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Section-S1: Chemical characterisation

Supplementary Fig. S1— Molecular view of [RuL2](PFs)2: The asymmetric unit of the molecule
[RuL2] (PFs)2 contains half of a Ru atom, a molecule of ligand (L) and an anion PFs~. The molecule

is generated by rotation around a two-fold rotation axis. Symmetry transformation used to generate
equivalent atoms: a =-x+1, y, -z+3/2.
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Supplementary Fig. S2 — The asymmetric unit of the molecule [RuLCl2(CH3CN)] (CCDC
deposition code 1913319) contains half of a Ru atom, half of a molecule of ligand (L), a Cl atom
and half of a CHsCN moiety coordinated to the metal centre. A 2-fold rotation axis with direction
[0, 1, 0] at O, y, 1/4 , generates the entire molecule. Symmetry transformations used to generate

equivalent atoms:-x,y,1/2-z.
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Supplementary Fig. S3—Molecular view of [RuL)L]PFs (CCDC deposition code 1840074):The
asymmetric unit of the molecule [RuL“)L]PFs contains half a Ru atom, a molecule of ligand (L)
and two anionic groups PF2 with occupancy factors of 0.25 (P), 0.5 (F4/F10) and 1 (F5/F11). A
rotation around a two-fold rotation in a direction parallel to the "c" axis, generates the entire cation

[Ru(L2)]* and two half anions PFs~. Symmetry transformations used to generate equivalent atoms:
a=-x+5/4, -y+1/4,z; b = x, -y+1/4, -z+1/4; c =-x+5/4,y, -z+1/4; d = -x+1/4, -y+1/4, z; e = -x+1/4,
y, -z+1/4.

Note: The H...F interaction observed in the x-ray structure is not crucial to CD. We confirm this
from the following observations:

1. We observed CD with BPhs4 counterion that has no F and hence no H...F bond.

2. Moreover, the activation energy for complexes with BF4, PFs and BPha counterions show
a linear relationship with the counterion radii strongly suggesting that the size is important and not

the H...F interaction.
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Supplementary Fig. S4 — (a) *H NMR spectrum of complex [RuLCl2(CH3CN)] in CDCls solvent
in 400 MHz (*1, solvent residual peak; *2, impurities from solvents) (inset: aromatic proton

resonances).

(b) Segmented ESI-MS spectrum of complex [RuLCI2(CH3CN)]; Masses observed from the
fragment [C17H14Cl2NsRu]* (z=1), i.e., {[RULCI2(CH3CN)] - (CH3CN) + H}". The simulated mass

spectrum is in blue.
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Supplementary Fig. S5 — Segmented ESI-MS spectrum of[RuL()L]PFs; masses observed from
fragment [CasH26N10RU]* (z=1) i.e.( [RULILIPFs — PFg)* (simulated mass spectrum is in blue).
This complex is NMR inactive.
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Supplementary Fig. S6 —(a) 'H NMR spectrum of [RuL2](PFs)2 in CD3CN solvent in 500 MHz
(*1, H20; *2, solvent residual peak ) (inset: aromatic proton resonances).

(b) Segmented ESI-MS spectrum of [RuL:](PFe)2; masses observed from fragment
[C3sH26N10RU]?* (z=2), i.e., {[RuL2](PFe)2 — 2(PFs)}**. The simulated mass spectrum is in blue.
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Section-S2: Ligand centred redox events

Supplementary Table S1: Comparison with redox levels (V) of other molecules used as

resistive memory devices'-234

) _ This report?
Ru- Nitronyl Co(ll) Hybrid ) )
Redox level o o (main text Fig.
terpyridine? nitoxide? polymer? polymer® 1a)
a
Reduction-4 -1.69
Reduction-3 -2.0 -1.19
Reduction-2 -1.75 -0.66
Reduction-1 -1.8 -1.34 -1.45 -0.06
Oxidation-1 0.6 0.22 0.7
Oxidation-2 0.8 1.2

aAll potentials are referenced to Ag/AgCl (saturated KCI)

b pt used as Reference electrode.

Our molecular complex is characterised by four closely spaced, low-lying electron acceptor
orbitals that are much lower in energy compared to other reports in the literature (shown in
Supplementary Table S1 above), which could be a contributing factor for our observed low voltage

and low energy switching.

7151



Supplementary Information |

The CD (or symmetry breaking) observed in our molecule is unique and there is no previous report,
to our knowledge where a similar mechanism is observed. As indicated in the main text, we
attempted this phenomenon with other Ru complexes of 2,2’-bipyridine, 2,2”:6°,2”-terpyridine and
2-(phynylimino)pyridine, none of which show CD. In Supplementary Table-S2 we compare the

redox levels of these molecular systems to ours.

Supplementary Table S2: Comparison with redox levels (V) of other molecules where CD is

not observed.

Our complex | [Ru(Tpy)2]** | [Ru(bpy)s]?* | [Ru(PIP)3]?*
(reference®) | (reference®) | (reference®)
Oxidation 1 1.32 1.36 1.47
reduction 1 -0.06 -1.22 -1.26 -0.89
reduction 2 -0.66 -1.46 -1.45 -1.12
reduction 3 -1.19 -1.69 -1.45
reduction 4 -1.69

All potentials are referenced to Ag/AgCl (saturated KCI)
Tpy=2,2';6',2"-terpyridine

bpy= 2,2'-bipyridine

PIP= 2-(phenylimino)pyridine

Notably, CD requires the accessibility of multiple redox energy levels necessitating presence of
low lying and closely spaced LUMO+n orbitals. As established in Supplementary Table-S2, the
redox levels in our complex are much lower compared to the other ligand-based complexes and
hence are accessible in a reasonable voltage range. That makes CD favourable in our film. In fact,
even redox events are difficult to observe in films of Ru(bpy)s, Ru(Tpy)2 and Ru(PIP)s (probed by
other groups as well”) let alone a CD mechanism.
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Supplementary Fig. S7—(a) X-band electron paramagnetic resonance (EPR) spectrum (g=1.965)
of [RULIL]PFs in dichloromethane solution at 298K. (b) X-band electron paramagnetic
resonance (EPR) spectrum (g1=1.975, g2=1.946, g3=1.918; gav=1.947) of electrogenerated one
electron reduced species, [RUL“L]PFs (bulk electrolysis at -0.35 V vs. Ag/AgCl reference
electrode using supporting electrolyte [BusN]PFs) in dichloromethane-toluene glass at liquid
nitrogen temperature (77K).

