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ABSTRACT: We present an example of host—guest complexes of atomically
precise noble metal nanoparticles with cucurbit[7]uril (CB) in water,
specifically concentrating on Ag,,(LA), (where LA is a-lipoic acid), a well-
known red luminescent silver cluster. Such host—guest interactions resulted
in enhanced luminescence of about 1.25 times for the modified system,
compared to the parent cluster. We extended our study to cyclodextrins
(CDs), where about 1.5 times enhanced luminescence was estimated
compared to the parent cluster. The formation of supramolecular complexes
was confirmed using high-resolution electrospray ionization mass spectrom-
etry (HRESI MS) and nuclear magnetic resonance spectroscopy. Molecular
docking and density functional theory calculations supported our
experimental results and showed that while CB formed inclusion complexes
by encapsulation of one of the LA ligands of the cluster, CD formed
supramolecular adducts by interaction with the cavity built by the ligands on the cluster surface. The complexation was favored by
geometrical compatibility. Consequently, these superstructures are labeled as Ag,,LA;,NCB, and Ag,oLA;,@CD, (n = 1—3), where
N and @ indicate the inclusion complex and supramolecular adduct, respectively. Solution-phase Ag,,LA,@CD, complexes were
employed to detect dopamine (10 nM). Luminescent Ag,,LA;,@CD, and Ag,;LA;,NCB, complexes in water could be potential
candidates for organic pollutant sensing and biomedical applications.
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B INTRODUCTION where CD acted as a linker between polyoxometalate and the
cluster.””> Recently, our group reported isomerism in
Ag,oBDT ,Np-CD, (where BDT is 1,3-benzenedithiol; n =
2—4) complexes.”® The supramolecular complexes of
[Ag,(BDT),,]>” with fullerenes (Cqo and C,) were also

Noble metal nanoclusters (NMCs) have emerged as new
functional nanomaterials' > because of their wide range of
applications including biomedical imaging,* sensing,® catal-
ysis,é’7 energy conversion,® and so forth. Various properties of
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NMCs like catalysis, chirality, and photoluminescence (PL) are studleld. T;he crystalh struct.u}llrerf Bt]}jleT supramoleclulzr

controlled by not only the central metal core but also the complexes ob cro ethers wit 820D 11y Was resolved,

ligands 2910 Diverse organic ligands including thiolates 11-13 and the driving forces for such complexation were seen to be
. )

. .28 . .
phosphines,m_n and alkynesm’l() have been used for the noncovalent 1nteract19ns. Such supramolecular interactions
synthesis of NMCs could assemble them in crystalline superstructures because of

S . . . the strong noncovalent interactions. CB belongs to a family of
upramolecular chemistry involves chemical methods to ’ ) >

. . 1 host molecules which could form assemblies with NMCs. The
build complex structures from simple molecular building

blocks via noncovalent interactions. Noncovalent interactions supramolecular complexation of luminescent clusters with CDs

include ion—ion, hydrogen bonding, 7—7 stacking, and van der and,CB in water could be highly useful for biomedical
Waals (vdWs) interactions.”®*' Such interactions of nano- applications. . . .

particles resulted in self-assembled superstructures.22 As the . A su-p ramo!ecular addl_]Ct 1S one 1n _Wthh_ molecular
nanoclusters are protected by organic ligands, supramolecular interactions bring two species together. An inclusion complex
complexation is possible for NMCs also.”” Cyclodextrins
(CDs) and cucurbit[7]uril (CB) were used in supramolecular Received: July 28, 2020
chemistry because of their encapsulation activity.”> Recently, Revised:  September 16, 2020
Mathew et al. reported the host—guest complexation of Published: September 16, 2020
[Au,s(SBB) 5]~ with S-CD.** Moussawi et al. synthesized

