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roscopic studies on post-
functionalized Au25 cluster as an ATR-FTIR sensor
for cations†

Ani Baghdasaryan, a Elodie Brun, b Yuming Wang, a Giovanni Salassa, a

Jérôme Lacour *b and Thomas Bürgi *a

Recently, significant research activity has been devoted to thiolate-protected gold clusters due to their

attractive optical and electronic properties. These properties as well as solubility and stability can be

controlled by post-synthetic modification strategies. Herein, the ligand exchange reaction between

Au25(2-PET)18 cluster (where 2-PET is 2-phenylethanethiol) and di-thiolated crown ether (t-CE) ligands

bearing two chromophores was studied. The post-functionalization aimed to endow the cluster with ion

binding properties. The exchange reaction was followed in situ by UV-vis, 1H NMR and HPLC. MALDI

mass analysis revealed the incorporation of up to 5 t-CE ligands into the ligand shell. Once

functionalized MALDI furthermore showed complexation of sodium ions to the cluster. ATR-FTIR

spectroscopic studies using aqueous solutions of K+, Ba2+, Gd3+ and Eu3+ showed noticeable spectral

shifts of the C–O stretching band around 1100 cm�1 upon complexation. Further spectral changes point

towards a conformational change of the two chromophores that are attached to the crown ether.

Density functional theory calculations indicate that the di-thiol ligand bridges two staple units on the

cluster. The calculations furthermore reproduce the spectral shift of the C–O stretching vibrations upon

complex formation and reveal a conformational change that involves the two chromophores attached to

the crown ether. The functionalized clusters have therefore attractive ion sensing properties due to the

combination of binding properties, mainly due to the crown ether, and the possibility for signal

transduction via an induced conformational change involving chromophore units.
Introduction

In recent years, the interest in thiolate-protected gold clusters
has grown and a substantial number of atomically precise
clusters with distinct physical–chemical properties were
synthesized and characterized.1,2 Furthermore, post-synthetic
modication strategies such as ligand-exchange reaction,3–9

metal doping and alloying10,11 were applied to tune cluster
properties and/or to integrate new functionalities. Such reac-
tions exert a profound inuence on the optical, electronic,
catalytic and biomedical properties of the clusters.3,12,13 For
instance, mixed ligand shell clusters can drastically change or
even lose their distinct native cluster optical ngerprints
despite the preservation of their core size.3,14,15 Functionalized
thiols with various backbone structures can be used for ligand
exchange reactions.16–18
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Crown ethers have been applied as complexing agents for
primary and secondary alkylammonium ions,19–21 some transi-
tion metal ions,22 lanthanides and actinides23 and for small
molecules such as urea, thiourea, acetonitrile and nitro
compounds.24,25 These neutral synthetic heterocyclic
compounds are of interest due to their powerful cation binding
properties in areas such as host–guest chemistry and in the
construction of well-dened supramolecular assemblies.
Crown-based sensors designed for cation recognition with high
selectivity and a variety of responses can be developed by the
attachment of a chromophore, uorophore or luminophore
into the crown framework.26 The combination of synthetic
versatility and well-tailored design opens the door for diverse
applications related to molecular recognition, chirality and
catalysis. Combined experimental and theoretical studies reveal
the ion selectivity in terms of their size matching with the guest
ions. For example, 12-crown-4 (12C4) has higher binding
affinity towards Li+,27 whereas 15-crown-5 (15C5) and 18-crown-
6 (18C6) show stronger encapsulation efficiencies towards Na+

and K+, respectively.28–30 The binding properties of these ligands
with cations on Au surfaces have been studied previously.29,30

