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I. Experimental and Computational Detail
1. Materials. 

Organic solvents including acetonitrile (MeCN, 99.9+%, Extra Dry, AcroSeal), N,N-dimethylacetamide 
(DMA, 99.8%, Extra Dry, AcroSeal), and 1,2-dimethoxyethane (DME, 99%, Extra Dry, AcroSeal) were 
purchased from  ACROS Organics (Fair Lawn, NJ). Tetraethylammonium 
bis(trifluoromethane)sulfonimide (TEATFSI, >98%) was obtained from IoLiTec GmbH (Heilbronn, 
Germany). Tetrabutylammonium hexafluorophosphate (TBAPF6, ≥99.0%) was purchased from Sigma-
Aldrich, Inc. (St. Louis, MO). N-(5-Bromoopentyl)phthalimide (97%), N-(3-Bromopropyl)phthalimide 
(98+%), N-(Bromomethyl)phthalimide (95%), phenothiazine (99%), sodium hydride (NaH, 60 wt% in 
mineral oil), 1,7-dibromoheptane (98%), and  1,9-dibromononane (97%), phthalimide potassium (98%) 
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were purchased from Fisher Scientific, Inc (Hampton, NH). All salts were dried in vacuum at 100 oC for 
two days before use. For electrochemical experiments, 0.5 M salts were dissolved in organic solvents in a 
glove box  (O2 < 0.5 ppm, H2O < 0.5 ppm). To remove residual moisture, activated molecular sieves (3 Å) 
were added to the stock solutions for at least two days before use. 

2. Synthesis 
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N-alkyl phthalimide bromide was synthesized based on the modified procedure from ref.1. As an example 
of the procedure, 1,7-dibromoheptane (0.097 mmol, 25 g) was dissolved in 100 mL of anhydrous N,N-
dimethylformamide (DMF). Potassium phthalimide (0.039 mmol, 7.2 g) was then added to the reaction 
vessel, and the mixture was agitated using a magnetic stirrer for one day at 25 oC. The reaction product was 
then extracted by ethyl acetate (EtOAc) (3X), washed with water and brine, and dried over magnesium 
sulfate (MgSO4). After removing most of the solvent in vacuum, the crude product was purified by flash 
column chromatography using hexane/EtOAc (9:1 v/v) as eluent. N-(9-bromonoyl)phthalimide was 
purified by gradient elution (0–5% EtOAc in hexanes).  

N-(7-Bromoheptyl)phthalimide, clear liquid (11.3 g, 89.8% yield). 1H NMR (500 MHz, CDCl3) δ 7.88 – 
7.79 (m, 2H), 7.74 – 7.66 (m, 2H), 3.67 (t, J = 7.3 Hz, 2H), 3.38 (t, J = 6.8 Hz, 2H), 1.84 (p, J = 6.9 Hz, 
2H), 1.67 (q, J = 7.2 Hz, 2H), 1.42 (dq, J = 14.9, 6.1, 4.6 Hz, 2H), 1.38 – 1.31 (m, 4H).

N-(9-Bromonoyl)phthalimide, white cystalline solid (5.2 g, 82.9% yield). 1H NMR (500 MHz, CDCl3) δ 
7.83 (dt, J = 7.4, 3.7 Hz, 2H), 7.70 (dd, J = 5.4, 3.1 Hz, 2H), 3.67 (t, J = 7.4 Hz, 2H), 3.39 (t, J = 6.9 Hz, 
2H), 1.83 (p, J = 7.0 Hz, 2H), 1.66 (t, J = 7.2 Hz, 2H), 1.40 (t, J = 7.5 Hz, 2H), 1.31 (dt, J = 20.3, 4.6 Hz, 
8H).
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1.0 eq. 1.1 eq. n =1, 3, 5, 7, 9

