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Relation between spectral and spatial properties of gold
nanoclusters modified by the morpholine ligand
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Recently, gold nanoparticles have received the most attention due to the features and pos-
sible applications of their size dependent surface plasmon resonance, which disappears for
nanoparticles less than 2 nm in size, that are called gold nanoclusters. Gold nanoclusters,
composed of only several to tens of atoms, exhibit molecule-like electronic transitions and
size-dependent photoluminescence. This effect offers many possible applications including
biological and biochemical sensors and fluorescent bioimaging. Here we report the study
of the spectral properties of gold nanoclusters synthesized using a 2-(N-morpholino)
ethanesulfonic acid as a capping agent, and their relation to the spatial characteristics of
these clusters. We investigated spectral changes of nanoclusters under varying pH value
and sample preparation methods and observed the highest photoluminescence intensity
at pH 6.3. According to theoretical models we estimated that these particles are composed
of 8 atoms, which form a three-dimensional pyramidal structure (C2,). At pH 4.9-5.8 ad-
ditional plasmonic gold nanoparticles were generated with the calculated size of about
20 nm.
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INTRODUCTION

New properties emerge when the size of a matter is reduced
from the bulk to the nanometer scale. These new properties,
including optical, magnetic, electronic, and structural, make
nano-sized particles (generally 1-100 nm in diameter) very
promising for a wide range of biomedical applications such
as cellular imaging, molecular diagnostics and targeted ther-
apy. In recent years gold nanoparticles have been brought to
the forefront of cancer research because of their facile synthe-
sis and surface modification, tuneable optical properties as well
as excellent biocompatibility.

Most attention has been paid to the large spherical gold
nanoparticles that display size dependent surface plasmon
resonance (SPR) absorption [], which is a coherent oscilla-
tion of the conduction band electrons excited by electromag-
netic radiation. This effect offers many possible applications
including biological and biochemical sensors and surface-
enhanced spectroscopy [E]. The typical SPR absorption band
is between 520 and 545 nm, but it can shift depending on
the size, shape and the aggregation behaviour of the nanopar-
ticles [E]. The intensity of SPR absorption varies as the third
power of the nanoparticle size [E] and completely disappears
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for nanoparticles less than 2 nm in size, which are called gold
nanoclusters (AuNCs).

Gold nanoclusters are assemblies of a small number (2-30)
of gold atoms, typically no bigger than 2 nm in diameter. Such
metal nanoclusters, composed of only several tens of atoms,
exhibit molecule-like electronic transitions as the density
of states is insufficient to merge the valence and conduction
bands [ﬂ, E]. At sizes comparable to the Fermi wavelength of
an electron (~0.7 nm in the case of gold), optical properties are
significantly modified and discrete nanocluster energy levels
become accessible [E], from which size-dependent photolumi-
nescence (PL) of AuNCs originates [IE].

Currently, synthesis of photoluminescent AuNCs most
commonly uses large molecules as templates or encapsulation
agents, such as dendrimers, polymers and proteins [].
However, these templates increase the overall size of the nano-
clusters and make it difficult to determine their core size and
the details of the nanocluster-ligand interaction. Also, large flu-
orescent tags can disrupt the marked biomolecules and cause
artificial movement within the cells [E].

The solution to these shortcomings might be photolumi-
nescent AuNCs synthesized using small molecule ligands such
as 2-(N-morpholino)ethanesulfonic acid (MES), as was re-
cently shown by Bao et al. [@]. MES is a highly water-soluble
buffering agent with a pK_value of 6.15 that has specifically
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been developed for biological research [E]. The weight of
these molecules is only 195.2 Da which is almost the same as
the weight of one gold atom (197 Da), therefore MES, as a sur-
factant, does not significantly increase the size of a nanocluster.
During the synthesis process MES molecules act both as a re-
ducing agent and as a stabilizer of resulting nanoclusters. These
MES capped AuNCs have a particularly small size (less than
1 nm) that does not influence any functions of bio-units [@].
Therefore they can be successfully used for biological applica-
tions such as tracking various processes inside cells.

Currently, considerable research efforts are directed to-
wards investigation of synthesis routs of fluorescent AuNCs
capped with reactive molecules [], their optical prop-
erties [R2-29] and possible applications for material sensing
[@, @, ], and fluorescence imaging [@, @].