The broadening of the EPR peak (g=1.965) at 298K can be ascribed to d-p (metal-ligand) mixing
indicating the contribution of the metal in the LUMO®®%11 However, the absence of anisotropy
(very low g-anisotropy, Ag=0.057 even at 77K) in this spectrum eliminates the possibility of a
major metal contribution. Hence, we conclude the redox event to be primarily ligand centred with
a minor metal contribution. This is also supported by our spectroscopic observations. The
Ru?*/Ru®" transition would result in low energy absorption peaks beyond 800 nm213141516 ywhijch

we never observed in our voltage scan range.
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Section-S3: Film characterisation
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Supplementary Fig. S8 — Rutherford Back Scattering spectrum of the [Ru(L)2](PFs)2 film giving
a molecular density of 8.2x10? molecules/cm?.
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Structure-A

Supplementary Fig. S9 — (a) Topography of the indium tin oxide (ITO) film measured by atomic
force microscopy (AFM). The film is epitaxially grown on Yttria stabilized Zirconia (YSZ)
substrate.

(b) AFM-topography of the spin coated film of [Ru"L2](PFs)20n ITO.

(c) AFM-topography of lithographically patterned gold nano-discs on ITO (used as bottom
electrodes for the devices in Fig.2a (nano disc diameter = 100 nm).

(d) AFM-topography of spin-coated film of [Ru'"L2](PFs)2 on the nano-discs.

Note: The film thicknesses in the micro and nano devices are the same (354 nm) (in nano-devices
the film thickness measurement process is illustrated in Supplementary Fig. S10). As established
elsewhere!’, for a c-AFM measurement with a CSC17/Ti-Pt tip (resonant frequency ~12 kHz, force
constant ~0.15 N/m) on a film of a Ru-complex of azo-aromatic ligand, the typical penetration of
the tip into the film is <4nm which is insufficient to produce any significant thickness change of
our film. The difference in voltage arises from the enhanced electric field at the interface of the

nano-structures and the film. A similar technique has been utilised in other reports®1&,
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Supplementary Fig. S10 — (a) Electrode thickness and (b,c) film thickness measurement by

AFM in (b) structure-A and (c) structure-B.
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Section-S4: Additional device characterisation

Thickness dependent J(V)s from structure — A and B:

Current Density(Afcmz)

.
f=1

—
(=]
(=]

i
&;m { ,F rJ
P
! !

3
SW

Thickness=35nm

-5 0 5
Valtage (V)

Current Den sity(Ncmz}

Thickness=66nm

Thickness=86nm

-
(=]
=2

)

Current Den s.ityr(.hucm2 )

=
=]
in

-
(=]
=}

o

s
\

r\/

Woltage (V)

Voltage (V)

Supplementary Fig. S11 — Thickness dependent J(V) of structure-A
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Supplementary Fig. S12 — Thickness dependent J(V) of structure-B

w
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Note: Following redox mechanism, the switching voltage should depend on electrode level

alignment with the film energy levels. Hence, the switching voltage values are overall insensitive

to the film thickness — consistent with redox. Devices of all thicknesses are fairly stable and robust.

We made devices in 4 different batches and they are reproducible.
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Effect of heating at 500C in Vaccuum
3 |~ Without Heating ' 5
107 |~ After Heating at 500C|

Current Density(A}cmz}

Voltage (V)

Supplementary Fig. S13- J(V)s of structure-A before and after heating (at 500 °C in vacuum) -
No degradation observed.

Supplementary Fig. S14 — (a) Topography of molecular film before c-AFM-measurements.
Arrows indicate the points where measurements were performed.

(b) Topography of molecular film after c-AFM measurement confirming that our measurements
have not caused damage to the film?'’,

Note: The film topography before and after the 1(V) measurements, presented in Supplementary
Fig. S14a,b shows that we do not observe any blurring or artefacts due to tip damage. In fact, we
measured the (V) several times on the same locations and between measurements we retracted

and then approached the tip. This eliminates tip induced artefacts in our 1(V) measurements'’.
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Calculation of switching energy:

Switching energy for the nano-device is calculated using Eg,, = Vi, X Lyost—sw X tsw (Vew=

switching voltage, L,,s.—sy = current after switching, t,,,= switching time)

For switching from the 3 1 state- to the 1 1 state:

Egy1 = 0.149V X (40.39 x 10™°)A x (30 x 10~%)s ~ 200aJ and
for switching from the 1 1 state to the O O state

Egpo = 0.211V X (5.36 X 1076)4 x (30 x 10~%)s ~ 30fJ.

Switching time is assumed as 30ns. In the current response to a pulse of rise time 30 ns we observe
a current overshoot (see Extended Data Fig. 4a) suggesting that the switching speed of our device
is less than the rise time, i.e. <30ns. Structure-C should be even faster due to its lower resistivity
value. Hence the values used to estimate switching energy of device-C are highly conservative and

calculated energy values are overestimated.
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Section-S5: Switching Uniformity

Our switching is uniform, and possibility of a filamentary switching can be ruled out based on
the following evidences:

Our device current scales with area. This is just opposite to filamentary switching which must be
area-independent. Note, the current densities in device-A, B and C cannot be compared, because,
the nano-structures in structure-B, C cause an electric field enhancement in the device, as
elaborated in section-S7. The field inside these structures being very different, the current densities
must be different too. Hence, to conclude on scalability, different sizes of same structure (i.e. all
device-A or all device-B) should be compared.

a b

Structure-A Structure-B
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. 1 9%9 micron? .
~-50x50 micron® 2 ]
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Supplementary Fig. S15 — (a,b) The electrode size dependent I(V) for (a) structure-A and (b)
structure-B showing areal current scaling.

Note: current values below 10°°A is not shown as those values approach the sensitivity limit of
our set up and are not reliable. Also, the areas chosen to show areal scalability of current for
structure-A and B are different. This is because the current density in these two structures are

different and are caused by the difference in electric field (due to field enhancement) inside the
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structure (discussed in section-S7). Because structure- B has a much higher current density than
structure-A, to keep current values within measurable limits, lower areas have been chosen for
structure-B.

(c,d) The current densities plotted for different electrode sizes of (c) structure-A and (d) structure-
B. For the lower dimensions we have not reported the current value of the (31) state because the
values become too low compared to the instrument range.

The areal current scaling observed here strongly suggests the switching uniformity.

