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Indenofluorenes are non-benzenoid conjugated hydrocarbons that have

received great interest owing to their unusual electronic structure and
potential applications in nonlinear optics and photovoltaics. Here we
report the generation of unsubstituted indenol[1,2-alfluorene on various
surfaces by the cleavage of two C-H bonds in 7,12-dihydroindeno[1,2-a]
fluorene through voltage pulses applied by the tip of acombined scanning
tunnelling microscope and atomic force microscope. On bilayer NaCl
onAu(111), indeno[1,2-alfluoreneis in the neutral charge state, but it
exhibits charge bistability between neutral and anionic states on the
lower-workfunction surfaces of bilayer NaCl on Ag(111) and Cu(111). In the
neutral state, indeno[1,2-alfluorene exhibits one of two ground states: an
open-shell m-diradical state, predicted to be a triplet by density functional
and multireference many-body perturbation theory calculations, or a
closed-shell state with a para-quinodimethane moiety in the as-indacene
core. We observe switching between open- and closed-shell states of a single
molecule by changing its adsorption site on NaCl.

The inclusion of non-benzenoid carbocyclic rings is a viable route to
tune the physicochemical properties of polycyclic conjugated hydro-
carbons (PCHs)' . Non-benzenoid polycycles may lead to local changes
in strain, conjugation and aromaticity, and—relevant to the context of
the present work—induce anopen-shell ground state of the correspond-
ing PCHs*~". Many non-benzenoid PCHs are also non-alternant, where
the presence of odd-membered polycycles breaks the bipartite sym-
metry of the molecular network®. Figure 1a shows classical examples
of non-benzenoid non-alternant PCHs, namely, pentalene, azulene
and heptalene. Azulene is a stable PCH exhibiting Hiickel aromaticity,
but pentalene and heptalene are highly reactive Hiickel antiaromatic
and non-aromatic compounds, respectively. Benzinterposition of

pentalene generates indacenes consisting of two isomers, s-indacene
and as-indacene (Fig. 1b). Apart from being antiaromatic,indacenes also
contain proaromatic quinodimethane (QDM) moieties (Fig. 1c)°, which
endow them with potential open-shell character. Although the parent
s-indacene and as-indacene have never been isolated, kinetically and
thermodynamically stabilized derivatives of s-indacene have been syn-
thesized'" . A feasible strategy toisolate congeners of otherwise unsta-
ble non-benzenoid non-alternant PCHs is through fusion of benzenoid
rings at the ends of the n-system, that is, benzannelation. For example,
althoughthe parent pentalene s highly reactive, the benzannelated con-
generindeno[2,1-alindeneis stable under ambient conditions (Fig.1b)".
However, the position of benzannelation s crucial for stability: although
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Fig.1|Non-benzenoid non-alternant polycyclic conjugated hydrocarbons.

a, Classical non-benzenoid non-alternant PCHs: pentalene, azulene and heptalene.
b, Generation of indacenes and indenoindenes through benzinterposition and
benzannelation of pentalene, respectively. Grey filled rings represent Clar sextets.
¢, Closed-shell Kekulé (left) and open-shell non-Kekulé (right) resonance structures of
QDMs. Note that meta-QDM is a non-Kekulé molecule. Allindenofluorene isomers,
being derived through benzannelation ofindacenes, contain a central QDM
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moiety. d, Closed-shell Kekulé (top) and open-shell non-Kekulé (bottom) resonance
structures of indenofluorenes. Compared to their closed-shell structures, 1and
5gaintwo Clar sextets in the open-shell structure, and 2-4 gain only one Clar
sextetin the open-shell structure. The coloured bonds in d highlight the ortho- and
para-QDM moieties in the two closed-shell Kekulé structures of 5. e, Scheme of the
on-surface generation of 5 (C,,H,,) by voltage pulse-induced dehydrogenation of

6 (C,H,,). Structures 7 and 8 represent the two monoradical species (C,oH,3).

indeno[2,1-alindeneisstable, itsisomer indeno[1,2-alindene (Fig. 1b) oxi-
dizes under ambient conditions'. Similarly, benzannelation ofindacenes
gives rise to the family of PCHs known as indenofluorenes (Fig. 1d),
which constitute the topic of the present work. Depending on the ben-
zannelation position and the indacene core, five isomers can be con-
structed, namely, indeno[2,1-b]fluorene (1), indeno[1,2-blfluorene (2),
indeno[2,1-alfluorene (3), indeno[2,1-c]fluorene (4) and indenol[1,2-a]
fluorene (5).

