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Gold nanoclusters are a peculiar new material with properties between that of bulk
metal and single atoms. They show size-dependent evolution of optical and electronic
properties sensitive to the change of single atom or single electron in the system.
Understanding the relationship between structure and properties is important to
both fundamental scientific question of the role of the quantum size effects in small
metal-clusters, and to application of nanoclusters in e.g. photonics, nanoelectronics,
and heterogeneous catalysis.

In this thesis four spectroscopic studies of monolayer-protected gold-nanoclusters
are presented. The optical gap of the Auyy(PET)g and (Au/Ag)144(PET)g (PET:
phenylethylthiolate) nanoclusters were measured by absorption spectroscopy in the
infra-red (IR) region in order to validate the proposed Aujyy-cluster model, and to
measure the effect of the silver content to the optical gap of the cluster. For pure gold
Auyyy optical gap of 2200 cm™!(0.27 eV) was measured in good agreement with the gap
calculated from the model with density functional theory (DFT). For bimetallic Au/Ag-
clusters the gap was found in the range 1150-2100 cm™!(0.16-0.20 eV), indicating the
gap is only moderately affected by doping Au with Ag.

The structure of the Auyy4(PET)g single crystals was studied with IR-microscopy. The
IR-spectrum of the single crystals were found to be significantly broadened compared
to the reference PET and Auyuy(PET)g in solution. The inhomogeneous broadening
was explained via randomly packed structure of the ligands on the cluster surface in
the crystals.

The model-structure proposed for the Augs(mMBA)ss -cluster (mMBA: meta-mercap-
tobenzoic acid) obtained from combination of transmission electron microscopy and
DFT was verified with IR-spectroscopy. The measured optical gap (2500 cm™!, 0.31 eV)
of the cluster was smaller than excpected for the cluster size, which is explained by
the disordered structure of the cluster.

In order to quantify the dependence of the solubility of Aujge(pMBA)4-nanocluster
(pMBA: para-mercaptobenzoic acid) on the protonation state of the pMBA ligands,



ii

we measured the number of protonated ligands on the cluster at different pH and the
acid constant pK, using acid-base and IR-titration. The pK, was measured to be 6.18,
two units higher than for free pMBA. The cluster was found to be insoluble in water
when less than fifth, and truly water-soluble when more than half of the ligands are in
deprotonated state.
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1 Introduction

Gold has the atomic number 79, atomic weight 196.97 g/mol, density 19.30 g/cm?,
electrical resistivity of 22.14 nQ) m, and redox potential of +1.83 V.!

When presented as a list, the properties of metallic gold are quite unimpressive. However,
no other metal invokes the feeling that gold does. Gold has a special importance in
most cultures due to its peculiar colour and scarcity. It is attributed to wealth and
power, and their symbols such as crowns and scepters are often made of gold. Gold is
frequently referred to in everyday language with phrases like “golden opportunity”,
“worth its weight in gold”, and “Fermi golden rule”. Success is linked to gold with
golden medals bestowed to winners in olympics and Nobel-prize laurates. Historically
gold was used for thousands of years for defining value, first as physical currency in
commerce, and later as the gold-standard where the value of paper-currency was fixed
to weight in gold. Due to the high oxidation potential of gold, it can be found in metallic
state, generally called gold nuggets. These can grow into staggering sizes, largest ones
weighting over 60 kg.? Gold is very scarce with mass abundancy of 3.1 x 10~7 % in
earth’s crust. Only about 180 000 tons of gold have been extracted from earth during
the history of humankind. For comparison, the annual production of metallic sodium
is ~100 000 tons/year.? Industrially gold is used mainly for jewelry, which accounts for
approximately 50 % of annual consumption. It is also used in electronics due to it’s
high conductivity and resistance to oxidation, and in space-technology due to the high
reflectance of thermal radiation.

Gold nanoparticles have been used for almost two thousand years, without even knowing
they existed, for the production of ruby-red glass.®® The most famous example are
the dichroic properties of the famous 4 th century Lycurgus cup has been proven to
originate from combination of silver and gold nanoparticles. The scientific studies of
gold particles started over a millenia later with with studies from leading scientists of
the mid 19 th century like Louis Joseph Gay-Lussac and Michael Faraday.*”



4 Introduction

1.1 General Properties of Bulk and Nanoscopic
Metals

Metals in every day life have several characteristic properties like high electrical and
thermal conductivity. They have specific “metallic” luster due to high reflectance
of electromagnetic radiation at visible light wavelengths (380750 nm).*® As single
metal atoms present completely different properties from the bulk, such as optical
spectrum composed of sharp transitions lines, it is not surprising that the size evolution
from single atom to bulk metal exhibits peculiar properties at intermediate sizes.
These include enhanced stability and increased ionization potential of certain 'magic-
sizes’,? 19 collective oscillation of the electron cloud at specific frequency (localized
surface plasmon resonance, LSPR)" ™% structures not conforming to the bulk metal

packing-motif,’"!® and molecular-like charging.!%2°

The properties of metals as a function of size can be separated into three regions:
(macroscopic/bulk) properties are determined only by the element; (nanoparticle) the
properties change monotonically when the size changes; (nanocluster) the properties
are governed by quantized energy levels. In the first case the properties are not size
dependent. In the second case the particles do show properties arising from the finite
size of the system, and when the general trend and the particle size is known, the
new properties can be predicted. If two particles with diameters of d; and dy exhibit
plasmon resonance at wavelengths A\; and Ay, the plasmon of a third particle with
diameter between d; and dy will always be between A; and As. In the last case 'every
atom counts’, and the properties of the cluster can change radically when the cluster
size changes by single atom, or when the electrical charge of the cluster changes. As
even very minor changes in the system may lead into entirely different properties, the
behaviour of the clusters in this regime cannot be accurately predicted, and they have
to be measured or calculated for every different size and structure.

The transition between the last two regions is hard to pinpoint, as it varies between
different metals, and different properties may not revert back to bulk properties at
same size,'*2! For monolayer protected gold clusters the size region of transition from
molecular to bulk properties is well known. The electronic properties converge back to
bulk-like between 130 and 144 gold atoms,?*?272% The geometrical arrangement of gold
atoms transitions from icosahedral back to FCC-packing found in bulk gold between
the range 144-187 gold atoms. The Aujg; is also the first cluster size exhibiting a
measurable plasmon resonance band,?” although plasmon-like transitions have been
reported for the Auyyy cluster also based on DFT-calculations.?®
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1.1.1 Quantization of Energy Levels: Metallic vs. Molecular

The properties of bulk metal systems and the evolution to molecular systems can be
understood by considering the results of the standard particle in a box -model from
elementary quantum mechanics. The valence electrons of the metal atoms are loosely
bound by the nuclei, and can be approximated as free-electrons in one dimensional
box of length L. The Schrodinger equation of the system is written as

X
2m, da?

+V(2)V = BV (1.1)

where A is the reduced planck’s constant, m, is the electron mass.??>3% The potential
V(xz) is 0 when 0 < x < L, and infinite elsewhere. The Schrodinger equation is
solved by wavefunctions ¥ of the form ¥,, = C'sin(nwz/L) inside the box, where C
is a constant, and n is the principal quantum number which can take integer values
n=1,2,3,... (fig. 1.1A). The energy of the state described by the wavefunction ¥,
is given by the equation

n2h?
" 8mJL?’

and the separation between the energy levels is

n=123,... (1.2)

2

d=FE,1—FE,=(2n— 1)272[/2 (1.3)
The above can be easily extented to three dimensional systems by replacing the
derivative ;—;, the principal quantum number n?, and the box length L with their three
dimensional equivalents V? = j‘%ﬁ-%%—%, n? = n2+n’4n? and L* = L2+ L2+ 123
This simple model shows the main behaviour of the energy levels with respect to the
size of the system. The evergy level separation and the size of the system L are related
by inverse squared relationship, and the separation depends strongly on the system
size. As the system size increases (L — inf) the energy level separation gets smaller
(0 — 0), and for any macroscopic system the energy levels form a continuous band
with § = 0 (fig. 1.1B left). The energy levels are then populated according to the Pauli
exclusion principle. For metals the populated levels are called valence band and the
unoccupied levels conduction band. In room temperature the thermal energy kg1’
excites small population of the valence band electrons to the unoccupied states in the
conduction band, which then gives rise to the systems metallic properties such as high
electrical conductivity, plasmon resonance, Mie scattering, or reflectivity at optical
frequencies.® 132 Due to the thermally excited population and the high density of
states, the occupancy of the orbitals changes smoothly from occupied to unoccupied.
The energy of the level which is half occupied is called the fermi level E;.%?

A nanoscopic system, for which the system size L is in the order of only few nanometers
or less, will have a non-zero energy level separation ¢ significantly larger than the



6 Introduction

A B o —
W L =
n=5 i-f
S8
E,‘é’ = LUMO
? T A iy g
=i © HOMO
= Sg
N o
g.ﬂ
[E—————
n=1 0 << kT 6>kT 6>>kgT
0 L

Figure 1.1: A: Wavefunctions V¥,, and the relative energies of the solutions of the Schrédinger
equation (eq. 1.1). B: General energy levels of metallic, semiconducting, and molecular
systems. The energy level spacing ¢ is given eq. 1.3.

thermal energy kgT, causing completely different behaviour. In this case the energy
levels are well separated from one another and can be considered as single orbitals
instead of bands. Again, the orbitals are populated according to the Pauli exclusion
principle, but the thermal energy is too small to change the populations of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). The electrons are strongly localized in the occupied orbitals, inhibiting any
collective motions of the electron cloud such as SPR. Instead, the optical properties
are described by single electron excitations from occupied orbital to unoccupied
orbital, with lowest possible transition energy being the energy difference between the
HOMO and LUMO -levels, called HOMO-LUMO gap. For molecules the fermi level
doesn’t co-incide with any existing energy level of the system, but resides inside the
HOMO-LUMO gap.

The intermediate case is when ¢ is sufficiently small that the valence and conduction
bands fuse together, but there is a non-zero gap between the two bands. In this case
the material is called semi-conducting.3*3°

1.1.2 Electronic Shell Structure and the Superatom model

If we substitute V(z) in eq. 1.1 with the spherical Coulomb potential created by the
positively charged nucleus,

1 Ze?
dmeg T

V(Z,r) = (1.4)
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and add the electron-electron repulsion term, the solutions of the Schrodinger equation
gives the well known series of atomic orbitals3:36

1s? | 25 2p° | 3% 3p°® 3d'0 | 4s% ... (1.5)

where the superscript indicates the maximum amount of electrons in the orbital, and
the vertical line indicates strong electronic shell closing at the corresponding electron
configuration. The first number is the principal quantum number n, and the letters s,
p, d, ... denote the orbital angular momentum [ = 0, 1,2, ....3%36 The exceptional
stability of nobel-gas atoms is attributed to the shell closing of the 1st (He, 2¢7), 2nd
(Ne, 10e7), 3rd (Ar, 18¢7), etc. electronic shells.

In molecules and cluster the potential is created by the sum of the positive potentials
created by every nucleus, which are screened by the core electrons of the atoms. For
metal cluster the potential can be approximated by a constant potential well which
terminates at the edge of the cluster, so called Jellium-model,?” and the valence
electrons are delocalized over the whole cluster. Using this model the energy levels can
be again calculated, giving new series

1S% | 1P | 1D | 28 1F™ | 2P® 1G'® | 2D 3S% 1H* | 11*° 2F" 3P° | ... (1.6)

Contrary to the atomic orbitals, in superatoms the principal quantum number n is not
used, and the labels 1D refers to the first orbital with overal angular momentum similar
to that of the d-orbitals, etc.. With this order of orbitals the shell closing occurs when
the system has n, = 2, 8,18, 34, 58,92, 138, ... electrons in the superatoms orbitals.?®
Depending on the shape of the spherical potential, the orbitals shift in energy,! 3
and the major shell closing can occur also with 20 (1D and 2S shift closer to each
other), 40 (1F and 2P), etec.. Also, unlike for single atoms where the potential is always
spherical, for clusters the potential can deviate towards ellipsoidal due to the shape of
the cluster.!?3%40 This leads into additional splitting of the orbitals, which is required
to explain the weaker shell closings such as n, = 12, 14,26, ....4

The free electrons which fill the superatom orbitals come from the loosely bound valence
electrons of the metal-atoms, e.g. 6s in gold, 5s in silver, 3s and 3p in aluminium
etc..3%42 These can be widthdrawn from the metallic core by the ligands attached
to the clusters, or localized in covalent bonds, depending on the type of ligand used.
With this formulation the number of electrons in the superatom orbitals n. can be
calculated by

ne = Nvg, — M — 2 (1.7)

where NN is the amount of metal atoms, v, is the number of valence electrons for the
metal, M is the amount of electron widthdrawing ligands, and z is the overall charge.®
Using the above equation electronic properties of small clusters can be explained
via the occupations of the superatomic orbitals. For Al;3, Al;3~, Al clusters we get
ne=13x3-0—-0=39,n.=13x3—-0+1=40,and n, =14 x 3 -0 —0 = 42,
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explaining the halogen-like properties of Aly3, inertness of Alj3~, and alkaline earth
atom -like properties of Aly4 around the shell closing of 2P superatom orbital (40
e~).*2 Exceptionally stable ligand-protected clusters, such as Auy;(PPhs)sCls and
[Augs(SR)1s] , can be interpreted as nobel-gas -like superatoms, as we are left with
Ne=11x1—-3—-0=8 and n. =25 x 1 — 18 + 1 = & electrons which fill the 1S and
1P orbitals. Geometry and compositions of the cluster also have to be considered, as
evident by the differences between the halogen-like unprotected al;3 and the neutral
form of the Augs(SR)1s (ne = 25 x1—18 —0 = 7) cluster. Although it should be noted
that the neutral and positive forms are less stabile than the negatively charged form.*?
Especially larger particles are no longer stabilized by any electronic shell closings,
but instead form stable geometric constructions such as Mackay icosahedra,**4> FCC-
polyhedra,?46 or Wulff-constructions.*”

1.2 Monolayer Protected Noble-Metal Clusters

All nanoscopic metal clusters or particles are meta-stable with respect to the bulk
metal structure. In other words, they are not thermodynamically stable.**® This means
the clusters prefer to aggregate back into larger and larger particles if they come into
contact with one another.*® As a result, experimental work on unprotected clusters
(naked clusters) is limited to gas phase or clusters immobilized on surfaces. In solution,
unprotected clusters quickly aggregate back to bulk metal, making proper control
of the samples impossible. The aggregation can be stopped by adding a protective
layer of ligands on the cluster surface. Commonly, such species are called monolayer
protected clusters (MPC). The purpose of the ligand-layer is two-fold: the ligands
should completely envelope the metal-core of the cluster to prohibit two metal cores
from coming into contact, and it should also passivate the surface atoms to form
electronically stable system.”® Depending of the metal composition of the cluster,
different functional groups can be used to attach the ligands to the metal. For gold
cluster, these include tri-coordinated phosphines (PR3, R = organic fragment), citric
acid (C¢HgO7), halogens, terminal alkyne (C=C—R), or organic thiols (SR) and it’s
selenium and tellurium analogs (SeR, TeR).%31:48,51-55

The stability of geometrically and electronically stable MPCs is remarkable. They
can be stored in refrigerator as solid or in solution for extended periods, in case of
Auyge(pMBA) 4y atleast up to two years, and they can also be dried and dissolved
at will without degradation of the sample. Overall they can be handled like regular
chemicals. Most importantly, certain “magic” sized clusters can be synthetized as
extremely monodisperse samples. Currently more than 40 different discrete cluster
sizes ranging from Au; to Ausss have been identified for gold alone.*® The synthesis
of gold nanoparticles depends on the desired size, size distribution, and the ligand
used to passivate the particle, for example Turkevich synthesis for citrate,®*? and
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Brust synthesis for thiol protected clusters.?®®” The latter is the most commonly used
synthesis method for monodisperse MPCs. Briefly, the synthesis consists of reduction of
HAuCly salt dissolved in water in the presence of thiols using NaBH, as the reduction
agent. First the gold salt, the thiols, and tetraoctylammonium bromide salt are mixed,
and the thiols reduce the Au(III) ions to Au(I) forming (—Au—SR-), polymer. This
polymer is then reduced to metallic Au(0) using NaBHy, the end result being metallic
Au(0) cluster core with thiols attached to the surface.

1.2.1 Core: Physical Properties

The electronic structure of the cluster is mainly governed by the structure and compo-
sition of the cluster. The shape of the metal core in the cluster determines the shape
of the positive potential well, which then, as established in chapters 1.1.1 and 1.1.2,
determines the energy levels of the system, and the valence electrons of the metal
atoms fill the superatom orbitals. Properties such as electronic absorption,®® %% and
optical activity,% % photoelectron spectra,'?% and electrochemical response,'®:7 are
therefore direct result of the cluster core structure.

The ligands have little effect on the electronic structure aside from the widthdrawing
or localizing part of the free electrons. DFT calculations made on the same structures
using different ligand molecules, give similar electronical structure as the calculations
done with the real ligand.%® Also, the electronic spectrum of the cluster does not change
radically in ligand exchange as long as the cluster core structure stays intact.%% ™

1.2.2 Ligand Shell: Chemical Properties and Size selectivity

The ligand-layer of the cluster carries larger importance than just protecting the metals
from aggregating. As the ligand-layer envelopes the clusters metal core, only the ligand
layer is in contact with the environment, providing the chemical interface through
which the cluster interacts with the surrounding medium. Therefore the chemical
properties of the ligands determine much of the chemical properties of the cluster,
such as solubility and reactivity.

Solubility of the cluster can be approximated simply by the solubility of the ligands,
water-soluble ligands resulting in water soluble clusters and organic soluble ligands
resulting in organic soluble clusters.?%°" ™ Size of the resulting cluster does however,
play small but important part in the solubility of the different cluster sizes protected
by the same ligand in different solvents. The different solubilities can be exploited in
post-synthesis fractioning of different cluster sizes, e.g. Aujyq(PET)go and the smaller
Augs(PET) s can be separated using acetone since Augs(PET); s is acetone soluble
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while Auyu4(PET)g is not.” pMBA-clusters of different size can be separated similarly
based on their solubility in water:methanol mixtures, with larger clusters having lower
solubility in methanol causing them to precipitate out from the solution at lower
methanol concentrations than smaller clusters.” ™

Ligand-layer can induce formation of chiral MPCs either by using chiral ligands
(e.g. glutathione), or by the chiral arrangement of achiral ligands on the cluster
surface.% 7576

The ligand-layer also affects the physical properties of the cluster, as certain ligands
stabilize different cluster sizes or core structures more effectively. Large ligands such as
glutathione promotes formation of small clusters with core sizes in the range from Auyg
to Auge.™ 7™ Smaller, less sterically hindered ligands such as phenylethylthiolate
(PET, HSCyH4Ph) or straigth chained alkanethiolates can form numerous stable
clusters sizes both large and small.2%%%:80:81 The monodisperse clusters which can
be made using PET as a ligand is especially rich: Augg(PET)6,%% Augs(PET) 5,
AU38(PET)Q4,84786 AU4Q(PET)24,86 Aulgo(PET)50,87 Au137(PET)56,88 AU.144(PET)60772
Auzsz(PET)79.% Some cluster sizes show high degree of selectivity and can only be
formed when using certain ligands, Auj2(SR)44 using para-mercaptobenzoic acid or
thiophenol.”™% or Auj33(SPh—tBu)s, with the thiophenyl-tertbutyl.%!%2

1.2.3 Bimetallic alloy clusters

The properties of the clusters can be further controlled by alloying two different
metals together in the same cluster.”® The emergent properties of the cluster is then
determined by the elements, their relative amounts, and the arrangement of the atoms.
The structure of the alloyed nanoclusters is governed by the relative bond strength,
surface energies, atomic size, and ligand interactions.”® The bond strengths of A-A,
B-B, and A-B determine whether the elements form phases (A-A and B-B bonds
dominate), or mixed structures (A-B bond dominates). The metals which have high
surface energy (Gibbs free energy per surface area) go to the center of the cluster and
the metals with low surface energy go to the surface.*® Ligands used to passivate the
surface of MPCs may have stronger interactions with one of the metals, which leads
that metal to gravitate towards the surface of the cluster. Generally alloying metals
which have similar packing, surface energy, chemical properties, and redox-potential
is easier, e.g. Au/Ag® or Pd/Pt,” than metals where the mismatch of properties is
large, e.g. Au/Co.%

Introduction of the new metal to the system modifies the system properties, and it can
be used to modify or enhance the cluster properties, such as electronic absorption®”-96:97

or photoluminescence.? %% Doping known gold-cluster structures with single palla-
dium atoms have been demonstrated for PdAug,(SR)1g,1%% 1% PdyAusg(SR)g4,'%? and
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PdAuys(PR3)sCly,1%%1% and in every case the cluster stability was increased compared
to the monometallic analog. Increased catalytic activity of silver-doped gold-clusters
relative to the silver content has been also demonstrated.!%

1.3 Structure and Properties of selected MPCs

In this section we will briefly describe the structure and earlier results on the clusters
used in the experimental studies presented in this thesis.

1.3.1 AU102 (pMBA)44

The exact crystal structure of the Aujgo(pMBA)y4-cluster is known from single-crystal
XRD, solved in 2007 by Jadzinsky et.al.!°® The arrangement of the gold atoms can
be separated into three distinct structures, shown in fig. 1.2A. The center of the
cluster is formed by 49-atom Marks (2,1,2) decahedron (MD), which is extended
at the poles by two 20-atom caps. Final 13 gold atoms are located on the equator
of the cluster in a chiral arrangement, resulting in approximately spherical shape
for the gold-framework. The structure formed by the MD and the caps is highly
symmetrical (Ds;, point group), but the arrangement of the equatorial atoms lowers
the symmetry of the whole cluster to Cy point group. The ligands bind to the cluster
surface via the thiol-group, with every thiol binding with two gold atoms (fig. 1.2B).
The structure of the protecting ligands follows the same chiral C5 arrangement as the
equatorial Au-atoms, resulting in 22 symmetry independent ligands (fig. 1.2C and D).!07
Alternatively the cluster can be described by a core of 79 Au-atoms decorated with 19
short Au(pMBA), and 2 long Auy(pMBA )3 staple-motifs.”® The cluster diameter is
approximately 1.6 nm and 2.6 nm for the core gold-atoms and the whole cluster with
the ligand-layer, respectively. For Aujgo(pMBA)y4-cluster the superatom model gives
ne = 102 — 44 = 58 free electrons corresponding with the closing of the superatom
1G shell. According to DFT-calculation of the orbitals and projected local density
of states (PLDOS), the HOMO-levels have mixed G- and P-character and the first
LUMO-levels consists mainly of H-type orbitals, as expected from the superatom
shell ordering in eq. 1.6. Computational HOMO-LUMO gap of the cluster is 0.55 eV.
Experimental HOMO-LUMO gap was measured by Hulkko et.al. to be 0.45 £ 0.05 eV
using FTIR-spectroscopy.® The circular dichroism spectra of the different chiral
enantiomers were measured by Knoppe et.al.'®® Femtosecond dynamics of the cluster
have been investigated in two separate studies, both of which found the cluster to show
molecular behaviour.?1% The Aujgp(pMBA )y-cluster has been shown to undergo
ligand exchange with molecules containing reactive thiol-groups,''? including exposed
cysteine residue in proteins and thiol-modified DNA-strands.™
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Figure 1.2: Structure of the Aujga(pMBA)yq4-cluster. A: Structure of the gold-framework
viewed through the cluster Cy-axis showing the Mackay decahedron (yellow), 20-atom caps
at the poles (orange), and the 13 chiral equatorial gold-atoms (red). B: Arrangement of the
ligands with respect to the core gold-atoms (colour scheme, Au: same as in fig. A, C: cyan,
S: yellow, O: red, H: not shown). C: Structure of the ligand-layer showing the symmetry
related pMBA with the same colour. D: Same as C after 90° rotation viewed through the
Cs-axis of the core.
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1.3.2 ALI144(SR)6()

Clusters with 140 to 150 gold atoms and approximately 60 protecting ligands have been
reported in several studies during the last two decades.™ 1112 The early assignments
were based on broad LDI- or MALDI-MS peaks, and more recently the formula
Aui44(SR)go was identified by ESI-MS."%: 113 The optical and electronic properties
reported in both the old literature and the new studies made on confirmed Auy44(SR)go
samples agree well with each other, indicating they are indeed the same cluster size.

