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1. General Methods:

All reagents were purchased from commercial suppliers (Aldrich) and used without further
purification. Thin layer chromatography was used to follow the reactions and was performed on
silica gel 60 F254 (E. Merck). Routine Nuclear Magnetic Resonance (NMR) spectra were
recorded at 298 K on a Bruker Advance 600 spectrometer with a working frequency of 600 and
150 MHz for *H and *3C, respectively. Chemical shifts are reported in ppm relative to the signal
corresponding to the residual non-deuterated solvent (CDCl3 (6 = 7.26), CD3CN (8 = 1.94), D,0O
(6 =4.97), and DMSO-ds (6 = 2.50). Zinc dust was activated by stirring it with dilute HCI during
10-15 minutes, and then washing several times with distilled H,O, EtOH and absolute Et,O
before drying rigorously. This procedure removes oxides, which form slowly upon standing in
air from the surface of zinc.!! All the physicochemical investigations were carried out with
spectroscopic grade acetonitrile ( MeCN, Sigma Aldrich > 99.9% for spectroscopy). The stock
solutions of HV+12PF¢ and BMV+*2PFs were prepared by weighing using a Sartorius analytical
balance (precision 0.1 mg). Complete dissolution of HV*?* and BMV?" was achieved using an
ultrasonic bath (Branson 2510). The concentrations were thus obtained by weighing the
appropriate amounts. Reduction of HV*** and BMV?* into the corresponding radical cations was
achieved under argon (CO,- and O,-free argon) in less than 1 h by vigorous stirring with
activated zinc dust in argon-purged MeCN. The formation of the radicals was monitored by
absorption spectrophotometry using Cary 5000 UV-Vis-NIR spectrophotometer. High-resolution
mass spectra were measured on an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS
spectrometer (HR-ESI). Cyclic voltammetry (CV) was carried out at room temperature in argon-
purged DMF solutions with a Gamry Multipurpose instrument (Reference 600) interfaced to a

PC. The CV experiments were performed using a glassy carbon working electrode (0.071 cm?,
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BASi). The electrode surface was polished routinely with 0.05 pm alumina-water slurry on a felt
surface immediately before use. The counter electrode was a Pt coil and the reference electrode
was a Ag/AgClI electrode, unless otherwise noted. The concentration of samples were 1.0 x 107
Mand 0.17 x 10> M for BMV?" and HV*#*, respectively. The concentration of the supporting
electrolyte, tetrabutylammonium hexafluorophosphate (TBAPFg), was 0.1 M in all experiments.
Experimental errors: potential values, £ 10 mV for cyclic voltammetry and £ 1 mV for square
wave differential pulse. Digital simulations of the CV data (dimerization constants) were
performed using DigiSim. ITO coated glass slides (reference ITO-48-R10), 4-8 Ohms were
purchased and used as they are from Cytodiagnostics.

2. Synthetic ~ strategy =~ employed in  the preparation of  hexakis(4-
chloromethylphenoxy)cyclotriphosphazene (5)

The synthesis of the hexaviologen-phosphorus dendrimer (HV***) was achieved in 82% vyield
(Scheme 1a) following the reaction of the hexachlorodendrimer (3) with 1-methyl-4,4'-
bipyridinium (noted monomethylbipyridinium MB®) in MeCN. HV+12PFs was obtained in
quantitative yield from the water soluble intermediate HV+61+6Cl after counter ion exchange
with a saturated solution of tetrabutylammonium hexafluorophosphate (TBAPFg) in H,O. The
hexafunctional core, namely hexachlorocyclotriphosphazene (N3P3sClg), was first functionalized
on its P atoms with p-hydroxybenzaldehyde groups . The aldehyde groups were further reduced
to alcohol before the conversion to the more reactive benzyl chloride moieties following the

procedure reported in the literature.”
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Scheme Si: Synthetic route for the synthesis of hexakis(4-
chloromethylphenoxy)cyclotriphosphazene (5)

