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The molecular mechanism of dissociative electron attachment of trimethylmethylcyclopentadienylplatinum in focused electron beam induced deposition

Introduction

Trimethylmethylcyclopentadienylplatinum(IV) (TMCP) is a precursor used in focused electron beam induced deposition (FEBID) which is a single-step, direct-write nanofabrication technique used to produce nanoscale three-dimensional metal-containing structures on surfaces. It is known that metal purity due to incomplete precursor decomposition is one factor that limits FEBID resolution. Low-energy (<100 eV) secondary electrons generated by interactions of the primary beam with the substrate are involved in the decomposition reaction of the precursor molecules. Thorman et al 2015 [START_REF] Thorman | The role of low-energy electrons in focused electron beam induced deposition: four case studies of representative precursors[END_REF] has extensively reviewed and summarised the different low-energy electron-induced fragmentation processes that can be initiated by the secondary electrons generated in FEBID: dissociative electron attachment, dissociative ionization, neutral dissociation, and dipolar dissociation. Comparing gas phase and surface (physisorption) precursor processes allows insight into the primary deposition mechanisms, which could be used to design future FEBID precursors and optimize deposition conditions. This study examines the dissociative electron attachment (DEA) of TMCP. Shen et al 2012 [START_REF] Shen | Physisorption of an organometallic platinum complex on silica: an ab initio study[END_REF] have extensively examined the physisorption of TMCP on silica using ab initio DFT molecular orbital methods. It was found that the physisorption of TMCP is dependent on both (i) the orientation of TMCP relative to the surface, and (ii) the adsorption site on the substrate. The most stable configuration was found with the methylcyclopentadienyl and the methyl groups of the molecule oriented towards the surface. (Figure 1) Van der Waals corrections to the DFT calculations were crucial for the stabilization of the molecule on the surface, indicative of Van der Waals forces being crucial in the physisorption process. 

Results

Three possible reaction schemes have been identified for the addition of an electron to TMCP either in the free state in vacuo or as the physisorbed on a surface. It has been generally assumed that processes involved in electron attachment or DEA are not materially affected by whether the TMCP is in the gas phase or physically absorbed on a surface. [START_REF] Thorman | The role of low-energy electrons in focused electron beam induced deposition: four case studies of representative precursors[END_REF][START_REF] Shen | Physisorption of an organometallic platinum complex on silica: an ab initio study[END_REF] TMCP + e TMCP• TMCP• TS Scheme 1

TMCP + 2e TMCP•• TMCP•• TS1 TMCP•• TS2 Scheme 2 TMCP• + e TMCP•• TMCP•• TS1 TMCP•• TS2 Scheme 3
The calculated structure of TMCP is shown in Table 1 and Figure 1 and it is almost identical with the known x-ray structures of trimethyl-h5-methylcyclopentadienylplatinum(IV) and of trimethyl-h5-cyclopentadienylplatinum(IV). [START_REF] Xue | Characterization of (methylcyclopentadienyl)trimethylplatinum and low-temperature organometallic chemical vapor deposition of platinum metal[END_REF][START_REF] Adamson | Crystal and molecular structure of cyclopentadienyl(trimethyl)platinum(IV), (π-C 5 H 5 )PtMe 3[END_REF] Scheme 1 shows the formation of the radical species TMCP• which has an adiabatic electron affinity (AEA) of 0.3 eV, which is in agreement with the findings of Engman 2012, 2013 [START_REF] Engmann | Gas phase low energy electron induced decomposition of the focused electron beam induced deposition (FEBID) precursor trimethyl (methylcyclopentadienyl) platinum(IV)[END_REF][START_REF] Engmann | Low Energy Electron Interactions with Precursor Molecules Relevant to Focused Electron Beam Induced Deposition[END_REF] who found that main DEA pathway for low energy electron is the loss of a methyl group from TMCP which occurs starting from 0 eV reaching a maximum at 0.5 eV. The free energy and configurational entropy of electron attachment at 298.15K to TMCP (ΔG eattach and TΔS eattach ) are -12.7 and 2.1 kcal/mol respectively. The transition state TS for the loss of a methyl group from the TMCP• radical species has been located by identifying the Pt---CH 3 stretching frequency vibration, and has an activation free energy ΔG ‡ TS and an activation configurational entropy TΔS ‡ TS of 16.2 and 2.7 kcal/mol. See Figure 2 and Table 1.

Figure 2. Schematic representation dissociative electron attachment of trimethylmethylcyclopentadienylplatinum(IV) on a surface

Scheme 2 and 3 show the addition of two electrons to either TMCP or an additional electron to the TMCP• species. Both TS have been identified, with structures shown in Figure 2 and Table 1. In both cases, the TS correspond to the loss of a methyl group by cleavage of the Pt---CH 3 bond. The ΔG ‡ TS are 27.7 and 17.4 kcal/mol for TS1 and TS2.