Several examples of gold clusters, although not atomically well
dened, being used in sensing applications of heavy metals and
Chem. Sci., 2021, 12, 7419–7427 | 7419
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Scheme 1 Synthesis of the three stereoisomers of the t-CE ligand.
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toxic anions in environment and biota, have also been re-
ported.31–37 Metal sensing properties of freestanding composite
lms of Au15 has been reported, too.38 However, to the best of
our knowledge this is the rst report on ion sensing capability
of an atomically precise functionalized monolayer-protected
gold cluster. The functionalization of atomically precise
Au25(2-PET)18 cluster (where 2-PET is 2-phenylethanethiol) with
di-thiolated crown ether ligand, bearing two chromophores,
leads to new compounds with ion binding properties. In the
following we describe the preparation of mixed ligand shell Au25
clusters and demonstrate their ability to bind metal ions.
Furthermore, we show that complexation leads to conforma-
tional changes of the ligand involving the attached chromo-
phores, which could potentially be used for signal transduction.
Experimental
Materials

Hydrogen tetrachloroaurate(III) trihydrate (ACS, Alfa Aesar,
99.99%), tetraoctylammonium bromide (Sigma-Aldrich, 98%),
2-phenylethanethiol (Sigma-Aldrich-Fluka, 99+%), sodium bor-
ohydrate (Aldrich, $96%), KBr (Merck, for spectroscopy),
gadolinium(III) chloride hydrate (Sigma-Aldrich-Fluka, 99.99%),
europium(III) chloride hexahydrate (Strem, 99.9%), acetone
(Fisher, 99.7%), toluene (Fisher, 99.9%), ethanol (Sigma-
Aldrich, >99.8%), methanol (Fisher, 99.9%), dichloromethane
(Merck, 99.7+%) were used as received. Milli-Q water was used
(18.2 MU cm), {N2,N11-bis(3,5-bis(triuoromethyl)phenyl)-3,12-
bis(mercaptomethyl)-1,4,7,10,13,16-hexaoxacyclooctadecane-
2,11-dicarboxamide} ligand (thiolated crown ether, abbreviated
t-CE).
Fig. 1 Schematic representation of the ligand exchange reaction with
Au25 cluster and C2-trans t-CE ligand.
Synthesis of Au25(2-PET)18 cluster and ligand exchange
reaction with t-CE ligand

Au25(2-PET)18 cluster was synthesized based on reported
protocols.39,40 Briey, 1 g of HAuCl4$3H2O mixed with tetraoc-
tylammonium bromide (abbreviated TOAB) was dissolved in
THF and stirred for 15 min. Then 10 mL of 2-PET ligand was
added until the solution gradually changed colour from red to
yellow and eventually turned colourless. At this point, 900 mg
NaBH4 dissolved in 50 mL ice-cold water was added at once and
the reaction mixture was allowed to stir for 3 h. Furthermore,
the reaction solution was ltered with paper to remove the
insoluble Au(I)–SR complexes. The ltered solution was evapo-
rated, and the crude sample was washed with Milli-Q water and
MeOH several times to remove unreacted precursors. The
puried sample was dried in a vacuum rotary evaporator at
room temperature. Note that during this synthesis mainly
negatively charged cluster was obtained as evidenced by UV-vis
spectra.41 Upon silica-gel column chromatography under
aerobic conditions the cluster was oxidized to its uncharged
form.

The synthesis of the t-CE ligand, presented in Scheme 1, was
performed as recently reported.42 Wemade use of the [3 + 6 + 3 +
6] condensation of methyl a-diazo-b-ketoester with 1,4-dioxane
to yield unsaturated macrocycle 18C6 (Scheme 1, up to 20 gram
7420 | Chem. Sci., 2021, 12, 7419–7427
scale, 0.01–0.001 mol% of dirhodium catalyst).43,44 Then, ster-
eoselective deconjugation in presence of 3,5-bis(tri-
uoromethyl)aniline and t-BuOK,45–49 followed by double
hydrothiolation of the bis enol ether adduct with thioacetic acid
led, under photo-mediated conditions and aer saponication,
to three separated t-CE macrocycles containing four dened
stereocenters in only three steps from 1,4-dioxane. By NMR
spectroscopy, the two C2-symmetric derivatives can be readily
differentiated from the single C1 isomer. The assignment of the
relative cis and trans congurations was unambiguously deter-
mined by X-ray crystallography.42

