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SI. EXPERIMENTAL DETAILS

Experiments were carried out with a low-temperature scanning tunneling and atomic force microscope equipped
with a qPlus tuning fork [1] (resonance frequency fo ~ 29.1 kHz, spring constant k¥ = 1.8 kN m~!, quality factor
Q ~ 3 x 10%) in ultrahigh vacuum (p = 2 x 107!° mbar) and at a temperature of 6.2 K. As substrate we used
Cu(111) single crystal covered with >20ML of NaCl. The molecules were deposited onto the sample kept at ~ 7 K
inside the microscope. Bias voltages are given as sample bias with respect to the tip. Positive constant-height offsets
Az correspond to a distance decrease with respect to the AFM Af set point above the clean NaCl. For AC-STM
experiments, the ac voltage pulses were produced by an arbitrary waveform generator (Agilent 33522A) and fed to

the microscope head through semirigid coaxial high frequency cables.

FIG. S1. Direct comparison of the experimental (grey) and theoretical (copper) transition maps. Note that the azimuthal
orientation of the molecule is not the same in the experimental and theoretical panels; see also main text for further discussion.
Transitions from: (a) Neutral to anion at Vgc = 1.0V, Vie = 0.75 V peak-to-peak (Vpp) (exp) and Vi, = 1.375V (theory).
(b) Anion to neutral at Vgc = 1.0V, Vaoe = 1.0V, (exp) and V, = 0.5V (theory). (c¢) Anion to di-anion at Vi. = 2.3V,
Vac = 0.9V, (exp) and Vi, = 2.75V (theory). (d) Di-anion to anion at V. = 2.3V, Vie = 1.0V, (exp) and V, = 1.8V

SIDE-BY-SIDE DISPLAY OF EXPERIMENTAL AND THEORETICAL TRANSITION MAPS

(theory). Scale bars are 5 A.
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SIII. STATISTICAL VALIDATION OF EXPERIMENTAL DATA

The single-charging transitions (0 — 1~ and 1~ — 0) were measured for 18 individual molecules. Two cases were
disregarded completely, since the particular molecules were adsorbed directly at a step edge of NaCl and a point
defect, respectively. The reduction of the symmetry from Cg, to Ca, upon single charging (0 — 1~ compared to the
reverse 1~ — 0 transition) has been observed in all cases, except for one. Since the preferential direction is assumed
to be dictated by the environmental asymmetry, it is not surprising that once the symmetry breaking is not observed.
For 7 of the above cases all four charging transitions relevant here (0 — 17, 17 — 0, 17 — 27, and 27 — 17)
were measured. All of these show the localization of the transition 1~ — 27 on the same orbital as for the 1= — 0
transition. Two of the latter data sets are exemplarily displayed in Fig. S2.

FIG. S2. Experimental data sets for two additional molecules. We show one molecule in panels (a)-(d) and the other in
panels (e)-(f). (a) Neutral to anion at Ve = 1.125V, Vae = 0.8 V,, and Az = 0.7 A. (b) Anion to neutral at Vg. = 1.125V,
Vaec = 0.8V,,, and Az = 0.7 A. (¢) Anion to di-anion at Vi = 2.505V, Vac = 0.8 Vp and Az = 1.5 A. (d) Di-anion to anion
at Vae = 2.505V, Vae = 0.8V, and Az = 1.5 A. (e) Neutral to anion at Vi = 0.795V, Vac = 0.8 Vp, and Az = 0.8 A. (f)
Anion to neutral at Vg. = 0.795V, Vie = 0.8 V,, and Az = 0.8 A. (g) Anion to di-anion at Vg = 2.195V, Vi = 0.8V, and
Az = 1.5 A. (h) Di-anion to anion at Vic = 2.195V, Vae = 0.8 Vpp and Az = 1.5 A. Az are given with respect to an AFM
set point of Af = —1.2 Hz at Vge = 0.001 V. Scale bar is 5 A. A toggling of the molecule can be triggered by the 0 — tol~
transition, depending on the molecular adsorption site: cf. panels (a) and (e).

SIV. CALCULATING MOLECULAR MODE PARAMETERS

The dependence of the electronic wave functions of the molecule on the nuclear positions is obtained by expanding
the electronic Hamiltonian around the reference configuration Ry up to first order in the displacement coordinate q.
By definition, the first derivative of the ground state energy for the reference electronic state vanishes. This is not
the case, though, for the each component of the electronic Hamiltonian. In terms of the normal modes coordinates,

we thus obtain
R OH, h
Ho o = e e 7(af+a)7 s1

with M; the mass of the atom [ and v¢ the displacement vector of the normal mode ¢ with frequency we. The

molecular Hamiltonian flmol presented in the main text corresponds to I:Ie(r, Ry). The matrix element describing
the electron phonon coupling strength is given by

OH, h
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These matrix elements can be evaluated by the Inelastica python package [2]. To evaluate them we first obtained
the molecular geometry with the SIESTA DFT implementation [3]. We employed a single-zeta plus polarization
(SZP) basis set and used the GGA-PBE exchange functional. A finite-displacement amplitude of 0.02 A was used.
Moreover, we checked that using a larger Double-Zeta plus Polarization (DZP) basis set the obtained reorganization
energies changes by less than 5 per cent for the relevant modes, thus leaving the qualitative picture unchanged. For
details about the calculation of the mode energies hw: and electron phonon couplings gfj we refer to Ref. [2].