The structure of the cluster has not been solved via single crystal XRD. Instead, a struc-
ture proposal!!? based on the known XRD structures of similar sized Pdy45(CO)go(PEt3)30
and Pdygy ;Pt,(CO)7a(PPhs)gg (z & 7)%%11% is used. Starting from the center of the
cluster the gold-atoms can be grouped into four shells as illustrated in fig. 1.3A. The
first two are concentric 12 and 42 atom icosahedral shells, which together form 54
atom Mackay icosahedron. The third shell is formed by placing 3 atom triangles on
every face of the icosahedron, forming a 60 atom rhombicosidodecahedron. The final
30 atoms are placed to the center of the square formed by two adjanced triangles in
the third shell, resulting in icosidodecahedron. All four shells have highly symmetrical
icosahedral symmetry (I, point group). The 60 thiols groups bind to the outer two
shells (fig. 1.3B and C), with third shell gold-atoms bonding to one and fourth shell
gold-atoms to two thiol groups, forming 30 short Au(SR), staple motifs. Due to bond
length and angle constraints, the staples are arranged in a chiral pattern in the cluster
surface, bringing the final symmetry of the cluster to the icosahedral rotation group I.
Similar structure differing by the arrangement of the staple motifs has been proposed
by Bahena et.al. based on electron diffraction.!!®

The superatom model gives n, = 144 — 60 = 84 free electrons, which is 8 electrons
short of closing the 1H shell. The electrochemical properties of the cluster have been
measured using voltammetry and can be described by quantized charging of metal-like
system, i.e. no HOMO-LUMO gap was observed,5"1!2 consistent with open shell
system. Femtosecond studies of cluster dynamics also indicate the cluster electronic
structure to be metallic.2%24
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Figure 1.3: A: Shell structure of the proposed Aujs4(SR)go model. From left to right:
inner icosahedron (Aujs, brown), outer icosahedron (Augs, red) rhombicosidodecahedron
(Aug, green), icosidodecahedron (Ausg, violet). B: Packing of the outer two layers on the
icosahedron surface. C: Chiral arrangement of the staple motifs and the sulfur atoms (yellow)
on the cluster surface. All images are viewed through the C3 axis of the I point group.



2 Experimental Methods

This chapter will shortly introduce the main experimental methods used in this work by
the author, including the Au-cluster sample preparation, basic description of vibrational
and electronic spectroscopy, and acid-base titration.

2.1 Basics of experimental absorption spectroscopy

Energy units

In experimental and computational spectroscopy several different units are used to
measure the energy of the electronic, vibrational, or rotational energy levels, and
to present the spectrum of the system. Commonly used units are: frequency v for
rotational spectroscopy, wavelength A for electronic absorption and photoluminescene,
wavenumber 7 or w for vibrational spectroscopy, and electron volt eV for computational
results and processes in deep UV- and X-ray regions. The different units are related by

h
E:huzfzhcﬁ (2.1)
where h is the planck’s constant. Electron volt eV is simply a multiple of Joules,
1 eV =1.602 - 10712 J, the energy given to single electron by electric field of 1 V.

Beer-Lambert law

Measuring the attenuation of electromagnenic radiation as it passes the measured
system at different wavelengths gives the absorption spectrum of the system. For
quantitative analysis the physical properties of the system must be connected to the
spectrum. The absorbance A, or optical density, of a sample at wavelength \ is related
to the sample properties via Beer-Lambert law

I(A)
AN) =logyy —= =¢e(N)cl 2.2
() = logay 55 =< 22)
where [ and [ are the light intensity detected with and without the sample, ¢ and [
are the sample concentration and optical path length, and ¢ is the molar absorption

coeflicient of the molecule.

15
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2.2 Vibrational spectroscopy

Every molecule vibrates, and the frequencies of the vibrations are characteristic to the
molecule. In vibrational spectroscopy, transitions between the vibrational levels are
used to determine the structure or the environment of the molecule.

The potential well of the oscillation can be described near the bottom as classical
harmonic motion

U(r) = ;k(r " (2.3)

where k is the spring constant and r, is the equilibrium geometry. For classical oscillator
the vibration energy is given in wavenumbers by

1k
W= —4/— (2.4)

2me\ p
where p is the reduced mass of the oscillating bodies. For molecules the spring constant
k is associated with the bond strength, with stronger bonds oscillating at higher
energies than weak, and the mass of the bodies is given by the atomic masses of the

oscillating atoms. Quantum mechanical oscillator can only exist in discrete vibrational

levels v =0,1,2,3, ..., described by the vibrational wavefunction ¥,,, and as a result
the vibrational energy of the system is also quantized with energies
E, =w(v+1/2) (2.5)

with separation of w between the vibrational levels.

Harmonic oscillator model fails to accurately model the behaviour of real molecules.
Therefore more realistic model of anharmonic Morse potential'!” is frequently used

U(r) =D, (e’za(r’re) — 26’“(’"’”)> (2.6)

where D, is the potential well depth, r. is the bond length at equilibrium, and
parameter a describes the force constant of the oscillator. For anharmonic oscillator
the vibrational energies are given by the series

G(v) = we(v + 1/2) — weXe(v + 1/2)? 4+ weye(v + 1/2)* + . .. (2.7)

where Y., Ve, etc. are the anharmonic constants accounting for the difference from the
standard harmonic oscillator energies. Generally anharmonicity constants higher than
the second order term w, Y, are ignored. The anharmonicity of the potential well leads
to converging separation of vibrational energy levels.

The intensity of the transition is proportional to the transition dipole moment between
vibrational wavefunctions 1! and 7, which is defined as

R, = [} widQ (2.8)
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Energy

— Harmonic

— Morse
| I | 1 | |

Distance coordinate r

Figure 2.1: Harmonic and anharmonic potential wells as given by equations 2.3 and 2.6
respectively. Fundamendal v : 1 <— 0 and second overtone v : 3 <— 0 transitions are shown as
dotted vertical lines.

where () is the vibration coordinate expressed as deviation from the equilibrium. The
variation of the dipole moment with respect to the molecular vibration can be written
as Taylor expansion

dp d*p dPpu
p=p, + (dQ> Q+ (dQ2> Q° + (dQ?’) Q... (2.9)

where . is the dipole moment at equilibrium. After substituting the Taylor expansion
to the equation 2.8 we are left with

uefwf*wldQ+< )/wf*QWdQ+ <dQ2> /wf*QQw’dQJr . (2.10)

The first term is non-zero only if ¥ = ¢/, which does not represent a transition. The
second and higher terms are non-zero if the derivative of the dipole moment with
respect to the vibration coordinate () and the wavefunction integral are both non-zero.
These requirements create selection rules for vibrational absorption spectroscopy. The
former means that only vibrations where the dipole moment of the molecule changes
during the vibration can be excited by the external electric field, while the latter is
true only when the vibrational quantum number v changes by 1. The energy w of the
transition v — v + 1 is given by applying eq. 2.7

w=G@w+1)—G(v) (2.11)



18 Experimental Methods

2.3 Electronic spectroscopy

Electronic spectroscopy considers transitions between two states of the molecules
electron cloud. In the process the molecule absorbs a photon which excites electron
from the lower energy electronic orbital to higher energy orbital. The photon is provided
by outside electromagnetic field, and the absorption is seen as depletion of the radiation
corresponding with the energy difference between the states.3%3

For vast majority of small and medium size molecules the electronic transitions happen
at energies corresponding with the ultraviolet- or visible-region of electromagnetic
spectrum. Due to this electronic spectroscopy is commonly called ultraviolet /visible
(UV /Vis)-spectroscopy, even though the method is not bound to any single region of
the electromagnetic spectrum. Larger systems which have small separation of electronic
energy levels, such as metal cluster, can also have transitions in the near- middle- or
far-IR regions.

As the molecular wavefunctions are eigenfunctions of the three dimensional Hamiltonian
of the molecule, the shape and the allowed energy levels of the electronic wavefunctions
depend on the shape and composition of the molecule. Therefore the transitions and
the resulting spectrum is specific to the measured system.

The electronic transition moment R, is defined as coupling of the initial and final
electronic state wavefunctions 1 and 1/ by outside electric field

R, = [ vl pidr (2.12)

p is the dipole moment operator p = > ¢;7;, where ¢; and r; are the charge and
position of element 7, respectively. For atomic orbitals (1.5) the transition is allowed, i.e.
R, # 0, only if the total angular momentum J is unchanged or changes by one, leading
to the selection rule AJ = 0,41.36118 Similar rules apply also for the superatomic
orbitals. The transition probability is proportional to the square of the transition
moment |R62], and the transition energy is given by the energy difference between the
initial and final states AE = E Wl Eyi.

2.4 Acid-base titration

Monoprotic Brgnsted acid HA dissociates in water according to the reaction

HA (s) + HoO (1) == A~ (aq) + H;0" (aq) (2.13)
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The acid dissociation constant of the reaction is given by the regular equation

[H;07)[A]
K = 2.14
= (214)
and the pH of the resulting solution is defined as usual by equation
pH = —log,,[H;07] (2.15)

When strong base is added to the solution it neutralizes the excess H;O" ions via
reaction

MOH (s) + H30" (aq) — M™(aq) + H,0(1) (2.16)

The base is added to the acid solution until all of the original acid has been neutralized,
and the change of the pH of the solution is measured as function of the addition of the
base. During the addition the [H30"] concentration of the solution changes according
to the equation'? (fig. 2.2A)

MV,
Vo + Ve

Mb‘/b - MaVa
Vo + Va

[HsO1)? + ( + Ka) [H307]* + (Ka - Kw) [H30"] - K, K, =0 (2.17)
where V, and M, are initial volume and concentration of acid, V}, and M, are the
volume and concentration of base added to the solution, K, is defined by eq. 2.14,
and K, is the autoionization constant of the solvent, for water K,, = [H;O"][OH].
The titration can be done also in reverse by titrating base with strong acid, in this
case the acid constant and H3O" concentration in eq. 2.17 are substituted by the base

constant K, and OH™ concetration.

For weak acids (K, > 1) the acid dissociation constant 2.14 can be rearranged into
Henderson-Hasselbalch equation, which gives approximate pH of the solution when
the pH is close to the pK, of the acid:

A
where pK, = —log,y K,. In case of multiple pK, points which can interact with each

other, the Henderson-Hasselbalch equation is modified by the Hill-coefficient n.

[A7]

n(pH - pKa) = loglo m (219)
By subsituting [A7] and [HA] with the respective fraction of species ay- = %
and aga = [Hg{]ﬁj_} and rearranging the equation, we get fraction of protonated and

deprotonated species as function of pH with equations (fig. 2.2B)

1
aHA = 1 _'_ 10n(pH7pKa) (220)
10™(PH—pKa)

Qg = (2.21)

1+ 10°(H—pKa)
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Figure 2.2: A: Titration curve of 25 mL of 0.10 mol/L acetic acid (pK, = 4.76) being
titrated with 0.10 mol/L strong base, as given by equation 2.17. B: Fraction of protonated
and deprotonated species for the titration curve in fig. A as function of pH (eq. 2.20 and
2.21). The cooperative and anti-cooperative Hill-coefficient is observed as different slope of
the curve, steeper slope if n > 1 and more shallow slope if n < 1. For clarity, only the fracion
of deprotonated species a, - if plotted for different Hill-coefficients.

The Hill-coefficient n describes the behaviour of the equilibrium of single pK, point
with respect to the protonation state of another protonable functional group. Three
types of behaviour are identified: non-interacting (n = 1), in which case the protonation
of different groups does not affect the protonation of the observed group. Cooperative
(n > 1), if one group is protonated/deprotonated, the other groups are easier to proto-
nate/deprotonate. Anti-cooperative (n < 1), if one group is protonated/deprotonated,
the other groups are harder to protonate/deprotonate. The anti-cooperative behaviour
can be though as splitting of the identical pK,’s found in the system into numerous
different pK,’s which are too closely spaced to be resolved in any measurements.

The protonation state of system can be measured in addition to the basic titration
experiments using any experimental technique which can differentiate between the pro-
tonated and deprotonated states of the molecule, such as NMR- or FTIR-spectroscopy.

2.5 Sample preparation

Solid-state IR-measurements of the Au-clusters were measured from samples drop-
cast on IR-transparent CaFy or BaFy window. The sample was dissolved in water
(Auyo2(pMBA)y and Augg(mMBA)3s samples), toluene or dichloromethane (PET-
protected cluster samples). 5-20 pL of the solution was pipetted to the window and
either dried in vacuum (water-solutions), or let dry in normal pressure (toluene and
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DCM -solutions).

The TR-measurements of solvated clusters was measured using home-made absorption
cuvette with changeable windows and variable path-length. We used 2 mm CakF,
windows and path lengths between 10-80 um, depending on the sample concentration
and solvent absorbance. All liquid-IR measurement were performed using deuterated
solvents (D,O, MeOD-d4, DCM-d2, DMSO-d6), while the solvent was chosen by the
solubility of the measured substance. The IR-measurements of single crystals were
performed on crystals deposited on gold-mirror (reflection geometry), or CaFo-window
(transmission geometry). The crystals were transferred with standard loops using
high-viscosity FOMBLIN-Y oil or ethanol, where the former resulted in less damage to
the crystals in transfer. The Auyyq(PET)go crystals were grown by slow vapour diffusion
from toluene solution using acetonitrile as the antisolvent. All IR-measurements were
done with 2 or 4 cm™! resolution and processed with Happ-Genzel apodization function
before Fourier-Transform.

Electronic absorption spectra were measured from solvated samples using regular 1 or
10 mm quartz-cuvettes, or the same cuvette as used in the IR-measurements.
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3 Results and Discussion

3.1 Optical properties of Auy44(PET)go cluster

3.1.1 Optical gap in solution, dropcast layer, and in single
crystal

The Auyg4-cluster has been studied intensively during the last two decades, however the
electronic transitions in the IR-region have not been studied before. Early electrochemi-
cal and computational studies of the Aujyy-cluster showed that the HOMO-LUMO gap
for the cluster is less than 0.05 eV ,20:26:120 4 ¢ the cluster can be considered metallic.
However, the HOMO and LUMO orbitals have mainly S and H angular momentum
characters respectively, making the HOMO-LUMO transitions forbidden.'?® Due to
this the first allowed optical transitions may be seen at higher energies in the mid-IR or
NIR-regions. The IR-spectrum of the Auyuq(PET)go (PET: Phenylethyl thiolate) clus-
ter was measured dissolved in deuterated DCM (DCM-d2), dropcast on CaFy-window,
and from single crystals deposited on gold-mirror or CaFs-window. Measurements in

Absorbance

) n A A 1 n N N 1 N 1 N N N N 1 T
2000 2500 3000 3500
Wavenumber [ecm ]

Figure 3.1: IR-spectrum of Au;44PETgq cluster solvated in DCM-d2 (1) and in single crystal
(2). Reprinted with permission from J. Phys. Chem. Lett., 2014, 5, p. 387. Copyright ©2014,
American Chemical Society.
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Figure 3.2: IR-spectrum of Aujqq(PET)go cluster in solid state, and the computational
spectra. Reprinted with permission from J. Phys. Chem. Lett., 2012, 3, p. 3076. Copyright
©2012, American Chemical Society.

all three phases show the onset of smooth electronic absorption in the mid-IR region
(fig. 3.1) at 2100 cm™* (0.26 eV), 1500 cm ™" (0.19 eV), and 2100 cm™" (0.26 eV) for
the three samples respectively.

The optical gap obtained for the solvated and single crystal samples agrees well with
the transitions from the HOMO(H) and first LUMO(H) to the LUMO+2(I) -level
According to the PLDOS of the computational Aujuy(SH)g orbitals, the HOMO,
LUMO, and LUMO+1 levels consist of 5 H-type orbitals with less than 0.05 eV
separation in energy. Due to the small energy gap the first LUMO levels can have
fractional population at room temperature, making transitions from LUMO possible.
The optical gap of the dropcast sample is slightly lower (fig. 3.2) than in solution and
single crystal. This difference can be rationalized by the different sample morphology
of the dropcast sample. During the drying of the dropcast sample microcrystals with
sizes similar to the mid-IR wavelengths can form in the sample. These would then
cause Mie-scattering®? of the incident IR-beam, and the loss of signal is registered as
absorbtion by the spectrometer, which may give slight error to the optical gap values
measured from solid samples. The calculated spectrum predicts a significant rise in
absorption at 6000 cm™1(0.74 eV) which was not observed experimentally for any
measured system. This discrepancy between the measured and calculated spectrum
could not be explained.
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Figure 3.3: Measured IR/NIR-spectrum of the (Au/Ag)144(PET)go clusters. Reprinted with
permission from J. Phys. Chem. Lett., 2012, 3, p. 3076. Copyright ©2012, American Chemical
Society.

3.1.2 Variation of the optical gap due to silver-content

The effect of replacing gold atoms with silver in the Aujyy cluster on the optical
gap of the cluster was studied for four silver-doped clusters containing up to 60
silver atoms. According to the ESI-MS analysis, these samples were monodisperse
with respect to the total amount of metal atoms in the system, but the amount
of silver atoms in the samples formed a gaussian distribution.?® According to later
analysis, these clusters may have contained also Au;sr-clusters.®® The Au /Ag -cluster
samples are labeled by the composition at the peak of the distribution, which are
AU114Ag30PET60, AulloAg34PET60, AUQlAg53PET60, and AUQQAg54PET60. The fact
that up to 60 gold atoms, but no more, could be exchanged to silver suggests that the
silver is selectively incorporated into the third 60-atom rhombicosidodecahedral layer
of the cluster (fig. 1.3). DFT-studies of the system also found this to be energetically
the most favorable arrangement.'?!:122 Same prediction can be made from the surface

energies of gold (97 meV/A?) and silver (78 meV /A?) 43,93

The four silver-doped cluster samples were measured in the mid-IR and NIR-regions
from dropcast films of the sample on CaFy-window (fig. 3.3). Compared to the pure
gold Auy44(PET)go cluster measured also as dropcast film, the electronic absorption
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edge of the Auj4Ags(PET)g sample is found at slightly higher energy (2100 cm™?,
0.26 €V), while the other three are slighly lower (Au;19Agss(PET)g0: 1200 cm™1/0.15 eV,
AUQlAg53(PET)602 1300 Cm71/0.16 eV, AU.g()Ag54(PET)602 1000 cm’1/0.12 GV) All
values are within 600 cm™! (0.07 eV) of the pure gold Auy4y, and within 1100 cm™!
(0.14 eV) of each other, indicating the cluster optical gap is not significantly altered
by the addition of silver. A change in the shape of the absorption band is observed
between the different samples, with Aujj9Agss and AugoAgss giving a smooth rise
from the absorption edge up to 10000 cm ™!, while for Au;14Agsy and Aug Agss a wide
absorption peak is forming around 4000 cm™! (0.50 eV). The spectrum of four different
Auyyy ,Ag, (x = 30, 58, and 60) clusters were calculated (fig. 3.4) and compared with
the experimental spectra. For the three clusters which have the silver atoms in the
third layer the absorption edge is at around 1500-1600 cm ™! (approx. 0.19 eV) after the
convolution with convolution with gaussian function with 0.10 eV width. The optical
gap of all measured and calculated Aujyy and AuAgiyy systems are presented in table
3.1. In the cluster with silver dispersed in all three inner layers the electronic states
are more closely spaced, leading into smoother spectrum, and the absorption edge is
found at significantly lower energy at 1150 cm™! (0.14 eV). The difference of the shape
of the experimental spectra can be attributed due to the different distribution of silver
atoms in the samples, or to different morphology of the measured films which may
contribute to scattering as explained in the case of Auyy films earlier. They can also
be explained by the presence of of the Au;s;-cluster, which was reported in the same
samples afterwards.®®
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Figure 3.4: Calculated spectra of Aujsy(PET)gp and (Au/Ag)144(PET)go clusters. In the
structures (7), (8), and (9) the Ag-atoms are distributed in the third layer of the proposed
Auyyy structure, while in (10) 30 are placed in the inner Mackay icosahedron and 30 in the
third layer (fig. 1.3). Reprinted with permission from J. Phys. Chem. Lett., 2012, 3, p. 3076.
Copyright ©2012, American Chemical Society.

Table 3.1: Measured and calculated optical gaps of the Auy44(PET)go and silver doped
(Au/Ag)144(PET)go derivatives. The experimental spectra are presented in fig. 3.1 and fig. 3.3,
and the calculated spectra in fig. 3.4. The calculated gaps are taken after convolution with
gaussian function with 0.10 eV linewidth. The values in parenthesis are without convolution.
Adapted with permission from J. Phys. Chem. Lett., 2012, 3, p. 3076. Copyright ©2012,

American Chemical Society.

