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Abstract

Establishing a ‘precise’ control over different interparticle interactions holds the promise of
introducing inherently absent properties to nanosystems. In this direction, we demonstrate a
conceptually unique strategy to introduce the notion of selectivity in inherently nonselective
carboxylate-functionalized gold-nanoparticles ([-] AuNP), towards strongly binding divalent
metal ions (M?*). The present system designed from such nonselective nanoparticles is able
to discriminate between M?* ions, by using differences in their abilities to break interparticle
interactions. This is in stark contrast with the conventional identification protocol of forming
an interaction between NPs and M?* ions, with the help of analyte-specific ligands. Among
different ions tested Pb?* ion was preferentialy able to break the electrostatic interactions in
[+] - [-] Au nanoionic precipitates and displace [+] AuNP to solution, thereby turning on the
plasmonic wine-red color. The dominance of interaction energy for [-] AuNP - Pb*
complexation over the inter-nanoparticle interactions is accountable for the selective
discrimination of Pb®* from other M?** ions. A careful, yet convenient, variation in the
strength of different interparticle interactions helped in tuning both the selectivity and

sensitivity of our identification protocol.
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Introduction

Development of strategies to improve and impart newer properties to existing materials,
without the need of new components, is one of the future directions in modern nanoscience.’
In this regard, strategies based on controlling the forces at nanoscale** are promising due to

>10 catalysis,*™*? light harvesting,* and bio-

its already proven impact in self-assembly,
targeting.’*** The present work uses judiciously designed interparticle interactions to carve
out new properties from pre-existing materials. We demonstrate the decisive role of forces in
introducing the notion of selectivity in inherently nonselective carboxylate-functionalized
gold-nanoparticles ([-] AuNP), towards strongly binding divalent metal ions (M?").
Overcoming nonselectivity is one of the long existing challenges in the area of [-] AuNP
sensors:?*® a case analogous to the solvent levelling effect?® where the solvent fails to
discriminate between different strong acids or bases. The levelling in [-] AuNP arises because
of the strong abilities of M?* ions to bridge the carboxylate groups (Fig. 1a).22*® Here the
strong bridging interaction triggers the nonselective aggregation and plasmon coupling in
NPs causing a rapid colour change, ultimately leading to precipitation (turn-off response).?*?
Essentially, a dispersed solution of NP is an example of a Kkinetically trapped or
thermodynamically less stable state because of the large number of high energy surface atoms
with unsatisfied valences.?”?® The number of contacts between the nanoparticles increases
during the process of aggregation/precipitation, which leads to a decrease in the number of
high energy surface atoms with unsatisfied valences.”® Thus, the aggregated state of NP is
thermodynamicaly more stable when compared to the dispersed state. Introduction of external
stimuli (like M?* ions) can thus uniformly trigger the thermodynamically favourable process
of precipitation, imparting the nonselectivity to [-] AuNPs. The common practice to
overcome such nonselectivity is to replace the carboxylate groups on [-] AuNPs with analyte-
specific ligands. However, most of the reported analyte-specific nanohybrid systems exhibit

turn-off response by ultimately precipitating out, >’

38,42

with the exception of a few turn-on
systems.

We report a conceptually unique strategy to achieve the selective turn-on identification of
heavy metal ions, with AuNPs that are deprived of any analyte-specific ligands. Our
approach is to explore the differences in the abilities of M?* ions to interact with a

thermodynamically stable?"?®

inter-nanoparticle precipitate containing [+] and [-] AuNPs
(Fig. 1b). Here we emphasize that both [+] and [-] AuNPs, independently, were nonselective
towards M** ions. Remarkably, a system composed of such nonselective nanoparticles was

able to discriminate between the hard-to-distinguish pair of Pb?* and Cd** ions. The rationale



is that only the strongest of strongly binding ions will be able to break the interactions in

27,28

nanoionic precipitates (thermodynamically stable state), and disperse them back to the

solution (kinetically trapped state)®’.
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Figure. 1 Schematics for selective turn-on response with [-] AuNPs. (a) The kinetically
trapped [-] AuNPs coordinate with various M?* ions uniformly to reach the
thermodynamically more stable precipitate state, resulting in the inherent nonselective turn-
off response. (b) Our hypothesis to explore differences in the abilities of M** ions to break an
interaction as the means of discrimination, rather than the conventional idea of forming of an
interaction.

