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Direct quantitative identification of the “surface trans-effect”
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X-ray photoelectron spectra of the iron phthalocyanine (FePc) saturated single layer
before exposure to ammonia or water acquired using the soft X-ray light available at the 109
beam line are shown in FIG. S1. Both the Fe 2ps3/,, and N 1s core levels partially overlap with
bulk spectral features, specifically the tail of the Ag 3s and the vibrational loss features of
the Ag 3d core levels (respectively). The Fe 2ps, line is split into two components (Fig. S1b),
a main peak and a broader energy loss feature attributed to the unpaired electrons in the d-
orbitals’’. The C 1s line has two main components related to the C atoms bonded to N
atoms (C-N, Fig. Sla,d) and C atoms bonded to only C atoms (C-C, Fig. Sla,d). The N 1s
spectrum contains only the single peak relating to all 8 N atoms in the phthalocyanine
molecule (Fig. Sic,d).

1
G}_ © experiment C1sA bj Fe 2p o experiment
sum 1 312 sum 1
= 1:C-C q —1: Fe2p,,,
S 2 C-H stretch vibr. mode § | & — 2 satellites
@ [ 3 C-Cshake-up &= = - background’|
= —4CN p
& ——>5: C-N shake-up @& g
1] Pd
B }
]
£
4 =
T T T —l T . T T T T T T
288 287 286 285/ 284 283 282 712 10 708 706 704 702
Binding/Energy (eV) Binding Energy (eV)
s
d) C)- o exper'iment ' ' ' N 1|s E
/ —— sum

= C-N
[—— Ag plasmon
T~ = - background

Intensity (a.u.)

\

462 4(‘]1 4(‘]0 3(‘39 368 3{‘37
Binding Eneray (eV)

FePc

Figure. St: (a) C 1s (hv = 435 eV), (b) Fe 2p (hv = 880 eV) and (c) N 1s (hv = 550 eV) XP spectra measured from a FePc

monolayer on Ag(m). The assignment of the C 1s spectra follows that proposed by N. Parageorgiou et al.S%. Also
shown (d) is a molecular schematic of the FePc molecule and the assignment of the species observed in the XP
spectra.



Structural parameters

The absolute heights for the FePc molecule before and after the ligation of ammonia and
water are shown in Table S1, along with the corresponding coherent fractions and coherent
positions. The comparable absolute heights from the DFT calculations using the functionals
described above, are also reported for the center of the molecule above a hollow site, atop
site and bridge site for iron phthalocyanine adsorbed on Ag(111) without any ligand (Table
S2), with ligated ammonia (Table S3) and with ligated water (Table S4). Shown in Table S5
are the metal-ligand distances for chosen traditional trans-effect and surface trans-effect
systems.

Table S1: Coherent fractions (F.) and coherent positions (P.) found experimentally in this study for
Fe, N and C atoms (C split into C-C and C-N species as identified in FIG. S1), as well as the height of
the various species above bulk like termination of the Ag(i1) surface. Note D(hkl) for Ag(in) is
taken as 2.35 A, and it is assumed that the molecule is over one layer spacing above the surface
(otherwise unphysical results are obtained).

Ag(111)/FePc Fe N C-N c-C
Fe 0.9(1) 0.87(5) 0.9(1) 0.9(2)
Pc 0.11(1) 0.15(3)  0.20(2) 0.24(2)

D(hkl)+D(hkl)*P, (R)  2.61(1) 2.71(7)  2.83(5) 2.92(5)

Ag(111)/FePc/NHs;
Fe 0.73(8) 0.9(3) 0.9(1)  0.95(11)
Pc 0.19(3) 0.21(1)  0.23(1) 0.27(1)

D(hkl)+D(hkl)*P4(A)  2.80(7) 2.84(2)  2.90(3) 2.98(3)

Ag(111)/FePc/H,0
Fe 0.75(7) 0.8(1) 0.9(1)  0.9(1)
Pc 0.14(2) 0.19(3)  0.21(1) 0.23(4)

D(hkl)+D(hkI)*P, (A)  2.68(4) 2.79(6)  2.84(2) 2.90(1)



Table Sz: Absolute heights of the various components of the molecule above the Ag(in1) surface as
calculated for Ag(111)/FePc by DFT calculations with different methods to include the van der Waals
interaction. The weighted mean is assuming that in each surface unit mesh there is one unique atop
site, two unique bridge sites and two unique hollow sites (assuming the FCC hollow site is identical
to the HCP hollow site). When calculating the height of the atoms, the average height of the First-
Layer Ag atoms has been used as the reference.