SV. SEPARATION OF SYMMETRIC AND ANTISYMMETRIC MODES

In this section, we aim to demonstrate the contrasting effects of symmetric and antisymmetric modes. We find
that the symmetric modes solely lead to an energy renormalization depending on the total number of charges on the
molecule. Conversely, the coupling to the antisymmetric modes varies across different orbital occupations, thereby
exerting an influence on the charge distribution of the molecular ground state.

Our discussion begins with the component of the Hamiltonian that encompasses the vibronic degrees of freedom as
well as the electron-phonon coupling

Hv1b + H,_ ph = Z hewe (acag + ) + Z Z gfjdio (dz + &<> . (S3)

¢ Co i,j=L+

The sum is taken over all contributing modes ¢, the spin o, and the degenerate LUMOs i and j, as we assume that
any excess charge on the molecule to be confined solely to the LUMOs, thus restricting the electron-phonon coupling
to these two orbitals. The electron phonon coupling strength is proportional to the matrix elements with respect to
the derivative of the electronic Hamiltonian, see Section SIV,

) (S4)

gz’cj o (i

The derivative aH“ is an irreducible tensor operator which transforms in the same way as the respective normal mode

¢. The wave functlons ¢ and j transform according to the Ej irreducible representation of the Dy; point group.
Therefore, for the matrix element in Eq. (S4) to be nonzero we can only use modes ¢ such that their irreducible
representation I'C is contained in the symmetric product

[Eg & Eg]+ = A1y ® By @ Bay. (S5)

The modes transforming according to the A4 irreducible representation couple to the global excess charge on the
LUMOs. We call these the symmetric modes. The associated molecular distortion preserves the symmetry of the
system. Therefore, they are not contributing to the JT effect. It is important to consider them, as they give a
renormalization to the eigenenergies of the molecule depending on the charge state and they lead to a broadening in
the transition rates.

On the other hand, the By, and By, modes couple to the unbalance between the occupation of the LUMOs. In
particular, this imbalance concerns, for the B1, modes, the real valued basis L., and L,. shown in Fig. S3. Contrary
to the totally symmetric A;4 modes, these modes can lower the symmetry of the molecule. Thus, they are responsible
for the JT distortion.

A. Energy renormalization due to symmetric modes

In this section, we delve into the impact of the symmetric modes. All relevant parameters, which have been
calculated as described in Section SIV, are shown in Table I. The symmetric modes couple diagonally to the LUMOs,
ie. i =jin Eq. (S3),

HVlb + Hé4 ph = Z hwa ( aa + ) Z Jo Zd d]; ) . (SG)
ac{Aig} ac{Ai4} io

All modes couple equally to the occupation of the L,, and L, orbitals and thus we omit the subscript specifying
the LUMO from the coupling strength g,. The sum over a encompasses all modes transforming according to the



Ayg irreducible representation and g, is the coupling strength to the LUMOs of mode a. We apply the Lang-Firsov
transformation to the full Hamiltonian

g = e,§ (Hmol + Ifltip + If[tun + I:Ias + [:Ivib + He—ph) 675' ) (87)
where the operator

S= > > ahig (al, - da) - (S8)

ac{Ay} io

with A\ = 722, This transforms the annihilation and creation operators on the molecule as

bR

dig =dig X, di =dl _XT. (S9)
with X = e~ ZaAa(bl=ba) The phonon operators are shifted by

C:La =l — Aa Nig ELL = &L - Aa Z Mg - (SlO)

The transformed molecular Hamiltonian thus obtains a renormalization of the single-particle LUMO energies €; =

€ — ZaeAlg % . and of the direct Coulomb interaction between the LUMOs V;j;; = Vijji — QZaeA]g %, with
1,j = Lg,,L,.. Furthermore, the symmetric electron-phonon coupling term vanishes, leaving only the harmonic
vibrations in the Hamiltonian which describes the effect of the symmetric modes. The renormalization of the single-
particle LUMO energies and the corresponding Coulomb interaction terms leads to a stabilization of charged states
on the molecule. The Lang-Firsov transformation of the tunneling Hamiltonian yields the X operator introduced in
Eq. (S9). Its matrix elements in the harmonic oscillator eigenbasis are the Franck—Condon factors giving the Poisson
distribution in the rates of Eqs. (7) of the main text. Ultimately, the X operator and thus the coupling to the Ay,
modes is responsible for the broadening of the calculated transition rates.

TABLE I. Reorganization energy, dimensionless coupling A and energy quantum of the A4, B14 and Bz molecular modes. The
reorganization energy is obtained as AErcorg = hiwA?, with A = g/hw. The vibrational energy and the reorganization energy
are given in meV.