We worked with the nanoionic precipitates having oppositely charged [+] and [-] AuNPs
stitched together through electrostatic and van der Waals attractions, developed by
Grzybowski and coworkers.*® The concept of preferential breaking of interactions in [+] — [-]
Au nanoionic precipitates by M?* ions, led to the displacement and leaking of [+] AuNPs,
providing the desired turn-on selectivity (Fig. 1b). Only Pb?* jon was capable of breaking the
electrostatic interactions in [+] — [-] Au nanoionic precipitates, among other M** ions
including the Cd?* ions. The sensitivity and selectivity of nanoionic precipitates were tuned
by controlling the strength of electrostatic interactions between the NP constituents. The
sensitivity of Pb?* ions was improved from 1mM to 20uM by lowering the electrostatic
attractions in the nanoionic precipitate formed from heterogeneously charged [+/-] and
homogenously charged [+] AuNPs. More importantly, 3mM of Cd** ion was also able to
break the electrostatic interactions between [+] — [+/-]9 Au nanoionic precipitates, proving the

tunability in M** ion detection as per demand.



Results and Discussion
Selective turn-on response of [+] — [-] Au hanoionic precipitates

The AuNP systems with a core diameter of 5.5 £ 0.7 nm and varying surface chemistries
were prepared by adopting a modified literature report.?*** Non-ionizable N,N,N-
trimethylmercaptoundecyl ammonium chloride (TMA, [+]) and ionizable 11-
mercaptoundecanoic acid (MUA, [-]) ligands were functionalized on AuNPs to impart
positive and negative surface charges, respectively (Figs. S1 and S2, ESIt). The aggregation
process of different AUNP systems in the presence of various M?* ions was monitored using
time-dependent UV-Vis absorption studies. As reported previously, [-] AuNPs complexed
and ultimately precipitated with different M?* ions, confirming their inherent nonselectivity
(Fig. S3, ESI+).?*® To overcome this, our approach was to use the abilities of different M**
ions to break the interactions in inter-nanoparticle precipitates (thermodynamically more

2128 and disperse them back to the solution (kinetically trapped state)®’.

stable state),
Accordingly, the inter-nanoparticle precipitates containing [-] AuNPs were prepared from an
equimolar mixture of [+] and [-] AuNPs (Fig. 2a), as reported by Grzybowski and
coworkers.”® The addition of small (~0.15 equivalents) aliquots of [-] AuNPs to [+] AuNPs
triggers the aggregation and plasmon coupling processes, through the strong electrostatic
attraction. This is accompanied by a gradual bathochromic shift in the Amax from 515 nm to
555 nm, followed by an abrupt loss of plasmon band (Figs. S4 and S5, ESI¥). This is due to
an ionic-like sharp precipitation of [+] and [-] AuNPs at the charge neutrality (i.e. when g4
+ Xgp= 0), confirming the formation of [+] — [-] Au nanoionic precipitates.*

Upon succeeding in the preparation of [+] — [-] Au nanoionic precipitates, the breaking
abilities of various strongly binding M?* ions were systematically studied (Figs. 2 and S7,
ESI+). It was observed that the addition of Pb?* ions to [+] — [-] Au nanoionic precipitates
resulted in the revival of plasmon color to the solution. For instance, a clear reappearance of
wine-red color was observed after the addition of ~ImM of Pb®" ions (limit of detection,
LOD, green spectrum in Fig. 2b); while ~ 85 % of revival in the plasmon intensity was
observed upon the addition of ~ 3mM of Pb®* ions (red spectrum in Fig. 2b). The redispersed
solution contained black precipitates corresponding to [-] AUNP — Pb** aggregates as well.
The photographs of the solution at each stage are presented in Fig. 2d, which clearly shows
the revival of plasmon color and the sedimented precipitates. The Transmission Electron
Microscope (TEM) images shown in Figs. 2e and S6 (ESIY) prove the leakage of [+] AuNPs
from nanoionic precipitates, where both individual [+] AuNP and [-] AuNP — Pb**