The notable feature of the TMCP• radical and the various TSs is the change from a h5-methylcyclopentadienylPt structure to a structure close to a quasi h1-methylcyclopentadienylPt structure (quasi-h1-MCP), as well as the lengthening of one Pt---CH 3 bond. Figure 2 shows the Pt-C bond to the near C atom of the quasi-h1-MCP ring and the Pt-C bond to the far C atom of the quasi-h1-MCP ring, with values given in Table 1.

Natural population analysis NPA charges as shown in Table 1 illustrate the changes in electron density associated with electron attachment, particularly to the Pt centre and the nearest C atom of the quasi h1-MCP ring, and the methyl group which eventually is lost when the Pt---CH 3 bond is ruptured.

Discussion

Assuming the results discussed above are representative of both gas phase and surface physisorption, then the data is consistent with the previous finding related to DEA of TMCP where loss of a methyl group is the principal mechanism. [START_REF] Thorman | The role of low-energy electrons in focused electron beam induced deposition: four case studies of representative precursors[END_REF][START_REF] Engmann | Gas phase low energy electron induced decomposition of the focused electron beam induced deposition (FEBID) precursor trimethyl (methylcyclopentadienyl) platinum(IV)[END_REF][START_REF] Engmann | Low Energy Electron Interactions with Precursor Molecules Relevant to Focused Electron Beam Induced Deposition[END_REF][START_REF] Wnuk | [END_REF] Shen 2012 [START_REF] Shen | Physisorption of an organometallic platinum complex on silica: an ab initio study[END_REF] has shown that TMCP adsorbed on a silica surface does not undergo any structural deformation. The important finding in this study is that radical species formed from TMCP have a Pt-quasi h1-MCP structure, as shown in Figure 2. This structure is far less stable than a Pt-h5-MCP structure for the intermediate species formed in DEA processes, as the quasi h1-mCP ring is notionally a one electron ligand compared to the 5 electrons of a h5-MCP ligand. The notional oxidation state changes from Pt(IV) in TMCP to a state somewhere around Pt (III) or lower. It is likely that the highly reactive Pt-quasi h1-MCP structure would undergo radical surface polymerization reactions associated with the h1-MCP ring, as the ring now has a reactive diene-like structure with a quasi σ Pt-C near bond instead of a h5 stabilized structure with a π Pt-C 5 bonding structure.

Engmann [START_REF] Engmann | Gas phase low energy electron induced decomposition of the focused electron beam induced deposition (FEBID) precursor trimethyl (methylcyclopentadienyl) platinum(IV)[END_REF] has shown that the onset of the [MeCpPtMe2] -formation in the DEA ion yield curves is to 0 eV, and the peak intensity of this fragment is close to 0.5 eV. Methane is the main gaseous product of low electron irradiation of TMCP. [START_REF] Engmann | Gas phase low energy electron induced decomposition of the focused electron beam induced deposition (FEBID) precursor trimethyl (methylcyclopentadienyl) platinum(IV)[END_REF][START_REF] Wnuk | [END_REF] TMCP was found to desorb from a surface when heated to room temperature prior to electron irradiation, but no compound was found to desorb from the surface after irradiation. Hence electron irradiation induces chemical changes to the physisorbed TMCP which produces a chemically bound deposit containing Pt and carbonaceous material. [START_REF] Wnuk | [END_REF] This observation is consistent with a quasi (h1-MCP)Pt(CH 3 ) 2 • intermediate radical species, or similar, being formed on the surface after electron irradiation.

It has been previously suggested that it is difficult to see how the platinum can contact the surface in the ground state of the molecule without some dislocation of the h5-MeCp ring to lower hapticity. [3] Shen [START_REF] Shen | Physisorption of an organometallic platinum complex on silica: an ab initio study[END_REF] has found that the most stable orientation has a Pt to silica surface distance of 2.87 Å, with no structural deformation of the absorbed TMCP. The calculated adsorption energy was -0.669 eV (or -15.4 kcal/mol), and orientation of the adsorbed TMCP was more important than the adorption site.

Thorman [START_REF] Thorman | The role of low-energy electrons in focused electron beam induced deposition: four case studies of representative precursors[END_REF] has discussed the importance of secondary electrons produced within the substrate at or close to the surface where they can induce fragmentation of the adsorbed precursor. Species such as TMCP•• can arise either after initial formation of TMCP• via secondary electrons or directly from the precursor TMCP.

The structures of the identified radical intermediates indicate that these species can undergo DEA processes while the precursor is still physically adsorbed on a surface, since the formation of a Pt-quasi h1-MCP structure and Pt---CH 3 bond elongation are both possible as these processes move the Pt and one methyl away from the surface, as shown in Figure 2.

The adsorption energy of -15.4 kcal/mol for TMCP is comparable to the calculated TS energies for the TMCP• TS, TMCP•• TS1 and TMCP•• TS2 of 16.2, 27.7 and 17.4 kcal/mol respectively, suggesting that these reactive species can form when adsorbed on a surface. Low energy secondary electrons can easily induce the formation of these species.

For FEBID purposes, the DEA precursor processes in reaction schemes 1, 2 or 3 can occur at very low incident electron energies (less than 1.2 eV).

