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1 Gas electron diffraction

Gas electron diffraction (GED) investigation has been performed in two stages: (1) measure-

ments of diffraction patterns and (2) modeling and molecular structure refinements.

1.1 Experiments

The diffraction patterns for 3 were obtained in synchronous GED/MS experiments conducted

with the EMR-100/APDM-1 apparatus1–3 (Fig. S1). A stainless steel X18H10T effusion

cell with a cylindrical effusion nozzle of 0.6Ö1.6 mm size (diameterÖlength) was used for the

evaporation of samples. The ratio of the evaporation area to the effusion orifice area exceeded

400. The precise wavelengths of diffracted electrons were calibrated utilizing polycrystalline

zinc oxide. The conditions of the GED/MS experiments are detailed in Table S1.

Table S1: Parameters of GED-MS experiments I and II.

Parameter I II
La, mm 598 338
N b 6 6
λc, Å 0.04285(4) 0.04308(7)
I d, ηA 1.04 1.4
T e, K 503(2) 508(1)
τ f , s 60 81
smin–smax/∆s g, Å−1 1.2-15.3/0.1 2.3-27.6/0.1
U ion

h, V 50 50
pcol

i, Torr 4.1·10−6 1.8·10−6

pMS
j, Torr 1.0·10−7 1.9·10−7

a - Nozzle-to-plate distance. b - Number of recorded films. c - Wavelength of electrons. d -
Primary electrons beam current. e - Temperature of effusion cell. f - Exposure time. g -
Scattering angles range and step. h - Ionization voltage. i - Residual gas pressure in the

diffraction chamber. j - Residual gas pressure in the mass-spectrometry block.

1.2 Structure refinements

A preliminary modeling of the possible conformers of 3 was undertaken using the semi-

empirical method GFN2-xTB4, implemented in the CREST 2.10.2 software5–7. It resulted
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in a single stable conformation of C2h symmetry with planar AuC2PAuC2P cycle.

Molecular structure of 3 has been refined using the UNEX program8. Starting molecular

geometrical parameters were taken from PBE0-D3/cc-pVTZ(H,C,F,P);def2-QZVPP(Au).

Two sets of interatomic vibrational amplitudes and corrections have been tested, com-

puted by (a) using perturbation theory and (b) from molecular dynamics (MD) trajectory.

In the first case, harmonic and cubic force constants have been calculated at the PBE0-

D3/cc-pVTZ(H,C,F,P);def2-QZVPP(Au) level of theory and processed by the VibModule

program9 implementing the Sipachev’s first-order perturbation theory10,11. However, due to

very small harmonic frequencies starting from 14 cm−1 this theory were expected to be not

enough accurate. Therefore it has been decided to follow an alternative way. For this, MD

simulations have been performed using the i-PI program12. A path-integral (16 beads) NVT

(T = 508 K) simulation using PIGLET thermostat13 has been done. The total collected

trajectory length was 59.5 ps. It has been processed in UNEX for calculation of interatomic

vibrational amplitudes and corrections (see Eqs. 2 - 3 in14) taking into account rotations

of methyl groups and with control for the convergence. The obtained set of vibrational pa-

rameters of ED terms in 3 was considered as the most accurate and has been accepted for

obtaining final results.

Refinement of parameters for 3 from ED data was performed in the frame of the least-

squares (LS) method until the best fit of the tested model to the experimental molecular

intensities has been achieved. Concisely, this procedure is expressed in the following equation:

ΦGED =
∑
i

(siM(si)exp − kMsiM(si)theor)
2 → min

where siM(si)theor and siM(si)exp are theoretical and experimental molecular scattering

intensities; si is reduced scattering angle, kM is the scale factor.

