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Table S1. Parameters used for constant current STM imaging.
Figure

Bias Voltage
(mV)

Current Setpoint
(pA)

Tip

2a

100

5

metallic

2b

5

3

metallic

2c

5

3

CO

4a

30

3

metallic

4b

5

10

CO

S2a

5

3

CO

S6a

30

5

CO

S6b

5

10

CO
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Table S2. Comparison of DFT models for the adsorption site of cavity-up and tilted PIC.
Different tentative structures where calculated for the PIC molecule absorbed on a Cu(111)
surface. These structures considered pristine surfaces as well as different combinations of
vacancies and ad atoms. All structures where relaxed using the PBE XC potential,1 in a 4 layer
substrate, keeping fix the positions of the bottom layer. The binding energy was calculated as the
energy of the total system minus the energies of molecule and substrate calculated independently
and without position relaxation.
DFT Model

“4 vacancies”

Binding energy
(eV)

Adsorption geometry

Comment
Heights and AFM
contrast consistent
with experiment.

−9.23

−6.89

8 ad-atoms are set
below the molecule,
forming an square
frame around the
center of the bowl.
Heights and AFM
contrast differ from the
experiment.

“2 arms tilted”

−6.77

Two phenyl groups are
adsorbed on the
surface.

“1 arm tilted”

−7.65

One phenyl group is
adsorbed on the
surface.

“8 atoms around”

"4-atom cluster"

4 adatom cluster under
the convex center of
the bowl. Height and
AFM contrast differ
from the experiment.

−3.00 eV
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Figure S1. Determination of adsorption site and height of (a) PIC cavity-down, (b) PIC cavity-up
and (c) flat PIC/+2H (blue) and PIC/+4H (red). Frequency shift vs tip height (dF(z)) spectra and
frequency shift images are shown. In order to resolve the Cu(100) surface, the frequency shift
images were recorded at a lower height next to the molecules. The lattice of top-layer Cu atoms is
overlain with thin black circles. The corresponding dF(z) spectra and measurement sites and
heights are color coded. The height with respect to the surface (confidence range ±10 pm) is
determined from the minima of the dF(z) spectra.
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Figure S2: Comparison of (a) constant current STM, (b) constant height STM and (c) constant
height AFM images of PIC in cavity-up configuration. d) displays the line trace over the constant
current STM image. The difference in apparent height between the two bright lobes and the dark
lobe is 75 pm. e) and f) show simulated constant height STM (total charge density) and AFM
contrast (particle probe model, see main text), respectively.

Table S3. Experimental and theoretical heights of PIC in cavity-up orientation. The color
code refers to Figure S1. The DFT model “4 vacancies” has 4 vacancies below the molecule. The
model “8 adatoms” has 8 adatoms and no vacancies. The model “4 vacancies” agrees well with
the experiment.
Designation

Experiment (pm)

DFT “4 vacancies”
(pm)

DFT “8 atoms
around” (pm)

Bright (dark and
light green)

470

458

664

Semi-bright (red
and pink)

440

426

645

Dark (blue)

380

397

613
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Table S4. Experimental and theoretical heights of PIC in cavity-down orientation.
Designation

Experiment (pm)

DFT (pm)

Top

440

421

Figure S3. Positive ion ToF-SIM spectra of ~3 × 10−2 molecules/nm2 PIC/Cu(100).
C50H20− C50H22− C50H24−

Cu10−

Ion count (arb. units)

624 K

616

570 K
464 K

618

620

+ PIC

RT

Cu(100)

RT

622

624

626
Mass (u)

628

630

632

634

Figure S4. Negative ion ToF-SIM spectra of ~10−2 molecules/nm2 PIC/Cu(100).
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Table S5. Intensity of C− signals of the data shown in Figure 5
C− counts / total ion count
Cu(100)

(0.5±0.1) × 10−3

+ PIC

(3.5±0.2) × 10−3

516 K

(3.9±0.2) × 10−3

570 K

(3.6±0.2) × 10−3

624 K

(3.8±0.2) × 10−3

Table S6. Experimental and theoretical heights of PIC/+{2,4}H. The color code refers to
Figure S1.
Designation

Experiment (pm)

DFT (pm)

PIC/+2H (blue)

230

251

PIC/+4H (red)

210

238

Table S7. Abundance of type A and type B molecules. The counts and the percentages are
indicated. Only planar molecules are counted, some “cavity-down” appearing molecules exist, in
particular at the step edges. “Other” refers to six-lobed species (Cu adatom) and to molecules with
undefined shapes.
Annealing
temperature

type A
PIC/+2H

type B
PIC/+4H

other

490 K

340

212

71

55 ± 3%

34 ± 2%

11 ± 1%

115

428

48

19 ± 2%

72 ±3%

11 ± 1%

543 K
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Table S8. Total numbers of effectively unpaired electrons (Nu) based on the occupation
numbers obtained from the DMRG calculations.