precipitates are clearly visible. Interestingly, all the other M** ions (Cd**, Ni**, Zn®** and
Ca®"), despite being capable of coordinating with individual [-] AuNPs, failed to revive the
plasmon color under similar conditions, proving the selectivity of [+] — [-] Au nanoionic
precipitates towards Pb** ions (Figs. 2c, 3a, S6, and S8-S11, ESIt). Even a mixture of other
M?* jons (Cd**, Ni?*, Zn®* and Ca?*) was unable to break the interparticle interactions in [+] —
[-] Au nanoionic precipitates (Figs. 3a, S8, ESI{). However, a revival of plasmon band was
observed when 3 mM of Pb?* ions were included in the mixture (Figs. 3a, S8, ESIT). The
other important ions like Hg?* and Sn** were not included in the present study due to their
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Figure. 2 Selective turn-on response of [+] — [-] Au nhanoionic precipitates. (a) Schematics
for the preparation of [+] — [-] Au nanoionic precipitates and the selective turn-on detection
of Pb®* ion. Variation in the absorption of [+] — [-] Au nanoionic precipitates in the presence
of (b) Pb?* and (c) Cd** ions. An ~ 85% revival of plasmon band was observed upon the
addition of 3 mM of Pb?* (with LOD = 1mM, green spectrum); whereas even 3mM of Cd?*
ions failed to break the [+] — [-] Au nanoionic precipitates. (d) Photographs of the vials
corresponding to stages 1, 2 and 3 in Scheme (a). (e) A representative TEM image of [+] — [-]
Au nanoionic precipitate after the addition of 3mM of Pb®* ions. The enlarged TEM images
on the left show the selected portions corresponding to dispersed [+] AuNPs and [-] AuNP —
Pb?* precipitate.



inappropriateness with the [+] — [-] Au nanoionic systems (See Section 6 in the ESIY).
Further, a high concentration of Cd®* (~200mM) was able to break the electrostatic
interactions in [+] — [-] Au nanoionic precipitates (Fig. S9, ESIt). In comparison with Pb**
ion, ~200 times excess of Cd** ion was required to revive ~50 % of plasmon color to the
solution. This confirms that the nature as well as the strengths of interaction between [-]

AuUNP and M?* ions forms a key step in our identification protocol.

Validation of preferential breaking of interparticle interactions

According to our hypothesis, the selectivity towards Pb®* ions originates from the relative
differences in the interaction strengths between [-] AuNPs and M?* ion. To ascertain this, we
have estimated the binding ability of various M?" ions with [-] AuNP through two
independent studies. Firstly, titration experiments were performed between [-] AuNP and
aliquots of different aggregation triggers ([+] AuNP, Pb?*, Cd?** and Ca**; Fig. S12, ESI¥).
Fig. 3b shows the variation in Anax Of [-] AUNP as a function of concentration of various
aggregation triggers. The transition point (1) that is estimated from the mid-point of the
transition window signifies the minimum amount of titrant required to precipitate [-] AuUNPs.
The t value describes the affinity between two interacting species, which is inversely
proportional to (at least qualitatively) the magnitude of interaction energy.*® The t values for
different aggregation triggers were estimated to be in the following order: t(Pb*") ~50uM <
t([+] AuNP) ~80pM < 1(Cd?*) ~110uM < t(Ca**)~215uM. The interaction energies between
[-] AuNPs and M?* ions, therefore, follows the reverse order: Pb?* > [+] AuNP > Cd** > Ca?*,
The superior binding interactions between [-] AuNP and Pb®* ions favors the displacement of
[+] AuNP from nanoionic precipitates by Pb®" ions, confirming our hypothesis. On the
contrary, Cd** and Ca?* ions failed to displace [+] AuNP from the nanoionic precipitates due

to the higher t values (and lower interaction energies).
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Figure. 3 Selectivity of [+] — [-] Au nanoionic precipitates in identifying Pb*" ions. (a)
Effect of different M®* ions and mixture of ions on the absorbance of [+] — [-] Au nanoionic
precipitates. A revival of the plasmon band (~ 85%) was observed only in the presence of
3mM Pb* ions, confirming the selective turn-on response. (b) Variation in the Amax Of [-]
AuNP as a function of concentration of different aggregating triggers. The individual
absorption spectra are shown in Fig. S12, ESI¥. The markers correspond to the experimental
data, while the solid/dotted lines show the sigmoidal fits for the data. (c) Schematics showing
the variation in energies of nanohybrid systems before and after the exposure to Pb* ions.