The full set of variable parameters (Table S2) included 11 independent groups for 3: 5

groups of bond lengths, 5 groups of bond angles, 1 group of dihedral angles.
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Table S2: Full list of Z-matrix parameters of 3 sorted by groups

Bond lengths
+ C1-C2, C2-C3, C3-C4, C5-C6, C1-C6, C3-F, C4-F, C5-F, C6-F
+ Au-Au
+ Au-P, Au-C
+ P-CMe

+ CMe-H1, CMe-H2, CMe-H3

Bond angles
+ C-Au-P
+ P-Au-Au
+ C-P-CMe

+ C1-C2-C3, C2-C1-C6, C2-C3-C4

+ C2-C3-F, C1-C6-F, C3-C4-F, C6-C5-F
- P-CMe-H1, P-CMe-H2, P-CMe-H3

Torsion angles
+ CMe-P-Au-C
- P-Au-Au-P, C-Au-Au-P
- C1-P-C2-Au
- C3-C2-C1-Au
- C3-C2-C1-C6, C1-C2-C3-C4

- C4-C2-C3-F, C5-C3-C4-F, C4-C6-C5-F, C5-C1-C6-F
- C1-P-CMe-H, C1-P-CMe-H, C1-P-CMe-H

“+” indicates that group was refined, “-” - indicates that group was fixed at the QC
values. Atom numbers are shown in Fig. S2.

2 Mass spectra

Mass spectra of 3 were recorded during the GED/MS experiments on APDM-1 unit. Fig. S5

shows the averaged spectra obtained from two separate experiments, with the most intense

peaks labeled. The mass spectra confirm the presence of molecular ions of the compound in

the gas phase in sufficient quantity. Four groups of peaks were observed in the mass spectra

(Fig. S5):

1) The molecular ion [Au2C16H12F8P2]
+ with 812 Da, which is the most intensive in the

spectrum, as well as the ion [Au2C16H12F8P2-CH3]
+ resulting from the detachment of one

CH3 group under electron impact in ionization chamber of MS.

2) From 600 to 680 Da region: correspond to different variants of ligand fragmentation

again under electron impact in ionization chamber (detachment of CH3 or P(CH3)2 groups
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or C6H4 cycle or individual F atoms). The presence of two gold atoms in the ion structure

is preserved.

3) From 360 to 480 Da region: the most intense peak in this region is the [AuC8H6F4P2]
+

ion with 406 Da, which is the result of the molecule splitting in half, including the Au-Au

bond breaking. The remaining ions in this region arise from different variants of detachment

of various ligand fragments under electron impact.

4) From 120 to 300 Da region: the most intense peaks in this region correspond to ions

have more or less fragmented ligands that do not include Au atoms.

Traces of volatile impurities were observed in 3 at initial stages of GED experiments

(Fig. S6). Total electron scattering intensity, sufficient for recording diffraction patterns,

was achieved already at 398 K and was maintained when the temperature of the effusion

cell increased up to 427 K. However, as the temperature increased, several molecular forms

appeared, alternating with each other, first with mass numbers of 407-439 Da, then 477

Da. The impurity mass spectrum was joined by peaks of the compound 3 accompanied

by a noticeable number of molecular forms with masses 845 and 878 Da at 477 K, which

disappeared after a while at the same temperature. Further, only the target molecular form

of 3 (812 Da) was present in vapour in scattering volume of GED. The confirmation of

this statement and the absence of volatile admixtures in scattering volume of GED unit is

the mass spectrum recorded at ionization voltage of 10 V containing the parent ion M+

only. The stable relative intensities of ions in mass spectra during whole period of recording

the diffraction patterns for both nozzle-to-plate distances is the additional confirmation of

presence in studied vapour the only molecular species, namely compound 3.

3 Quantum chemical calculations

HF15,16, PBE017, B2PLYP18, ωB97X19, PBEh-3c20, r2SCAN-3c21, MP222 and SCS-MP223

calculations have been performed in Orca 6.1.1 program package24,25. Karlsruhe def2-
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QZVPP basis sets26 have been utilized, except for PBEh-3c and r2SCAN-3c. In some

cases empirical dispersion corrections D327, D3BJ28 and D429 have been used. The tar-

get convergence in geometry optimizations has been set to TightOpt. The SCF convergence

setting was at least TightSCF with grid DefGrid3. For all calculations the RIJCOSX30–32

accelerating approximation has been turned on. With the same settings, an additional all-

electron-correlated SCS-MP2 optimization has been done using the exact two-component

theory (X2C)33,34 paired with all-electron basis sets x2c-QZVPPall35.