So far there are only few studies about the photolumi-
nescent gold nanoclusters synthesized using MES [@, E,
]. Compared to semiconductor quantum dots which
possess size-dependent fluorescence in cases where a parti-
cle size is smaller than the exciton Bohr radius, AuNCs do not
contain toxic heavy metals. Though also depending on their
size, AuNCs are a potential alternative to quantum dots as
fluorescence labels. The PL properties of AuNCs make them
potential labels for biologically motivated experiments as
well as for optical biopsy of the cancer [@].

In this study we describe an easy synthesis route for
water-soluble MES capped AuNCs, investigate their optical
properties such as PL and absorption depending on the reac-
tion mixture pH and the relation between their spectral and
spatial features. Ultimately, our goal is to implement AuNCs
in imaging applications, so we attempt to tune the chemical
synthesis to produce stable photoluminescent nanoclusters
with high PL efficiency and predicted photophysical proper-
ties. For this purpose we performed synthesis optimisation.

EXPERIMENTAL

Materials. HAuCl, (99.9% purity, Sigma-Aldrich, USA),
MES (2-(N-morpholino) ethanesulfonic acid) (98% purity,
Sigma-Aldrich, Germany), sodium hydroxide (Riedel-de
Haen, Germany) were used as received. Ultrapure water (Mil-
lipore) was used to prepare all aqueous solutions.

Synthesis of MES-encapsulated AuNCs. Photolu-
minescent MES-encapsulated AuNCs were synthesized ac-
cording to the previously reported procedure [@] with slight
modifications and using different pH of a reaction mixture.
Typically, AuNCs were synthesized by mixing a chloroauratic
acid (HAuCl,) aqueous solution (5.8 mM, 1 ml) with MES
buffer (0.1 M, 5 ml). The mixture was then stirred in a ther-
mostat at 37 °C temperature for 21 hours and 30 minutes. We
used different pH values of the MES buffer (pH 4.9, pH 5.2,
pH 5.5, pH 5.8, pH 6.1, pH 6.3, pH 6.5, pH 7 and pH 7.5)
which were reached by adding NaOH at room temperature.
The most intense PL was observed using the above-men-
tioned synthesis procedure at pH 6.3.

The reaction mixtures were subsequently investigated
spectroscopically and additionally centrifuged (10,000 g for
30 min).

Instrumentation. Optical parameters of the reaction
mixtures were observed using a spectrometer (Cary 50 VAR-
AN, Australia) and a fluorescence spectrometer (Cary Eclipse
VARIAN, Australia).

The theoretical modelling of particle sizes was done using
the MiePlot software. The Mie algorithm used in the MiePlot
is based on the BHMIE code published by Bohren and Huf-
fman [8]. The Mie theory is the default calculation method
used in the MiePlot. It offers a rigorous solution to the ex-
tinction of plane electromagnetic waves from a homogenous
sphere.

RESULTS AND DISSCUSION

The photoluminescence emission, excitation and absorption
spectra of the synthesized MES capped AuNCs together with
the absorption of initial synthesis components are shown in
. The PL spectrum (excitation at 420 nm) has a single
band with a maximum at 480 nm while the excitation spec-
trum exhibits the main band with the maximum at 420 nm
and a band of lower intensity at 275 nm when measured at
the emission maximum. However, the absorption spectrum of
AuNCs does not correlate with the PL excitation spectrum and
exhibits a band with the maximum at 291 nm with a shoul-
der at 336 nm in the presence of a weak absorption band in
the longer wave region. No PL was detected under excitation
at the bands that can be clearly seen in the absorption spectra
(291,336 and 475 nm).

This implies that during the synthesis reaction a heterogene-
ous product is produced and the absorption in the UV-Vis re-
gion relates to synthesized non-photoluminescent components.

Fig. 1. The normalized PL excitation (A = 480 nm), PL emission (A_ = 420 nm)
and absorption spectra of AuNCs colloid at pH 6.3. Dotted lines represent the ab-
sorbance of MES and HAuCl,

