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sensors. Such sensors do not require bat-
teries, are not prone to photobleaching, 
and the optical readout is discernable by 
the naked eye. Hydrogel-based photonic 
crystals have been used to design various 
metal sensors, [ 6–8 ]  whereby selectivity was 
introduced by incorporating different 
molecular recognition groups such as 
crown ether [ 9–12 ]  and 8-hydroxyquino-
line. [ 13 ]  Due to their 1D photonic structure 
and ease of fabrication, cholesteric liquid 
crystals [ 14–17 ]  have also attracted much 
attention as optical sensors. [ 18–21 ]  To date, a 
few metal sensors from cholesteric liquid 
crystalline (CLC) materials have been 
reported by incorporating crown ether 
moieties for the detection of metal cations 
in aqueous solutions. [ 22,23 ]  The fabrication 

of an optical metal sensor that shows a high selectivity and sen-
sitivity remains a challenge, however. 

 We now report on a metal sensor based on CLC polymer 
fi lm that demonstrates a remarkable selectivity and optical 
response toward calcium, which is related to the preorganized 
binding sites in the liquid crystalline photonic fi lm. Varying the 
Ca 2+  concentration between 10 −4  and 10 −2   M  induced a robust 
optical response that was clearly visible to the naked eye. The 
sensor could also be used as a test strip for detection of calcium 
in human serum.  

  2.     Results and Discussion 

  2.1.     Preparation of the Polymer Optical Sensor 

 The cholesteric liquid crystal mixture ( Scheme    1  ) used in this 
study is based on the mixture reported by Shibaev et al. [ 24 ]  It 
consists of a monoacrylate (RM 105, 27.7 wt%) mesogen and 
a diacrylate (RM 257, 22.5 wt%) mesogen. Benzoic acid group 
functionalized polymerizable molecules viz .  6OBA (16.4 wt%) 
and 6OBAM (16.4 wt%) were incorporated to bind metal ions. 
Two different benzoic acids were used to prevent crystallization 
of the CLC mixture at room temperature. Nonpolymerizable 
dicarboxylic acid, R-(+)-3-methyladipic acid (MAA, 16.4 wt%) 
acts as the chiral dopant to induce formation of chiral nematic 
liquid crystalline phase. Irgacure 369 (0.6 wt%) acts as the ini-
tiator for photopolymerization. The planar alignment of the 
CLC mixture was achieved by shearing between a methacrylate 
functionalized glass substrate (lower) and a fl uorinated alkylsi-
lane functionalized glass slide (upper). The CLC mixture was 
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  1.     Introduction 

 Detection and quantifi cation of metal ions is important in 
many fi elds including medical diagnosis, clinical toxicology, 
environmental monitoring, and waste water management. [ 1 ]  
Several techniques, such as atomic absorption spectroscopy, 
inductively coupled plasma mass spectroscopy, and inductively 
coupled plasma optical emission spectroscopy are employed for 
determination of the amount of metal ions with great precision. 
Besides requiring specialized equipment, these techniques 
require complex sample preparation and are typically expen-
sive. Therefore, development of an affordable, quick, and easy-
to-use technology that enables detection of metal ions even in 
areas where access to laboratory facilities is limited remains of 
continued interest. In this respect, a test strip with an optical 
readout discernable by the naked eye is appealing. 

 Photonic crystals [ 2–5 ]  that are able to refl ect light have 
emerged as an attractive material for the development of optical 

Adv. Funct. Mater. 2016, 26, 1154–1160

www.afm-journal.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adfm.201504534