PPn (n= 1, 3, 5, 7, 9) molecules were synthesized by alkylation of phenothiazine with the suitable N-alkyl 
phthalimide bromide. As an example of the procedure, the sodium hydride (NaH, 60 wt% in mineral oil, 
13.0 mol, 0.152g) was first introduced into a dry round bottom flask filled with the dry nitrogen. The flask 
was immersed into an ice bath, and oxygen-free solution of phenothiazine (11.0 mmol, 2.19 g) in anhydrous 
DMF (40 mL) was added dropwise to the NaH powder, and the reaction mixture was vigorously stirred for 
30 min. Subsequently, an oxygen-free solution of N-(bromomethyl)phthalimide (10.0 mmol, 2.40g) in 
anhydrous DMF (40 mL) was cannular transferred to the mixture, and reacted under N2 atmosphere 
overnight. The reaction was quenched with ice water, and the product was extracted with EtOAc (3X). The 
combined extractants were washed with water (5X) and brine, dried over MgSO4, and the solvent was 
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removed in vacuum. The crude product was purified by flash column chromatography (gradient elution, 0–
20% EtOAc in hexanes). The product was concentrated and dried in vacuum for 24 h at 80 oC.  

PP1, chartreuse solid (2.5 g, 69.7% yield). 1H NMR (500 MHz, CDCl3) δ 7.82 – 7.77 (m, 2H), 7.70 – 7.65 
(m, 2H), 7.22 – 7.14 (m, 4H), 7.14 – 7.08 (m, 2H), 6.97 (ddd, J = 7.7, 7.0, 1.6 Hz, 2H), 5.79 (s, 2H).

 13C 
NMR (126 MHz, CDCl3) δ 167.55, 143.46, 134.12 (d, J = 6.1 Hz), 131.91, 127.53 (d, J = 5.3 Hz), 127.33 
(d, J = 2.3 Hz), 123.82, 123.61, 118.19, 52.42.

PP3, white power (2.3 g, 59.5% yield).
 1H NMR (500 MHz, CDCl3) δ 7.79 (dt, J = 7.8, 3.9 Hz, 2H), 7.68 

(dd, J = 5.5, 3.1 Hz, 2H), 7.19 – 7.05 (m, 4H), 6.90 (t, J = 7.5 Hz, 2H), 6.84 (d, J = 8.1 Hz, 2H), 3.97 (t, J 
= 7.0 Hz, 2H), 3.83 (t, J = 7.0 Hz, 2H), 2.21 (p, J = 7.0 Hz, 2H). 13C NMR (126 MHz, CDCl33) δ 168.24, 
144.98, 133.86, 132.09, 127.49, 127.21, 125.62, 123.18, 122.61, 115.44, 44.96, 35.96, 26.26.

PP5, orange yellow solid (3.5 g, 84.4 % yield).
 1H NMR (500 MHz, CDCl3) δ 7.86 – 7.79 (m, 2H), 7.71 

(dd, J = 5.5, 3.0 Hz, 2H), 7.16 – 7.06 (m, 4H), 6.93 – 6.80 (m, 4H), 3.85 (t, J = 7.1 Hz, 2H), 3.67 (t, J = 7.1 
Hz, 2H), 1.90 – 1.81 (m, 2H), 1.70 (ddd, J = 14.9, 7.9, 6.7 Hz, 2H), 1.53 – 1.43 (m, 2H). 13C NMR (126 
MHz, CDCl3) δ 168.39, 145.20, 133.84, 132.17, 127.43, 127.19 (d, J = 2.5 Hz), 125.09, 123.17, 122.37, 
115.40, 47.02, 37.77, 28.16, 26.38, 24.08.