Nua

PIC/+2H

PIC/+4H

0.3

2.1

#
#
2
calculated using the nonlinear model as 𝑁! = ∑$
"%& 𝑛" (2 − 𝑛" ) suggested by Head-Gordon. 𝑛"
represents the occupation of ith orbital and M is the number of orbitals forming the active space
(i.e. 34).
a

Figure S5. Frequency shift images of the type A (a) and type B (b) molecules shown in Figure 6.
Note the opening of the central 5-ring in (b).

Figure S6. STM and AFM images recorded after annealing to 543 K. (a) STM overview image
showing planar PIC/+{2,4}H as well as bright appearing PIC derived species aggregating at a step
edge. (b) STM image of planar molecules and a bright molecule. (c) Constant height AFM image
with CO-modified tip revealing that the central 5-ring is still intact.
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Figure S7. Abundance of different species after annealing to different temperatures (determined
by STM). The label "Bright" refers to cavity-down PIC (as prepared) as well as to the bright
appearing species observed after annealing. "Planar" refers to the planar hydrogenation products,
i.e. PIC/+{2,4}H.
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Figure S8 Negative ion ToF-SIM spectra of ~10−2 molecules/nm2 ML PIC/Cu(100) annealed in
2×10−7 mbar D2 gas (red), D2O (blue) vapor and decadeuterioacenaphtene, (C12D10, DAc, magenta)
vapor. The expected mass distributions of PIC (C50H20–), PIC/+2H (C50H22–), PIC/+4H (C50H24–)
and Cu (Cu10–) are shown as colored bars. In case of annealing in D2 and D2O, the absence of
significant signals at β and δ shows that the deuterated species C50H20D4− (PIC/+4D) is not formed.
Rather, the spectra (peaks α and γ) are consistent with the formation of the hydrogenated product
C50H24− (PIC/+4H). In case of annealing in DAc vapor, the main molecule-derived signals are ϕ
and ϕ', consistent with the formation of PIC/+4D.
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Figure S9 Normalized charge densities (isosurface: 0.001 rBohr−3) and density of states (DOS) for
spin ↓ and spin ↑ states of PIC/+4H in its antiferromagnetic (AFM) and ferromagnetic (FM)
biradical states, which correspond to an antiparallel and parallel spin alignment, respectively. The
antiferromagnetic biradical state is the ground state and has a 2 meV lower energy than the
ferromagnetic biradical state. The calculations were performed using the hybrid potential B3LYP3
and allowing the structure to relax.
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Figure S10 Density of resultant spin momentum difference n↑ − n↓ for the AFM molecule in
vacuum (isosurface: 0.01 rBohr−3). The figure shows the localization of the two electrons in ↑ and ↓
states of the SOMO level. The calculations were performed using the hybrid potential B3LYP and
allowing the structure to relax without the surface.

Figure S11. Calculated bond lengths (in Ångstrøm) of PIC/+2H and of PIC/+4H. The
ferromagnetic and antiferromagnetic biradical states do not differ structurally at this level. The
calculations were performed using the hybrid potential B3LYP and allowing the structure to relax.
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Figure S12 (a) Density of states (DOS) for spin ↓ and spin ↑ states of the AFM biradical PIC/+4H
in vacuum and adsorbed on Cu(100). There is strong broadening of the molecular electronic states
upon interaction with the surface that quench the biradical state. (b) Electron gain and loss in
surface adsorbed PIC/+4H (isosurface: 0.002 rBohr−3). The diverse pattern of electron gain and loss
over most of the molecule reflects strong interaction of molecular states with the surface. A net
charge transfer of around 0.7 e− into the molecule is calculated. The calculations were performed
using the PBE XC potential including the spin degree of freedom. The Cu(100) surface was
simulated using 3 layers of Cu atoms and both systems – except the bottom Cu layer – were free
to relax.
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