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Abstract Gold nanoparticles (Au-NPs) were prepared by

a surfactant-free single-phase reduction of hydrogen tetra-

chloroaurate(III) hydrate in the presence of different

organic thiol ligands. Sizes, size distributions, and crys-

tallinity of the Au-NPs were determined by high-resolution

transmission electron microscopy and powder X-ray dif-

fraction, whereas thermogravimetric analysis provided

information on the organic ligand-to-gold ratios as well as

amounts of contaminants. A systematic decrease in size

with increasing conical bulk of the thiolate ligand is

observed but large size distributions and contamination of

the generated Au-NPs prohibit detailed mechanistic stud-

ies. A first-generation Fréchet dendron thiol produced the

smallest and cleanest Au-NPs of the narrowest size

distribution.
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Introduction

Monolayer-protected soluble noble metal nanoparticles

(NPs) have become ubiquitous building blocks for nano-

sized materials and are commercially available as markers

in biochemistry and molecular biology [1–6]. Stable NPs of

noble metals protected by thiolate ligands have been

prepared directly or via replacement of weak sacrificial

ligands such as alkyl amines. Direct synthesis may be

conducted by two-phase [7] and single-phase methods [8,

9] as well as with and without the aid of surfactants. The

average size and size distribution of the obtained NPs

crucially depends on the reaction conditions. In particular,

the gold-to-thiol, gold-to-reducing agent, and gold-to-phase

transfer agent ratios, as well as the addition rate of the

reducing agent and the reaction temperature have been

shown to affect the size and size distributions of the gen-

erated NPs [2, 4, 10–13].

It is generally accepted that the Au3? ions are first

reduced to Au? ions by thiols that are oxidized to disulfides

[14–16]. The generated Au? ions are assumed to form

linear oligomers bridged by thiolate anions and these

oligomers are then reduced by the added reducing agent to

gold NPs. In fact, recent single-crystal structures of thiol-

protected gold NPs show that the crystallized NPs are

passivated by networks of Au? thiolate oligomers and not

by individual thiolate ligands bond directly to the outer

shell atoms of the gold cluster [17, 18]. However, the exact

growth mechanism of the gold clusters, the formation of

the thiolate anions, and the involvement of other compo-

nents of the reaction mixture, such as surfactants, remain

uncertain despite recent advances in knowledge [4, 19, 20].

Also uncertain is whether different thiolate ligands

affect growth of metal NPs differently. It may be expected,

for example, that thiolate ligands of large steric bulk are

more effective in protecting the curved surfaces of the

metal NPs [14]. Linear alkanethiols of different length have

produced gold and other metal NPs of similar core sizes

and size distributions, under both single- and two-phase

conditions, even though the stability of the NPs

increases with increasing length of the alkane chain [21].

Ligands containing aromatic units, such as 4-thiocresol,
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2-naphthalenethiol, and aliphatic thiols that contain phenyl

rings, generated Au-NPs of larger average core sizes

(2–3 nm) and wider size distributions than hexanethiolate-

passivated Au-NPs (1.7 nm) prepared under identical two-

phase conditions [22–25]. Thiophenol, however, generated

much larger Au-NPs of 6.5 nm average core diameter.

Inconclusive results have been reported for Au–NPs

protected by dendritic thiolates and prepared by two-phase

protocols. Phenyl containing Fréchet-type dendron thiols of

different generations were investigated by Kim et al. [26]

and Gopidas et al. [27]. Both reported average gold core

diameters between 2 and 3 nm, independent of the size/

generation of the dendron, but contradictory results

regarding their particle size distributions. A large depen-

dence of the Au core size on the size/generation of the

dendron was observed by Wang et al. [28] who utilized a

weakly binding 4-pyridone unit instead of a strongly

binding thiol. Surprisingly, the core sizes increased with

the sizes/generations of the dendrons and this increase is

reasoned with increasing void space in the center of

spherically packed dendrons.

NPs prepared under surfactant-free single-phase condi-

tions are not contaminated by the ionic phase transfer

agents and surfactants [29, 30] but may contain other ionic

side-products and usually have large size distributions [31].