The practical interest in indenofluorenes stems from their low
frontier orbital gaps and excellent electrochemical characteristics
thatrender themuseful ascomponentsin organic electronic devices”.
The potential open-shell character of indenofluorenes has led to sev-
eraltheoretical studies on their use as nonlinear optical materials'®"
and as candidates for singlet fission in organic photovoltaics'".
Recent theoretical work has also shown that indenofluorene-based
ladder polymers may exhibit fractionalized excitations®°. Funda-
mentally, indenofluorenes represent model systems to study the
interplay between aromaticity and magnetism at the molecular
scale”. Motivated by many of these prospects, the past decade has
witnessed intensive synthetic efforts towards the realization of inde-
nofluorenes. Derivatives of 1-4 have been realized in solution® %,
and 1-3%*' have also been synthesized on surfaces and character-
ized using scanning tunnelling microscopy (STM) and atomic force

microscopy (AFM), which provide information on the molecular
orbital densities®’, molecular structure®** and oxidation state®~°,
Withregard to the open-shell character ofindenofluorenes, 2-4 are
theoretically and experimentally interpreted to be closed-shell, but
calculations indicate that 1and 5 should exhibit open-shell ground
states'***, Bulk characterization of mesityl-substituted 1, includ-
ing X-ray crystallography, temperature-dependent NMR and elec-
tron spin resonance spectroscopy, have provided indications of its
open-shell ground state”. Electronic characterization of 1on a Au(111)
surface using scanning tunnelling spectroscopy (STS) revealed alow
electronicgap of 0.4 eV (ref. 28). However, no experimental proof of
an open-shell ground state of 1 on Au(111), such as detection of the
orbital densities of singly occupied molecular orbitals (SOMOs)***
or spin excitations and correlations due to unpaired electrons*®*,
has been shown.

In this Article we report the generation and characterization of
unsubstituted 5. Our research is motivated by theoretical calculations
thatindicate 5to exhibit the largest diradical characteramongallinde-
nofluoreneisomers®. The same calculations also predict that 5 should
possess atriplet ground state. Accordingly, 5 would qualify as aKekulé
triplet, of which only a handful of examples exist****. However, the
synthesis of 5 has remained a challenge. Previously, Dressler and col-
leagues havereported the transient isolation of mesityl-substituted 5,
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Fig.2| Characterization of open-shell indeno[1,2-alfluorene on bilayer NaCl/
Au(111). a, DFT-calculated wavefunctions of the frontier orbitals of 5. in the
triplet configuration for the spin up (occupied) levels (isovalue, 0.002 e A7%).
Blue and red colours represent opposite phases of the wavefunction. Orbital
densities (wavefunctions squared) are presented in Supplementary Fig. 12.

b, Corresponding DFT-calculated spin density of 5, (isovalue, 0.01e” A). Blue
and orange colours represent spin up and spin down densities, respectively.

¢, Mean-field Hubbard local density of states map of the superposition of the
SOMOs of 5, calculated at a height of 7 A above the molecular plane.d, DFT-
calculated bond lengths of 5. e, Constant-height /(V) spectra acquiredona
species of 5 assigned as 5,5, along with the corresponding d//dV(V) spectra.
Open feedback parameters: V=-2V,/=0.17 pA (negative biasside) and V=2V,
I=0.17 pA (positive bias side). The acquisition position of the spectra is shown

inSupplementary Fig. 7.f, Scheme of many-body transitions associated with

the measured ionic resonances of 5., together with STM images of assigned

5,s at biases where the corresponding transitions become accessible. Scanning
parameters:/=0.3pA(V=-1.2Vand-1.5V)and 0.2 pA(V=1.3Vand1.6 V).
Centre inset: Laplace-filtered AFM image of assigned 5,5. STM setpoint: V=0.2V,
1=0.5 pAonbilayer NaCl, Az =-0.3 A. The tip-height offset, Az, is provided with
respect to the STM setpoint, and positive (negative) values of Az denote tip
approach (retraction) from the STM setpoint. The STM and AFM images shown
infare of the same molecule at the same adsorption site, which is next to a third-
layer NaClisland. The bright and dark features in the third-layer NaClisland in the
AFMimage correspond to CI"and Na*ions, respectively. The STS datashownine
were acquired on the molecule shownin f.Scale bars, 5 A (simulated local density
of states map and AFM image) and 10 A(ST™M images).