3. Synthesis of hexakis(4-formylphenoxy)cyclotriphosphazene (3)

Et;N, THF

reflux, 48 h

Compound 3 was prepared according to the literature®® with some modifications. To a solution

of 1 (10.2 g, 0.03 mol) in 50 mL THF was added a solution of p-hydroxybenzaldehyde 2 (23.0 g,
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0.19 mol) and triethylamine (24.1 g, 0.24 mol). The reaction mixture was refluxed for 24 h. After
filtration the solvent was removed under reduced pressure. The residue was recrystallized from
ethylacetate to afford 3 as white solid. Yield: 85 %. *H NMR (600 MHz, CDCls) &: 9.96 (s, 6H),
7.76 (d, J = 8.4 Hz, 12 H), 7.11 (d, J = 7.2 Hz, 12 H); **C NMR (600 MHz, CDCls) J: 190.4,
154.5, 133.8, 131.4, 121.2 ppm; *'P NMR (600 MHz, CDCl5) d: 7.07 ppm.

4, Synthesis of hexakis(4-hydroxymethylphenoxy)cyclotriphosphazene (4)

oy

~p-

NaBH,, THF/MeOH
O O CHO

@ Q

Compound 4 was prepared using the literature procedure.””’ Compound 3 (10 g, 11.6 mmol) was
reduced using NaBH, (4.0 g, 0.11 mol) in 200 mL of THF/MeOH. The reaction mixture was
stirred overnight at room temperature followed by removal of the solvent under reduced
pressure. To this residual solid was added 200 mL H,O, and the precipitate was filtered and
crystallized from MeOH to yield 4 as white crystalline solid in 97 % isolated yield. *"H NMR
(600 MHz, DMSO-dg) &: 7.20 (d, J = 8.4 Hz, 12 H), 6.82 (d, J = 7.8 Hz, 12 H), 5.23 (s, 6 H),
4.48 (d, J = 6.6 Hz, 12 H) ppm; *C NMR (600 MHz, DMSO-dg) J: 149.1, 139.9, 128.1, 120.6,

62.7 ppm; *'P NMR (600 MHz, DMSO-dg) J: 8.87 ppm.
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5. Synthesis of hexakis(4-chloromethylphenoxy)cyclotriphosphazene (5)

Compound 5 was prepared using the literature procedure.” Compound 4 (5.0 g, 5.7 mmol) was

chloromethylated with thionyl chloride SOCI; (82 g, 0.69 mol). The reaction was stirred at room
temperature overnight. After removing of SOCI, under reduced pressure, the crude product was
recrystallized from chloroform to obtain 5 as a white crystalline compound in 75 % isolated
yield. *H NMR (600 MHz, D,0) &: 9.01 (d, J = 6.0 Hz, 2 H), 8.96 (d, J = 6.0 Hz, 2 H), 8.45 (d, J
= 6.0 Hz, 2 H), 8.42 (d, J = 6.0 Hz, 2 H), 7.46 (bs, 5 H), 5.86 (s, 2 H) 4.42 (s, 3H) ppm. **C
NMR (150 MHz, D,0) ¢: 150.4, 149.7, 146.3, 145.5, 132.2, 130.1, 129.7, 129.3, 127.1, 126.7,

64.8, 48.3 ppm.
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6. Synthesis of hexaviologen dendrimer (6)

1. CHLCN, reflux

- .
2. NH,PFg, H,0

To a solution of 5 (91 mg, 0.1 mmol) in MeCN was added 298 mg (1 mmol) of 1-methyl-4,4'-
bipyridinium iodide (MB"el). The mixture was refluxed for 48 h. The product was filtered and
washed extensively with MeCN to remove unreacted MB®. The compound obtained was
dissolved in water followed by addition of ammonium hexafluorophosphate. The resulting
precipitate was filtered and washed with excess water and dried under vacuum to afford 82%
HV+12PFs as a brown solid. *H NMR (600 MHz, D,0) J: 9.15 (d, J = 12 Hz, 12 H), 9.04 (d, J =
6.0 Hz, 12 H), 8.54 (d, J = 6.0 Hz, 12 H), 8.50 (d, J = 6.0 Hz, 12 H), 7.62 (d, J = 12 Hz, 12
H),7.13 (d, J = 12 Hz, 12 H), 6.01 (s, 12H), 4.49 (s, 18 H) ppm. °C NMR (600 MHz, D,0) :
150.51, 149.54, 146.33, 145.40, 131.79, 129.91, 127.22, 126.73, 121.98, 63.60, 49.39 ppm. 31p
NMR (600 MHz, D,0) ¢: 8.78 ppm. ESI-HRMS calcd for m/z = 1624.3172 [M — 2PF¢]**, found
m/z = 1624.2183, calcd for m/z = 1034.5581 [M — 3PFg]**, found m/z = 1034.4762, calcd for m/z