Sample exp./calc. optical Gap (eV) optical Gap (cm™1)
la: AujgqPETgo (solv.) exp. 0.273 +0.013 2200 £ 100
1b: Auj44PETgo (film.) exp. 0.186 +0.013 1500 4+ 100
lc: AuygqPETgp (cryst.) exp. 0.273 +0.013 2200 £ 100
2: AU114Ag30PET60 exp. 0.260 £+ 0.025 2100 4 200
3: AU.H()Ag34PET60 exp. 0.149 + 0.025 1200 + 200
4: AUQlAg53PET60 exp. 0.161 +0.025 1300 + 200
5: AUQoAg54PET60 exp. 0.124 £ 0.013 1000 +£ 100
6: Auy44(SH)go calc. 0.175 (0.323) 1410 (2600)
7 AU114Ag30(SH)60 calc. 0.186 (0281) 1500 (2260)
8: AuggAgss(SH)go calc. 0.200 (0.362) 1610 (2920)
9: AuggAgeo(SH)go calc. 0.200 (0.357) 1610 (2880)
10: Au84Ag60(SH)60 calc. 0.143 (0161) 1150 (1300)
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3.1.3 Vibrational signatures of Au;4(PET)go single crystal

Solving the crystal structure of the Auj44(SR)go cluster is a long standing challenge
in the gold-cluster field. We managed to grow high quality hexagonal Auyuq(PET)g0
single crystals approximately 100x100x20 um in size using slow-vapour diffusion
from toluene/acetonitrile solvent system. Despite the apparent high quality of the
crystals, they did not diffract beoynd 5 A resolution. Since the XRD-measurements
failed, we measured the IR-spectrum of the single crystals in order to gain insight
into the properties and packing of the Auyyy(PET)gy crystals. The IR-spectrum of
Auy44(PET)gg -cluster and reference PET are presented in fig. 3.5. The free PET and
the cluster in solution are very similar, corresponding very well to the earlier vibrational
studies of similar systems,'?* 26 with largest differences being the disappearance of
the S—H stretching mode at 2540 cm™" (not shown) and red-shift of the CH, scissor,
wagging, and twisting modes of the aliphatic chain. Two new, very weak peaks are
observed in the C—H stretching region at 2871 and 2981 cm ™. Overall, the intensity
of the aliphatic —CyHy— chain vibrations are increased compared to the phenyl-ring
vibrations. The vibrational modes of the phenyl-ring are unperturbed by the linking.
The spectrum obtained from single crystal is similar to the solution state spectrum
with respect to peak positions, however significant differences are observed in peak
intensities and lineshape. The single crystal spectrum is characterized by significant
broadening of peaks, and the intensity differences between peaks are smaller. The peak
broadening is evident when looking the normally sharp phenyl ring C—C stretching
peaks at 1600 cm~! and 1500 cm™!. Majority of the peaks in the fingerprint region
overlap too much for quantitative analysis, but in the C—H stretching region the peaks
were sufficiently well defined to be analyzed using multi-peak fitting. The region 2780—
3130 cm ™! was fitted using set of 9 or 11 Gaussian and/or Lorentzian functions, and
the peak positions and width are shown in table 3.3. The positions of the phenyl-ring
vibrations shift only by 2 em~! at maximum, while the aliphatic peaks show up to
6 cm ! shifts. In crystal the peak width is increased by 50-200 % compared to the neat
PET and solvent spectra, and the peak shape changes from Lorentzian to Gaussian
indicating inhomogeneous broadening mechanism in the crystal. This is in contrast
to regular case, in which the crystal gives sharper and more defined peaks than in
solution due long-range order in the crystal and lack of solvent dynamics.?”

We argue the inhomogeneous broadening of the ligand vibrational modes are caused by
inhomogeneous packing of the ligands in the crystal, i.e. the ligands are not packed in
well ordered, periodic fashion. If we consider close packing of spherical particles, cavities
are left between the spheres. For a 3 nm particle such as Auyy(PET)g these can be
as large as 1.25 nm, which is about the same size as the PET molecule length. As a
result the ligands which are next to the neighbouring cluster see different environment
than the ones pointing towards the cavities. We also believe the flexibility of the
aliphatic chain and the lack of strong coordinating interactions such as hydrogen
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Table 3.2: Observed vibrational modes of the PET-molecule in neat liquid, and Auy44(PET)g0
cluster in solution and in single crystal. Adapted with permission from J. Phys. Chem. Lett.,
2014, 5, p. 387. Copyright ©2014, American Chemical Society.

Symmetry® Notation/Assignment Dobs (cm™1)

(Co,/Cs)  Herzberg Wilson Gardner PET (1) Augg,b Auqyy©
Ay V1 V204 Mo 3084.7 m 3084.8 m  3084.1 m
A1 170} VUta %3 3062.0 m 3062.0 m 3060.7 m
A1 1% 1] %1 3105.7 w 3105.7 w 3103.9 m
A1 Vy V13 %4 1604.0 m 1603.8 m ~1604 m
A1 Vs Vsa %7 1496.9 s 1496.2 s 1497.7 m
A1 Vg V19q %8 1199.4 w 1196.8 w 1196.8 m
A, vy Vgq M 1179.0 w 11790 w  1179.0 m
A, Vg V18a Mg 1030.6 w 1030.6 w 1030.6 w
Ay Vg V12 My 1004.1 w 1005.7 w 1002.7 w
A1 10 1%} %10 804.9 w - ~806 sh
A1 V11 Vga %11 489.8 m - -

A.2 V12 U7a %12 970.8 w - ~966 W,Sh
A2 V13 Y10a %13 845.5 w - 841.6 m

A, Vi4 Vi6a M4 - - -

B1 V15 Vs .%15 983 W,Sh - 982.7 w

B1 V16 174k 1%16 910.3 w - 914.1 m

B1 V17 V10b %17 732.1s - -

B1 V18 V4 %18 698.0 s - -

B; 19 V11 Mg 559.9 m — -

B, V20 V16b M0 - - -

BQ V21 V20b %21 3026.9 m 3028.3 m 3026.4 m
B2 V29 %4 .//22 3001.8 w 3001.8 w 3000.1 m
Bo V93 Vgh Mas 1584.4 w 1584.1 w  1583.8 m
BQ V24 V19p .%24 1453.3 s 1453.3 s 1453.3 m
BQ Vo5 Vs %25 1322.7 w 1309.1 w 1309.1 m
B2 V96 V14 %26 1292 W,Sh 1278 W,Sh ~1279 m
B2 Vo V15 %27 1157.5 W,Sh 1157.5 w 1157.5 m
B2 V28 V18b eﬂgg 1076.3 w 1072.0 w 1072.0 m
B2 V29 Vop %29 622.0 w - -

Bs V30 Veb M3 - - -

A’ V31 S-CHs sym. str. 2933.2 m 2927.5m  2930.4 m
A' V30 Ph-CH; sym. str. 2849.0 m 2852.2 m  2835.6 m
A' V33 S-CHy, scissor ~1447, sh ~1414 w ~1414 w

A' V34 Ph-CH; scissor ~1428, w ~1433 w ~1433 w

A V35 CHs-wag 1279.3 m 12621 m  ~1265m

A" V36 S-CH, asym. str. 2963.8 m 2961.6 m  2962.4 m
A" V37 Bz-CH; asym. str. 2908.2 m 2905.0 m  2897.2 m
A" Vsg CHy-twist 1236.6 m ~1220 w ~1220 w

A" V39 CHa-rock 751.0 s - ~750 m

s: strong, m: medium, w: weak, sh: shoulder.

S: adjacent to the sulfur, Ph: adjacent to the phenyl-ring.
@ CQU for V1 — V3o, Cs for V31 — V39

b solvated in DCM-D2, ¢ in single crystal.
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Figure 3.5: IR-spectrum of neat PET thin film (1), Aujs4(PET)g0 solvated in DCM-d2 (2),
and Aujuq(PET)g0 single crystals (3). Reprinted with permission from J. Phys. Chem. Lett.,
2014, 5, p. 387. Copyright ©2014, American Chemical Society.

bonds in the PET molecule contribute to the disorder of the ligand packing. This
proposed disorder of the ligand layer explains the behaviour of the X-ray diffraction
obtained from these crystals. The crystals diffract strongly at small 26 angles indicating
ordered long-range structure, but the diffraction pattern disappears quickly at large
260 angles regardless of the exposure time. We also measured the IR-spectrum of
Auys(PET) g crystals which are known to make well-defined single crystals.®! In the
obtained spectrum (fig. 3.7) C—H stretching region the peaks, for which Auy44(PET)go
show only broadened features, are resolved into well defined peaks in the Auys(PET) g
crystal. The resolved peaks can be correlated with the known orientations of the
ligands in the crystal, i.e. trans-gauche isomerism of the aliphathic chain.

The characteristic pattern of combination and overtone vibrations of monosubstituted
benzene!?®12 is observed between 1650-2000 cm~! for all samples, but the intensity
relative to the fundamentals is significantly increased in the crystal (fig. 3.6A). A
number of new peaks are found in the region 2000-2700 cm~!, and they are also
attributed to combination and overtones which are usually too weak to be observed
experimentally.'??124 Increase of combination and overtone intensity is usually caused
by changes in electrical or mechanical anharmonicty, or intensity transfer between
vibrational modes,3%13° Electrical anharmonicity is caused by the nonlinear variation of
the dipole moment with respect to the vibration, i.e. Q2, Q3, ... terms in eq. 2.9, while
mechanical anharmonicity is caused by the anharmonic shape of the potential energy
function as shown in fig. 2.1. Mechanical anharmonicity alters both transitions energies
and intensities, while electrical anharmonicty only alters the intensities. The overtones
and combinations at 1650-2000 cm~! show a small redshift of c.a. 5 cm™! between the



3.1 Optical properties of Auy44(PET)go cluster 31

solvent and crystal spectra of Aujyy(PET)g, ruling out any significant contribution
from mechanical anharmonicity. Potential large change in electrical anharmonicity of
the ligand vibrations would presumably be caused by either the proximity of the gold
core, or the packing in the crystals, or both. The first option alone can be ruled out
since the Auyyy(PET)go solution does not display significant increase in the overtone
and combination intensity. The second option would be also observable in IR-spectra
of simple molecules recorded in single crystals, but hasn’t been reported in, e.g. for
single crystal benzene. The last option would imply high degree of coupling of the
electrical structure of the adjanced Auyyy -cores by the PET molecules. This also seems
dubious as PET is not conductive molecule. Vibrational coupling between the different
vibrational modes can also lead into intensity transfer between different peaks, while
the sum of all the peak intensities remain unchanged by the process. Unfortunately
the experimental data of the Aujq(PET)g was insufficient for quantitative analysis
of the peak intensities between the spectra in different states, and the origin of the
overtone and combination vibrations could not be attributed to any proposed theory.

In later studies, using para-iodine tetrafluorobenzene as sample system, we measured
the absorption coefficient in both CCl, -solution and in single crystals. Qualitatively
the IR-spectrum of the crystals showed similar relative increase in the benzene-ring
overtone and combination vibrations compared to the solution spectrum. However, the
absorption coefficient of the fundamentals in the crystal dropped significantly while
the overtone and combination absorption coefficient remained the same in both phases.
Any anharmonic effects can be ruled out as per above, while the significant change in
total vibrational absorption cannot be attributed to intensity transfer between modes.
Most probable explanation for this is that the measured crystal was too thick, and
the fundamental peaks are truncated due to saturation, while for the overtones and
combinations the signal stays in the linear region. It is possible that similar effect is
also responsible for the intensity changes in the much thinner Auyuq(PET)go crystals.
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Table 3.3: Peak fitting parameters, center Xg and full width half maximum (FWHM), for
neat PET and Aujp2(pMBA)44 in C-H stretching region. Adapted with permission from J.
Phys. Chem. Lett., 2014, 5, p. 387. Copyright ©2014, American Chemical Society.

Assignment Xo (em™1) FWHM (cm™1)
PET (1) AU144a Au144b PET Au144“ AU144b

Ph-CHys. 2849.0 2852.2 2835.6 214 27.0 38.0
Ph-CHjy as.  2908.2 2905.0 2897.2 34.2 37.3 46.6
S—CHsy s. 2933.2 29275 29304 24.6 26.4 34.3
S—CHs as.  2963.8 2961.6 29624 15.2 20.3 19.5

X — 2871.5 2868.0 — 7.5 21.2

Y — 2981.2 2981.2 — 7.2 27.1
M 3001.8 3001.8 3000.1 8.7 8.9 12.5
M 3026.9 3028.3 3026.4 13.5 13.8 32.1
M3 3062.0 3063.1 3060.7 12.9 13.9 24.8
Mo 3084.7 3084.8 3084.1 9.3 8.0 13.8
A 3105.7  3105.1 3103.9 5.0 7.7 14.6

s: symmetric stretch, as: anti-symmetric stretch.
S: adjacent to the sulfur, Ph: adjacent to the phenyl-ring.
@ solvated in DCM-D2, ® in single crystal.
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Figure 3.6: Overtone and combination
vibrations of the phenyl-ring modes of
Auy44(PET)go cluster. (Green) solvated,
(Red) single crystal. Reprinted with per-
mission from J. Phys. Chem. Lett., 2014, 5,
p. 387. Copyright ©2014, American Chem-
ical Society.

1 I
—  Auy, PETg, solv. — PET
- — Auy PET crys. 1
AugsPET 4 crys.

Absorbance (A)

2800 2850 2900 2950 3000 3050 3100
Wavenumber (cm 1)

Figure 3.7: C-H stretching region of the
PET-protected crystals. The well ordered
Augs(PET) g crystal shows narrow peaks
as expected.
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3.2 Structure Determination of Augs(mMBA)3,

Brust synthesis of water-soluble gold-clusters using meta-mercaptobenzoic acid (mMBA,
also called 3MBA) was performed using 2:1 ligand:gold ratio, yielding a monodis-
perse gold cluster of approximately 1.4 nm in diameter in electron microscope im-
ages. The exact mass of the cluster could not be accurately measured by ESI-MS
due to fragmentation and poor resolution, and the obtained peaks could be ex-
plained by compositions [Auz (mMBA)a7]"", [Augs(mMBA)s1]" ", [Augs(mMBA)35]" "
[Augs(mMBA)35]", [Auga(mMBA)39]", where n = 5,6,7,8. Of these the composi-
tions with 71, 65, or 62 gold atoms were ruled out by combination of thermogravimetric
analysis and X-ray photoelectron spectroscopy. Large crystals of the material were
obtained, but the X-ray diffraction extended only up to 5 A resolution.

3.2.1 Single particle reconstruction electron density map

Transmission electron microscope (TEM) image of an three-dimensional object rep-
resents the projection of the electron density in the object to a two-dimensional
space.!317133 If sufficient amount of images representing different orientations of the
original object can be acquired, the original 3D-structure can be reconstructed using
iterative methods. In this method similar images are grouped into class averages, which
represent the projections of the object from different angles.!3* These are then used to
calculate a intial model for the object, and the projections of the model is compared
to the experimental data. The process is repeated until the model and experimental
data converge.

The Augg(mMBA)3, samples were imaged using aberration corrected-TEM, using
~ 800 e~ /A? electron dose to avoid radiation damage.'®® Tmages of 939 clusters were
selected from the TEM-images and used in the particle reconstruction. In fig. 3.8A
example for three class-averages of the cluster are shown. The reconstruction yields
electron density map, which has 68 peaks (fig. 3.8). Due to the very high electron
density of gold vs. any other atom in the system (79(Au) vs. 6(C), 8(0), 16(S)), and
the ESI-MS results, the peaks are assumed to arise from the positions of the gold
atoms.

3.2.2 Electronic spectroscopy of Augs(mMBA)s3,

The low-energy electronic transitions were studied by measuring the IR- and NIR-
spectrum from 900 cm™! to 7000 cm ™! of the unknown sample dropcasted on CaF,-
window and dried in vacuum. The measured region (fig. 3.9a) contains both the
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Figure 3.8: A: Electron micrograps of the Augg(mMBA)so-cluster. (Left) Back-projection
from the reconstruction, (Middle) class average, (Right) original images. B: Electron density
map of the reconstruction. Red crosses indicate maxima in the map. C: Structure of the full
Augg(mMBA)se-cluster with the SH ligands after relaxation by DFT. Adapted from Science,
2014, 345, p. 909. Reprinted with permission from AAAS.

vibrational signatures of the mMBA-ligand at 2900-3600 cm~!, and below 1700 cm ™!,
and the electronic signatures of the Augg cluster core above 3600 cm™!. For vibrations
the expected C—H and O —H stretching at 2900-3600 cm ™!, symmetric and asymmetric
—~CO," stretching at 1400 cm™! and 1550 cm™!, and the benzene ring mode at
1600 cm ™! were observed. The pH of the sample was not measured, however the absence
of the carbonyl strething peak indicates the ligand layer is in completely deprotonated
form. The region 2900-3600 cm~tlost approximately third of it’s intensity when the
sample was illuminated with the IR-beam in dry conditions for 90 minutes (fig. 3.10A).
The loss of signal is consistent with evaporation of water adsorbed on the sample,
as seen earlier with Aujge(pMBA)y-cluster.%? This is further proven by taking the
difference between the first (0 min) and the last spectrum (90 min), and plotting it’s
second derivative (dashed and solid black lines in fig. 3.10A). The difference spectrum
shows broad asymmetric absorbance centered around 3400 cm ™!, and the derivative
shows four distinct peaks at 3600, 3500, 3200, and 3000 cm™!, consistent with water
in different hydrogen bonding states. Above 3600 cm™! three absorption peaks at
4200 ecm™!, 5250 cm™!, and a split peak at 6100 cm™! attributed to the electronic
transitions are observed. The peak around 2500 cm~! required further analysis, as
the thiol-group (—SH) stretching vibration is generally around the observed energy.
However, since the the ligands bind to the cluster via the thiol-group sulfur, it’s
very unlikely there exists any free thiol-groups in the cluster. Also, the broadness of
the peak (FWHM =~ 250 cm™!) is very large for a single vibrational peak, therefore
this peak was attributed to electronic transition. To prove this, we removed the
vibrational signatures of the mMBA ligand from the spectrum (fig. 3.11). This was
achieved by taking the spectrum of a larger mMBA protected cluster which showed
smooth electronic absorbance spectrum, from which the electronic absorbance was



36 Results and Discussion

Energy (eV) Wavelength (nm)
02 04 06 038 1000 600 400
2 4- e 7 : AT N | .
— 3] 14_
U224t & -6'9 1o b F2.0%
— : . )
§ 5 x 1 &
<>é20 _4“\ 8 1.0 -1.5 §
o 1.87 E) : _§0.8— I
O N -
S1.6- "3 5 15061 (103
3 DE-E-PA =
§1_4_ v 0'2 -0.5g
<121 [t S YA
...,...,.-..,!'.'.“!.“.l,.'.'.l 0 00 0.0
1 2 3 4 5 6 7 : 1.01520253.0354.0
Wavenumber (1000 x cm™1) Energy (eV)

Figure 3.9: Absorption spectrum of the Augg(mMBA )39 -sample in (a) IR/NIR-region, and
in visible region (b). Black and green represent experimental and computational spectrum,
and blue in fig. a is the experimental without the vibrational contribution of the mMBA
ligand. From Science, 2014, 345, p. 909. Reprinted with permission from AAAS.

then removed by fitting a 5th degree polynomial function to the spectrum at points
where there is no vibrational absorbance. The obtained spectrum of mMBA attached
to gold is then removed from the IR-spectrum of Augg-sample. After the procedure
the known vibrational peaks at 2900-3600 cm ™! are reduced very close to the baseline,
while the known electronic peaks are left unchanged. The unknown peak at 2500 cm™!
persists after the procedure, further reinforcing it’s assignment as electronic transition.
As the lowest electronic transition this peak energy of 2500 cm™" (0.31 eV) is also
the optical gap for the Augg-cluster. The absorption spectrum in the visible region
was measured from sample dissolved in HyO. In the visible region (fig. 3.9b) of the
absorption spectrum the onset of gold intraband d — d transitions can be seen at 1.6 eV
(750 nm),%? but otherwise the spectrum is quite featureless.

The electronic transitions of the Augg-cluster with the added ligand-layer consisting of
31, 32, or 34 ligands were calculated using LR-TDDFT with Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional implemented in the GPAW-software package.
For the calculations the mMBA ligands were exchanged to thiol-groups to reduce
computational effort. The positions of the gold-atoms were taken from the single
particle reconstruction. The calculated spectra in the IR/NIR-region are presented
in fig. 3.12. Every spectrum gives three to five electronic absorption peaks below
7000 cm™! (0.90 eV) with slightly different peak positions and intensities. Lowest
optical gap of 2000 cm™ (0.25 eV) is found for the Augg(SH)s» structure with —2
charge state, and the highest gap of 3900 cm™' (0.48 eV) for the Augs(SH)3; ver.2
cluster. The best agreement with respect to the peak positions and intensities is
given by the Augg(SH)so -structure in neutral state, which gives good agreement with



3.2 Structure Determination of Augs(mMBA)jz2

37

T T T : 05. ——— T T _4
0.4 | — 4-miﬁ ; - — 3 min
[ — 11 min D04
g [ : [
S 0.3 : |
) [ © 03
5 i : [
a2 0.2 . L
° Tt D02
e : L
(0]
= o1l : [
© . .
g L ; 0.1-
o L :
Z 90 L 0.0k
i . . . : : . . .
01 I 4 min - 90 min difference : o1l 3 min - 23 min difference x 5
-Vl e o 1 L s -Vl e o |

2000 2500 3000 3500 4000

Wavenumber (cm~1)

—l
2500 3000 3500
Wavenumber (cm™1)

2000 4000 :

Figure 3.10: Evaporation of adsorbed HoO from the Au68- (left) and larger mMBA-cluster
(right) samples. From Science, 2014, 345, p. 909. Reprinted with permission from AAAS.

experimental peaks at 2500 cm ™!, 4200 cm ™!, 5250 cm ™. The fourth peak is found at
slightly higher energy at 6500 cm~! than the experimental value of 6100 cm~!. The
computational spectrum gives a peak also at 3400 cm™!, where a feature is observed
also in the experimental spectrum. This region overlaps with the vibrational absorbance
of water, and cannot be considered reliable. The second best agreement is given by the
spectrum of the same structure with —2 charge, for which the peak at 6000 cm ™! gives
better agreement. Other features including the too low optical gap and the absence of
the peak at 4200 cm™* leads us to select the neutral form of the proposed Augs(SH)szo
structure as the best structure based on the spectroscopic evidence. It should be noted
that due to the large amount of possible structures it is unlikely to find the exact
conformation of the ligand layer without sampling unreasonable amount of model
structures. Also, the models are constructed using thiol groups instead of the full
mMBA molecule, so all intralayer ligand-ligand interactions, such as 7 stacking
or hydrogen bonding which may stabilise the cluster, are absent. The optical gap of
the Augg(mMBA)3s is lower than expected, being slightly smaller than that of much
larger Aujge(pMBA)4y (0.45 €V), and significantly smaller than the optical gap of
almost identical size Aug;(SR)s35 -cluster (0.74 eV). The very small optical gap can
be explained by the unsymmetric structure found in the clusters core, which causes
splitting of the energy levels and lowers the HOMO-LUMO gap of the cluster.



38 Results and Discussion

.
- — 3MBA3 IR 1
L — - 5th deg. polynomial fit

[ —— 3MBA vibrational contribution
L Aug NP IR

Augg NP electronic abs.

Absobance

T, A T ]
2000 3000 4000 5000 6000 7000
Wavenumber (cm~1)

Figure 3.11: Removal of the features originating from the mMBA ligand vibrations. 5th.
degree polynom is fitted to the spectrum of large mMBA particle which is then removed
from the spectrum to give the vibrational spectrum. The vibrations of mMBA are then
removed from the Augg -spectrum to yield the electronic transitions. From Science, 2014,
345, p. 909. Reprinted with permission from AAAS.
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Figure 3.12: Computational spectra of the best proposed Augs(mMBA)ss-cluster structures.
From Science, 2014, 345, p. 909. Reprinted with permission from AAAS.
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3.3 Protonation states of Auyp2(pMBA)y4 cluster

The crystal structure of the water-soluble Auygo(pMBA)yy-cluster shows the cluster
as fully protonated species.'®® The pMBA-molecule, however, is only water-soluble in
deprotonated state, meaning the cluster must also be in deprotonated form in solution.™
Despite the importance of the ligands in the interactions with the surrounding medium,
basic information of the protonation behaviour of the ligands in the Aujge(pMBA)4-
cluster remained unknown. In paper IV we investigated the protonation states of the
Auygo(pMBA) 44-cluster using combination of acid-base-titration, IR-spectroscopy, and
molecular dynamics simulations.