The c-AFM imaging of our film surface shows that the entire film switches uniformly. In
Supplementary Fig. S16 we show the structure used for this measurement, in which the bottom
electrode was either a flat ITO or an ITO with lithographically designed nanostructures. Consistent
with characterizations performed on the structure-C, this geometry also allows the film to switch,
just like structures-A and B and this structure enables us to spatially map the current characteristics
as a function of applied bias on the tip. This is possibly the cleanest method to probe switching

uniformity where there is no top electrode to be removed.

Supplementary Fig. S16 — The c-AFM measurements where performed in contact mode (i.e.

the tip in contact with the film surface)

The current scans obtained from these two structures presented in Supplementary Fig. S16 (i.e.
flat bottom 1TO or ITO with nano-structures) are shown in Supplementary Fig. S17. It is evident
that in both these structures, 100% of the film area (scanned over 25x25 pm?) undergoes switching.
Notably, the current variation in the c-AFM scan of each state is <0.5% of the ratio between any

two of the conductance states.
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However, for the devices with nano-structured bottom electrodes, the switching started from the
edges of the nano-structures, where the field enhancement is maximum. At higher applied voltage
values the switching spread across the entire film. A detailed description of this spatial switching
evolution requires spectroscopic examination, which can be probed with tip enhanced Raman
spectroscopy (TERS). These issues are beyond the scope of this paper and will be discussed

elsewhere.

log(Current)
log(Current)

-104

— 20
: 10
Y(micron) 00 X(micron) Y(micron) 00 X(micron)

Supplementary Fig. S17 — The current scan on devices with (a) flat and (b) nano-structured

bottom electrodes with a c-AFM tip as the top-electrode in contact with the film during the scan.
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Section-S6: Elimination of the possibility of an interfacial mechanism

An existing report!® suggests that oxygen plasma treatment of ITO changes the stoichiometry at
the 1TO surface, driving a resistive switching via oxygen filament formation. Since we used an
oxygen plasma to clean the surface, we tested an oxygen plasma treated ITO sample with just an
Au contact. We saw no resistive switching (see Supplementary Fig. S18) in the absence of a
molecular film, consistent with previous reports on metal-ITO contacts?®®. This control

measurement excludes the possibility of contribution of the ITO interface to the switching.

Voltage (V)

Supplementary Fig. S18 — The I-V characteristics of the Au/ITO junction with no molecular

film — no resisting switching was observed.

Also, if a switching mechanism is interface driven, then the observation should be specific to a
particular interface. Extended Data Fig. 6 shows the memristive J(V)s produced by devices with
different electrode combinations, viz. Pt/film/Pt, Au/film/ Au and Au/film/Pt (read as top electrode

material/ film/ bottom electrode material), all producing qualitatively similar J(V)s.

So, in total, we present ternary memristive J(V)s for 5 different electrode combinations (written

as top electrode material/ film/ bottom electrode material), viz.

Au/film/ITO
ITO/film/10
Pt/film/Pt
Au/film/Pt
Au/film/Au

o~ D
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demonstrating that the switching properties of the molecular film are independent of the

electrode combination.

In summary, an interfacial mechanism can also be ruled out based on our following observations:

a.

An interfacial mechanism cannot change the film polarizability. In Supplementary Fig. S25,
we have shown that the permittivity-voltage € (V) characteristics can be fitted with Johnson’s
model? and not with Clausius-Mosotti relation?® proving that the capacitance arises from
highly interacting dipoles, which is a film effect and not an interfacial effect.

An interfacial mechanism cannot explain change in Raman and UV-Vis spectral traces that
occur concurrently with the current and capacitance switching.

An interfacial or any other related mechanism cannot explain the field cooling and zero field
cooling (FC and ZFC) J(V,T) profiles shown in Fig. 5c,d.

Finally, the temperature dependence of the memristive states shows a linear correlation with
the size of the counterions used in the molecular complexes (see Fig. 6). It is impossible to
explain molecular size dependence with an interfacial model — it can only make sense if this

is related to a bulk film effect.
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Section-S7: Role of Nanostructures

In a nano device the current density is much more than in a micro-device because the field values
inside these devices are very different. The nano-structure causes an electric field enhancement
(the value can be higher than 25x depending on the geometry). Owing to the presence of confined
and enhanced electric field, nano structures can significantly reduce charge injection barrier
between a metal and a semiconducting film as established in several previous reports’23242526
between a spin coated film and an electrode, inevitably, there will be a charge injection barrier
which is a problem in every organic device. The interfacial electric field enhancement at the nano-
structure overcomes the barrier and hence the current value in each plateau goes higher and the
switching voltage values reduce. Supplementary Fig. S19 compares the field values in 4 different

structures used in this discussion.

AARRREARRRE AR Fﬁ'@l‘lellleﬁtrqueﬂll TR NN NN YAy

[

Supplementary Fig. S19 — Electric field enhancement on a nano structure. In structure-C we
observe an enhancement of >24 times and in structure-B, the observed enhancement is around
13. Note, in real c-AFM structure, the tip ideally should contain a few atoms and hence the edge

is sharper and the enhancement value can be even higher than 25x.
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To further substantiate that the current enhancement is caused by the field enhancement on the

nano-structures, we provide additional evidences:

1. We took two devices of 3x3 micron? of structure-A and B. If it was an effect of lateral
scaling, the current and switching voltage values should be identical. The measured J(V)

for both the devices are now presented below.

L munmmmn11151"1“9';5“9:'16““““ MO 'o-(S;;l;;::::A
wi) Structure-B
(3x3)pm?
< 10
I -
[
| stucwes
3
O
10-10
5 0 5
Voltage (V)

Supplementary Fig. S20 — J(V) of two 3x3 um? devices of structure-A and B. Note that,
we did not show the data below 1071° A because current below that is noisy and may lack

reliability.

It is very clear that, both current enhancement and voltage reduction is caused by the field

enhancement at the nano-structures.

2. We have taken two devices (structure-B) of identical size — one with nano-discs with edges
and the other with nano spheres (of identical areal density). Clearly, the only difference
here is the electric field enhancement. As shown in our calculation, in nano-disc, due to
presence of edges, the field enhancement is about 13 times, compared to a factor of 8 for
nano-spheres. This accounts for a larger current enhancement and lower switching voltage
values in the nano-disc structure. This proves that it is the field enhancement that reduces
the charge injection barrier between the electrode and the film and that is what determines

the device voltage and current range.
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Supplementary Fig. S21 — (a) Field enhancement on nano-particles and nano-discs, (b)
J(V) of two devices — one with nano-particles and the other with nano-discs both with 9um?
device area.
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Section-S8: Device statistics

295 samples of structure-A were prepared in 20 different batches. For structure-C, multiple
measurements were performed on 18 different areas in 3 different samples (on > 54 different nano-
structures) which were lithographically patterned in different batches. Our results establish a
device to device reproducibility and consistency significantly better than the existing literature.