Aig modes B4 modes By modes
AF:rcorg A hw || AFErcorg A hw [|AErcorg A hw
61.0 1.435 29.6 |128.0 0.389 185.0(|11.8 0.292 148.0
25.5 0.384 173.3]19.6 0.235 172.7(13.0 0.239 53.7
21.0 0.522 76.7 116.1 0.269 84.9 112.9 0.130 172.5
16.2 0.406 98.4 (1.1 0.085 159.1(|2.3 0.132 134.1
8.3 0.222 167.3(/0.838 0.078 138.2(|1.4 0.108 120.4
2.6 0.126 164.11/0.78 0.080 120.3(1.2 0.108 106.2
2.2 0.109 186.5(/0.38 0.047 169.3(1.0 0.298 11.2
1.3 0.080 195.81|0.34 0.056 110.5(|0.7 0.061 178.2
0.5 0.059 135.2(/0.29 0.12 19.4 ||0.4 0.048 197.0
0.5 0.062 120.5(/0.10 0.034 90.9 |]0.2 0.093 25.4
0.02 0.012 110.5(/0.046 0.027 62.7 1{0.03 0.020 76.7
0.007 0.005 359.7(/0.051 0.0038 359.7//0.009 0.005 358.6
0.006 0.010 67.0 |/0.0024 0.0035 195.4/0.005 0.006 117.1
0.004 0.003 358.9(/0.0001 0.0006 359.0(/10.002 0.003 359.04

B. Treatment of antisymmetric modes

The antisymmetric modes are more sensitive to the actual distribution of the charge between the LUMOs, rather
then to their global occupation. The electron vibron coupling Hamiltonian, written for the real basis depicted in
Fig. S3, reads

ﬁgph = Z 98 (az — ﬁyZ) (&E + dﬂ) + Z 9s (Czlzdyz + CZdeM) (&}; + &B) ) (S11)
Be{B1g} BE{B2g}



FIG. S3. Frontier molecular orbitals of CuPc. We show the SOMO (S), HOMO (H) and the LUMOs in their real valued
representation L., and L,..

where 8 encompasses all modes transforming according to either By, or By,. This Hamiltonian gives rise to the Jahn—
Teller (JT) effect, as each deformation favours the occupation of a determined LUMO thus lifting their degeneracy. The
more complex form of the electron-phonon coupling combined with the structure of the exchange Hamiltonian makes
the Lang-Firsov transformation unuseful. The latter does not decouple in this case the electronic from the vibronic
degrees of freedom. Therefore, we treat the antisymmetric displacements classically and estimate the ground state
confirmation by searching for the minima of adiabatic potential energy surfaces (APES). To this end, we introduce
canonical displacements and momenta as follows

i = v/heog (a +as) . ps = 22;2% (a} - as). (512)

This transformation allows us to express the Hamiltonian associated to the modes with the B1, and By, symmetry
as

; ; o 1 95 .o 98 (st i Lt ) s
S+ 0= Y, (wiph + 4”3%> + D \/7%3 (az = Toye) 5+ \/h% (dlzdyz + dzt/zd“) 8-
BE{B1/24} BE{B1g} BE{B2g}
(S13)

We further simplify the problem by ignoring the kinetic terms and by turning £ into the classical coordinate zz. At
this point we should diagonalize the effective Hamiltonian

: - 3

Heg({z}) = Hmol + Has + Z a0 + He—ph({xﬁ}) (S14)
B

and look for the ground state energy and configuration for each charge sector. Given the presence of 14 By, and 14

By, modes, determining the energy minimum of this potentials proves impractical. A first screening on the modes can

be performed using their reorganization energy AF,core = hwAZ. As can be seen from Table I, the B4 modes provide

a higher reorganization energy than the By, modes. Therefore, we neglect the By; modes and focus our attention

solely on the B;, modes.

SVI. MANY-BODY EIGENSTATES

A crucial role for the understanding of the experiments is played by the effective Hamiltonian in Eq. (S14) from which
the low energy many-body eigenstates of CuPc in its neutral, anionic and dianionic configuration can be extracted.
We restrict ourselves to the Fock space generated from the single particle basis of four frontier orbitals: i.e. the SOMO
(S), HOMO (H) and the two degenerate LUMOs. In particular, we will only consider, in the following, the neutral
anionic and dianionic states with respectively 0,1 and 2 electrons in the LUMOs. This further simplification does not
affect significantly the low energy eigenstates of the neutral and anionic molecule, as obtained by comparison with
numerical diagonalization performed in the full Fock space associated to the four frontier orbitals. In the dianionic
case this approximation excludes a pair of doublets with triple occupation of the LUMOs. The latter are though not



Us 11.352 eV Ji}, = —Jh, _ 548 meV
Uu 1.752 eV JT 258 meV
Upn=Us=U;_ 1.808eV JI_ 168 meV
Usk L777 eV J§ = —J5, 9 meV
UsL 1.993 eV J§i = J&y 2 meV
Unr, 1.758 eV

TABLE II. Coulomb integrals between the frontier orbitals. We indicate with U; = Vj;i; the Hubbard energy of the orbital i,
with Ui; = Visj; and Jij° = Vijj: the direct Coulomb integral and the exchange between the orbitals ¢ and j. Finally, J}; = Vijs;

1

and J "k = Vijik refer to the pair hopping and the split pair hopping, respectively. Taken from Ref. [5].

relevant to explain the experimental results, as these states cannot be accessed with a single electron tunnelling event
from the anionic ground state.

