spatial distributions of 
molecular orbital coefficients (HOMO and LUMO) for 4′-O-Et-PPT (1), 4′-O-
Et-HPPT (2), and 2–Zn(II). See ESI for additional DFT calculations. 

pyridylthiazole derivatives bearing an picolyloxy group (4’-O-
Pic-PPT 3 and 4′-O-Pic-HPPT 4), a well-known ancillary ligand 
for stabilizing Zn(II) binding, and confirmed that its presence 
had a negligible effect on the spatial distribution of MO 
coefficients (see ESI).

Synthesis. PPT derivatives with a 4’-hydroxyl on the central 
thiazole ring were prepared using Hantzsch conditions,22 
similar to those described by Beckert and coworkers (Scheme 
1).23,24 In the case of HPPT, ethyl p-hydroxyphenylacetate was 
converted to a pivaloyl ester then brominated at the 
methylene position, and condensed with 2-pyridylthioamide 
by microwave heating to yield the corresponding 4’-
hydroxythiazole in 25% yield over three steps. O-Alkylation 
with ethyl iodide or picolyl bromide followed by methanolysis 
produced 4′-O-Et-HPPT (2) or 4′-O-Pic-HPPT (4) respectively. 
PPT derivatives lacking the p-hydroxyl group, namely  4′-O-Et-
PPT (1) and 4′-O-Pic-PPT (3), were prepared according to 
literature procedure and alkylated as described above.24

Scheme 1. Synthesis of HPPT derivatives 2 and 4. (a) (i) PivCl, DMAP, 
pyridine; (ii) NBS, AIBN, TFT, 80 C. (b) 2-pyridylthioamide, EtOH, 90 C (μW). 
(c) EtI, K2CO3, acetone. (d) 2-PicBr·HBr, K2CO3, acetone. (e) K2CO3, MeOH. See 
ESI for reagent abbreviations.

X-ray crystal structure determination. The crystal structure of 
compound 4 revealed the π-conjugated chromophore to be 
nearly planar (phenyl–thiazolyl dihedral angle = 12.15°; 
pyridyl–thiazolyl dihedral angle = 7.33°), with the nitrogen 
atoms adopting a transoid geometry to minimize steric 
interactions between rings. In contrast, the 4’-O-picolyl group 
is nearly perpendicular with respect to the thiazole ring (Figure 
3a). The crystal structure of complex 4–Zn(II), which was 
prepared by mixing Zn(NO3)2 with 4 in equimolar ratio, 
confirmed the tridentate nature of Zn coordination by the 4′-
O-picolyl unit and the two pyridylthiazole nitrogens in cisoid 
geometry (Figure 3b). The bite angles for N1–Zn–N2 and N2–
Zn–N3 are 77.8° and 100.2°, respectively. Notably, there are 
no significant differences in the distances between Zn–N 
bonds (Zn–N1 bond length = 2.121 Å; Zn–N2 = 2.125 Å; Zn–N3 
= 2.110 Å), despite the fact that the pyridine ring in the 
picolyloxy arm is rotated out of plane by 26.4° relative to the 
thiazole. The seven-membered chelate ring is uncommon,25  
but may be a useful binding motif in the design of other 
coordination complexes.
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Figure 3. X-ray crystal structures of (a) 4′-O-Pic-HPPT (4) and (b) 4–
Zn(II). Nitrate counterions are omitted for clarity. Thermal ellipsoids 
are shown at 50% probability.

Photophysical properties. Absorbance and photoluminescence (PL) 
spectra of 4′-O-Pic-PPT 3 and 4′-O-Pic-HPPT 4 were acquired in 
solvents of varying polarity to determine the extent of electric 
polarization within HPPT (Figure 4). HPPT 4 has a strong absorption 
band near 380 nm (εM = 2 × 104 M−1 cm−1, CH3CN) corresponding 
with its π–π* transition, and is redshifted by 11 nm relative to that 
of PPT 3 (max = 369 nm). 4 also exhibits solvatochromism in its PL 
spectra, with a shift in peak emission (em) from 461 nm in toluene 
(εd 2.38) to 487 nm in ethanol (εd 24.5), indicating increased 
stabilization of its excited-state dipole by a polar environment (see 
ESI).26  Similar phenomena were observed with 4’-O-ethyl derivative 
2, validating HPPT as a donor–acceptor ICT system (Table 1 and ESI). 
The ΦPL for all PPT derivatives in acetonitrile are well over 90%, and 
correlate well with previous studies.20,23 Optical band gaps (Eg) were 
estimated from the absorption edge to be 3.0 eV for 1 and 3 and 
2.9 eV for 2 and 4, indicating minimal perturbation of the -
conjugated system by the 4′-O-alkyl unit.

