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ABSTRACT 

 

This study examined the solution-phase exchange reactions of triphenylphosphine (PPh3) ligands 

on Au8L7
2+ (L = PPh3) gold clusters with three different tolyl ligands using electrospray ionization 

mass spectrometry to provide insight into how steric differences in the phosphines influence the 

extent of ligand exchange and the stability of the resulting mixed-phosphine clusters. The size 

distributions of tolyl-exchanged gold clusters were found to depend on the position of the methyl 

group in the tri(tolyl)phosphine ligands (-ortho, -meta, and -para). Due to different sterics, the 

tri(m-tolyl)phosphine (TMTP) and tri(p-tolyl)phosphine (TPTP) ligands exchanged efficiently 

onto the Au8L7
2+ (L = PPh3) clusters while the tri(o-tolyl)phosphine ligands did not exchange. In 

addition, while TPTP fully exchanged with all seven PPh3 on the Au8L7
2+ cluster, TMTP 

exchanged with only six PPh3 ligands. Employing collision-induced dissociation, the tolyl-

exchanged mixed-ligand clusters were demonstrated to fragment through loss of neutral ligands 

and AuL2
+. Comparison of the relative fragmentation yields of PPh3 vs. TMTP and TPTP from the 

mixed-ligand clusters indicated that these tolyl ligands are more strongly bonded to the Au8
2+ gold 

core than PPh3. To provide molecular-level insight into the experimental results we also 

performed complementary electronic structure calculations using density functional theory at the 

B3LYP-D3/SDD level of theory on representative model systems. These computations revealed 

that steric interactions of the CH3 group on the tri(o-tolyl)phosphine ligand are responsible for the 

lack of ligand exchange in solution with PPh3. Our joint experimental and theoretical findings 

demonstrate the subtle interplay of steric and electronic factors that determine the size 

distribution, stability, and dissociation pathways of phosphine ligated gold clusters.  
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INTRODUCTION 

Nanoparticles (NPs) and sub-nanometer clusters exhibit novel properties that differ from the bulk 

making them potentially highly-tunable materials for advanced technological applications. In 

particular, their potential for applications in catalysis,1-3 solar energy conversion,4-6 nanoscale 

electronics,7 and biomedicine8-9 is of great interest. For example, it has been shown that the 

catalytic activity of gold NPs is related to their size.10 Specifically, the activity diminishes as the 

particle size exceeds a diameter of 10 nm,11-14 demonstrating that size-selected NPs and sub-

nanometer clusters play an essential role in catalysis.15-17 As an adjunct to experiments, many 

theoretical studies of the catalytic properties of metal nanoclusters have been performed over the 

past two decades,18-24 revealing structure-reactivity relationships in the adsorption and activation 

of key molecules. 

Experimentally, NPs and clusters may be prepared with high purity by electron sputtering and 

evaporation techniques.25 A viable alternative approach to prepare NPs and clusters involves 

solution-based reduction of metal salts in the presence of organic ligands. Since such particles 

have great potential as catalysts and their properties may change substantially with the addition or 

removal of a single metal atom, it is important to develop synthetic methodologies that are 

simultaneously controllable, scalable, and reproducible. Therefore, the choice of ligand in 

solution-based cluster synthesis is crucial to develop an effective catalyst with desired activity, 

selectivity, and durability. Furthermore, it has been shown both theoretically20,21, 26-27 and 

experimentally28-32 that the use of different ligands during synthesis in solution is central to 

tailoring the size and properties of the resulting clusters. Ligands such as thiols33-34 and 

phosphines35-37 may be used to direct cluster growth to particular sizes and preserve the cluster 

distribution formed initially in solution. It follows that in order to develop a comprehensive 

method for synthesizing clusters with predetermined properties, it is necessary to understand the 

factors that influence the size and stability of these highly sought-after materials.38 