Supplementary Table S3: Device statistics of micro and nano ternary-devices: summary of

results

Structure-A

Size # Devices Film Thickness | Switch-on | Switch-off | Current density (A/cm?) V=2V Ratio
(umxpmy) (nm) Voltage voltage on Int1 Int2 off
V) W)
100 x 100 117
80 x 80 39 Sw: Sw: On/ Intt
60 x 60 34 4.3+0.2 -3.51£0.2 =103
58+4 (6.6:0.5) | (7.8+1.2) | (8.810.7) | (2.920.5)
40x 40 29 Sw 2: Sw2: x 10! x 102 x 103 x 106 Int1/ Int2
20x 20 31 6.240.2 -5.1+0.3 ~10
10x 10 22 Int2/ Off
1x1 23 ~103

Structure-C

Number of Device Thickness | Switch-on Switch-off | Current (A/cm?) V,.,.=75mV Ratio
measured points area (nm) voltage voltage
) Lt On Int-1 Int-2 Off
54 ~60nm? 4244 15146 -135%6 (2.7+1.2) | (3.120.7) | (6.6:0.8) | (7.1x1.2) On/Int1
2157 -186+5 x1068 x10% x102 x107 ~10%
Int1/Int2
-5
Int2/Off
~10%

* Int-1and Int-2 are the positive and negative intermediate states respectively.
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Section-S9: Comparison with other devices

As tabulated below, there has been several reports on write-once, read-many (WORM) devices.
The observed I(V) responses are irreversible and hence the states are not rewritable. Unlike

memristors, these structures have only a limited set of applications.

Supplementary Table S4: Comparison with other ternary devices in literature

Info source Material Reproducibility Endurance  Stability On/off states On- and Int- Switching Switching
(s) state time voltage
resistance
Mater. Horiz., 2014, 1, 446 Oxacalix[4]are 2 devices Not Ax10% 1:10%2:1087 3 16 GQ No info -1.8V
ne rewritable 1600 TQ 2.9V
J.Am. Chem. Soc. 2016, 138,  phosphole No info Not 7500 1:10%:107 3 125 GQ No info 1.5V
6368-6371 Oxide- rewritable 6370 2.5V
Containing
Organogold(ll}
Complex
J. Am. Chem. Soc. 2013, 135,  Heteroacene No info Not 10° 1:10%3:1053 3 16 GQ No info -2.5v
14086-14089 rewritable 1TQ -3.25v
J. Am. Chem. Soc. 2017, 139,  peripherally No info Not 10° 1:105:108 3 ~60 GO No info 2V
7256-7263 functionalized rewritable ~60 TQ 2.5V
subphthalocya
nines
J.Am. Chem. Soc. 2012, 134,  Meta- No info Not 5x10%* 1:103:10° 3 50 TQ No info 1.2v
20053-20059 conjugated rewritable 10 TQ 1.8V
donor-bridge
acceptor (DBA)
molecule
J. Phys. Chem. C2012, 116, Copolymers No info Not 10% 1:102%:10%° 3 8GO No info -1.75V
25546-25551 with Pendent rewritable 1TQ 5.5V
Carbazole and
Nitro-
Azobenzene
J. Am. Chem. Soc. 2010, 132, Azo-based No-info Not No info 1:102:108 3 ~16 GO No info -1.5V
5542-5543 molecules rewritable ~400 TQ 2.2V
Mater. Horiz., 2014, 1, 446 Oxacalix[4]are 2 devices Not 4x10* 1:1042:1087 3 16 GO No info -1.8v
ne rewritable 1600 TQ 2.7V
J.Am. Chem. Soc. 2016, 138,  Phosphole No info Not 7500 1:103:107 3 125 GQ No info 1.5V
6368-6371 Oxide- rewritable 6370 2.5V
Containing
Organogold(li1)
Complex
J.Am. Chem. Soc. 2013, 135,  Heteroacene No info Not 104 1:10+3:1063 3 16 GO No info -2.5v
14086-14089 rewritable 1TQ -3.25v
J. Am. Chem. Soc. 2017,139,  Peripherally No info Not 104 1:10%:108 3 ~60 GQ) No info v
7256-7263 functionalized rewritable ~60 TQ 2.5V
subphthalocya
nines
1. Am. Chem. Soc. 2012, 134,  Meta- No info Not 5x10* 1:103:108 3 50 TQ No info 1.2V
20053-20059 conjugated rewritable 10*TQ 1.8V
donor-bridge
acceptor (DBA)
molecule
J. Phys. Chem. C2012, 116, Copolymers Noinfo Not 104 1:1025:1045 3 8GO No info -1.75V
25546-25551 with Pendent rewritable 1TQ -5.5V
Carbazole and
Nitro-
Azobenzene
J. Am. Chem. Soc. 2010, 132,  Azo-based No-info Not No info 1:102:108 3 ~16 GQ No info -1.5v
5542-5543 molecules rewritable ~400 TQ 2.2V
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Info source Material Reproducibility Endurance Stability On/off On- and Int- Switching Switching
(s) state time voltage
resistance
J. Phys.Chem. C2012,116,  Twisted No info Not 10* 1:10%5:10%5 3 8GO0 No info -1.5V
22832-22839 Anthraquinon rewritable 5T0 275V
e (azo-based)
Angew. Chem. Int. Ed. 2015,  D-A 20 devices Not 10¢ 1:10%:108 3 600 GQ No info 2v
54,10569-10573 Compound rewritable 3000TQ 3.2v
Containing
Boron(l1l)
Advanced Materials 27.39 0Z0-S0,0ZA- Noinfo Not 10 1:103%1092 3 1.5G0 No info -1V
(2015) 5968-5973 SO rewritable 1TO -3.7V
Adv. Mater. 2012, 24,6210—  conjugated No info Not 4x104 1:10%:10* 3 50 GO No info -1.5v
6215 small rewritable 25TQ 2.9V
molecules
Nanoscale, 2017, 9, 10610 Conjugated No info Rewritable  10* 1:60:3000 3 80 GQ No info -1.2v
polymer + 600 cycles 8TO 2v
graphene
oxide
quantum dots
J. Mater. Chem. C,2017,5,  Polymethacryl  Noinfo No info 10* 1:10%:10% 3 15GQ No info 3V
8593 ate containing 05TQ 37V
pendent
azobenzene—
naphthalene
Scientific Reports 7.1 (2017):  Graphene No info 10* 10° 1:10:102 3 2360 >sec 1v
3938. oxide in 35G0 1.7V
Polystyrene
Our Device Ru- 300 devices 1010 106 1:10%107 3 20kQ <30ns 15116 mV
(scaled for complex of 2.5MQ 2157 mV
20nmx20nm) a azo-
aromatic
ligand
Our Device Ru- 300 devices 101 108 1:10%107 3 160kQ <30ns 151+6 mV
Estimated area= 60nm? complex of 20MQ 2157 mV
a azo-
(measured values) .
aromatic
ligand