PP7, bright yellow solid (2.1 g, 47.5 % yield). 1H NMR (500 MHz, THF-d8) δ 7.79 (dd, J = 5.3, 3.1 Hz, 
2H), 7.72 (dd, J = 5.3, 3.1 Hz, 2H), 7.09 (td, J = 7.1, 1.5 Hz, 2H), 7.04 (dd, J = 7.6, 1.4 Hz, 2H), 6.91 (d, J 
= 8.1 Hz, 2H), 6.87 – 6.80 (m, 2H), 3.86 (t, J = 7.1 Hz, 2H), 3.59 (t, J = 7.2 Hz, 2H), 1.76 (p, J = 7.5 Hz, 
2H), 1.61 (dddd, J = 7.4 Hz, 2H), 1.43 (dddd, J = 7.3, 6.8 Hz, 2H), 1.40 – 1.28 (m, 4H). 13C NMR (126 
MHz, THF-d8) δ 169.36, 147.24, 135.41, 134.27, 128.77, 128.76, 126.81, 124.38, 123.81, 117.20, 48.71, 
39.18, 30.57, 30.19, 28.53, 28.50, 28.46.

PP9, orange viscous liquid (4.3 g, 62.0 % yield).  1H NMR (500 MHz, THF-d8) δ 7.79 (dd, J = 5.3, 3.1 
Hz, 2H), 7.72 (dd, J = 5.4, 3.0 Hz, 2H), 7.09 (td, J = 7.3, 1.4 Hz, 2H), 7.05 (dd, J = 7.6, 1.1 Hz, 2H), 6.90 
(d, J = 8.1 Hz, 2H), 6.84 (td, J = 7.5, 1.1 Hz, 2H), 3.86 (t, J = 7.0 Hz, 2H), 3.59 (t, J = 7.2 Hz, 2H), 1.76 
(dddd, J = 7.5 Hz, 2H), 1.61 (dddd, J = 7.3 Hz, 2H), 1.42 (dddd, J = 7.9 Hz, 2H), 1.35 – 1.22 (m, 8H). 13C 
NMR (126 MHz, THF-d8) δ 169.37, 147.25, 135.42, 134.27, 128.78, 128.76, 126.82, 124.38, 123.82, 
117.21, 48.72, 39.23, 31.17, 30.88, 30.79, 30.27, 28.57, 28.53, 28.44.

3. Electronic Structure Calculations

All DFT calculations2-3 for extended chain PPn molecules are carried out using Gaussian 16 software4 and 
B3LYP/6-31+G(d,p) functional.5 The solvation free energies are computed using SMD model6 employing 
acetonitrile as the solvent medium. The geometries of PPn (n = 1-10) molecules were optimized in their 
neutral, oxidized, and reduced states. In addition to these calculations, we optimized geometries for gas-
phase PP1 and cyclic PP5 (extracted from the crystal, see the section S7 for details) to assess the solvent 
effect on the charge transfer. The degree of charge transfer was estimated from the electrostatic charges 
(see the Zipped SI folder for details) in the redox active groups. To this end, we used the same approach 
that was used to compute partial atomic charges in our MD calculations (see section 8 below). The geometry 
optimized DFT structures were used to obtain CHelpG electrostatic charges in a single-point Hartree-Fock 
calculation. These charges where summed up for each redox moiety, giving the total charge on the 
heterocycle. The charge transfer can be characterized by the charge so defined shifted between the moieties 
when they are brought into contact. For larger molecules, such as PP5, this can be computed by comparing 
cyclic structures (in which there is a contact) and all-trans structures (in which the chain is extended and 



4

there is no contact). For small molecules, the partial charges in the redox moieties were compared with all-
extended PP9 molecule, in which the intramolecular charge was negligible. The purpose of SI is to provide  
inputs and topology files used for force field development for MD as opposed to the CT degree estimates. 
No such calculations are contained in these files, although the partial atomic charges given therein can be 
used for such estimates. The total charge on the heterocycles was compared with PP9 molecules, in which 
the intramolecular charge transfer was negligible. 

The oxidation (Eox vs. Li/Li+) and reduction (Ered vs. Li/Li+) potentials for PPn molecules were calculated 
using the change in Gibbs free energy in solution at 298 K upon removal (∆Gox = Goxidized - Gneutral) and 
addition (∆Gred = Greduced - Gneutral) of an electron to a neutral molecule using eqs. S3.1 and S3.2, 
respectively.