B3LYP36,37, B97D38, B9839, BMK40, PBE41, BP8642,43, CAM-B3LYP44, LC-wPBE45–47,

M0548, M0649, M06HF50,51, mPW1PW9152, TPSSh53,54, VSXC55, X3LYP56 calculations

were performed in Gaussian 0957 with the settings Opt=Tight and grid=UltraFine. B3LYP,

PBE, BMK, BP86, CAM-B3LYP, LC-wPBE, M05, M06, and M06HF methods were used

both with and without D3 dispersion corrections. Two combinations of basis set functions

have been used: 1) cc-pVTZ to describe H, C, F, P atoms58,59 and def2-QZVPP26 for Au

atoms; 2) def2-QZVPP for all atoms. Gold core electron shells were described by pseudopo-

tentials in two variants: a) including into account relativistic effects - ECP60MWB60 and

without relativistic affects - ECP60MHF61. The basis sets were taken from the Basis Set

Exchange software62.

Potential energy along the Au...Au distance has been investigated in 3 at the CCSD(T)

level of theory in its LNO-CCSD(T) variant63,64 as implemented in the MRCC program pack-

age65. Extrapolation to the basis set limit has been used by employing aug’-cc-pV(T,Q)Z(-

PP) basis sets66–69 with the vvtight LNO criteria and aug’-cc-pV5Z(-PP) basis sets with

the tight criteria, using diffuse functions on all atoms except hydrogen. The respective

RI and RIJK basis sets have been taken from70 and generated by an automatic gener-

ation procedure71 respectively. Using this computational protocol the potential energy

along the Au...Au distance has been scanned using the geometries obtained from RI-SCS-

MP2(fc)/def2-TZVPP computations. Thus a rigid scan has been performed. At 2.82 Å and

2.83 Å for the Au...Au distance, our best estimates were 0.29 and 0.08 kJ/mol above the

8



minimum located approximately at 2.84 Å, whereas the potential remains rather flat towards

larger distances, being 0.01 kJ/mol at 2.85 Å and 0.04 kJ/mol at 2.86 Å. We also investi-

gated the effect of core electrons at the vtight LNO level using the aug’-cc-pwCVTZ(-PP)

basis set when either correlating the core or only the valence electrons. This, however, only

shifted the energy differences by less than 0.02 kJ/mol towards lower Au...Au distances. The

LNO-CCSD(T) value at vvTight LNO thresholds and the basis set limit yields a minimum of

energy for the Au...Au distance between 2.84 and 2.85 Å, while being a bit closer to 2.84 Å.

However, it is to note that the potential energy surface at this region appears rather flat, es-

pecially when going towards larger Au...Au distances. At the final stage, energy corrections

∆E(fc-SCS-MP2/def2-QZVPP - ae-X2C-SCS-MP2/x2c-QZVPPall) have been additionally

utilized, which allowed to locate the minimum at 2.830 Å.
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1 – electron beam, 2 - diaphragms, 3 - evaporator-reactor, 4 - trap for unscattered
electrons, 5 - rotating sector, 6 - Faraday cylinder with a luminescent material applied to
the inner surface (used for aligning the electron beam to the center of the sector), 7 - anode,
8 - electron beam gate, 9 - photographic plate, 10 - fluorescent screen, 11 - cathode, 12 -
effusion cell, 13 - trap for collecting vapors of the substances under study, 14 - molecular
beam, 15 - gate valve, 16 - ionization chamber, 17 - PMI-2 sensor, 18 - mass spectrometer
unit, 19 - fore-vacuum pumping fitting, 20 - viewing window, 21 - orbitron hetero-ion
pump, 22 - APDM-1 mass spectrometer monopolar detector, 23 - 9 mm diameter hole.

Figure S1: Scheme of the GED/MS experimental setup.
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Figure S2: Atom numbering in 3 used in structure refinement.

Figure S3: Experimental (circles) and model (solid lines) molecular intensities sM(s) of 3
and respective residual curves ∆sM(s).
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Figure S4: Original and reduced (by dividing by sigmoid function) total electron diffraction
intensities of 3 and respective smoothed background lines.
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Figure S5: Mass spectra of 3 recorded during GED/MS experiments.

Figure S6: Evolution of mass spectrum of 3 at initial stages of GED/MS experiments before
recording diffraction patterns.
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