= 739.6785 [M — 4PFg]**, found m/z = 739.6170.
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7. Synthesis of 1-methyl-1'-benzyl-4,4'-dipyridinium salt BMV**

=
1. CH;CN, reflux, 8 h 2 PFg
2. NH4PHg, H,0O -

|
)

BMVe2PF

To a solution of MB™ (1 mmol) in MeCN (50 mL) was added equimolar benzyl chloride. The
reaction mixture was refluxed for 8 hours, followed by filtering the resulting precipitate and
washing the residue with excess MeCN. The resulting precipitate was dissolved in water
followed by addition of ammonium hexafluorophosphate. Precipitate obtained was filtered and
washed with excess water and dried in vacuum to obtain the final product as white solid in 95%
isolated yield. *H NMR (600 MHz, D,0) &: 9.01 (d, J = 6.0 Hz, 2 H), 8.96 (d, J = 6.0 Hz, 2 H),
8.45 (d, J = 6.0 Hz, 2 H), 8.42 (d, J = 6.0 Hz, 2 H), 7.46 (bs, 5 H), 5.86 (s, 2 H) 4.42 (s, 3H) ppm.
3C NMR (150 MHz, D,0) ¢: 150.4, 149.7, 146.3, 1455, 132.2, 130.1, 129.7, 129.3, 127.1,

126.7, 64.8, 48.3 ppm. ESI-HRMS calcd for m/z = 408.1145 [M — PF¢]", found m/z = 408.3087.

8. 'H NMR Spectroscopic Characterization of Compound 6
The *H NMR spectra of the water soluble HV*** and BMV?* in D,O are presented in Figure S1

and Figure S2, respectively. All the assignments have been made based on *H-'H gradient-
selected double-quantum filtered phase-sensitive COSY, recorded in D,O at 298 K. The COSY
spectrum of HV?* and BMV?* are shown in Figure S1b and S2b, respectively. Some of the key

correlation peaks are labeled in the spectrum.
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Figure S1. a) 'H NMR of HV**" in D,O (600 MHz) and b) 'H-"H gradient-selected double-quantum filtered
phase-sensitive COSY NMR of HV'** in D,O at 298 K (600 MHZ). * Solvent peak.
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Figure S2. a) 'H NMR of BMV?" in D,0 SGOO MHz) and b) 'H-"H gradient-selected double-quantum
filtered phase-sensitive COSY NMR of BMV-" in D,O at 298 K (600 MHz). * Solvent Peak.
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9. 'H NMR DOSY

In order to measure the diffusion coefficient of HV*** and BMV?* in DMF for the purposes of
confirming a six and a one-electron reduction takes place, respectively (see Electrochemistry
Section) at a potential of approximately —-0.5 V as determined by CV, an *H NMR DOSY

spectrum was recorded in DMF(d7). HV*** and BMV?" were found to have a diffusion

coefficient (D) equal to 1.1x10°° cm?s™, and 4.02x10°® cm?s™* respectively.

| D=1.10x 105 em?s!

| +\— —/+
N /O/_ |

4
N

1H DOSY

NANEVAY
e o, 0.16 mM
i 0.1 M TBAPF,
DMF(d,), 298 K

A

T T
z o

ppm

D=4.02x10%cm?2s!

