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Twisted Perylene Diimides with Tunable Redox Properties

for Organic Sodium-lon Batteries

Harish Banda, Dijo Damien, Kalaivanan Nagarajan, Ashish Raj, Mahesh Hariharan,*

and Manikoth M. Shaijumon*

Organic rechargeable batteries gain huge scientific interest owing to the
design flexibility and resource renewability of the active materials. However,
the low reduction potentials still remain a challenge to compete with the
inorganic cathodes. This study demonstrates a simple and efficient approach
to tune the redox properties of perylene diimides (PDls) as high voltage
cathodes for organic-based sodium-ion batteries (SIBs). With appropriate
electron-withdrawing groups as substituents on perylene diimides, this study
shows a remarkable tunability in the discharge potential from 2.1 to 2.6 V
versus Na*/Na with a sodium intake of =1.6 ions per molecule. Further, this
study explores tuning the shape of the voltage profiles by systematically
tuning the dihedral angle in the perylene ring and demonstrates a single pla-
teau discharge profile for tetrabromo-substituted perylene diimide (dihedral
angles 6, & 6, = 38°). Detailed structural analysis and electrochemical studies
on substituted PDIs unveil the correlation between molecular structure and
voltage profile. The results are promising and offer new avenues to tailor the
redox properties of organic electrodes, a step closer toward the realization of

potential offers better safety, it also lowers
the reduction potential of the active mate-
rials.l”8] Recently, several transition metal-
based systems have been proposed as
promising electrode materials for SIBs,34
but high production costs and the associ-
ated environmental concerns question
the long-term reliance on these materials.
Also, the insertion of large Na* ions into
rigid lattices results in multistep phase
transitions and the materials often suffer
from low capacity utilization or sluggish
kinetics.®

Organic materials with promising fea-
tures like light weight, design flexibility
at the molecular level, good resource
renewability and low production costs
are emerging as promising alternatives to
inorganic materials.1%12 Recent reviews
on organic materials show significant

greener and sustainable electrochemical storage devices.

1. Introduction

Sodium ion batteries (SIBs) have been extensively studied in
the recent past as an alternative to their lithium counterparts
(LIBs), owing to concerns regarding cost and limited reserves
of lithium. Particularly, in large-scale storage applications
like hybrid vehicles and renewable power stations, SIBs, with
the abundance and low cost of sodium, are more viable than
LIBs.'"® Sodium exhibits electrochemical properties similar
to that of lithium (0.3 V more positive) and its ionic radius
is about 1.3 times to that of lithium ion. While the positive
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developments on radical and carbonyl
based materials for batteries.'>'* How-
ever, the low reduction potentials offered
by these materials compared to their inorganic counterparts
outweigh all the merits.'>"'7] With the inherent 0.3 V more
positive reduction potential of Na than Li, it is even more chal-
lenging to achieve higher reduction potentials with organic
materials for SIBs. Radical based materials offer the highest
reduction potentials among organic materials for SIBs, but they
depend on large anions like PF¢~ and ClO,~ for charge com-
pensation.®% These large electrolyte anions cannot be readily
inserted into active material and require large amounts of elec-
trolyte while compromising the practical specific energy den-
sities.1>18] Carbonyl compounds, particularly carboxylate salts
and anhydride-based materials, with their great diversity, can be
tailored for desired properties.!'9-23l
Redox potential of a molecule can be tailored by tuning its
highest occupied molecular orbital (HOMO) and lowest occu-
pied molecular orbital (LUMO) energy levels. According to the
molecular orbital theory, a lower LUMO level means higher
electron affinity and thus a higher reduction potential for the
molecule. Lowering the LUMO levels could be achieved in two
ways. Attaching electron withdrawing groups to the redox active
molecule is one wayl'>?*?’] and extending the conjugation
in a molecule through aromatic rings is another conventional
way.[1021.28] Extending the conjugation could increase the elec-
trochemical dead weight of the molecule and result in reduced
theoretical capacity. Nevertheless, extended conjugation is
expected to increase the ion intake and practical capacity of a

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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molecule. A recent report demonstrates this in sodium stilbene
dicarboxylate (SSDC).2!} SSDC shows a discharge capacity of
222 mA h g™ whereas its lower ring counterpart, sodium ben-
zene dicarboxylate (SBSC) shows 162 mA h g1

Extended conjugation reduces the HOMO-LUMO gap (E,) in
a molecule and offers better electronic conduction and a lower
degree of polarization.'”] This results in better redox reversibility
and, thus, delivers practical capacities close to the theoretical value.