Endurance:  The number of write-read-erase-read cycles
Stability: Temporal persistence of conductance states with constant application of reading
voltage at 350K

On-state and intermediate-state resistance: Numbers are normalised for a 20nmx20nm device area

(typical industrial size) for comparison purposes.
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From Supplementary Table S4 we conclude the following:

e According to the mathematical framework of memristors, developed by Leon Chua, a
device needs to form pinched hysteresis loop in I(V) plane to be termed as a
memristor?’. WORM devices are not memristors as they do not satisfy that criterion.

e The two primary applications of a memristor are as RRAM and for logic — both demand
re-writability. WORM devices are not rewritable and hence are unsuited for either of
these applications. The only possible application area of such devices could be as read
only memories (ROM).

e However, the problem is, when scaled to even a um? area, the intermediates state
current in these devices (21 such reports are presented in Supplementary Table-S4) go
<1nA which is too low and is not useful for any circuit (according to ITRS standard).

e If we further scale the currents to 2500nm? (a fairly large area compared to real devices)
then even the on-state current goes < 1nA.

In summary, these current values are too small to be sensed and hence these devices
are not scalable.

e The switching voltages of these devices are ~3V, too high and the variation values are

also exorbitantly high for any practical purpose.

Although a molecular mechanism implies a uniform areal switching, it has never been observed
in these devices. In fact, to our knowledge, no organic device until now has ever shown a 100%

areal switching.

We show below c-AFM images, taken from 4 independent measurements on organic memristors/

WORM devices with multiple states from the following papers:

J. Mater. Chem., 2012, 22, 16582
Nanoscale. 9: 10610-10618, 2017
Scientific reports 5 (2015): 10022
Scientific reports 6 (2016): 38816

N
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J. Mater. Chem., 2012, 22, 16582 Nanoscale, 2017, 9, 10610
(a) Ses
(h) 3 . - . . .
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Supplementary Fig. S22 — A comparison between c-AFM images of other organic devices and
the present device. We have taken permission from Royal Society of Chemistry?®2° and Nature

Springer®3! for the re-use of the figures for comparison.

All the data shown in Supplementary Fig. S22 only show non-uniform spikes akin to noise that
usually arise either from filaments or from improper grounding of the bottom electrode. Looking
at these measurements, we conclude that while molecular mechanisms are proposed for these
devices, they are unreliable and these switching processes most probably arise from interfacial
defects or filaments. In contrast, the present c-AFM data shows switching of 100% of the film
surface — a demonstration lacking in any of the existing publications and representing a major

advancement in itself.

Comment on the memcapacitive device by Bessonov et.al.:

We have noted a report®? by Bessonov et.al. on a capacitive memory showing an enhancement in
capacitance with a decrease in resistance. Their model showing a memristor and a memcapacitor
in parallel would imply device resistance to go up with an increased capacitance. The only way

this can possibly be explained is using a combination of memristors and capacitors, as shown by
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Wang et.al. 3. They call it a pseudo-memcapacitor as it does not arise from a single device property
but from a lumped element circuit.

Supplementary Table S5: Comparison with ITRS, 2015 projected values

Parameter ITRS Projection Achieved Values
( adopted from Table ERD4b, ITRS-2015) (measured in structure-C)
Read Current >10nA/ 100pA (unipolar/ bipolar) S5uA (On), 40nA(Intermediate) (at.1V)
W/E time ~ns ~30ns
Write Cycles >10%° >10%°
Write Voltage <0.6V 0.15V, .22V
Read Voltage <0.2Vv <1V
Write energy <1pl 200al, 30f) (area 60 nm?)
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Section-S10: Calculation of Enerqy Levels using Periodic DET

The MO eigenvalues and eigen surfaces are identical, to within 10 meV and when visualized using
an iso value=0.1 au, respectively, in the 4-molecule unit cell based on the X-ray structure and 8
molecule unit cell based on a 2x1x1 supercell of the X-ray structure. Hence the data in Fig. 1
would be simply duplicated as shown in Supplementary Fig. S23 below. For the data in Fig. 5, the
AE values change by <10 meV and the displacements by <0.02 Angstrom so the plots are perfectly

superimposed.

HOMO LUMO LUMO+1 LUMO+2 LUMO+3
O £ O £ L O L o L P
o (J)O <>‘\DJO C)OKD\O oj@JW \"JD)“‘
Q. _ab P Q _Ab P Q _ab P Q _adb. L Q _ab P
4 molecules = b—q p— p—Q P b—q P b—q = p—q
. 4 a4 > >« » d T4 b d >« » < »F< »
/unlt b=d ) P—df o=d P—d o=d .co b=d P—d o=d b—d
d ¥ o d ¥ v d ¥ v d %9 o d %% v
- ! £ - W
g o o o L o o o
o. A P 2. O a
Y 3 Nt % N R ™R " i
Q_ob. ¢ Q_4b & Q&b P oAb 2P Q_ab QP
: . . AL 0.
8 molecules £~ g P P P-Q P~ P=Q P o | p—df bq
A »>@<4 > d »@-4 » 4 A > d »O—< » < »B<d >
o O=d p=d O=¢ p=d O=(d p=0 o—d D o-=d D
[unit Bof 8 B 40 : b
d QU o) d Q0 o) o QU o) d ¥Sio] o g ST &
\ ) - . £
Oy ) Oy ()(' O¢ Lo OOQOO CC)O\ 5