 Experimentally determining the stability of nanoclusters toward fragmentation of their 

gold cores and ligand dissociation illuminates the thermodynamics of cluster formation processes 

in solution and indicates potential applications for clusters of a certain size. While theoretical 

studies of ligation effects on cluster formation and stability are available in the literature,39-41 

experimental evidence is less readily accessible.32, 37, 42 43-44 Such experimentally-determined 

kinetic and thermodynamic parameters are useful for benchmarking the results of high-level 

theoretical structural calculations and the approximations used therein.45 

 The interactions between organic ligands and metal cores are particularly important in 

determining the structure and stability of metal nanoclusters.46 Since the 1970s, phosphine ligands 
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have been employed to control the size of gold nanoclusters during synthesis.47-49 The size 

distribution and structures of clusters synthesized using various phosphines have been the subject 

of ongoing research50-53 as phosphines may either partially donate charge to the gold core or 

localize charge within surface gold-phosphine bonds.39, 54-55 Recent research has focused on 

understanding the effect of differently-substituted phosphine ligands on cluster synthesis38 in an 

effort to determine synthetic procedures and specific ligands that may be useful in the 

development of a scalable synthetic method for size-selected gold clusters with precisely-defined 

properties. In this regard, studies have employed mass spectrometry to characterize the 

fragmentation, stability, and reactivity of gold clusters synthesized with various ligands.30, 32, 43, 56-

63 Because gold clusters have been successfully studied using both theoretical and experimental 

methods,64-66 we expect that the combined approach used herein will enable a clearer 

understanding of the experimental results. For example, a previous experimental and 

computational study examined the catalytic activity of Au3 nanoclusters in organometallic 

synthesis.65, 67 In addition to demonstrating the importance of gas-phase ion chemistry to 

understanding catalytic processes, this previous study highlighted the importance of the type of 

ligand on these clusters in affecting catalytic activity. Another theoretical64 work examined ligand 

effects on the electronic structure of M3L3
+ nanoclusters (M = Cu, Ag, Au; L = CO). They 

concluded that CO binding increased the aromaticity of the gold core on the Au3L3
+ clusters. In 

addition, they found that electrostatic contributions to the M-L bond are more prominent than 

their covalent counterpart. 

 In this contribution, we describe the influence of steric changes to phosphines ligands on the 

extent of ligand exchange reactions, final cluster size distributions, and cluster stability by systematically 

exchanging three different tri(tolyl)phosphine ligands onto preformed gold clusters ligated with PPh3. The 

tri(tolyl)phosphine ligands with methyl groups located at the meta and para positions of the phenyl rings 

are shown to readily exchange with PPh3 ligands on the preformed gold clusters. In comparison, the 

tri(ortho-tolyl)phosphine ligands do not exchange onto the nascent cluster distribution leaving the PPh3-

ligated clusters intact. Of the different size species in the cluster distribution, the Au8L7
2+ clusters were 

most abundant and, therefore, were selected for further study by collision-induced dissociation. In 

general, the mixed-ligand clusters containing both PPh3 and tri(tolyl)phosphine ligands were found to 

dissociate through loss of PPh3, suggesting that the tri(tolyl)phosphine ligands interact more strongly with 

the gold cores than PPh3. To examine in greater detail the factors affecting the electronic structure of 

these clusters we also performed quantum mechanical computations using a representative gold-ligand 

complex, AuL+, and three-atom gold cluster with its corresponding ligands, Au3L3
+, where L = PPh3, 

TOTP, TMTP and TPTP. Collectively, our joint experimental and theoretical findings show that 
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functional groups located beyond the primary phosphine coordinating centers of the ligands influence 

cluster size and stability through both electronic and steric factors. 

EXPERIMENTAL METHODS 

Cluster Synthesis 

All chemicals were used without further purification. The chloro(triphenylphosphine)gold(I) 

(99.9%, AuPPh3Cl, CAS: 14243-64-2) and chloro[tri(o-tolyl)phosphine)gold(I) (95%, 

Au(TOTP)Cl, CAS: 83076-07-7) precursors and borane tert-butylamine (97%, BTBA, CAS: 

7337-45-3) reducing agent were purchased from Sigma-Aldrich (St. Louis, MO), and methanol 

(99.8%, CAS: 67-56-1) was obtained from Fisher Scientific (Hampton, NH). The 

triphenylphosphine (99%, PPh3, CAS: 603-35-0), tri(p-tolyl)phosphine (TPTP, CAS: 1038-95-5), 

and tri(o-tolyl)phosphine (TOTP, CAS: 6163-58-2) ligands were also obtained from Sigma 

Aldrich. The tri(m-tolyl)phosphine (TMTP, CAS: 6224-63-1) ligand was obtained from Acros 

Organics (Tokyo, Japan). 