As the LUMOs are degenerate, they allow for different representations. We show in Fig. S3 the frontier orbitals with
the LUMOs in their real valued representation (L., L,.). However, in the discussion of the many-body eigenstates,
we will also use their rotationally invariant representation which is given by [4]

|L+) =

(|L12>+”Lyz>)a ‘L*> = (‘Lm2> *i|Lyz>)- (815)

1 1
V2 V2
The Hamiltonian we discuss is ﬁeg(xl) = Hyo + x3/4 + ﬁgph(xl), where, to start, we restrict ourselves to the B,

mode with the highest reorganization energy. The renormalization due to the symmetric modes only introduces the
same shift to all eigenenergies of a given particle number. In practice, we have

Her(wr) = S (& + D)y + ZZVUMdekU digrdjp + +Z \/%( Liodio+d_jdiio)ar.  (S16)

A z]kl oo’
The summation indices ¢, j, k and [ run over all four frontier orbitals, i.e. 4,5,k,l = S,H,L;,L_. The model
comprises the renormalized single particle energies &; = ¢; — ) g2 /hw, with eg = —12.0eV, ey = —11.7eV,
€r+/L— = —10.7eV, also shifted by a crystal field correction of A = 2.44eV. The Coulomb parameters con-

cerning the direct interaction are also renormalized by the reorganization energy of the symmetric modes, i.e.
Vijw = Vijiw — 2>, 92 /hw,. Exchange and pair hopping contributions are instead not influenced by the Lang-
Firsov transformation. The bare Coulomb parameters, calculated by direct integration from the frontier orbitals [4],
are given in Table II. The energy of the considered mode is hiw; = 185 meV and the coupling strength g; = 72meV.

A. The neutral molecule

We start our discussion of the eigenstates form the neutral molecule. By diagonalizing Eq. (S16) in the reference
position Ry, i.e. x1 = 0, we find a spin degenerate doublet

13, D)) = d, 1), [3,D5) = d, |9), (S17)

where |Q2) is the reference state with doubly occupied HOMO but empty SOMO and LUMOs. We observe the
characteristic unpaired spin in the SOMO, due to its localization and correspondingly high charging energy. The
first-excited neutral energy level lies about 0.8V above the ground state [4] and thus we do not consider it in our
calculations. The lowest eigenvalue of the Hamiltonian Eq. (S16) is depicted in Fig. S4 (a) as a function of the
displacement coordinate x1 given in units of v/hw; and represents the adiabatic potential energy surface (APES). As
the LUMOs remain unoccupied in the neutral ground state, the electron-phonon coupling does not contribute to the
potential energy and we only see the harmonic contribution due to the first antisymmetric mode.

B. The anionic molecule

The effective Fock space for the CuPc anion comprises the eight states given by d ALw, |Q) with o, o/ =1, | and
1 = =+, which are degenerate in the reference configuration as far as it concerns the dlrect Coulomb interaction. The



(b)

X1 (\/TWI) Z1 (\/hTJl)

FIG. S4. Adiabatic potential energy surfaces along the deformation coordinate belonging to the Biy mode with the highest
reorganization energy. The renormalization of the single particle and direct Coulomb interaction due to the A1y modes is
taken into account and the chemical potential 4 = —4.65 eV. (a) The potential energy of the neutral state is a parabola with
its minimum in the reference configuration (z1 = 0), as the electron-phonon coupling does not contribute due to the empty
LUMOs. (b) The anionic potential energy is not minimal in the reference configuration. Either the triplet |4, Tég # xz) or the
triplet |4, 75 *,yz) are the ground state depending on the sign of the deformation coordinate in equilibrium.

exchange coupling between the electrons occupying the SOMO and the LUMO splits this eightfold degeneracy. The
eigenstates in the reference configuration can thus be organized as two sets of triplets and singlets

|4a T(;i_17l> = JTS’TJTL'LT |Q> )

. 1 /4 5 a4
|4, T(?a1> = ﬁ (dgTdTLu - dTLdeLL) 1€2)
o (518)
|4a T()_la Z> = de¢dTLu |Q> ’
. 1 /s 5 S5
|4, S1,1) = NG (d:rgTdTLu + dTLdeTu) 12,

with the triplet orbitally degenerate ground states separated from the singlets by 2Jg;, = 18 meV. These two sets,
labeled by i = £, arise due to the degenerate LUMOs and are mixed by the coupling to the B, vibrational mode.
First, we discuss the two triplet states with S, = +1. The eigenstates of the Hamiltonian Eq. (S16) when 21 # 0 read
1 i

4, T w2y = — (|4, T, +) + 4,757, =), |4, T yz) = —

14,75 ) V2 (| 0 )+ 14, T >) 14,15, yz) /2
We notice that these states are also eigenstates of Eq. (S16) if 1 = 0, thus giving a single set of eigenstates at
all deformations, although the corresponding eigenenergies vary as function of z;, as shown in Fig. S4. From the
definition of the rotationally invariant representation given in Eq. (S18) we can express these anionic eigenstates states
in the real valued representation as

(14,75, +) = 14,157, =) - (S19)

4, T wz) = dbydy L 19Q), 4,75 yz) = did] 4 19). (S20)
The same procedure can be applied to the other 4 triplet states. We obtain