Secondly, different interaction energies between NPs and M?* ions were estimated using
theoretical modeling of different interparticle interactions. In this model, we compared total
energies of the nanohybrid systems before and after the exposure to different M** ions (Fig.
3¢).>*"*® The key forces holding the [+] — [-] Au nanoionic precipitates (reactants) are
electrostatic and van der Waals interactions. Similarly, bridging and van der Waals
interactions are the key forces responsible for [-] AUNP - M?* complex formation (products).
The detailed information about the process of modeling these interactions is given in Section
9 of the ESI+. Briefly, van der Waals attraction between two AuNPSs in contact was modeled
using Hamaker integral approximation, and was estimated to be ~ 1.5x10%* J or ~0.36 k.
The electrostatic interactions between charged AuNPs in ionic solution (c; ~1mM)*® were
estimated by solving the electrostatic potential (¢) via thermodynamic integration.49 We then
solved the Poisson-Boltzmann equation (while accounting for “charge-regulation”) for two

50 and the electrostatic attraction energy between oppositely charged

interacting spheres,
AUNP pair was estimated to be ~6.2x10° J or ~17 kyT. This is in close agreement with the
values reported by Grzybowski and coworkers.**® The magnitude of the bridging interaction

in [-] AUNP — M** complex was estimated by modifying a reported equilibrium model of the



crosslinking interactions*’ and using literature reported values for binding constants of Pb?*
and Cd** jons with acetate groups™-*%. Based on the modeling studies, Pb* ions have the
highest interaction energy with [-] AuNP (~1.1x107° J or ~27 kyT) followed by [+] AuNP
(~6.2x10"%° J or ~17 kyT), and Cd®* ions (~1.8x10"° J or ~4.34 k,T). The estimated energy
values re-iterate superior interaction of Pb?* ions with [-] AuNP and their ability to displace
[+] AuNP from nanoionic precipitates, resulting in the desired selectivity.

Versatility and tunability of identification

Next we discuss the versatility and tunability in the identification ability of Au nanoionic
precipitates. The selectivity stems from the preferential breaking of electrostatic interactions
in [+] — [-] Au nanoionic precipitates. Thus, a variation in the strength of electrostatic forces
can, in principle, tune the selectivity and sensitivity for different analytes of interest.
Moreover, the presence of [-] AUNP — Pb?* precipitate in the final solution is undesirable, and
can be circumvented by decreasing the strength of bridging attractions in the complex.
Accordingly, the nanoionic precipitates were prepared by using heterogeneously charged [+/-
] AuNP instead of homogenously charged [-] AuNP (Fig. 4a). The heterogeneously charged
[+/-]o AuNP were synthesized by place exchange reaction with 1:9 mixture of [+] and [-]
ligands. The on-NP ratio of [+]:[-] was estimated to be 1:7 using previously reported relative
binding affinities of [+] and [-] ligands (Kp+/Kg = 1.2), where K and K are the
equilibrium constants for the adsorption of [+] and [-] onto AuNP respectively.?*** Similar to
the titration behavior of homogeneously charged AuNP, the mixture of [+/-]¢ and [+] AuNPs
precipitated sharply at the charge neutrality (Figs. 4b,c). Interestingly, ~70% of [+] AuNPs
was sufficient to form the [+] — [+/-]9 Au nanoionic precipitates compared to [+] — [-] Au
nanoionic precipitates. This confirms the decrease in the strength of electrostatic attractions
in [+] — [+/-]o Au nanoionic precipitates. Consequently, the LOD for Pb®* ion was improved
to ~ 20uM with [+] — [+/-]¢ Au nanoionic precipitates (green curve in Fig. 4d). The
sensitivity of [+] — [+/-]¢ AUNP nanoionic precipitate is comparable/or even better than other
reported NP systems with analyte non-specific ligands (Table S1, ESI{). More importantly,
the plasmon intensity of the redispersed nanoionic precipitates was higher than both of the
individual [+/-]o and [+] AuNPs (close to the additive intensity; purple spectrum in Fig. 4d).
This confirms the complete redispersal of [+/-]o - [+] nanoionic precipitates in contrast to the
partial redispersal of [+] — [-] nanoionic precipitates, which is an important requisite for an
ideal detection system. Further, 3mM of Cd** ions as well was able to break the electrostatic

interactions in [+/-]¢ - [+] Au nanoionic precipitates, with a ~ 50 % revival of plasmon band



(Figs. 4e and S13, ESIt). The decrease in the strength of the electrostatic tethers in [+] — [+/-
]o Au nanoionic precipitates results in a turn-on response for Pb?* and Cd** ions,
demonstrating the tunability in the selectivity of toxic ions as per the demand. However, even
3mM of Ni®*, Zn?* and Ca?" ions failed to break the electrostatic interaction in [+] and [+/-]o

