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Abstract

Atomic layer deposition (ALD) of gold is being studied by multiple research groups, but to date
no process using non-energetic oxidizing co-reactants has been demonstrated. In order to
access milder co-reactants, precursors with higher thermal stability are required. We set out to
uncover how structure and bonding affect the stability and volatility of a family of twelve
organogold(l) complexes with a combined X-ray diffraction (XRD), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), and density functional theory (DFT) calculations.
Small, unsubstituted phosphonium ylide ligands bind more strongly to Au(l) than their silyl-
substituted analogues, but their utility suffers due to their high thermal reactivity.
Pentafluorophenyl (PFP7) is introduced as a new, very electronegative ligand for gold vapour
deposition precursors, and it was found that the penalty to volatility due to pi-stacking and other
intermolecular interactions in the solid state is overshadowed by dramatic improvements to the
kinetic and thermodynamic stability of complexes of this ligand. Aurophilic interactions are
observed for only one compound in this group. We introduce a new figure of merit to compare
and rank the suitability of these complexes as precursors for vapour deposition. Finally, DFT
calculations on four compounds that have high figures of merit show a linear correlation
between the gold-coordinative ligand bond dissociation energies and the observed
decomposition points, substantiating this design strategy.

Introduction

Atomic layer deposition (ALD) is a chemical vapour deposition (CVD) technique that relies on
specific surface chemistries to control growth to be a self-limiting layer-by-layer process.' Films
deposited by ALD are highly conformal to substrate geometry, and subnanometer thickness
control can be easily achieved by changing the number of sequential reactant exposures.
Recently, two different ALD processes to deposit gold metal were reported using organogold(lll)
precursors: one by our group using oxygen-plasma and water as co-reagents, and the other by
Makela and co-workers using ozone.?* While both processes were effective at depositing gold
metal with high growth rates at low temperatures, they inherently suffer similar limitations in their
scope. Firstly, thermal instability due to recombination of energetic oxygen species prevents
high-degrees of uniformity of the thickness of the films down high-aspect ratio trenches, vias, or
tortuous geometries.*® Secondly, many substrates are incompatible with oxygen plasma or
ozone and are therefore incompatible with these processes.

The strategy most often used for selecting viable compounds to use as new potential ALD
precursors is to turn to previous literature; pick the best candidates based on volatility, thermal
stability, and reactivity; and try to adapt them for use in an ALD process. While this was fruitful
for gold, as shown by both reported processes using previously reported CVD precursors,®™ this



selection process only returns a handful of molecules which are often quite different from one
another in their chemistry. ALD precursor design for other materials is quite mature in some
cases and has been proven to be a useful tool in accelerating process development for Cu, Ru,
Co, Ni, and many other metallic films.>'® As such, we felt that a thorough study on the
fundamental factors that govern thermal stability and volatility would be useful in the
development of new gold ALD processes.

Many Au(l) CVD precursors decompose below 200°C."" By comparison, the current two ALD
precursors undergo thermolysis at 140°C trimethylgold(lIl) trimethylphosphine (A) and 220°C
dimethyl(diethyldithiocarbamato-k?-S, S")gold(lll) (B) (Scheme 1), which manifested in upper
process temperatures being limited to 120 °C and 180 °C, respectively. We hypothesized that
milder co-reagents than plasma or ozone could be used if higher temperatures could be
accessed, therefore requiring precursors with higher thermal stability.

Scheme 1. Two previously reported precursors for gold ALD.
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This work reports a study of a family of potential gold(l) vapour deposition precursors based on
a framework with interchangeable coordinative and anionic ligands to allow a systematic
understanding not only of the steric and electronic effects of these ligands, but also of their
cooperative effects on the volatility and thermal stability of the compound.

Alkylgold(l) phosphine species are known to decompose through a bimolecular reductive
elimination pathway (Scheme 2). Methylgold(l) trimethylphosphine (1a) is known to be stable as
a neat liquid until 150°C, at which point dissociation of trimethylphosphine occurs followed by
bimolecular reductive elimination of ethane gas.12 However, on active metal surfaces this
decomposition is known to occur as low as room temperature: the Au-PMe; bond dissociates on
the surface, allowing bimolecular reductive elimination to take place."

Scheme 2. Decomposition pathways for MeAu(PMe;) as a neat liquid and in the presence
of an active metal surface.
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Given this, we focused on three complementary synthetic strategies to increase the thermal
stability of Au(l) complexes. First, increasing the steric bulk of the anionic ligand should hinder
the bimolecular reductive elimination pathway by preventing the association of adjacent Au(l)
atoms. Second, since the rate-limiting step of this reaction is dissociation of the coordinative



phosphine ligand, a more electron-withdrawing anionic ligand would make the Au(l) center more
acidic, thus strengthening the bond of the coordinative ligand. Lastly, using coordinative ligands
of other known thermally stable Au(l) complexes that have not been used for CVD may yield
novel and useful ligand combinations, and reveal cooperative effects to further prevent
thermolysis. Thus, we envisioned a family of compounds that would allow us to discover which
factors conferred the most thermal stability to organogold(l) compounds (Chart 1).
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Chart 1. Family of Au(l) compounds considered in this study.