(S3.1)
Eox =

△ Gox

F
- 1.24 V

(S3.2)
Ered =

- △ Gred

F
- 1.24 V

where F is the Faraday constant. The constant value of 1.24 V was subtracted to convert the change in 
Gibbs free energy to the reduction potential vs. Li/Li+ reference electrode. More detail can be found in ref.7

Table S1. Highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbital isosurfaces of 
neutral PPn (n = 3,5,7) molecules. 

BRMs HOMO LUMO

PP3

PP5

PP7

Table S2. Singly occupied molecular orbital (SOMO) of radical cations and LUMO isosurfaces of radical 
anions for PPn molecules (n= 1,3,5,7,9). Spin density maps for radical anions are also shown (the rightmost 
column). Below,  and b refer to the direction of the unpaired electron spin.

BRMs -SOMO -SOMO -LUMO -LUMO Spin Density
PP1
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PP3

PP5

PP7

PP9

4. Cyclic voltammetry

All electrochemical experiments were conducted in an argon filled glovebox (O2 < 0.5 ppm, H2O < 0.5 
ppm). Cyclic voltammetry (CV) was performed using standard three-electrode configuration with a 3 mm 
freshly polished glassy carbon electrode (Biologic VSP, France) as a working electrode, Ag/Ag+ as a 
reference electrode (10 mM AgNO3 in 0.5 M supporting electrolyte/organic solvent) (Bioanalytical 
Systems, Inc. West Lafayette, IN), and Pt wire mesh as a counter electrode. A low volume series cap kit 
(AF01CKT1004, Pine Research Instrumentation, Inc.) was used in these CV measurements. Ferrocene (3 
mM solution) was used as an internal voltage reference. 

Figure S1. CVs for 3 mM PPn (n=1,3,5,7,9) in 0.5 M TBAPF6/MeCN solutions at a scan rate of 0.1 V/s. 
The molecules are color coded as indicated at the top of the plot.



6

Figure S2. Reversibility of 2-electron oxidation of phenothiazine and 1-electron reduction of phthalimide 
in PPn molecules. The molecules are color coded as indicated at the top of the plot. The same conditions as 
in Figure S1.

Figure S3. Evaluation of chemical reversibility for the donor and acceptor moieties in PP1 (shown in the 
inset). The same conditions as in Figure S1. The electrochemical reactions for phthalimide and 
phenothiazine are shown in the same plot.

5. Kinetic Studies

To evaluate kinetics, CVs at different scan rates v were obtained at 25 oC. Diffusion coefficients D of redox 
active bipolar molecules in different oxidation states (1-electron reactions only) were determined using the 
Randles-Sevick equation 

𝑖𝑝 = 0.4463 𝐹𝐴𝐶 ∗ 𝐹𝑣𝐷
𝑅𝑇
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where ip is the peak redox current, F is the Faradays constant, R is the gas constant, T is the temperature. 
A is the active surface area of the electrode, C* is the solute concentration, and v is the scanning rate (all 
in the SI units).  The slope of the ip vs. v 1/2 line yields the estimate for the diffusion coefficient. 

Figure S4. On the left: CVs obtained at various scan rates for PP1 in 0.5 M TBAPF6/MeCN. On the right:  
The corresponding linear plots (eq. 1). 

Figure S5. As Figure S4, for PP9.

Heterogeneous electron-transfer rate constants were determined using the Nicholson method.8 𝑘0 
Generally, the peak-to-peak separations (ΔEp) depend on the dimensionless kinetic parameter  defined in  Ψ

eq. S5.1, which is correlated to the charge transfer rate via eq. S5.2𝑘0 

Ψ =  
( ‒ 0.6288 + 0.0021 ∆𝐸𝑝)

1 ‒ 0.017 ∆𝐸𝑝
         (𝑆5.1)          

Ψ =  
(𝐷𝑜/𝐷𝑅)𝛼/2𝑘0

(𝜋𝐷𝑜𝐹𝑣/𝑅𝑇)1/2
                             (𝑆5.2)               
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 and  refer to the diffusion coefficients of oxidative and reductive species, respectively. Plotting  vs. 𝐷𝑜 𝐷𝑅 Ψ
1/2 gives the estimate of  as shown in Figure S6. These kinetic data are summarized in Tables S5 to S8 𝑣 𝑘0

below.