Ligand exchange reaction between neutral Au25(2-PET)18 and
selected t-CE ligands were carried out under mild conditions
(1 : 3 and 1 : 10 cluster/ligand molar ratios, room temperature,
DCM solution, 16 h). The number of exchanged ligands was
controlled by altering the reaction conditions (Fig. 1). Note that
the t-CE ligands are chiral, and they were only used in racemic
form for the experiments described herein.
Characterization methods

UV-vis spectra were recorded on a Varian Cary 50 spectropho-
tometer, using a quartz cuvette of 1 cm path length. Spectra
were measured in the range of 200–1000 nm in DCM with
a scanning speed of 200 nmmin�1 (UV-vis bandwidth 2 nm and
NIR bandwidth 2 nm).

NMR spectra were recorded on a Bruker Avance 400 MHz
spectrometer. 1H NMR chemical shis are given in ppm relative
to SiMe4, with the solvent resonance used as internal reference.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 In situ UV-vis study of ligand exchange reaction. 1 : 10 cluster/
t-CE ratio was used for in situ reaction monitoring. The spectra are
scaled for better comparison. The spectrum of Au25 cluster before
ligand addition was recorded as a reference.
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NMR-monitored thiol exchange reaction was performed in
a screw-cup NMR tube in which t-CE ligand and Au25(2-PET)18
were dissolved in DCM-d2. Proton spectra were acquired every
hour for 14 hours. Delay time between the thiol addition and
the end of the rst NMR-spectrum was measured. The evolution
in time (t) of the peak integrals (y) of free thiol were tted with
a three parameters exponential function included in MestRe-
Nova 11.0.1:

y ¼ B + F exp(�tG)

in which B is the value of the peak integral at innite time.
Ligand exchange was studied by chromatography (HPLC) on

a JASCO 20XX HPLC system equipped with an analytical Chir-
alpak IA column (5 mm, 4 mm � 10 mm) using n-hexane/
ethanol (90 : 10) mobile phase at a ow rate of 1 mL min�1.
The analytes were detected with a JASCO 2077 plus UV detector
operated at 300 nm.

MALDI-TOF mass analysis was performed on an AXIMA-
CFR+ MALDI-TOF-MS (Shimadzu, Duisburg, Germany) mass
spectrometer equipped with a nitrogen laser in positive mode.
[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) was used as a matrix with a 1 : 1000 analyte : matrix
ratio. A volume of 2 ml of the analyte/matrix mixture was applied
to the target and air-dried.

Ion binding properties were examined by attenuated total
reection-Fourier transform infrared spectroscopy (ATR-FTIR)
on a Bruker 80 V FTIR spectrometer equipped with a narrow-
band MTC detector. ATR spectra were recorded at room
temperature with a resolution of 4 cm�1. Cluster solution in
DCM with a total concentration of 0.5 mg mL�1 was drop cast
onto a Ge internal reection element (IRE, 52 � 20 � 1 mm,
KOMLAS). Aer solvent evaporation, loose cluster particles were
removed by owing water over the IRE. Aer air-drying, the lm
was ready for use. A dedicated ow-through cell was used
composed of a Teon piece and a fused silica plate (45 � 35 � 3
mm) and the ow-rate was controlled by a peristaltic pump
(Ismatec, Reglo 100) located before the cell.50 A viton-ring seal (1
mm) dened the thickness of the uid compartment, which
had a volume of 0.5 mL. The cell was mounted on an attach-
ment for ATR measurements (Wilks Scientic) within the
sample compartment. In situ spectroscopic studies were per-
formed using KBr, BaCl2, GdCl3$H2O and EuCl3$6H2O aqueous
solutions, changing concentrations from 50 ppm to 5000 ppm.
Milli-Q water was owing at a ow rate of 3 mLmin�1 to remove
loose clusters and aerwards a background was recorded. The
water was switched to metal salt solution and spectra were
measured for 3 h continuously at a ow rate of 1.2 mL min�1.

