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Abstract. Calixarene functionalized gold nanoparticles (CFAuNPs) have been prepared and characterized
by spectroscopic and microscopic (TEM) techniques. To use this material as potential colorimetric sensor, the
binding property of this new material has been investigated with a large number of metal ions. It exhibited
sharp colour change from dark brown to green and blue, detectable by naked-eye, in the presence of Cu**
and Pb** ions, respectively. It has also triggered substantial change in surface plasmon resonance (SPR) band
of the functionalized gold nanoparticles, which in case of Pb(II) is due to the inter particle plasmon coupling
arising from the metal-induced aggregation of the nanoparticles and for Cu(Il), it is because of the formation
of AuCu alloy due to anti-galvanic exchange. The size and aggregation of the nanoparticles are confirmed
from HRTEM images, elemental analysis and the line profiling for both the metal ions have been done by

STEM-EDX analysis.
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1. Introduction

Detection of metal ions with high selectivity is an
emerging area of current research because of their
applications in various chemical, environmental and
biological processes.'~> In this context, detection of
Cu?* and Pb*" are critically important because of their
toxic impact on human health and environment.®
Although, Cu?* is an essential trace element for many
biological processes but its higher concentration is toxic
to human body.”~'? Pb** is another highly toxic metal
ion, a potent central neurotoxin and highly bio accumu-
lative in bones and kidneys, resulting in damage.!?~!¢
Therefore, detection of both of these metal ions is
important and significant progress has been made in
this direction by designing molecular sensors based
on fluorescence, surface plasmon resonance, colorime-
try and voltametry.””~>! Among these various detec-
tion techniques, colorimetric method is less studi-
ed, which in fact allow onsite naked-eye detection
and do not require any specialized analytical instru-
ment. With recent development in nanotechnology, the
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metal nanoparticles are emerging as important col-
orimetric receptor for the designing of colorimetric
sensors. 2230

The gold nanoparticles are known to have one
of the highest visible-region extinction coefficients
(10° M~ cm™! order) with red-wine colour due to sur-
face plasmon resonance.®' This surface plasmon band
is very sensitive to their particle size and to their inter-
particle distance, the transition of nanoparticles from
dispersion to aggregation exhibit distinct colour change
because of the coupling of the plasmon absorbances and
this change in optical property can be used as a tool for
ion recognition event.?*3#

To function as probes, the nanoparticles are sub-
jected to modification with a receptor molecule con-
taining ionophore moiety, which can interact selec-
tively with the analyte of interest, and a spacer that
can be covalently linked to the nanoparticle surface.
The covalent linking onto the surface of the nanoparti-
cles can be achieved through Au-S or Au-N bond.?"%!
For colorimetric sensing of metal ions, the use of
functionalized gold nanoparticles have been reported
recently, however in most of the cases modification of
nanoparticles have been done using DNA, peptides and
crown ethers.-3*3°-4! Calixarene functionalized gold
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nanoparticles are mainly used to study their proper-
ties and also as colorimetric sensors for recognition
of molecules such as amino acids, pyridinium ion and
quaternary ammonium ion.*~#8

Taking the advantage of versatile ion-recognition
property of the modified calix[4]arene, gold nanoparti-
cles were functionalized by covalent linking of a modi-
fied calix[4]arene, which provide a highly preorganized
architecture for the assembling of converging binding
sites. The linking of the ionophore on to the surface of
the nanoparticles was performed through Au-S bond
using long chain aliphatic moiety as spacer. Here, we
report the synthesis of calix[4]arene functionalized gold
nanoparticles and its application as a novel colorimetric
sensor for Cu** and Pb**.

2. Experimental
2.1 Reagents and chemicals

Chemicals such as tert-butylphenol, iodopropane,
1,11-dibromoundecane, tetraoctylammonium bromide
(TOAB), tetrabutyl ammonium fluride (TBAF), hexa-
methyl disilathiane (Me;Si),S, HAuCly, NaBH, were
purchased from Sigma-Aldrich Co. All metal perchlo-
rate salts were purchased from Alfa Aesar (Johnson
Matthey) Co. All other solvents and reagents used
in this study were purchased from SD Fine Chemi-
cals. Organic solvents used were analytical grade and
were used as received for synthetic purpose. Solvents
for spectral studies were freshly purified by standard
procedures before use.