and crystallized a supramolecular hybrid complex of a

polyoxometalate [P,W,304,]°", y-CD, and [TagBr;,(H,0)s]*,
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Figure 1. Full-range HRESI MS spectra of [Ag,o(LA);,NCB,] complexes, where n = 1—3 (A) and Ag,o(LA),, (B). Relative peak intensities of the
isotopologues of Ag,o(LA);,>” are presented in the inset of (A). Assignments of the peaks are provided in the inset of (A,B) with numbering, where
X = Agyo(LA)1,. (C) Schematic representation of [Ag,s(LA);,NCB,] for n = 1. Color codes: silver, light yellowish gray; sulfur, yellow; carbon, gray;
oxygen, red. Encapsulated LA inside CB is in blue. CB is presented in light green color. (D) PL spectra of [Ag,o(LA),NCB,] complexes (i) and
pure cluster (ii). Photographs of the solution of [Ag,s(LA);,NCB,] complexes (i) and [Ag,o(LA)},] (ii) under UV light are shown in the inset of

(D).

is a specific category of supramolecular adducts in which a
molecule having a cavity hosts a guest molecule. We can simply
term both of them as supramolecular complexes, as all
inclusion complexes are supramolecular adducts, although all
supramolecular adducts are not inclusion complexes.

Here, we report the supramolecular complexation of
Ag, LA, (where LA is a-lipoic acid) with CB and CDs in
water. Such noncovalent interactions resulted in enhanced
luminescence of about 1.5 and 1.25 times for -CD and CB,
respectively, compared to the parent cluster. We used mass
spectrometry (MS) along with critical inputs from nuclear
magnetic resonance (NMR) spectroscopy and computational
studies to characterize Ag,)LA,@CD, and Ag,,LA;,NCB, (n
= 1—3) complexes, which were stabilized mainly by vdWs and
hydrogen-bonding interactions. Density functional theory
(DFT) studies suggested that CB encapsulated one of the
LA ligands, whereas CD interacted with a cavity on the cluster
surface created by the ligands. Highly luminescent Ag,LA,@
B-CD,, complexes were utilized to detect dopamine selectively
in solution at very low concentrations (10 nM). Dopamine is
one of the main neurotransmitters of both peripheral and
central nervous systems, and a change of its concentration
from the normal range has been connected with diseases such
as Alzheimer’s and Parkinson’s diseases. Hence, the develop-
ment of a simple method to detect dopamine is noteworthy.
There have been a few methods introduced earlier to sense
dopamine.””*°

B EXPERIMENTAL SECTION

Chemicals and Materials. AgNO;, NaBH,, (+)-a-lipoic
acid, CDs (a, f, and y), CB, D,0, phenylalanine, ascorbic acid,
glucose, dopamine, and methanol were obtained from Sigma-
Aldrich. Butanol and H,O, were obtained from Rankem. Milli-
Q_quality water was used throughout the experiment.
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Synthesis of [Ag,4(LA),,@CD,] Complexes. About 19
mg LA and 7 mg NaBH, were mixed in 14 mL of water in a
glass bottle. This mixture was stirred (using a magnetic pellet)
until it became a clear solution. Next, about 700 uL of 25 mM
AgNO; solution was added (the solution became turbid),
followed by 10 mg NaBH, in 2 mL of water. The bottle was
covered with an aluminum foil to minimize the exposure of the
clusters to light. After 4—S5 h, the clusters were formed. About
10 mg of CD was added to the cluster solution, and the
reaction was continued for about 2 h. The reaction was done at
room temperature under continuous magnetic stirring. The
samples were kept in a fridge after covering the bottle with an
aluminum foil. The clusters were purified with BuOH by
mixing 300 uL of clusters, 400 uL of BuOH, and 100 uL of
methanol in a 2 mL vial. The mixture was centrifuged to
accelerate phase separation, and the upper colorless organic
layer was removed. This was repeated until the clusters were
sedimented. Typically, three to five extractions with BuOH
were required. A gum-like material was obtained after
purification.

Synthesis of [Ag,4(LA);,NCB,] Complexes. About 2 mg
of CB was dissolved in 2 mL of Milli-Q water. Next, about 100
uL of this solution was added to the purified cluster solution at
the required concentration.