 The batch synthesis of monodentate phosphine-ligated gold clusters followed procedures 

previously reported in the literature.42, 68 Briefly, the AuPPh3Cl gold precursor was dissolved in 

methanol to prepare a 500 µM stock solution. The BTBA reducing agent was dissolved in 

methanol to prepare a 50 mM stock solution. Note that the ligand stock solutions (1 mM in Ar-

purged methanol) were prepared daily to avoid degradation and oxidation that occurs with 

prolonged exposure to air. The gold (AuPPh3Cl or Au(TOTP)Cl) precursor and BTBA stock 

solutions were combined in a 1.5 mL plastic microcentrifuge tube with methanol to prepare a 0.1 

mM gold precursor and 5 mM reducing agent solution, which was mixed for 1–2 min on a 

vortexer to initiate formation of the PPh3-ligated gold clusters [i.e., (Au6L6Cl2), (Au7L6Cl2), 

(Au8L7Cl2), (Au9L7Cl2) and (Au9L8Cl2)]. To initiate ligand exchange, one of three tolyl-ligand 

solutions was added to the fresh PPh3-ligated gold cluster solution and mixed. Following mixing, 

the solutions were immediately analyzed by electrospray ionization mass spectrometry (ESI-MS) 

in the positive ion mode. 

Mass Spectrometry 

ESI-MS spectra were obtained using a Bruker HCT Ultra ion trap instrument (Bruker Daltonics, 

Bremen, Germany). The HCT Ultra instrument was operated in a mass range of m/z = 200 – 3000. 

In positive ion mode the source conditions employed were as follows: capillary voltage of 3200 

V, drying gas (N2) flow rate of 5 L min-1, and drying gas temperature of 200 ºC. In order to avoid 

the possibility of tolyl ligand cross contamination between experiments the commercial 
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electrospray lines and nebulizer unit were not used. Instead, homemade electrospray lines (150 

µm outer diameter / 50 µm inner diameter, Polymicro Technologies) were used as ESI emitters 

along with cleaned glass syringes (500 µL Hamilton) for each different tri(tolyl)phosphine ligand. 

Typical settings for the ion optics were as follows: skimmer, 75 V; capillary exit, 95 V; Oct 1, DC 

16 V; Oct 2, DC 0 V; trap drive, 150; Oct RF, 50 Vp-p; lens 1, 14 V; and lens 2, 32 V. Tandem 

mass spectrometry (MS/MS) experiments were performed with the HCT Ultra instrument using a 

primary ion isolation window of m/z = 4 and helium as the collision gas in the auto MSn 

configuration with the default mass cutoff of 27%. The total ion abundance was similar between 

different spectra. The potential gradient in the high-pressure source region of the instrument was 

minimized and the temperature of the heated capillary was lowered to avoid collisional 

fragmentation or thermal degradation of the nascent ions from solution. Molecular formulas of the 

clusters were assigned on the basis of m/z, the charge-state dependent separation of individual 

peaks making up each peak envelope, and the overall match of the isotopic distributions with 

those calculated using a molecular weight calculator program (see 

https://omics.pnl.gov/software/molecular-weight-calculator). 

Theoretical Methods 

Quantum mechanical computations were performed using the Gaussian 09 suite of programs.69 The 

density functional theory (DFT) method based on Becke’s three-parameter functional with the Lee, Yang, 

and Parr correlation70-72 with empirical dispersion (B3LYP-D3) in combination with the SDD73 basis set 

were employed for ground-state geometry optimizations. Frequency calculations performed on the 

optimized geometries of all the complexes and the three-atom gold clusters confirmed that each structure 

was a local minimum. In addition, we performed a natural bond orbital (NBO) analysis74
 on all of the 

optimized structures in order to investigate non-bonding interactions.  