Computational methods

Structure optimizations, energy calculations and the calculation
of IR spectra were performed using Gaussian soware
package.51 The calculations were performed using the B3PW91
functional and a 6-31G** basis set for H, C, O, N, F, S and K,
a Lanl2MB for Au and a Lanl2DZ for Ba. Prior to the calculation
of the spectra all degrees of freedom were completely relaxed in
order to reach equilibrium geometries. IR spectra were
© 2021 The Author(s). Published by the Royal Society of Chemistry
constructed from calculated dipole strengths assuming
a Gaussian band shape with a half-width at half-maximum of
5 cm�1. All calculations were performed for the gas phase
species. For the calculations involving the cluster the 2-PET
ligands were replaced with S–H groups. Note that the neutral
cluster is an open shell system. The calculations were per-
formed on the anion cluster, which has a closed 1S21P6

superatom electronic shell.
Results and discussion

The ligand exchange reaction between Au25(2-PET)18 cluster and
t-CE ligands was followed in situ by UV-vis and 1H NMR spec-
troscopy over the time course of about a day. As mentioned
earlier, di-thiolated t-CE ligand exists in three possible stereo-
isomeric forms, i.e. the C2-cis, C2-trans and C1 (Scheme 1). All
three separated isomers were used in independent ligand
exchange reactions. With the C2-cis and C1 isomers, the ligand
exchange processes resulted in marked precipitation. In these
cases, the bidendate/bisthiolated stereoisomers most probably
act as linkers between clusters and, as a result, multimers or
cluster aggregates are formed, which eventually precipitate as
they grow larger. These structures, which may have interesting
properties, were not studied as their investigation is out of the
scope of this paper. Finally, interactions of the C2-trans stereo-
isomer were performed and resulted in successful ligand
exchanges without any precipitation. The C2-trans stereoisomer
was therefore selected for the remainder of the study.

During the exchange reaction, the colour of the solution
gradually changed from green (characteristic for neutral Au25(2-
PET)18 cluster) to reddish in agreement with obvious changes in
the UV-vis spectra (Fig. 2). Characteristic optical ngerprints of
the Au25 cluster were still recognizable but less pronounced in
the visible region (Fig. 2). Furthermore, in size exclusion chro-
matography (SEC, Bio-Beads™ S-X1 Support gel) two distin-
guishable fractions marked as F1 (reddish) and F2 (greenish)
corresponding to the exchanged species and non-reacted
Chem. Sci., 2021, 12, 7419–7427 | 7421
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Fig. 4 MALDI mass spectra of Au25(2-PET)18�2x(t-CE)x exchanged
species with Na+ adducts. The mass spectrum of Au25(2-PET)18 is also
shown for comparison.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 3
:2

8:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cluster were successfully separated. MALDI analysis (Fig. 3)
revealed the formation of several exchanged clusters in fraction
F1. Au25(2-PET)18�2x(t-CE)x species with up to 4 exchanged t-CE
ligands were detected with an average exchange number of �x¼ 2
(Table S1†). Fraction F2 contained pure Au25 cluster (Fig. 3).

Mass spectra showed that one incoming t-CE ligand
exchanges with two 2-PET ligands, leading to clusters of
composition Au25(2-PET)18�2x(t-CE)x. No sign of partially
exchanged ligand (one t-CE for one 2-PET) could be found in the
mass spectra. Not assigned peaks in Fig. 3 are the fragments of
the exchanged species.

MALDI showed that no more than ve t-CE ligands can be
adsorbed on the cluster (see ESI Fig. S1†), even when further
increasing the cluster/ligand ratio (up to 1 : 20) as well as
reaction time. Probably the large size of t-CE does not allow the
adsorption of more than ve t-CE ligands on the cluster. Careful
inspection of the MALDI mass spectra revealed an interesting
feature. For the ligand exchanged clusters additional peaks at
higher massm/z + 23 were detected (Fig. 4). The mass difference
corresponds to Na+ ions. Note, that the additional peak was not
observed for parent Au25(2-PET)18. This observation indicates
the trapping of Na+ in the crown ether cavity of the t-CE ligand
and provides rst evidence for the affinity of adsorbed ligand for
metal ions.