FU
LL P

A
P
ER

1155wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

then photopolymerized at room temperature during which the 
polymer fi lm becomes covalently bonded to the methacrylate 
functionalized glass substrate as well. The upper glass slide 
was then removed to obtain a circular CLC polymer fi lm with a 
diameter ≈2 cm and a thickness of ≈10 µm and the green selec-
tive refl ection band (SRB) was centered around  λ  = 512 nm 
( Figure    1  ). The FT-IR (Fourier Transform Infrared) spectrum 
of the polymer fi lm (see Figure S1, Supporting Information) 
showed the absence of C C double bond of the acrylate as no 
peaks are present at 809 or 985 cm −1 . [ 25 ]  A highly intense peak 
centered at 1696 cm −1  was observed due to the stretching vibra-
tion of hydrogen bonded C O. The broad nature of this peak 
suggests the presence of more than one type of H-bonded car-
boxylic acids, [ 26 ]  i.e., H-bonded MAAs, H-bonded benzoic acids, 
and mixed MAA-benzoic acid complexes. It should be noted 
that since the molar concentration of MAA with respect to each 
benzoic acid is double, not all the carboxylic acid moieties of 
the MAA molecules are bound to the polymer network. Ther-
mogravimetric analysis (TGA) showed a weight loss of 16.5% 
in the temperature range of 120–200 °C (Figure S2, Supporting 
Information), which can be attributed to evaporation of MAA.   

 In order to enhance the optical response of the polymer 
fi lm, the chiral molecule MAA was removed by extracting 
using an organic solvent (tetrahydrofuran). [ 27 ]  The TGA pro-
fi le (Figure S2, Supporting Information) of this more fl exible 

polymer fi lm did not show any loss in weight below 300 °C, 
which is consistent with complete removal of MAA. The FT-IR 
spectrum showed a sharp vibration peak at 1680 cm −1  indi-
cating the presence of H-bonded dimer of 6OBA and 6OBAM 
(Figure S1, Supporting Information). [ 25 ]  Upon removal of the 
chiral dopant, the refl ection band shifted to  λ  ≈ 380 nm indi-
cating that the helical structure is still present and that a chiral-
imprinted polymer network has been formed (Figure  1 a,b). The 
blue shift of ≈130 nm of the SRB suggests a collapse of the 
polymer coating which resulted in a decrease in pitch length as 
the number of pitches is invariant after polymerization. [ 28 ]  The 
remarkable wavelength shift of 25% is higher than the weight 
fraction of the chiral dopant (16.4 wt%), suggesting that the 
shrinkage in the polymer fi lm, having covalently linked to the 
glass substrate, mainly takes place in the vertical direction. 

 In order to make the polymer fi lm responsive to metal 
ions, the chiral imprinted fi lm was treated with KOH to con-
vert the benzoic acid units to potassium benzoate derivatives. 
FT-IR analysis of this KOH-treated fi lm showed the disappear-
ance of a stretching vibration peak due to H-bonded C O at 
1680 cm −1  (Figure S1, Supporting Information). The peak at 
1728 cm −1  due to the carbonyl of ester groups remained iden-
tical implying that KOH treatment does not affect the alkyl 
ester moieties. Two new peaks appeared at 1543 and 1382 cm −1 , 
corresponding to the asymmetric and symmetric stretching of 
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 Scheme 1.    CLC mixture used for the fabrication of photonic polymer fi lms.



FU
LL

 P
A
P
ER

1156 wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

COO − , [ 25 ]  which is consistent with complete deprotonation of 
the benzoic acid groups to form a K + -carboxylate salt. [ 24,25,29,30 ]  
This polymer potassium salt fi lm swells by absorbing water 
from KOH solution leading to an increase in pitch and thus 
a change in color with the refl ection band at  λ  = 540 nm 
(Figure  1 ), which is around the same wavelength as the pris-
tine fi lm. The bandwidth is narrower which might be due to 
the absorbed water lowering the birefringence in the fi lm. [ 31 ]  
This SRB is red shifted by 160 nm with respect to the chiral 
imprinted fi lm showing the ability of the fl exible polymer fi lm 
to reversibly change its optical properties over a large spectral 
range. When the fi lm was placed in deionized water, a small 
blue shift (≈17 nm) of the green refl ection band was observed.  

