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T
he unique catalytic properties of Au
have been the focus of extensive in-
vestigations over the past two dec-

ades, yet the origin of its catalytic activity is
still not fully understood.1�4 It is well estab-
lished that Au nanoparticles can be catalyt-
ically active for a range of reactions if the
particle falls below a certain size.2�6 Inter-
estingly, very small Au particles derived
from Au55 clusters supported on inert ma-
terials are effective catalysts for selective
oxidation reactions.7�9 In addition, PPh3 is
widely used in organic synthesis10,11 and in
organometallic compounds.12,13 Thus, ap-
preciable effort has been directed toward
synthesizing small Au nanoparticles with
narrow size distributions by a variety
of preparation methods.2�4,14,15 Synthetic
protocols often involve colloidal methods
that result in well-defined particles of uni-
form size distribution. The nanoparticles are
stabilized in solution by surfactants or li-
gand molecules, which ensure that they
cannot coalesce.14,16

Phosphine-stabilized Au clusters, first de-
scribed by Schmid et al. more than 30 years
ago,17,18 have been extensively studied for
their unique structural, optical, and electronic
properties and as model catalysts.14,19�24

Au55 clusters are particularly interesting due
to their ideal cuboctahedral structure.18 These
materials are also often used as “seed” parti-
cles in the synthesis of larger functionalized
nanoparticles.25,26 The relatively labile Au�
PPh3 bond can be used for exchange reac-
tions with ligands that contain a thiol group
that forms stable Au�S bonds, resulting in
various Au55 derivatives. Depending on the
nature of the exchanged ligand, the cluster
can be tuned from hydrophilic to hydropho-
bic. It has been recently shown that such
exchange reactions strongly depend on the
thiol ligand used27 and the size of the Au
cluster, with the exchange rates being faster
for larger clusters.28

Despite the number of studies on the
electronic properties, stability, and catalytic
behavior of PPh3-stabilized Au clusters, our
knowledge of the interaction of PPh3 with
flat Au surfaces, in the absence of solvents,
is rather limited.29�32 Steiner et al. were
among the first to study surface-bound
PPh3.

30 Using ellipsometry and infrared
reflection�absorption spectroscopy (IRAS)
they determined that PPh3 adsorbed as a
monolayer onto Au films when deposited
from ethanolic solution. Westermark et al.
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ABSTRACT

Phosphine-stabilized Au clusters have been extensively studied and are used in various

applications due to their unique structural, catalytic, and electronic properties. Triphenylphos-

phine (PPh3) is a key stabilizing ligand in the synthesis of Au nanoclusters. Despite its intense

use in nanoparticle synthesis protocols, little is known regarding its surface chemistry,

monolayer structure, density, and packing arrangement, all of which are important descriptors

of functionality. Here, in contrast to sparse earlier investigations, we report that PPh3 forms

very ordered structures on Au(111). Atomic-scale imaging reveals that monolayer formation is

accompanied by a partial lifting of the Au(111) surface reconstruction and ejection of extra Au

atoms in the surface layer. Interestingly, these atoms are trapped and stabilized as two-

dimensional Au nanoislands within the molecular layer. This behavior is in contrast to thiols,

also common capping agents, which tend to remove Au atoms beyond those extra atoms

present in the native reconstruction and form vacancy islands on the surface. Our data

illustrate PPh3's milder reactivity and reveal a new picture of its packing structure. These

results shed new light on the surface chemistry of this important ligand for organic,

organometallic, and nanoparticle synthesis.

KEYWORDS: triphenylphosphine . Au(111) . scanning tunneling microscopy .
nanoparticle . capping ligand
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used IRAS to examine a series of tertiary phosphines
deposited from solution onto Au films; the study in-
cluded dimethylphenylphosphine (PMe2Ph), diphenyl-
methylphosphine (PMePh2), and PPh3.

