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Supplementary Note 1. Details of single-molecule manipula0on measurement 

Toluene is di-σ bonded to the Si(111)-7×7 surface, forming one covalent bond to a silicon adatom and 
another to a neighbouring silicon restatom Suppl. Ref. [1]. Previously we reported on the local 
manipula<on of the toluene/Si(111)-7×7 system [2]. For electron injec<on into molecules adsorbed to 
faulted middle adatoms we found two popula<ons depending on their precise chemisorp<on 
geometry (choice of two crystollographically equivalent rest-atoms). This resulted in two rates of 
desorp<on, dependent upon whether the <p was atop the centre of the molecule, or more atop the 
posi<on of the bonding adatom. The former gave a higher rate of manipula<on than the laeer. Instead, 
here we perform injec<ons into faulted corner adatoms where there is only one possible molecular 
bonding configura<on, resul<ng in a single rate of desorp<on.  

Suppl. Fig. 1 shows the ΔzM heights (see Fig. 1) for injec<on data collected at -1.2 V and 20 pA, which 
informed our choice of 30 pm as an appropriate value at which to trigger the stopping of the injec<ons. 
The varia<on in the data points of Suppl. Fig. 1 may be aeributed to different <p states or to slight 
varia<on in the injec<on site posi<on s<ll occasionally present during injec<ons. 

 

Supplementary Figure 1 Distribu4on of measured changes in 4p height resul4ng from molecular manipula4on. 
Measured ΔzM for -1.2 V and 20 pA injec8ons and corresponding histogram of heights.  
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Supplementary Note 2. Alterna0ve analysis for manipula0on rates and branching ra0os 

An alterna<ve way of calcula<ng the branching ra<o is to fit to the individual rates for desorp<on and 
switching and then take the ra<o of these rates, rather than the random walk method shown in the 

main paper. To do this, we first fit to the total probability of manipula<on 𝑃(𝑡) = !manip
!&

= 1 −

exp(−𝑘𝑡). Then for each outcome, we fit to 𝑃" =
!'
!&
= #'

#
,1 − 𝑒$#%., with x either d for desorp<on 

or s for switching, 𝑁& the number of aeempted molecular manipula<on events, and 𝑁manip   
corresponding to the total number of manipulated molecules (both desorbed and switched). Suppl. 

Figure 2 shows the fits of the data this way. The branching ra<o is again given by 𝐵 =	𝑘d 𝑘s3 . This fijng 

procedure gives similar results for both the manipula<on rates and reac<on branching ra<os as the 
ones in the paper, but requires an addi<onal fijng parameter. Thus, the method in the main text is 
preferred. 

Supplementary Figure 2 Alterna4ve method for extrac4ng manipula4on probabili4es. Solid lines correspond 
to the fits. Black: both manipula8on outcomes combined; cyan: desorp8on; yellow: diffusion. 

  



 4 

Supplementary Note 3. Discussion of manipula0on branching ra0o data at 2.1 V 

 

Supplementary Figure 3 Manipula4on branching ra4o as a func4on of number of manipulated molecules. 
Calculated branching ra8o kd/ks and adjusted R2 value of the fit as a func8on of number of manipulated molecules 
for injec8ons at 2.1 V and 750 pA. 

Suppl. Figure 3 shows the calculated branching ra<o kd/ks and adjusted R2 parameter of the linear fit 
as a func<on of number of manipulated molecules. Depending on the number of molecules that are 
taken into account for the fit, there appear to be two dis<nct popula<ons with high R2 values but 
resul<ng in two different values for the branching ra<o. This could be an ar<fact of the presence of 
two domina<ng <p states when this dataset was present. Therefore, the error bar presented in the 
main paper is an underes<mate and the data point in Figure 5a may not be a true measurement of the 
branching ra<o at this injec<on bias voltage. In addi<on, measurements above the nonlocal 
manipula<on threshold at ≈ 2.0 V are much more challenging due to the short measured <me to 
manipula<on. 
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Supplementary Note 4. Manipula0on probability tree 

 

Supplementary Figure 4 Reac4on outcome probability tree. Reac8on outcome probability tree for a single 
chemisorbed molecule. Inset: Ground state molecular poten8al indica8ng the labelling scheme. 

Suppl. Fig. 4 shows the manipula<on probability tree for outcomes that include the reaeachment of 
the molecule in its ini<al chemisorbed configura<on, following excita<on. By using the probability tree, 
we iden<fy that the frac<on of molecules reaching each observable outcome is given by the following 
set of expressions, where N denotes the number of molecules in each final state, N0 is the total ini<al 
number of molecules, and P is the probability of each outcome, with subscripts Ph, Sw, Des, Ch 
corresponding to physisorbed, switched, desorbed, and chemisorbed. 