  2.2.     Detection of Metal Ions in Water 

 To investigate the binding effi cacy of the polymer potassium salt 
fi lm toward metal cations, they were exposed to 0.75 mL of 0.1  M  
of monovalent and divalent cations such as Na + , Mg 2+ , Ca 2+ , 
Zn 2+ , Cd 2+ , and Pb 2+  for 60 min and the optical response was 
monitored with UV–vis spectroscopy. It was observed that in all 
cases the refl ection band of the fi lms undergoes a blue shift to 
different extents ( Figure    2  a,b). Interestingly, a close examina-
tion of the blue shift,  Δλ , of the SRB (Figure  2 b), reveals that 
Ca 2+  gives the highest  Δλ  of 70 nm yielding a blue refl ecting 
fi lm whose color change can be clearly seen by the naked eye 

(Figure  2 a). To determine the selectivity of the polymer potas-
sium salt fi lm, Na + , Mg 2+ , Ca 2+ , Zn 2+ , and Cd 2+  ions were dis-
solved together in water such that the concentration of each of 
the nitrate salts was 0.1  M . On exposing the polymer salt fi lm 
to this metal ions solution, the SRB undergoes a blue shift of 
65 nm which is very close to  Δλ  ( = 70 nm) observed for Ca 2+  
( Figure    3  a). This suggests that Ca 2+  ions have the highest 
binding affi nity for the polymer fi lm relative to the other metal 
ions. To further test the Ca 2+  selectivity, a Ca 2+  polymer fi lm 
(vide infra) was exposed to Zn 2+ , Mg 2+ , Cd 2+ , and Na +  solutions 
(each of 1  M  concentration, 0.75 mL) consecutively. There was 
no change in the refl ection band (Figure  3 b), confi rming that 
calcium is strongly bound in the polymer fi lm (vide infra). From 
these studies it can be concluded that Ca 2+  binds selectively and 
strongly to the polymer fi lm over all the other metal ions studied. 
The binding of Ca 2+  apparently results in a large decrease in the 
length of helical pitch which may be due to dehydration of the 
fi lm leading to polymer shrinkage. [ 32 ]  The bound Ca 2+  ions can 
be washed away by treating the fi lm with dilute HNO 3  and the 
resulting fi lm can be reused. Moreover, the polymer potassium 
salt fi lms can be stored at ambient conditions for days.    

  2.3.     Detection of Calcium in Water 

 To investigate the calcium selectivity and sensitivity in more 
detail, the kinetics of the exchange reaction of K +  by Ca 2+  was 
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 Figure 1.    a) Photographs and b) UV–vis transmission spectra of the CLC polymer fi lm at the different preparation steps.
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investigated. The polymer potassium salt fi lm was treated with 
Ca 2+  (0.1  M ) and the change of the refl ection band was moni-
tored by UV–vis spectroscopy. Within a minute of exposure, the 
SRB of the wet polymer fi lm underwent a blue shift of ≈60 nm 
( Figure    4  a). An additional blue shift of 10 nm was observed in 
the next 60 min, which did not change any further. This reveals 
that exchange between K +  and Ca 2+  is rapid and apparently this 
exchange reaction is accompanied by release of absorbed water 
from the fi lm and hence a blue shift of the SRB. FT-IR meas-
urements showed an increase in the symmetric stretching 
frequency of COO −  from 1385 to 1394 cm −1  and decrease in 
the asymmetric stretching frequency of COO −  from 1543 to 
1531 cm −1  (Figure S1, Supporting Information) indicating 
binding of COO −  to Ca 2+ . [ 33,34 ]   