29 Their work
revealed that PPh3 adsorbed intact through the lone-
pair on the phosphorus atom with the phenyl groups
oriented away from the surface. Critically, this bonding
behavior is in direct contrast to thiol and dithiol adsorp-
tion on Au, which requires cleavage of the S�H or S�S
bond, respectively.33,34 The strength of chemisorption
for these phosphines was found to decrease as the
number of phenyl rings increased within the series. The
effect was attributed to the increased number of phenyl
groups, which decrease the electron-pair donor proper-
ties of the phosphorus due to the electron-withdrawing
effect of the phenyl moieties.29 In another study tri-
methylphosphine (PMe3) was found to interact strongly
enough with the Au(111) surface to cause the reorga-
nization of Au's native surface structure.35,36

Our knowledge regarding the interaction of Au sur-
faces with PPh3 at the atomic scale is limited. Using
scanning tunneling microscopy (STM) and scanning
tunneling spectroscopy (STS), Mautes et al. studied the
adsorption of PPh3 on Au(111) by spin-coating from
dichloromethane solution but did not observe any
ordered structure within themonolayer.32 More recently
Xu et al. reported on the self-assembly of calix[4]arene
dimelamine derivatives on Au(111).37 These molecules
consist of a central head formed from a calix[4]arene
moiety, which is connected to two identical arms,
starting at a melamine unit and terminating in a PPh3
group. The phenyl group can coordinately bind a Au(I)
atom, which was found to have a stabilizing effect
against fragmentation of this large organic molecule
when adsorbed on a Au(111) surface.
Herewe investigate the adsorptionof PPh3onAu(111)

in ultra-high vacuum (UHV) using STM. Au(111), through
its surface reconstruction and the presence of both hcp-
and fcc-stacking regions, provides an excellent test bed
for examining the ordering, stability, and mobility de-
pendence of PPh3 as a function of surface structure. The
PPh3/Au(111) system appears to be significantly differ-
ent from other commonly used self-assembly reagents
such as alkanethiols, thioethers, and fullerenes. In clear
contrast to earlier reports,32 we find that PPh3 self-
assembles to form twohighly ordered surface structures.
More importantly the adsorption of PPh3 causes the
partial lifting of Au's native reconstruction via the ejec-
tion of Au atoms, which become kinetically trapped in
the form of pure, monolayer-high Au(111) (1�1) islands,
which remain stable up to high temperatures. Adsorbed
PPh3 molecules effectively trap these newly formed Au
structures in twodimensions, thus limiting theirmobility.

RESULTS AND DISCUSSION

The clean Au(111) surface is characterized by a 22�√
3 unit cell, the so-called “herringbone reconstruction”,

which arises due to the compression of the atoms in
the top layer (Figure 1a). This compression results
in∼4.5% extra Au atoms residing in the topmost layer
relative to the bulk. The reconstruction appears in the
STM images as a periodic pattern of paired parallel
lines; these “soliton walls”, which run along the [112]
direction of the surface, separate alternating regions of
hcp- and fcc-stacked atoms.38,39 A pair of soliton walls
constitutes the herringbone, and the average herring-
bone separation in native Au is ∼6.34 nm. The soliton
walls take 120� turns at regular intervals, generating
edge dislocations, which often act as preferential
binding sites formetals andmolecules.40�42 Numerous
adsorbates interact strongly with Au(111) and cause
atoms to be ejected from the plane of the surface
layer.34�36,43�50 As these atoms are removed, com-
pression is relieved and the average herringbone
separation increases via a widening of the fcc regions.
Depending on the extent of Au atom ejection, the
herringbone reconstruction can be partially or com-
pletely lifted with the surface atoms displaying a
bulk-like (1�1) configuration. Furthermore, it has been
shown that the extent of the perturbation of the
herringbone reconstruction of Au(111) can be used
as an indicator of the interaction strength between the
adsorbed species and the substrate.35,36,43,44,48

The molecular density and packing arrangement of
PPh3 were found to be highly sensitive to the details of
the surface reconstruction of the Au(111) sample.
Figure 1b shows an STM image after exposing clean
Au(111) to a saturation coverage of PPh3 at 78 K
followed by annealing to 220 K. PPh3 forms long-range
domains confined by the soliton walls of the herring-
bone reconstruction. High-resolution images (Figure 2a�c)
indicate that the ordered structures reside primarily
in the fcc regions of the surface. The density of PPh3
in hcp regions is significantly lower, and the molecules
do not form any ordered structures there. The smaller
scale, molecularly resolved images in Figure 2a�c
reveal the packing arrangements of PPh3 on the
surface. The dominant structure, highlighted in yellow
(Figure 2a and b), is a high-density arrangement
(1.15 molecules/nm2); the overlayer's vectors are
separated by 60� and measured 1.03 ( 0.05 and
1.02 ( 0.07 nm experimentally, yielding a rhombic
(2
√
3�2