2.2 Instrumentation

Elemental analyses (C, H and N) were performed
on a model 2400 Perkin-Elmer elemental analyzer.
NMR spectra were recorded on a model DPX 200
and Avance II 500 MHz Bruker FT-NMR instruments
using TMS as internal standard. Infrared spectra were
recorded on a Perkin Elmer Spectrum GX FT-IR sys-
tem as KBr pellets. Mass spectra were recorded on
a Q-Tof micro™ LC-MS instrument. The UV-Vis
spectra were recorded on a CARY 500 scan Varian
spectrophotometer. Transmission electron microscope
(TEM) images were recorded on HR-TEM (JEOL
JEM 2100). The samples were dispersed in ethanol
and loaded over Lacey carbon coated Cu TEM grid
(300 mesh). The samples were dried under ambient
condition and imaged at 200 KV acceleration voltages.
The elemental mapping of the samples was done using
in situ EDX-STEM (Oxford instrument, INCA x-sight).
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2.3 Synthesis of compounds

Calix[4]arene (1) and bis-isopropyl substituted calix
[4]arene (2) were prepared following the literature
procedures.*->°

2.3a  Synthesis of compound 3: This compound was
synthesised following a modified published procedure
used for other compound.*® In a typical procedure,
into the acetonitrile solution (20 mL) of 2 (0.5 g,
0.98 mM) 1,11-dibromoundecane (0.8 g, 2.5 mM) and
K,CO5(0.4 g, 2.9 mM) were added and the reaction
mixture was stirred under reflux for 24 h. The sol-
vent was then evaporated to dryness by rotary evapo-
ration and the residue was treated with 5% HCI
(20 mL), the resultant mass was extracted twice with
dichloromethane (40 mL) and washed twice with water
(25 mL each time). The organic phase was dried over
anhydrous sodium sulphate and solvent was removed to
isolate the solid mass. The crude product was then puri-
fied by column chromatography using silica gel (100-
200 mesh) as packing material and 5% ethyl acetate
in hexane as eluent. '"H NMR (CDCl;)§ 0.88—1.03 (m,
10H), 1.27-1.52 (m, 24H), 1.78-2.05 (m, 8H), 3.24 (m,
4H), 3.42 (t, 4H, J = 7.2 Hz,), 3.83 (m, 4H), 3.96
(m, 2H), 4.08 (d, 2H, J = 13.0 Hz), 6.69 (t, 2H, J =
7.0 Hz,), 6.82 (t, 2H, J = 7.0 Hz), 6.96 (d, 4H, J =
7.0 Hz), 7.05 (d, 4H, J = 7.0 Hz). ES-MS: ¢/m 1013.93
(calculated for 3 + KT, 1014.12); 997.92 (calculated
for 3 + Nat, 997.97). Anal. calcd. for CssH7504Br, : C,
68.89; H, 8.06; Found: C, 68.08; H, 7.94.

2.3b  Synthesis of compound 4: This compound was
synthesised by following a modified published proce-
dure used for preparation of functionalized thiols of
some other compounds.’! In a 50 mL RB flask, 1.0 g of
3 was dissolved in freshly distilled THF and the temper-
ature of the solution was maintained at —5°C. To this
solution, 0.6 g (2.26 mM) of tetrabutyl ammonium fluo-
ride was added and the resulting solution was stirred for
5 min, then 440 mg (2.46 mM) of hexamethyl disilathi-
ane was added. The reaction mixture turned initially
to brown, then changed to light yellow and finally it
became colourless within 30 min. The reaction mixture
was then diluted by adding dichloromethane (20 mL)
and stirred for 5 min. The resultant mixture was then
washed twice with saturated aqueous NH4Cl (15 mL
each time) and finally with water. The organic layer
was then dried over anhydrous sodium sulphate and the
solvent was removed by rotary evaporation. The crude
product was purified by column chromatography using
silica gel (100-200 mesh) as packing material and 3%
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ethyl acetate in hexane as eluent. '"H NMR (CDCl;)é
0.88-1.03 (m, 10H), 1.27-1.52 (m, 24H), 1.62 (m, 4H),
1.81 (m, 8H), 2.53 (m, 4H), 3.24 (t, 4H, J = 6.6 Hz),
3.61 (t, 4H, J = 7.2 Hz), 3.83 (m, 4H), 3.94 (m, 2H),
4.08 (d, 2H, J = 13.0 Hz), 6.69 (t, 2H, J = 7.4 Hz),
6.82 (t,2H, J = 7.4 Hz), 6.96 (d, 4H, J = 7.6 Hz), 7.05
(d, 4H, J = 7.6 Hz). IR: 2561 cm™! (SH). ES-MS: e/m
925.71 (calculated for 4-H"+2Na", 926.33); 957.46
(calculated for 4-H*+2Na"+MeOH, 958.37); 996.50
(calculated for 4-2H"+2Na™+K*"+MeOH, 996.46).
Anal. calcd. for CsqHgyO4S, : C, 76.33; H, 9.14; S,7.20;
Found: C, 75.52; H, 9.02; S, 7.05.