Switched ⇒ !Sw
!&

= 𝑃Ph𝑃Sw + 𝑃Ph[1 − (𝑃Sw + 𝑃Des)]𝑃Ph𝑃Sw + 

															+𝑃Ph[1 − (𝑃Sw + 𝑃Des)]𝑃Ph[1 − (𝑃Sw + 𝑃Des)]𝑃Ph𝑃Sw +⋯ 

       +(1 − 𝑃Ph)𝑃Ph𝑃Sw + − − − − − − ” − − − − − −    (S1) 

       +(1 − 𝑃Ph)4𝑃Ph𝑃Sw +− − − − − − ” − − − − − − 

															+(1 − 𝑃Ph)5𝑃Ph𝑃Sw +− − − − − − ” − − − − − −  

!Sw
!&

= ∑ (1 − 𝑃Ph)6𝑃Ph𝑃Sw[1 − (𝑃Sw + 𝑃Des)]6𝑃Ph67
68&     (S2) 
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By the same analysis: 

Desorbed ⇒  !Des
!&

= ∑ (1 − 𝑃Ph)6𝑃Ph𝑃Des[1 − (𝑃Sw + 𝑃Des)]6𝑃Ph67
68&   (S3) 

Using the expression for an infinite geometric series, ∑ 𝑎𝑟#7
#8& = 9

9$:
; |𝑟| < 1, and iden<fying 𝑎 =

	𝑃Ph𝑃Sw/Des and 𝑟 = (1 − 𝑃Ph)6[1 − (𝑃Sw + 𝑃Des)]6𝑃Ph6 	 the above expressions simplify to: 

   !Sw
!&

= <Ph<Sw
9$(9$<Ph)/[9$(<Sw@<Des)]/<Ph

/     (S4) 

and  

   !Des
!&

= <Ph<Des
9$(9$<Ph)/[9$(<Sw@<Des)]/<Ph

/     (S5) 

From the ra<o of these we can recover !Des
!Sw

= <Des
<Sw

, which is iden<cal to the expression without 

considering molecular reaeachment pathway. 
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Supplementary Note 5. Density func0onal theory calcula0ons: op0mised geometries 

The system of toluene on the Si(111)−7×7 surface was inves<gated with the quantum chemical cluster 
models developed in Suppl. Refs.  [3,4]. Model A of the Si(111)−7×7 surface comprises 17 silicon atoms 
and 26 satura<ng hydrogen atoms, while model B is slightly larger (21 silicon, 34 hydrogen atoms) as 
it contains all silicon atoms up to two bonds distance from the adatom-restatom pair that are 
responsible for the bonding to toluene. The nomenclature used to label atoms and methyl group 
subs<tu<on posi<ons within the cluster is defined in Suppl. Fig. 5. In previous work, we showed that 
the clusters used in these calcula<ons (A and B) are sufficient to describe the behaviours of the system 
and that they perform well in comparison to a much larger and more computa<onally expensive model 
(67 silicon, 54 hydrogen atoms) [4]. 

 

Supplementary Figure 5 Cluster model and nomenclature. For the B-PhCH3 cluster, a) presents labels used for 
selected atoms and b) shows the numbering scheme for possible subs8tu8on posi8ons (R-posi8ons) of the 
methyl group. The silicon adatom (Sia) is coloured red, the restatom (Sir) blue, all other silicon atoms are yellow 
while carbon atoms are grey and hydrogen atoms white. The carbon atoms bonded to the adatom and the 
restatom are denoted as Ca and Cr. The out-of-plane movement of the adatom in the anionic states is 
characterised by the distances to the atoms labelled Siv and Sid. 

Quantum chemical cluster model geometry op<miza<on calcula<ons were performed using 
the B3LYP hybrid func<onal, employing the 6-31G* basis set and the Grimme D3 dispersion correc<on 
applied as previously done in Suppl. Ref. [4]. The neutral ground state (neutral), the first excited state 
of the nega<vely charged system (anion*) and its ground state (anion) were op<mised for the A-PhCH3 
and B-PhCH3 cluster models, for both the R3 and R5 func<onal group posi<ons (detailed in Suppl. Fig. 
5b). The op<mised geometries for A-PhCH3-R3 are shown in Suppl. Fig. 6 and the inter-atomic distances 
for selected atoms are presented in Suppl. Table 1. It was found that the geometry of the anion* state 
is between those of the neutral and anion systems for both cluster models. The inves<ga<ons also 
showed that the transi<on energies between each of the three states (Suppl. Table 2) did not strongly 
depend on the func<onal group posi<on (R3 or R5). For B-PhCH3 the energy of the first excited state 
was very low, only about 50 meV above the ground state (we get 0.5 eV for A-PhCH3). Nevertheless, 
many results are s<ll comparable to the ones for A-PhCH3. From the total energies of each state at the 
different op<mised geometries, we es<mate the maximal energy ∆𝐸BC", which can be gained during 
a DIET jump cycle (see Suppl. Table 2). 

 

Supplementary Figure 6 Op4mised geometries of ground and anion states. Op8mised geometries of the 
neutral, anion* and anion toluene states on the Si(111)-7×7 surface using the A-PhCH3-R3 cluster model. The 
same colours are used as in Suppl. Fig. 5. 
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Supplementary Table 1 Calculated bond distances for the op8mised geometries. Values are presented in Å. See 
figure Suppl. Fig. 5 for the atom labels. 