Instrumentation. Electrospray lonization MS. All MS
measurements were performed using a Waters Synapt G2Si
high-definition mass spectrometer equipped with electrospray
ionization (ESI) and ion mobility separation. All measure-
ments were carried out in the negative ion mode. The
instrument was calibrated using Nal as the calibrant. The
typical experimental parameters were: desolvation gas temper-
ature, 150 °C; source temperature, 100 °C; desolvation gas
flow, 400 L/h; capillary voltage, 3 kV; sample cone, 0 V; source
offset, 0 V; trap collision energy, 2 V; and trap gas flow, 2 mL/
min. The sample was infused at a flow rate of 30 yL/min.

https://dx.doi.org/10.1021/acs.jpcc.0c06770
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Figure 2. HRESI MS of [Ag,o(LA),,@f-CD,] complexes, where n = 1—3 (A) and Ag,o(LA);, (B). Assignments of the peaks are provided in the
inset of (A,B) with numbering, where X = Ag,5(LA);,. Branching of peaks appeared because of the presence of Na adducts. [XNCD;]*~ (peak 4) is
lighter than [XNCD,]*~ (peak 7) in (A) because of Na attachments. (C) Schematic representation of [Ag,o(LA),;@CD,] for n = 1. Color codes:
silver, light yellowish gray; sulfur, yellow; carbon, gray; oxygen, red. CD is presented in light blue color. (D) PL spectra of [Agyy(LA),,@p-CD,]
complexes (i) and pure cluster (ii). Photographs of the solution of [Ag,o(LA),,@p-CD,] complexes (i) and [Ag,o(LA),,] (ii) under UV light are
shown in the inset of (D).
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Figure 3. '"H NMR spectra of [Ag,o(LA);,NCB,] (A) and Ag,s(LA);, (B). Assignments of the peaks are provided. (C) Zoomed-in view of the peak
“a” from (A,B), which shows a significant change after the supramolecular complexation with ~0.2 ppm chemical shift. (D) DFT-optimized
structure of [Ag,o(LA);,NCB,]. The color codes remain the same as in Figure 1. Encapsulated LA and CB are shown in blue and light green,

respectively.

More details on instrumentation are presented in the Characterization of [Ag,4(LA);,NCB,] Complexes. The
Supporting Information. Computational details are also supramolecular complexes of Ag,,(LA);, with CB were
presented in the Supporting Information. confirmed using high-resolution ESI MS (HRESI MS) (Figure

1A). ESI MS spectra of [Ag,s(LA),NCB, and [Ag,o(LA);,]

B RESULTS AND DISCUSSION are shown in Figure 1A,B. The assignments of the peaks are
In the discussion presented below, supramolecular complexes given in the inset of Figure 1A with appropriate numbering.
are designated as Ag,o(LA);,NCB, and Ag,(LA),,@CD,, Peaks 2, 6, 8, and 11 correspond to (X)NCB,*, (X)NCB,*",
although the exact nature of complexation will be confirmed (X)NCB;*, and (X)NCB,*", respectively, where X =
only by a combination of studies. Ag,o(LA),, (Figure 1B). Loss of ligands and CB was observed
22300 https://dx.doi.org/10.1021/acs.jpcc.0c06770
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in the case of [Ag,o(LA);,NCB,] (n = 1-3), which could be
due to the voltages applied during ESI MS measurements. The
loss of ligands was observed for the parent cluster also. Various
charge states of the complexes were detected because of the
presence of carboxylic acid groups on the cluster, which was
also previously seen in the case ongszAlz31 and AgU(SG)7.32
[XNCB,]* (peak 8) is lighter than [XNCB,]*" (peak 11) in
Figure 1A. This is due to the number of Na® attachments.
Moreover, the supramolecular interactions of
[Ag,o(LA),NCB,] complexes resulted in 1.25 times enhance-
ment in luminescence, compared to the parent cluster (Figure
1D). However, the emission maximum of [Ag,,(LA);,NCB, ]
complexes (~680 nm) was almost the same as that of
Agyo(LA),,. The emission spectra of the cluster and its
supramolecular complexes with CB are provided in Figure 1D.
Photographs of the solution of [Ag,o(LA);,NCB,] complexes
and [Ag,o(LA),,] under UV light are shown in the inset of
Figure 1D. The optical absorption features showed similar
nature to that of the cluster, with a slightly decreasing
absorption, as shown in Figure S2.