1H NMR spectroscopic analyses showed the change in the
signals' intensity of incoming t-CE ligand and outgoing 2-PET
thiol (Au25 : t-CE ratio of 1 : 3, Fig. 5). Over time the intensity of
free t-CE ligand (4.4, 7.6 and 9.2 ppm) decreased due to
anchoring onto the cluster. Similarly, the intensity of signals
due to 2-PET ligand (2.9 ppm) increased. Analysis of the kinetics
showed that at equilibrium 62% of the t-CE ligand has
exchanged with 2-PET on the cluster surface.

Moreover, the NMR spectrum of exchanged sample showed
clear differences with respect to reference Au25.

HPLC analyses were performed to monitor the ligand
exchange reaction (Fig. S2†). In a control experiment Au25(2-
PET)18 cluster eluted at 13.5 min. Immediately aer adding the
ligand a new peak at 12.6 min retention time was observed
Fig. 3 MALDI analysis of the two separated fractions (F1 and F2) on
SEC column.

7422 | Chem. Sci., 2021, 12, 7419–7427
indicating ligand exchange reaction. It is worthmentioning that
the rst exchange between the cluster and the t-CE ligand
happens very fast resulting in a new peak in the chromatogram
immediately aer starting the ligand exchange reaction
(Fig. S2†). This conrms the NMR results, which show a high
level of released 2-PET aer short time (Fig. 5b). Moreover,
MALDI analysis (not shown) of the sample aer NMR studies
shows an average exchange number �x of 2.4. Hence, considering
that this number corresponds to the last point of the NMR
tting curve one can estimate the composition (�x) at which the
change from very fast to moderate exchange rate is taking place.
In fact, this estimation yields �x ¼ 1.1, indicating that the rst
exchange is much faster than the subsequent exchanges. This is
in line with previous observations made for a rigid dithiol,
BINAS (1,10-binaphthyl-2,20-dithiol), which undergoes the rst
ligand exchange considerably faster than subsequent ones.4

Possibly the ligand shell becomes more rigid due to the incor-
porated ligand, which slows down further exchange.

For in situ ATR-IR experiments Au25(2-PET)18�2x(t-CE)x
sample containing up to 4 exchanged species (�x¼ 2.3, separated
from precursor Au25 cluster on SEC column), were used. First,
the cluster was deposited on a Ge crystal by drop casting. Aer
air drying, a reference IR spectrum of the solid lm was
measured and later used for comparison. Aerwards, the whole
system was ushed with water for 30 min until the signal was
stable. At this point, a background was recorded, and the
aqueous solutions of the salts were owed through the cell.
Several concentrations of salts of interest were used for an ion
sensing. The ion incorporation onto the crown ether cavity can
be expressed by the following equation:

Au25(2-PET)18�2x(t-CE)x + yMn+ / Au25(2-PET)18�2x(t-

CE)xMy
yn+

where Mn+ is K+, Ba2+, Gd3+ and Eu3+.
The following metal cations were chosen for the measure-