The synthesis of MES capped AuNCs at different pH val-
ues of an initial reaction mixture led to the observation that
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PL intensity depends on the pH value of the reaction mixture
(). At the acidic pH values (4.9-5.5) the PL signal is barely
higher than the noise level. With an increasing pH of the reac-
tion mixture, a higher PL intensity was detected and the maxi-
mum PL intensity was measured at pH 6.3, further increasing
of pH led to a decrease of the PL intensity. The reaction mixture
pH changes have influence on the PL intensity of gold nano-
clusters, however, there are no other changes in the PL emis-
sion bands, as well as in the PL excitation bands, as it is seen
from the normalized emission spectra at different pH presented
in . Therefore, we infer that only one type of the photolu-
minescent AuNCs are synthesized at different pH values, and
PL intensity changes reflect the different amount of gold clus-
ters synthesized at different pH. The highest concentration of
the photoluminescent gold nanoclusters was detected at pH 6.3.
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Fig. 2. The PL intensity of AuNCs dependence on the pH value of the reaction
mixture at the same synthesis procedure and the same concentrations of reaction
components

Fig. 3. The normalized PL emission (\_= 420 nm, solid line) and PL excitation
(A,,, = 480 nm, dashed line) spectra of AuNCs solutions at different pH values

A fully different picture was observed in the absorption
spectra of gold nanoclusters under different pH (). In
addition, the absorption features of colloids were measured
after centrifugation — solid lines present the absorption
spectra of centrifuged samples, dotted lines show the non-
centrifuged samples. As is seen in , the number and
position of the absorption peaks are highly depending on
the pH value of the reaction solution. The absorption spec-
trum of AuNCs at pH 7.5 has a maximum at 307 nm with
an insignificant shoulder at around 340 nm. This absorption
band shifts to the blue region from 307 to 276 nm with a de-
creasing pH value until pH 4.9 is reached. Also, interplays
of the absorption bands are detected at 340 and 370 nm.
The band at 340 nm is the most prominent at pH 6.0, while
the band at 370 nm becomes clearly visible at pH 4.9. In
addition, a low intensity absorption band at 475 nm was
detected in a neutral and slightly alkaline reaction mix-
ture — at pH 7 and 7.5. As it is seen in , the absorp-
tion spectra of AuNCs colloids consist of superposition as
a minimum of five absorption bands, the intensity and posi-
tion of which depend on the pH value.

At acidic pH values the absorption spectra of centri-
fuged and non-centrifuged samples differ significantly in
the long-wave region (Fig. 4). Distinct absorption bands
with a maximum at 525 nm were observed, while at the low-
est pH 4.9, even an additional absorption band with a peak
at around 675 nm was detected. All particles responsible for
these absorption bands could be easily removed by centri-

fugation ().

Optical density, a.u.

Wavelength, nm

Fig. 4. The normalized absorption spectra of AuNCs colloids created at different
pH values (a dotted line shows the absorption spectra of non-centrifuged sam-
ples, a solid line is those of centrifuged samples)
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Photoluminescent MES capped AuNCs were synthesized
according to the previously reported procedure [@] with
slight modifications and using different pH values of the re-
action mixture. Large gold nanoparticles are produced at
the beginning of the synthesis and after a certain amount of
time. According to the authors [E], these large nanoparti-
cles start to decrease and photoluminescent nanoclusters are
formed. The obtained results suggest that during the synthe-
sis the largest amount of photoluminescent particles was gen-
erated in the reaction mixture of pH 6.3 () and the PL
intensity of that compound was 10 times greater than the one
synthesized at pH 7 (suggested by An et al. [@]). The normal-
ized PL emission and excitation spectra of different pH values
overlap perfectly () which indicates that one type MES-
capped Au nanoclusters were synthesized independently of
the reaction mixture pH.

Photoluminescent AuNCs have been reported before and
several models have been proposed to explain the mechanism
of PL effects. A theoretical study explains PL of nanosized
noble metals by electronic transitions between the occupied
d bands and states above the Fermi level [@] .Small metal na-
noclusters have sizes comparable to the Fermi wavelength of
electrons which result in molecular-like properties including
size-dependent fluorescence [EI, @, @]. In accordance with
the free electron model a simple equation could be derived
[@] for the relation between the PL emission band maxima
and the quantity of gold atoms in the cluster:

N — (exmaxEF Jz,
hC

Here \__ is the PL emission wavelength, E is the Fermi en-
ergy of bulk gold in eV, e is the number numerically equal
to the electron charge, h is the Planck constant and c is
the speed of light.