Starting from the known methylgold(l) CVD precursor 1a, substituting trimethylsilylmethyl
(NeoSi") and pentafluorophenyl (PFP7) ligands should impart a stepwise increase in the overall
thermal stability of the compound. NeoSi™ is sterically bulkier and more electronically stabilizing
than Me™ (as well as neopentyl) due to low lying empty Si d orbitals. Both factors greatly
increase the thermal stability of transition metal complexes bearing this ligand as was
demonstrated by Wilkinson et al.">'® PFP~ is sterically as bulky as NeoSi~ (vide infra) but is
much more o-electron withdrawing due to perfluorination, which should result in a stronger
coordinative bond to the gold center and increase the activation energy required for
decomposition via bimolecular reductive coupling. PFP~ complexes of gold with and without
phosphine coordinative ligands have previously been shown to have high thermal stability, but
have not been used for CVD or ALD."""®

Phosphines are strongly binding coordinative ligands for organogold(l) compounds. Their
chemistry is well known and predictable, the gold(l) compounds are stable to air and moisture,
and are generally volatile.” We chose trimethylphosphine (PMe;) as one of four neutral



coordinative ligands (1-3a) due to its low molecular weight, ease of use in synthesis, and good
o-donation capabilities.

Schmidbaur and Franke reported “remarkably stable” organometallic gold(l) complexes bearing
trimethylmethylene phosphorane (Ylide) and trimethyl(trimethylsilyimethylene) phosphorane
(TMSylide) phosphonium ylides as neutral coordinative ligands."® These phosphonium ylides
readily displace PMe; from 1a and 2a giving 1b,c and 2b,c which were reported to be more
thermally stable than the parent PMe; complexes (decomposing above 150 °C in the case of
1b). Since phosphonium ylides have to our knowledge not yet been tested for vapour deposition
applications, we included them and their PFP~ analogues in this study.

N-Heterocyclic carbenes (NHCs) have been successfully used by our group in the design of
ALD precursors for copper metal, and a CVD precursor for gold metal.?>?? Their popularity in
chemical literature following the seminal work of Arduengo®?* began with their propensity to act
as drop-in improvements to phosphines for improved catalytic activity and stability.?® Their ease
of synthesis, structural and electronic diversity,”®*” and greatly improved % buried volume
(%Vpur)?® distinguish them from phosphines. N, N’-di-tert-butylimidazolidin-2-ylidene® (NHC) is a
monomeric, thermally stable, and sterically bulky saturated NHC with better o-donor and mr-
acceptor properties than the more common imidazol-2-ylidene ligand class. This NHC should
enhance the thermal stability of organogold(l) compounds due to its strong electron donating
ability as well as its ability to sterically protect the Au(l) center.

Results and Discussion

Crystallography

Volatility is arguably the most important property of an ALD precursor as it sets the lower
bounds of useable process temperatures. It is primarily dictated by intermolecular forces and, to
a lesser extent, by the molecular weight of the compound. Since a compound’s volatility can be
readily determined by TGA, we sought to understand which intermolecular interactions affect
volatility the most, thus single-crystal X-ray crystallography was used to determine the solid-
state packing of 1¢,d, 2b,d, and 3a,b,c,d (Figure 1).



Figure 1. Solid-state structures of 1¢, 1d, 2b, 2d, 3a, 3b, 3¢, and 3d. In the cases of 1¢c and 3c
only the S enantiomers are shown. Ellipsoids are drawn at 50 % probability in all diagrams.

Compound 1c displayed Au-R (anionic ligand) and Au-L (neutral ligand) bond lengths of
2.057(3) A and 2.136(3) A, respectively. This compound, like its TMSylide derivative (3c),
crystallizes as a 1:1 mixture of R and S enantiomers at the chiral ylidic carbon center
coordinated to Au. The P-Cy;¢e bond length is shorter than the mean P-Me bond length (1.742(3)
A vs. 1.793(9) A respectively), and the P-Cjse-Si angle (121.6(2)°) is much larger than expected
for a tetrahedral geometry. These factors indicate that the bonding of this compound lies
somewhere between it's two extreme canonical structures once complexed with gold (Scheme
3). Steric repulsion between the PMe; and SiMe; groups may influence the large angle and
therefore hinder the o-donating ability of this ligand. While the P-Cyqe bond length in the free
ligand is not known, donation of electron density to a metal center would cause an elongation of
this bond and result in a favouring of the ylidic resonance structure over the neutral species,
which would elongate the P-Cy;q4e bond.