ments: K+ (as the “golden” standard for 18C6), Ba2+, Gd3+ and
Eu3+ (vide infra). The UV-vis spectra of Au25(2-PET)18�2x(t-CE)x
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Thiol exchange reaction between Au25(2-PET)18 and 3 equivalents of t-CE followed by NMR spectroscopy. 1H-NMR spectra were
recorded every hour in DCM-d2 for 14 h (herein, from bottom to top each spectrum corresponds to the increase of reaction time of 2 h). (b)
Exponential fitting of the integral of the leaving 2-PET (red crosses, 2.95 ppm) and entering t-CE (blue circles, 9.25 ppm).
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aer the addition of various amounts of KBr salts showed no
obvious changes to the spectra (Fig. S3†). Several salt concen-
trations such as 300, 500, 1000, 3000 ppm have been used for
ATR-FTIR measurements (not shown). However, the prelimi-
nary measurements showed that with decreasing the concen-
tration of the salt of interest, the associated spectral changes are
mostly governed by water absorption and the changes due to the
metal binding are basically overlooked. However, with
increasing the concentration/amount of the salt above certain
threshold (ca. > 3000 ppm), not only the characteristic spectral
changes associated with metal encapsulation become more
dominant, but also the estimation of C–O band shis become at
this point feasible. Hence, the following experimental data refer
to the salt concentration of 5000 ppm. Note that the reported
ATR-IR spectra reveal the spectral changes that are induced by
the interaction of the ions with the cluster lm, since the
reference was recorded in pure water just before admitting the
salt solution. In all IR spectra, noticeable changes in intensity
and frequency were observed at around 1034 cm�1. This
frequency corresponds to the C–O stretching vibration of the
crown ether unit.29,30 The insertion of metal cations leads to the
spectral changes of 18C6 moiety. The spectral features in IR
spectra depend on the nature of the encapsulated ions. Fig. 6
displays ATR-IR (difference) spectra aer encapsulation of K+

and Ba2+.
The vibrational spectra show that the band at around

1034 cm�1 shis towards lower frequencies. Such a shi was
attributed to the conformational changes of the crown ether
upon complex formation with cations and uctuation of the
guest position inside the cavity.30 A maximum shi d ¼ 7 cm�1

was observed during K+ encapsulation as well as an increase in
band intensity. The peak positions of other bands (e.g. C–H
bending of the aromatic rings at 1276 cm�1, C–H bending at
1379–1467 cm�1, amide bands at 1541–1660 cm�1) were less
affected although their relative intensities changed during
host–guest complex formation. Note that the introduction of
© 2021 The Author(s). Published by the Royal Society of Chemistry
salts changes the water spectrum, which is reected in broad
signals in the spectra above 1600 cm�1.

It has been shown that some earth alkaline metals have
binding affinities towards crown cavities, and that derived from
18C6 macrocycles in particular.47–49,52 We therefore tested
aqueous solutions of Ba2+ salt. The ionic radius of barium of 135
pm, compares well with the ionic radius of K+ (138 pm). It is
therefore likely to see enhanced binding possibilities for
barium as well. Indeed ATR-FTIR spectra revealed changes
upon owing Ba2+ salt (Fig. 6b). As expected, Ba2+ showed
strong affinity towards crownmoieties with a shi of 21 cm�1 of
the C–O band. Other spectral changes were also seen. For
example, the dominant band at around 1276 cm�1 appeared as
a single band in the reference lm spectrum but when the lm
interacted with the Ba2+ salt a second peak at slightly lower
wavenumber appeared. A similar spectral change has been
observed in the case of K+ (Fig. 6a) although less prominent. The
differences in the spectra and the correlation between binding
and the nature of the ions can be explained by considering the
electrostatic Born factor z2/R.47 Although the ionic radii of K+

and Ba2+ are quite similar, the difference in charge state dras-
tically affects the Born factor (0.724 and 2.96 eu Å�1 for K+ and
Ba2+, respectively) and the observed vibrational shis as a result
of metal recognition and binding increases accordingly. Hence,
these results are in line with the general trends of electrostatic
Born factors.