Figure S6. Representative plots of  vs. 1/2 for the reduction (on the left) and oxidation (on the right) of Ψ 𝑣
PP1 and PP9. See eqs. S5.1 and S5.2. The same experimental conditions as in Figure S1.

Table S3. Summary of kinetic parameters for 1-electron reactions of 3 mM PPn in 0.5 M TBAPF6/MeCN 
(n=1,3,5,7,9).

Phthalimide (acceptor) Phenothiazine (donor)
n E1/2 vs.

Fc/Fc+ (V)
ip,ox/ip,red D

(cm2 s−1)
k0

(cm s-1)
E1/2 vs.

Fc/Fc+ (V)
ip,ox/ip,red D

(cm2 s−1)
k0

(cm s-1)
Ecell 
(V)

1 -1.80 0.97 1.22 x 10
-5

3.47 x 10
-2 0.50 1.08 1.22 x 10

-5
3.66 x 10

-2 2.30
3 -1.86 0.97 1.23 x 10

-5
3.55 x 10

-2 0.34 1.04 1.24 x 10
-5

3.61 x 10
-2 2.20

5 -1.88 0.98 1.08 x 10
-5

3.82 x 10
-2 0.30 1.04 1.18 x 10

-5
3.25 x 10

-2 2.17
7 -1.87 1.00 0.92 x 10

-5
3.05 x 10

-2 0.31 1.02 1.05 x 10
-5

3.00 x 10
-2 2.17

9 -1.90 0.99 0.81 x 10
-5

3.59 x 10
-2 0.27 1.04 0.91 x 10

-5
3.74 x 10

-2 2.17

Table S4. Kinetic parameters for the second oxidation of PPn (n=1,3,5,7,9). The same experimental 
conditions as in Table S4.

Phenothiazine (second oxidation)

n E
1/2 

vs. Fc/Fc
+
 (V) i

p,ox
/i

p,red

 

    D
o
 (cm

2
 s

−1
) k

0 
(cm s

-1
) Ecell (V)

1 - - - - -
3 0.99 1.06 1.06 x 10

-5
3.68 x 10

-2 2.85
5 0.97 1.01 0.86 x 10

-5
2.87 x 10

-2 2.85
7 0.98 1.07 0.81 x 10

-5
3.04 x 10

-2 2.84
9 0.95 1.04 0.74 x 10-5 2.77 x 10-2 2.85
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Figure S7. CVs of 3 mM PP1 in 0.5 M TBAPF6/DMA (the structural formulas of the solvent molecule 
and PP1 are shown in the inset). PP3 and PP5 showed similar reversibility to PP1. 

Table S5. Like Table S4, in DMA.

Phthalimide (acceptor) Phenothiazine (donor)
n E1/2 vs.

Ag/Ag+ (V)
ip,ox/ip,red D

(cm2 s−1)
k0

(cm s-1)
E1/2 vs.

Ag/Ag+ (V)
ip,ox/ip,red D

(cm2 s−1)
k0

(cm s-1)
Ecell 
(V)

1 -1.63 0.99 0.34 x 10
-5

1.46 x 10
-2 0.68 1.06 0.30 x 10

-5
1.32 x 10

-2 2.31
3 -1.68 0.99 0.39 x 10

-5
1.13 x 10

-2 0.52 1.04 0.34 x 10
-5

0.94 x 10
-2 2.20

5 -1.81 0.98 0.30 x 10
-5

0.98 x 10
-2 0.38 1.06 0.29 x 10

-5
1.40 x 10

-2 2.19

Figure S8. Like Figure S7, for DME solution of PP1.
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Table S6. Like Table S5, in DME.

Phthalimide (acceptor) Phenothiazine (donor)
n E1/2 vs.