The structure of compound 1d was collected at room temperature because the compound
undergoes a phase transition near 77 K, resulting in large thermal ellipsoids and no apparent
intermolecular close contacts within the sum of the van der Waals radii. The Au-R and Au-L
bond lengths of 2.069(8) A and 2.055(6) A are similar to both those of the known imidazole-2-
ylidene derivative (2.063(4) A and 2.044(3) A)* and the other imidazolidin-2-ylidene compounds
described here. The Au-R bond length is slightly longer than that observed in 1¢ (2.057(3) A)
which is consistent with a higher o-donor ability of the NHC. The NCN angle of the complexed
NHC ligand (108.5(5) °) is slightly larger than that of the free NHC (106.44(9) °)® which is
expected upon complexation to a Lewis-acidic metal center. The NCN angle of the complexed
NHC ligand (108.5(5) °) is similar to that of the free NHC (106.44(9) °).%

Scheme 3. Resonance structures depicting the extreme canonical resonance structures
and ligand geometries of compounds 1,2,3c.
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Table 1. Selected bond distances, angles, and buried volume values for the analyzed

compounds

R L Au-R(A)  Au-L (A) ’;{fy”de ’gﬂf% % Vour ’;;A“'L
1c Me TMSYlide 2.057(3) 2.136(3) 1.742(3) 1.793(9) 53.7  178.1(1)
1d Me NHC 2069 2054 - - 582 180
2b NeoSi  Vlide 240(1)  2.09(1)  1.77(1) 1.80(4) 520  178.5(3)
2d NeoSi  NHC 2.059(7) 2.045(7) - - 66.0  178.1(3)
3a PFP  PMe; 2.053(5) 2.280(1) - - 485  172.8(1)
3b PFP  Viide 2.046(3) 2.081()  1.763(3) 1.789(10) 51.8  177.9(1)
3c PFP  TMSYiide 2.041(3) 2.104(3) 1.759(3) 1.789(11) 61.5  178.4(1)
3d PFP_ NHC 2.039(4) 2.031(4) - - 66.0  176.7(1)

Compound 2b displays Au-R and Au-L bond lengths of 2.10(1) A and 2.09(1) A. These
comparatively long bond lengths are consistent with the strong trans effect of both ligands
around the gold center. Acceptance of electron density from the ylidic carbon by the Au center is
more pronounced here compared to 1¢ due to the absence of the Me3;Si group on the ylide, as
shown by the shorter Au-L bond. The P-Cyq. bond length is elongated compared to that of the
free ylide (1.77(1) A and 1.640(6) A respectively)®' due to donation of carbanionic character
from the ylidic carbon to the lewis acidic Au center. Here, the P-Cyi4 bond length not



significantly different from the mean P-Me bond length (1.77(1) A vs. 1.80(4) A, respectively).
This similarity distinguishes this system from the TMSylide 1¢ as being primarily ylidic in nature.

Compound 2d displays Au-R and Au-L bond lengths of 2.059(7) A and 2.045(7) A which are
both slightly shorter than those found in 1d. This implies a slightly more stable system, likely
due to the decreased trans effect of Me3SiCH,™ compared to Me™. The NCN bond angle was
108.5(6)° which is similar to that of 1d. The expected ring torsion of the saturated NHC is
observed here and is similar to that of the free NHC (154.5(7) vs. 155.5(1)).

Compound 3a displays Au-R and Au-L bond lengths of 2.053(5) A and 2.280(1) A, and a
distorted R-Au-L bond angle of 172.8(1)° which is likely a low-energy deformation that allows a
more stabilized crystalline network to form.*? By comparison, the known PPh; analogue displays
similar bond lengths (2.07(2) and 2.27(1) A respectively) but has a more linear bond angle of
178(1)°.%°

Figure 2. Extended structure of 3a showing the aurophilic polymer chain. Thermal ellipsoids are
shown at 50 % probability. Selected intermolecular interaction distances (A): Au(1)-Au(2)
3.3703(6), H(1a***) — F(1**) 2.492, H(2c***) — F(1**) 2.527, H(2¢c***) — H(3a*) 2.319, H(2b***) —
H(3b**) 2.343.

Compound 3a packs as infinite chains with each molecule rotated by roughly 90° from one
another in an alternating fashion which are held together by polymeric Au-Au aurophilic
interactions (Au-Au distance is 3.3703(6) A). This was the only compound structurally
characterized in this work that displayed aurophilicity (Figure 2). This is an intermediate-to-long
range aurophilic interaction,® and is likely only observed for 3a because PMe; is the least
sterically bulky and most highly symmetrical coordinative ligand in this study. The PPh;
analogue does not display aurophilic interactions, but instead undergoes a Tr-stacking



interaction between the PFP~ ligands, only because the aurophilic interaction is inhibited by the
steric bulk of the PPh; ligand.* In-chain intermolecular interactions are also facilitated by the
PMe; ligand, each phosphine engages in three interactions to an adjacent molecule (H(1a***) -
F(1**) 2.492 A, H(2¢***) — F(1**) 2.527 A, H(2b***) — H(3b**) 2.343 A) and one interaction to a
molecule two units away in the chain H(2¢***) — H(3a*) 2.319 A. The aurophilic chains of 3a are
arranged in a columnar fashion with other chains (Figure S1) where each chain interacts with
two adjacent chains. These stabilizing intermolecular interactions translate to a suppression of
the volatility of 3a compared to 1,2a.