2.4 Functionalization of gold nanoparticle with 4
(CFAuNPs, 5)

All the glass ware used in this reaction were thor-
oughly cleaned with aquaregia and rinsed with milliQ
water and dried. HAuCl; 3H,O (7.75 mg) was dis-
solved in milliQ water (0.6 mL) and added 10 mL solu-
tion of 40 mM tetra octyl ammonium bromide (TOAB,
0.215 g) in toluene. This biphasic mixture was stirred
for 30 min in a 50 mL Erlynmeyer flask and then the
aqueous phase was discarded to yield gold (III) TOAB
solution. Subsequently, compound 4 was added to the
gold (II) TOAB solution with vigorous stirring. After
30 min of stirring, freshly prepared aqueous solution of
0.4M NaBH, (7.44 mg in 0.5 mL) was added drop-wise
at a rate of approximately 20 pL per 15 s under vigor-
ous stirring. The initial orange colour of gold (III) solu-
tion became colourless and then turned to dark brown,
the stirring was continued for 3 h after complete addi-
tion of NaBH, solution. The organic layer was then
separated, diluted with methanol (100 mL) and kept in
refrigerator for overnight. The precipitate thus obtained
was separated by removing the solvent carefully and
was purified further by dispersion in toluene (5 mL)
followed by addition of methanol (10 mL) and by cen-
trifuge for 10 min at 10,000 rpm speed. This process
was repeated twice to remove any unbound compound
4 from CFAuNPs. The residue obtained after centrifuge
was again dispersed in toluene (5 mL) and preserved
as stock solution of CFAuNPs. This stock solution was
used for further experiments. For characterization, IR
and UV-Vis spectra, and TEM images were recorded
and EDX analysis was carried out.

2.5 Interaction of various metal ions
with the CFAuNPs

The stock solution in toluene was diluted by five times
with THF and the concentration of the CFAuNPs in
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solution was determined from the absorption at 523 nm
(Amax) following the literature procedure.’? The concen-
tration of the diluted solution was found to be 4.5 x
10-8 M (45 nM), which was used to study ion-binding
property with the perchlorate salts of the metal ions Li*,
Na*, K+’Ba2+’ Mg2+’ Fe”, CS+, Hg”, Ca2+’ Zn”,
Cd**, Ni**, Sr**, Cu?*, Pb**. The solution (2 mL) of
each metal ion (100 uM) was added into the 2 mL solu-
tion of the CFAuNPs in a 5 mL volumetric flask and the
UV-Vis spectra of the resulting solutions were recorded.
For Cu?* ion, a new band around 650 nm was devel-
oped and the intensity of the 523 nm band significantly
reduced with a red shift to 530 nm. In the case of Pb**,
the 523 nm band was shifted to 544 nm with decrease
in intensity and sharp colour change from dark brown
to blue.

2.6 UV-Vis spectral changes for CFAuNPs
with increasing amount of metal ions

The UV-Vis spectral change for Cu*™ and Pb*" were
recorded upon addition of increasing amount of metal
ions while maintaining the concentration of CFAuNPs
constant. The concentrations of the metal ions main-
tained in the solutions for Cu**were 10, 20, 30, 40, 50,
60, 70, 80 and 100 1M and the same for Pb** were 50,
80, 110, 150, 175, 200, 210 and 220 uM.