 A-PhCH3 B-PhCH3 
R3 R5 R3 R5 

𝑅Si0$Si1  neutral 2.633 2.633 2.639 2.640 
anion* 2.871 2.865 2.678 2.705 
anion 3.029 3.032 3.043 3.043 

𝑅Si0$Si2  neutral 2.735 2.734 2.743 2.744 
anion* 2.775 2.773 2.736 2.755 
anion 2.958 2.959 2.973 2.972 

𝑅Si0$C0  neutral 2.033 2.033 2.032 2.032 
anion* 2.019 2.021 2.016 2.021 
anion 2.066 2.066 2.064 2.064 

𝑅Si3$C3  neutral 2.017 2.017 2.016 2.016 
anion* 2.007 2.007 2.017 2.018 
anion 1.990 1.989 1.988 1.988 

 

Supplementary Table 2 Calculated maximal energy gained during a single DIET jump cycle. Values are presented 
in eV. 

 A-PhCH3 B-PhCH3 
R3 R5 R3 R5 

neutral → anion → neutral 1.146 1.148 1.146 1.143 
neutral → anion* → neutral 0.446 0.435 0.174 0.158 
neutral → anion* → anion → neutral 1.181 1.176 1.257 1.143 
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Supplementary Note 6. Density func0onal theory calcula0ons: transi0on barriers 

 

Supplementary Figure 7 Reac4on path geometries. Side and top views of geometries for chemisorp8on (le_), 
the transi8on states (middle) and physisorp8on (right) for the reac8on path to B-PhCH3-R3-b (top rows) and B-
PhCH3-R5-a (lower rows). 

The same methodology for the calcula<on of barriers and thermodynamic proper<es was used 
as in Suppl. Ref. [5] for chlorobenzene. The only difference is that Gaussian16 was used instead of 
Gaussian09. All calcula<ons were done on the M062X-D3/defTZVP level of theory. Two reac<on paths 
were inves<gated, i.e, the ones to B-PhCH3-R3-b and B-PhCH3-R5-a, star<ng from the two most stable 
posi<ons of the CH3 group Suppl. Ref. [3]. The two other possible paths, i.e., the ones to B-PhCH3-R3-
a and B-PhCH3-R5-b (a and b label opposite direc<on for the displacement of the physisorbed molecule 
c.f. Suppl. Fig. 7 and Suppl. Ref. [5]), were not considered because here the methyl group would have 
to pass the adatom. This leads to a large amplitude mo<on in the lateral direc<on and possibly to 
addi<onal barriers, which complicate the iden<fica<on of a reliable transi<on state. 

The structures of the chemisorbed molecules, the transi<on states and the physisorbed 
molecules are shown in Suppl. Fig. 7 for both inves<gated paths. The main difference to the 
corresponding paths for B-PhCl is that the transi<on states are a bit closer to the Si-cluster for the B-
PhCH3 cases. The distances between the carbon atom and the Si add atom are 2.368 Å and 2.372 Å for 
B-PhCl-R3-b and B-PhCl-R3-a, while one finds 2.277 Å for both B-PhCH3-R3-b and B-PhCH3-R5-a. 

This is also reflected by the energies given in Suppl. Table 3. All barriers are a liele bit lower 
compared to PhCl, e.g., ≈ 0.08 eV for electronic energies. This is mainly due to a lowering of the 
“earlier” transi<on states. 
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Supplementary Table 3 a) Electronic energies, b) Gibbs free energies and c) Kine8c proper8es of the paths 
leading to B-PhCH3-R3-b and B-PhCH3-R5-a (C⇒P). Also given in c are the kine8c proper8es for the transi8on 
from physisorp8on to chemisorp8on (P⇒C) and from physisorp8on to the gas phase (P⇒D). All electronic 
energies and free energies are counterpoise corrected and given in eV rela8ve to the desorbed system. 

a 𝐸chem 𝐸TS  𝐸physi ∆𝐸chem-TS 
B-PhCH3-R3-b -1.679 -0.342 -0.617 1.337 
B-PhCH3-R5-a -1.676 -0.338 -0.592 1.338 

 

B 𝐺chem 𝐺TS 𝐺physi  ∆𝐺chem-TS  
B-PhCH3-R3-b -0.883 0.321 -0.049 1.204 
B-PhCH3-R5-a -0.881 0.326 -0.044 1.207 

 

C 𝐴 (s-1) 𝐸A (eV) ∆𝐸 (eV) 
C⇒P  
B-PhCH3-R3-b 1014.91 1.329 1.337 
B-PhCH3-R5-a 1014.90 1.332 1.338 
P⇒C  
B-PhCH3-R3-b 1010.93 0.260 0.275 
B-PhCH3-R5-a 1010.61 0.241 0.254 
P⇒D  
B-PhCH3-R3-b 1021.96 0.591 0.617 
B-PhCH3-R5-a 1021.64 0.567 0.592 
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