3.3.1 Vibrational signatures of protonated and deprotonated
pMBA

Distinguishing the two different protonation states of the carboxylic acid group from
[R-spectrum is trivial (fig. 3.13). The protonated acid exhibits a strong absorption at
1680-1800 cm ! due to the stretching of the C=0 double bond, while the deprotonated
acid has two strong peaks at 1380-1410 cm ™! and 1520-1540 cm™! for the symmetric
and asymmetric stretching of the delocalized double bond of the —COy "~ group. The
C—C stretching vibrations of the para-substituted benzene ring are observed between
1600-1390 cm ™! for both species. The spectrum of protonated pMBA is very similar
after linking to the Auyg -cluster. This is also the case for the deprotonated pMBA,
except for a blueshift of the carboxylate group vibrations in the spectrum of the
Auygo(pMBA) y4-cluster. This shift was attributed to lower degree of hydrogen bonding
of the carboxylates in the cluster compared to the free pMBA, since in the cluster the
neighbouring ligands perturb the environment. The vibrations observed in MeOD-d4
of DyO-solutions are presented in table 3.4.

The IR~spectrum of Auyge(pMBA)y4-cluster was measured in DyO-solution at different
pH (fig. 3.13B). The values given by the pH-meter for the DyO-solutions were converted
to the corresponding values in regular water using the equation pH = 0.936pH* +
0.412.13¢ At high pH the spectrum shows only the signatures of the deprotonated
pMBA, but when the pH is lowered using DCI the protonated pMBA starts forming
between pH 7.3 and 7.8. In neutral and slightly acidic conditions the cluster shows
both protonation states of the pMBA-ligand. When the pH is lowered to acidic, the
cluster precipitates out of the solution. At this point (pH ~ 5 when ¢ ~ 1 mmol/L)
majority of the ligands are protonated, but a small fraction is still seen in deprotonated
form.
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Figure 3.13: A: IR-spectrum of free pMBA molecule and Aujpe(pMBA)44-cluster in pro-
tonated and deprotonated forms. B: IR-spectrum of Aujge(pMBA)y4-cluster at different
pH.

3.3.2 Titration curves of Aujga(pMBA)y4

The pK, of the ligands was investigated by standard acid-base titration of Aujge(pMBA )44
solution, and analyzing the amount of protonated and deprotonated pMBA from the
IR-spectra measured at different pH.

The acid-base titration of Aujge(pMBA)4y was done in pure water and in 50% methanol-
solution to reduce the precipitation at low pH observed in pure water. In both solvents
we get a titration curve which can be interpreted as anti-cooperative titration of
monoprotic weak acid. The titration curves were fitted using eq. 2.20 to extract
the pK, and Hill coefficient n. The curve shows single equivalence point and single
pK, point at 6.18 = 0.05 in HyO and 7.19 £ 0.07 in 50% MeOH. In both cases the
protonation behaviour is strongly anti-cooperative (HoO: n = 0.63 £ 0.04, 50% MeOH:
m = 0.53 +0.03).

The standard acid-base titration can only resolve different pK, points which are
approximately 2.0 units apart from each other, or the solvent autoionization constant.
Therefore we also analyzed the protonation state of the cluster from the IR-spectra.
The analysis was performed as follows. Consider two peaks a and b corresponding with
two different species in the same system. The absorbance of the peaks are given by
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Table 3.4: Observed vibrations of protonated and deprotonated pMBA.

Protonated Deprotonated
Exp. in MeOD-d4 Exp. in D20
Assignment Sol.@ Auyqoe? Sol.@ Auyqge?

C=0 str. 1712.4 vs  1713.9 vs - -
1690.0 vs  1691.0 vs - -
-CO9 ™ as. str. — 1520.3 s 1538.2 s

-CO5~ s. str. - - 1386.1 s 1395.7 s
9a/.#y 1597.0s  1590.7s 1584.9s 1587.7 s
b/ o3 1565.3 m 1561.6 m 1571.4s 1581.6 m,sh
18a/ .45 14942 m 14852 m 1483.3 w N.O.
18b/ M2y 1403.7m 1395.5 m 1384.0 m 1384.9 m
OH-wag ~1350¢ ~1350¢ - -

vs: very strong, s: strong, m: medium, w: weak, sh: shoulder.
¢ Free pMBA solvated in MeOD-d4 or D2O.
b Aujg2(pMBA )44 cluster solvated in MeOD-d4 or D2O.
¢ Several peaks in 1300 — 1370 cm ™! due
to HDO impurity and H-bonding.
N.O.: Not observed.

Beer-Lambert law

A, = 2,0,1 (3.1)
Ab = Ebel

If @ and b correspond with protonated and deprotonated ligands, we can write the
cluster concentration and the amount of ligands using these concentrations.

_(Ja+Ob

Cauggy = u (3.3)
C, 44C,

N p— pr— -4

= Cru  Cot G (3:4)

N, _ O 440, 5

- CAumz - Oa + Cb

Since the optical path length is constant for both peaks, the ratio of absorbance
depends on the concentrations C, and C}, and the absorbance coefficients ¢, and &,

Aa o 6acal

Ay B Ebel B Cy

Ca

(3.6)
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where the ratio of absorbance coefficients is « = €a/z,. By substituting eq. 3.6 into eqs.
3.4 and 3.5 we get

440, et 44
N, = == i = I (3.7)
Ca‘i‘OéCaTa %(1 +04A7a) 1—|—04A7a
44C; 444 44
= b L (3.8)

b = = =

This way we need accurate concentration data only to determine the ratio of two
peaks from the spectra of protonated and deprotonated forms, not for every measured
IR-spectra. Here we chose the asymmetric stretching and carbonyl stretching peaks for
deprotonated and protonated peaks. The area of the carbonyl peak was determined
by fitting of the peak with gaussian function. For the asymmetric stretching peak
the fitting procedure overestimated the peak area due to variation of the baseline.
Instead the area was numerically integrated after baseline removal. The amount of
protonated ligands of four different measurement sets at different pH given by the above
equations are presented in fig. 3.14. The results were fitted with eq. 2.20 as earlier,
giving pK, = 5.98 £0.13 and n = 0.78 & 0.14. The obtained values are within errors
the same as obtained from regular titration, but the values from regular titrations are
taken as more reliable due to more repetitions and less noise in the measured data.
From the IR-titration curve we can see that the last ligands deprotonate around pH 7.5
— 8.0. At pH 5 where the cluster starts precipitating, approximately fifth of the ligands
are still deprotonated, indicating the minimum amount necessary for water-solubility.
The IR-spectra were also measured in solid-state by drying the sample from solutions
at different pH. The acquired spectra follows the trend seen in the solvent-state IR,
indicating the protonation state of the cluster in the solution is preserved when the
sample is dried. In addition, during the measurements the samples which were dried
from pH below 6 did not redissolve in neutral water without the addition of base.
We speculate that at this point, corresponding with less than half of the ligand-layer
in deprotonated state, the hydrophobic interactions start to dominate and while the
cluster stays in solution, it is no longer truly water-soluble.

3.3.3 Distribution of deprotonated ligands at equilibrium

Since the 22 (44) different protonations cannot be resolved in the experimental data,
it is very challenging if not impossible to determine the pK, of individual ligands
experimentally. Instead, we modeled the Aujgo(pMBA)y4-cluster using constant pH
molecular dynamics using GROMACS -software package,®” ' near the experimental
pK, (6.20) in order to get information of the preferred protonation states of the different
ligands. The simulation models the protonation via A-dynamics approach!4? 43 in
which the existance of the proton is described with additional degree of freedom A\
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Figure 3.14: IR-titration curve of the Aujga(pMBA)y4-cluster. A, B, C, and D refer to
different measurement sets. Additionally, the fully protonated form at pH 2.5 from the
XRD-data is plotted. Inset shows the potentiometric-, IR-, and simulated titration curves.

(A = 0: protonated, A = 1: deprotonated). The number of protons in the system was
fixed into 22, forcing the system to sample the case pH = pK,, to prevent charge
fluctuations in the system.'44

The individual pK,’s of the ligands were estimated from the free energy of the
deprotonation A
AG' = —RT[PA] + RTIn 10pH (3.9)
DPan
where the propabilities of being protonated (p~) or deprotonated (pj;,) calculated as
the time-average of the A-values (p,— = (\;), phy = (1 — A;)). The final pK, values

are then given by
1

In10RT
where R is the molar gas constant, and 7' is the temperature.

pK! = AG! (3.10)

Simulations at pH 6.20 from 32 different starting configurations, differing in the initial
A values, were performed up to 2.5 ns. Each simulation converges towards qualitatively
similar pattern of protonated and deprotonated ligands (fig. 3.15), suggesting the cluster
has a preferred protonation distribution at pH 6.20. The mean A values calculated
from all 32 simulations are presented in table 3.5 along with the pK, shift, the actual
pK,, and the number of protonation transitions during the simulation. The A and
pK, values are also illustrated on the cluster model in fig. 3.16. The ligands are
numbered according to the scheme by Salorinne et.al.,'*> which labels the 22 symmetry
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Figure 3.15: Average A-values of individual ligands after 2.5 ns simulation for 32 different
initial distributions of A-values. is shown by the dots. Solid and dashed lines refer to both
symmetry related halves of the ligands, with solid line being for ligands 1-22 and dashed for
1*-22%,
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independent ligands based on their NMR-shifts (fig. 3.17). One half of the ligands are
numbered 1-22, and the other half 1*-22*, 1* being the C5 related pair of ligand 1
etc..

Ligands which are related by the Cy-symmetry of the cluster have similar A and pK,,
indicating the simulation models the intrisic symmetry of the cluster. The ligands
show a distinct preference towards adopting either the protonated, deprotonated, or
neither state, depending on their positions on the cluster (fig. 3.16). Therefore, at
the simulation pH 6.20, a non-uniform surface charge distribution of neutral and
negative patches develop on the cluster. The standard deviation of the lambda values
Algyg = 0.19 is quite high, due to the short simulation time of 2.5 ns per run. This can
be improved by increasing the simulation time, for example, smaller dataset simulated
up to 8 ns gives A,y = 0.10. Ligands at both poles of the Cs -axis of the core, which
are related by the main Cy symmetry, prefer the deprotonated state (fig. 3.16A). The
poles of the U5 axis show different protonation states, with one end adapting weakly
deprotonated state (fig. 3.16B) and the other end adapting strongly protonated state
(fig. 3.16C). The individual pK,’s of the ligands are in the range 5.18 — 7.58, all of which
are higher than the reference pK, (4.16) of free pMBA. The increase in pK, can be
explained by considering the change in the pMBA environment when attached to the
cluster surface. Hydrogen bonding to the carboxylate group stabilizes the deprotonated
form, lowering the pK,, and in the simulations the average number of hydrogen bonds
to the carboxylate drops from 4.1 in free pMBA to 3.6 in the cluster, in line with the
observed blueshift in IR-spectrum. It is also assumed that the repulsive interactions
between deprotonated ligands contribute to the lowering of the pK,. If the pK,’s are
assumed to be independent of pH, we get macroscopic pK, = 6.20, in good agreement
with the experimental values, and Hill-coefficient of 0.82. The simulated Hill-coefficient
is sligtly larger than the value obtained from the potentiometric titration, but within
the error of the value obtained from IR-titration.
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Table 3.5: Protonation state Aavg(mean), pK, shift and pK,, and number of transitions in

the MD simulations.

Ligand Aavg (mean) ApK,*® pK,b Nirans.
1/1* 0.91 :|:0.06/0.67:i:0.25 —1.01/—0.32 5.18/5.88 125/249
2/2% 0.09 £0.08/0.04 £0.04 1.03/1.38 7.23/7.58 118/64
3/3* 0.13+0.08/0.34 £0.26  0.83/0.30  7.04/6.50 165/266
4/4%  0.45+0.25/0.48 £0.22  0.09/0.04 6.29/6.24 364/332
5/5% 0.60 +0.14/0.44 £0.24 -0.17/0.10 6.03/6.30 339/277
6/6%  0.71+£0.21/0.73+0.22 -0.38/-0.42 5.82/5.78 259,192
7/7* 0.26 +£0.14/0.41 +0.20 0.45/0.16  6.65/6.36 430,/437
8/8%  0.32+0.18/0.67+0.29 0.33/-0.31 6.53/5.80 304/193
9/9* 0.76 £0.10/0.72+0.14 -0.50/-0.41 5.70/5.79 261/232

10/10* 0.28 :|:0.19/0.27:|:0.21 0.41/0.44 6.61/6.64 327/337

11/11%  0.67+0.29/0.55 = 0.30 -0.31/-0.09 5.89/6.11 243/261

12/12* 0.88 +£0.05/0.89 +0.04 -0.87/-0.91 5.33/5.29 183/162

13/13* 0.70 £0.12/0.59+0.16 -0.36/-0.16 5.84/6.04 330/318

14/14* 0.434+0.29/0.35+0.28 0.12/0.26  6.32/6.46 233/177

15/15* 0.494+0.30/0.60 £ 0.26  0.02/-0.18 6.22/6.02 271/242

16/16* 0.59 +£0.21/0.54 +0.19 -0.15/-0.07 6.05/6.13 315/337

17/17% 0.19+0.16/0.18 £ 0.19  0.62/0.67 6.82/6.87 197/174

18/18%  0.40+0.20/0.36 £0.18  0.17/0.25 6.37/6.45 272/292

19/19*% 0.41+£0.17/0.46 £0.24 0.16/0.08 6.36/6.28 354/320

20/20* 0.75+0.14/0.61 £0.16 -0.47/-0.20 5.72/6.00 288/326

21/21* 0.66 £0.21/0.75 £0.19 -0.29/-0.48 5.91/5.72 251/238

22/22* 0.36£0.14/0.32 £0.23 0.24/0.32  6.45/6.52 409/291

¢ pK, shift with respect to the center pK, 6.20.

5 6.20 + ApK,.
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Figure 3.16: Mean ), -values of the 44 ligands from constant pH MD at pH 6.20. A:
Viewed through the C5 axis of the core. B: Same as A viewed through the Cy axis. C: Same
as B from the other end of the (s axis. D, E, F: Same as A, B, and C with the pK, -values
of the 44 ligands.

Figure 3.17: Ligand labeling scheme of Aujge(pMBA)y4. Viewed along the same axes as in
fig. 3.16



4 Conclusions

Optical gap of Auyu(PET)g cluster (2200 cm™!, 0.27 eV) and silver doped derivatives
(1000-2100 cm™*, 0.12-0.26 eV) were determined using FTIR-spectroscopy. The silver-
doping introduced only minor changes in the optical gap region of the cluster. When
measuring the optical gap in IR-region, spectra in solution state or single crystals
should be preferred over dropcast films.

The of Auyyq(PET)go cluster single crystals were found to exhibit significant inhomo-
geneous broadening in the peaks attributed to the vibrations of the PET-ligands. The
broadening of the peaks was explained by inhomogeneous packing of the ligands in the
crystal, i.e. the ligands do not form well ordered structures due to the large size of the
cluster core compared to the ligands, and lack of coordinating interactions between
the PET molecules. We believe changing the ligand from PET into more rigid and
coordinating ligand might yield better long-range order in the crystals.

The core-structure of water-soluble Augs(mMBA)3s -cluster was determined using
combination of TEM single-particle reconstruction, IR-spectroscopy, and DFT-calcula-
tions. IR- and optical spectra of the cluster were measured, and the resulting spectra
compared with the calculated spectra of cluster models based on the experimental
Au-atom positions. Good agreement in both the optical gap (2500 cm™!, 0.31 eV)
and the first electronic transitions in the IR-region were found for the model. The
optical gap is smaller than expected for the small size, but can be explained by the
low symmetry structure of the cluster core. The obtained low symmetry strcuture is
peculiar compared to the highly symmetric structures of other known gold clusters,
and it indicates that clusters do not need to adapt symmetric geometrical structures
in order to be stable.

The macroscopic pK, 6.18 of the Aujgo(pMBA ),y cluster was measured using acid-base
and IR-titration, ca. 2 units higher than the free pMBA molecule. This pK, shift is
explained by decrease of hydrogen bonding of the carboxylate group in the cluster
compared to the free pMBA. The solubility of the cluster depends on the protonation
state of the cluster, with the cluster being soluble in methanol in fully protonated
state, and water-soluble if more than one quarter of the ligands are deprotonated. The
protonation behaviour was measured to be Aujge(pMBA),4 anti-cooperative. Molecular
dynamics simulations at pH 6.20 revealed the individual pK,’s of the ligads to be in the
range 5.18-7.58, depending on the position, which leads into an non-uniform charge
distribution on the cluster surface. As the charge distribution governs the interactions
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of the particles with the solvent, it may also be possible to fine-tune the surface charge
distribution using ligand-exchange and pH of the solution.
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ABSTRACT: Au,PETy and Auyy, ,AgPET, (PET = SC,H,Ph, phenylethylthiolate,
and 30 < x < 53) clusters were studied by optical spectroscopy and linear response time-
dependent density functional theory. Spectra of thin dry films were measured in order to
reveal the onset for electronic absorption. The optical gap of the Au ,,PET, cluster was
determined at 0.19 + 0.01 eV, which agrees well with the computed energy for the first
optical transition at 0.32 eV for a model cluster Au,,,(SH)s when the line width of
individual transitions is taken into account. The optical gaps for the Au,,, ,Ag PET, alloy
clusters were observed in a range of 0.12—0.26 €V, in good agreement with the calculations
giving 0.16—0.36 eV for the lowest-energy optical transitions for corresponding
Auyy, Ag,(SH)g models. This indicates that the gap is only moderately affected by
doping Au with Ag. This work constitutes the first accurate determination of the

fundamental spectroscopic gap of these compounds.

SECTION: Spectroscopy, Photochemistry, and Excited States

O ver the past few years, tremendous progress has taken
place in experimental and theoretical studies of atomi-
cally and compositionally precise thiol-stabilized gold nano-
clusters in the size range of 1—3 nm. Stimulated by the seminal
synthesis work of Brust, Schiffrin, and collaborators, the field
has now progressed to a state where numerous compounds
Au,(SR), have been identified by means of high-precision mass
spectrometric techniques, and their physical and chemical
properties have been analyzed extensively. Like their larger,
colloidal counterparts,” these well-defined building blocks of
nanomaterials are expected to have a wide range of potential
applications in the areas of site-specific bioconjugate labeling
and sensing, drug delivery and medical therapy, molecular
electronics, and gold nanoparticle catalysis.>'® From a more
fundamental point of view, these compounds are also extremely
interesting because they bridge the gap between molecular
metal-containing complexes and colloidal, “metallic” nano-
particles. Most importantly, some of them have by now been
structurally characterized via single-crystal X-ray diffrac-
tion,"'™'* hence opening the door for detailed investigations
on structure—function relationships.

Concerning the electronic properties, it is of high current
interest to understand the transition from molecular (ie,
discrete electron states) to “metallic” plasmonic behavior, and
its correlation to the size dependence of the fundamental
spectroscopic gap of well-defined cluster compounds. The
quantum gap can be determined either from electrochemis-
try'®'” or from optical spectroscopy.'>'® Previously, the optical

W ACS Publications © 2012 American Chemical Society
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gap has been determined for Au;g(SR),, and Au,s(SR);™"
clusters at 0.9 and 1.3 eV, respectively.">" For larger clusters,
the gap gets smaller, and the onset for absorption moves to the
mid-IR region that is rather challenging to study experimentally.
Recently, an accurate determination of the optical gap in this
region (0.47 V) succeeded for Auyy,(p-MBA),,.'" The next
known stable size of clusters was long referred to as having a
28-29 kDa gold core mass, but the recent high-resolution mass
spectrometry has given compositions of Au144/146(SR)59/6019’20
and Au,4,(SR)s>"** It has been known for a long time that
these clusters are already “metallic” in the sense that
electrochemistry does not reveal any central quantum gap but
only classical double-layer charging.'®'” Existence of the
fundamental optical gap has been unclear however. An added
interest comes from the recent report where mixed silver—gold
clusters with the total count of metal atoms of 144 and thiolates
of 60 were shown to have enhanced plasmonic absorption due
to silver doping.*

In this work, we measured the optical spectrum of pure
Au,,PET¢, (PET = SC,H,Ph, phenylethylthiolate) (1) and
gold—silver alloy clusters Au,;,Ag;)PET¢, (2), Auy;0Ags,PET,
(3), Aug,Ags,PET, (4), and Aug Ags;PET, (5) in the IR and
NIR regime, utilizing samples from an earlier work by some of
us.”” It should be emphasized that the binary alloy samples are
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not exact compounds but contain a distribution of clusters
having varying amounts of Au and Ag atoms while the total
number of metal atoms is 144 and the stated composition
reflects the maximum of the distribution. For details, see ref 22.
To gain theoretical insight, we calculated the optical absorption
spectra using linear response time-dependent density functional
theory (LR-TDDFT) for the following cluster models:
Auy(SH)go (6), AuyiuAgs(SH)g (7), AugeAgss(SH)go (8),
and Aug,Age(SH)g (9,10). The theoretical model structures
6—10 are visualized in the Supporting Information (SI) (Figure
S1). Our LR-TDDFT calculations are based on previously
published DFT-optimized structures of the Au;,(SH)g and
Auyyy_Ag.(SH)g clusters.”®** The model structure for
Au,,,(SH)g reproduces the experimental features of the
powder X-ray diffraction of the 28—29 kDa compounds very
well and is considered currently as the “standard model” in the
absence of the single-crystal structure for this compound. The
gold core of Auy,(SH)g, consists of a 114-atom symmetric
cluster related to the icosahedral symmetry, having atomic
layers of 12, 42, and 60 atoms. The 60 surface Au atoms are
passivated by 30 HS—Au—SH units in a chiral arrangement (see
SI Figure S1). In models 7—9, the silver atoms are located in
the 60-atom surface layer of the gold core, whereas in 10, 30
silver atoms are evenly distributed in the inner 54-atom part of
the core and the other 30 are located at the 60-atom surface
layer. Figure 1 shows the measured and calculated spectrum of
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Figure 1. Absorption spectrum of a thin film of Au,,PET4,. The
experimental spectrum is shown in blue/cyan, and the theoretical
spectrum is shown in red as a stick spectrum and with a smooth
envelope function constructed by convoluting the stick spectrum with
a Gaussian function of width corresponding to 0.1 eV. The negative
signal in the experimental spectrum at ~3500 em™ is due to water
vapor. The peak marked with (*) is due to an impurity.

the all-gold compound 1. The calculated spectrum is
represented as a stick spectrum and additionally with a smooth
envelope function that was obtained by convoluting the stick
spectrum with a Gaussian function with a width of 0.10 eV. The
experimental spectrum shows sharp vibrational transitions of
the ligand layer below 2000 and at ~3000 cm™'. The broad
electronic absorption has an onset at ~1500 cm™ (0.19 eV),
after which it increases continuously toward higher energies.
The derivative of absorption is smallest at ~5000 cm™, after
which it increases. Vibrational signatures of the cluster agree
well with the known transitions of the PhC,H,S ligand used in
the synthesis of these samples. For comparison, the IR
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spectrum of the ligand is presented in Figure S2 (SI). In
cluster samples, additional peaks were found that were
attributed to an impurity assigned to phthalates, which are
known to solvate out from the polymer materials, especially if
strong solvents such as DCM are involved. These impurities do
not contribute to the broad electronic spectra. Calculations
predict the absorption edge for more intensive transitions to be
at 0.32 eV, giving only negligible transitions below it. If the line
width of individual transitions (0.10 eV) is taken into account,
the apparent onset for absorption shifts down in energy. As a
result, the calculated results are in good agreement with the
experimental spectra in the gap region. The used line width is
consistent with typical widths for electronic transitions for
similar systems like Au,5(SR);s and Auyg(SR),, clusters.'>*>%¢
The line width is determined by the dephasing time, which for
electronic transitions in the condensed phase is typically very
short due to rapid fluctuations of solute—solvent coordinates.”’
As the measurements are done at room temperature, thermal
effects will also contribute in smearing out the discrete
transitions due to dynamics in the atomic structure of the
clusters.”®

Going to higher energies, the spacing between the calculated
transitions is much smaller than the expected bandwidth, and
individual transitions should not be resolved, as is observed
experimentally. Remarkably, above ~6000 cm™, a set of much
stronger transitions is predicted by calculations, but just below
the onset of strong transitions, the resulting total absorption
produces nearly a plateau at ~5000 cm™', also observed
experimentally. On the other hand, the rise in absorption above
6000 cm™ is much weaker experimentally.