3. Results and discussion

The route for the synthesis of CFAuNPs (5) is shown in
scheme 1 and details of synthesis and characterization
data are given in section 2. Characterization of 3 was
done on the basis of elemental analysis, ES-MS and 'H
NMR data. The conformation of the calixarene moiety
is confirmed from '"H NMR data, the multiplets corres-
pond to eight protons in the region § 3.83—4.08 ppm for
the Ar-CH,-Ar methylene groups is characteristic for
the 1,3-alternate conformation of the calixarene moiety.
Compound 4 was characterized on the basis of elemen-
tal (C, H and N) analysis, ES-MS, IR and 'H NMR data.
The elemental analysis and mass data are in excellent
agreement with the composition of the compound. The
IR spectrum exhibited a band at 2561 cm™!, which is
assigned to the SH group. In the '"H NMR spectrum, the
Ar-CH,-Ar methylene protons appeared as multiplests
at § 3.83—4.10 ppm, which confirmed 1,3-alternate con-
formation of the calixarene unit, as observed for 3. The
methylene protons of the undecane chain appeared in
the aliphatic region as multiplets with methylene pro-
tons (CH,) adjacent to SH at § 2.53 ppm, the sig-
nal for other protons appeared in the expected region
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.

Route for synthesis of functionalized gold nanoparticles. (i) K,CO3, C3H7I,

CH;CN, reflux 24 h. (ii) K,COs, 1,11-dibromoundecane, CH;CN, reflux 48 h. (iii) TBAF,
(Me3Si),S, THF (—5°C). (iv) HAuCl,, TOAB, NaBH,, toluene.

as reported earlier.’*>>* The gold nanoparticle was then
functionalized by anchoring compound 4 on to the sur-
face of the nanoparticles and the CFAuNps (5) was
characterized on the basis of IR, UV-vis spectral data,
TEM image and EDX analysis. The IR band for SH
observed at 2561 cm™! for 4 was not observed in the
IR spectra of 5, which indicated deprotonation of SH
for the formation of Au-S bond.***” The UV-Vis spec-
tra of 5 exhibited absorption band at 523 nm, which
is attributed to the surface plasmon resonance (SPR)
band of the functionalized gold nanoparticles.!”-2>-27:47
The TEM image of S exhibits discrete particles and no
aggregation is noted, the average size of the particles
determined by TEM is 2-5 nm. The EDX analysis of §
confirmed the presence of gold (18.26 atomic%) in this
material.

3.1 Interaction of CFAuNPs with various metal ions

The interaction of the CFAuNPs with various metal
ions was monitored by UV-Vis spectral change and
also by colour change visualized with nacked-eye. The
absorption spectra of the CFAuNPs was recorded in
THF upon addition of the perchlorate salts of various

metal ions (100 uM). Out of the large number of metal
ions tested (Li*, Na®, K, Ba’*, Mg>*, Fe*", Cs*,
Hg?*, Ca®*, Zn**, Cd**, Ni**, Sr**, Cu?**, Pb*"), only
Cu?" and Pb*" exhibited significant spectral change
(figure S1, see supplementary information) with sharp
colour change from dark brown to green and blue for
Cu?" and Pb*", rescpectively, detectable by nacked-
eye (figure la and b). The absorption band observed
for CFAuNPs at 523 nm due to the SPR shifted to
544 nm for Pb>* (figure 1a) and at 650 nm for Cu*"
(figure 1b). The intensity of the 523 nm band decreased
significantly with the appearance of new bands. The cal-
ibration plot of the absorbance at 540 nm against con-
centration of Pb>* added is given as inset in figure la.
Similar plot for Cu?*is also shown as inset in figure 1b,
where absorbance ratio Agso/Asys was plotted against
concentration of Cu?* ion. It may be noted that as the
concentration of the metal ion increases the intensity of
the absorbance is linearly enhanced. The detection limit
for Cu?* is 0.65 ppm and for Pb?* it is 10.0 ppm. The
colour change observed for Pb** and Cu?* is due to the
bathochromic shift of the SPR band and formation of a
new SPR band, respectively.