Au nanoionic precipitates (Figs. 4e and S13, ESI+).
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Figure. 4 Versatility and tunability of Au nanoionic precipitates. (a) Scheme for the
formation of [+] and [+/-]9 Au nanoionic precipitates and amplification in the selective turn-
on detection of Pb** ion. Variation in the (b) absorbance and (c) Absorbance at Amax Of [+/-]o
AuUNP upon addition of [+] AuNP. A sharp decrease in the plasmon band represents
precipitation at charge neutrality, confirming the nanoionic behavior. (d) Redispersal of [+]
and [+/-]o Au nanoionic precipitates in the presence of ImM Pb?* ion (with LOD of 20uM,
green spectrum). The intensity of the revived plasmon band was higher than the individual
[+/-]o and [+] AuNPs, confirming the complete redispersal of [+] - [+/-]¢ Au nanoionic
precipitates. (e) The selectivity of [+] - [+/-]o Au nanoionic precipitates in identifying Pb**
and Cd** ions.



The process of breaking of electrostatic interactions in [+] - [+/-]o Au nanoionic precipitates
by Pb* ions was further monitored using Atomic Force Microscope (AFM) and Dynamic
Light Scattering (DLS) studies. The presence of small and controlled AuNP aggregates (60-
180 nm) was clearly visible in the AFM images presented in Figs. 5 and S14, ESIf. The 3D
AFM height image shows the ripples demarcating the boundaries between the individual NPs
constituting the aggregates (Fig. 5¢). The AFM results were well complemented by DLS
studies, which confirms the breaking of [+] - [+/-]s Au nanoionic precipitates by Pb*" to
smaller aggregates (Fig. 5d). Moreover, a ~10 nm bathochromic shift in the Anax of the re-
dispersed sample confirms the formation of controlled aggregates between [+/-]9 AUNP and
Pb** ions (Fig. 4d).? Thus, the stability and dispersion of [+/-]o AUNP — Pb** complex is
attributed to the perfect balance between attractive and repulsive interactions in the controlled
aggregates, as reported previously.?
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250N

c) d) 5ol Redispered [+]
1 Pb?* [+]1 - [+/]s
—_ AuNPs + [+/-] ¢ AuNP pot
2 AuNP-Pb?* PPt
>
=
o 10}
2 10
@
-
S —
0

10 100 1000 10000
Hydrodynamic diameter (nm)

Figure. 5 AFM and DLS proof for the breaking of electrostatic interactions in [+] - [+/-]o
Au nanoionic precipitates by Pb?* ions. AFM images of [+] - [+/-]lo Au nanoionic
precipitates (a) before and (b) after the addition of ImM Pb®* ions. (c) 3D AFM height image
showing the ripples demarcating the boundaries between the individual NPs constituting the
aggregates. (d) The DLS data showing the decrease in the hydrodynamic diameter from a few
microns to 60-180 nm, upon the addition of Pb?* ions.



Conclusions

This work presents a straightforward, yet effective strategy to transform the commonly
observed nonselective turn-off response of [-] AuNP into an attractive selective turn-on
response for the identification of heavy metal ions. The difference in the abilities of various
M?* jons to break the interactions between the oppositely charged AuNPs (nanoionic
precipitates) was chosen as the means of discrimination, rather than the conventional concept
of forming an interaction. Among various M** ions tested, Pb?* was solely able to break the
electrostatic interactions in [+] - [-] Au nanoionic precipitates. The displaced [+] AuNPs
imparted the characteristic wine-red color to the solution, resulting in a turn-on response. The
favorable interaction energy for [-] AuNP - Pb*" complexation is accountable for the
discrimination of Pb?* from other M** ions, including the Cd** ions. The fine tuning of
electrostatic interactions in the nanoionic precipitates helped in enhancing the Pb®* ion
sensitivity, along with a complete re-dispersal of both the sets of AuNPs. The flexibility and
tunability of identification was demonstrated by extending the selectivity towards Cd** ion
using [+] — [+/-]e Au nanoionic precipitates. Ability to control the electrostatic and bridging
interactions was crucial in imparting selectivity to a nanohybrid system composed of
constituents that are inherently nonselective. The concept of breaking ‘known’ strengths of
interactions through displacement reaction can help in ascertaining the strengths of
‘unknown’ interactions, which can find far reaching applications in fundamental as well as

applied areas of material chemistry.
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