It is important to note that the measured optical gap does
not represent the HOMO—LUMO gap because of selection
rules. Previously, it was found®® that for Au,,(SCH;), the
average separation between states in the HOMO-LUMO
region is 0.02 eV, and taking into account the line width,
Auy44(SCH;)g can be considered gapless or “metallic”. The
present calculations are in agreement with this conclusion as
well as with the electrochemical experiments that showed
gapless behavior.'®'” Thus, our current findings establish a
good agreement between electronic structure calculations,
optical spectroscopy, and electrochemical experiments.

Measured spectra of the gold—silver alloy clusters are
presented in Figure 2, and the estimated optical gaps are
presented in Table 1. Au;4Ag;PET4, and Aug Ags;PET,
show similar spectral shape to that of Au,PET4, having a
relatively steeply rising absorption in the gap region.
Au;0Agy PET, and Aug,Ags,PET4, show slightly different
behavior, indicating more smoothly rising absorption. Figure 3
shows theoretical spectra of four different alloy clusters and the
Auy,, cluster, with the estimated optical gaps and lowest
transitions summarized in Table 1. The important finding is
that the predicted optical gap is very similar for all of the
clusters, which is in a good agreement with the experiments, as
can be seen by comparing Figures 2 and 3. On the other hand,
the theoretically predicted steep rise at around 6000 cm™" (0.74
eV) is not observed experimentally (see Figure 1), but the
reason for this discrepancy is not clear. We have shown
previously that the absorption intensity is expected to increase
in the energy region where strong optically allowed transitions
between “superatom electron shells” become available.**

The measured optical gap for all gold—silver clusters was
found to be between 1000 and 2100 cm™ (0.12—0.26 eV),
while computationally (on the basis of stick spectra), we predict
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Figure 2. Absorption spectra of the cluster samples 2—5 measured from thin films. The spectra are constructed by combining two separate
measurements in the mid-IR (800—3150 cm™) and NIR (3150—10000 cm™") regions. The interference artifact at 8500 cm™ is due to the
spectrometer optics. The changes in the vibrational peaks between different samples are due to presence of impurities assigned to phthalates, which
are dissolved from polymer materials. They do not contribute to the electronic absorption.

Table 1. Optical Gaps Measured from Prepared Samples 1—
S and Calculated Gaps from Selected Theoretical Structures

6—107

sample exp./calc.  optical gap [eV]  optical gap [cm™']
1: Au,,PET,, exp. 0.186 + 0.013 1500 =+ 100
2: Auy,Ag3,PETg exp. 0.260 + 0.025 2100 + 200
3: AuyAgsPET, exp. 0.149 + 0.025 1200 =+ 200
4: Aug Ags;PET) exp. 0.161 + 0.025 1300 =+ 200
St AugAgs,PET, exp. 0.124 + 0.013 1000 + 100
6: Au,44(SH)go calc. 0.175 (0.323) 1410 (2600)
7: Auy 1, Ag0(SH)go calc. 0.186 (0.281) 1500 (2260)
8: AugeAgss(SH)go calc. 0.200 (0.362) 1610 (2920)
9: Aug,Ags,(SH)go calc. 0.200 (0.357) 1610 (2880)
10: Aug,Ageo(SH)go calc. 0.143 (0.161) 1150 (1300)

“Values for 1—S have been estimated from Figures 1 and 2, and 6—10
are from figure 3. Values in parentheses refer to the first computational
transition without convolution.

gaps in the range of 1300—2900 cm™ (0.16—0.36 eV)
depending on the cluster. We conclude that adding silver
does not strongly alter the optical gap at this cluster size.
However, a more careful examination reveals that there are
some small but significant differences. For example, by
comparing the spectra of Auj,Ags, and AugAgg; species, it
is clear that the gap is lower for the Aug Ags; cluster, and the
other clusters seem to roughly follow this trend, but the effect is
more difficult to observe from the smoother absorption edge.
Similar measurements for Au,s_,Ag,(SCj,H,5)15 (0 < n < 11)
clusters by Negishi and collaborators showed that the energy of
the first resolved peak increases as a function of the increasing
Ag content.”’ However, simultaneously, the transitions are
broadened, and as a result, for some clusters, the apparent onset
for absorption seems to shift down.
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Figure 3. Computed LR-TDDFT absorption spectra of the model
clusters 6—10 in the gap region. The spectra are constructed by
convoluting the stick spectra with Gaussian line shapes. The arrows
show the lowest-energy discrete transition in each case, as shown in
detail in Figure S3 (SI). The dotted lines show the extrapolated gaps
based on the shape of the convoluted spectra near the absorption
onsets. The values for the linear onsets and the lowest optical
transitions are shown in Table 1.

Comparison of AugAgs; and Aug,Ags, species shows that
while the onset for absorption is roughly similar in both cases,
the shapes are different. One possibility is that the morphology
of the samples is different, and scattering effects contribute to
the shape. However, a second possibility is that in this
composition range, the arrangement of silver atoms changes. In
particular, as will be discussed below, according to computa-
tions, the absorption is smoother for random distribution of Ag
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atoms in the core layers, while a more clear “bump” develops
when Ag atoms are organized in the outer layer.

On the basis of our computations, the nature of the electron
states around the Fermi energy will remain the same for the
pure gold and the gold—silver alloy clusters of 144 metal atoms,
which explains the observed similarities in the optical spectra.
The projected local density of states is shown for clusters 6, 9,
and 10 in Figure S4 (SI). Calculations show that the onset of
optical absorption is the lowest for the clusters with random
positions of silver atoms in the core layers like in cluster 10 and
is the highest for high silver content clusters with well-separated
gold and silver atomic layers (see Figure S4, SI). Random
distribution of silver atoms will break the degeneracy of the
electronic states, which will be, in contrast, increased if the
silver atoms are located to their energetically favorable location
in the outermost core layer of the cluster. Furthermore,
spreading of the electronic structure will lead to a
monotonously behaving “shapeless” optical absorption spec-
trum. This effect is seen clearly by comparing Figures S3 and S4
(SI) for clusters 9 and 10, which both have the same
composition but a different distribution of Ag atoms. In 9, all of
the Ag atoms are located in the outer layer, while in 10, they are
distributed randomly in both inner and outer layers. This
illustrates an important message; the optical gap depends not
only on the stoichiometry but also on the distribution of metal
atoms in the cluster. This may even lead to nonmonotonous
dependence of the optical gap on the cluster composition. We
propose that random distribution of the silver atoms is one
possible explanation for the small differences in the opening of
the optical gap and also in the overall shape of the spectrum
between the samples. It can be expected that these effects will
be more visible in the spectrum of the clusters with high silver
content.

In conclusion, we have studied the Au,,,PETy, cluster and
Auyy, AgPET, nanoalloys by optical spectroscopy and LR-
TDDFT calculations. The optical gap for the Au,,, species was
determined experimentally to be 0.19 eV, and the agreement
with the calculations is very good when the bandwidth of
transitions is taken into account. The optical gap for the alloy
clusters was similar to that for the pure Auy,, cluster, but a
decreasing trend of the gap with increasing silver content was
observed. The calculations for the optical gap of the alloy
clusters were in good agreement with the experiments.

B EXPERIMENTAL METHODS

The samples were synthesized and characterized by mass
spectrometry and UV/vis spectroscopy, as described by some
of us previously.”* The pure gold cluster contains only a single
cluster size, but the alloy clusters contain a distribution of
clusters with varying amounts of silver atoms in them.
However, in all of the cases, the total number of metal atoms
is 144. The spectra were measured with a Nicolet Magna-IR
760 FTIR spectrometer. Samples were prepared by dropping a
small amount of clusters solvated in CCLH, on a CaF,
substrate and evaporating the solvent. For large clusters with
a small optical gap, the mid-IR region contains both the
vibrational signatures of the organic ligand layer and the first
optical transitions of the cluster. Care was taken to establish the
spectroscopic baseline accurately to make the onset for
electronic transitions separate from the highest-energy vibra-
tional bands. The optical gap was determined visually by
estimating the onset for broad rising absorption from the flat
baseline. The error bars for the optical gap were also estimated
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visually from the spectrum by considering the limits within
which the determination seemed reliable.

B COMPUTATIONAL METHODS

We used DFT as implemented in the real space code package
GPAW.* For computational reasons, we replaced the phenyl-
ethane ligands with simple SH groups in our calculations. In
structure optimization, we used 0.2 A grid spacing and 0.05 eV/
A convergence criteria for the maximum forces acting on atoms
in clusters. Optical spectra were calculated using linear response
time-dependent DFT*' and the Perdew—Burke—Ernzerhof
(PBE) functional.*> The GPAW setups for Au and Ag include
scalar-relativistic corrections.

Bl ASSOCIATED CONTENT
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The theoretical model clusters 6—10, the IR spectrum of the
ligand molecule phenylethylthiolate, the computed LR-TDDFT
discrete absorptions of the model clusters 6—10, and the
projected local density of states of model clusters 6, 9, and 10.
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SUPPORTING INFO

Figure S1. Structures of the considered theoretical models 6 — 10. Gold, silver, sulfur and hydrogen

are depicted as orange, grey, yellow, and white, respectively.
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Figure S2. IR-spectrum of neat phenylethylthiolate (PhC,H3;SH) measured in transmission
geometry from thin film deposited on KBr-tablet.
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Figure S3. Calculated stick spectra of the clusters 6 — 10. The arrow points the lowest energy
transition for each cluster.
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Figure S4. Projected local density of states (PLDOS) onto spherical harmonics for the model
structures 6, 9 and 10. Projection is done about the cluster center-of-mass with a sphere radius of 8
A up to I symmetry (L=6 angular momentum) as was shown in Ref. 24. The gray area shows the
part of the DOS that cannot be described in the expansion up to L=6. Fermi level is at E=0 and the
transitions that contribute to the opening of the optical gap in the structures are drawn with arrows
and labeled with the corresponding symmetries.
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ABSTRACT: We have determined vibrational signatures and
optical gap of the Au;;4(PET)4 (PET: phenylethylthiol,
SC,H,Ph) nanocluster solvated in deuterated dichloromethane
(DCM-D2, CD,CL,) and in a single crystal. For crystals, solid-state
3C NMR and X-ray diffraction were also measured. A revised value
of 2200 cm™ (0.27 €V) was obtained for the optical gap in both
phases. The vibrational spectra of solvated AU, (PET)4, closely
resembles that of neat PET, while the crystalline-state spectrum
exhibits significant inhomogeneous spectral broadening, frequency
shifts, intensity transfer between vibrational modes, and an increase
in the overtone and combination transition intensities. Spectral
broadening was also observed in the *C NMR spectrum. Changes
in the intensity are explained due to vibrational coupling of the

IBz in—iplane‘
bending

Solvated
Au144(SR)6o

Crystalline]
r Auy44(SR)gq|

1560 1600 1640 168
Wavenumber [cm ]

normal modes induced by the crystal packing, and the vibrational broadening is caused by ligand-environment inhomogeneity in
the crystal. This indicates a pseudocrystalline state where the cluster cores are arranged in periodic fashion, while the ligand-layer

molecules between the cores form amorphous structures.

SECTION: Spectroscopy, Photochemistry, and Excited States

hiol-protected nanoscopic gold-clusters have emerged as

promising new materials due to their unique electronic
and optical properties. Compared with larger “plasmonic
nanoparticles”, nanoclusters offer numerous advantages such
as molecular-ike HOMO-LUMO gap, discrete electrical
charge states, circular dichroism, and small size, which can be
exploited, for example, in nanosensors or biological labeling.' ™
A number of robust clusters in the size range from 20 to 333
gold atoms, approximately 1—3 nm in core diameter, can be
synthesized and have been identified through mass-spectrosco-
py, and for several clusters (Auys, Au,g, Augg Augg, Auyg,) the
total structure has been determined using single-crystal X-ray
diffraction,”™ allowing detailed studies of the relationship
between the cluster structure and properties.

Auy,(SR)4 is one of the largest nanoclusters with known
atomically precise formula and which can be synthesized in
significant quantity as monodisperse samples.'” The exact
structure of the Au;4,(SR)y, cluster has not been confirmed
experimentally, but from high-level DFT-simulations it is
predicted to have a highly symmetrical icosahedral Au;, core
protected by 30 Au(SR), units.'' In this arrangement, the
cluster core is left with 84 valence electrons, which does not
correspond with any known electronic shell closing number in
the cluster superatom model."”” Electrochemical studies have
shown the cluster to have zero HOMO-LUMO gap, as
expected for the predicted structure, making it the smallest
“metallic” Au-nanocluster.'>'* Being the first known cluster size

W ACS Publications © 2014 American Chemical Society
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stabilized more by it is geometric than electronic structure, it
serves as an important bridge between the smaller molecular-
like clusters and larger plasmonic nanoparticles in the
understanding of how the cluster properties change with
particle size. In particular, the emergence of localized surface
plasmon resonance (LSPR), commonly attributed to the size
regime between Auy,,(SR)4 and larger 76 Da cluster,">'® has
been under much scrutiny. The latest computational studies
indicate plasmon-like excited-states localized inside the
Au,4,(SR)g cluster core, giving rise to a weak absorption
band around 540 nm."’

Infrared (IR) spectroscopy has been extensively used to
characterize nanoscopic thiolate—noble-metal complexes, either
as layers on flat surfaces,'®>' or monolayers on cluster
surface.”” For gold nanoclusters, IR studies have been used to
probe either the protecting ligand—molecule vibrations or the
electrical transitions of the cluster core in the IR regime.n_26
Hostetler, Stokes, and Murray studied the effect of
alkanethiolate chain length on ordering of the ligands on the
cluster surface and found shorter chains (C,, n < 6) to form
more disordered structures than the longer chains (C,, n >
6).2 Schaaff et al. measured the IR spectrum of alkanethiolate
protected 29 kDa cluster, now assumed to be Au,,,(SR)g, and
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acquired similar results.’®> More recently, the optical gap of
Au;,(SR) 44 and Au,,(PET)4, and the vibrational spectrum of
Au,4,(PET)¢, measured from thin dropcasted films were
reported.** >

Several research groups have acquired single crystals of
Auy4(SR)g with either straight-chained aliphatic thiolates or
para-mercaptobenzoic acid (p-MBA, HSPhCOOH) Ili-
gands;zz”27 however, the determination of the Au,,(PET),
structure with single-crystal X-ray diffraction has so far proved
to be unsuccessful. In this situation, it is valuable to obtain
structural information by other methods. Here we report the
vibrational IR spectrum and the optical gap of Auy,(PET)y,
solvated in DCM-D2 (C,D,Cl,) and in a single crystal and the
BC NMR spectra of a crystalline solid. The results are
compared with the X-ray diffraction pattern of Au,,,(PET),
single crystal.

Electronic absorption edge for Au,,,(PET)g, in solution and
in crystal phase is shown in Figure 1. A revised value of 2200

Absorbance

| 1
2000 2500 3000 3500
Wavenumber [cm 1]

Figure 1. Optical gap of Au,(PET)y, in DCM-D2 (1) and in single
crystal (2) is observed at 2200 cm™" (0.27 eV). Baseline and the onset
of electronic absorption are denoted with dashed line and arrow,
respectively.

em™' (0.27 €V) was obtained for Au,,(PET)4, optical gap,
slightly higher than the value of 1500 cm™ (0.19 eV)
previously obtained.”®> We believe this discrepancy is caused
by the dropcast sample preparation in the previous measure-
ments, in which microcrystals with dimensions similar to mid-
IR wavelengths (5—10 pm) can form in the drying process,
ultimately causing Mie scattering at these wavelengths, making
it difficult to locate the onset of a continuous absorption

accurately. The optical gap is identical both in solution and in a
crystal, indicating that the electronic states associated with the
first optical transitions are not perturbed by either solvent or
intercluster interactions. This is expected because according to
TDDFT simulation of the electronic transitions the lowest
energy states of Au;u(PET)g cluster are localized mainly
inside the cluster core.

The vibrational spectrum of the Au;u,(PET)g, ligand layer
differs significantly between the solution state and crystal state
clusters (Figure 2). To analyze the differences in more detail,
we identified fundamental IR transitions (Tables S1 and S2 in
the Supporting Information), and the C—H stretching peaks of
all three systems were analyzed by multipeak fitting (Figure 3,
Table 1). In the vibrational analysis, we have considered the
phenyl and ethyl parts of the PET molecule separately; that is,
when considering the phenyl ring vibrations the ethyl chain is
approximated with point mass and vice versa. With these
approximations, the phenyl ring has C,, and the ethyl chain has
C, symmetry, respectively. In solution the ligand IR spectrum
closely resembles that of neat PET molecules; however,
changes can be seen in the CH, wag (1280 cm™') and CH,
twist (1237 cm™") and C—H stretching modes (2800 — 3000
cm™') of the C2H4-moiety.28 Notably the CH, wag and twist
modes have red-shifted ca. 15 cm™, and the CH, wag mode
intensity is strongly reduced. Two new peaks are observed in
the aliphatic C—H-stretching region at 2872 and 2981 cm™
(Figure 3B, marked as X and Y in Table 1), and the C—H-
stretching modes have undergone slight broadening (2—5
cm™). Also, the intensity of C,H, vibrations is increased in
comparison with phenyl-ring modes. No significant change is
observed in the phenyl vibrations in DCM-D2 solution. The
spectrum of Auy,(PET)4, cluster in a single crystal differs
markedly from the spectrum in solution or in thin dropcast
film.”® In a single crystal, all ligand vibrations are significantly
broadened compared with both neat PET and solvated
Au,44(PET)g. The broadening is especially evident in the
sharp C—C stretching vibrations of the phenyl ring (M, M,,
M,, in Gardner—Wright notation; see Table S1 in the
Supporting Information and figure S in ref 29) and in the
C—H-stretching region, with some peaks more than doubling
their width. For phenyl-ring C—H stretching modes, downshifts
ranging from 0.5 to 2.4 cm™! are observed, which are consistent
with the T-shaped benzene dimer formation,® and the peak
shape changes from Lorentzian to Gaussian shape indicating
inhomogeneous broadening mechanism (Figure 3B,C). In

T T T U
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Figure 2. Overall IR spectra of neat PET (1), Au,44(PET), in DCM-D2 (2), and Au,44(PET), single crystal (3). The spectrum of 2 has been
truncated at 1000 cm™ due to solvent and CaF,-window absorption. The spectra have been smoothed using four-point mean smoothing.
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Figure 3. Fit results and the fit residual of CH stretching region of neat PET (A), Au,,,(PET)4, in DCM-D2 (B), and in single crystal (C). Fit

parameters are presented in Table 1

Table 1. Peak Fitting Parameters, Center X, and Full Width
Half-Maximum (fwhm), for Neat PET and Au,,,(PET), in
C—H Stretching Region

X [em™] fwhm [cm™]
assignment® PET (I) Au,’ Auyy,© PET  Au,’ Au,S
Ph—CH, s 2849.0 2852.2 2835.6 214 27.0 38.0
Ph—CH, as 2908.2 290S.0 2897.2 342 373 46.6
S—CH, s 2933.2 2927.5 2930.4 24.6 264 34.3
S—CH, as 2963.8 2961.6 2962.4 15.2 20.3 19.5
X 2871.5 2868.0 7.5 212
Y 2981.2 2981.2 7.2 27.1
M,, 3001.8 3001.8 3000.1 8.7 8.9 12.5
M,, 3026.9 3028.3 3026.4 13.5 13.8 32.1
M; 3062.0 3063.1 3060.7 12.9 13.9 24.8
M, 3084.7 3084.8 3084.1 9.3 8.0 13.8
M, 310S.7 310S.1 3103.9 5.0 7.7 14.6

“s: symmetric stretch; as: antisymmetric stretch. S: adjacent to the
sulfur; Ph: adjacent to the phenyl-ring. “Solvated in DCM-D2. “In
single crystal.

addition, several new peaks are observed in the fingerprint
region below 1000 cm™'. The observed effects on the
Auy4(PET)4, ligand-layer IR signal are contrary to the
conventional situation where molecules in the crystal phase
give sharper and more defined peaks than in solution due to the
decrease in structural degrees of freedom in the crystal and lack
of solvent interactions.”"*> The hexagonal shapes of the
acquired Au;y(PET)g crystals and their X-ray diffraction
pattern indicate FCC (face-centered-cubic)- or HCP (hex-
agonal-close-packed)-type packing of the clusters (Figure S1 in
the Supporting Information). The FCC packing of large
nanoparticles (diameter >S5 nm) has been previously
observed.> 1t is probable that the Au,,(PET) cluster
represents a borderline case where the core size starts to
govern the cluster packing. Assuming that the clusters are
spherical and have a radius of 3.1 nm,** the empty space in the
lattice becomes substantial compared with the size of a single
ligand molecule. As a result, when the clusters are packed next
to each other in the crystal lattice, the ligand molecules that are
situated toward the neighboring cluster are affected by both the
intra- and intercluster interactions, while the ligands pointing
toward the empty space in the crystal lattice are affected only by
the adjacent ligands in the cluster. We argue that this
inhomogeneity of the ligand environment caused by the crystal
packing is responsible for the inhomogeneous broadening of
the vibrational modes.
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The apparent disorder of the ligands in the Au,,,(PET)4,
crystal also explains the difficulties in obtaining the structure
solution from single-crystal X-ray diffraction studies. The
Auy(PET)4, crystals diffract strongly at small 20 angles,
indicating ordered macroscopic structure of the Au,,,(PET)q
clusters in the crystal lattice, but the diffraction pattern quickly
disappears at larger 20 angles, yielding no information of the
ligand layer structure. The lack of high resolution (only up to
5.3 A) reflections even with substantially longer exposure times
suggests that the ligand layer is highly disordered and the
strong low-resolution reflections are mainly attributed to the
ordered Au core. To confirm the disordered nature of the
ligand layer, we measured solid-state NMR 1BC CP/MAS
-spectra from the crystalline Au,(PET)q. The spectrum
(Figure S2 in the Supporting Information) shows multiple
chemical shifts for the ethylene (C-1 and C-2) and aromatic C-
3 carbons at 35—50 and 135—14S5 ppm regions, respectively,
indicating different chemical environments for the PET ligands
on the cluster surface. Aromatic C-4, C-5, and C-6 carbons are
farther away from the cluster surface and are less affected by the
surface structure, giving rise to single chemical shift at 128 ppm.
The different ligand environments cannot be accurately
determined due to limited resolution and peak overlapping. A
more detailed NMR analysis of the Au,(PET)4, cluster is
currently underway.