I R G
14, T(?a iz) = ﬁ (dTSTdTLin, - szTdTSl> 12),

(S21)
|4a T()_la ZZ> = dgldTLin, |Q> ’
with ¢ = 2/y. Analogously, for the singlet states we obtain, in the real valued basis,
. 1 5 5 5



again with ¢ = z/y. In each of the two dimensional subspaces with a given spin S and S, the Jahn—Teller Hamiltonian
in Eq. (S16) acquires the canonical form

Hi = it Tl 10, (S23)

W wi
typical of a E®b; Jahn—Teller problem [6]. The sign of the displacement along the z1 coordinate determines whether
the triplet-singlet set with the added electron in the L. or in the L,. orbital experience a decrease or increase
in energy. This leads to a preference of one set of triplet-singlet states over the other depending on the direction of
distortion. The APES depicted in Fig. S4 (b) illustrates this phenomenon. The plot shows four parabolas representing
the potential energy of both triplet-singlet sets.

C. The dianionic molecule

The effective Fock space for the dianionic molecule consists of twelve states, which, in the rotationally invariant
basis, are represented as

dTS(TdEZO' d,\i.

Ljor 12) 5 (524)

where 4,7 = £, and ¢’ = ¢” if i = j due to the Pauli exclusion principle. These states are degenerate for what
concerns the direct Coulomb interaction (terms involving U in Hy,e1) with an energy Es = €s + 2(éy + €1) + bA +
UH + UL + Q(USH + ﬁSL) + 4UHL. By considering the exchange and pair hopping interactions (terms involving .J
in f[mol), this degeneracy is lifted. We first discuss the spectrum and the eigenstates in the reference configuration
21 = 0. The eigenenergies are given with respect to the degenerate energy. The scheme of the energy levels is given
in Fig. S5 (a). The ground state is a spin quadruplet

3y gt gt
‘57Q8>_d dL+T T|Q>7

5,Q5) = —= (dLyd] ydl, — dbydl ydl | +ddldl )19,

% 5 (
‘5’ Q7§> = 7 (CZTSTJEﬁLJ,JEfi o CiJIrHerATS‘J,dzfi + dTL*TCZTsidE+¢) |Q> ’
15,Q %) = dSJ,dL+J, L—] €2).

The energy of this quadruplet is Eqg, = Es — J$* — 2J§f. The first excited states form a spin degenerate doublet,
with energy Fp, = E5 — J7° + Jgf The corresponding eigenstates are given by

(525)

5, Df) = 7 (QdTLHdL 1y +diyd} dpy )~ dTSTdTLHdTLw) ),

(S26)
1 PO A A PR N A
W
5, Dy) = 7 (2 dipdy, dy_ +dp qdlid) |~ dTL—TdAL'¢dTL+¢) €2).
The following three energy levels are also spin doublets, with the following eigenenergies
Ep,=E;—J}_—-J&, Ep,=FEs+JY_—J§, Ep,=FEs+J¢ —Jg . (S27)
The corresponding eigenstates are,
7t 7t gt gt 7t
‘5 D2/3> 7 (d dL+Td L+ T dSTdeTdL7¢) |Q>’
(S28)
dt It
5, D2/3> 7 ( L+t SJ,dL+J, + dL Td&d ) 12),
and, respectively,
1 POTEN A PR
N
5,0) = 75 (] sy, +dbydlydl, ) 19),
1 (S29)
Iy 7 i3 7 gt
5, Dg) = 7 (dTL+TdL¢dTL—¢ + dTL—TdswiEH) ).
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FIG. S5. (a) Scheme of the exchange interaction’s influence on the dianionic spectrum at z; = 0. The 12-fold degeneracy gets
lifted by including the exchange interaction. The states |5, Qg*), |5, D7) and |5, D) correspond to the three low lying parabolas
in panel (b). On the contrary, the states |5, D3 ) and |5, D) are affected by the JT distortion and exhibit an anti-crossing in (b).
(b) APES of the dianionic molecule. There are 3 parabolas which have their minimum in the z1 = 0 reference configuration.
They correspond to the 8 states with the two added electrons distributed between the L,. and L,. orbitals. The two lines
exhibiting an anti-crossing are describing the energy of the states with the electrons located in one of the two orbitals. One
mode is not enough to lower their energies enough to become the ground state.

The first eight states corresponding to the lower energies are not affected by the electron vibron coupling to the
modes of symmetry By,. This is evident in Fig. S5, where we observe three parabolas - one is fourfold and the other
two are twofold degenerate - with a minimum at x; = 0. This antisymmetric mode couples instead the eigenstates
|5, Dg) and |5, DJ). For each of the two spin components, the Jahn-Teller Hamiltonian projected on the corresponding
two dimensional basis reads

3 I’2 Jex_ _ JP_
H?T (1‘1) = 11127 %02+2\/%I10'x (SSO)
1

Due to the finite energy splitting in the reference configuration (z; = 0) this Hamiltonian describes the pseudo-Jahn—
Teller effect [6]. The existence of localized minima corresponding to deformed configurations is only guaranteed for a

sufficiently large coupling, i.e. g > \/ huon (J§ — J_‘TZ_) /4, as can be deduced by analysing the two highest eigenvalues
of the dianionic effective Hamiltonian:

Jex_ +JP_ I2 Jex_ _ Jp_ 2 4 2
Ep,,, (21) = Bs = J§ + ———0—— + =L F \/(* - ) + g2, (S31)

2 4 2 hw1

Differently from the anionic case, here also the eigenstates depend on the deformation coordinate x;. In particular
we obtain

|5, D (x1)) = cosB(x1) |5, D]) — sgnaxysinb(z1) |5, D7) ,

S32
|5, Dg (x1)) = sgnxy sinf(xq) |5, D) + cos6(z1) |5, D) , (832)
where the mixing angle is defined as
1
1 16222 o
0(z1) = - 1
(z1) 5 Arceos ( + Fan(J& — JT (S33)

Within the single mode approximation considered here we obtain a mixing angle at equilibrium 6, ~ 0.247. The
larger is the electron phonon coupling g with respect to the vibrational energy fiw; and the energy splitting J§* —J% _
of the reference configuration, the larger is the absolute value of the equilibrium configuration. Thus, the mixing angle
converges to § = w/4. In view of the enhancement of the coupling introduced by the other molecular modes and,
above all, by the insulating substrate, we expand the equilibrium eigenstate in the vicinity of this limiting case. The



10
lowest energy state having the equilibrium configuration with 21 oq < 0 reads

15, DF (€1,eq)) = €05 (feq — §) —= (15, D5) + 15, Df)) — sin (feq — (15, Dg) — |5, D7)

L E) L
V2 Y V2
=sgno dATS(7 [COS (Geq — %) dATLzszATLml -+ sin (Geq — %) JEyZT Lyz¢:| |2)
= c0s (Ooq — §) 15, D7) + sin (eq — §) |5, D) -

(S34)

This state shows a predominant double occupation of the real valued L,, orbital (|5, DZ,)) with a small admixture
of the state with a doubly occupied L, orbital (|5, Dgy>) The roles of L., and L, are exchanged if &1 ¢q > 0.

The experimental results we showed in Fig. 1 of the main text suggest that the dianionic ground state has both
electrons in the same real valued LUMO. This is clearly not the case in our theoretical model if we consider one mode
since the ground state is in the reference configuration where the lowest lying states are the quadruplets which have
one electron in each LUMO. We can estimate the reorganization energy required to achieve the desired dianionic
ground state by first considering that Ep, — Eq, = J$ + JY_ + J&§ = 435 meV. The total reorganization energy
scales with the square of the electron-phonon coupling. Thus, the one associated to the B;, modes scales with the
square of the electronic unbalance in the real valued LUMOs. It is thus necessary to achieve a reorganization energy
per electron due to By, modes of least 109 meV for the state |5, D§(1,eq)) to become the dianionic ground state.

SVII. COMBINATION OF MULTIPLE MODES WITH THE SAME SYMMETRY

In this section, our focus is on combining multiple modes that belong to the same irreducible representation into
a single effective mode. This allows us to analyze the potential energy of the system with contributions from all
modes of the same irreducible representation. The combined system of molecule and salt has Cy, symmetry. The
B14 modes we calculated for the molecule are all in plane modes and thus they transform as B; modes with respect
to the Cy, point group. Therefore, we can not only combine the molecular modes among themselves but also include
salt contributions to them. We begin this procedure by introducing the transformations of the displacements and
momenta given by

Be{B1} Be{B1}
Imposing canonical commutation relations on these new coordinates yields
{Qn, ]f’m] Z AnﬁBmg/ [I[g,pﬂ =1h Z An,BB 5/555/ =1ih Z AngB B = ZT“L(Snm (836)
BB’ BB’

We further assume A to be orthogonal and thus deduce B = A. Moreover, we fix the first row of the transformation
matrix to be

2

1 93
Ajg = —| — S37
1= 2\ sy (S37)
with g = /> 3 h . This change of coordinate allows us rewrite the Jahn—Teller Hamiltonian as
. 1 N .
HJT({QH}) = Z ZQ% + ng (nzz - nyz) ) (838)

in which the electron-phonon coupling only concerns one effective JT mode, with effective coupling strength g.
However, this transformation comes at the cost of a non-diagonal kinetic part in the Hamiltonian. We are still free
to construct the matrix transformation A such that all the Jahn—Teller inactive modes remain orthogonal among
themselves. We can thus consider them as phonon bath for the JT active mode Q1 and we neglect them in our further
discussions. This is justified as far as we are not interested in the dynamics of the JT distortion, but rather on the
new equilibrium configurations.