 In order to determine the stoichiometry of calcium compl-
exation, polymer potassium salt fi lms were exposed to different 
concentration of Ca 2+  ions. Figure  4 b shows the blue shift of the 
SRB as a function of the ratio of Ca 2+  ions to available benzoate 

binding sites (2.5 × 10 18  per fi lm). With an increased amount of 
Ca 2+  ions, an increase in the blue shift is observed before satu-
ration of the COO −  sites takes place. A sharp infl ection point 
is observed when the amount of calcium is ≈0.5 with respect 
to the binding sites indicating that two COO −  are binding one 
Ca 2+  ion and that the binding is strong. [ 35 ]  The TGA profi le of 
fully saturated Ca 2+ -polymer fi lm showed a content of 4 wt% 
at temperature above 600 °C (Figure S2, Supporting Informa-
tion) which corresponds to the amount of CaCO 3  that is formed 
when Ca 2+  binds to two COO −  binding sites and is heated up. [ 36 ]  

 The association constants of benzoic acid toward a variety of 
metal ions in solution do not show any preference for Ca 2+ . [ 37 ]  
It is well known that divalent calcium prefers bidentate over 
monodentate binding of carboxylate. [ 38 ]  In the CLC polymer 
fi lm, the benzoic acid groups are planarly aligned pointing 
toward each other by hydrogen bond interactions (vide supra). 
Most likely this preorganized planar-like geometry facilitated 
strong binding of calcium. [ 39 ]  Calcium-carboxylate complexes 
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 Figure 2.    a) UV–vis transmission spectrum of the polymer potassium 
salt fi lm in water and after exposure to 0.1  M  Ca 2+  solution. The inset 
shows photographs of the fi lm before and after exposure to 0.1  M  Ca 2+  
solution. b) Blue shift observed for the refl ection band of polymer potas-
sium salt fi lm after exposure to 0.75 mL of 0.1  M  NaNO 3 , Mg(NO 3 ) 2 , 
Ca(NO 3 ) 2 .4H 2 O, Zn(NO 3 ) 2 .6H 2 O, Cd(NO 3 ) 2 .4H 2 O, and Pb(NO 3 ) 2 . Error 
bar indicates mean ± standard deviation for fi ve measurements at dif-
ferent places on the fi lm. Duration of exposure to the metal ions solution 
was 60 min.
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 Figure 3.    UV–vis transmission spectrum of a) polymer potassium salt 
fi lm before and after exposure to mixture of equimolar metal ions Na + , 
Mg 2+ , Ca 2+ , Zn 2+ , Cd 2+ , and Pb 2+  (0.1  M  each). b) Calcium polymer salt 
fi lm on successive exposure to 1  M  of Zn 2+ , Mg 2+ , Cd 2+ , and Na +  solutions. 
Duration of exposure to the metal ions solution was 60 min.
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have been shown to be less hydrated, [ 38,40 ]  compared to other 
metal-carboxylate complexes, which is attributed to their low 
polarizing power of bound fi rst shell water molecules. [ 41 ]  This 
could explain the release of large amount of water leading to 
a large color change of the polymer fi lm upon binding to Ca 2+ . 
Presumably, it is the preorganization that is causing the strong, 
fast, and selective binding of Ca 2+  with subsequent dehydration 
of the fi lm.  

  2.4.     Detection of Calcium in Serum 

 To determine the effective range of calcium concentrations for 
which the polymer fi lm is most sensitive, the  Δλ  of the SRB 
was plotted versus the logarithm of different Ca 2+  concentra-
tions (log[Ca 2+ ]) ( Figure    5  a). It can be seen that the increase 