Characterization of [Ag,4(LA),,@CD,] Complexes. The
as-synthesized [Ag,o(LA),,@p-CD,] (n 1-3) complexes
were characterized using HRESI MS. ESI MS spectra of
[Agyo(LA),@p-CD,] (n = 1-3) complexes are provided in
Figure 2A. The assignments of the peaks are mentioned in the
inset of Figure 2A,B. Peaks 2, 4, 6, and 7 represent (X)@-
CD,*, (X)@B-CD;"", (X)@B-CD,™, and (X)@p-CD,",
respectively, where X = Agyy(LA);,. The ESI MS spectrum
of Ag,o(LA),; is provided in Figure 2B. The loss of ligands and
CDs was similar in nature with the [Ag,,(LA);,NCB,] (n=1—
3) complexes. Moreover, various charge states of the
complexes were observed in this case also. In the case of «
and y-CD, similar types of adduct formation were confirmed
using HRESI MS. The ESI MS spectra of [Ag,o(LA),@a-
CD,] and [Ag,(LA);,@y-CD,] complexes are provided in
Figures S3 and S4, respectively. After forming such supra-
molecular adducts, [Ag,s(LA);,@p-CD,] complexes became
more stable compared to only Ag,o(LA),. [Agy(LA),@p-
CD,] complexes were 1.5 times more luminescent compared
to the parent cluster. The emission spectra of Ag,,(LA);, and
its CD complexes are provided in Figure 2D. The UV—vis
features of [Agyy(LA);,@B-CD,] and Ag,s(LA),, were almost
similar, which indicated that the electronic structure of the
cluster was unaltered by CD complexation (Figure SS).
Photographs of the solution of [Ag,o(LA),,@p-CD,] com-
plexes and [Agyy(LA),,] under UV light are provided in the
inset of Figure 2D.

NMR Study. Solution-phase NMR studies were performed
in order to understand the interactions between the cluster and
CB. The 'H NMR spectra for [Agy,(LA);,nCB,] and
Ag,o(LA),, cluster are shown in Figure 3A,B. Zoomed in
views of peak “a” from Figure 3A,B are shown in Figure 3C,
where a triplet peak was converted to a singlet peak along with
~0.2 ppm upfield chemical shift because of the change in the
environment of the proton of LA after supramolecular
complexation. This supported the existence of supramolecular
interactions in the solution phase. Similarly, 'H NMR for
[Agyo(LA),@p-CD,] complexes was also performed. The 'H
NMR spectra for [Ag,o(LA),,@p-CD,] and Agy(LA),, are
shown in Figure S6A,B. Because of the strong interactions,
almost all the peaks, H;—Hg, showed an upfield shift. H, of the
PB-CD peak overlapped with the “e” peak of LA. As a result, the
overall intensity of the peak increased.
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Computational Study to Understand the Structures
of [Ag,4(LA);,NCB,] and [Ag,o(LA),,@p-CD,] Complexes.
Lopez et al. reported that the core structure of Ag,o(LA), is
analogous to that of Ag,o(BDT),,.”> Using this reported DFT
method, we optimized the structure of Agy(LA),>". We
performed molecular docking, followed by DFT optimization,
to understand the structures of [Ag,o(LA);,NCB,] and
[Agyo(LA),@p-CD,] complexes. Molecular docking was
carried out in order to get the lowest minimum geometry for
[Ag,o(LA),NCB,] and [Ag,o(LA),,@p-CD,]. We used
Ag,o(LA),, as the “ligand” and supramolecular agents (CB
and $-CD) as the “receptor” molecules. DFT was carried out
after obtaining the lowest energy structure from the docking
study. The DFT-optimized structure of [Ag,o(LA);,NCB,] is
shown in Figures 3D and S7, where one CB molecule (light
green) encapsulated one LA ligand (blue) of Ag,o(LA),,. The
binding energy value was —12.58 kcal/mol. The optimized
structure of [Agy,(LA);,NCB,] revealed that vdWs and
dipole—dipole interactions were responsible for such a type
of complexation. Similarly, we optimized the structure of
[Agyo(LA),@p-CD,] using DFT. The optimized structure of
this system is shown in Figure S8. Here, LA ligands anchored
on the cluster surface formed a cavity, into which the CD
molecule (light blue) could fit. The wider rim of CD interacted
with the LA ligands of this cavity. The binding energy value
was —70.01 kcal/mol. vdW and hydrogen-bonding interactions
were the primary reasons for such supramolecular complex-
ation. We also obtained the structures of [Ag,o(LA);,NCB,]
and [Ag,,(LA),;,@p-CD,] complexes using molecular docking
and DFT optimization. The structures and binding energies of
[Ag,o(LA),NCB,] and [Ag,o(LA),@p-CD,] complexes are
shown in Figures S9 amd S10, respectively. Various
possibilities of binding of CB and CD with the cluster were
examined. From these calculations, it was confirmed that CB
formed inclusion complexes with Ag,o(LA);,, whereas CD
formed simple supramolecular adducts.