Only considering molecular contributions to the effective coupling strength yields a value of g = 218 v/meV corre-
sponding to a reorganization energy of AEp, = 48meV. From our previous discussion in Section SVI we know that
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this reorganization energy is not enough for the states with two electrons in one LUMO to become the new ground
states. We can also deduce this from the APES in Fig. S6 (a), which is plotted along the effective JT coordinate

Qas := Q1 in units of characteristic quantity
1
L% = | gy /2= Fwsg (539)
B

where 8 runs over all considered modes. We notice that an effective Huang-Rhys factor can be defined, starting from
Eq. (S38), for the JT active mode Qag as half of the ratio between the deformed equilibrium configuration QAs min
of the anion and the characteristic scaling constant LAS. In other terms, it reads

2\ 3

o)

NS 9 ( il ) S40
eff L,CAS Zg/ hwg/g%, ( )

1/4

The latter reduces to the common expression A = gg/(fiwg) when the sums are restricted to a single mode. The
deformed minima in the dianionic configuration are closer to the dianionic minimum energy but this still is not
enough to explain the double charging of the same LUMO. However, if we consider also the contributions from the
salt modes with the parameters given in the main text, we obtain g = 359 vmeV, yielding a reorganization energy
of AEp, = 129meV. We show the corresponding APES along the Qg displacement coordinate in Fig. S6 (b). For
the neutral and anionic charge states we observe no qualitative changes. For the dianionic molecule we see instead a
qualitative change, as [5, D7, ) becomes the new global ground state. The next highest lying states are the |5, Dy, )
states. These two pairs of states are split by 2d,s, due to the asymmetry which we included in our Hamiltonian.
Otherwise, analogously to the anionic pairs of triplet and singlet states, they would be degenerate. The energy
splitting between the dianionic ground states |5, DZ,) and the quadruplet states is, with our choice of parameters,
70 meV. This analysis confirms that the salt substrate in this system has an effect on the charge distribution within a
single molecule going beyond mere stabilization of extra charges. We notice, moreover that, even with the contribution
of the salt, Aegr =~ 1 thus allowing for direct transitions between vibrational ground state with different charges. The
classical limit of non-adiabatic vertical transition does not apply to the JT active mode. Analogous considerations
can be reserved also to the symmetric (A;) modes, yielding a significant difference in the effective Huang-Rhys factors

A =236, AP =111, (S41)

SVIII. MICROSCOPIC MODEL OF THE SALT ELECTRON-PHONON COUPLING

We present in this section a simple microscopic model to estimate the electron-phonon coupling between an excess
charge on the molecule and surface phonons of the underlying salt. We consider the bare Coulomb interaction between
the excess electrons in the molecule and the salt ions. Comparison with experimental results indicate that this method
seems to overestimate the values for the coupling.

A. Linear vibronic coupling values

We consider vibration of the ions in all three space directions, thus accounting for both the longitudinal and the
transversal phonon modes in the salt. For simplicity, we limit ourselves to an Einstein model of independent harmonic
oscillators with the energies hw;, = 32meV for the vibrations parallel to the surface and fiwr = 20meV for the ones
perpendicular to it. The linear electron-phonon couplings are calculated from the change of the Coulomb interaction
between the LUMOs and the salt ions upon displacing of the latter. Specifically we evaluate

{u10 }=0

" dmey \ Quge lr — R) —

Here [ labels an atom in the salt, i, 7 = L4 specify one of the degenerate LUMOs and o« = x,y or z represents the
spatial direction of the displacement. Furthermore, we have ¢; = +1 depending on the atom being a chloride (+1)
or sodium (-1) atom, e is the elementary charge and ey the vacuum permittivity. The atom’s equilibrium position
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FIG. S6. APES of the neutral, anionic and dianionic molecule along the displacement coordinate of the active JT mode. (a)
Considering all molecular modes is not enough to obtain the deformed states as ground states. (b) By considering all molecular
modes combined with a contribution from the salt substrate the states |5, DZ,) become the ground state of the dianionic
molecule.

is specified by R?, u; is the displacement coordinate of the considered atom and we have introduced the zero point

fluctuations A%/Y = L and AZ =
0l 2miwr, ol

%. The central copper atom of the molecule, which we define to be
wr

at the origin, is centered on a chloride ion and we take 20 layers of salt into account. We checked that the integral in
Eq. (S42) is converged in the z direction (perpendicular to the salt surface) when taking into account this number of

layers. In the x and y direction we consider a square with an area of 400 A2, which again suffices for the convergence of
the electron phonon couplings. Moreover, we choose a distance of 2.8 A between salt and molecule, which is consistent
with values found in the literature [7, 8]. By calculating the derivative in Eq. (S42), we obtain the expression

2 * X . »10) Aa
[gla} _ qie / da:dydz d)z (x,y,z)qﬁj(x,y,z)(a Rla) 0l
Y 4me {(

L= R?z)z + (y - R?y)z + (Z - RZOZ)Q}

: (543)

3
2
which represents the starting point for the numerical calculation of the coupling constants.

B. Numerical evaluation of the integral

The numerical integration of Eq. (S43) faces the problem of a divergent integrand when the integration variable
coincides with one of the equilibrium positions of the atoms in the salt r = R;. The integral is though not diverging.
To better understand this issue, we expand the product of the wave functions around the diverging point as

G5 (r)o;(r) =¢; (R))¢;(R)) + (81452‘(1")@(7')) (ra — Rin) +

r:Rlo

: Y (Gt I0) (o= ) (s = R)

r=R)

(S44)

where «, 5 = x,y or z. We now evaluate the integral Eq. (543) for the first few terms of this expansion in the vicinity
of a diverging point » = RJ. Furthermore, we drop all constants since we are only interested in the behavior of the
integral when the integrand is diverging and without loss of generality set & = z. By shifting to cylindrical coordinates
with ¢ = 2z — Ry, and p = /(2 — Riz)? + (y — Riy)? and integrating over a small volume around the diverging point,
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we obtain, for the constant term in Eq. (S44)