Coordination of Zn(II) to 4’-O-Pic-HPPT 4 led to striking changes 
in emission colour with retention of high ΦPL (Table 1). The em of 4 
shifted by 67 nm toward the red upon Zn(II) binding, from 472 to 
539 nm. A 22-nm redshift in absorbance (Δλmax) from 380 to 402 nm 
was also observed, with well-defined isosbestic points at 305 and 
393 nm (Figure 5a). Stoichiometric titration of Zn(NO3)2 into a 
CH3CN solution of 4 produced linear changes in both absorption and 
emission peak intensities, with no further change after one molar 
equivalent (Figure 5b). The association constant (Ka) for Zn2+ 
binding by 4 was determined to be 9.6 × 107 M-1 (see ESI), higher 
than that reported for some similar compounds in CH3CN.18 In 
comparison, coordination of Zn(II) to 4’-O-Pic-PPT 3 induced much 
smaller redshifts in emission (Δem = 22 nm) and absorbance (Δmax 
= 14 nm), as well as a slight loss in ΦPL and a lower Ka value (see ESI). 

No redshifts were observed for 4’-O-ethyl derivatives 1 or 2, 
meaning that the pyridyl nitrogen in the 4’-O-picolyl group was 
necessary for Zn(II) binding, and could adopt an appropriate 
geometry for stable complex formation. Lastly, exchanging 
counterions from nitrate to perchlorate or triflate had little effect 
on the photophysical properties of 4 (see ESI).

Figure 4. (a) Optical absorption and normalized PL spectra of 4′-O-Pic-
PPT 3 and (b) 4′-O-Pic-HPPT 4. Spectra recorded at 30 µM and 20 C.

Table 1. Photophysical properties of PPT derivatives (in CH3CN)

Compound Abs (max) 
(nm)

εM  × 104 
(M–1 cm–1)

em

(nm) a
νSt

(cm–1/nm)
ΦPL

(%) b

1 (4′-O-Et-PPT) 371 1.90 454 4928/ 83 96

2 (4′-O-Et-HPPT) 383 1.77 476 5101/ 93 96

3 (4’-O-Pic-PPT) 369 1.97 454 5074/ 85 94

4 (4’-O-Pic-HPPT) 380 2.07 472 5129/ 92 92

3–Zn(II) 383 1.82 476 5101/ 93 87

4–Zn(II) 402 1.85 539 6323/ 137 92

a ex = 370 nm for 1 and 3, 380 nm for 2 and 4, 383 nm for 3–Zn(II), and 
402 nm for 4–Zn(II). b ΦPL determined using an integrating sphere. 

a

b

a

b
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Figure 5. (a) Spectral changes in the absorbance of 4 (30 μM) upon titration 
of Zn(NO3)2·6 H2O (3 mM in CH3CN). (b) Stoichiometry of 4–Zn(II) complex 
formation in CH3CN using the molar ratio method, based on absorbance 
maxima.