However, the effect of different ligands on the growth of

Au-NPs may be best studied under surfactant-free single-

phase conditions because the presence of phase transfer

agents and other surfactants is likely to diminish the

influence of thiolate ligands on the particle growth.

Presented herein is a comparative study of different

thiolate ligands (Scheme 1) in the preparation of Au-NPs

by a surfactant-free single-phase method. We have previ-

ously reported that these ligands have no systematic effect

on the size and size distribution of Pd NPs [32] and report

here a distinct effect of the different thiols on the sizes, size

distributions, and purity of Au-NPs prepared by a similar

method. A reduction in size with increasing size/generation

of dendron thiols has also recently been reported by Love

et al. [33] for Au–NPs prepared by a surfactant-free single-

phase method.

Experimental

Materials

All chemicals were used as-received from Sigma Aldrich

Canada (Oakville, ON, Canada) and Strem Chemicals, Inc.

(Newburyport, MA, USA). THF was purified and dried by

a solvent purification system from Innovative Technology

Inc. (Newburyport, MA, USA). 1,3-Bis-benzyloxy-5-bro-

momethyl-benzene was prepared in analogy to a procedure

described earlier [34] and its reaction with thioacetic acid

in the presence of cesium carbonate followed by a treat-

ment with lithium aluminum hydride gave the final product

3,5-bis-benzyloxy-phenyl-methanethiol (Au-G1) as a pale

yellow solid.

General synthesis and purification of the gold NPs

Hydrogen tetrachloroaurate(III) hydrate (0.306 g, 1 mmol)

was dissolved in 15 mL of dry THF and stirred under Ar for

15 min. 2.5 eq. of thiol was added and the mixture was

stirred for another 30 min. 15 mL of Superhydride� solution

(1 M in THF, 15 mmol of lithium triethylborohydride) was

added over 30 min via a syringe pump under Ar. The mixture

was stirred for another 2 h, quenched by the addition of dry

ethanol (30 mL), and refrigerated for 12 h. The precipitated

NPs were filtered off with a 0.2-lm PTFE membrane filter,

washed with ethanol (95%), redissolved in THF (5 mL), and

again precipitated by the addition of ethanol (30 mL). The

final precipitate was collected on a PTFE membrane filter

and dried in vacuum (4 mbar) for 24 h. Yields of dried NPs

based on gold salt were Au–C12 (72%), Au–C2Ph (68%),

Au–iBu (42%), Au–tBu (31%), Au–G1 (89%).

Removal of basic inorganic salts such as Li2CO3 was

achieved by precipitation from acidic THF solutions [31]

but only Au-C12 and Au-C2Ph are stable to these condi-

tions and Au-G1 did not require any removal of salts.

Characterization of NPs

UV–Vis spectroscopy, high-resolution transmission elec-

tron microscopy (HR-TEM), powder X-ray diffraction

(XRD), and thermogravimetric analysis (TG) were per-

formed as described previously [32].

Results and discussion

Synthesis of gold NPs

Reaction conditions and work-up were similar to the one-

phase procedure reported by Yee et al. [9] and were identical

for all reactions. Tetrachloroaurate(III) hydrate was reacted

HS
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HS

HS

O

O

Au-C12
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Scheme 1 Structures of investigated thiols and the names of Au-NPs

derived from them
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with 2.5 eq. of thiol in THF and then reduced by the addition

of lithium triethylborohydride at room temperature under

argon. Fractionation of the obtained NPs was kept to a min-

imum during the work-up. The different thiols were chosen

for their differences in steric bulk with regard to the thiolate

binding site. The conical bulk of the ligands increases as

follows: dodecyl thiol \ ethylphenyl thiol \ isopropyl

thiol \ tert-butyl thiol \ 3,5-dibenzyloxy-benzyl thiol.

Characterization of Au-NPs by UV–Vis spectroscopy,

TEM, and XRD

UV–Vis spectroscopy of the reaction solutions provided

the first evidence of differences in particle sizes (Fig. 1).