Ag/Ag+ 
(V)

ip,ox/ip,re

d

D
(cm2 s−1)

k0

(cm s-1)
E1/2 vs.
Ag/Ag+ 

(V)

ip,ox/ip,re

d

D
(cm2 s−1)

k0

(cm s-1)
Ecell 
(V)

1 -1.88 0.99 0.87 x 10
-5

0.97 x 10
-2 0.48 1.02 0.86 x 10

-5
0.96x 10

-2 2.36
3 -1.94 1.00 0.78 x 10

-5
1.06 x 10

-2 0.34 1.03 0.79 x 10
-5

1.09 x 10
-2 2.27

5 -1.97 0.98 0.75 x 10
-5

0.55 x 10
-2 0.30 1.02 0.77 x 10

-5
0.57 x 10

-2 2.27

6. Solubility Measurements 

The solubility of PPn (n = 1, 3, 5, 7, 9) was evaluated spectophotometrically using a Thermo Scientific 
Evolution 260 Bio UV-Visible Spectrophotometer. Liquid solutions of the known composition (< 0.2 mM) 
were transferred into a 1 cm optical path quartz glass cuvette (Starna Cells), and the optical densities were 
determined. The absorbance around 300 nm was used to obtain calibration plots shown in Figures S9 to 
S11. To prepare saturated solutions at 25 oC, the redox-active material was added in small portions to a 
vigorously stirred electrolyte, until it could not be dissolved. To ensure that the solutions reached 
equilibrium, the mixtures settled overnight. Subsequently, supernatant was removed and diluted to the range 
of calibration curves. For each solubility measurement, three dilutions were used to estimate the standard 
deviation. 

The optical absorption spectra of PP1 in MeCN, DMA, and DME solutions are shown on the right 
side in Figure S9-S11, respectively. In these spectra, the absorbance peak at ~ 300 nm is from the 
phenothiazine group,9 while the peaks observed at shorter wavelengths are from the phthalimide.10 The 
ratios between the intensities of these absorption bands change with the solvent, reflecting the effect of 
solvent polarity on the extent of D-A charge transfer. Figure S12 summarizes the effect of the salt on the 
solubility of PPn in acetonitrile.

Figure S9. Representative UV-vis spectra of PP1 in MeCN. The peaks at 300 nm are from the 
phenothiazine group, while the two peaks at shorter wavelengths are from the phthalimide group. 
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Figure S10. Like Figure S9, for DMA. In the concentration plot, the optical densities absorption peaks at 
267 and 300 nm are plotted together.

Figure S11. Like Figure S9, for DME.

Figure S12. Evaluation of the effect of supporting electrolyte on the solubility in MeCN. 
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7. Crystal Structure Determination

Single-crystal X-ray diffraction data was collected using a Nonius Kappa CCD diffractometer equipped 
with and a BRUKER APEXII CCD detector and Mo Kα radiation (λ = 0.71073 Å). The APEX311 software 
suite was used to manage data collection, integration (SAINT), absorption correction by the Multi-scan 
method (SADABS),12 structure determination via direct methods (SHLEXT), and and model refinement 
(SHELXL)13  using established refinement strategies.14 All X-ray data was collected at 100 K. All non-
hydrogen atoms were refined anisotropically. The positions of hydrogen atoms were calculated 
geometrically and refined using a riding model. All crystal structures have been deposited with the 
Cambridge Crystallographic Data Centre (CCDC). The CIF and PDB formatted structures are given in the 
zipped SI folder. Table S7 summarizes crystallographic data for four PPn molecules.

Table S7. The summary of crystallographic data for PPn molecules.