Fe N C-N CC
A A A A

DFT+D2-1L Top 2.80 2.87 2.88 2.86
HCP 272 284 286 2.86
Bridge 271 2.83 285 2.86
mean 274 285 2.86 2.86

weighted 2.73 284 286 286
std. dev. 0.05 0.02 0.02 0.00

DFT+D2-4L Top 277 283 283 280
HCP 265 277 279 281
Bridge 263 276 278 2.80
mean 268 279 280 2.80

weighted 2.67 2.78 279 2.80
std. dev. 0.08 0.04 0.03 o0.01

DFT+D3 Top 2.82 295 297 3.02
HCP 273 290 293 3.00
Bridge 2.69 2.87 290 3.01
mean 275 291 293 3.01

weighted 2.73 290 293 3.01
std. dev. 0.07 0.04 0.04 o0.01

DFT+ optB88-VdW  Top 2.80 2.87 288 2.88
HCP 260 2.77 279 2.89
Bridge 259 2.74 277 2.90
mean 266 2.79 281 2.89

weighted 2.64 278 2.80 2.89
std. dev. 0.12 0.07 0.06 0.01



Table S3: Absolute heights of the various components of the molecule above the Ag(iu) surface as calculated for
Ag(11)/FePc/NH; by DFT calculations with different methods to include the van der Waals interaction. The
weighted mean is assuming that in each surface unit mesh there is one unique atop site, two unique bridge sites
and two unique hollow sites (assuming the FCC hollow site is identical to the HCP hollow site). When calculating
the height of the atoms, the average height of the first-Layer Ag atoms has been used as the reference.

Fe N CN CC
A A A A

DFT+D2-1L Top 3.00 298 297 290
HCP 290 292 293 2.89
Bridge 291 292 292 289
mean 294 294 294 2.89

weighted 293 293 294 2389
std. dev. 0.08 0.03 0.03 0.01

DFT+D2-4L Top 2.96 293 292 284
HCP 2.84 2.86 2.86 2.83
Bridge 2.83 2.84 285 2.82
mean 2.88 2.88 2.88 2.83

weighted 2.86 2.87 2.87 2.83
std. dev. 0.07 0.05 0.04 0.01

DFT+D3 Top 3.14 311 3.11 3.08
HCP 3.01 3.04 3.05 3.05
Bridge 3.02 3.04 3.05 3.08
mean 3.06 3.06 3.07 3.07

weighted 3.04 3.05 3.06 3.07
std. dev. 0.07 0.04 0.03 0.02

DFT+ optB88-VdW  Top 3.00 298 298 294
HCP 2.85 2.89 291 2.96
Bridge 2.81 2.86 2.88 2.96
mean 2.89 291 292 2595

weighted 2.86 290 291 296
std. dev. 0.10 0.06 0.05 0.01



Table S4: Absolute heights of the various components of the molecule above the Ag(i11) surface as
calculated for Ag(i1)/FePc/H,O by DFT calculations with different methods to include the van der
Waals interaction. The weighted mean is assuming that in each surface unit mesh there is one
unique atop site, two unique bridge sites and two unique hollow sites (assuming the FCC hollow site
is identical to the HCP hollow site). When calculating the height of the atoms, the average height of
the first-Layer Ag atoms has been used as the reference.

Fe N CN CcC

(A) (A) A (A

DFT+D2-1L Top 287 290 291 2.87
HCP 278 287 2838 287

Bridge 2.78 2.86 2.87 2.88

mean 2.81 2.88 289 2.87

weighte

d 2.80 2.87 2.89 2.87

std. dev. 0.05 0.03 0.04 0.01
DFT+D2-4L Top 2.84 2.86 286 2.81

HCP 2.72 2.81 2.82 2381

Bridge 2.71 2.79 280 281

mean 2.76 2.82 283 281

weighte

d 2.74 2.81 2.82 281

std. dev. 0.07 0.04 0.03 0.00
DFT+D3 Top 2.89 2.97 298 3.02

HCP 2.79 2.92 294 3.01

Bridge 2.76 2.89 292 3.04

mean 2.81 2.93 295 3.02

weighte

d 2.80 2.92 294 3.02

std. dev. 0.07 0.04 0.03 0.02
DFT+ optB88-VdW Top 2.85 2.89 290 2.90

HCP 2.64 2.78 2.80 2.90

Bridge 2.63 2.76 279 2.93

mean 2.71 2.81 2.83 2.91

weighte
d 2.68 2.79 2.82 291



std. dev. 0.12 0.07 0.06 0.02



Table S5: Fe - molecular ligand bond length from DFT-Dz2 calculations for NH;, H,O and NO trans to
NH,, H,O, NO and Ag(in1). A longer ligand - Fe bond length implies a stronger trans-effect of the
trans-ligand.