but it decomposed both in solution and in the solid state”, and only
the structural proof of the corresponding dianion was obtained.
On-surface generation of a derivative of 5, starting from truxene as
a precursor, was recently reported**¢. STM data on this compound,
containing the indeno[1,2-alfluorene moiety as part of a larger PCH,
were interpreted to indicate its open-shell ground state*. However,
theresults did not imply the ground state of unsubstituted 5. Here we
show thatoninsulating surfaces (ultrathin NaCl films on (111) coinage
metal surfaces), 5 can exhibit one of two ground states: an open shell or
aclosedshell. We infer the existence of these two ground states based
on high-resolution AFM imaging with bond-order discrimination®* and
STM imaging of molecular orbital densities*. AFM imaging reveals
molecules with two different geometries. Characteristic bond-order
differencesin the two geometries concur with the geometry of either
anopen-oraclosed-shell state. Concurrently, STMimages at ionic reso-
nances show molecular orbital densities corresponding to SOMOs for
the open-shell geometry, but orbital densities of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) for the closed-shell geometry. Our experimental results arein
good agreement with density functional theory (DFT) and multirefer-
ence perturbation theory calculations. Finally, we observe switching
between open-and closed-shell states of asingle molecule by changing
itsadsorptionsite on the surface.

Results and discussion

Synthetic strategy toward indeno[1,2-alfluorene

The generation of 5relies on the solution-phase synthesis of the precur-
sor 7,12-dihydroindenol[1,2-alfluorene (6). Details on the synthesis and
characterization of 6 are reported in Supplementary Figs. 1-3. Single
molecules of 6 are deposited on coinage metal (Au(111), Ag(111) and
Cu(111)) or insulator surfaces. In our work, insulating surfaces corre-
spond to two-monolayers-thick (denoted as bilayer) NaCl on coinage
metal surfaces. Voltage pulses ranging between 4 and 6 V are applied
by thetip of acombined STM/AFM system, resulting in cleavage of one
C-Hbondateach of the pentagonal apices of 6, thereby leading to the
generation of 5 (Fig. 1e). In the main text we focus on the generation
and characterization of 5 on insulating surfaces. The generation and
characterization of 5 on coinage metal surfaces are presented in Sup-
plementary Fig. 4.