The transmission electron microscopic (TEM)
images of CFAuNPs were recorded before and after
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Figure 1. UV-vis spectra depicting gradual decrease of

CFAuNPs band at 523 nm and formation of a new band at (a)
544 nm upon addition of Pb*? and (b) 650 nm upon addition
of Cu*2. [Inset: their respective colour changes and change
of the absorption (a) and the ratio of absorption (b) intensity
as a function of concentration of metal ion added.]

the addition of metal ions. The images are presented
in figure 2. The average size of the CFAuNPs before
the addition of metal ion was 2-5 nm (figure 2a),

(a) ' (b)

which increases to 7-9 nm (figure 2b) upon addition of
Cu?* and 13-16 nm after addition of Pb** ions (figure
2¢). The presences of Cu*"and Pb?* in the aggregated
nanoparticles were identified using STEM-EDX map-
ping (figures S2, S3 and S4). The line profiles from the
STEM-EDX map are given in figure 3, indicating rela-
tive position of gold nanoparticles. It is clearly evident
that the average separation between gold nanoparticles
in CFAuNPs has decreased from few tens of nanome-
ters to a few nanometers after addition of metal ions due
to aggregation.

Similar results have been obtained from dynamic
light scattering study (DLS). The size distribution pro-
files obtained from DLS data, before and after addition
of metal ions is given in figure 4. It can be seen in the
figure that the hydrodynamic radius (RH) of CFAuNPs
(5) is around 35 nm, which increases up to 3.6 um (in
case of Cu?*) and 247 um (in case of Pb*"), as evident
by the most intense peaks in DLS plot, after addition of
metal ions. Apart from this prime peak, one less intense
peak has also been observed for both the metals, which
is due to different type of aggregation with less hydro-
dynamic radius (RH). As discussed earlier the sizes of
CFAuNPs were found to be around 2-5, 7-9 and 13—
16 nm by TEM, which may be attributed to the core
radius of the nanoparticles. Significant difference in the
size of the nanoparticle as measured by DLS and TEM
may be attributed to the fact that the DLS measures the
hydrodynamic size, whereas TEM measures only the
metallic core size.*

3.2 Mechanistic aspects of interaction with metal ions

The average sizes of the CFAuNPs obtained from TEM
images after addition of metal ions is higher for Pb(Il)
(13-16 nm) compared to that of Cu(Il) (7-9 nm), simi-
lar trend is also observed for DLS study, 247 pum for
Pb(l) and 3.6 um for Cu(Il). According to this data,

Figure 2. TEM images of CFAuNPs, (a) before and (b) after addition of Cu?>* and
(¢) Pb2* in THF. The overall concentration of CFAuNPs remained same in all the three

cases.
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Figure 3. Line scan from the STEM-EDX elemental map-
ping of (a) CFAuNPs and upon addition of (b) Pb%* and (c)
Cu’*.

the An. value in UV-visible spectra after addition of
metal ions should be higher for Pb(Il) compared to that
of Cu(Il) but the observation is reverse. It may also be
noted that in case of Pb(II), the A, of the SPR band of
CFAuNPs is shifted from 523 to 544 nm, whereas for
Cu(II) a new second SPR band is appeared at 650 nm

1.0 1

Intensity
= =
(= (==

=
+
i 'l

=
(3]
1

=
=
1 M

1E-8 1E-7 1IE-6  1E-5 1E-4 1E-3

Radius (RH) [m]
Figure 4. Size distribution curve of CFAuNPs before and

after addition of metal ions, indicating enhancement in
hydrodynamic radii after addition of metal ion.
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with decreasing the intensity of 523 nm band. This
is apparently contradictory observation suggesting that
the mechanism involved in the process is different for
the two metal ions. The bathochromic shifts observed
for Pb(Il) is probably associated with the aggregation
of nanoparticles according to MIE theory.’® The aggre-
gation of the CFAuNPs is due to the interaction of
metal ion with the calixarene moiety. The calix[4]arene
moiety is in 1,3-alternate conformation, therefore the
propyl substituted oxygen donor atoms at the upper
rim of the calix moiety and the delocalization of the &
electrons of the aromatic rings can create an electron-
rich donar centre and two or more such units can cre-
ate a cavity, in which the positively charged metal
ion can encapsulate as shown in figure 5 resulting in
metal-induced aggrgation of the nanoparticles.”’->® The
colour and spectral change observed for Pb(Il), is there-
fore due to the inter particle plasmon coupling because
of the metal ion (Pb*") induced aggregation of the
CFAuNPs 22:32:33:40.:43.59.60 Eor Cu(II), since it reduces
easily, it has been reported that in contact with gold
nanoparticles the metal ion can get reduced forming a
core-shell or an AuCu alloy.®" This phenomenon has
been termed as ‘anti-galvanic exchange’ and it changes
the average size of the gold nanoparticles and also inter-
particle distance causing colour change of the solution
with the growing of a new SPR band. To check this
hypothesis, two experiments with the aid of powder
XRD and UV-vis absorption study were carried out. For
powder XRD experiments, the CFAuNPs were sepa-
rated by centrifuge before and after addition of metal
ions and for the mass with metal ions, the solids were
washed three times using THF to remove free metal
ion, if any. The solids were then taken on a plate and
powder XRD of the samples was recorded. The powder
diffraction pattern for CFAuNPs and that after addition
of Pb(II) are shown in figures S5 and S6 (supplementary
information); and the diffractogram after interaction
with Cu(Il) is shown in figure 6. In the diffractogram of
CFAuNPs (figure S5), the peaks for Cu are identified
(JCPDS No. 01-071-4615), there are some additional
peaks, which have not been well resolved due to poor