Compound 3b displays the shortest Au-R and Au-L bond lengths (2.046(3) A and 2.081(4) A) of
the phosphonium ylide compounds, which are indistinguishable from those of the known
triphenylphosphonium ylide analogue.* The P-C,ise bond is shorter than the average P-Me
bond length (1.763(3) A vs. 1.789(10) A respectively), implying that there is more ylene
character in this system than in 2b. Compound 3b is involved in a t-stacking interaction with
one other molecule with a centroid to centroid distance of 3.497 A. The m-stacked dimers
interact with one another along the crystallographic b x (a+c) plane through F-F, C-F, and C-C
interactions (Figure 3). The extensive intermolecular network formed by 3a and 3b shows that
the addition of a PFP™ group introduces many more intermolecular interactions when coupled
with a small ligand like PMe; or CH,PMej; than with larger ligands like CH;PPhs.

Figure 3. PFP — PFP intermolecular interactions in 3b. The diagram displays pairs that occur
along the crystallographic b x (a+c) plane. Methyl moieties of the ylide and hydrogen atoms
have been omitted for clarity. Thermal ellipsoids are shown at 50 % probability. Selected
intermolecular interaction distances (A): centroid-to-centroid 3.497, F(2**) — C(10) 3.210(3),
F(2**) — C(9) 3.166(3), C(7**) — F(4) 3.231(6), F(1**) — F(4) 2.928(2), F(1**) — C(9) 3.127(3),
F(1**) — C(8) 3.145(3).

Compound 3¢ displays Au-R and Au-L bond lengths of 2.041(3) A and 2.104(3) A respectively
which are both shorter than its counterpart 1¢ (2.057(3) A and 2.136(3) A respectively). The P-
Cyide bond length is shorter than the mean P-Me bond length (1.759(3) A vs. 1.798(11) A,
respectively) and the P-Cqe-Si angle (121.7(2)°) is large for an ideal tetrahedral geometry, all of



which implies a significant ylene character. Compound 3¢ does not 1r-stack in the solid state,
instead the PFP~ ligands interact to form polymeric chains via (C-F)-F interactions that are
comparatively much weaker than those observed in 3a,b (Figure 4). This highlights the
effectiveness of sterically bulky coordinative ligands in suppressing intermolecular interactions
in PFP-Au complexes.

Figure 4. PFP — PFP intermolecular interactions in 3c. Hydrogen atoms have been omitted for
clarity and thermal ellipsoids have been drawn at the 50% probability level. The top two
molecules are the (S) enantiomer while the bottom two are the (R) enantiomer. Selected
intermolecular interaction distances (A): F(3) — F(4*) 2.912(3), F(3) — C(2*) 3.151(4), F(3) —
C(3*) 3.214(3).

Compound 3d displays the shortest Au-R and Au-L bonds of the analyzed compounds (2.039(4)
and 2.031(4) A respectively). The compound also displays the largest deviation from the free
ligand CNC angle (109.4(3)°) compared to 106.44(9)° respectively). This compound displays
fewer intermolecular close contacts than 3b and 3c (Table 2) which we attribute to the large
steric bulk of the NHC. The PFP~ ligand interactions are more suppressed than 3¢, where only a
single pair of (C-C) — F p-m interactions (Figure 5) are allowed. By comparison, this PFP~
compound has a number of close contacts similar to its aliphatic analogue 2d.



Figure 5. PFP — PFP intermolecular interactions in 3d. Thermal ellipsoids have been drawn at
the 50% probability level. Selected intermolecular interaction distances (A): C(14) — F(3*)
3.095(4), C(15) — F(3*) 3.043(4).

When comparing R-Au bond lengths, PFP~ compounds all exhibit shorter bonds than other
compounds with the same coordinative ligand: 1d = 2d > 3d, 1¢ > 3¢, and 2b > 3b (see Table
1). This is primarily due to the covalent radius of the sphybridized carbon in the PFP" ring
being slightly smaller than that of an sp*-hybridized carbon. Furthermore, PFP~ complexes 3a-d
display shorter Au-L bond lengths than their aliphatic derivatives, which is due to the strong
electron-withdrawing ability of the PFP™ ligand. This creates a more acidic metal center, which
favours a stronger Lewis acid-base interaction with the coordinative ligand. Thus,
crystallographic analysis suggested that PFP~ was an especially good ligand for improving the
thermal stability of Au(l) compounds for two reasons. Firstly the rate-limiting step must proceed
through cleavage of a stronger coordinative bond, and secondly because the final reductive
elimination step must occur between two strongly bonded, electron-deficient carbon atoms.

Table 2. Tally of the number and type of intermolecular close-contacts observed in the
solid-state structures of the analyzed compounds.*®*

Number of intermolecular close-contacts
HH C-H C-C F-H F-C F-F Au-H Au-Au Total

1c 4 2 6
1d 0
2b 2 2
2d 8 2 10
3a 4 8 2 2 16
3b 8 5 10 2 4 29
3c 8 4 2 14
3d 1 6 4 11

The range of an intermolecular close contact was defined as the sum of the van der Waals radii for the specific atom pairs. Van der
Waals radii (A): H (aliphatic) 1.2, C (aliphatic) 1.7, C (aromatic) 1.77, F (aromatic) 1.47. Au (1.66).