Generation and characterization ofindeno[1,2-alfluorene

To experimentally explore the electronic structure of 5, we used bilayer
NaClfilms on coinage metal surfacesto electronically decouple the mol-
ecule from the metal surfaces. Before presenting experimental findings,
we summarize the results of our theoretical calculations performed on
5inthe neutral charge state (denoted 5°). We start by performing DFT
calculations on5°in the gas phase. Geometry optimization performed
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atthe spin-unrestricted UB3LYP/6-31G level of theory leads to one local
minimum, 5., the geometry of which corresponds to the open-shell
resonancestructure of 5 (Fig.1d, Fig.2d and Supplementary Tables1-7;
thelabel OS denotes open-shell). The triplet electronic configuration
of 54¢isthelowest-energy state, with the open-shell singlet configura-
tion 90 meV higher in energy. Geometry optimization performed at the
restricted closed-shell RB3LYP/6-31G level reveals two local minima,
5,4 and 5,4, the geometries of which (Fig. 3b) exhibit bond-length
alternationsinline with the presence of a para- or an ortho-QDM moi-
ety, respectively, in the as-indacene core of the closed-shell resonance
structures of 5 (Fig.1d)”. Relative to 5.5 in the triplet configuration, 5,,,,,
andS5,,,,,are 0.40 and 0.43 eV higher inenergy, respectively. Additional
DFT results are shown in Supplementary Fig. 5. To gain more accurate
insights into the theoretical electronic structure of 5, we performed
multireference perturbation theory calculations (Supplementary Fig. 6)
based on quasi-degenerate second-order n-electron valence state per-
turbation theory (QD-NEVPT2). In so far as the order of the ground
and excited states are concerned, the results of QD-NEVPT2 calcu-
lations qualitatively match the DFT calculations. For 5., the triplet
configuration remains the lowest-energy state, with the open-shell
singlet configuration 60 meV higherinenergy. The energy differences
betweenthe open-and closed-shell states are substantially reducedin
QD-NEVPT2 calculations, with 5,,,,and 5,,.,,0nly 0.11and 0.21 eV higher
in energy, respectively, compared to 5. in the triplet configuration.
We also performed nucleus-independent chemical shift calculations
to probethelocal aromaticity of 5inthe open- and closed-shell states.
Although 5. in the triplet configuration exhibits local aromaticity at
the terminal benzenoid rings, 5,5 in the open-shell singlet configura-
tion, 5,,,,and 5, all display antiaromaticity (Supplementary Fig. 6).

The choice of the insulating surface determines the charge state
of 5: whereas 5 adopts aneutral charge state on the high-workfunction
bilayer NaCl/Au(111) surface (irrespective of its open- or closed-shell
state; Supplementary Fig. 7), it exhibits charge bistability between 5°
andtheanionicstate 57 on the lower-workfunction bilayer NaCl/Ag(111)
and Cu(111) surfaces (Supplementary Figs. 8 and 9). In the main text, we
focus onthe characterization of 5 on bilayer NaCl/Au(111). Characteri-
zation of charge bistable 5 is reported in Supplementary Figs. 10 and
11. Wefirst describe experiments on 5 on bilayer NaCl/Au(111), where 5
exhibitsageometry corresponding to the calculated 5, geometry, and
anopen-shellelectronic configuration. We compare the experimental
dataonthisspeciesto calculations on 5, with atriplet configuration,
astheorypredicts atriplet ground state for 5. For 5., the calculated
frontier orbitals correspond to the SOMOs ¢, and ¢, (Fig. 2a-c and
Supplementary Fig. 12), whose spin up levels are occupied but the
spin down levels are empty. Figure 2d shows the DFT-calculated bond
lengths of 5,5, where the two salient features, namely the small differ-
ence in bond lengths within each ring and the notably longer bond
lengths in the pentagonal rings, agree with the open-shell resonance
structure of 5 (Fig. 1d).

The inset of Fig. 2f shows an AFM image of 5 adsorbed on bilayer
NaCl/Au(111) that we assign as 5,5, where the bond-order differences
qualitatively correspond to the calculated 5, geometry (discussed and
compared to the closed-shell state below). Differential conductance
spectra (d//dV(V), where / and V denote the tunnelling current and
bias voltage, respectively) acquired on assigned 5, exhibit two peaks
centredat-1.5Vand1.6 V (Fig. 2e), which we assign to the positive and
negative ionresonances (PIR and NIR), respectively. Figure 2f shows the
corresponding STM images acquired at the onset (V=-1.2 V/1.3 V) and
peak (V=-1.5V/1.6 V) of the ionic resonances. To draw a correspond-
ence between the STM images and the molecular orbital densities,
we consider tunnelling events as many-body electronic transitions
betweendifferent charge states of 5, (Fig. 2f). Within this framework,
the PIR corresponds to transitions between 5% and the cationic state 5.
AttheonsetofthePIRat-1.2V,anelectron canonly be detached from
the SOMO ¢, and the corresponding STM image at -1.2 V shows the

orbital density of ¢,. Increasing the bias to the peak of the PIRat-1.5 V,
it becomes possible to also empty the SOMO ¢,, such that the cor-
responding STM image shows the superposition of ¢, and ¢,, that
is, |¢,* + |,I* (ref. 39). Similarly, the NIR corresponds to transitions
between 5°and 5. At the NIR onset of 1.3 V, only electron attachment
to ¢, is energetically possible. At 1.6 V, electron attachment to ¢, also
becomes possible, and the corresponding STM image shows the super-
position of ¢, and ¢,. The observation of the orbital densities of SOMOs,
and not the hybridized HOMO and LUMO, proves the open-shell ground
state of assigned 5,c. Measurements of the monoradical species witha
doublet ground state are shown in Supplementary Fig. 13.