Figure 5. Proposed mechanism of the Pb(II) induced
aggregation of the calixarene functionalized gold nano-
particles.
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Figure 6. Powder X-Ray diffraction pattern of CFAuNPs
after interaction with Cu(ClQy),, the solid mass was iso-
lated by centrifuge (diffractogram matched with the JCPDS
No. 01-072-5241).

quality of the diffractogram and they may be due to
calixarene moiety. The diffractogram shown in figure 6
matched well with the JCPDS No. 01-072-5241, which
corresponds to AuCu alloy and no other separate promi-
nent peak for Au or Cu(Il) is noted. For Pb(Il), there are
large number of peaks and most of them are accounted
with the JCPDS Nos. 98-003-6296 (Pb;0,), 04-006-
6727 (Pb) and 04-003-7288 (Au), which suggest the
metal ions (Au and Pb) exist in separate identity
(figure S6). The unaccounted peaks might be due
to calixarene moiety. This observation, therefore sug-
gest the ‘anti-galvanic exchange’ and ‘metal-induced
aggregation” mechanisms for Cu(Il) and Pb(Il), respec-
tively. For Cu(ll), the reversibility of the bind-
ing/encapsulation of metal ion is also checked by UV-
vis experiment with the aid of dithioxamide, which
is known for strong binding with Cu(Il) and uses for
gravimetric analysis of Cu(II).%> The UV-vis spectrum
of CFAuNPs, that after addition of Cu(Il) with A, of
the SPR band at 650 nm and the spetrum upon addition
of the dithioxamide ligand into the above solution con-
taining Cu(Il) are shown in figure 7. It may be noted that
dithioxamide being a very strong ligand for Cu(II) com-
pared to calixarene, the new SPR band at 650 nm grown
after addition of Cu(Il) neither shifted nor disappeared
and also there is no indication to regenerate the original
523 nm band due to CFAuNPs. This experiment also
supports the formation of AuCu alloy by ‘anti-galvanic
exchange’ process.
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Figure 7. UV-vis spectra of CFAuNPs, recorded before
and after addition of Cu®>* with two different concentrations.
The spectral changes after addition of dithioxamide into the
Cu”* containing solution are also shown.

4. Conclusions

In summary, we prepared calixarene functionalized
gold nanoparticles as colorimetric sensor for metal ions.
Out of a large number of metal ions, it exhibits dis-
tinct colour changes in presence of Cu?* and Pb** with
high sensitivity, detectable with naked eye. The colour
change for Pb(Il) is due to the red shift of the plas-
mon band, which attributed to the inter particle plasmon
coupling because of the metal-induced aggregation of
the CFAuNPs. For Cu(Il), the colour change is due to
growing of a new SPR band because of the formation
of AuCu alloy due to anti-galvanic reduction of Cu(Il).
The aggregation is confirmed by TEM and the presence
of Cu*" and Pb*" is confirmed by elemental mapping
and EDX analysis. This is a rare example of colourimet-
ric sensor for metal ions with calixarene functionalized
gold nano particles.

Supplementary information

The electronic supporting information, STEM-EDX
mapping of the aggregated CFAuNPs upon addition of
metal ions (figures S1-S6) are available in www.ias.ac.
in/chemsci.
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