in  Δλ  occurs between 10 −4  and 10 −2   M  concentration of Ca 2+ . 
It should be noted that this sensitivity, however, will depend 
on the number of binding sites and the thickness of the fi lm. 
Interestingly, for a healthy human the amount of total calcium 
in blood occurs in the range of 2.1 × 10 −3  to 2.6 × 10 −3   M  [ 42 ]  
precisely in the range where the fi lm is most sensitive, indi-
cating that perhaps our fi lm could be used as an alternative 
readout system for this important diagnostic parameter. [ 43–51 ]  
For a healthy human, total magnesium levels in blood are in 
the range of 0.7 × 10 −3  to 1 × 10 −3   M . [ 52 ]  In order to determine 
the sensitivity of our sensor toward calcium, a Mg 2+ -polymer 
fi lm was treated with a 1  M  Ca 2+  solution (0.75 mL). A blue 
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 Figure 4.    a) UV–vis transmission spectrum of the polymer potassium 
salt fi lm on exposure to 0.1  M  Ca 2+  solution taken at different time. b) Blue 
shift of the refl ection band of polymer potassium salt fi lm after exposure 
to different concentration of Ca 2+  (inset: schematic illustration of the 
expected stoichiometry of Ca-carboxylate complex). The  X -axis represents 
the molar ratio of Ca 2+  to COO −  binding sites. Error bar indicates mean ± 
standard deviation for fi ve measurements at different places on the fi lm. 
Duration of exposure to the Ca 2+  solution was 60 min.

 Figure 5.    a) Blue shift of the refl ection band of polymer potassium 
salt fi lm after exposure to different molar concentration of Ca 2+  ions 
[Ca 2+ ]. Error bar indicates mean ± standard deviation for fi ve measure-
ments at different places on a fi lm. b) Blue shift of the refl ection band 
of polymer potassium salt fi lm after exposure to normal serum, hypocal-
cemia (hypoCa-1 and hypoCa-2), and hypercalcemia (hyperCa) samples. 
HypoCa-1 and HypoCa-2 were prepared by supplementing normal serum 
with 0.5 and 1 × 10 −3   M  EDTA, respectively. Error bar indicates mean ± 
standard deviation for measurements of three different fi lms. The inset 
shows photograph of the fi lms after exposure to normal serum, hypocal-
cemia, and hypercalcemia samples.
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shift of 14 nm of the SRB (Figure S3, Supporting Information) 
was observed indicating Ca 2+  has replaced Mg 2+  in the polymer 
fi lm. These results encouraged us to investigate the ability of 
the polymer potassium salt fi lm to detect calcium in serum. 
A blue shift in the SRB of ≈68 nm was observed when the 
polymer fi lm was treated with pooled normal human serum. 
In an attempt to explore the diagnostic potential of the fi lms, 
we then conducted experiments treating the fi lms with blood 
samples supplemented with 0.5 × 10 −3  and 1 × 10 −3   M  ethylene-
diaminetetraacetic acid (EDTA) (hypoCa-1 and hypoCa-2 respec-
tively) or 1 × 10 −3   M  CaCl 2  (hyperCa) in order to mimic hypo 
and hypercalcemic blood samples, respectively (Figure  5 b). As 
expected, fi lms treated with blood samples with a reduced Ca 2+  
concentration display a smaller blue shift (40 nm for hypoCa-1 
and 28 nm for hypoCa-2), while fi lms treated with blood sam-
ples with elevated Ca 2+  levels display an increased blue shift 
(75 nm), slightly higher than the maximum blue shift (≈69 nm) 
observed for aqueous Ca 2+  which may be due to the differ-
ence in osmotic pressure of blood serum compared to water. 
These results confi rm that the fi lm is sensitive to changes in 
Ca 2+  levels in the physiologically relevant concentration range 
and that the fi lm may eventually be used as an alternative, low-
cost readout system for the detection and quantifi cation of Ca 2+  
levels in blood serum. The difference in color of the fi lms after 
exposure to serum simulating hypocalcemia and hypercalcemia 
cannot be easily observed unaided, however, this can probably 
be addressed by using a smartphone camera app.    