Unexpectedly, another species of 5 was also experimentally
observed that exhibited a closed-shell ground state. In contrast to 5.,
where the frontier orbitals correspond to the SOMOs ¢, and ¢,, DFT
calculations predict orbitals of different shapes and symmetries for
5,40 and 5,,.,,, denoted as A, and A, and shown in Fig. 3a and Supple-
mentary Fig. 12. For 5,,,,,, A; and A, correspond to HOMO and LUMO,
respectively. The orbitals are inverted in energy and occupation for
5,40 Where A, is the HOMO and A, is the LUMO. The inset of Fig. 3d
shows an AFM image of 5 that we assign as 5,,,,. We experimentally
infer its closed-shell state first by using qualitative bond-order dis-
crimination by AFM. In high-resolution AFM imaging, chemicalbonds
with higher bond order areimaged more brightly (that is, with higher
frequency shift, Af) due to stronger repulsive forces, and they appear
shorter***”*5 In the inset of Fig. 3d, we also show seven labelled bonds
whose bond orders show notable qualitative differences in the calcu-
lated 5,10, 5,4« (Fig. 3b) and 55 (Fig. 2d) geometries. In 5,,,,, bonds
b and d exhibit a higher bond order than a and c, respectively. This
pattern is reversed for 5,,,,,, whereas the bond orders of bonds a-d
are all similar and small for 5.5. Furthermore, in5,,,,, bond fexhibits a
higherbond order thane, whereasin 5,,,,,and 5,5, bonds eand fexhibit
similar bond order (because they belong to Clar sextets). Finally, the
bondlabelled gshows ahigherbondorderin5,,,thanin5,,,,and 5.
The AFMimage of assigned 5,,,,shownin the inset of Fig. 3d indicates
higher bond orders of the bonds b, d and fcompared toa, cand e,
respectively. In addition, bond g appears almost point-like, and with
enhanced Af contrast compared toits neighbouring bonds, indicative
ofahighbond order (see Supplementary Fig. 14 for height-dependent
measurements). These observations concur with the calculated 5,,,,,
geometry (Fig. 3b). Importantly, all these distinguishing bond-order
differences are distinctly different in the AFM image of 5.5 (Fig. 2f,
inset), whichis consistent with the calculated 5, geometry (Fig. 2d).In
the AFM images of 55 (Fig. 2f, inset and Supplementary Fig.10), bonds
a-datthe pentagon apices appear with similar contrast and apparent
bondlength.Bonds eandf, at one of the terminal benzenoid rings, also
exhibit a similar contrast and apparent bond length, and the central
bond gappearslonger compared to assigned 5,,,,,.

Further compelling evidence for the closed-shell state of assigned
5,4 is obtained by STM and STS. d//dV(V) spectra acquired on an
assigned 5,,,, species exhibit two peaks centred at -1.4 V (PIR) and
1.6 V(NIR) (Fig.3c). STMimages acquired at these biases (Fig. 3d) show
orbital densities of A, (PIR) and A, (NIR). First, the observation of A, and
A, (and notthe SOMOs) as the frontier orbitals of this species strongly
indicatesits closed-shell state. Second, consistent with the AFM meas-
urements, whichindicate good correspondence to the calculated5,,,,
geometry, we observe A, as the HOMO and A, as the LUMO. For 5,,,,,
A, should be observed as the HOMO and A, as the LUMO. We did not
observe molecules with the signatures of 5,,,,,,in our experiments.