RESULTS AND DISCUSSION 

A graphical representation of the ligand exchange process for a representative three-atom gold 

cluster containing three ligands is shown in Scheme 1. The three numbers in parentheses are used 

to specify the number of gold atoms, PPh3 ligands, and exchanged tri(tolyl)phosphine ligands, 

respectively. The charge state of the clusters is shown as a superscript on the upper right of the 

parentheses. A gold cluster containing three native PPh3 ligands without any exchange, which in 

our nomenclature is (3,3,0)+, is presented in the top left corner of Scheme 1. Moving 

counterclockwise, the product of the first ligand exchange is (3,2,1)+, where one of the PPh3 

ligands has been exchanged for a TPTP ligand. Next, a second exchange of PPh3 with TPTP 
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results in the formation of the (3,1,2)+ cluster in the lower right corner. Finally, the (3,0,3)+ 

cluster, which represents complete exchange of all PPh3 ligands with TPTP, is shown in the top 

right corner of Scheme 1. Each ligand-exchanged cluster gives rise to a distinct pattern of peaks 

in the mass spectrum of the cluster solution. For the representative example shown in Scheme 1, 

four peaks 42 m/z apart from each other are expected in the mass spectrum. For a doubly charged 

cluster, the peak separation due to the additional CH3 groups of the tri(tolyl)phosphine ligands 

(three per exchanged ligand in place of the original hydrogen atoms) will be 21 mass units 

because of the second charge. 

To explore the influence of differently substituted phosphine ligands on the nascent size 

distribution and fragmentation behavior of Au8L7
2+ (L = PPh3) clusters the position of the methyl 

group in the exchanged tri(tolyl)phosphine ligands was systematically varied (-ortho, -meta, -

para) and the resultant effects on cluster size, charge distribution, and fragmentation were 

characterized by ESI-MS. Full range mass spectra obtained from these experiments are available 

as supplementary information in Figure S1. A representative mass spectrum (1200 to 2200 m/z) of 

the preformed PPh3-ligated gold nanoclusters is presented in Figure 1a. Several clusters were 

observed ranging in size from six to nine gold atoms, with clusters containing eight gold atoms 

exhibiting the highest abundance. No new peaks were observed in the mass spectrum when TOTP 

was introduced for ligand exchange (Figure 1(b)). Notably, ligand exchange with gold 

nanoclusters preformed with PPh3 occurred only for TMTP and TPTP ligands (Figures 1(c)–(d)). 

As a consequence of ligand exchange reactions, seven new peaks corresponding to different m/z 

were observed in Figure 1(c)-(d). The remaining high abundance of the (8,7,0)2+ cluster suggests 

that while tolyl ligands may have the ability to stabilize clusters electronically, steric hindrance 

may limit the total number of ligands that bind to the gold core. Closer examination of Figure 1(b) 

reveals that the abundance of the PPh3-ligated gold nanoclusters was lower than the precursor 

solution in Figure 1(a). To gain a better understanding of this phenomenon we performed time-

dependent experiments over the course of 48 hrs on the PPh3/TOTP ligand exchange synthesis 

shown in Figure 1(b) (Figure S2). The abundance of the cluster peaks was lower due to (major) 

ligand oxidation (279, 352 m/z) after 48 hrs. We also ligand exchanged PPh3 onto preformed 

TMTP ligated clusters (Figure S3). In this case, no change in the size, abundance, or distribution 

of the TMTP-ligated clusters was evident over a 24 hr period, suggesting that these clusters are 

stable once they are formed. 

In order to better understand the experimental findings, an NBO steric analysis74 was performed on  

representative AuL+ complex and Au3L3
+ cluster geometries optimized using DFT. A plot of the total 

interaction energies calculated for all four AuL+ complexes is provided in Figure 2. The TOTP ligand in 
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the AuL+ complex generates the largest steric interaction of all the tri(tolyl)phosphine ligands. Although 

different types of interactions are associated with these gold-ligand complexes, the steric interactions of 

the ligands with the gold atoms appear to play a substantial role in determining whether or not ligand 

exchange is energetically favorable. Indeed, all complexes show strong steric interactions between gold 

atoms and ligands of the type σ(P-C) � σ(Au-P) and σ(C-C) � σ(Au-P). Moreover, for the complex containing 

TOTP, there is an additional interaction (σ(C-H) � σ(Au-P), insert Figure 2a) caused by the close proximity 

of the CH3 group to gold atom. As expected, the CH3 group in the ortho position of the ligand creates an 

additional steric interaction compared to the meta and para positions. To explore the electronic effect of 

the CH3 group on the phosphine ligand, NBO charges on the phosphorus and gold atoms were calculated. 