Complexes bearing Me™ (1¢c,d) or NeoSi~ (2b,d) ligands display relatively few intermolecular
contacts (Table 2). These compounds also do not display aurophilic interactions; they are
exclusively interacting via weak van der Waals intermolecular interactions. Therefore we expect
the volatility of these complexes to be primarily influenced by their molecular weight. In stark
contrast, the PFP~ complexes (3a-d) display far more intermolecular interactions in the solid
state. We note that the highest number of interactions in the 3a-d series is found for 3b (29
contacts), whereas 3a which is less sterically hindered displays considerably fewer close
contacts. The large number of contacts is due to the two-fold interaction of PFP~ ligands with
neighbouring m-stacked PFP~ dimers but is also reflective of the associative strength of the -
stacking interaction itself. It appears that the associative strength of the aurophilic interactions in
3a dominates a weaker Tr-stacking system like in 3b. This has the effect of greatly reducing the
number of intermolecular interactions but does not necessarily mean that 3a will be more
volatile since the aurophilic interactions are quite strong.

Through comparison of the PFP-Au complexes, a correlation between the types and strengths
of intermolecular interactions and the total %V, of the complex (Table 1) can be described.®
When PMe; is used, the overall %V,, of the complex (48.5 %) is small enough to allow
aurophilic interactions. The stabilizing effects of the aurophilic chain motif are clearly more
favourable than a T-stacking interaction since there is more than enough room for the TI-
stacking interaction in compound 3a. The aurophilic interactions become frustrated by switching
to the ylide ligand in 3b (%Vu, = 51.8%) and thus the next most stabilizing interaction (17-
stacking) is the only one observed. This interaction can be disrupted by the addition of a larger
ligand such as CHy(PMej) in (3b, %Vyyr = 51.8 %) or PPh; (%Veu = 55.1), where in both cases
only a tr-stacking interaction is observed. If the %V, is increased further, as in 3¢ (%Vp, = 61.5
%) the TT-stacking interaction is disrupted and instead only a weakly interacting chain of F-F and
C-F contacts is observed (Figure 6). Finally, with the addition of the NHC ligand (3d, %Vy,r =
66.0 %), all extended PFP™ networks are disrupted and only a single-partner p-1r interaction is
observed between two PFP~ (Figure 7). The increase in %Vp, not only disrupts PFP~
intermolecular interactions, but also suppresses the overall total of intermolecular interactions in
the PFP-Au series (Table 2).

Given this trend we hypothesize that aurophilic interactions would be expected for compounds
with an overall %V, < 48.5 (3a) in linear non-ligand exchanging organogold(l) systems such as
those in the family studied here. Thus we can predict which compounds in this family should
exhibit aurophilic interactions by extrapolation of the average %V, values obtained for each
ligand. As such, 1a (Vpyr = 41.0 £ 0.6) and 1b (Vpur = 44.0 £ 0.8) fall well outside the %Vyyr <
48.5 criteria, and 2a (Voyr = 49.1 £ 0.4) is just outside the limit of our suggested criteria. 2¢
(%Vpur = 62.2 £ 0.4) is not expected to exhibit aurophilic interactions.

Thermolysis

For a compound to be a potential ALD candidate, high thermal stability and volatility are
required. A thermally stable and volatile compound loses mass exponentially with constantly
increasing temperature as described by the Clausius-Clapeyron equation. Thermally stable gold
compounds will also leave a very low final residual mass which is indicative of evaporation
without decomposition to non-volatile by-products like metallic gold. A compound’s volatility can
be inferred from the onset of its mass loss, but a better evaluation uses its vapour pressure
which can be estimated from the derivative of the mass loss curve.** The temperature at which
a compound achieves a vapour pressure of 1 Torr (i.e., its 1 Torr Temperature, Ty) may be used



as a quantitative benchmark comparison since commercial ALD reactors typically operate close
to this pressure. Differential scanning calorimetry (DSC) complements TGA analysis by
providing a thermodynamic onset of decomposition of the sample. By graphically determining
the point at which the decomposition exotherm has reached 5 % of it's maximum height, we can
obtain a decomposition temperature (Tp) for the compound in question (Figure S3). The results

of this analysis for the compounds evaluated here are tabulated below (Table 3).

Table 3. Important metrics obtained from TGA and DSC.