(zs zw @) 3or-

H DOSY
0.16 mM
0.1 M TBAPF,
DMF(d,), 298 K

ppm
Figure S3. "H NMR DOSY spectra for a) HV*** and b) BMV?*in DMF(d7) containing 0.1 M of TBAPF.
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10. Chrono-coulometric experiments

Chrono-coulometry experiments were performed on a 0.16 mM and 1 mM solutions of HV***
and BMV?" respectively in DMF (0.1 M TBAPF;) in order to demonstrate that the reduction
events observed in the CV in DMF at approximately —0.5 V is a six and one-electron process,
respectively. The results are shown in Figure S4 as an integrated Cottrell plot. In a typical run,
the potential was stepped from 0 to —0.5 V, the response was measured, and then the potential
was stepped back from —-0.5 to 0 V, and again the response was recorded. Making use of the
Anson equation,[3] we can generate the following equality for the number of electrons

transferred:

_Q/tYHm
"= JFACD1/?

Where n is the number of electrons transferred, Q/t, is the slope of the integrated Cottrell plot
(Figure S4a, |[m| = 9.33 or 8.01 uC s™2 for HV*** and |m| = 17.51 or 17.12 uC s? for MBV*"), F
is Faraday’s constant, A is the area of the electrode (0.071 cm?), C is the concentration of the
sample, and D is the diffusion coefficient of either HV*** or BMV?" in DMF. Knowing all these
parameters, we can calculate n, which we find to be equal to 6.9 for HV*** and 1.0 for BMV?".
This outcome is consistent with the expected value of 6.0 for HV*?*, with one electron going to

each BIPY?" unit of the HV*?",
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Figure S4. Integrated Cottrell
chronocoulometry plots of a) BMV?* and b)
HV'*. The data was recorded at 298 K, in

argon-purged DMF, at a concentration:
[HV**] = 0.16 mM, [BMV*]=1 mM and
electrolyte: 0.1 M (TBAPF;). The voltage
was stepped from 0 V to —0.5 V, and the
response was recorded. Application of the
Anson equation using a value for the
diffusion coefficient obtained from *H DOSY
NMR allowed us to determine that the
reduction peak for HV'*" is a six-electron

process.
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11. UV-Vis-NIR Spectroscopy
Figure S5 shows the UV-Vis-NIR absorption spectra of BMV?* and HV*** in their ground states.

The comparison of these two absorption spectra shows that in HV*?* there is no interaction
between the viologens in the ground state. All spectra were recorded in MeCN at 298 K in a

quartz cell with 10 mm cell path length.

MeCN

298K Figure S5. The outcomes of the UV-

£ =10mm Vis-NIR carried out on BMV?* and

@
o
=
8
5 0.4 -
o
o
<g

[HV12*] = 2.34105 M
TS HV*2*in MeCN at room temperature.

[BMV24] = 1.6x104 M

400 600 800 1000
A (nm)

Figures S6 shows the UV-Vis-NIR absorption spectra of MV?* (a) and HV*** (b) after being
reduced with zinc dust at various concentrations in argon-purged MeCN. The reduction of both
BMV?* and HV*** in DMF using zinc dusted resulted in what we suspect to be a complete
reduction which was observed by the change of color from colorless to green after being purple
for some time. For this reason MeCN was chosen as solvent for our UV/VIS/NIR measurements.
While the spectrum of BMV™ radical cation is consistent with its well-studied monomeric
form,! the spectra recorded for HV®™) at different concentrations show characteristic bands of

radical-radical dimerization. Plotting the absorbance versus concentration at 600 nm for BMV?*
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and 540 nm and 870 nm for HV*** show that in both cases absorption obey the Beer-Lambert

law.
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Figure S6a. The spectra UV-Vis-NIR carried
out on BMV?* at different concentration. All
spectra were recorded in argon-purged
acetonitrile in a 10 mm cell path length, under
the same condition of temperature (298 K). At
each time BMV™ was generated by adding zinc
dust in argon-purged acetonitrile; formation of a
blue compound characterized by a set of
vibronic bands centered at 400 nm and 600 nm.
No evidence for dimerization or oligomerization
processes (absorption > 800 nm).