The characteristic pattern of the overtone and combination
transitions of the monosubstituted benzene is observed
between 1650 and 2000 cm™" for all measured systems (Figure
4A). For the crystalline Au,,,(PET)4, numerous new broad
features at 2000 to 2800 cm™" and several sharp peaks at 800 to
1000 cm™' can be clearly seen (Figure 4B). Similar features
have been observed in previous experimentalss’36 and computa-
tional studies®”*® of related systems and are assigned to
benzene overtones and combinations. The peak positions and
assignments for crystalline Au,,,(PET ), are presented in Table
S3 in the Supporting Information. In neat PET and solvated
Au, 4, (PET),, the peaks at 1650 to 2000 cm ™ region are weak
and have similar intensity in both spectra, but in the crystal
phase they have significantly gained intensity compared with
the fundamental transitions. Also, for the neat PET, only the
fundamental S—H stretching mode at 2567 cm ™, and for the
solvated Au,44(PET)g, only the two combinations at 2606 and
2629 cm!, can be seen in Figure 4B. The increase in the
intensity of the overtone and combination transitions is usually
caused by increased anharmonicity of the vibration or coupling
with other vibrations. The peaks at the 1650—2000 cm ™" region
exhibit red shift of ca. S cm™" when transitioning from solvated
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Figure 4. Phenyl-ring overtone and combination vibrations of single
crystal (1) and solvated (2) Au,,,(PET)4,. Assignments are presented
in Table S3 in the Supporting Information. Spectra in panel A have
been normalized to the M, (1600 cm™) peak. Spectrum 2 in panel B
has been multiplied three times to bring out the peaks around 2620
cm™. The negative peaks at 2000—2300 cm™" are caused by the
solvent, and the strong peak at 2350 cm™ and sharp lines at 1500—
1900 cm™ are caused by gaseous CO, and H,0, respectively.

clusters to the crystal phase. The significant relative intensity
decrease in strong fundamentals (e.g, M, M, M,,) and
corresponding increase in weak fundamentals (e.g., M, My,
M5, M) in the crystalline Au,,,(PET)g, to the point where all
vibrations seem to have similar intensity indicate substantial
transfer of oscillator strength due to vibrational coupling of the
ligand-layer in the crystal.>"*” Unfortunately, our data is
insufficient for accurate quantitative analysis of the absorption
intensities. For vibrations of A, symmetry (M;, and M,;), the
intensity increase can also be explained by the ligand symmetry
breaking in the crystal as A, vibrations are not IR-active in PET,
but this would not explain the corresponding increase in the IR-
active B, vibrations (M,s, M;4). The increase in overtone and
combination intensities can be partially explained by the
increase in the corresponding fundamental intensity; however,
several combinations for which the fundamental intensities
decrease are also amplified in the crystal, so we cannot rule out
the possible contribution from mechanical or electrical
anharmonicity. Altogether, the crystal spectrum indicates strong
mixing of vibrations and relative redistribution of intensity
between many modes. This effect should be of interest for
theoretical modeling.

In summary, we have measured the IR and *C NMR solid-
state spectrum and X-ray diffraction of Au,,,(PET ) in a single
crystal. The observed IR and NMR broadening is curious
because it implies a pseudocrystalline structure where the
cluster cores are arranged in a periodic crystalline fashion while
the ligand layers between the clusters are in an amorphous
state. Such a structure would explain the behavior of the
Au,44(PET)4, crystals’ X-ray diffraction patterns. We believe
that the flexibility of the PET ligand, in combination with the
predicted spherical shape and large particle diameter, results in
the ligands having a large number of possible conformations
available in the crystal. Noble-metal clusters in a similar size
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range have been successfully crystallized and characterized
using single-crystal X-ray diffraction;”** however, none have
been characterized with a ligand as flexible as PET. Exchanging
the ligand to a more rigid molecule or one with more stabilizing
intra- and intercluster weak interactions between the li§ands
may be useful in stabilizing the ligand layer in the crystal.* The
first electronic transitions of Au,(PET),, were found to be
independent of the surrounding medium, confirming that the
lowest molecular orbitals are strongly localized inside the
cluster core. In the crystalline state, strong ligand—layer
vibrational coupling is induced by the crystal packing, resulting
in significant transfer of oscillator strength between the ligand
vibrational modes. The observed coupling pattern where all
vibrations couple strongly also indicates numerous different
ligand-conformations in the crystal.

B EXPERIMENTAL SECTION

Au;44(PET)¢, nanoclusters were prepared according to
published procedure’ from commercially available reagents.
The purity of the Au4(PET)4 nanoclusters was confirmed by
UV—vis and NMR analyses and in our previous study also by
ESI-MS.** In particular, ESI-MS spectra showed only
Auy,(PET)g, species, and no sign of other cluster sizes such
as Auyys or Auy s was observed. Single crystals of Auy,,(PET)4,
were grown by slow vapor diffusion from toluene solution of
Auy(PET)4, using acetonitrile as the antisolvent. The IR
spectrum of solvated Au,,,(PET)g, cluster was measured in
deuterated dichloromethane (DCM-D2, CCL,D,) using trans-
mission geometry, 80 ym optical path, CaF,-windows, and ~1
mmol Au,,,(PET), concentration. Crystals were deposited on
Au mirror with either ethanol or high viscosity FOMBLIN Y
oil, which was then washed away with ethanol. IR spectra from
the crystals were measured in reflectance geometry with a
Nicolet Magna-IR 550 spectrometer and Spectra-tech IR-plan
advantage IR microscope. Solution-state spectrum of
Au,,(PET)s, and neat PET was measured with Nicolet
Magna-IR 760. All IR-spectra were recorded with 2 cm™
resolution using a liquid-N,-cooled MCT detector and
processed with Happ—Genzel apodization before Fourier
transform. *C CP/MAS NMR spectrum was recorded on a
Bruker Avance 400 NMR spectrometer equipped with a 4 mm
standard bore CP/MAS probehead, whose X channel was
tuned to 100.62 MHz for "*C. The other channel was tuned to
400.13 MHz for broadband 'H decoupling. Approximately 5
mg of single-crystalline Au,,,(PET), was packed into the ZrO,
HR/MAS rotor, which was closed with a Kel-F cap. The
spinning rate was 10 kHz. The *C CP/MAS NMR experiment
for the sample was carried out under Hartmann—Hahn
conditions with TPPM decoupling. The contact time used
was 2 ms, and the relaxation delay was 4 s. The FID was
processed by exponential apodization function with line
broadening of 20 Hz prior to FT. The "*C chemical shift was
calibrated using glycine’s carbonyl peak at 176.03 ppm as an
external standard.
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Tables of the observed vibrational modes, X-ray diffraction
patterns, and *C NMR spectrum. This material is available free
of charge via the Internet at http://pubs.acs.org.
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Table S1: Fundamental IR-transition energies of the phenyl-ring in PET. Notation adapted
from table 4 in reference S1 and table 8 in reference S2. Only the most significant contribu-
tion of pure benzene modes have been considered when relating Gardner-Wright -notation
to Herzberg- and Wilson-notations. The plane of the benzene-ring is chosen as the yz-plane,
and therefore A; and B, symmetries denote in-plane while A, and B; denote out-of-plane
vibrations. The vibrational modes are illustrated in fig. S of reference S1.

Symmetry (Cay) Notation Vobs [cm™1]

Herzberg Wilson Gardner PET(I) Auyyy” Auyy,”
Al A% V20 M, 3084.7 m 3084.8m  3084.1 m
Al A% Via M3 3062.0 m 3062.0m  3060.7 m
A V3 %) M, 3105.7 w 3105.7w  31039m
A V4 Vi3 n 1604.0 m 1603.8 m  ~1604 m
Al Vs Vsa M, 1496.9 s 1496.2 s 1497.7 m
Ay Ve V19a Mg 1199.4 w 1196.8 w  1196.8 m
Ay \% Vo Ms 1179.0 w 11790w  1179.0 m
Ay Vg Visa Mg 1030.6 w 1030.6 w  1030.6 w
Ay Vg Vi2 My 1004.1 w 1005.7w  1002.7 w
Ay Vio Vi Mo 804.9 w — ~806 sh
A Vi1 Véa M 489.8 m - -
Ay Vi2 V17a M, 970.8 w — ~966 w,sh
Ay Vi3 V10a M3 8455w - 841.6 m
Ay Vi4 Vi6a My - - -
B, Vis Vs M15 983 w,sh - 982.7w
B, Vie V17b M16 9103 w — 914.1 m
B, V17 Viob M7 732.1s - —
B; Vis V4 Mg 698.0 s - -
B, Vi9 Vi1 Mg 5599 m — —
B Va0 Vieb Mao - - -
B, Va1 Voob My, 3026.9 m 30283 m 30264 m
B, % Vb My 3001.8 w 3001.8 w  3000.1 m
B, V23 Vsp Mys 1584.4 w 1584.1w  1583.8 m
B, Vo4 Vi9p Moy 14533 s 14533 s 14533 m
B, \%% V3 M>s 1322.7w 1309.1w  1309.1 m
B2 Va6 Vi M26 1292 W,Sh 1278 W,Sh ~1279 m
B, \ %X Vis M>7 1157.5 w,sh 1157.5w 1157.5m
B, A\ %) Vi8h M>g 1076.3 w 1072.0 w 1072.0 m
B, Vo9 Vop, Myg 622.0 w - -
B> V3o Veb M3 - - -

s: strong, m: medium, w: weak, sh: shoulder.
“ solvated in DCM-D2,  in single crystal.
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Figure S1: Diffraction patterns of Au,44(PET), -single crystal as measured with molybdenum (fig.
A and B) and copper (fig. C) X-ray sources using Agilent Supernova diffractometers. Measured
crystal is illustrated in fig. D. The diffraction quickly vanishes after small 20-angles, but the overall
hexagonal diffraction pattern is observed. The size of the unit cell was determined to be 27600 A3,
indicating two particles of 3.0 nm diameter per unit cell.
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Table S2: Observed fundamental vibrations of the aliphatic C,H,-chain.

Symmetry (Cs) Notation Assignment Vobs [cm™1]

PET(D) Aupy” Auyyy”
A Vii S-CH, sym. str. 29332m 29275m 2930.4 m
A V3o Ph-CH, sym. str.  2849.0m 2852.2m 2835.6m
A \%%) S-CH, scissor ~1447,sh ~1414w ~1414w
A V34 Ph-CH, scissor ~1428, w ~1433w ~1433w
A V35 CH,-wag 12793 m 1262.1m ~1265m
A" Vig S-CH, asym. str.  2963.8 m 2961.6 m 29624 m
A" V37 Bz-CH, asym. str.  2908.2m 2905.0m 2897.2m
A" V3g CH,-twist 1236.6 m ~1220w  ~1220w
A" V39 CH,-rock 751.0 s - ~750 m

s: strong, m: medium, w: weak, sh: shoulder.
S: adjacent to the sulfur, Ph: adjacent to the phenyl-ring.
“ solvated in DCM-D2, ® in single crystal.

oYo¥e!
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Figure S2: 13C CP/MAS NMR spectrum of the crystalline Au 44 (PET)g, nanoclusters showing the
different chemical environments of the PET ligand.
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Table S3:

Phenyl-ring overtone and combination mode assignments for crystalline

Au,44(PET)q, in the region 1600 cm~! — 2700 cm~!.5253

Vops [cm 1] Assignment Symmetry (C,y)
2675 — —
2631 My + Mg A® A = A4
2606 My + Moy A1® A=A
2583 My + M5 A1® B = B;
2546 My + My Ar® By = By
2594 M7 + Mg and/or AI® A=A

My + Mg B,® By = Ay
2458 — _
2425 M3+ Mp3 Ar® By = By
2255 Ms+ Mog A1® By =B,
2206 M5 + M7 and/or AR A=A
M3 + Mg B,® By = Ay
2174 — _
2123 M + M>s Ar® By = By
2102 Mg + Mpg Ai® By =B
2082 — —
2028 Me+ My AI® A=A
2011 M7+ My, A1® A=A
1960 2 X Mis Bi® B =A;
1944 M+ M5 Ay® B =B
1878 M5+ Mg and/or B|® B;=A;
My>+ Mg Ay® By =B
1802 My + M3 Ar® Ay = A
1777 Mjs5 + My Bo® By, = A
1746 M3+ Mg Ay® B =B»
1660 M5+ Mg andfor B ®B;=A)
My 4+ Mg Bi® A, =B,
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Materials and Methods

Synthesis
84 mM 3-MBA (Sigma-Aldrich) and 28 mM HAuCly, (Sigma-Aldrich) solutions in 100

% (v/v) methanol were freshly prepare and mixed in a 2:1 ratio. 2.5 volumes of water
were added and pH was adjusted to 13 with NaOH slowly (~ 100 mM final concentration
for NaOH) until pellet was completely dissolved and solution turned from yellow to
colorless. The mixture was equilibrated overnight on a rocking platform at room
temperature. Methanol and water volumes were added to obtain a solution 2.72 mM 3-
MBA, 1.36 mM HAuCly, and 27% (v/v) methanol. 150 mM NaBHj, freshly prepared was
added in a 1.4:1 NaHB4: HAuCl, ratio. Reaction proceeded for 4.5 hrs on rocking
platform at room temperature. Reaction was stop by precipitating the product with 100
mM NaCl and 2 volumes of methanol, and span down for 10 min at 5,000 rpm.
Supernatant was removed and pellet was washed with 75% methanol. The pellet dried on
air overnight and was re-suspended in water. Yield of midsize scale (~100 ml) synthesis
was in the milligram range and its solubility in the millimolar range. Aqueous solution is



stable at 4°C for over 18 months, but particles could also be stored at room temperature as
a dry pellet without affecting their solubility. Reaction product was run on a 10%
glycerol, 12% polyacrylamide gel on TBE buffer for 30 min at 150 volts.

Transmission electron microscopy

For cryo-TEM, 3 ul AueggNPs (1 mg/ml) applied to a glow discharged 200 mesh, Lacey
carbon copper grid (SPI supplies), were frozen with a Vitrobot Mark V (FEI), after
calibration of freezing parameters. The frozen-hydrated samples were imaged under low-
dose conditions (~10 e—/A?) at a magnification of 80,000 and at a defocus range from
—0.2 to —1.2 um, using an FEI (Eindhoven, The Netherlands) Tecnai F20 FEG
transmission electron microscope operating at 200 kV and equipped with 4Kx4K CCD
camera (Gatan US4000).

For AC-TEM, 2 ul AugNPs (2 mg/ml) were applied to a glow discharged, 400 mesh,
ultrathin carbon film/holey carbon copper grid (Ted Pella, Inc.) for 30 seconds and gently
blotted from the side to remove excess liquid. Dried samples were imaged using a low-
dose strategy for searching and focusing. Images were recorded at ~ 800 e—/A” at a
magnification of 320,000 (pixel size 0.32A), using a spherical aberration coefficient of ~
-10 pm and defocus value of ~ 1.5 nm, on an image aberration-corrected FEI (Eindhoven,
The Netherlands) Titan 80-300 environmental (scanning) transmission electron
microscope operating at 300kV and equipped with 2K*x2K US1000XP Ultrascan CCD
camera (Gatan Inc.).

Mass spectrometry

ESI mass spectra of AugsNPs were collected on a homemade apparatus consisting of ESI
source and TOF mass spectrometer (28). AuggNPs (1.0 mg/mL ) in 50% (v/v)
methanol/water were electrosprayed at a flow rate of 1 pL/min through a stainless steel
needle biased at about —3kV. To promote desolvation, charged liquid droplets were fed
into a capillary heated resistively to about 180 °C, forming desolvated cluster ions in the
intact form. ESI mass spectra of Na,l,,,” cluster anions, recorded under the same
condition, were used for calibration. Mass spectra collected at resolution of 400 m/Am.

Thermal gravimetric analysis

Samples were dried in vacuum oven at 90°C overnight and transferred into aluminum
crucibles. TGA runs were recorded at a heating rate of 10°C/min and temperature range
of 25 - 600 °C on a Mettler Toledo TGA/SDTA 851 under a nitrogen flow of 20 ml/min.

X-ray photoelectron scattering

Dried AuggNPs, mounted onto a double-size tape metal holder as powder, were analyzed
with PHI 5000 VersaProbe Scanning ESCA microprobe (Physical Electronics,
Chanhassen, MN) equipped with an Al (Ka) X-ray radiation source (1486.6eV, 46W) and
spot size of about 200 pm

Bioconjugation




An oligodeoxyribonucleotide (500 uM) harboring 3ThioMC3-D modification (Integrated
DNA Technologies) 5’CA GAT ATA TAA ATG CAA AAA CTG CAT AAC CACTTT
AAC TAA TAC TTT CAA/3ThioMC3-D/ 3’ was reduced by treatment with 2 mM
tris(2-carboxyethyl)phosphine (TCEP) for 1 h at 37 °C. 4 ul aliquots of the reduced
oligodeoxyribonucleotide at increasing concentrations (final concentration 25 uM, 50
uM, 100 uM, 200 uM) were incubated with 1 pul 1 mM AuegNPs for 1 h at 37 °C.
Products were run on a 10% glycerol, 12% polyacrylamide gel on TBE buffer for 30 min
at 150 volts.

A single chain fragment variable (scFv) antibody (1 mg/ml) directed against RNA
polymerase II, containing a surface exposed cysteine, was reduced by treatment with 2
mM TCEP for 1 h at 37 °C. 2 ul aliquots of the reduced scFv were incubated with 2 ul of
AugsNPs at increasing concentrations (final concentration 125 uM, 250 uM, 500 uM) for
1 h at 37 °C. Products were run on a 10% glycerol, 12% SDS-polyacrilamide gel on SDS-
PAGE buffer for 30 min at 150 volts.

Crystallization
Crystals were grown by the hanging drop technique in a solution containing 50 mM

magnesium acetate tetrahydrate and 20% w/v polyethylene glycol 3,350 at 16°C.

Three-dimensional reconstruction

The reconstruction was done using EMAN?2 software package (/0). Initially, 939
particles were extracted from images collected on the TITAN, using a box size of 120 x
120. Taking into consideration the relatively high signal of the individual images,
particles were classified into 100 classes. The resulting reference-free class averages were
used to generate an initial model. The model was iteratively refined using a projection
matching approach. Only the 70% of particles having the highest cross-correlation
coefficient were included in the final reconstruction. The final electron density map was
subsequently converted into a format compatible with CCP4 software package (29) in
order to perform a peak search.

SAXS

SAXS data were collected as previously described (30) at the SIBYLS beamline at the
Advanced Light Source in Berkeley CA. Briefly, the samples were placed 1.5 m from a
MAR165 CCD detector arranged co-axial with the 12 keV monochromatic beam; 1012
photons/second were impingent on the sample. The spot size at the sample was 4 x 1 mm
convergent to a 100 um spot at the detector. Buffer subtraction and raw image data were
integrated by beamline software specific for this arrangement. Processing of SAXS data
was conducted utilizing the Scatter package. Three concentrations were measured (1.10
mM, 0.73 mM and 0.36 mM). All three concentrations were in agreement with one
another. Four exposure times were compared against one another (0.5, 1, 2 and 5
seconds) and all four were identical to within noise. SAXS were collected from AuggNP
in both pure water and 100 mM KCI. In both conditions most of the sample was
monodispersed monomer. However in the pure water condition, signals of large
multiparticle aggregates were also readily visible by their contribution to the Giunier
region. These aggregates were readily dispersed by adding 100mM KCl to the same



solution as assayed by a linear Guinier region with a Radius of gration (Rg) of 7.6 A.
Aggregates are thus reversible.

Absorption spectra

Optical spectrum was measured with Perkin Elmer Lambda 850 UV/Vis -spectrometer
using quartz cuvette with 1 mm optical path length. Infrared spectrum was measured
using Nicolet Magna-IR 760 FTIR -spectrometer. The sample was dropcasted on CaF, -
window and dried in vacuum.

Computational methods

For the computational modeling, we used DFT as implemented in the real-space code-
package GPAW (Grid-based projector- augmented wave method) (37). Structure
optimization was performed using local density approximation (LDA) as the exchange-
correlation functional in order to get more realistic Au-Au distances. 0.2 A grid spacing
and 0.05 eV/A convergence criterion for the maximum forces acting on atoms in clusters
were used. The GPAW setups for Au include scalar-relativistic corrections. Optical
absorption spectra were calculated with Perdew-Burke-Ernzerhof (PBE) functional using
linear response TDDFT (32). In the model structures we used SH-groups instead of true
3-MBA ligand. Ligand-ligand interactions between carboxylic acid groups of 3-MBA
were estimated using two representative ligands as a separated hydrogen-bonded ligand
pair. The interactions were calculated using both PBE and LDA functionals. To model
the effects of ligand-ligand interactions on the Augg cluster we used two 3-MBA ligands
in the model structure of Auess(SH)30(3-MBA),, the rest of the ligands being still modeled
with SH-groups (see Fig. S9b)




Fig. S1. Homogeneity analysis. (a) Products obtained directly from Aujo2(p-MBA )44
(left lane) and AuesNP (right lane) syntheses were run in a 12% PAGE. Arrow indicates

Au;02(p-MBA)44. (b) Cryo —EM micrograph of AugsNP,



Fig. S2
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Fig. S2. ESI-MS data for the AugNP sample. a) Full spectrum b) Close-up of 7" charge

state peak.
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Fig. S3. TGA curve of AugNP
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Fig S4. XPS survey spectrum for AugNP




Fig. S5
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Fig SS. Bioconjugation of AugNP . (a) Increasing concentration of 3’end thiol modified
oligodeoxynucleotide (3’SH-DNA) incubated with AuggNP and analyzed by 12% PAGE.
Diagram to the right: ball indicates free AuNPs ; ball with one or two bars indicate
AuNPs conjugated to one or two, respectively, molecules of DNA. (b) Increasing
concentration of AuggNP incubated with scFv and analyzed by 10% SDS-PAGE,
unstained (top panel) or stained with Coomassie blue (bottom panel). Left lane (M),

precision plus protein standards (BioRad). Second lane from left (-Au), unlabeled scFv.



Fig S6

Fig S6. Crystals of AugNP imaged by light microscopy.



Fig S7

Fig S7. Single Particle reconstruction of AugNP, (a) Gallery of representative raw
image particles. (b) Gallery of representative class averages. (c) Distribution of 2D

projections images across the Euler space. The height of each point-bar is proportional to



the number of particles assigned to that projection. For further analysis see Fig 1a of the

main text
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Fig S8. Small angle X-ray scattering (SAXS) from AugNPs. Using atomic
coordinates of monomers and modeled dimers (bottom inset) the calculated SAXS
profiles were compared against experiment. A mixture (red) with a major population of

monomer (cyan) and minor population dimer (magenta) had a best fit.