MW T Useful Residual groalgtlonal Z‘g ure .
Compound Ti7or (°C) temperature mass . . AHyap/sub

(g/mol) (°C) range (°CF (%) remaining Mebr/t

(%) (0)

1la 288.08 67.54+0.01 130 62.5 34.3 50.2 31.1 65.72 £ 0.01
1b 302.10 - 107 - 22.9 35.1 - -
1c 37429 - 129 - 36.9 70.1 - -
1d 394.31 156.8+0.4 189 32.5 34.9 69.9 9.8 91.1+0.2
2a 360.26  87.2%0.2 146 59.1 0.8 1.5 58.2 59.6 + 0.1
2b 37429 - 152 - 2.5 4.8 - -
2c 446.47  1343+1.0 118 -16.8 5.9 13.4 -14.6 60.5+0.3
2d 466.49 150.6+0.3 184 33.1 11.9 28.2 23.8 64.0+0.1
3a 440.10 152.3+0.5 185 33.1 1.1 2.5 32.3 75.4+0.2
3b 45413 - 220 - 41.3 95.2 - -
3c 526.31 148.0+1.5 253 104.7 33.3 88.8 11.7 44.7+0.4
3d 546.33  200.3+0.1 300 99.7 1.6 4.4 95.3 78.92 £ 0.04

@ Difference between Ty and Tp.° See Equation 1. ¢ Obtained from Clausius-Clapeyron curves which were derived from derivative
curves of the TGA ramp data (Figure 82).39 Dashes indicate that insufficient mass loss data could be obtained before the measured
self-decomposition temperature of that compound.
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Figure 6. TGA of 1a-d. The vertical ranges show the % mass of Au in each compound (top line)
and the final residual mass of the respective analysis. Since all pans in this study were left with
a golden coating after the ramp tests, the difference between top and bottom lines of the inset
are indicative of how many of the gold centers evaporated as gas-phase species.

In the TGA ramp experiments of 1a-d (Figure 6), none of the compounds appear to be thermally
stable enough to evaporate completely. All sample pans were left with a visibly golden coating
after the experiments. Compounds 1a and 1d show concurrent evaporation and decomposition.
The fractional gold content remaining after thermolysis was 50 % and 70 % respectively, which
indicates that some of the gold in the sample must have evaporated as a molecular species.
From differential scanning calorimetry (DSC) we found that the respective onsets of self-
decomposition for these two compounds were 130 °C and 189 °C, so a residual mass past
these temperatures is expected.

In the case of 1a it is interesting that such a high residual mass is observed, given that the self-
decomposition point (130 °C) is close to the end of the mass loss curve. This can be explained
by the known autocatalytic decomposition of alkylgold(l) phosphines that occurs as low as room
temperature on Cr, Cu and Au surfaces.” Some decomposition likely occurs on the Pt surface
of the pan at temperatures below the onset of thermolysis which increases residual mass. This
occurs more readily for the phosphine than for the NHC which implies a strong NHC-Au(0)
bond, possibly in a self-assembled monolayer-type fashion.*° No inflection is observed in the
exponential mass loss curves of 1a and 1d which suggests that the decomposition products are
gaseous or non-volatile (i.e., metallic gold), and therefore their production does not affect the
mass loss rate of the sample.

In the case of compounds 1b and 1c, concurrent evaporation and decomposition are clearly
observed by the multiple inflection points in their respective mass loss curves. Here the
thermolysis products formed are semi-volatile or are themselves thermally unstable. This makes
them observable as changes to the mass loss rate, implying low-volatility organic molecules or
other gold complexes are the primary decomposition products of 1b and 1c. In the case of 1b,
at least one, and possibly all of the products are somewhat volatile judging from the fractional
gold content remaining (35% of initial) which is the lowest of the methyl series. Compound 1¢
appears to undergo a single thermolysis event, the products of which then slowly lose mass
until reaching a final residual mass of 36.9% (fractional gold remaining 70.1%). As with the other
phosphonium ylide compounds vide infra, we suspect that these compounds decompose by a
different mechanism than the phosphine or NHC complexes due to the multiple thermal events
that occur upon heating.
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Figure 7. TGA ramp experiments of 2a-d. The inset diagram shows the % mass of Au in the
compound (top line) and the final residual mass of the respective analysis.

NeoSi~ gold(l) compounds 2a-d performed far better overall by TGA than their methylgold(l)
counterparts (Figure 7). Compound 2a appears to evaporate very cleanly, the only indication of
slight decomposition being the small residual mass of 0.8 %. Compound 2d evaporates with
decomposition in a single step to 11.9 % (28.2 % Au remaining). The measured onsets of
decomposition for these compounds by DSC (146 °C and 184 °C respectively) are similar to
those of 1a and 1d. It is likely that the autocatalytic decomposition reactions of
trimethylsilylmethylgold(l) species on platinum are kinetically slower than those of methylgold
compounds, supporting the hypothesis that sterically bulkier ligands prevent thermolysis. This
allows the compounds to persist to relatively higher temperatures and therefore evaporate more
completely before decomposition can be observed.

Compounds 2b and 2c¢ mirror their methylgold(l) counterparts and both undergo thermal
decomposition to non-volatile species. In the case of 2b two thermolysis events take place
producing other volatile gold-containing species, leaving a small residual mass of 2.5 % (4.8 %
Au remaining). Compound 2¢ also appears to undergo two sequential thermolyses and leaves a
low residual mass of 5.9 % (13.4 % Au remaining). By comparison to 1b and 1c¢ it is obvious
that the NeoSi™ ligand improves the performance of the species by TGA, but not by increasing
the thermal stability of the starting compounds. The onsets of decomposition of 1b (107 °C), 1¢c
(129 °C), 2b (152 °C), and 2c (118 °C) were measured by DSC, and in every case these
species begin to decompose before any real evaporation occurs in the TGA. We attribute the
lower residual mass here to a difference in the by-products of thermal decomposition of 2b and
2c in comparison to their methylgold(l) counterparts.
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Figure 8. TGA ramp experiments of 3a-d. The inset diagram shows the % mass of Au in the
compound (top line) and the final residual mass of the respective analysis.