We observed moleculesin open-shell (5.; Fig. 2) and closed-shell
(5,4r0; Fig. 3) states inasimilar occurrence after their generation from
6 on the surface (of 47 molecules, 23 and 24 molecules corresponded
to 5.5 and 5, respectively). We could also switch individual mol-
ecules between the open- and closed-shell states, as shown in Fig. 3e
and Supplementary Fig. 15. To this end, a change in the adsorption
site of a molecule (whether 54 or 5,,,,,) was induced by STM imaging
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Fig.3| Characterization of closed-shell indeno[1,2-alfluorene on bilayer
NaCl/Au(111). a, DFT-calculated wavefunctions of the frontier orbitals of closed-
shell 5° (isovalue, 0.002 e” A%). The wavefunctions shown here are calculated
forthe 5,,,geometry. Orbital densities (wavefunctions squared) are presented

in Supplementary Fig.12. b, DFT-calculated bond lengths of 5,,, (top) and 5,,,,,,
(bottom). ¢, Constant-height /(V) spectraacquired on aspecies of 5 assigned as
5,40 along with the corresponding d//dV(V) spectra. Open feedback parameters:
V=-2V,I=0.15 pA(negative bias side) and V=2.2V,/=0.15 pA (positive bias
side). The acquisition position of the spectrais shown in Supplementary Fig. 7.

d, Scheme of many-body transitions associated with the measured ionic
resonances of 5,,.,, together with STMimages of assigned 5,,,, at biases where the
corresponding transitions become accessible. Scanning parameters: /= 0.15 pA
(V=-15V)and 0.2 pA (V=1.7 V). Centre inset: Laplace-filtered AFM image of
assigned 5,,,.. STMsetpoint: V=0.2V,/=0.5 pAonbilayer NaCl, Az=-0.7 A.Here,

the moleculeis adsorbed on top of a defect on the surface. For an example of a
5,qa SPecies adsorbed adjacent to a third-layer NaClisland, see Supplementary
Fig.15. Also shownin the inset are seven bonds labelled a-gto highlight the
bond-order differences between 5,,,,,and 5,,,,,,,. For the bond pairs a/b, c/d and e/f,
the bonds labelled in bold exhibit a higher bond order than their neighbouring
labelled bondsin5,,,.. €, Laplace-filtered AFM images of 5 on bilayer NaCl/
Cu(111) showing switching between 5,5 and 5,,,,, as the molecule changes its
adsorption position. Switching from5,,,, to 5, was induced by scanning at
1.1V, while switching from 5,5 back to 5,,,,, took place by scanning at-2.2 V. The
faint protrusion adjacent to 5 is a defect that stabilizes the adsorption of 5. STM
setpoint: V=0.2V,/=0.5 pAonbilayer NaCl, Az=-0.3 A.STSand STM datainc
and d, respectively, are acquired on the same molecule, whereas the AFM image
indisacquired onadifferent molecule. Scale bars, 5 A (AFM images) and 10 A
(STMimages).

at either of the ionic resonances, which often resulted in movement
of the molecule. The example presented in Fig. 3e shows a molecule
that was switched from 5,,,, to 5,5, and back to 5,,,. The switching is
not directed; that is, we cannot choose which of the two species will
be formed when changing the adsorption site. Out of 22 instances
where the molecules moved, 14 resulted in switching between 5, and
5,x« andineightinstances there was no switching of the ground state.
Furthermore, we observed 5,5and 5,,,,in equal yields upon changing
the adsorption site. The molecule in the inset of Fig. 3d is adsorbed
on top of a defect that stabilizes its adsorption geometry on bilayer
NaCl. At defect-free adsorption sites on bilayer NaCl, that is, without a
third-layer NaClisland or atomic defects in the vicinity of the molecule,
5couldbe stablyimaged neither by AFM nor by STM ationic resonances
(Supplementary Fig. 9). Without changing the adsorption site, the
state of 5 (open or closed shell) never changed, including in the experi-
ments on bilayer NaCl/Ag(111) and Cu(111), on which the charge state
of 5 could be switched (Supplementary Figs. 8 and 9). Also on these
lower-workfunction surfaces, both open- and closed-shell species
were observed for 5°, and both showed charge bistability*® between 5°
(50501 5,4,,) and 57 (Supplementary Figs. 10 and 11). The geometrical
structure of 5 probed by AFM, and its electronic structure probed by
STMimaging at the NIR (corresponding to transitions between 5 and

the dianionic state 572), are identical within measurementaccuracy for
thecharged species of both 5,5and5,,,,,. When cycling the charge state
of 5 between 5° and 57 several times, we always observed the same
state (505 Or 5,,,,) When returning to 5° provided the molecule did
not move during the charging/discharging process. For a discussion
pertaining to the stabilization of and switching between the open-and
closed-shell states of 5, see Supplementary Note 1, and Supplementary
Figs.16 and 17.