Figure S6b. The outcomes of the UV-Vis-
NIR carried out on HV™" at different
concentration. All Spectra were recorded in
argon-purged acetonitrile in a 10mm cell path
length, under the same condition of
temperature (298 K). At each time HV®*) was
generated by adding zinc dust in argon-
purged acetonitrile; formation of a purple
compound characterized by a set of vibronic
bands centered at 370, 540 and 870 nm,
respectively provide evidence for
intramolecular dimerization. These data
clearly demonstrate that the intramolecular
dimerization processes within the HV®™) is
characterized by a high pom dimerization
constant.

12. Electrochemistry

Cyclic voltammetry (CV) experiments were performed using a glassy carbon working electrode
(0.071 cm?). The electrode surface was polished routinely with 0.05 pm alumina-water slurry on
a felt surface immediately before use. The counter electrode was a Pt coil and the reference
electrode was a Ag/AgCI electrode. For all measurements recorded in organic solvents (acetone,
MeCN and DMF), ferrocene was added as an internal reference. In all measurements, the

concentrations of the samples were 0.16 mM and 1 mM for HV*** and BMV?*, respectively and
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0.1 M for the supporting electrolytes tetrabutylammonium hexafluorophosphate (TBAPFs) in

organic solvents and sodium chloride (NaCl) in H,O. The scan rate was set to 200 mV s ™.

H,0
0.1 M Nacl
298 K

EIV

Figure S7: Second scans of the cyclic
voltammograms (CVs) a) and Square-wave
voltammetry b) for the HV*** (purple traces),
and BMV?" (blue traces). All the CVs were
recorded under the same conditions of
temperature (298 K), solvent (argon-purged
H,O), concentrations (1 mM and 0.16 mM
BMV? and HV*?* respectively) and electrolyte
(0.1 M NaCl). The scan rate was set at 200

T
F m |—ch+/Fc

Figure S8: Square-wave voltammetry for
HV*** (purple traces), and BMV** (blue traces)
in MeCN (1 mM for both) a) and Me,CO (0.33
mM for HV** and 1 mM for BMV%) b).
Electrolyte (0.1 M TBAPFy).

With equation (6) in hand, we have now a means of evaluating fpim, Which we have done in a

variety of solvents.

Loim = eXP[(Eeq — Eo)/(RT/nF)]

Eqg. (6)
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In each case, the global dimerization constant is high, a strong indication for efficient and
almost quantitative dimerization processes (HVp®“* represents 99.91% (Me,CO), 99.99% DMF)
and ~ 100% (MeCN and H,0O) of the overall species regardless of the concentration used).
Moreover, these thermodynamic data illustrate that the dimerization processes within HV*®* are
by far favored in water with respect to acetonitrile, dimethylformamide or acetone. Monomer-
dimer equilibrium is indeed usually prevented in polar organic solvents, presumably because the
radical cation exists as an ion pair rather than as a fully dissociated species, thus preventing the

formation of the dimer.

Table S1. Thermodynamic parameters associated with the intramolecular dimerization of
BIPY* radical cations in the dendrimer HV*** after reduction in different solvents.

Solvent Eo/V Eeq/V AE TV Poim

Me,CO* -0.299 ~0.267 0.0316 1.16 x 10°
DMF? -0.318 -0.277 0.0404 1.26 x 10°*

MeCN? _0.351 _0.274 0.0775 7.32 x 107

H,0" 0593 0450 0.1402 1.69 x 10"

T = 298 K. Determined from Square wave differential pulse. ®Reference ferrocene. "Reference
Ag/AgCI

The stability of
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13. Digital Simulations

The heterogeneous electron transfer reactions (Table S1) were derived using the ladder scheme
outlined in Figure S9. The experimentally determined reduction potentials for each electron
transfer reaction are also given in Table S1. Heterogeneous electron transfer rate constants were

assumed to be much higher than those for the homogeneous chemical reactions

Figure S9: Square scheme mechanism for the formation of HVp (HVDG('+) stands for a hexaviologen-

phosphorus dendrimer which contains three pairs of BIPY™ firmly stacked together).