The most intense surface plasmon absorption peaks were

obtained for Au-C12 and Au-C2Ph at about

kmax = 525 nm, a typical value for gold NPs in the 2–5 nm

size range [10]. Peak shapes broadened and maxima shifted

to lower wavelengths for Au-iBu (kmax 508 nm) and

Au-tBu (kmax 513 nm), an indication of decreasing size of

the gold cores. Au-G1 did not display an observable

maximum for the surface plasmon band, which suggests a

core diameter below 2 nm. New absorption peaks that have

been reported for rather monodisperse Au-NPs of core

diameters below 2 nm [35] are not resolved for Au-G1

probably due to its larger polydispersity.

HR-TEM images of the Au NP samples confirmed dif-

ferent average sizes and size distributions (Fig. 2). Particles

of the largest average core size were obtained for Au-C12

(average = 3.6 nm; size range 1.9–5.0 nm) followed by

Au-C2Ph (2.9 nm; 0.8–5.5 nm), Au-tBu (2.1 nm; 0.8–

6.0 nm), Au-iBu (2.1 nm; 0.8–3.5 nm), and Au-G1 (1.1 nm;

0.8–2.5 nm and 4.5–5.5 nm (about 2%)). Single-modal

distributions were obtained for NPs Au-C12, whereas multi-

modal size distributions were obtained for Au-C2Ph,

Au-tBu, and Au-G1. Au-C2Ph has a trimodal distribution

with maxima at 1.4, 2.4, and 4.5 nm, whereas Au-tBu and

Au-G1 have bimodal distributions with maxima at 1.4 and

3.4 nm as well as 1.0 and 5.0 nm, respectively.

Au-tBu and Au-iBu were initially soluble in the reaction

mixture but became less soluble with time and as isolated

solids. This was no surprise since short chain thiols have

previously been reported to provide insufficient long-term

protection against coagulation [21]. However, we are

confident that the observed size distributions have not been

altered by the lower stability because a similar size dis-

tribution is obtained for Au-tBu NPs that were stabilized by

in situ ligand exchange with octadecanethiol, a method we

have applied previously [32].
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Fig. 1 Absorption spectra of as prepared Au-NPs in THF solution

(different concentrations). Surface plasmon absorption maxima

(kmax 505–525 nm) were observable for the larger particles Au-C12,

Au-C2Ph, Au-iBu (broad), and Au-tBu (very broad) but not for Au-G1
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Fig. 2 (Top) TEMs of drop-

cast films of gold NPs; from left
to right Au-C12, Au-C2Ph,

Au-iBu, Au-tBu, and Au-G1;

scale bar = 10 nm for all. Their

respective size distributions

(bottom) based on at least 150

clearly separated NPs per

sample (about three to eight

images)
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Powder XRD patterns of the NPs confirmed a crystal-

line, FCC-like packing of the gold atoms in all NPs but

Au-G1 (Fig. 3). The only diffraction peaks observed for

Au-G1 were a small-angle peak at 2h = 4.1 and a very

broad wide-angle peak at 2h = 38.05 that may be the

remnant of the (111) reflection of the gold core. The former

peak might be assigned to the periodic packing of NPs with

a center-to-center distance of 2.6 nm (110 of bcc or 111 of

fcc packing) [13, 36]. An inter-particle distance of 2.6 nm

would agree with the determined average core diameter of

1.1 nm and a dendron length of about 1.2 nm if partial

interpenetration of the organic layers is assumed [37]. The

virtual disappearance of the gold core diffraction peaks is

expected for very small NPs and/or NPs with an amorphous

core structure.

An increased broadening of the wide-angle diffraction

peaks is observed in the order Au-C12 \ Au-C2Ph \
Au-iBu \ Au-tBu, which qualitatively agrees with

decreasing core sizes [11]. The large size distributions of

the prepared Au-NPs, however, prohibit a detailed analysis

because differences in crystal structures are expected for

NPs in the 0.8–5 nm range [38].