  3.     Conclusion 

 An optical calcium sensor has been fabricated based on chiral 
imprinted cholesteric liquid crystalline polymer. The polymer 
photonic fi lm shows a remarkable selective response to calcium, 
with a color change from green to blue. This result is ascribed to 
liquid crystalline order in the material resulting in a preorgan-
ized optimal binding geometry for calcium and the dehydration 
properties of the calcium complex. It suggests that CLC-based 
sensors can be constructed that show a selective high optical 
response toward metal ions without using specifi c binding moi-
eties. Most likely, the effective sensitivity of the sensor can be 
further optimized by varying the number of binding sites and 
the thickness of the polymer fi lm. The calcium sensor could 
also be used as a test strip for qualitative detection of calcium in 
serum. Normal serum and samples mimicking hypocalcemia 
and hypercalcemia showed optical responses which could be 
distinguished spectroscopically. These optical materials hold 
promise in fabrication of cheap, easy-to-use, battery-free metal 
ion sensors for clinical diagnostics.  

  4.     Experimental Section 
  Materials : RM 257 and RM 105 were obtained from Merck. 

6OBA and 6OBAM were purchased from Synthon. Irgacure 369 was 
purchased from CIBA. Chiral dopant (R)-(+)-3-methyladipic acid, 
KOH pellets, EDTA, 3-(trimethoxysilyl)propyl methacrylate, 1H, 1H, 
2H, 2H-perfl uorodecyltriethoxysilane and the metal nitrates NaNO 3 , 
Mg(NO 3 ) 2 , Ca(NO 3 ) 2 ·4H 2 O, Zn(NO 3 ) 2 ·6H 2 O, Cd(NO 3 ) 2 ·4H 2 O, and 
Pb(NO 3 ) 2  were from Sigma-Aldrich. CaCl 2  was from Merck. The solvents 

tetrahydrofuran, isopropanol, and ethanol were obtained from Biosolve. 
Pooled normal human blood plasma and serum were obtained from 
Innovative Research Inc. 

  Equipment : UV–visible studies were carried out in Ocean Optics UV–
Visible spectrophotometer HR 2000+. Varian 670 FT-IR spectrometer 
with slide-on ATR (Ge) was used to record IR spectra. Thermogravimetric 
analyses were performed in TA TGA Q500. Photopolymerization was 
carried out with Omnicure series 2000 EXFO lamp. 

  Functionalization of Glass Slides : Methacrylate functionalized and 
perfl uoro coated glass slides were prepared as reported by Stumpel 
et al. [ 53 ]  Glass slides were fi rst cleaned by sonication (ethanol, 
30 min), followed by treatment in a UV–ozone photoreactor (Ultra 
Violet Products, PR-100, 20 min) to activate the glass surfaces. 
The glass surfaces were then modifi ed by spin coating (3000 rpm, 
45 s) with 3-(trimethoxysilyl)propyl methacrylate solution (1 vol% 
solution in a 1:1 water–isopropyl alcohol mixture) or 1 H , 1 H , 2 H , 
2 H -perfl uorodecyltriethoxysilane solution (1 vol% solution in ethanol) 
to obtain methacrylate functionalized and fl uorinated alkylsilane 
functionalized glass substrates, respectively, followed by curing (100 °C, 
10 min). 

  Preparation of CLC Polymer Film : CLC mixture (1 g) consisting of 
22.55 wt% of RM 257, 27.70 wt% of RM 105, 16.40 wt% of each of 
6OBA, 6OBAM, and (R)-(+)-3-methyladipic acid, and 0.6 wt% of Irgacure 
369 was dissolved in tetrahydrofuran (4 mL). 20 µL of this solution was 
dropped on methacrylate functionalized 3 × 3 cm glass slide. After 
evaporating the solvent by heating at 75 °C, a perfl uoro coated 3 × 3 cm 
glass slide was placed directly on top and cooled to room temperature 
simultaneously shearing along one direction to obtain a planarly aligned 
green color fi lm. It was then photopolymerized by shining UV light 
(48 mW cm −2  intensity in the range 320–390 nm) for 5 min after which 
the upper perfl uoro coated glass was removed.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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