Although the charges are different for all the complexes (Figure S4), the σ(Au-P) bond distances within 

Au(PPh3)
+, Au(TPTP)+, and Au(TMTP)+ complexes are unaffected, as evidenced by their respective 

distances of 2.364, 2.364, and 2.366 Å. In contrast, the Au(TOTP)+ complex has a σ(Au-P) bond distance of 

2.380 Å. This confirms that the steric effects of the o-tolyl group play a key role on the structure of these 

complexes. Moreover, the σ(C-H) � π(C-C) (insert Fig. 2b) steric interaction is present only in the Au-TOTP 

complex. We postulated that the steric interactions shown in Figure 2 increase as the number of gold 

atoms in the cluster core increases. Moreover, we hypothesized that the principal reason that the TOTP 

ligand does not participate in ligand exchange reactions is because of the σ(C-H) bond interacting with the 

gold cluster. To test this hypothesis, representative three-atom gold clusters containing three ligands, 

Au3L3
+, where L is PPh3, TPTP, TMTP or TOTP, were optimized at the B3LYP-D3/SDD level of theory 

and an NBO analysis was performed. The gold cluster structures with the PPh3, TPTP, TMTP and TOTP 

ligands are shown in Figure S5. The corresponding average steric interaction energies between each of 

the ligands and the gold core are calculated to be 130, 128, and 139 kJ mol-1 for PPh3, TPTP, and TMTP, 

respectively (Table S1). In comparison, the average steric interaction energy of the cluster containing the 

TOTP ligand, shown in Figure 3, is 159 kJ mol-1. This trend in the steric interaction energies is similar to 

the one observed for the AuL+ complexes where the TOTP ligand has the highest steric energy relative to 

PPh3, TPTP, and TMTP (see Figure 2a). As predicted, these representative Au3L3
+ clusters exhibit the 

same types of interactions as the AuL+ complexes. In addition, a new type of interaction emerges (σ(C-H) 

� σ(Au-Au)) following formation of the gold-gold bond, which is shown as a contour plot in Figure 3a. 

Similar to the AuTOTP complex, the tolyl-CH3 also results in a ligand-ligand steric interaction in the 

Au3L3
+ cluster. A contour plot of the σ(C-H) � π(C-C) interaction is shown in Figure 3b. This particular 

interaction is present in all of the tolyl-substituted clusters investigated herein. As the ligands enter into 

close proximity, another interaction that arises is the σ(C-H) � σ(C-H) of the tolyl groups. This interaction is 

the largest in the Au3(TMTP)3
+ cluster and the least in Au3(TOTP)3

+. As shown in Table S1, the average 

steric energy for the tolyl-substituted gold clusters is 31, 40, and 36 kJ mol-1 for the Au3(TOTP)3
+, 
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Au3(TMTP)3
+, and Au3(TPTP)3

+ clusters, respectively. The primary reason for this is the meta position of 

the CH3-tolyl group which maximizes σ(C-H)� σ(C-H) interactions. As expected, the Au3(PPh3)3
+ cluster has 

the lowest ligand-ligand steric interaction energy, with an average value of 28 kJ mol-1. Another important 

observation is that the gold-gold bond of all three sides of the Au3(TOTP)3
+ cluster are within 0.01 Å of 

each other whereas the other TMTP and TPTP clusters have two identical sides and one that is shorter (by 

0.04 Å). This structural difference is evident in the ligand-ligand interaction. In Table 1, the average L1 