TG–MS analysis of Au–NPs

TG measurements are employed to study the purity and

gold-to-ligand ratio of the Au-NPs. Compounds Au-C12

and Au-C2Ph have been described previously and it was

established that additional weight losses may occur at

873 K due to loss of CO2 of carbonate salt contaminants

and above 973 K due to oxidized sulfur species and ionic

contaminants [31]. Both NPs could be purified by wash-

ing them with dilute acids to verify the presence of

contaminants and confirm the thiolate ligand-to-gold ratios.

However, only crude NPs are compared here to avoid any

changes to the initial sizes of NPs and because NPs Au-iBu

and Au-tBu are not stable to the purification steps.

Compound Au-G1 does not show weight loss steps

above 773 K, whereas Au-tBu loses 3% of its weight in a

step between 833 and 873 K but no further loss occurred

above 873 K (Fig. 4). Significant weight loss steps above

973 K are observed for Au-C12, Au-C2Ph, and Au-iBu

(8, 41, and 7% of their total weight, respectively) and are

due to contaminants. It is uncertain why Au-C2Ph contains

such a large amount of contaminants but it is unlikely

caused by a more disordered packing of the ligands or the

presence of a phenyl group because Au-iBu and Au-tBu

and/or Au-G1 should be similarly affected.

Significant differences are also observed in the tem-

perature range of the loss of organic components below

773 K. Compounds Au-C12 and Au-G1 display two dis-

tinct steps, a first small loss between 373–443 (0.5%) and

323–423 K (1.5%), respectively, and the main loss of the

ligands at on-set temperatures of 463 and 453 K, respec-

tively. Compounds Au-C2Ph and Au-iBu lose their organic

content over a wide temperature range starting at about

323 K. Both lose about 2% of their weight up to 453 K,

which is the on-set temperature for a steep loss of all the

remaining organic content in one step. Only one distinct

organic weight loss event is observed for Au-tBu but at a

low on-set temperature of 363 K.

Occurrence of a weight loss step requires not only

desorption of the ligands, but also their evaporation.

Thermal desorption of the thiolate ligands under He will
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Fig. 3 Wide-angle diffraction data (transmission mode) of Au NP

powders in Lindemann capillaries. Presented here are the uncorrected

data but the diffraction patterns are vertically offset for clarity. Peak

assignment is based on an FCC structure
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produce disulfides and may occur below 373 K but only the

ligands of Au-iBu and Au-tBu form disulfides that are

sufficiently volatile to cause a significant weight loss below

373 K. Weight losses below 373 K in compounds Au-C12,

Au-C2Ph, and Au-G1 are likely caused by the evaporation

of small amounts of solvent that remained in the vacuum-

dried samples because their disulfides formed by desorp-

tion neither evaporate at sufficient rates nor decompose at

these temperatures.

The average total number of Au atoms and the per-

centages of Au atoms at the surfaces of the NPs are esti-

mated following a method proposed by Heath and Gelbart

[11]. Radii of the gold cores are derived from the average

diameters determined by TEM. The number of thiolate

molecules per average NP is calculated based on the

average total number of Au atoms per NP, the molecular

weights of Au and the thiolates, as well as the percentage

weight content of thiolates corrected for content of inor-

ganic contaminants as determined by TG (Table 1).

Surface gold-to-thiolate ratios of Au-C12 and Au-C2Ph

calculate to 2.5 and 2.4, respectively, and are consistent

with values that have been reported for alkanethiolate-

protected Au-NPs of similar size [10]. Larger ratios are

obtained for Au-G1 (2.8), Au-tBu (2.9), and Au-iBu (3.8).

Most of the reported ratios for Au-NPs protected with

linear alkanethiolates are between 1.5 and 2.6 and a surface

gold-to-thiolate ratio of 3 is found in self-assembled

monolayers on two-dimensional gold (111) surfaces [10].

This difference between 2D and 3D monolayers of thiol-

ates has been reasoned with thiolates that might bond to

only 2 or 1 Au atoms at edges and corners of the polyhedra,

respectively [21]. Thus, decreasing ratios are expected for

decreasing particle sizes as their ratio of edge/corner-to-

facet gold atoms increases [10] but the opposite change is

observed here for the smaller NPs Au-G1, Au-tBu, and

Au-iBu.