Dopamine Sensing. Dopamine has several important
functions in brain and body. Previously, various methods such
as electrochemical, calorimetric, fluorescence, and so forth
were used for sensing this molecule, and a summary of such
studies is provided in Table S1. As the cavity of the CD in the
complexes is free to encapsulate other molecules, we used
[Ag,o(LA),@p-CD,] to sense dopamine. The luminescence
of [Agyo(LA),@p-CD,] was quenched upon the addition of
dopamine, at a concentration of 1 mM (Figure 4A).
[Ag,o(LA) ,@p-CD,] did not respond to other related species
like glucose, H,0,, phenylalanine, and ascorbic acid at a
concentration of 1 mM (Figure 4A). These species tested are
likely to exist in such situations. Photographs of the solutions
of [Agy,(LA),,@B-CD,] before and after the addition of
glucose, H,0,, phenylalanine, dopamine, and ascorbic acid are
shown in Figure 4B. The vacant cavity of CD could
encapsulate dopamine molecules, leading to such quenching.
PL intensity decreased upon increasing the dopamine
concentration in solution (Figure S11A). About 10 nM
dopamine solution was detected by this method (Figure
S11A). Comparison of our data with the literature is provided
in Table S1. Previously, CD-based gold nanoparticles were
used to sense dopamine.”* Fluorescent gold nanoclusters were
also used for the selective detection of dopamine.” Here,
luminescent supramolecular complexes of atomically precise
silver cluster were utilized to detect dopamine in water. This is
the first example of dopamine sensing using supramolecular

https://dx.doi.org/10.1021/acs.jpcc.0c06770
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Figure 4. (A) PL spectra of [Agy(LA),@p-CD,] complexes before
(6) and after the addition of glucose (S), H,O, (4), phenylalanine
(3), dopamine (2), and ascorbic acid (1) and (B) their corresponding
photographs. The final concentration of all above species was 1 mM.
The color of the species in (A,B) is kept the same in the PL spectra.

complexes of atomically precise clusters. Quenching data at
different concentrations of dopamine are provided in Figure
S1IA. The plot between PL quenching efficiency and
dopamine concentration shows a linear relationship (Figure
S11B).

Regarding other implications of these structures, we suggest
that their isolation in the solid state can result in new classes of
cluster-assembled solids. Such cluster-assembled solids are
likely to be functional materials. The vacant cavity of -CD in
[Agyo(LA),@p-CD,] complexes could be utilized for sensing
organic pollutants in air, besides their use in drug delivery and
bioimaging, as the cluster is likely to be biocompatible.
Although these are only suggestions at the moment, we believe
that such supramolecular complexes presented here may bring
new aspects into the expanding science of NMCs.

B CONCLUSIONS

In summary, we showed the formation of supramolecular
complexes of Ag,o(LA);, with CB and CDs. Noncovalent
interactions enhanced the luminescence of the cluster. The
formation of Ag,,LA,@CD, and Ag,,LA;,NCB, (n = 1-3)
complexes was characterized using HRESI MS and NMR.
Molecular docking and DFT calculations supported the
experimental results. Supramolecular complexes of
AgyLA,@P-CD, were used to detect dopamine in solution
at a limit of 10 nM with high selectivity. Host—guest
complexation could be observed for other clusters also
depending on the symmetry, orientation, and geometry of
the ligands surrounding the cluster.
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