� L3 steric energy is around 8 kJ mol-1 for PPh3, TMTP, and TPTP and 28 kJ mol-1 for TOTP. In 

contrast, the interactions between L1 � L2 and L2 � L3 are substantially larger. Meanwhile, the TOTP 

ligands have similar energy values for all three ligand-ligand interactions. Despite these values the ligand-

ligand interaction energies of these clusters are four times smaller than the interactions between the 

ligands and the Au3 core. Therefore, based on these results, we hypothesized that the interaction between 

the ligand and the gold core is the predominant one that has to be overcome during ligand exchange 

reactions. Furthermore, since our theoretical analysis shows that the TOTP ligand has the highest ligand-

gold interaction, we conclude that ligand exchange between PPh3 and TOTP ligands is the least favorable 

of the tolyl-phosphines reported herein. To provide evidence supporting this statement we performed 

additional time-dependent experiments where the alternate Au(TOTP)Cl gold precursor complex was 

reacted with BTBA instead of Au(PPh3)Cl in an attempt to form clusters without PPh3. This attempted 

synthesis resulted in the formation of only AuL2
+ (L = TOTP) for the sterically hindered TOTP ligand 

(Figure S6). These experimental (Figure 1, Figure S6) and theoretical (Figure 3, Table 1) findings 

suggest that steric interactions in tolyl-phosphine ligated gold clusters largely govern their structures and 

size distributions. 

Although (8,7,0)2+ is relatively abundant in all of the cluster syntheses, it undergoes ligand 

exchange reactions with only the meta- and para-substituted tri(tolyl)phosphine ligands 

investigated herein. Due to steric hindrance, the ortho-substituted tolyl ligand does not participate 

in ligand exchange reactions on this cluster. Therefore, due to their large abundance and reactivity 

toward ligand exchange the (8,x,y)2+ gold clusters were selected for energy-dependent 

fragmentation experiments. Specifically, the clusters were mass selected for collision-induced 

dissociation (CID) experiments to observe their relative stability toward fragmentation in the gas 

phase. MS2 experiments were also performed in which the amplitude of excitation was 

systematically varied, resulting in twenty one individual CID experiments. After varying the 

amplitude of excitation in each experiment, the abundance of each fragment ion was used to 

calculate the percent fragmentation at amplitudes corresponding to 40–60% of the parent ion 

fragmentation. 
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A plot of the percent parent ion fragmentation and product ion yield versus the amplitude of 

excitation for (8,7)2+ is shown in Figure 4. Five major product ion peaks were produced as a 

consequence of the CID experiments, corresponding to eight- and seven-atom gold clusters, as 

well as a one-gold atom two-ligand complex. The loss of one PPh3 ligand to produce (8,6)2+ is 

plotted as the open circles in Figure 4. Notably, there was a ~4% product ion yield at an 

excitation amplitude of only 0.1, which remained constant until an amplitude of 0.6 was reached. 

This may be due to some residual in-source fragmentation. At amplitudes higher than 0.6, the 

product ion percentage of (8,6)2+ increased and reached a maximum of 20% at 0.8 amplitude. For 

all of the other product clusters and the one-gold atom complex, fragmentation began at an 

excitation amplitude of 0.6. After removal of two ligands the (8,7)2+ clusters lost a gold atom and 

an additional ligand in an asymmetric fragmentation process giving rise to (7,4)+ (dashed line, 

Figure 4). Simultaneously, a (7,3)+ product ion appeared, which corresponds to the loss of a gold 

atom and four ligands (solid line, Figure 4), likely through a secondary fragmentation pathway, 

while also giving rise to (1,2)+ (solid line/solid triangles, Figure 4). At 33.8%, the Au(PPh3)2
+ 

product ion complex had the highest abundance of any fragmentation product at high excitation 

amplitudes. Notably, these CID results confirm the relatively high stability of the eight- and 

seven-atom gold clusters. In order to investigate the effect of ligand exchange on the stability of 

these clusters, these results for PPh3-ligated (8,7)2+ were compared with those of CID experiments 

on mixed-phosphine clusters containing tolyl groups. As noted above, TOTP does not participate 

in ligand exchange reactions so only clusters containing TMTP and TPTP ligands were analyzed 

by CID. First, we explore ligand exchange of TMTP onto preformed PPh3-ligated gold clusters. 

Two superimposed mass spectra that cover the mass range for doubly charged eight-atom gold 

clusters are shown in Figure 5, illustrating the distribution of clusters before and after ligand 

exchange with TMTP. 