ligand1/ FePc /ligand2 H;N-Fe (A) O-Fe (A) ON-Fe (A)
(NH3)/FePc/(NHs) 2.03 - -
(H,0)/FePc/(H,0) - 2.04 -
(H,0)/FePc/(NHs)  1.99 2.09 -
(NO)/FePc/(NO) - - 1.83
(NO)/FePc/(NH;)  2.16 - 1.74

Ag(111)/FePc/(NHs)  2.128/2.11b - -

Ag(111)/FePc/(H,0) - 2.402/2.45b -

9FePc adsorption on Ag with the Fe on top of a surface Ag atom.
bFePc adsorption on Ag with the Fe on top of a hcp site.

Charge redistribution maps

The charge redistribution maps, shown in FIG. 2 of the main manuscript and FIG. S2 were
calculated by Ap = p(A+B) - p(A) - p(B), that is, the electron density of the whole system
p(A+B) minus the one of each component, p(A) and p(B), with their atomic positions fixed in
the optimized structure. For example, the label FePc(H)/Ag + NH3 means Ap =
p(NH3/FePc(H)/Ag) - p(FePc(H)/Ag) - p(NH3), where p(NH3/FePc(H)/Ag) is the total electron
density of NH3 adsorption on FePc on Ag with the Fe located above the HCP site, and
p(FePc(H)/Ag) and p(NH3) are electron density of FePc(H)/Ag and NH3 with their atoms
fixed at the optimized adsorption positions for NH3/FePc(H)/Ag. Thus, Ap(NH3/FePc(H)/Ag)
displays the charge redistribution caused by adsorption of NH3 on FePc/Ag. Similarly,
FePc(H)/Ag+H20 shows the charge redistribution induced by H20 adsorption on FePc/Ag.
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Figure. Sz: Calculated charge redistribution maps for introducing (a) ammonia and (b) water trans to the Ag(i)
surface; Ag(i) surface trans to (c) ammonia and (d) water; ammonia trans to (g) water and (f) ammonia; and,
finally, (e) water trans to ammonia. The charge density difference was plotted at an isosurface of +0.02 eA3. The red
colour represents electron accumulation while blue colour shows electron depletion.

Fig. S2 represents the predicted difference in the local charge density due to the
introduction of a given ligand. So, in the case of FIG. S2, the plotted redistribution shows
how introducing an ammonia molecule above the Fe atom of FePc adsorbed on Ag(111)

results in charge accumulating in the Fe atom’s d-xz and d-yz orbitals and a depletion in the
Fe atom’s d-z? orbitals (see panel a).

Electrostatic potential above the surface
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Figure. S3. Calculated plane-averaged electrostatic potential above a clean Ag surface using the PBE functional
(black) and the optB88-vdW-DF functional (red). Height of the Ag surface is set to zero. The vacuum level is used
as the reference (green dashed line). At the molecular adsorption regime (within 3 A above the surface, that is
between the two dashed lines), optB88-vdW-DF functional calculation shows a less negative potential,
corresponding to a lower local work function.

Here we use optB88-vdW-DF calculations to show the calculated electrostatic potential
above a clean Ag surface, because calculations using the classical pair-wise force field
potential, such as in DFT-D2 and D3 methods, of the same clean Ag surface will show no
difference as compared the PBE-functional calculations. Within 3 A above the surface
(between the two black dashed lines), the difference between the electrostatic potential
varies by 0.3-0.7 eV, and these two potentials both converge to the vacuum level eventually.
The less negative potential of the optB88-vdW-DF calculated Ag surface suggests a lower
local work function, corresponding to a different charge distribution at the surface as

compared to the PBE-calculated surface, that is a surface dipole pointing towards the
surface.

This lower local work function when using vdW-DF functional makes Ag a stronger trans
ligand. As shown in Figure 2b, when adding the Ag(111) surface trans to a water molecule,
charge accumulation occurs at the interface. The lower local work function (an electric
dipole pointing towards the surface) helps such a charge accumulation at the interface, and
thus leads to a stronger interfacial binding as compared to the PBE-calculated results.
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