Supplementary Fig. S23 — Molecular orbitals derived for four- and eight-molecule unit cells.
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Supplementary Fig. S24 — Shown above are the calculated molecular energy levels in expanded
and unexpanded lattice of [RuL2](PFe)2. In the expanded lattice (that enables larger counterion
displacements), a clear broadening of levels is observed (four molecule unit cell, so four mini-
levels at each reduction level) which gives a contraction in energy gap between reduction levels.
Not all counter ions follow the exact same displacement vector away from the molecules, which
creates a broader distribution. This means that in an expanded system (representing a film) the
observation of a switching voltage lower than the CV potentials is not surprising and that is what

we observe in structure-C.
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Section-S11: Permittivity fitting

The field-dependent dielectric constant of the film was fitted with two alternate functions:

£ (0) -, Where E is the electric field across the
1+{A(g0er(0))2E2}3

1. Johnson’s equation: €,(F) =

film, €, and €, are the absolute and relative dielectric constants and A is an empirical
constant?’. Here we assume E = V/d (d is the film thickness), which is a conservative
estimate since we neglect the effect of surface charges and screening. Johnson’s equation
is used to model dielectric media®! (see Supplementary Fig. S25a) with strongly interacting

dipoles as indicated by the narrow peak of €,.(E).

2. Clausius-Mosotti relation: &,.(E) = ;V—’;[cothb —%] + 1, where N is the number of
0

dipoles per unit volume and x is the moment of individual dipoles. As shown in
Supplementary Fig. S25b, our data cannot be fitted with this equation, used for non-
interacting dipoles??. However, assuming clusters of dipoles the equation can be modified

cothb — %] + 1 where Neft= N/ng and et = nax p, where nq defines the

Nefru
to g, = ~LLbell =

number of dipoles in each cluster. Assuming, na=240, our bias dependent permittivity data

can be fitted well as shown in Supplementary Fig. S25c.

This clearly establishes the existence of interacting dipoles in our film.

32|51



Supplementary Information |

a b c
14 147 14
= 12 = 12} = 12
] © ©
%10 210 210
8 8 S
o 8 & B g ®
g 6 g 6 g 6
8 4 8 4 8 4
2 2 2
1 0 1 . 0 1
Electric field (V/m) 108 Electric field (V/m) . 108 Electric field (V/m) . 108

Supplementary Fig. S25 — (a) The relative permittivity fitted with Johnson’s model.

(b) The best fit for the measured permittivity data obtained from the Clausius-Mosotti relation.
(c) The fitting obtained with the modified Clausius-Mosotti relation assuming formation of
molecular clusters.

In all plots, red and black curves represent permittivity in forward (—8V to +8V) and reverse
(+8V to —8V) voltage sweep in structure-A. The blue and green lines are fitted to the higher and

lower permittivity states.
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Section-S12: In-situ UV-Vis and Spectroelectrochemistry
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Supplementary Fig. S26 — Solution and film state spectroelectrochemistry data. Their
correspondence reflects the quality/ purity of our material and the material handling skills

involved.
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Section-S13: In-situ Raman spectroscopy
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Supplementary Fig. S27 — (a-b) Pseudo-colour plot of the bias dependent Raman spectra
measured on structure-A for forward and reverse voltage sweep.

(c-d) Pseudo-colour plot of the bias dependent the Raman spectra measured on structure-B for
forward and reverse sweep.

The spectral changes observed in structure-B are very similar to structure-A indicating the same
switching mechanism in both structures. In main Fig. 4, we show only the in-situ measurements
on structure-A for simplicity.

Note — while performing the in-situ spectroscopy, we used a top ITO electrode. The J(V) of that

device is shown in Extended Data Fig.7.
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Supplementary Fig. S28 — (a) The Raman spectrum of [RuL2](PFs)2 measured in the (00) state,

corresponding to its original redox-state as isolated from solution. The dominant Eo mode is fitted

with a Lorentzian peak to determine its spectral weight.

(b) The Raman spectrum of the singly reduced state as measured in the (11) state. There are now

two major Raman peaks visible. The Eo and E1 modes are fitted with Lorentz peaks to extract their

respective spectral weights.

(c) The Raman spectrum of the (31) (CD) state. There are now three major Raman peaks observed,

i.e., Eo, E1 and E2 modes, which are fitted with three Lorentzians.

We observe only one Raman mode due to -N=N- in the non-reduced (di-cationic) state (00) of the

molecule, i.e., [RuL2]**. Two azo-modes were observed in the singly reduced state (i.e., state 11)

and three modes in the doubly reduced CD-state (state 31).

1. In the non-reduced state all the azo-groups are in the same electronic state and so we

observe only one mode in Raman. This is consistent with the X-ray structure of
[RuL2](PFs)2 where in the asymmetric unit, the matching dn-n= 1.296(7)A and 1.297(9)A

values justify the dominance of only one peak.

2. As shown in main Fig. 1b, for the singly reduced species (i.e. 1 1) the f~oriented azo pair

(right diagonal) contributes more strongly to LUMO than the 1 -oriented (left diagonal) azo

pair, resulting in two Raman modes viz. Eo and Ex.

3. While the J-oriented azo pair contributes more strongly to the LUMO, the LUMO+1 is

dominated by the n-oriented azo pair (Fig. 1b). This should lead to an expectation of a

single Raman-mode in the doubly reduced state, characterized as (22). In our experiments,
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we do not observe this molecular redox state. Instead we observe a total of three modes in
the doubly reduced state. We observe pairs of modes Eo and E1 plus E1 and E2, which
implies pairs of singly and triply reduced molecules, i.e. 50% (3) + 50% (1) => (31) i.e. the
CD-state, as opposed to all-doubly reduced molecules.

Note-1:

Based on our in-situ measurements, we conclude that we observe a redox-driven switching and
memory effect in our molecular device. Given a redox mechanism, electron injection from metal
to the film is necessary which will mandate level alignment. However, so far as the memory effect

and CD are concerned, there are two processes being operative:

1. Redox (i.e. charge injection)

2. Counterion displacement to create a coulombic asymmetry

While the redox only demands level alignment, the displacement of counterions is enabled by the
electric field. So, the observed memristive phenomenon is an effect of both level alignment and
field-driven ionic displacement.