The PFP~ compounds 3a and 3d performed well by TGA (Figure 8), evaporating in single steps
and leaving very low residual masses (3a: 1.1 %, 2.5 % Au remaining; 3d: 1.6 %, 4.4 % Au
remaining, respectively). Volatilization occurs at rather higher temperatures for these species
compared to their NeoSi~ and Me™ counterparts, but the NHC compound 3d in particular shows
a marked improvement in its thermal stability compared to the other NHC compounds. Clearly
PFP™ greatly stabilizes gold(l) and improves the thermal stability of the system at the expense of
volatility.

Compounds 3b and 3c performed more poorly than their Me™ and NeoSi~ counterparts,
undergoing multiple thermolysis events that both ended with fractional gold residues above
85%. The introduction of the PFP~ ligand onto gold(l) species does improve their thermal
stability given the increases in their measured onsets of self-decomposition (Table 3) but, in the
case of 3b and 3c, the reduction in volatility is too great to result in a useful precursor. Here it is
interesting to note that while 3b begins self-decomposition at 220 °C, close to the onset of its
mass loss by TGA, 3¢ begins self-decomposition at 253 °C which is almost near the end of its
mass loss by TGA. This implies that 3¢ undergoes a more rapid decomposition than 3b during
the TGA analysis. It is unlikely that autocatalytic surface decomposition is the cause for
decomposition of 3c as in 1a because the proposed by-products decafluorobiphenyl and
trimethylsilyl(trimethylmethylene)phosphorene are both volatile and would result in a near-
exponential mass loss, which was not observed.

From the thermal data collected, we were able to define a figure of merit to compare the viability
of these compounds for use in vapour deposition processes. By relating the temperature at
which a potential precursor achieves a vapour pressure of 1 Torr (Ty) to the onset temperature
of decomposition (Tp), we can calculate an unweighted figure of merit as the thermal range
between the two (Figure 9). The graphical representation of these ranges easily shows not only
the best precursor with respect to largest range, but also with respect to onset of volatility.
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Figure 9. The thermal ranges of compounds 1a — 3d. Ranges denoted in green have onsets of
volatility that occur before the onset of volatilization, and ranges shown in red have onsets of
volatility that occur at or after the onset of volatilization.

The thermal range needs to be weighted by the fractional gold remaining from TGA to account
for kinetic surface-catalyzed decomposition reactions, which is an important factor in
considering the stability of the precursor on metal surfaces that will be present during
deposition.

Equation 1. Figure of merit equation for vapour deposition precursor usefulness.

%mres
o = (TD — TV)X (1 -
(196.97/MW)X100%

This figure of merit is made up of thermodynamic and kinetic terms that together describe the
suitability of the vapour deposition precursor. Not only does it include decomposition
temperature and vapour pressure, but if two compounds that both undergo the same
decomposition mechanism are compared, the one which resists decomposition longer will
receive a higher figure of merit. Although all species were shown to decompose by DSC before
they reach a rest mass by TGA, some are more kinetically stable (2a, 3a) than others (1a). 3ain
particular far exceeds its onset of self-decomposition (185 °C), leaving only a 3% residual mass
at 260 °C. This kinetic stability is due to the electron-withdrawing properties of the PFP~ ligand
which allow 3a to resist bimolecular reductive elimination much longer than 1a or 2a. Thus,
weighting the figure of merit by the residual mass demonstrates the importance of kinetic and
thermodynamic stability of a potential precursor molecule.

The calculated o values for the family of compounds are included in Table 3. Certain
compounds were not given a ¢ value because insufficient mass loss data could be obtained
before the TGA experiment reached the self-decomposition temperature of the analyte in
question (1b,c, 2b, 3b). Clearly compound 3d is the most promising precursor candidate for
vapour deposition.



DFT study

To better understand the reason behind the high figure of merit obtained for phosphine and
carbene systems, we undertook a density functional theory (DFT) study of compounds 2a,d and
3a,d. The calculations were first performed using model compounds 2a*, 2d*, 3a*, and 3d*
where the PMe; and NHC ligands were replaced with proto analogues (PHs; and N,N’-
dihydroimidazolidin-2-ylidene (H>-NHC), to examine the energy required to break the Au-R
bonds. All calculations were carried out using the wB97X-D functional*'*? and the iIMCP-SR2
model core potentials and basis sets.*® Scalar-relativistic model core potentials are known to
provide satisfactory description for heavy elements like Au.* The dissociation energies of the R
and L ligand fragments were determined by calculating the difference in energy between the
free ligand in question and the remaining Au-L or Au-R fragment. Three scenarios were
considered: dissociation of the coordinative ligand, forming a neutral R-Au fragment and a
neutral L fragment; homolytic cleavage of the R-Au bond resulting in Re and *Au-L fragments;
and heterolytic cleavage of the R-Au bond resulting in R" and *Au-L fragments (Table 4).
Heterolytic cleavage was discounted after considering the results of 3a* and 3d*, because it was
consistently the highest energy case and was therefore unlikely to contribute to the first
thermolysis events of the molecules. For 2a,d and 3a,d only dissociation of the neutral L ligand
was considered since it was known to be the primary decomposition pathway for Au(l) alkyls. It
was also the lowest energy case, implying it was the largest contributor to thermal
decomposition.