Conclusions

Based on our experimental observations, we conclude that indeno
[1,2-alfluorene (5) can be stabilized in and switched between an
open-shell (5,5) and a closed-shell (5,,,) state on NaCl. For the former,
both DFT and QD-NEVPT2 calculations predict atriplet electronic con-
figuration. Therefore, 5 canbe considered to exhibit the spin-crossover
effect, involving magnetic switching between high-spin (5,5) and
low-spin (5,,,,) states, coupled with a reversible structural transfor-
mation. So far, the spin-crossover effect has mainly been observed in
transition-metal-based coordination compounds with near-octahedral
geometry*’, with relatively few examples of PCHs exhibiting the effect™.
The observation that the switching between open- and closed-shell
states is related to changes in the adsorption site but is not achieved

Nature Chemistry | Volume 16 | May 2024 | 755-761

759


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-023-01431-7

by charge-state cycling alone, indicates that the NaCl surface and local
defects facilitate different electronic configurations of 5 depending on
the adsorption site. Gas-phase QD-NEVPT2 calculations predict that
50sisthe groundstate, and the closed-shell 5,,,,,and 5, states are 0.11
and 0.21 eV higherin energy. The experiments, showing bidirectional
switching between 5, and 5,,,,, indicate that a change in the adsorp-
tion site caninduce sufficient change in the geometry of 5 (leading to
acorresponding change in the ground-state electronic configuration)
and thusinduce switching. Switching between open-and closed-shell
states in 5 does not require the formation or dissociation of covalent
bonds®, but a change of adsorption site on NaCl where the molecule
is physisorbed.

Ourresults should have implications for single-molecule devices,
capitalizing on the altered electronic and chemical properties of a
systemin r-diradical open-shell and closed-shell states such as frontier
orbital and singlet-triplet gaps, and chemical reactivity. For possible
future applications as asingle-molecule switch, it might be possible to
also switchbetween open-and closed-shell states by changing the local
electricfield, such as by using chargeable adsorbates®.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41557-023-01431-7.
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Methods
Scanning probe microscopy measurements and sample
preparation
STM and AFM measurements were performed in a home-built system
operating at base pressures below 1 x 107° mbar and a base tempera-
ture of SK. Bias voltages are provided with respect to the sample. All
STM, AFM and spectroscopy measurements were performed with
carbon monoxide (CO)-functionalized tips. AFM measurements
were performed in non-contact mode with a qPlus sensor®. The sen-
sor was operated in frequency modulation mode** with a constant
oscillation amplitude of 0.5 A. STM measurements were performed
in constant-current mode, AFM measurements were performed in
constant-height mode with V=0V, and /(V) and Af(V) spectra were
acquired in constant-height mode. Positive (negative) values of the
tip-height offset, Az, represent tip approach (retraction) from the STM
setpoint. Alld//dV(V) spectrawere obtained by numerical differentia-
tionof the corresponding /(V) spectra. STMand AFMimages, and spec-
troscopy curves, were post-processed using Gaussian low-pass filters.
Au(111), Ag(111) and Cu(111) surfaces were cleaned by iterative cycles
of sputteringwith Ne"ions and annealing up to 800 K. NaClwas thermally
evaporated on Au(111), Ag(111) and Cu(111) surfaces held at 323 K, 303 K
and 283 K, respectively. This protocol results in the growth of predomi-
nantly bilayer (100)-terminated islands, with a minority of third-layer
islands. Submonolayer coverage of 6 on the surfaces was obtained by
flashing an oxidized silicon wafer containing the precursor molecules
in front of the cold sample in the microscope. CO molecules for tip
functionalization were dosed from the gas phase on the cold sample.