A report by S. Suárez et al. showed strong binding affinities of
lanthanides towards various macrocyclic compounds.53 So, we
have demonstrated the applicability of our sensing system by
choosing commonly used lanthanides europium and gadoli-
nium. Interestingly, similar spectral changes and red shis of
the C–O band were observed using aqueous solutions of
lanthanides, i.e. gadolinium (Gd3+) and europium (Eu3+)
(Fig. 7). The ionic radius of these ions (94 pm Gd3+, 95 pm Eu3+)
are quite different compared to the one of K+ (138 pm). On the
other hand, not only the size and nature of an ion but also its
Chem. Sci., 2021, 12, 7419–7427 | 7423
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Fig. 6 In situ ATR-FTIR spectra of Mn+$cluster complexes using 5000 ppm aqueous solutions of (a) KBr and (b) BaCl2. The spectra are scaled for
better comparison. Left axis refers to the cluster reference spectrum shown at the bottom. Right axis refers to the in situ spectra shown at the top.
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charge state could have an impact on the complex formation
chemistry. Compared to K+ quite large red shis were observed
in case of lanthanides (d ¼ 18 cm�1 and d ¼ 17 cm�1), in line
with the electrostatic Born factors of lanthanides (9.57 and 9.47
eu Å�1 for Gd3+ and Eu3+, respectively). However, the shi is less
pronounced with respect to Ba2+.

Note, that aer owing water through the ATR-IR cell for an
hour, no blue shis of the C–O–C vibrations were observed
(Fig. S4†). This means, that the incorporated metal cations are
strongly complexed to the crown ether.

The absorbance of the C–O stretching vibrations as a func-
tion of time was furthermore used to study the kinetics of ion
incorporation into the lm (Fig. S5†). Herein, the reaction was
assumed to be pseudo-rst-order considering the concentration
of salt was constant with respect to the cluster. Therefore, the
rate constant (k) for each case was determined using rst order
rate equation. Apparent rate constants for K+ (0.79 �
Fig. 7 In situ ATR-FTIR spectra of M3+$cluster complexes using 5000 ppm
are scaled for better comparison. Left axis refers to the cluster reference
shown at the top.

7424 | Chem. Sci., 2021, 12, 7419–7427
0.05 min�1), Ba2+ (0.32 � 0.04 min�1), Eu3+ (0.76 � 0.07 min�1)
and Gd3+ (0.48� 0.03 min�1) were found. These values are quite
similar. It is however difficult to judge inuences like lm
morphology and lm thickness on the observed kinetics.
DFT calculations

Density functional theory (DFT) calculations were performed to
explore the possible binding positions of the t-CE ligand on the
cluster and to examine the effect of binding on the ligand
structure (conformation). Furthermore, we wanted to see how
the binding of cations affects the vibrational spectra. Recent
experiments and MD calculations on a substituted crown ether
similar to the t-CE ligand indicate that binding of Ba2+ leads to
conformational changes which should lead to spectral
changes.49

In the crystal structure the t-CE ligand is rather distorted
with the two phenyl rings twisted and quite far from each other.
aqueous solutions of (a) EuCl3$6H2O and (b) GdCl3$H2O. The spectra
spectrum shown at the bottom. Right axis refers to the in situ spectra

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Starting from the crystal structure a complete geometry opti-
mization resulted in the structure shown in Fig. S6a.† This is
not the only stable conformation of the free molecule, however,
a more symmetric structure, with the phenyl ring closer
together was considerably less stable (see structure b in
Fig. S6†). Interestingly, when binding K+ to the distorted
structure a rather drastic conformational change took place
during geometry optimization towards the more symmetric
structure (Fig. S7a†). The structure furthermore changed when
replacing K+ by Ba2+(Fig. S7b†). In both cases one of the two
N–H groups was found to be closer to the cation than the other.
However, in the Ba2+ case the proton of the amide group is
further oriented away from the cation, possibly due to increased
charge repulsion, which leads to a further tilt of the two phenyl
groups, which are not parallel to each other anymore. According
to the current DFT calculations, binding of t-CE ligands to the
Au surface profoundly constraints the conformational freedom
of both topical amide moieties that do not rotate inwards upon
cation binding, as it is observed in solution.54

Based on DFT calculations, we found two binding positions
on the cluster. In one the ligand binds on one staple, i.e. the
sulphur groups of the t-CE ligand are part of one single staple
(Fig. S8†).

In the other binding mode, the t-CE ligand bridges two
staples (Fig. 8a), similar to what has been found for BINAS.55,56

The latter binding mode is considerably more stable, and we
therefore focus on this binding mode in the following (Fig. 8a).