Table 4. Calculated energies of the three ligand dissociation cases for model compounds
and synthesized compounds.

Dissociation of

coordinative Homolytic Heterolytic

ligand cleavage cleavage
Compound (ki/mol) (kJ/mol) (kJ/mol) T4 (°C)°
NeoSi-Au-PH; (2a*) 119 293
NeoSi-Au-PMe; (2a) 171 145
NeoSi-Au-H,NHC (2d*) 215 452
NeoSi-Au-'BuNHC (2d) 221 184
PFP-Au-PH; (3a*) 153 422 727
PFP-Au-PMe; (3a) 212 185
PFP-Au-H,NHC (3d*) 263 593 665
PFP-Au-'‘BUNHC (3d) 277 300

% Onset of self-decomposition as measured by DSC.

The model compounds 2a*, 2d*, 3a*, and 3d* mirrored the general trends of thermal stability
that were observed experimentally for their respective synthetic ligands. The energy required for
homolytic R-Au bond cleavage increased from NeoSi~ to PFP~ which reflects the tendency for
PFP~ ligands to resist reductive elimination. Exchanging PH; for H-NHC resulted in an increase



in both Au-L dissociation energy and R-Au homolytic bond cleavage energy, which is due to the
relatively higher electron donating ability of the NHC ligand. Au-L bond dissociation energies
increased from NeoSi™ to PFP™ and from PMe; to NHC which is reflective of the o-withdrawing
capability of the PFP~ ligand as well as the increased o-donor ability of the NHC compared to
PMeg.

Compounds 2a and 3a show significantly higher Au-L bond dissociation energy than 2a* and
3a* since PH3 is a much worse o-donor than PMe; due to the electron donating Me groups
being directly bound to the ligating atom (P). The change in N-substituents in the NHC
compounds has comparatively little effect on the Au-L bond strength since the alkyl group is
relatively remote from the ligating C atom. 2d* and 3d* were calculated to have Au-L bond
dissociation energies that were comparable to 2d and 3d.

Thermal stability observed by DSC correlates well to the calculated Au-L bond dissociation
energies (Figure 9). Since the decomposition of these compounds is known to proceed via the
rate-limiting step of Au-L bond dissociation, a linear correlation between the observed
decomposition temperature and the calculated Au-L bond dissociation energy is expected and is
observed for these compounds. The calculational and TGA results corroborate each other.

Toec = 1.48 Eay_L — 123 3d
[ ]
R? = 0.937
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Figure 9. Correlation between ab initio-calculated Au-L bond dissociation energies and the
observed self-decomposition temperatures for 2a,d, 3a,d.

Being able to predict a compound’s thermal stability from ligand choice is a useful tool that
allows for rational design and theoretical evaluation of different ligand classes before
undertaking synthesis and testing. Furthermore, for a single type of ligand, if the nature of alkyl
groups have little effect on the overall thermal stability of the compound (such as 3d* = 3d) then
these alkyl groups can be repurposed to introduce volatility or other desirable properties upon
the potential precursor. The implementation of this strategy is of ongoing interest to us in the
further development of vapour deposition precursors for Au and other metals.

Conclusions



A family of 12 gold(l) compounds were synthesized and analyzed for their use as precursors for
gold metal vapour deposition applications. Single crystal x-ray diffraction was used to
structurally characterize 8 of these compounds to assess the effect of the anionic and
coordinative ligands on intermolecular interactions. Compounds with Me™ and NeoSi~ ligands
displayed fewer intermolecular interactions than those with PFP~ ligands due to the ability of the
latter to undergo -stacking and p-1r interactions. 3a undergoes aurophilic interactions due to its
small % buried volume compared to the other structurally characterized compounds. TGA and
DSC were used to assess the volatility and thermal stability of the family of compounds, and it
was found that NeoSi™ provides higher kinetic stability than Me™. NHC and PFP~ ligands provide
substantially higher thermodynamic stability to the gold(l) center, but hinder volatility. To
deconvolute these effects we derived a figure of merit with which the viability of all gold(l)
compounds may be compared for vapour deposition. Finally, using DFT we compared the
calculated Au-L bond strength to the measured onset of self-decomposition of four of the best
performing compounds and found a linear correlation. In future studies, using this computational
method for the design of vapour deposition precursors should inform the process of potential
candidates prior to undertaking chemical synthesis.
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