27 C
d P A S S45
/ ¢/ p S C(p +<2)§ ( )

For the linear component of Eq. (S44), we distinguish two cases. The first case is for & = z, in which it is convenient

to choose spherical coordinates with r = \/p? + (2 and 6 = arctan ( C) We thus express the integral in the vicinity
of the diverging point in these coordinates and obtain

_ /0 7 i /0 " /O " i rcos?(6) sin(0), (S46)

which is not diverging and vanishes in the limit R — 0. The second case we need to discuss is when a # z. We
can choose @ = x as the case with a = y is completely analogous. Now, we rotate our coordinate system and obtain
(' =y— Ry and p' = \/(z — Riz)? + (2 — R;-)2. With this transformation, the local integral is proportional to

o , 0% cos(¢) sin(¢)
/ d¢/ dp’ [ d¢ R i = 0. (S47)

Analogously, one can prove that also the integrals involving higher orders expansions will be finite and vanish in
the limit of infinitesimal integration volume around the point with diverging integrand. Therefore, in the numerical
evaluation we can set the integrand at the diverging point to 0 and can just use standard numerical integration
schemes. The electron-phonon coupling relative to each vibrational mode of a salt ion is a Hermitian 2x2 matrix
which can be expanded in terms of the Pauli matrices. We obtain

g =9ial2+g'p 0" +9ip,0" (548)

as, due to the form of the LUMO orbitals, the o* component vanishes exactly. We labelled the different electron-
vibron coupling components according to the representations of the corresponding irreducible tensor operator with
respect to the Cy, point symmetry group. In fact,

ZZdLméUdL]a € A, Z de o%:drje € By, and Z Z i, o Vdrjs € By. (S49)

So far we have shown how to calculate the electron-phonon couplings for each individual atom in the salt. We are,
however, more interested in the collective behavior of the substrate. Thus, despite of the simplified Einstein model,
we look for the modes with finite coupling to the excess charge in the molecular LUMOS. Analogously to the scheme
proposed in Sec. SVII we thus combine all modes with the same symmetry. We start with collective transversal modes,
whose coordinates read

glz,r -
(E,iZ: = Z 2ulz7 (850)
! Zm (gfn,r)

being I' = Ay, By, and By the corresponding irreducible representation and u;, = %

individual atom in z direction normalized by the respective zero point fluctuation. Analogously, we define for the
longitudinal modes the collective mode coordinates

_ 9l rliz + gl Uty (S51)

\/ X gm r (gﬁ@,r)z

These coordinate transformations identify six collective salt modes with a finite electron phonon coupling. All the
other modes are not influenced by an excess charge on the CuPc molecule and are treated as a dissipative phonon

2
bath. The coupled modes exhibit respectively the transversal and longitudinal coupling strengths gl = > (glz F)
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2 2
and gk = \/Zl (gfp) + (gf{r) , with I' = Ay, B; and By. Starting from the numerical calculation of the integrals

in (S43), one obtains the following coupling strengths for the collective modes

ggl =116 meV, ggl = 20.6 meV, gEQ = 2.5meV

S52
gfh = 92.7meV, 91L31 =11.1meV, géQ =11.7meV. (852)

Similarly to what we observed with the molecular modes, also in the salt the contribution to the electron-phonon
coupling of the B; mode dominates over the one of the Bs modes. Therefore, we concentrate our discussion solely on
the A; and B; modes. They yield a total reorganization energy

2 2 2 2
AEsalt _ (951) + (ggl) + (g£1) + (gél)

reorg th ﬁwL = 966 meV. (853)

These values of the reorganization energy due to the salt deformation can be taken as an estimate for their order of
magnitude. Their quantitative accuracy is though problematic.

On the one hand, by following the conclusions from the experiments of Fatayer et al. [7] we expect that the total
reorganization energy upon charging should be in the range of 300meV < AFE < 500meV. As the molecular

reorg
component is AEﬁ;gig = 187meV, a salt reorganization energy in the range 113 meV < AEfjétrg < 313meV is to be
expected. This leads us to the conclusion that our model overestimates the total reorganization energy stemming
from the salt.

On the other hand, in the molecular reference condition the energy difference between the dianionic ground state
(both electrons in different LUMOs) and the localized configuration is ~ 200 meV. Thus the minimum reorganization
energy stemming from the antisymmetric modes, in order to obtain the localized configuration as the dianionic state
with lowest energy, must be ~ 100 meV.

We assume that these problems can be solved by a more realistic treatment of the salt and salt-molecule interaction
which includes the dispersion relation of the phonons and a screening of the bare Coulomb interaction between the
molecule and the underlying ions. While keeping the form of the Hamiltonian Eq. (S16), we have considered the
effective couplings as free parameters and explored their effects on the many body transitions. We have chosen them
to be AE$! = 231.2meV and AEE!" = 80meV. Combined with the molecular contributions this choice of parameters
gives a total reorganization energy of AE4, + AEp, = 500meV. Thus not overestimating the total reorganization
energy while having the localized dianionic configuration as the ground state.
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