Table S2. Heterogeneous Electron Transfer Reactions

Reaction

HV'™ + 6e” = HV*(Y

HVp* + 66~ = HVRY™
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Table S3. Homogeneous Chemical Reactions

Reaction

ﬂDim

ki (s7)

Hvl2+ = HVD12+

HVE) = Ry

Variable

*Calculated automatically by the program

The homogenous chemical reactions (Table S3) were also derived using the ladder scheme in

Figure S9. Inputting the reduction potentials (Table S2) into the digital simulation software

produced the equilibrium constants shows in entries 3-4 listed in Table S3.

Figure S10 shows the simulated data obtained for the first reduction peak of HV***. These data

reveals that for a change of one order of magnitude for the dimerization constant, the reduction

peak change by 10 mV, which is consistent with our proposed mechanism.

Simulated

S18

Figure S10: simulated data obtained for the

first reduction peak of HV***.
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14. Computed Molecular Geometries

In order to obtain insight into the nature of the pimerization process we have performed density
functional theory calculations at the M06/6-31G(d,p) level.” ® The optimized geometry of the

BV***) system calculated in the gas phase (Figure S11) provided a molecular geometry in which

the two BIPY™" units are placed far away from each other.

Calculations on the BV*“*) system were performed for both the singlet and triplet states, in the
latter case by using an unrestricted model. The absence of significant spin contamination was
confirmed by a comparison of the expected difference between S(S+1) for the assigned spin state

(S(S+1) = 2) and the actual value of (S?). According to our calculations the triplet state is more

stable than the singlet state by 20.6 kJ-mol™.

BV*" M06/6-31G(d,p)

(aqgueous solution, E(RM06) = -3408.53662752 a. u.)

-29737500
-80716200
-10819400
-46994500
-08720900
-94801600
-40207500
-03672400
-34963200
-69449900
-48374200
-0.01024900
-32919500
-2.68818600
-3.24624100
-3.99972000
-1.94439600
-4.55516800
-2.93116200
-4.93970000
-4.29681000
-5.28595700
0.49205300
1.43627700
0.37397500
2.29282800
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(triplet, agueous solution, E(UMO06) = -3408.85034161 a. u.)
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-4.22614400 -4.30230000 -1.92017000
-4.01103400 -4.59071900 -2.94946700
-3.61210100 -4.90004000 -1.23824400
-5.28905000 -4.47284400 -1.71263000

I ITITOIITITIOIITIITOIXIT
|
n

BV M06/6-31G(d,p) (singlet, aqueous solution, E(RMO06) = -3408.84247948 a. u.)
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-4.12098900 -2.88507200 -1.97840300
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-3.57494000 1.23288400 1.03334300
-3.97269100 1.69872200 -1.41116300
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-3.51828400 -0.78955400 -0.67782300
-5.81250200 0.56808500 -0.07472900
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-0.17390700 1.86525300 2.17702400
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-2.62792800 -1.11555300 1.86120900
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-0.35332800 -1.46764200 2.79137300
-2.74849700 2.32269800 -1.59612900
-2.74664100 3.71020300 -1.60004700
-1.58257900 1.59562200 -1.81735300
-1.55403300 4.38415500 -1.83296000
-3.67541900 4.24357000 -1.41871200
-0.39661700 2.28395100 -2.03623400
-1.61135200 0.50918100 -1.80968300
-0.37323000 3.68010100 -2.06178900
-1.54299900 5.47218900 -1.83847000
0.52134700 1.71988400 -2.20201000
1.62700800 0.35491600 3.07727900
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2.12541300 1.30187600 3.31907800
0.89850300 4.42683900 -2.36712100
1.14842700 4.36920600 -3.43225300
0.78991700 5.48930000 -2.12034700
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Figure S11: Optimized geometry of the
BV system calculated in the gas phase
provided a molecular geometry in which the

two BIPY™ units are placed far away from
each other, unlike the geometry optimized in
aqueous solution presented in the main text.
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15.  Stability and Reversibility of the Device
In order to obtain insight into the reversibility and the stability of the ITO-based window, we

have performed 10 cycles of redox that show that no significant changes can be observed in the

performance of the device (Figure S12).

Figure S12: a) Reversible Redox

cycles of the ITO device and b)

change in the current intensity as a

fuction of reduction/oxidation
processes.
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