We now focus on the calculated IR spectra, rst of the
unbound ligand (Fig. S9†). It became evident that the confor-
mation has an effect on the IR spectra, especially also in the
region around 1100 cm�1, where the C–O vibrations are calcu-
lated. Binding of K+ changed the IR spectrum, in particular the
prominent C–O vibrational band shied down in frequency (as
observed in the experiments). When K+ was replaced by Ba2+ the
spectrum changed again quite drastically (Fig. S9†).

The vibrational spectrum of the free t-CE ligand and of the
one adsorbed on the cluster surface were found to be quite
similar, as a comparison shows (Fig. S10†). Themost prominent
Fig. 8 (a) The possible exchange site of the ligand on the cluster
surface and (b) conformational changes upon complexation with K+

based on DFT calculations.

© 2021 The Author(s). Published by the Royal Society of Chemistry
change is the weakening of the C–O vibrations upon adsorption.
Upon complexation with K+ the spectral region around
1200 cm�1 and below exhibited changes and the C–O vibrations
shied to lower frequency, in agreement with experiment.
Moreover, the calculated IR spectra of free ligand compared to
the spectra of the cluster and the complex with the metal
cations showed that the conformational changes led to changes
in amide II (N–H bending) region below 1600 cm�1 (frequency
shis and intensity changes), in accordance with structural
changes as discussed above. The experimental spectra revealed
quite a drastic change of the aromatic C–H in plane bending
around 1276 cm�1 (emergence of a second band at lower
frequency). The calculations do not quite reproduce that
although it is noted that the corresponding band shied slightly
to lower wavenumbers upon complexation. To sum up, the
calculations predict a shi to lower wavenumbers of the C–O
stretching band of the crown ether unit upon complexation, in
agreement with experiment. Furthermore, in agreement with
experiment the calculations disclose spectral changes associ-
ated with a conformational change of the t-CE ligand due to
complex formation. It has to be noted that in the calculations
water was neglected. Therefore, the calculated spectral changes
remain qualitative.

Conclusions

In summary, ligand exchange reaction between Au25(2-PET)24
cluster and t-CE ligand was studied in situ with several methods
including UV-vis, 1H NMR and HPLC. The smoothing of the
optical ngerprint bands in the UV-vis spectra correlated with
the change in solution colour as well as changes in NMR signals
indicate the success of the ligand-for-ligand reaction. Moreover,
MALDI-TOF mass analysis showed the formation of up to x ¼ 5
Au25(2-PET)18�2x(t-CE)x exchange species. The reaction moni-
toring with HPLC showed immediate changes in the chro-
matogram aer ligand injection, in agreement with NMR,
which showed a fast rst ligand exchange. MALDI mass spectra
revealed complexation of Na+ by the exchanged cluster. The
ATR-FTIR studies of ion binding ability of the Au25(2-
PET)18�2x(t-CE)x sample with aqueous solutions of Mn+ salts
(where Mn+ is K+, Ba2+, Gd3+ and Eu3+) revealed signicant red
shis of C–O stretching vibrations due to an ion encapsulation
into a crown cavity. Further spectral changes pointed towards
a conformational change of the ligand upon complex forma-
tion. Calculations highlighted the most probable and energet-
ically favourable interstaple binding site for the t-CE ligand.
Calculated vibrational spectra showed pronounced C–O
frequency shis during host–guest complex formation in
agreement with experimental data. The complexation leads to
some conformational changes of the ligand, which is also re-
ected in the calculated vibrational spectra. The formed
supramolecular complexes exhibit very good stability. The used
ligand combines ion binding possibilities, through the crown
ether unit, with the possibility to transduce the binding event
through a conformational change which may affect the optical
properties of the chromophores attached to it. This makes the
post-functionalized Au25 cluster a promising candidate for ion
Chem. Sci., 2021, 12, 7419–7427 | 7425
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sensing applications. The insight gained in this study will guide
the further development of the composite nanoscale material
towards this goal.
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