√
3)R30� unit cell. In addition, a minority pack-

ing structure is observed, characterized by a rectangu-
lar (6�4

√
3) unit cell. This structure, highlighted in red

in Figure 2a and c, has perpendicular vectors experi-
mentally measured as 1.73( 0.05 and 2.02( 0.05 nm.
STM images suggest that this unit cell contains two
molecules and is lower in density (0.58molecules/nm2)
than the (2

√
3�2

√
3)R30� arrangement. Both packing

arrangements are observed within the same local area
of the surface; however, globally the (2

√
3�2

√
3)R30�

packing structure is favored ∼3:1. The fact that
we observe these structures coexisting on the surface
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after a number of different annealing treatments
indicates that the two arrangements are similar in
energy. When PMe3 was adsorbed on the surface
under identical conditions, a dense structure (2.0 mol-
ecules/nm2) characterized by a (

√
7�√

7)R19� unit cell
was observed.35 The lower density of PPh3 compared
to PMe3 can be understood in terms of the bulkiness of
the two molecules, as the phenyl groups are expected
to occupy more space than the methyl groups.51

The proposed molecular arrangements for PPh3 are
depicted schematically in Figure 3. For the models
shown we have assumed that PPh3 maintains its
umbrella configuration upon adsorption and assembly
and that the phenyl groups maintain their pinwheel-
type arrangement.52 However, we have not ruled out
the possibility that one or more of the rings are
reoriented upon adsorption in order to maximize the
π-system overlap with the Au surface. This effect may
be at play in the two types of unit cell. For example,
in the common (2

√
3�2

√
3)R30� structure, high-

resolution images (Figure 4a) reveal that each molecule
appears as three lobes with equivalent apparent height,

indicating that themolecules areupright. However, in the
minority (6�4

√
3) arrangement each molecule appears

as a single protrusion and a series of smaller lobes
(Figure 4b), which suggests that the molecules are tilted
on the surface, presenting predominantly one phenyl
group. Finally, it is important to note that, although our
schematics indicate atop adsorption for PPh3, we cannot
assign an absolute adsorption sitewith thedata available.

Figure 1. STM images of (a) clean Au(111) and (b) high-coverage PPh3 on Au(111) after the systemwas annealed to 220 K. (a)
The fcc, hcp, and soliton regions of the surface are indicated, as are the surface lattice vectors. (b) The large-scale image shows
that PPh3 forms molecular domains confined by the soliton walls of the herringbone reconstruction. Scale bars = 10 nm.

Figure 2. (a�c) Smaller scale, molecularly resolved STM images of PPh3 on Au(111) following a 220 K anneal showing two
distinct packing structures described by the unit cells (2

√
3�2

√
3)R30� (yellow) and (6�4

√
3) (red). The fcc and hcp areas of

the Au surface are marked in (a). The schematic in (d) shows the two observed unit cell dimensions with respect to the
underlying atomic lattice. Scale bars = 2 nm.

Figure 3. Schematic of the proposed molecular packing
arrangement for PPh3 on Au(111). The rhombic (2