The calculation reveals that MES capped AuNCs consist
of about 10 gold atoms. Theoretically it is predicted that sta-
ble nanoclusters can be formed by a specific number of gold
atoms that can be characterized by a magic number [@] and
the closest magic number is eight. So, we can conclude that
fluorescent MES capped AuNCs could contain 8 gold atoms
(). However, there are many possible configurations of
8 gold atom clusters [@, @]. Matulis et al. [@] calculated
possible absorption spectra of most stable Au8 isomers, using
the density functional theory [@]. The three-dimensional
pyramidal (C2,) structure of Au8 isomer has absorption
peaks at 274.3 and 418.9 nm [@] that are closest to our ex-
perimental results (275 and 420 nm, respectively ()).
Our spectroscopic data is slightly different in comparison
with the results presented by An et al. [@]. Our synthesized
MES capped AuNCs have PL excitation and emission peaks
at 420/480 nm, respectively () and correlate with the re-
sults obtained by others: 420/485 nm [E], 420/495 nm [@],
and 425/475 nm [pg].

Fig. 5. Possible configuration of MES capped AuNC consisting of 8 gold atoms and
8 MES molecules (gold is dark yellow online, nitrogen is blue, oxygen is red, sulfur
is light yellow, and carbon is grey)

It is possible for MES to bond with AuNCs atoms via an N
atom or an O atom from the SO,H functional group [E] .We
chose to depict possible configuration of MES capped AuNC
with the Au-N bond, which is more likely, because the SO,H
group ensures better solubility in water of a nanocluster (

).
H We demonstrate that absorption spectra depend on
the pH value and do not coincide with the PL excitation of
the solution (Figs. 4 and 1).It could be explained that in addi-
tion to the photoluminescent MES capped AuNCs containing
8 gold atoms under a chemical reaction additional non-pho-
toluminescent nanoclusters are formed. Absorption bands at
290 and 340 nm (that were not detected in the PL excitation
spectra) belong to non-photoluminescent reaction products
the spectra of which strongly depend on the pH value (Fig]
H). At pH 7.5 the main absorption band peaks at 307 nm,
but in an acidifying medium it shifts hypsochromically and
at pH 4.9 it appears at 270 nm. A second absorption band
with a peak at 340 nm can be seen in the absorption spectra
together with a short wavelength absorption band shift. This
peak gains the highest optical density at pH 6.1, although at
both increasing and reducing pH it disappears. These chang-
es can be explained by the size and shape variations of non-
photoluminescent nanoparticles with the pH of the reaction
mixture. The size of these gold particles has to be bigger
than 1.5 nm (compared with the Fermi wavelength) because
they do not display a PL signal while excited at both 270 and
340 nm. On the other hand, they have to be small enough,
or in low concentration to not present an SPR absorption
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band. According to the literature data the SPR band of gold
nanoclusters appears at the size of gold nanoparticles bigger
than 2 nm [@]. So, during the synthesis reaction, besides
photoluminescent AuNCs, which consist of 8 atoms, another
nanoparticles ranging in a size up to 2 nm are formed. These
non-photoluminescent gold nanoparticles are too small to
be eliminated by simple centrifugation.

In an acidic medium from pH 5.8 to 4.9, additional non-
photoluminescent nanoparticles are produced that have an
absorption band at 525 nm (). This absorption band
can be attributed to the typical SPR absorption generated
by large gold nanoparticles [ﬂ, E]. These particles could be
efficiently separated by centrifugation as it is seen in
H. After centrifugation, the absorption band at 525 nm dis-
appears in the supernatant and dissolving of the pellet in
the water restores it with no negative effects. Therefore,
using our discussed synthesis route with an adjusted buffer
pH (from pH 5 to 6), and then separating particles by cen-
trifugation, we can produce stable MES capped plasmonic
gold nanoparticles. These plasmonic nanoparticles could be
used as a contrast for cell and biological imaging, as well as
for photothermal therapy [@].

The size of these large gold nanoparticles could be esti-
mated from the surface plasmon absorption band maximum
position in the absorption spectra according to the Mie theo-
ry by using the Mieplot software. The theoretical calculations
of the SPR absorption spectra of gold nanoparticles ()
show that the SPR absorption band at 525 nm of MES coated
gold nanoparticles synthesized at pH 5.8, 5.5, 5.2 and 4.9
could be fitted with the theoretically calculated SPR absorp-
tion band for nanoparticles with a size around 20 nm.

For pH values from pH 5.8 to 5.2 we did not register any
change in the extinction peak position at 525 nm, which is as
usual attributable to SPR [@, @] (@). It can be concluded
that only one type of plasmonic nanoparticles is formed in
all three cases.