Fig S9
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Fig S9. AC-TEM and DFT coordinators comparison (a) Displacements of the gold
atoms observed during the DFT relaxation of the Auss(SH)s. cluster, started from the
experimental positions of gold in the EM data. (b) The DFT-relaxed model structure of
Aues(SH)30(3-MBA), showing the special position of the Au-atoms in the double
hydrogen bonded units including 3-MBA ligands. In the model structure sulfur atoms are
represented in yellow, gold in orange, carbon in light blue, oxygen in red and hydrogen in

white. The experimentally determined Au atom positions are shown in blue.
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Fig S10. IR-absorption of the AugNP. (a) The evaporation of adsorbed water under IR-
irradiation and purging with dry air in the spectrometer is observed as decrease of the
OH-stretching vibration in 2500-3700 cm™. The difference between first and last

measurements (4 min and 90 min) is plotted as dotted line, and its second derivative



shows four peaks consistent with water OH-stretch at various degrees of hydrogen
bonding. (b) Same as Fig. (a) for a larger (Au-3MBA)NP (referred hereafter as 3SMBA3) .
(c) Spectra used in removing the vibrational signatures of the 3MBA-ligand from the IR-
spectrum of the AuggNP sample. In the fingerprint region below 1800 cm™ the spectra of
both Au68 and 3MBA3 are identical, except for small changes in peak width, confirming
that the ligand vibrations are not significantly affected by the cluster size in dropcast
samples. 5th degree polynomial was used in a fit (fit points marked with red crosses) to
approximate the broad featureless electronic absorption of the larger 3SMBA3 cluster. The
fit was then removed from the IR-spectrum of 3MBA3 to give only the vibrational
absorptions (3MBA vib.). Finally this was removed from the spectrum of AugsNP to give

its electronic absorption (electronic abs)
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Experimental and computational determination
of the protonation states of the water-soluble
Auq92(pPMBA)44-nanocluster. *

Jaakko Koivisto,2 Xi Chen,2 Serena Donnini,? Tanja Lahtinen,? Hannu Hakkinen,¢ Ger-
rit Groenhof,? and Mika Pettersson®*

The acid-constant pK, of the para-mercaptobenzoic acid (pMBA) ligands in the Auqgo(pMBA)44
nanocluster was measured by using acid-base and IR-titration. The observed macroscopic pKa =
6.18+0.05 is significantly more basic than free pMBA (pKa = 4.16), and the protonation behaviour
is anti-cooperative according to the Hill-coefficient n = 0.64 +0.04. The cluster is truly water-
soluble when more than 22, and insoluble when less than 7 ligands are in the deprotonated state.
The cluster was modeled at pH 6.20 using constant pH molecular dynamics simulations. The
pKa values of the individual pMBA'’s are in the range of 5.18 to 7.58, depending on the positions
of the ligands, generating a non-uniform charge distribution on the cluster surface. The cluster
interactions with inorganic and biological environment depend on the surface charge distribution,

stressing the importance of understanding the protonation state of the cluster.

Introduction

Noble metal nanoparticles have many interesting properties in-
cluding optical, electrochemical, and catalytic properties which
arise from the quantum confinement of electronic states as the
cluster size decreases!=>. Water-soluble noble-metal clusters are
particularly interesting due to their possible biological applica-
tions, such as drug delivery®, local heating probes”, or biolabel-
ing 8-12

Recently several authors have stressed the importance of the
choice of the ligand as a driving factor on size-selective synthesis
or etching of certain nanocluster sizes13-16. Of equal importance
is the fact that while the physical properties, such as electronic
and optical properties, are governed mainly by the core structure
and composition, the chemical properties of the cluster, such as
solubility and reactivity, result almost exclusively from the com-
position and structure of the ligand-layer.

Important aspect for applications of nanoscopic clusters in bi-
ology is the biocompatibility of the material. While bulk gold
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is well known to be biologically inactive, several authors have
reported cytotoxic effects caused by small nanoclusters1’. Nan-
oclusters can interact with cell membranes through electrostat-
ics, and depending on the cluster charge state, anionic clusters
permeate into the membrane inertly 18:19, while cationic clusters
permeate through the membrane and induce holes in it leading
to cell death?0-22, The chemical activity of the ligands, e.g. oxi-
dation, can also have adverse effects inside biological systems23.
Therefore controlling the properties and the interaction of the lig-
and layer with the surrounding medium is of critical importance
for many applications.

Water soluble particles can be created by using ligands con-
taining strongly polar functional groups, such as aliphatic or aro-
matic carboxylic acids, sulfonates, or amides 181924 meta- and
para-mercaptobenzoic acids (mnMBA, pMBA) are frequently used
for water soluble gold or silver clusters with sizes ranging from
Ag44(pPMBA)30 to Auysg(pMBA)170 19227, and in both larger
plasmonic particles and 2D-surfaces28-32, For large particles and
monolayers the behaviour of the ligand-layer has been studied ex-
tensively, including surface-enhanced Raman-scattering (SERS)
enhancement and the use of the ligand protonation state as lo-
cal pH-probes 28:29,33,34,

For discrete sized nanoclusters (less than 150 atoms), system-
atic studies of the protonation are more rare than for larger sys-
tems. Conn et.al. reported different solubility and stability be-
haviour for [Ag4s(pMBA)30]14~ -cluster depeding on the ligand-
layer protonation2?®. Kobyashi et.al. demonstrated change of
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absorbance and photoluminescence properties of Aug cluster de-
pending on the protonation state of two pyridylethyl-rings in the
ligand layer3°. The single-crystal X-ray diffraction structures re-
ported for Aujgy (pMBA) 44 display the cluster as fully protonated
after crystallization from pH 2.527. Althought the X-ray does not
resolve protons, no counter-cations were observed in the crys-
tal. Therefore, it is reasonable to assume that the cluster core
and the ligand-layer are neutral. In water-solution, on the other
hand, the ligand-layer is partially in deprotonated form, as shown
by Salorinne et.al. who measured the hydrodynamic radius of
Auqgz (pMBA) 44 and Auq44(pMBA)gg in solution by diffusion or-
dered NMR-spectroscopy, and observed the effect of the counter-
cation and solvation layer on the hydrodynamic radius of the clus-
ter30,

Nanoclusters protected by identical carboxylic acid ligands
present a unique system in chemistry, as the cluster can be
interpreted as a single molecule with charge state ranging
from, e.g. 0-(-44) for Aujgy(pMBA)44 -cluster and 0-(-30) for
Ag44(PMBA)30*~ -cluster. In Aujgo(pMBA)44 22 ligands are
unique in symmetry due to the C,-axis of the cluster.37-38 De-
spite the importance of the ligand layer, many important char-
acteristics of the protonation behaviour, such as the pK, of the
acid groups, whether or not the different ligands have different
pKa values depending on the position and the protonation state
of neighbouring ligands, and if the protonated and deprotonated
ligands form distinct patterns on the ligand-layer, have not been
studiet. The effect of the protonation of neighbouring ligands on
the equilibrium of the protonation reaction is commonly charac-
terized using the Hill-coefficient n of the equilibrium. 3 The effect
of these interactions can be absent (n = 1), cooperative (n > 1),
and anti-cooperative (n < 1). In first case the different ligands do
not interact, and the state of the neighbouring ligands have no ef-
fect on the reaction equilibrium. In cooperative case the ligands
adopt the protonation state of the neighbouring ligands more eas-
ily, and vice versa for anti-cooperative case. Aujgy (pMBA)44 pro-
vides an ideal system to study this effect, since the the structure
of the cluster is known in both single crystal and solution. 27-38,

The interactions of AuNPs with their environment depends cru-
cially on the protonation state of the pMBA ligands. Therefore, pH
determines both solubility and affinity for biomolecules. In order
to exploit pH for controlling particle interactions with surround-
ings, we need accurate information on the protonation state of
the cluster. Here we combine potentiometric acid-base titration
with IR-spectroscopy to determine the ligand-layer pK,. Further-
more, due the short intramolecular distances between the titrat-
ing sites, we expect these sites to be coupled. Therefore, whereas
the macroscopic pK, value, obtained from the titration, directly
relates to the number of protons present on the particle, it does
not provide information on the distribution of these charges on
the surface, as different ligands cannot be distinguished experi-
mentally. As it is the charge distribution that determines the solu-
tion properties of the particle, we also used constant pH molecu-
lar dynamics (MD) simulations to investigate the proton distribu-
tion over the ligands at the equilibrium pH.

2| Journal Name, [year], [vol.],1-10

Experimental and computational methods

Sample preparation
Auq0y (PMBA) 44 -cluster was synthetized by modified method us-
ing pMBA as protecting ligand, as described earlier in ref.3°. All
materials were commercial and used as received. The purity of
the samples were analyzed using PAGE and UV/Vis-spectroscopy.
The water-soluble partially deprotonated Aujgy(pMBA)44-
sample was fully protonated by adding large excess of 1 M HCL
The obtained black precipitate was centrifuged, decanted, and
washed twice with HyO to remove excess HCl and NaCl. The
product was dissolved in MeOH and the UV/Vis and IR-spectra
were measured. The fully protonated cluster was deprotonated
by dissolving it in basic H,O.

Potentiometric titration

The pH of the Aujpy(pMBA)44 solutions were measured us-
ing Mettler Toledo InLab Nano Ag/AgCl electrode. The pH-
meter was calibrated using pH 4, 7, and 10 HyO-based buffer-
solutions. For IR-samples D,O-solutions were used, and the ap-
parent pH* values of D,O-based solutions obtained with H,O-
calibrated pH-meter were converted to corresponding pH values
in D, O-solution using equation pH = 0.936pH* +0.4124° pH val-
ues measured in MeOH-solutions used same calibration solutions
and the values were used as is.

Titration samples in water were prepared by adding fully pro-
tonated Auqgy(pMBA)44 to argonated 0.10 M NaCl solution.
The solutions were made basic (between 12.0 and 10.5) by
adding 1 M NaOH. For titration in MeOH the fully protonated
Auy0(pMBA) 44 was dissolved in neat MeOH. The amount of
Auqs (PMBA) 44 in different titrations ranged from 80 to 35 nmol,
and the sample volume was 250 or 1000 pL. Water samples were
titrated using 0.01 M HCl, and MeOH samples using 0.01 NaOH.
Ionic strength of the solutions were between / =0.11 and 7 =0.10
for the water samples, / = 0.010 and 7 = 0.005 for the MeOH sam-
ples. Titration of pMBA reference was done in similar way, except
that 0.05 M HCl and 0.05 M NaOH were used instead.

Infra-red titration

IR-spectra of pure pMBA and Aujgz (PMBA) 44 solutions were mea-
sured with a CaFy-cuvette. Optical path was controlled using ei-
ther 50 or 80 um teflon spacer. The actual optical path was cal-
culated from the interference pattern of the empty cuvette, being
on average 5-10 % thicker than the spacer used. UV/Vis-spectra
was measured with either the same IR-cuvette, or 1 mm optical
path quartz-cuvette.

The IR-spectra were measured in either pure DO or in
NaH,PO3/NayHPO3 buffer-solution made in D,O. The pH of
the measurement solutions were adjusted using 1.0 M NaOD and
1.0 M DCl. The spectrum of HyO impurity was subtracted by min-
imizing the H,O peak at 1460 cm~! (Fig. S1). Spectra measured
in MeOD-d4 are presented as measured. All spectra were mea-
sured with 2 cm~! resolution and processed with Happ-Genzel
apodization before Fourier-transform. The sample concentration
and IR-absorption coefficient were calculated with Beer-Lambert

This journal is © The Royal Society of Chemistry [year]



law from the UV/Vis- and IR-spectra. Absorption coefficient of
Auqg2(pMBA)44 in the UV/Vis-region was obtained from ref. 41.
IR-spectra of Aujgy (PMBA) 44 in dried form was measured by dry-
ing the sample on CaFy-window in vacuum.

Vibrational modes of the pMBA molecule were calculated using
TURBOMOLE v6.5 package; TZVP basis-set, density functional
theory, B3LYP exchange-correlation functional.

Molecular dynamics simulations
The titration experiments yield apparent pKy’s but do not provide
information about the site-specific pKy’s of the individual pMBA
ligands. To obtain estimates for the site-specific pK, values, we
used constant pH molecular dynamics on a Aujg(pMBA)44 in
water. Although the constant pH approach is described in detail
in42, we will briefly summarize the main ideas of this method,
before discussing the details of our Aujgo (pMBA)44 simulations.
In the A-dynamics approach4344, the Hamiltonian of a system
with titratable sites (i) is expressed as

1 .
H(A&) = (1—A)Hg + AiHp, + Emlaizwdwp(x,-) FAGTeM (1) (1)

where ; is an additional degree of freedom for titrating site i,
which interpolates the system between the reactant R; (4; = 0)
state with site i protonated, and product P; (4; = 1) state with site
i deprotonated. Thus, in the reactant state R;, the Hamiltonian
Hpg, describes the interactions of the system with a protonated
site i, while in the product state Hp, describes the interactions
when site i is deprotonated. The A coordinate can be perceived
as the coordinate of a particle moving between different chemical
states. In this work the sites i are the carboxyl groups of the pMBA
ligands (i.e., 1 <i<44) In Eq. (1), m,_ is the mass and %mllz is
the kinetic energy of this “A particle”. The A-dependent potential
term U9"P(1) will serve as a biasing potential to limit the range
of A and the term AG"®™ (1) is explained below.

To realistically describe protonation and deprotonation events
at a given pH, the effect of pH and the contributions from bond
breaking and formation to the deprotonation free energy are de-
scribed by an additional term, which shifts the protonation equi-
librium by a certain free energy AG"®™, To determine AGehe™,
the equilibrium between a protonated and deprotonated acid in
water is considered. AG™®™ is then determined as

AGheM (1) = (In10)RT(pK, — pH) — AGTF (1) @

where the first term on the right side of Eq. (2) is the experimental
free energy of deprotonation of the acid (i.e. pMBA), and the
second term is the corresponding free energy difference obtained
from a force field simulation. The pH-dependent term in Eq. (2)
incorporates the dependency of the deprotonation free energy on
the proton activity of the surrounding solution and was set to 6.2
in our simulations.

Finally, the biasing potential U"P(}) restricts A to the inter-
val between the two physical states A =0 and A = 1. Here, we
use a double-well biasing potential*> with a central barrier of 7
kJmol~! for each A;.

All the simulations were performed using the costant pH

This journal is © The Royal Society of Chemistry [year]

MD implementation of the GROMACS Molecular Dynamics
package (version 3.3)4%46-48 in combination with a charge
constraint®®.  This code is available for download from
www.mpibpc.mpg.de/grubmueller/constpH.

Interactions were modeled with the Amber force field parame-
ters described in reference 49. The starting coordinates of the
At (pMBA) g4cluster were taken from the X-ray structure2’.
Half of pMBA ligands (i.e. 22) were protonated, while the other
ligands were deprotonated, yielding a total charge of -22 e¢. The
structure was minimized in vacuum using a steepest descent algo-
rithm and infinite cut-offs for both Lennard-Jones and Coulomb
interactions. After the minimization, the Aujgy(pMBA)44cluster
was placed in a dodecahedron box with periodic boundaries and
solvated by 7569 TIP3P water molecules.>® The system was neu-
tralized with 168 Nat and 146 Cl~ ions (= 1M NaCl). The total
system containing 23783 atoms was equilibrated for 30 ns with
different initial As, prior starting the constant pH MD simulations.

The MD simulations were run at constant pressure of 1.0 bar
and temperature of 300 K, 51 with time constants of 1.0 and 0.1 ps
for the pressure and temperature coupling, respectively. The
LINCS algorithm was used to constrain bond lengths, >2 allowing
a timestep of 2 fs in the classical MD simulations. SETTLE was
applied to constrain the internal degrees of freedom of the water
molecules.> A 1.0 nm cut-off was used for non-bonded Van der
Waals interactions, which were modeled by Lennard-Jones poten-
tials. Beyond this cut-off, a dispersion correction was applied for
the energy and pressure. Coulomb interactions were computed
with the reaction-field method,>* using a 1.0 nm cut-off and an
infinite relative dielectric (& = o0).

Prior the A-dynamics (constant pH) simulations, the free ener-
gies of deprotonating the carboxylic acid moiety of pMBA were
calculated by means of thermodynamics integration (TI). These
free energies are required for the force field correction (AGFF (1)
in equation 2).

The TI run, in which the topology was linearly interpolated
between the protonated and deprotonated state, consisted of 21
simulations of 3 ns each, at fixed values of A along the inter-
val [0,1]. During the simulations the dH/dA was recorded, and
the resulting dH/dA curve was integrated to yield a free energy
profile of the deprotonation reaction (AG™ (1)). Fitting a fourth
order polynomial to the free energy profiles yielded the following
expression for AG™ (1;) in Eq. (2):

AGFF(L) = 86.45014 —217.20642 +80.000A° —51.4414*  (3)

The reference pKj, of the carboxylate group of pMBA was set to 4,
in line with the experimental estimate.

Five independent constant pH simulations at pH = 6.2 (i.e.,
the apparent pK, value from our experiments) with different ini-
tial conditions for the 44 A; values, were run for 8 ns each. During
these simulations, the number of protons in the system was con-
strained to 22, using the SHAKE algorithm for the A; coordinates
(Supporting Information). This constraint forces the system to
sample at pH=pKj,, at which half of the titrating sites are proto-
nated. The constraint also avoids charge fluctuations, which can
easily lead to artefacts®>.
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Fig. 1 UV/Vis-spectrum of Auyg2(pMBA)44 cluster in fully protonated
and fully deprotonated states. The spectra are offset for clarity.

The site-specific pK, of the residues (i) were estimated directly
from the probabilities of being deprotonated (pj\,) and proto-
nated (piy;):

. 1 .
Ki = AG!
PRa = 1 ToRT )

with AG' the free energy to deprotonate the carboxylic acid moi-
ety of pMBA, which is related to these probabilities via:

i
AG = —RTln[pii]JrRTlnlopH (5)
Pan
In the simulations, pH was set to 6.2. The probabilities are calcu-
lated as the time average of each A; coordinate:

Py = (A)
| ®)
Pan = (1-4)

The number of hydrogen bonds between the Aujgy (pMBA) 44-
cluster and water was estimated using the g _hbond program, with
cutoffs 20 degrees for the angle Hydrogen - Donor - Acceptor, and
0.3 nm for the distance Donor - Acceptor.

Results and discussion

The solubility of Aujgy(pMBA)44-cluster in protonated and de-
protonated states was tested with various polar and nonpolar sol-
vents. In protonated state the cluster is soluble in short alcohols
and DMSO, while in deprotonated state the cluster is soluble only
in water and DMSO. Both forms are insoluble in nonpolar and
chlorinated solvents (See table S1 for full list of solvents in this
study). The UV/Vis-spectra (fig. 1) of both forms are similar, in-
dicating that the clusters are not degraded in the process, and the
protonation state of the ligands does not significantly affect the
electronic structure of the gold core.

For further analysis, the protonation state of the ligand-layer
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Fig. 2 IR-spectra of pMBA-ligand as free molecule and bound to
Auqp2(pMBA)44 cluster in protonated and deprotonated states. The
absorption coefficient values apply only to the spectra of free pMBA.
The spectra of protonated species were measured in MeOD-d4, and the
spectra of deprotonated forms measured in D,O at pH 13 and 7 for
Auq92(pPMBA)44 and free pMBA, respectively. pH 7 was chosen for the
free pMBA in order to deprotonate the carboxylic acid, but not the thiol

group.

was studied using vibrational spectroscopy. Commonly surface-
enchanced Raman-spectroscopy (SERS) is used when measuring
the vibrational spectra of molecules adsorbed on nanoparticle sur-
face, as the interaction of the particle surface plasmon resonance
(SPR) enhances the Raman-scattering intensity by several orders
of magnitude. Smaller clusters such as Aujgy(pMBA)44 do not
supprot SPR, why we resorted to FTIR-spectroscopy instead. The
IR-spectra of both protonation states are presented in fig. 2 along
with the reference spectra of the bare ligand (pMBA). Vibrational
peaks of pMBA and similar benzoic acid derivates have been char-
acterized earlier in gas phase>® and in solid state>’. The observed
IR-peaks were assigned using the earlier reports and DFT calcu-
lations of the free ligand vibrational energies in vacuum (fig. S2
and S3).

The protonated carboxylic acid group can be easily identified
via the strong stretching vibration of the localized C=0 double
bond in the region 1670-1730 cm~!. In methanol this peak is
split into two peaks at 1713 cm~! and 1691 cm~!. After depro-
tonation this peak disappears and is replaced by strong symmet-
ric and asymmetric stretching modes of the delocalized double
bond of the -CO,~ group at 1396 and 1538 cm™' respectively.
Also, the intensity of the phenyl-ring vibration at 1582 cm™!
is increased significantly due to coupling with the asymmetric
—COy~ stretching mode. For the protonated Aujgp(pMBA)44
four of the phenyl-ring C-C stretching modes are observed at
1591 cm~! (Wilson notation: 9a/Gardner-Wright notation: .#4),
1562 cm™! (9b/.#3), 1485 cm™! (18a/.#5), and 1395 cm™!
(18b/.#54)%8. For the deprotonated Aujgy(pMBA)44 three of
these are found at 1588 cm™! (9a/.#4), 1581 cm™! (9b/.#53),
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Fig. 3 Auqp2(pMBA)44 titration curve in H,O (red) and 50% MeOH
(black). The solid line shows the fit using the Hill-equation (eq. 7).

and 1385 cm~! (18b/.#54), with the 18a/.#5 mode being ob-
scured by HpO impurity. The spectrum of protonated pMBA
is very similar for both free pMBA and Aujgz (pMBA)44-cluster,
only differences being the slight broadening of the C=0 stretch-
ing peak and a redshift of c.a. 4-8 cm™!' of the phenyl-ring
modes in the Aujg (pMBA) 44-spectrum. For deprotonated pMBA
a strong blueshift (10-18 cm™!) of the CO,~ and the phenyl-ring
1560 cm~! peaks is observed after the attachment to the cluster.
We interpret this to originate from the hydrogen bonding envi-
ronment with the solvent, because cluster-bound pMBA cannot
form as many hydrogen bonds as free pMBA in solution. Our
MD simulations, discussed below, support this interpretation. All
analyzed IR-absorption peaks in the region 1800-1300 cm™~' are
presented in table S2. No evidence of protonated pMBA is ob-
served in the spectrum of Auygy (pMBA)44 at high pH, indicating
that every ligand is deprotonated. * With all ligands deproto-
nated, the charge of the ligand-layer is -44. With a diameter of
approximately 2.2 nm27-3_ an electric field is created in the order
of 10'9 vV/m. Although such strong fields could rupture bonds and
result in a Coulomb explosion of the cluster, the stability of the of
the Aujgy (pMBA)44-cluster at high pH suggests efficient screen-
ing of the ligand charges by the solvent and counter-cations. In
contrast, pMBA-monolayers on Au-surfaces have been reported to
undergo degradation at high pH?28.