The observed increase in the surface gold-to-thiolate

ratio may be explained with an increase in steric bulk for a

change from n-alkanethiolate to branched alkanethiolate or

dendron thiolate ligands that prevent the thiolate groups

from packing closely at the Au surface [14, 27]. The cal-

culated surface gold-to-thiolate ratios for Au-G1 and

Au-tBu compare reasonably well with reported structures

such as Au55(PPh3)12Cl6 [39]. However, the unusually

large ratio obtained for Au-iBu is likely an artifact caused

by insufficient stability of Au-iBu. TG measurements are

performed on dried powders that may contain fused NPs,

whereas size distributions only include soluble as-prepared

NPs transferred onto TEM grids.

Despite these experimental imperfections, a clear

decrease in size of the NPs with increasing bulk of the

ligand is observed and the question arises what causes the

differences in particle sizes. A reduction in size is expected

due to differences in thermodynamic stability because

smaller NPs have a higher curvature and should preferen-

tially accommodate thiolates of more conical bulk.

However, differences in thermodynamic stability are unli-

kely the reason for the observed size effect because a

thermodynamically controlled growth should produce

narrower size distributions and Pd NPs prepared with the

same ligands using a similar procedure did not show a

correlation between conical bulk and particle size but much

narrower size distributions [32]. The absence of an effect

on Pd NPs also disfavors differences in growth kinetics of

the NPs as a plausible reason. A growing metal nucleus

containing bulkier ligands may be expected to be more

effectively shielded from approaching metal atoms and

clusters.

An important difference between the formation pro-

cesses of Au-NPs and Pd NPs in the presence of organic

thiols is the intermediate formation of Au(I) thiolate oligo/

polymers [15, 16]. Recent studies on single crystals even

Table 1 Calculated values of surface gold-to-thiolate ratios derived from the average core size and organic ligand content determined by TEM

and TG, respectively

Au NP Average diameter/nm Content of SRa/wt% Au(total)
b %Au(surf.)

b SR/NPc Au(surf.)/SRd

Au-C12 3.6 12.4e 1437 34.6 199 2.5

Au-C2Ph 2.9 10.9 751 41.6 132 2.4

Au-iBu 2.1 5.9 285 53.8 40 3.8

Au-tBu 2.1 7.8 285 53.8 53 2.9

Au-G1 1.1 32.9e 41 81.7 12 2.8

a Content of thiolate groups based on TG in wt% regarding the total weight minus the content of inorganic contaminants
b Average total number of gold atoms per NP and % of gold atoms at surface sites calculated by Heath’s and Gelbart’s method based on average

core diameters derived from TEM
c Average number of thiolate molecules per NP calculated from the weight loss in TG and Au(total)

d Ratio between calculated average number of gold atoms at the surface and thiolate molecules per NP
e This value was also corrected for the small content of solvent that evaporated below 373 K
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suggest that these polymers can actually form the protec-

tive layer around clusters of reduced Au atoms [17, 18].

Our hypothesis is that the structure of the formed Au(I)

thiolate oligo/polymers is affected by the differences in

conical bulk of the thiolate ligands and that these structural

changes influence the growth of the Au-NPs. It is worth-

while mentioning here that we did not observe a systematic

size effect for higher initial contents of thiol ligands (3.5

and 4.5 eq.), although NPs Au-G1 were consistently the

smallest.

Conclusions

Thiols of increasing conical bulk generate smaller Au-NPs

if prepared by the given surfactant-free single-phase

method. A size control due to differences in the thermo-

dynamic stabilities or growth kinetics of the NPs is unli-

kely because no such effect was observed for Pd NPs

prepared under similar conditions. Similarly unlikely is that

the observed contaminants influence the size of the NPs

since no systematic dependence of the sizes on the content

of contaminants was found. We propose that the interme-

diate formation of Au(I) thiolate oligo/polymers is affected

by the bulk of the ligands and causes differences in cluster

growth. However, more detailed experimental studies are

required for elucidating the growth mechanism and the

underlying reasons for the observed size effect.
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