Note-2:

While we observe a symmetry broken 31-state, we do not observe states like (21) or (10) due to
the following reason:

Usually in a solid, there should be valence symmetry and only the (00), (11), (22) states should
exist. (31) is an anomaly where this particular state is stabilized by counterion displacement
causing a valence symmetry breaking. Notably, for every CD state there must be a corresponding
symmetric state. For example, for (31) CD state, the symmetric state is (22) state. This
automatically implies that every symmetric state must add up to be even numbers. If states like
(21) and (10) were to exist, the corresponding symmetry states would have to be (1.5 1.5) and (0.5
0.5) implying fractional charge states which are impossible. Hence, states like (21) and (10) cannot
exist. The only other state that could have existed is (20), produced by symmetry breaking of (11)
state. DFT calculations show (11) is energetically favoured by 50 meV over (20). This preference
is small but consistent to within £5 meV across four datasets of complexes with four- and eight-

molecule unit cells and either PFs or BF4 counterions.
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Section-S14: Hopping transport and origin of different conductance states

The electron transport in all three conductance states follows activated hopping and can be fitted
with the Arrhenius equation yielding activation energies of 19, 29 and 54meV for on (00),
intermediate (11) and off (31) state respectively (see Supplementary Fig. S29 a-c).

a b c

) ON INTERMEDIATE 165 OFF
Ea=19meV 08 Ea=29meV e Ea=54meV
21 196
2.2 -10 19.7
< < <
2.3 3-10.2 3-19.8
b IS IS
24 104 -19.9
25 -20
-10.6
26 -20.1
4 5 6 4 5 6 34 36 38 4 42
1T K"  x10° 1T (K" x10° 1T K" =103

Supplementary Fig. S29 — Arrhenius Plot: activation energy of the (a) on (00), (b) intermediate
(11) and (c) off state (31)

The hopping process involves the ligand centred LUMO+n orbitals that can be visualised by the
schematic illustration, shown in Supplementary Fig. S30. Difference in the rate of intermolecular
hopping in different redox states account for the difference in their conductance values. Note that
according to Fermi’s Golden Rule, the hopping rate is proportional to the acceptor density of states
and the overlap integral between the donor and the acceptor molecular orbitals. Based on this, the

following inferences can be drawn:

38|51



Supplementary Information |

Potential gradient Potential gradient
___________________________ ); fmemememmemsmesememmeme—aa
a b
Hopping in -~~~ Hoppingin
00-state .. 11-state
T —— Ry
Donor 0%, Donor 1% ™.°,
2 Y
X N
Acceptor 0
P Acceptor 1

Potential gradient

Hopping in
i 3Bl-state
Y 0 ?.

T Hopping electron

----3» Favoured transition

3 Donor 1* ----» Forbidden transition

L

3 Acceptor1
Supplementary Fig. S30 — Schematic illustration of electron hopping in different redox states,
viz. (a) 00, (b) 11 and (c) 31. The red, green, blue and yellow levels represent LUMO, LUMO+1,
LUMO+2 and LUMO+3 respectively (as defined in Fig. 1b). We use a transient donor species
(denoted by *) along with an acceptor species to illustrate the idea. The electrons in dotted circles

indicate hopping electrons. The green and red arrows indicate favoured and forbidden transitions.

a) State (00): In this state the donor molecule will have an electron in the antibonding which
represents a transient state (denoted by a *) wherefrom the electron hops to an acceptor.
The acceptor species for the (00) state is an unreduced molecule where the electron can
hop into all 4 low-lying acceptor levels LUMO—LUMO+3 (indicated by the 4 green
arrows).

b) State (11): For the (11) state, electron hopping to the occupied state will be prohibited
(indicated by red arrow) and hence only three levels can accept the incoming electron.
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Naturally, the number of acceptor orbitals in the (11) state is less than in the (00) state, and
S0 is the hopping rate.

c) State (31): Owing to the high energy barrier induced by the high degree of electron
accumulation, the triply reduced molecules are not likely to host a hopping electron. The
difference between state (11) and (31) is, in (31) only half of the molecules will participate
in hopping. Hence, the overlap integral between the hopping molecules will be
significantly reduced from the (11) state and so (31) has the lowest conductance.

While the difference in hopping rate in a single hopping event is a small number, it gets
accumulated following a power law across multiple hopping processes to yield the very large
on/off ratio (Fig. 2b-d). For example, a factor of 1.8 times in hopping rate, accumulated over 12

hops yields an overall ratio > 10

In addition, we have isolated the molecule in both the (00) state and (11) state. However, because
there are 3 closely spaced molecular acceptor orbitals around -4eV, if we spin cast these complexes
on ITO, the low ITO work function (~4.1eV) causes electron injection in the molecules and hence
the isolated state is not retained. For example, putting (00) state on ITO vyields (31)-CD state as
explained in the main text. However, using a deep work function electrode like Pt, we can retain
the isolated molecular state, at least in a short voltage span (£3V). So, spin casting films of
comparable thickness (~35nm) in (00) and (11) state on Pt and Au electrode (spectroscopically
verified), we measured their J(V) and show that they exactly overlap with our on-state and
intermediate state providing a conclusive evidence of the proposed mechanism. In Supplementary
Fig. S31 we show the measured current voltage characteristics of isolated (00) and (11) states for

two different Pt/film/Pt device and one Au/film/Au device.
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Supplementary Fig. S31 — (a) The device configuration used for the measurement. Designation

of top and bottom electrodes: The electrode on which the film is spun on is denoted as the bottom

electrode whereas the evaporated electrode is the top electrode. (b) The isolated (00) and (11) state

characteristics in different electrode combinations and their close resemblance to the J(V) of

structure-A. Two Pt/film/Pt devices (written as top electrode material/ film/ bottom electrode

material) prepared in different batches were tested along with an Au/film/Au combination.

Note: Since we have a chain of molecules between the two electrodes, the film conductance is

dominated by the intermolecular hopping rates and the electrode effect is not significant. Similar

observations have been previously reported in long-chain molecular electronic devices®*3°.
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Section-S15: Low T measurement

a Temperature dependent in-situ Raman during ZFC b Temperature dependent in-situ Raman during FC
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Supplementary Fig. S32 — (a) In-situ Raman spectra measured during ZFC at 2.5V while
sweeping from OV. Notably, at lower temperature values, the E2 peak starts growing and by 175K
the system gets frozen at 31 state supporting the J(V) shown in Fig. 5c. (b) In-situ Raman spectra
measured at -3V during FC (while sweeping from +8V). Clearly at lower temperature values, the
E2 peak starts decaying below 240K and by 175K, (31) state is not formed at all supporting the
J(V) shown in Fig. 5d.

Because of local variations in the film structure, the height and width of the barriers will vary a bit
in a particular film, and so the temperature required for getting over the barrier also varies resulting

in gradual transition observed both in FC and ZFC J(V) and Raman.