The second absorption band is formed by decreasing

Fig. 6. Measured and theoretically calculated absorption spectra of MES capped
gold nanoparticles at pH 5.8

the pH of our sample to 4.9 (@).We have considered three
possible scenarios in order to investigate the nature of this
band. Firstly, it is possible that a second reaction center is
activated by decreasing the pH to 4.9 and with the help of
this center a second type in the size of gold nanoparticles is
formed. In other words, nanoparticles of two different sizes
coexist in the solution mutually. The calculated sizes of these
two types of particles are 20 and 158 nm, respectively.
Another possibility is that the second band is just a quad-

Fig. 7. Measured and theoretically calculated absorption spectra of MES coated-
gold nanoparticles at pH 4.9

ruple mode of a single, large gold nanoparticle, which is
formed after the pH is reduced. The calculated size of these
particles is about 170 nm. The third possible scenario is that
gold nanorods are formed after reducing the pH to 4.9. Ac-
cording to Link et al. [@] such nanorods should have an
aspect ratio of about 2.7, and are incompatible with our
modelling results. It is also known that interactions among
aggregated plasmonic gold nanoparticles can produce an ab-
sorption band at around 650 nm [@], which is most likely in
our case.

CONCLUSIONS

It can be concluded from our results that during the synthesis
of MES capped AuNCs, three main types of particles are pro-
duced depending on the pH of the solution.

One type is photoluminescent AuNCs, the quantity of
which is highest at the reaction mixture pH 6.3. On the basis
of spectroscopic data, the free electron model and the density
functional theory, it is calculated that the PL emitting MES
capped AuNCs are formed by 8 gold atoms stacked in a three-
dimensional pyramidal (C2, ) structure ().We predicted
that one AuNC contains 8 MES molecules to bond with Au
atoms via an N atom because the SO H group ensures better
solubility in water of a nanocluster ().
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In an acidic medium from pH 5.8 to 4.9, large gold non-
photoluminescent nanoparticles are produced that have
absorption bands attributed to the typical SPR absorption.
These particles could be efficiently separated by centrifuga-
tion as it is seen in .

Absorption bands in the spectral range 250-400 nm (that
were not detected in the PL excitation spectra) belong to non-
photoluminescent reaction products the spectra of which
strongly depend on the pH value (). The size of these gold
particles has to be bigger than 2.0 nm (compared with the Fer-
mi wavelength) because they do not display a PL signal while
excited at 270 and 340 nm. On the other hand, they have to be
small enough to not present an SPR absorption band.
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AUKSO NANOKLASTERIU, MODIFIKUOTU
MORFOLINO LIGANDU, SPEKTRINIU IR ERDVINIU
SAVYBIU SARYSIAI

Santrauka

Pastaraisiais metais aukso nanodalelés daugiausiai démesio sulau-
ke dél jy pavir$iuje susidarancio ir nuo daleliy dydzio priklausancio
plazmony rezonanso efekto. Nanodaleléms sumazéjus iki 2 nm $is

rei$kinys i$nyksta, o dalelés jgauna naujy savybiy. Tokios aukso na-
nodalelés vadinamos aukso nanoklasteriais ir elgiasi panasiai kaip
molekulés su diskreciais elektroniniais lygmenimis bei nuo dydzio
priklausoma fotoluminescencija. Tai suteikia galimybe nanoklaste-
rius pritaikyti fluorescenciniame vaizdinime bei kuriant biologinius
ir biocheminius jutiklius.

Darbe pristatome aukso nanoklasteriy, susintetinty naudojant
2-(N-morfolino)etanesulfonine rugstj kaip stabilizuojantj agenta,
spektrines savybes ir jy sarysius su daleliy erdvinémis charakte-
ristikomis. Mes tyréme spektrinius poky¢ius, atsirandancius kei-
¢iant sintezés Ph bei naudojant skirtingus bandiniy paruosimo
metodus, ir pastebéjome, kad esant pH 6,3 gaunamas didZiausias
fotoluminescencijos intensyvumas. Atsizvelgdami j teorinius mo-
deliavimus nustatéme, kad $ios dalelés yra sudarytos i§ 8 atomy,
susijungusiy | trijy dimensijy piramidine struktarg (C2,). Itin
ragstinéje terpéje (pH 4,9-5,8) susidaré papildomos plazmoniné-
mis savybémis pasizymincios dalelés, kuriy apskai¢iuotas dydis
buvo apie 20 nm.
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