 Property PP1 PP3 PP5 PP7 PP9
CCDC entry 2071533 2071534 2071535 2071536 2072890
space group P 21/n P b c a P b c a P 21/c P 21/n
Z 4 8 8 8 4
a, Å 5.305 11.072 8.625 22.734 5.109
b, Å 17.335 8.413 16.095 21.760 28.160
c, Å 17.810 38.997 29.008 8.947 17.072
, o 90 90 90 90 90
, o 90.429 90 90 99.528 98.418
, o 90 90 90 90 90
unit cell volume, Å3 1637.66 3632.51 4026.89 4364.76 2429.79
molecular volume, Å3 409.42 454.06 503.36 545.60 607.45
density, g/cm3 1.454 1.413 1.367 1.347 1.286
R-factor, % 4.38 3.57 4.26 4.52 4.56
C=O(A)…H(D), Å a 2.373 2.488
C=O(A)…H(D), Å b 2.652 2.308 2.511 2.547
A-A -stacking c no no yes yes no
Chain-crossed pairs no yes no yes no

a) the shortest distance between the carbonyl oxygen in phthalimide and ring hydrogen in phenothiazine moieties 
(intramolecular), b) ditto, intermolecular, c) 3.7 Å antiparralel stacks.

The crystal structures were further “refined” using PM7 semiempirical method15 in MOPAC suite16 to 
compute partial electrostatic charges on the molecules in the crystal. During this refinement, the space 
group was retained but the unit cell parameters and molecular geometries were optimized. The refined 
cells and electrostatic charges are contained in the zipped SI folder.
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Figure S13. Head-to-toe, side-by-side extended-chain PP9 pairs observed in PP9 crystals.

8. Molecular Dynamics (MD) Simulations 

Nonpolarized OPLS-AA force field17-18 in a LibParGen implementation19-20 was used for the bond, angle, 
and torsion potentials in PPn molecules. The partial atomic charges were calculated using CHelpG 
method21-22 in a single-point Hartree-Fock calculation with the DFT optimized geometry (see Section 4 
above). The input topology files for all PPn molecules (n=1-9) are given in the zipped SI folder along with 
representative MD frames in the Protein Data Bank (PDB) format. NPT equilibration at 1 bar at 300 K (2 
ns) was used to estimate the density using the Parrinello-Rahman barostat with the solution compressibility 
of 9.5x10-5 bar-1. Particle mesh Ewald summation was used to account for electrostatic interactions, and the 
modified Berendsen thermostat was used to rescale atomic velocities. Short-range cutoffs of 1.1 nm were 
implemented, and the interatomic van der Waals interactions were parameterized using the OPLS-AA force 
field.17-18 For NVT equilibration, we ran the MD trajectory for 2 ns at 300 K and then sampled it over 4 ns 
to obtain 200 equally spaced time frames. The initial configuration was generated using Packmol23, and the 
MD trajectories were computed using Gromacs 2018.24 The VMD package25 was used for visualization of 
the MD snapshots. The input topologies for the three solvents (MeCN, DMA, and DME) are also contained 
in the zipped SI folder.

Note that the classical MD model does not include polarization and did not explicitly treat charge 
transfer between the donor and acceptor moieties for bipolar molecules in solution. In some simulations, 
we artificially moved 0.1 e- between the ring hydrogen atoms in the donor and the carbonyl oxygen atoms 
in the acceptor. While this ad hoc “charge transfer” changed clustering metrics, it did not change the 
qualitative trends. The concentration of 0.14 M corresponded to 1080 DME and 16 PPn molecules in a ~5.7 
nm box. This concentration was used to look at clustering in DME solutions as it traverses the extremes of 
solubility as determined experimentally.

Graph theory methods were used to analyze the clustering/connectivity networks using iGraph 
package.26 Each PPn molecule was represented by a node in an undirected graph; two molecules making a 
contact gave the graph edge. The coordination number (CN) is defined as the average degree of the node 
(the number of molecular contacts). The overall graph connectivity is characterized by the global and mean 
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local connectivity clustering coefficient C2. This coefficient gives the probability of the three nodes making 
a triangle if two of them make a wedge.27 These coefficients can be counted globally for the entire graph or 
locally for each node and then averaged. 