Definition of Tcp:

Tcp represents the minimum temperature required for the ‘complete formation’ of the CD (31)
state. The ‘complete formation’ of the (31) state is deducted from in-situ Raman measurements,
based on the intensity of the Es Raman mode. We defined Tcp as the temperature where the Es

mode reaches 90% of its maximum value.
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Supplementary Fig. S33 — (a) Green - J(V), measured at 225K during FC (i.e., voltage sweep
starts at point-1, at ~ +7.5V). The FC scan can be followed by the 1-12 sequence. Point 13 in green
curve shows an incompletely formed (31) state. Yellow - After the normal scan, a voltage of ~ -
7V (point 13) was applied for 3 hours as a result of which the conductance decreased (13 in green
to 13 in yellow) leading to a complete formation of the (31) state. Then the voltage was swept from
13-16 (in yellow).(b) In-situ Raman measured at -3V for the incompletely and completely formed

31 state corresponding to the green and yellow 1(V) trace.
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Supplementary Fig. S34: FC data for BF4~ and BPhy:

J(V.T)s (in FC) measured at different temperature for devices using counterions of different sizes.
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Section-S16: Origin of hysteresis

lon displacement is responsible for both hysteresis as well as CD but the ranges of counter ion (CI)
displacements involved are different. CD involves a longer rage Cl movement compared to that
for the hysteresis (Note, both these rearrangement displacements of the counterions are on the sub-
nm scale).

As shown in Supplementary Fig. S35a, at T<70 K the hysteresis gradually goes away. This implies
that whereas a minimum activation energy of 20.5 meV is needed for the PFs~ counterions to
exhibit CD, only 6 meV is adequate to trigger their displacement for hysteresis (Supplementary
Fig. S35b). Further, as shown in Supplementary Fig. S35b, the minimum energy required to enable
complete hysteresis depends on the counterion size which further proves the role of counterion

displacement in hysteresis.

a Hysteresis Quenchingfor PFy b Dependence of kT, on counterion size
* BPh,
12

R
N 8
: $ 10
5 5]
3 5
> >
2 £
3 S
z YL 8
g =
£ £ ;
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o ); 6

6 3
BF,
o
8 6 -4 2 0 5 4 6 8 014 016 018 02 022 0.24
Voltage (V) 1/Counterion Radii

Supplementary Fig. S35 — (a) Quenching of hysteresis below 70K for the PFs— counterion case
(note, below 170K, the CD state quenches resulting in a bi-stable J(V)). (b) Dependence of KTmin
on counterion size where k is the Boltzmann constant and Tmin IS the minimum temperature

required to exhibit a complete hysteresis.
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Section- S17: Unigqueness of [Rul »]?*

The molecular system used in this article is unique, and is different in subtle but important ways
from the one used in ref!’. While both are Ru" complexes, the two ligands, i.e., 2-
phenylazopyridine — PAP (ref.}”) and 2,6-bis(phenylazo)pyridine — L (this work) are dissimilar
due to the following reasons:

As shown in Supplementary Fig. S36a,b, PAP is a bidentate ligand whereas Lis a pincer ligand
(coordinates as a tridentate ligand). Design of the ligand L may be visualized as follows: stitching
of an phenyl-azo arm at the C(6) of the pyridine ring of PAP will produce the pincer ligand, L.
The redox events in the ruthenium complexes used both in ref. 17 and in this work are ligand-
centric due to the presence of low-lying m*-acceptor orbitals of the azo-moieties. However, as
shown in Supplementary Fig. S36 c, d, PAP can undergo two electron reductions, while L can take
up four electrons. Thus, the maximum number of electron uptake in the two complexes
[Ru(PAP)3]X2 (X= counter anion) and [Ru(L)2] Xz are six (3x2=6) and eight (2x4=8), respectively.

The redox events in the two ligands are shown below:

a | =
. Z
/NT N
I
: ‘,lN /
2-phenylazopyridine; PAP 2,6-bis(phenylazo)pyridine ;
L
(Ligand used in Nature Materials) (Ligand designed for this work)

O I?LCL

N “Ph ) ; “Ph
Ph , Ph/ . Ph” Ph” w Ph” i “Ph P -
(pap) (par) (Par)> (L) (LY

= L) == Q

N/N N

Z=

= L, = L
Oy om S

" @p  Ph PN e \l’h

Supplementary Fig. S36 — (a, b) The structure of the two ligand systems PAP (used in ref.}")
and L(this article). (c, d) The redox series of (c) PAPand (d) L.
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(iii) The geometries of the coordinated azo-functions in two Ru-complexes are different, which may

(iv)

play a role in controlling the physical and chemical properties of the metal complexes. As shown
in Supplementary Fig. S37, in [Ru(PAP)s]Xz three azo-functions (of three PAP) lie in three
different planes while in [Ru(L)2]X2 two pairs of azo-functions (of two L) lie in two planes with

each pair being co-planar.

[Ru(PAP),]? [Ru(L),]?*

Supplementary Fig. S37 — The molecular structures of [Ru(PAP)3]X2 and [Ru(L)2]Xz. In
[Ru(PAP)3] Xz, the three ligands are highly nonplanar whereas in [Ru(L)2]X2 the individual

ligands are planar facilitating electron delocalization.

Due to the planarity of L, electron delocalization in [Ru(L)2]X2 is prominent while that in
[Ru(PAP)3]Xz2 is insignificant. As calculated by DFT, in [Ru(PAP)3] Xz, the redox electron density
is delocalised across the azo-groups (see the LUMO, LUMO+1, LUMO+2 and LUMO+3
molecular orbitals in Fig. 1b), whereas in [Ru(L)2]Xz, the electrons are localised on individual azo
groups (LUMO, LUMO+1, LUMO+2, see Supplementary Fig. S38). The delocalised electron
cloud in [Ru(L)2]X2 may result in a better intermolecular interaction facilitating CD exclusively in
this molecular film and not in [Ru(PAP)3]Xz.
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Supplementary Fig. S38 — Calculated low-lying electron-acceptor levels in [Ru(PAP)3](PFs)2,
calculated and plotted using the same method as for [RuL2](PFs)2 (Fig. 1 b). MO surfaces are
LUMO (left), LUMO+1 (middle) and LUMO+2 (right).

Chemical aspects of the complexes of PAP have been well explored over the past few decades.
The knowledge developed with PAP ligand led to the design of a neutral pincer ligand L. Its
transition metal complexes are being investigated over the last five years. The results reported so
far36:37:383% show great promise for their multiple-electron storage ability.
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