Mean-field Hubbard calculations

Tight-binding/mean-field Hubbard calculations were performed
by numerically solving the mean-field Hubbard Hamiltonian with
nearest-neighbour hopping:

Ay =-t CZ SGho U on; 5 — UZ(":’,?)(":’,O (1

(ij),o io

where cza and ¢; , denote the spin selective (o € {1, |} with G € {], 1})
creation and annihilation operator at neighbouring sites i andj,
t=2.7 eVisthenearest-neighbour hopping parameter, U=3.5 eVis the
on-site Coulombrepulsion, and n; ;and (n; ,) denote the number opera-
torand mean occupation number at site i, respectively. Orbital electron
densities, p, of the nth eigenstate with energy E,, have been simulated
from the corresponding state vector a,, ; ,by

2

Pn,o (I‘) = Z an 0¢2p,(r - l",-) (2)

where ¢,,_is the Slater 2p, orbital for carbon.

DFT calculations

Gas-phase DFT was employed using the PSI4 program package®. All
molecules with different charge (neutral and anionic) and electronic
(open- and closed-shell) states were independently investigated.
The B3LYP exchange-correlation functional with 6-31G basis set was
employed for structural relaxation and single-point energy calcula-
tions. Convergence criteriawere set to3 x 10 eV A for the total forces
and10°° eV for the total energies.

Fortheon-surface DFT calculationsshowninSupplementaryFig.16,
we employed the FHI-aims’® package. Molecules in the open- and
closed-shell states were first independently investigated in the gas
phase. The optimized molecular geometries were then optimized
on a9 x 9 bilayer NaCl slab in a cluster-type calculation. Molecular
geometries in the gas phase were optimized with the really tight basis
defaults. For the on-surface calculations we used light basis for NaCl
atoms, and really tight basis defaults for atoms in the molecule. For

structural relaxation, we employed the B3LYP exchange-correlation
functional using the Vosko-Wilk-Nusair*’ local-density approxima-
tion, asimplemented in the FHI-aims package. Inaddition, we used the
van der Waals scheme by Tkatchenko and Scheffler*®. The convergence
criteria for on-surface calculations were set to 107> eV A for the total
forces and 1072 eV for the total energies. For the NaCl slab, we con-
strained the atoms at the edges of the slab, while the atoms located in
the top NaCllayer away from the edges were allowed to relax.

We also studied 5 in the gas phase and adsorbed on bilayer NaCl
ina 5 x 5surface cell using periodic, plane-wave DFT calculations with
VASP***°, We employed the optB86b version of the van der Waals density
functional®®*, a plane-wave energy cutoff of 600 eV,and a2 x 2Monk-
horst-Pack k-point mesh for the surface cell. The NaCl slab was con-
structed with abulklattice constant of 5.64 A. Structural relaxations of
molecule and top NaCl layer (with fixed bottom layer) were performed
until residual forces were below1072 eV A™. The VASP-calculated adsorp-
tion sites and their qualitative differences in energy for the open- and
closed-shell states were found to be consistent with the other DFT cal-
culations shownin the main text and the Supplementary Information.

Multireference calculations

Multireference calculations were performed on the DFT-optimized
geometries using the QD-NEVPT2 level of theory®®®, with three singlet
roots and one triplet root included in the state-averaged calculation.
A(10,10) active space (thatis, 10 electronsin 10 orbitals) was used along
with the def2-TZVP basis set®. Increasing either the active-space size
or expanding the basis set resulted in changes of ~50 meV in the rela-
tive energies of the singlet and triplet states. These calculations were
performed using the ORCA package®®.

Nucleus-independent chemical shift calculations

Isotropic nucleus-independent chemical shift values were evaluated at
the centre of each ring using the B3LYP exchange-correlation functional
with def2-TZVP basis set using the Gaussian 16 software package®.

Data availability

The data that support the findings of this study are available in the
paper and its Supplementary Information, which contains materials
and methods, solution synthesis and characterization of 6, additional
STM and AFM data of 5, STM and AFM data of monoradical species,
analysis of Af(V) spectra, and additional calculations. Output files of
DFT and multireference calculations are available at https://doi.org/
10.5281/zenodo.8234159. Source data are provided with this paper.
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