Another way to characterize the connectivity is by computing the eigenvalues and eigenvectors of 
the adjacency matrix, in which 1 corresponds to an edge between the nodes (i.e., the two molecules 
contacting each other) and 0 is for no connection. The need to involve such less intuitive quantities is a 
wide distribution of the node degrees (i.e., the contacts coordination numbers) in the graphs: the spectral 
graph theory can give estimates of connectivity taking this spread into account. The largest eigenvalue (

), which is also called the spectral radius of the graph, characterizes the extent of connectivity and the 𝜆𝑚𝑎𝑥

inverse participation ratio (IPR) for the corresponding eigenvalue  (defined as ) characterizes 𝑣𝑞
(∑

𝑞

𝑣4
𝑞) ‒ 1

the spread of the connected cluster over the graph.28 These metrics are averaged over the MD trajectory. 
Table S4 gives the computed parameters some of which are also shown in Figures 9a and 9b in the main 
text. The neighborhood statistics Nx indicate the average percentage of molecules in contact with the x like 
molecules. 

Table S8. Neighborhood statistics and clustering parameters for PPn molecules in 0.14 M solution in 
DME (1 bar, 300 K), from MD simulations.

a) Nx are the percentage of molecules with exactly x neighbors by the atom-atom proximity criterion r<2.8 Å, b) the 
maximum eigenvalue of the adjacency matrix, c) the mean inverse participation ratio for PPn clusters, d) the mean 
coordination ratio for the clusters, e,f) the mean local and global clustering coefficients (the probability of finding 
three contacting molecules if two pairs of the molecules are contacting).

9. Bulk Electrolysis

Bulk electrolysis of PPn molecules was performed in a static, symmetric H-cell equipped with reticulated 
vitreous carbon electrodes (100 ppi, Duocell). A porous glass frit (P5, Adams and Chittenden) was used as 
a separator. On the working side of the H-cell, an Ag/AgNO3 electrode (10 mM AgNO3 in 0.5 M 

n N0 a N1 N2 N3
Spectral
Radius b

Mean IPR 
c

Mean 
CN d

mean 
local  
C2 e

global 
C2 f

PP1 60.07 25.47 13.71 0.65 1.644 2.8 0.552 0.0827 0.3477
PP2 54.48 29.23 14.55 1.74 1.81 2.97 0.636 0.1144 0.4952
PP3 40.98 36.88 19.99 2.05 1.79 3.1 0.834 0.1149 0.3454
PP4 32.46 34.24 29.04 4.14 2.035 3.41 1.052 0.1787 0.4413
PP5 57.59 28.61 11.94 1.87 1.634 2.93 0.581 0.0464 0.1743
PP6 35.67 33.21 21.8 7.71 2.257 3.86 1.064 0.1409 0.3607
PP7 41.14 43.19 12.9 2.64 1.637 3.11 0.774 0.0383 0.1183
PP8 52.55 38.68 7.9 0.81 1.416 2.7 0.572 0.0253 0.0997
PP9 47.23 35.91 12.03 4.1 1.809 3.45 0.752 0.0407 0.1317
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TBAPF6/MeCN) was used as a reference. Both chambers initially contained 5 mM PPn solutions in 0.5 M 
TBAPF6/MeCN and were stirred continuously during electrochemical cycling. Before electrolysis, 
electrochemical impedance spectroscopy was used to ensure similar resistivity for different active materials. 
In the plots below, CE and EE stand for the coulombic and energy efficiencies, respectively. The active 
materials were initially charged to 100% state-of-charge (0.67 mAh).  See the main text for other details.

Figure S14. (a) Schematic illustration of the custom H-cells. (b) Photograph of the bulk electrolysis cell.

Figure S15. Cycling performance of the phenothiazine donor (a,b) and phthalimide acceptor (c,d) over 100 
charge/discharge cycles at 5 mA.  (b,d) CV analysis of PP3 before and after cycling of the donor and 
acceptor, respectively. 
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Figure S16. Cycling performance of the phthalimide acceptor in 5 mM PP7 in 0.5 M TBAPF6/DMA. (a) 
cell capacity, CE, and EE performance over 100 charge/discharge cycles at 5 mA. (b) CV analysis before 
and after cycling of the acceptor in PP7. 

II. NMR Spectra
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