As a consequence of ligand exchange reactions, seven new peaks are observed in the mass 

spectrum. A balanced distribution of mixed-ligand clusters is present, with the (8,5,2)2+, (8,4,3)2+, 

and (8,3,4)2+ clusters having the highest relative abundance. The highest abundance peak overall, 

corresponding to (8,7,0)2+ in Figure 5, results from no ligand exchange with TMTP. We 

performed CID experiments on each of the mixed-ligand clusters shown in Figure 5. For each 

ligand-exchanged cluster, the MS2 experiments yielded seven- and eight-atom gold clusters and 

one-gold atom two-ligand complexes. Therefore, each peak shown in Figure 5 produces a 

spectrum of CID products similar to that shown in Figure 4 for (8,7,0)2+ (Figures S7–S13). The 

percent dissociation at similar energies is higher for PPh3 than TMTP for almost all the mixed-
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ligand clusters except (8,1,6)2+. This result implies that the TMTP ligand may be better at 

stabilizing eight-atom gold clusters than PPh3. 

Compared to PPh3, TPTP has similar interactions and comparable fragmentation results, 

therefore, are expected. When the mass spectrum resulting from ligand exchange of PPh3 with 

TPTP was analyzed, it was apparent that TPTP undergoes full exchange with all of the seven PPh3 

ligands in the (8,7,0)2+ cluster (Figure 6). Similar to the results for TMTP exchange, a Gaussian-

like distribution of the TPTP exchanged clusters was observed, with (8,4,3)2+ and (8,3,4)2+ 

exhibiting the highest relative abundances of the mixed ligand clusters. 

CID experiments were also performed on each of the TPTP exchanged clusters shown in 

Figure 6. For each mixed ligand cluster, plots of the percent fragmentation versus the amplitude 

of excitation are given in Figures S14–S19 of the Supplementary Information. The data shows the 

formation of eight- and seven-atom cluster fragments and one-gold atom two-ligand complexes 

for each TPTP-containing cluster, similar to the CID results observed with PPh3- and TMTP-

containing clusters. Regardless of the number of ligands exchanged, the dissociation of the 

clusters initiated at amplitudes of excitation between 0.7 and 0.8. The unexchanged (8,7,0)2+ 

cluster also fragmented at amplitudes of 0.7–0.8, indicating that the less-TPTP exchanged clusters 

have similar stability to the unexchanged PPh3-containing clusters. The fully TPTP-exchanged 

cluster, which fragments at ~0.58 amplitude, was found to be an exception that indicates the 

relative instability of a completely TPTP-ligated cluster. This difference in stability may be 

caused by electronic effects of the methyl group substitution as steric contributions should be 

minimal with methyl substitution in the para position of the phenyl rings. 

Previous experiments that examined the relative stability of gold clusters ligated with different 

phosphines showed that the calculated proton affinities of the phosphines correlate with the 

fractional abundance of their fragmentation yield.42 To compare the CID data obtained in this 

work to the previously published results for methyl- and cyclohexyl-substituted phosphines the 

fractional abundance of PPh3 fragmentation in the TMTP, TPTP, and PPh3 mixed-ligand clusters 

was calculated using Equation 1: 

���������		��������	��	��ℎ� =		
�(����)/�(����)

�(����)/�(����)��(�)/�(�)	
                              (1) 

where I is the ion abundance, N is the number of ligands present on the mixed ligand cluster, and 

L refers to either TMTP or TPTP. Fractional abundances calculated in this way compare the 

relative binding energies of any exchanged ligand to PPh3. A comparison of the relative 
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fragmentation yields of PPh3 and the two tolylphosphine exchange ligands is given in Figure 7. 

Both TMTP and TPTP bind more strongly to the gold core than PPh3 as the fractional abundance 

of PPh3 is greater than 50 % for all of the mixed-ligand clusters studied herein. These results are 

in agreement with previous findings that suggest that the proton affinity values calculated in the 

Ligand Knowledge Base54 show a direct correlation with the experimentally determined relative 

ligand binding energies for all phosphine ligands studied on a single Au8
2+ gold core.  