√
3�

2
√
3)R30� unit cell is shown in yellow (left), and the rectan-

gular (6�4
√
3) unit cell is shown in red (right).
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From Figure 1b it is evident that the periodicity of
the soliton walls, and hence the arrangement of the
hcp and fcc regions of the surface, is disrupted upon
PPh3 adsorption. After the 220 K anneal, the average
separation of the herringbone wasmeasured to be 9(
1 nm, a 50% increase compared to the clean surface,
indicating that the native reconstruction of Au was
indeed perturbed. A number of well-resolved, topo-
graphically higher features are also observed in the
STM images of PPh3 on Au(111) (Figure 1b). These
features are exclusively observed in hcp areas, and, for
reasons we will detail below, we assign them as Au
clusters formed from the extra atoms ejected during
the partial lifting of the herringbone reconstruction.
Ejection of Au atoms results in a partial lifting of the
herringbone reconstruction and the relative expansion
of the fcc regions. These extra Au atoms are kinetically
trapped in the formof two-dimensional islands by PPh3
molecules. The shapes of the Au islands are irregular
and defined by the shape of the hcp regions where
they form (Figure 5a). The histogram and the line scan
depicted in Figure 5c and d, respectively, show that the
average Au cluster area is 12( 4 nm2 and that that they
are ∼0.23 nm high, consistent with the expected
monatomic step height of Au. The atomically resolved
image in Figure 5a shows the top of an island where
the (111) facet is clearly visible. The atomic spacingwas
measured to be 0.3( 0.04 nm, which compares well to
the bulk Au�Au spacing of 0.288 nm. This finding is
important in terms of phosphine-stabilized Au clusters,
as X-ray diffraction studies indicate that when a cluster
exceeds a certain size (>Au39), its core transitions from
cuboctahedral to a bulk-like, close-packed structure.53

Thus, in terms of structure, the extended Au(111) sur-
face, which exposes both fcc and hcp terminations, is
highly relevant to phosphine-stabilized nanoparticles.
Furthermore our results indicate that the Au islands are
compositionally homogeneous; that is, their surface
and interior are comprised exclusively of Au atoms, and
only the perimeter of the islands is capped by phos-
phine molecules.
The observed PPh3 self-assembledmonolayer (SAM)

appears to be thermally stable up to 475 K. Figure 4a

and b show STM images after annealing the sample to
400 and 475 K, respectively. The proposed (2

√
3�

2
√
3)R30� and (6�4

√
3) unit cells are still clearly re-

solved following the 475 K anneal. The herringbone
spacing after a 400 K anneal is found to be 9 ( 1 nm
and, after the 475 K anneal, is further increased to 14(
3 nm. We have recently shown54 that the herringbone
spacing can be correlated to the number of Au atoms
ejected from the surface reconstruction according to
the following equation:

N ¼ No 1 � do
d

� �

where do and d are the native and observed herring-
bone separation, respectively, No is the maximum %
island coverage possible if all excess Au atoms are
ejected from the native reconstruction (i.e., 4.5%), and
N is the observed % island coverage.54 The global
island coverage in the PPh3/Au system was measured
at 2.5 ( 0.7% from images such as those shown in
Figures 1, 4, and 5; according to the above equation,
this island coverage should yield an average herring-
bone separation in the range 10 to 22 nm, which is in
good agreement with our observed herringbone sep-
arations. Increasing the annealing temperature above
500 K yields a system in which molecules cannot be
easily resolved, suggesting eithermolecular disorder or
decomposition of the adsorbed species.
The adsorption and thermal stability of PPh3 on

Au(111) appear to be drastically different when com-
pared to other Au-based systems. It is generally ob-
served that, depending on the adsorption enthalpy of
the interacting species, a complete or partial lifting of
the native surface structure may occur via various
pathways. Alkanethiols, for instance, have been exten-
sively studied on flat Au surfaces33,55�57 and metal
nanoparticles58�61 due to potential applications in
sensing, nanolithography, and catalysis.33 These mol-
ecules interact strongly with the Au surface, often
leading to complete lifting of the herringbone
reconstruction.50,62�65 Although the precise mecha-
nism is still widely debated, Maksymovych et al. have
suggested that the binding of alkanethiolate species to

Figure 4. STM images of PPh3 on Au(111) after the system has been annealed to (a) 400 K and (b) 475 K. Molecularly resolved
insets reveal that the packing motifs observed after the 220 K anneal are still present after the higher temperature anneals.
Scale bars = 4 nm.
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Au is an adatom-mediated process in which single Au
atoms are removed from the surface layer and each is
bound to two thiolate speices.34 Similarly, it has been
reported that when octanethiol self-assembles on Au-
(111), Au atoms are incorporated into alkanethiol
monolayers with a 1:2 Au adatom/alkanethiol ratio.62

Thioethers (RSR0) have also been studied extensively
due to their potential applications in nanotechnology
and surface patterning.43,44,57,66,67 The weak interac-
tion of thioethers as compared to thiols leads to only
a partial lifting of the herringbone reconstruction.
The rearrangement of Au's surface structure upon
thioether adsorption is a thermally activated process that
is completely reversible upon molecular desorption.43,44