Conclusions

The structures of the radical anion of trimethylmethylcyclopentadienylplatinum(IV), and the transition states involved in the cleavage of the Pt-CH 3 bond in the radical anions from one and two electron dissociative electron attachment have been identified. The radical anions and the various transition states have a Pt-quasi h1-methylcyclopentadienyl structure quite different from the h5-methylcyclopentadienyl structure of the starting precursor. Using the known most stable orientation of trimethylmethylcyclopentadienylplatinum(IV) adsorbed on a surface, it can be concluded that the processes involved in surface dissociative electron attachment can occur in the adsorbed precursor. For FEBID purposes, the DEA precursor processes involved in the identified reaction schemes can occur at very low incident electron energies (less than 1.2 eV).

Experimental Methods

All calculations were carried out using the Gaussian 09 package on optimised structures. Atomic charges were calculated from natural population analysis as atomic charges produced by NPA are not dependant on basis set selection. Calculations were at the WB97XD/6-311 ++ G** level of theory for all atoms except for Pt where the relativistic ECP SDD Stuttgart-Dresden basis set for transition metals was used. Comparison calculations were also conducted using the LanL2DZ and B3LYP functionals with the 6-311 ++ G** basis sets, and the wB97XD/aug-cc-cPDV level with similar results. It was found that the wB97XD/6-311 ++ G** and wB97XD/aug-cc-pVDZ combinations gave results for TMCP very close to the x-ray structures [START_REF] Xue | Characterization of (methylcyclopentadienyl)trimethylplatinum and low-temperature organometallic chemical vapor deposition of platinum metal[END_REF][START_REF] Adamson | Crystal and molecular structure of cyclopentadienyl(trimethyl)platinum(IV), (π-C 5 H 5 )PtMe 3[END_REF] and gave almost identical AEA values for the TMCP• species. The wB97XD functional is a long range corrected hybrid with damped dispersion correction which gives good results with non-covalent and covalent systems. [START_REF] Minenkov | The accuracy of DFT-optimized geometries of functional transition metal compounds: a validation study of catalysts for olefin metathesis and other reactions in the homogeneous phase[END_REF][START_REF] Peverati | The quest for a universal density functional: the accuracy of density functionals across a broad spectrum of databases in chemistry and physics[END_REF] Free energy ΔG and configurational entropy TΔS values (at 298.15K) were derived from vibrational thermochemistry analysis. Transition states were confirmed by identifying the singular negative vibration that related to stretching of Pt-CH 3 or Pt-h1-C near (MCP) bond. Adiabatic electron affinity in eV was calculated from the SCF difference method AEA = E(M)-E(M -) at the optimised geometry of M -in the gas phase. The AEA was confirmed as an optimised energy minima as there were no negative frequencies. 

Figure 1 .

 1 Figure 1. Schematic representation of physisorption of the most stable orientation of trimethyl-h5-methylcyclopentadienylplatinum(IV) TMCP on a surface. The circles represent methyl groups, and the methylcyclopentadienyl ring is penta-hapto coordinated to the Pt atom.

Table 1 . Molecular properties of the various species identified in schemes 1-3.

 1 = trimethylmethylcyclopentadienylplatinum(IV), TMCP• = TMCP radical, TS = transition state, MCP = methylcyclopentadienyl group, pentahapto = h5, Pt-h5 C(near) = platinum to nearest C on methylcyclopentadienyl group (see Figure2), shortest distance or bond from Pt to nearest C of MCP = near, longest distance or bond from Pt to far C of MCP = far, free energy of electron attachment = ΔG eattach , configurational entropy of electron attachment at 298.15K = TΔS eattach , transition state free energy = ΔG ‡ TS , NPA charge = charge, adiabatic electron affinity = AEA

				TMCP	TMCP•	TMCP• TS	TMCP•• TS1 TMCP•• TS2
	h5 MCP C-C Å	1.41-1.43		
	Pt-MCP Å	2.35-2.37 2.32 near	2.32 near	2.54 near	2.36 near
					3.75 far	3.51 far	4.22 far	3.92 far
	Pt-CH 3 Å	2.06	2.10, 2.07,	3.0, 2.05,	2.15, 2.04,	2.85, 2.05,
					2.09	2.02	2.12	2.01
	Pt charge	0.284	0.414	0.277	0.150	0.190
	Pt-CH 3 charge	-0.646	-0.798,	-0.590,	-0.991,	-1.132,
					-0.813,	-0.835,	-0.799,	-0.856,
					-0.804	-0.716	-0.958	-0.829
	Pt-h5 C(near)	-0.305	-0.470	-0.460 near	-0.419 near	-0.457 near
	charge		near	
	AEA eV		0.3	
	ΔG eattach kcal/mol		-12.7	
	TΔS eattach kcal/mol		2.1	
	ΔG ‡	TS kcal/mol			16.2	27.7	17.4
	TΔS ‡	TS kcal/mol			2.7	2.2	0.6

TMCP