With regard to visual perception, HPPT derivatives produce 
photons that are easily detected by the human eye. The 
photoluminescence of 4 (ex/em = 393/472 nm) corresponds 
with chromaticity coordinates (0.15,0.22) in Commission 
Internationale de L'Eclairage (CIE) 1931 colour space (Figure 
6).27 Formation of the 4–Zn(II) complex results in a peak 
emission at 539 nm, which shifts the CIE coordinates to 
(0.34,0.56) within the green region. To translate these CIE 
coordinates into an optical readout of Zn(II) binding, the ratio 
of emission intensities at 539 and 472 nm (F539/F472) increases 
from 0.12 in the absence of Zn(II) to 2.77 in the presence of 
equimolar Zn(II). This ratiometric increase is greater than 20-
fold, and implies that 4 can function as a single-excitation dual-
emission probe for Zn(II) at wavelengths appropriate for 
unaided visual analysis. For comparison, the CIE coordinates 
for PL emission from PPT derivative 3 (ex/em = 377/454 nm) 
shift in response to Zn(II) from CIE (0.15,0.10) to CIE (0.16,0.25) 
(em for 3–Zn(II) = 476 nm). The ratio of emission intensities 
(F476/F454) changes from 0.72 in the absence of Zn(II) to 1.38 in 
the presence of equimolar Zn(II), corresponding to less than a 
2-fold increase. Moreover, 4–Zn(II) has a Stokes shift of 137 
nm (νSt = 6323 cm-1), whereas that of 3–Zn(II) is 93 nm or 5101 
cm-1 (Table 1 and ESI). The larger Stokes shift reduces the 
overlap between excitation and emission bands, and 
minimizes self-quenching.

 
Figure 6. (a) Spectral changes in the photoluminescence of 4 (30 μM in 
CH3CN) upon titration of Zn(NO3)2·6 H2O (3 mM in CH3CN) and excitation at 
the isosbestic point (ex = 393 nm). (b) CIE chromaticity diagram of 4 showing 
the progression in emitted light with Zn(NO3)2 addition. 

Conclusions
5’-(p-Hydroxyphenyl)pyridylthiazole is a new ICT-type fluoro-
phore that can be configured for a strongly emissive response 
to Zn(II) ions. The HPPT platform is easy to synthesize and 
amenable to derivatization, particularly at the 4’ position. The 
4’-O-picolyl arm stabilizes the coordination of Zn(II), as shown 
by x-ray crystallography and by the absence of a Zn-induced 
shift in emission for 4’-O-ethyl HPPT 2 in solution. The p-
hydroxyphenyl unit in Pic-HPPT 4 is responsible for a 67-nm 
shift in emission upon Zn(II) binding, compared with a 22-nm 
shift in emission for PPT 3. The 4–Zn(II) complex has a 
relatively large Stokes shift of 137 nm or 6323 cm–1, which 
bodes well for optical sensing and imaging applications. 
Investigations on the metal-ion binding properties of HPPT 
derivatives in aqueous solutions are in progress, and will be 
reported in due course.

Experimental
Chemical reagents and supplies obtained from commercial vendors 
were used as supplied unless otherwise noted. N-bromo-
succinimide (NBS) was recrystallized from water as a white 
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crystalline solid. Microwave reactions were performed using a CEM 
Discovery microwave reactor. 1H and 13C NMR spectra were 
collected at room temperature on a Varian INOVA 300, Bruker 
AV400 HD, or AV800 HD spectrometer. NMR samples were 
prepared in chloroform-d, acetone-d6, or dimethyl sulfoxide-d6, 
with chemical shifts () reported in ppm relative to residual solvent 
resonances as internal standards. Electrospray ionization mass 
spectra were obtained using an Advion Expression compact 
spectrometer. Full details on the synthesis and characterization of 
1–4 and their intermeidates are described in the ESI.

Absorption spectra were acquired on a Varian Cary50 Bio UV-
Vis spectrophotometer using a 1-cm quartz cuvette. 
Photoluminescence spectra and absolute quantum yields (ΦPL) 
were measured using an Edinburgh Instruments FLS 980 
spectrometer with an integrating sphere accessory. Chromaticity 
(CIE) coordinates were analysed with F980 software. Quantum 
chemical calculations were performed using the hybrid density 
functional theory (DFT) functional (Gaussian 16).21  Geometries of 
PPT derivatives were optimized at the B3LYP level using the 6-
31+G(d,p) basis set for the ground state. Geometries of PPT–Zn(II) 
complexes were optimized at the B3LYP/Gen level using the 6-
31+G(d,p) basis set for H, C, N atoms and LANL2DZ basis set for the 
Zn(II) atom in the gas phase. Crystallographic data reported in this 
paper are tabulated in the supplementary materials and archived at 
the Cambridge Crystallographic Data Centre under reference 
numbers CCDC 1960137 and 1960138.                          
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