Notable extension of the herringbone reconstruction
has also been observed when naphtho[2,3a-]pyrene
(NP) was adsorbed on Au(111) followed by a room-
temperature anneal.54 Critically, the formation of the
molecular overlayers for thioethers and NP favored
adsorption in the fcc regions of the surface, similar to
what is seen for PPh3. In the case of the thioether and
NP systems, ejected Au atoms were free to diffuse in
the bare hcp channels on the surface and ultimately
coalesce with nearby step edges. This theory is sup-
ported by the observation of scalloping at the step
edges, which is indicative of rapid step growth. The fact
that the Au islands remain in the PPh3/Au system
despite the presence of nearly bare hcp channels
suggests that these molecules have a stabilizing effect
on the Au islands.
The formation of etch pits or vacancies, as commonly

observed on other Au(111) SAM systems including

alkanethiols,62,68,69 cysteine,70 and fullerenes,71,72 is
not observed in the PPh3/Au SAMs. The difference
between PPh3 and alkanethiols can be rationalized
by the relatively weaker binding of the former with
the Au surface. However, the adsorption enthalpy,
which reflects the adsorption strength, and thus to
what extent the molecule will perturb the surface
structure, is not the only factor at play in determining
overall system characteristics. Octanethiol and PMe3
have similar adsorption enthalpies on Au (∼130 kJ/mol),
and both completely lift the herringbone recon-
struction; however, only the thiol SAM formation is
accompanied by etch pit formation. This can be ex-
plained by also taking into account the molecular
densities of the two species (i.e., how many molecules
are adsorbed per unit area) and, hence, how many
strong bonds are made to the surface. If an adsorbed
molecule's “footprint” is accounted for in this manner,
octanethiol has an adsorption energy (ΔHads

a) of 1.0 J/m2

versus PMe3 at 0.4 J/m2. Thus, it is clear that despite
the strong adsorption of PMe3, its lower ΔHads

a can
explainwhy the Au surface herringbone is lifted, but no
etch pits are created. The lack of vacancy formation in
the PPh3/Au system indicates that the energy per unit
area of the PPh3 monolayer is well below that of the
other systems in which etch pits are observed. Assum-
ing that PPh3 has a binding energy to Au similar to
that of PMe3 (∼130 kJ/mol), we can estimate ΔHads

a ≈
0.2 J/m2. It is interesting to compare the degree to
which PMe3 and PPh3 restructure the Au surface; the
former (ΔHads

a = 0.4 J/m2) yields a maximum herring-
bone separation of >100 nm, in contrast to the

Figure 5. (a) STM image of PPh3 on Au(111), in which a clean Au (1�1) island is clearly observed, as shown in the atomically
resolved inset. (b) Larger scale STM image in whichmany Au islands are visible. Scale bars = 2 nm. (c) Histogram showing the
areas of several Au islands, which globally have an average area of 12( 4 nm2. (d) Topography along line scan (yellow dotted
line) in panel (b) showing the Au island height to be ∼0.23 nm.
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maximum of 14 nm seen for PPh3 on Au (ΔHads
a =

0.2 J/m2). These calculations further support the asser-
tion that PPh3 has a relatively weak interactionwith the
Au(111) surface.
The stronger surface bonding of thiols as compared

to phosphines is also utilized in the liquid phase
chemistry of ligand-stabilized Au clusters. The weakly
coordinated monodentate PPh3 ligand can be easily
exchanged by sulfonated derivatives or other ligands
with thiol groups that form stable Au�S bonds.27