CONCLUSIONS 

We present experimental and theoretical evidence that steric factors play an important role in 

governing the synthesis, stability, and activity of phosphine-ligated gold clusters. We show that 

the TOTP ligand does not undergo ligand exchange with PPh3 on preformed gold clusters due to 

unfavorable steric interactions between the σ(C-H) bond of the CH3 functional group and the σ(Au-Au) 

and σ(P-Au) bonds. In contrast, the TMTP and TPTP ligands are demonstrated to be better at 

stabilizing gold clusters than the PPh3 ligand, as evidenced by their extensive ligand exchange and 

relatively stronger binding to the core. Finally, the yield of the PPh3 fragments is shown to be 

influenced by both cluster size and the position of the methyl group in the tolyl ligands of the gold 

clusters. Our results provide insight into how steric factors in phosphine ligands may be leveraged 

alongside an emerging understanding of electronic structure to rationally prepare scalable 

quantities of clusters of predetermined size and stability for a range of technological applications. 
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Figures and Tables 

 

Scheme 1.  Graphical representation of the ligand exchange process for a representative three 

atom gold cluster containing three ligands. 
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Fig. 1.  Representative positive mode ESI-MS spectra of the (a) nascent gold clusters with PPh3 

ligands, (b) after addition of TOTP showing no ligand exchange or etching (see Figure S1 for 

full mass range spectru,), (c) TMTP and (d) TPTP. The numbers indicate the quantity of gold 

atoms in each group of clusters. Note: of the two 9 gold atom peaks, one includes 7 ligands and 

the other includes 8 ligands. 
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Fig. 2. Plot of the calculated steric interaction energies (B3LYP-D3/SDD) as a function of the 

position of CH3 substitution in the phenyl rings using natural bond orbital steric analysis of the 

tolyl-gold complexes (Au-L). The steric energy is the sum of all the steric interactions (a) 

between gold and the tolyl ligands, and (b) within ligand interaction. The σ(C-H) � σ(Au-P) (insert 

Fig. 2a) and the σ(C-H) � π(C-C) (insert Fig. 2b) steric interactions are present only in the Au-

TOTP complex. 
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Fig. 3. Optimized structures of the Au3(TOTP)3
+ cluster at the B3LYP-D3/SDD level of theory. 

The σ(C-H) orbital of the tolyl-CH3 group elicits a large steric interaction. (a) A σ(C-H)� σ(Au-P) due 

to the interaction of the ligands with the gold core and (b) a σ(C-H) � π(C-C) interaction due to 

interaction between ligands. For clarity, only one σ(C-H) � σ(Au-Au) and one σ(C-H) � π(C-C) 

interaction are shown. Note that the CH3 group in the third ligand is directed away from the gold 

core. 
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Fig. 4.  Collision-induced dissociation data for the (8,7)2+ gold cluster. Twenty-one experiments 

were performed where the amplitude of fragmentation was varied in units of 0.05 from 0.1 to 0.8 

and in units of 0.02 from 0.8 to 0.9. 
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Fig. 5. Superimposed mass spectra of the [Au8(PPh3)7]
2+ cluster (gray, highest abundance peak) 

and a series of Au8(PPh3)7–x(TMTP)x (x = 0 – 6) mixed ligand clusters (black peaks). 
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Fig. 6. Mass spectrum of a series of Au8(PPh3)7-x(TPTP)x (x = 0 – 7) mixed-ligand clusters 

(black peaks). 
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Fig. 7. Chart showing the relative CID fragmentation yields of PPh3 vs. TMTP and TPTP 

for all of the ligand exchanged clusters. The percent loss of PPh3 is calculated as a relative 

percent using equation 1. 
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Table 1.  Calculated values from NBO analysis of the steric interactions between individual 
ligands and gold atoms in the (3,3)+ cluster. 

 

 Steric interaction / kJ·mol-1 
Ligand (L) L1 � Au3 L2 � Au3 L3 � Au3 L1 � L2 L1 � L3 L2 � L3 
PPh3 129.7 117.4 141.7 54.0 8.5 22.0 
TPTP 140.5 115.7 127.7 32.9 7.2 69.2 
TMTP 135.5 126.4 153.8 84.9 9.2 24.6 
TOTP 176.4 140.4 161.2 27.9 28.0 36.6 
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Scheme 2. A three dimensional 3D rendering of the Au3L3
+ cluster to accompany Table 1. 
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