The  protonation-deprotonation  behaviour  of  the
Auypa(pMBA)44 cluster was studied using regular acid-base
pH-titration and IR-titration. Regular titration curve was mea-
sured in pure H,0, where the cluster precipitates out of the
solution at low pH (below 4), and in 50% methanol, where at

+From the absorption coefficients of the free pMBA and the concentrations of
Auyy (pPMBA) 44 used in the IR-measurements, it can be deduced that two or more
ligands in the protonated state would be observable in the spectrum.
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lower concentrations the cluster is soluble in both protonation
states. The acid-base titration curves are presented in fig. 3 and
in fig. S4. The pK, and the Hill-coefficient n were extracted from
the titration data by fitting the Henderson-Hasselbalch equation

1

10n(PH—pKs) 117 )

ocoH=A+ (B_A)
where A and B are constants defining the baseline when
pH > pK; and pH < pK; respectively. In both solvents a single
pKa is observed at pK, = 6.18 +0.05 in HyO, and at pK; =7.19+
0.07 in 50% MeOH (ApK, = 1.01). The shift of pK, to higher pH
in methanol solution is consistent with earlier measurements of
benzoic acid in 50% MeOH (ApK2°% = 1.03)>°. The protonation
behaviour is anti-cooperative in both cases as evident by the ob-
tained Hill-coefficient of n =0.64+0.04 in H,O and n = 0.534+0.03
in 50% MeOH. For reference, the titration was done also for
the free pMBA (fig. S5), obtaining pKy(CO,H) = 4.16 + 0.06
and pKs(SH) = 5.90 £ 0.06 in pure HyO for the carboxylic acid
and thiol groups, respectively. In 65% methanol the pK, values
are shifted to 5.46+0.02 and 7.37+0.01 (ApK,(CO,H) = 1.30,
ApPK,(SH) = 1.47, for benzoic acid ApK$>% = 1.50)°. The pK,
observed for the Aujgy(pMBA)44 system is assigned to the pro-
tonation of carboxylic acid -group of the pMBA, despite being
very close to the thiol-group pK, of the free pMBA, since the
Auq02(pMBA)44 ligand layer does not contain any protonable
thiol-groups. This assignment is confirmed by the pH-dependent
IR-spectra.

In order to better quantify the exact amount of protonated and
deprotonated ligands on the cluster at different pH, we measured
pH-dependent IR-spectra of four different Aujgy (pMBA)44 sam-
ples in the pH range of 4.90 — 12.00 in solution phase (figs. 4 and
S6). For pH values around the pK, determined in the standard
titration, both protonated and deprotonated pMBA is observed
as expected. When the sample pH is increased, the intensity of
the C=0 stretching peak decreases and the intensities of COy~
stretching peaks increase. Above pH 9 only deprotonated pMBA is
observed, indicating that the cluster is completely deprotonated.

Commonly the protonation state is analyzed using peak ratios
between a peak which reacts to protonation, such as C=0 and
-CO,~ stretching vibrations, with respect to a particular peak
which stays identical in both states. However, such approach can
only work if the reference intensity does not depend on the pro-
tonation state of the system. For most molecules, pMBA included,
this is not the case. Instead, we calculated the number of ligands
in each state from the ratio of the asymmetric CO,~ and C=0
peak areas, and the fact that for Au;gy (pMBA)44 the sum of the
ligands must equal 44. From these assumptions we get equations
for the number of protonated and deprotonated ligands

44
Nprot =T 4, (8)
1+ 4
44
N, =— )
deprot 1+R QJ

where R is the peak area ratio determined for the free pMBA,
and A, and A, are the integrated peak areas of the asymmmet-
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Fig. 5 Number of protonated pMBA-ligands on the Auqg2(PMBA)44
cluster at different pH. A refers to the measurement set in fig. 4, B, C
and D to measurements in fig. S6. The cross at pH 2.5 indicates the
fully protonated species. Error of pH is taken from the pH of the sample
solution before and after the IR-measurement, and ligand number error
is calculated from the error of peak areas and the ratio a. The inset
shows the titration curves from the potentiometric-, IR-titration, and the
MD-simulation.
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ric CO,~ and C=0 stretching peaks respectively. Derivation of
these equations are presented in SI. The region 1470-1750 cm ™!
was fitted using Gaussian and Lorentzian peaks, and the area
of the C=0 stretching peak was obtained from the fit parame-
ters. For the asymmetric CO,~ peak the fitting overestimated the
peak area due to water-absorbance left in the baseline. There-
fore, the peak area was obtained by integrating the region 1510-
1560 cm™! after removing the baseline. The number of proto-
nated ligands calculated using the peak areas and R = 0.56 +0.03
are presented in fig. 5. Fitting of the Hill-equation to the data
gives pKy = 5.98 +£0.13 and Hill-coefficient n = 0.78 £ 0.14. In the
IR-measurements the cluster started to precipitate when pH was
decreased below 5. This is slightly higher than what was observed
in acid-base titrations, presumably because of the higher concen-
tration of Aujgo(pPMBA)44 used in the IR-samples. In very low
concentrations (approx. 1 umol/L) the cluster remains in solution
down to pH = 3. The IR-spectra were measured also of samples
dried from solutions of different pH (fig. S7). The behaviour with
respect to the pH is similar in solid, and the protonation state in
solution is preserved when the sample is dried. When measuring
the IR-spectra of the dried samples, they did not readily redis-
solve in pure water after the measurement when the sample was
dried from solution with pH below 6. This corresponds with ap-
proximately half of the ligand layer being in protonated form. We
believe this to be the borderline where the hydrophobic character
of the protonated pMBA ligands start to dominate, and the cluster
is no longer truly water soluble, instead forming a suspension of
insoluble clusters.

The titration experiments yield an estimate of 6.2 for the pK, of
the Aujg2 (pMBA) 44, but do not reveal the distribution of the pro-
tons over the pMBAs or the site-specific pK;, values of the pMBAs.
The anti-cooperative (n < 1) Hill-coefficient suggests interaction
between the carboxylates of the pMBA ligands. To estimate how
these interactions affect the site-specific pK, values of the individ-
ual pMBA ligands and to investigate the distribution of the pro-
tons over the titratable sites, we performed constant pH molec-
ular dynamics simulations at pH= 6.2 with 22 protons and 44
titratable pMBA sites.

32 independent simulations from different initial distributions
of A; were performed. Regardless of the initial configuration, the
simulation converged towards qualitatively similar distribution of
protonated and deprotonated ligands (fig. S8). This observation
suggests the cluster has a preferred protonation distribution at
pH 6.20. Following equations 4-6, we estimated the site-specific
pKa values of each pMBA from the time-averaged A;’s. Table S3
lists the average A, pKa value and number of transitions between
the protonated (A = 0) and deprotonated (A = 1) states for each
PMBA ligand. The number of transitions are included, because
the error in the pK; estimates depends on this number: the higher
the number of transitions, the higher the accuracy of the estimate.
The ligand numbering follows the scheme from recent paper by
Salorinne et.al. 38, which numbers the 22 symmetric ligands based
on their NMR-shifts (fig. S9). One half of the ligands are num-
bered 1-22, and the other half 1*-22*, with 1* being the C, re-
lated pair of ligand 1 etc..

Ligands that are related by symmetry have similar A and pKy
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values (Table S3, fig. S8), which suggest that our simulations cap-
ture the intrinsic symmetry of the system. The pKy’s range from
5.18 to 7.58, and are all higher than 4.16, the pK, of free pMBA
in water. The crowded environment reduces the average number
of hydrogen bonds that the carboxylates form with water, from
4.1 in solution to 3.6 in the cluster. As hydrogen bonding sta-
bilizes the carboxylate group, this decrease in solvation increases
the pKy’s (fig. S10). This is also in line with the observed blueshift
of the deprotonated carboxylic acid modes in IR-spectrum (fig.
2). Despite the dielectric screening in the 1 M NaCl solution, we
furthermore assume that the repulsive interaction between de-
protonated carboxylate groups also contributes to increasing the
pKa.

Under the assumption that the pK,s are independent of pH,
we obtained a pK, of 6.20 and a Hill coefficient of 0.82 after
fitting a Henderson-Hasselbalch curve to the computed pKy’s of
Table S3. Although the assumption that the pKj,’s are not depen-
dent on the pH may not be justified if the sites are coupled,6°,
the experimental pK, value of the cluster and the anti-cooperative
Hill coefficient are reproduced by the simulation. The largest de-
viations of the simulated titration curve from the experimental
potentiometric- and IR-titration curves are 3 and 4 ligands, re-
spectively (fig. 5 inset).

Figure 6 shows a 3D model of the cluster in which the ligands
are coloured according to their Aayg (upper row: A,B,C) and pK,
(lower row: D,E,F) value. At pH 6.2 the A-coloured figures show
a non-uniform distribution of the protonated and deprotonated
ligands, leading into a charge distribution of slightly neutral and
negative areas on the cluster surface. The C,-symmetry related
poles of the Cs -axis, mainly ligands 1/1* and 9/9* with smaller
contribution from ligands 5/5* and 13/13*, of the core prefer the
deprotonated state (fig. 6A). Similar preferance to deprotonated
state is seen at one end of the C, axis (fig. 6B), while the other
end of the same axis stays protonated (fig. 6C) due to the high
pKa of ligands 2/2%, 3/3*, and 10/10*. The areas left between
the strongly protonated and deprotonated patches are close to
the equilibrium A ~ 0.5. From visual inspection of the protona-
tion states, the more tightly packed areas prefer to stay proto-
nated while the more open areas prefer deprotonation, which is
reasonable considering the effects of coulombic repulsion and the
earlier H-bonding analysis. The pK; coloured figures follow the
same general features seen in the A coloured figures, however the
differences between the ligands are not so pronounced since the
populations change exponentially with respect to pH and pKj.

Next, we searched for correlation among the protonation states
of the pMBA ligands by computing the Pearson correlation coeffi-
cient (P) of the A trajectories for all ligand pairs (fig. 7A). Major-
ity of the ligand-pairs show weak anti-correlation, giving rise to
the observed anti-cooperative Hill coefficient. Four ligand-pairs
exhibiting moderate (below -0.40) anti-correlation were identi-
fied from the correlation matrix, ligand pairs 8-11, 14-15%, 1-3,
and 14*-15 (fig. 7B, C, D, E). For the first pair (fig. 7B), ligands
1 and 22 next to ligand 8 also show weak anti-correlation, while
the ligands 3 and 7 next to ligand 11 show weak positive corre-
lation, presumably to stabilize the charge distribution caused by
strong correlation of the 8-11 pair. Similar patterns are observed

This journal is © The Royal Society of Chemistry [year]

for the other strongly anti-correlative pairs. The anti-correlation
of the 14-15* and 14*-15 pairs (fig. 7C, E) is interesting as is
not between neighbouring ligands. These are also the only in-
stance where significant correlation beoynd the first neighbour
is observed. It should be noted, that while the 1-3 pair shows
strong anti-correlation, the symmetry related 1*-3* pair shows
no correlation.

Conclusions

In this work we have studied the influence of the protonation
state of the pMBA ligand layer to the properties of the cluster. The
cluster can be protonated and deprotonated using strong acids
and bases without affecting the cluster stability or the optical ab-
sorption spectrum of the cluster. The fully protonated form is
insoluble in water, but soluble in short chained alcohols, while
the partially and fully deprotonated cluster is water-soluble. The
pKa and Hill-coefficient of the cluster were measured via poten-
tiometric acid-base and IR-titration, giving pK, = 6.18 +0.05,n =
0.64+0.04 and pKy = 5.98+0.13,n = 0.78 +-0.14, respectively, be-
ing significantly higher than the free pMBA pK, = 4.16. The ob-
served pKj shift is similar to earlier reports on carboxylic acids im-
mobilized on nanoparticles. 296! For pK, and Hill-coefficient the
results from potentiometric measurements are considered more
reliable than FTIR because of more repetitions. The amount of
protonated and deprotonated ligands at different pH were an-
alyzed from the IR-spectra at different pH, showing that all 44
ligands react at the observed pK,. The water-soluble form of the
cluster precipitates from water below pH 5, depending on the
concentration of the particles in the solution. Based on the IR-
spectra, at this pH approximately one sixth of the ligand layer
(7 +3 ligands) is still in the deprotonated state. In the pH range
5-6 (21 to 7 deprotonated ligands) the clusters remains in solu-
tion, but when dried could not be redissolved in neutral water,
indicating the hydrophobic interactions dominate over the hy-
drophilic interactions. This may allow, for example, tuning of the
adhesion of Aujgy (pMBA)44 -clusters to hydrophobic structures
by changing the solution pH and/or solvent system, or designing
receptible structures for certain cluster charge distributions. Also,
the Aujgz (pPMBA)44 can be used as nanoscopic pH-probe, as long
as the vibrational spectrum can be reliably measured either with
IR- or Raman-spectroscopy.

Ligand specific pK, could not be derived from the experimental
data, since the different pKj,’s are too closely spaced, and the shift
of the pK, values are manifested instead as the anti-cooperative
Hill-coefficient. Also, it is not possible to discern the different lig-
ands in the IR-spectrum. Constant pH molecular dynamics simu-
lations were performed to analyze the distribution of protonated
and deprotonated ligands, and the pKj,’s of the individial ligands
on the cluster. The simulations revealed a preference towards
single pattern of protonated and deprotonated ligands, regard-
less of the initial conditions, when half of the ligands are in the
deprotonated state. Patches of ligands which strongly prefer the
protonated and deprotonated ligands form on the cluster surface,
causing a non-uniform charge distribution on the cluster. The
calculated pK, of the 44 individual ligands were in the range of
5.18 to 7.58, giving macroscopic pKy = 6.20 and Hill-coefficient
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n = 0.82. The pK, value agrees well with the experimental val-
ues. The Hill-coefficient is higher than the value obtained from
potentiometric titration, but within the error of the value ob-
tained from IR-titration. Majority of the ligand-pairs show weak
anti-correlation of the protonation states, with less showing weak
positive correlation, and 4 pairs showing strong anti-correlation.
The results give new insight to the possibilities of controlling the
properties of monolayer-protected clusters protected by ligands
containing protonable groups. This information can be used, for
example, for controlling ligand exchange sites by using charged
incoming ligands, or tuning the interactions of the cluster with
charged biological or inorganic systems.
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Analysis of ligand populations from IR
For two peaks a and b arising from different species in the same measurement, the peak areas are
given by Beer-Lambert law for both species
Ay = .04l (1)
Ab = stbl (2)

When one peak corresponds to the protonated and other for the deprotonated ligand, the

Au, 5, (pMBA),,-concentration and the amount of ligands N, and N, can be expressed via these

concentrations

_ Oa + Cb

CAumz - 44 (3)
C. 44C,,

N, = = 4
OAqu C,+Cy ( )

44
Ny = =2 G (5)

" Cauy, Cat Gy

Since the optical path length is constant for both peaks, the ratio of absorbance depends on the

concentrations C, and Cy and the absorbance coefficients e, and &

A, o Eacal _ Ca

(6)

fTb B Ebcbl B Cp

where the ratio of absorbance coefficients is & = €a/e,. The amount of ligands in both forms can

be now written without the concentration data by substituting eq. 6 into egs. 4 and 5

Me, o4y 44 o
© CotaCeg: Cll+aft)  14agt
440, 440y 44

(®)

b =

Gl 1Oy OF(ZE+1) 14+ 5
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Figure S1: Example of removing the H,O impurity from the IR-spectrum measured in D,O. The
spectrum of H,O was fitted to the OH-bending peak at 1460 cm ™!, after the removal of this peak
the spectrum of the measured substance remains.

Table S1: Solublity of Auyg,(pMBA),, cluster in fully protonated (i.e. (—COyH),,) and fully
deprotonated (i.e. (—CO, Na™),,) states.

Solvent Prot. Au;p, Deprot. Au,g,

H,0, pH~6 I
Methanol
Ethanol
Propan-2-ol
Ethylene glycol
Acetone
Acetonitrile
Pentane

Toluene
Dichloromethane
DMSO

CS,

S: soluble, sS: slightly soluble, I: insoluble.

th »

— U0 = = = R
— U = b b = = = = R




Table S2: Computational and experimental IR-absorption peaks of protonated and deprotonated
PMBA in the range 1800 — 1300 cm~!. The experimental values have been extracted from the
solution-state spectra in fig. 2 in the main article. The calculated frequencies are unscaled. Phenyl-
ring modes are illustrated in fig. S3, and they are labeled using Varsanay and Gardner-Wright

notations.
Protonated Deprotonated
Calc. Exp. in MeOD-d4 Calc. Exp. in D,0
Mode | Vac.  2xMeOH® Sol.b Au;,¢ | Vac.  Natd Sol.b Auyg,©
C=0 str.© 1781.4 1727.1 1712.4 vs ~ 1713.9 vs - - - -
- - 1690.0 vs  1691.0 vs - — - -
-CO, ™ as. str. - - - - 1684.3 1551.2  1520.3 s 1538.2 s
-CO,~ s. str. - - - - 1336.2 1408.4  1386.1s 1395.7 s
9a/. 4y 1636.1 1635.8 1597.0s  1590.7s | 1614.4 1632.3 1584.9 s 1587.7 s
9b /. Mo3 1596.2 1595.2 1565.3 m  1561.6 m | 1593.7 1611.5 1571.4s  1581.6 m,sh
18a/.4 1527.1 1529.9 14942 m 14852 m | 1503.7 1521.6 1483.3 w N.O.
18b/. M2y 1441.7 1439.3 1403.7m 13955 m | 1416.2 1429.7 1484.0 m 1384.9 m
OH-wag 1369.9 1453.1 ~1350f ~1350f - - - -

vs: very strong, s: strong, m: medium, w: weak, sh: shoulder.
¢ In vacuum, two MeOH molecules hydrogen bonded to the CO,H-group, see fig. S2A.
b Free pMBA solvated in MeOD-d4 or D,0.

¢ Auy,(pPMBA),, cluster solvated in MeOD-d4 or D,O.

In vacuum, Na

+

counter-cation next to the CO, —group, see fig. S2B.

¢ In experimental spectrum this peak has split to two, see fig. 2 in main article.
f Several peaks in 1300 — 1370 cm~! due to HDO impurity and H-bonding.
N.O.: Not observed.

Figure S2: The relaxed structures of free pMBA in vacuum used for vibrational energy calculations.
A: protonated pMBA with two methanol molecules hydrogen bonded to the carboxylic acid. B:
deprotonated pMBA with Na™t as counter-cation.
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Figure S3: Selected vibrational modes of pMBA phenyl-ring. These modes are very similar for
both protonated and deprotonated species, except for the 9b/.#53 mode, which couples strongly
with the asymmetric stretching mode of the deprotonated carboxylic acid group.



12

L A, 50% MeOH
10
of
s [
o i
6 5
4 pK,=723+0.01 ]
F 0 =0.50 +0.01 ]
2 P N T A S TR SR AT S SR ST S R S S S
0 100 200 300 400
V (uL, 0.01 M NaOH)
12 [ T T T 1 1
C, H,0
10 _§<><><X ]
] ]
s [ ]
o i
6 .
41 pK. =6.13+0.02 X
n = 0.69 4 0.03 ]
2....I....I....I....I....I....
1 2 3 4 5 6 7
V (uL, 0.10 M HCI)
12 [ T T T 1 1
| B H,0 .
10 PX x& ]
S
an [
o |
6F
4 pK.=6.23+0.01
- =0.63+0.01 4
2 e A PRI

0 100 200 300 400 500
V (uL, 0.01 M HCI)

12

B, 50% MeOH

XX

[ pK,="7.07+0.03 ]
[ n=0.544+0.02 1
2 PR T T T AN ST TSR SN NS SN ST S NN ST S S’
0 100 200 300 400
V (uL, 0.01 M NaOH)
12 i T 1 1 1 1 1 1
D, H,0

pK, =6.24+0.01
n =0.93 £0.02
| RN BRI TS S

P P TR RS B
50 52 54 56 58 60 62 64
V (uL, 0.10 M HCI)

Figure S4: Extra titration curves of the Auyq,(pMBA),,-cluster in 50 % MeOH and water.
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Figure S5: Titration curve of free pMBA in H,O and 65% methanol. Qualitatively the behaviour
is the same in both solvent systems, both curves show two distinct protonations for the carboxylic
acid and thiol groups respectively. The continuous line is fitted using the quadratic equations for
diprotic weak acid solution [H;0™] concentration, using Hill-coefficient n = 1 for both groups.
The pK, values in 65% methanol are shifted 1.30 (CO,H) and 1.47 (SH) units higher than in
pure water.
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Figure S6: pH-dependent IR-spectra of other Au,y,(pMBA),, samples in solution.
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0.0_ L L L | |

HE

| | |
3 6 9 12 15 18 21
Ligand nr.

Figure S8: A-values of individual ligands after 80 ns simulation for 32 different initial distributions of A values.
Solid and dashed lines refer to both symmetry related halves of the ligands, with solid line being for ligands

1-22 and dashed for 1*-22*. The data of R1-R7 simulations are average of two 2.5 ns runs starting from same
initial conditions.



Figure S9: Numbering of the 22 symmetry independent ligands, viewed through the C5 axis (A), and through
both ends of the C5 axis (B and C).

Table S3: Protonation state Aayg(mean), pK, shift and pK,, and number of transitions in the total 80 ns of MD
simulations. The mean A, is calculated from the 32 different simulations in fig. S8.

Ligand Aavg (mean) ApK,* pK,P Nirans.

1/1¥  0.91+0.06/0.67£0.25 -1.01/-0.32 5.18/5.88 125/249
2/2%  0.09+0.08/0.04+0.04 1.03/1.38 7.23/7.58 118/64
3/3%*  0.13+£0.08/0.344+0.26  0.83/0.30  7.04/6.50 165/266
4/4%  0.45+0.25/048+0.22  0.09/0.04 6.29/6.24 364/332
5/5%*  0.60+0.14/0.44 +£0.24 -0.17/0.10  6.03/6.30 339/277
6/6*  0.71+£0.21/0.734+0.22 -0.38/-0.42 5.82/5.78 259/192
7/7%  0.26+0.14/0.41 £0.20 0.45/0.16 6.65/6.36 430/437
8/8%  0.32+£0.18/0.67+0.29 0.33/-0.31  6.53/5.89 304/193
9/9%  0.76+0.10/0.72+0.14 -0.50/-0.41 5.70/5.79 261,232
10/10%  0.28 £0.19/0.27 £ 0.21  0.41/0.44 6.61/6.64 327/337
11/11%  0.67+0.29/0.55+0.30 -0.31/-0.09 5.89/6.11 243/261
12/12% 0.88+0.05/0.89 £ 0.04 -0.87/-0.91 5.33/5.29 183/162
13/13%  0.70 £0.12/0.59 £ 0.16 -0.36/-0.16 5.84/6.04 330/318
14/14%  0.43+0.29/0.35+0.28  0.12/0.26  6.32/6.46 233/177
15/15%  0.49 +0.30/0.60 £ 0.26  0.02/-0.18  6.22/6.02 271/242
16/16% 0.59 +0.21/0.54 £ 0.19 -0.15/-0.07 6.05/6.13 315/337
17/17%  0.19+0.16/0.18 £0.19  0.62/0.67 6.82/6.87 197/174
18/18% 0.40 +0.20/0.36 £0.18  0.17/0.25 6.37/6.45 272/292
19/19% 0.41+0.17/0.46+£0.24 0.16/0.08 6.36/6.28 354/320
20/20%  0.75+0.14/0.61 £0.16 -0.47/-0.20 5.72/6.00 288/326
21/21%  0.66+0.21/0.75+0.19 -0.29/-0.48 5.91/5.72 251/238
22/22*  0.36+0.14/0.324+0.23  0.24/0.32  6.45/6.52 409/291

¢ pK, shift with respect to the center pK, 6.20.
b 6.20 + ApK,.

10
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