Interestingly, the exchange process depends on the
size and thus the structure of the Au cluster, with the
exchange rates being faster for larger clusters.28 The
structure of phosphine-capped Au clusters has been
the focus of many theoretical and experimental inves-
tigations over the past three decades. A major draw-
back in experimental investigations is that phos-
phine-capped Au clusters are difficult to crystallize,
and therefore a single-crystal X-ray analysis is not
possible.18 It has been shown that the structure of
small Au clusters deviates significantly from the fcc
structure observed for bulk Au and Au nanocrystals.
Full-shell phosphine-stabilized Au clusters (e.g., Au13)
can be described by icosahedral or cuboctahedral
arrangements of the Au atoms.18,23,73 Larger struc-
tures, like the phosphine-stabilized Au55 cluster, can
be described by a closed packed arrangement of the
Au atoms.53 In the present study the stacking fault
domain structure of the Au(111) surface38 allowed us
to follow the adsorption of PPh3 on both fcc and hcp
Au regions. The bulk-like fcc regions favor the self-
assembly of PPh3 molecules, while formation of meta-
stable Au structures occurs exclusively in hcp areas.
In other words, our data suggest that bulk-like fcc Au
would be less effective for ligand exchange reactions,
as PPh3 is relatively stable on these sites due to the
formation of thermodynamically stable SAMs. As pre-
viously mentioned, our data also demonstrate that the
metastable Au structures nucleating in the hcp do-
mains of the surface are effectively stabilized by ad-
sorbed PPh3 molecules. The STM images in Figure 4
indicate that the Au islands remain intact despite (i) the
high anneal temperature and (ii) the presence of bare

channels on the surface, which could act as diffusion
pathways for ejected Au atoms to join step edges. The
observation that Au islands exist even at high tem-
peratures is attributed to capping of the perimeter of
the islands by the PPh3 molecules, as the top facets
always appear free of molecules.

CONCLUSIONS

Here we have examined the behavior of PPh3 on
Au(111) after a variety of annealing treatments using
STM. Our UHV experimental approach offers a rela-
tively straightforward, accurate, and highly reproduci-
ble sample preparation method, leading to a better
understanding of the monolayer structure of PPh3,
unknown up to now. Our results reveal the complex
self-assembly behavior of PPh3, a common ligand in
organic, organometallic, and metal nanoparticle synthe-
sis on Au(111). In contrast to other popular capping
agents such as thiols, the surface chemistry of this
important species has to date gone almost completely
unexamined.29�32 We find that PPh3 adsorption per-
turbs the Au(111) surface's native herringbone recon-
struction but stops short of etch pit formation
commonly seen with thiol SAMs on Au. The packing
was highly ordered, and high-resolution STM imaging
shows submolecular resolution indicating that, in the
most common packing arrangement, the molecules
are upright and all three phenyl groups are imaged
with the same intensity. This result supports the cur-
rent view that binding to the surface occurs via the P
atom lone pair, leading to very symmetric adsorption
geometry. The dense packing of the molecular layer is
evidenced by the trapping of Au atoms resulting from
molecule-induced lifting of the Au surface's recon-
struction. These ejected Au atoms coalesce into small
islands that are stabilized by PPh3 and are present even
after annealing towell above room temperature. These
results indicate the effect of PPh3's intermediate bind-
ing strength in restructuring the Au substrate and
reveal that the packing structure is in fact highly
ordered, thermally stable, and rather dense. This study
should serve as a useful guide for the use of PPh3 in Au
nanoparticle synthesis.

EXPERIMENTAL METHODS
All STM images were acquired at 78 K using a low-temperature

STM built by OmicronNanotechnology. The STM is housed
in an UHV chamber with a base pressure of <5 � 10�11 mbar.
The Au(111) single crystal (MaTeck) was prepared by alter-
nating cycles of Arþ bombardment (1.0 keV, 15 μA) and
annealing to 1000 K. The cleanliness of the crystal was con-
firmed with STM. PPh3 (99%) was purchased from Sigma
Aldrich. The crystalline solid was transferred to a sealed vacuum
tube, which was heated to∼480 K, and the PPh3 was deposited
onto the cold sample via a heated gas line and precision leak
valve. Data were recorded at 78 K with a sample bias range

of �1.0 to þ1.0 V and tunneling current range of 10 to 50 pA.
Annealing treatments at T < 300 K were performed by placing
the cold sample into a room-temperature holder at the side of
the STM chamber for a defined time interval. Annealing
treatments at T > 300 K were performed by resistively heating
the sample in a separate preparation chamber with a base
pressure of <3 � 10�9 mbar. All anneal temperatures are
reported to (20 K accuracy. Herringbone spacing measure-
ments were performed on large-scale images, and the aver-
age separation perpendicular to the soliton wall is reported.
Unit cell measurements were derived from molecularly re-
solved STM images.
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