Recently, Dunn and co-workers have demonstrated the effect of
substitution on electrochemical performance of naphthalene diim-
ides for LIBs.*) While they could achieve higher reduction poten-
tials with some derivatives, unfortunately, the reversible discharge
capacities were less than half of the theoretical capacities in most
cases. Only very few reports are focused on tuning organic mate-
rials to offer high reduction potentials for LIBs.2028-30 Though
the knowledge of Li electrochemistry is expected to be applicable
for sodium as well, at times, latter behaves in a dissimilar fashion
and investigations are yet to address this anomaly.3'4 Kim et al.
made the first and only attempt to tune the redox potential by
employing halogen- substituted quinone derivatives as cathode
materials for SIBs, but with poor cyclability.*®) However, none
of these reports discuss the energetic structure-voltage profile
correlation. Considering all the concerns mentioned above and
benefitting from the vast synthesis knowledge available in the
literature, we opted to study the effect of substituting electron

X X

W

www.advenergymat.de

withdrawing groups on N,N’-bis(n-propylacetyl)-perylene-3,4,9,10-
tetracarboxylic diimide (PDI) in SIBs. PDI is an excellent canvas
to portray tailoring of redox potentials, as it possesses an extended
conjugation over two naphthalene subunits and offers four bay
positions and 4 ortho positions for substitutions. Detailed struc-
tural analysis and electrochemical studies on substituted PDIs
shed light on correlation between molecular structure and voltage
profile. Through an understanding of the effect of twist in the
perylene ring, we could successfully tailor the shape of voltage
profile to a single plateau. Our report is an interesting case study
of tuning the shape of voltage profile and is the first report of its
kind in organic literature for both SIBs and LIBs.

2. Results and Discussion

The experimental evaluation of the effect of electron-with-
drawing groups on electrochemical performance was per-
formed through synthesis of various perylene diimide
derivatives by following Scheme 1, starting from perylene-3,
4,9,10-tetracarboxylic acid (PTCDA). The synthesized deriva-
tives, with good solubility in common solvents, were character-
ized through various spectroscopic techniques (see synthesis
and characterization section in Supporting Information). 1 was
synthesized from PTCDA through the conventional imidization

XK X Br
X - H/Br 2
b | .
0,
Br

I e e
1 = BrBr
c d K =6 2
» R-N . N—R
. cul . s—ls . o B rar 0
=0 =0, 5
R=N N~R R- ~-R
e 0a Sl 0s 0s 8,
NC §-§
6 7
PDI PDI-Br PDI-Br, PDI-Br; PDI-Br4 PDI-CN, PDI-S4

1

2

3

4

5

6

7

Scheme 1. Synthesis of perylene diimide derivatives a) Br,, |,, H,SOy, 85 °C, b) 3-amino-1-propanol, DMA, 1,4-dioxane, 110 °C; Acetic anhydride,

Pyridine, RT, c) CuCN, DMF, 150 °C, d) CH3COSK, CH3OH, CHCl;. (R: n-propyl acetate).
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process with a yield of 50%. 3 was synthesized with a yield of
70% by following a two-step procedure of bromination and imi-
dization on PTCDA.B% Cyanation of 3 was performed through
a reported procedure and 6 was obtained in 59% yield.’”] Elec-
trochemical performance of the synthesized derivatives was
analyzed through cyclic voltammetry and galvanostatic cycling
measurements. Cyclic voltammetry was performed to test the
reversible ingress of sodium ions and two pairs of broad revers-
ible redox peaks were observed in 1, 3, and 6 (Figure S1, Sup-
porting Information). Differential capacity plots (voltage vs.
dQ/dE),?®¥ obtained through the galvanostatic charge-discharge
measurements, show two sets of relatively sharp redox peaks at
2.2 and 1.7 V for 1, which correspond to the formation of rad-
ical anion and dianion, respectively (Figure 1a).’% As expected
with the increase in electronegativity, both the substituted
derivatives viz. 3 and 6, show a shift in the first and second
redox potentials toward higher voltages when compared to 1.
6 shows a greater potential than 3 with cyanide being a better
electron-withdrawing group than bromine.

The first reduction of 6 occurs at about 340 mV greater than
3 and 450 mV greater than 1.

Redox behavior of perylene-based systems as diimides,?”
anhydrides,3! and polyimides324%* have been studied exten-
sively in the literature and all the reports suggest a two-step
reduction process with formation of radical anion as an inter-
mediate. The redox processes are associated with the conversion
of carbonyl groups in the imide ring to enolate functionality.
Recently, Wurthner and co-workers successfully synthesized
the first ambient stable derivatives of perylene diimide radical
anion and dianion and could completely characterize the two
species, otherwise unstable.*?#3] With the synthesized sodium
salt of dianion species, the coordination between sodium ions
and the enolate functionality could be successfully demon-
strated. Figure 1b shows the electrochemical redox mechanism
of sodium ion insertion and de-insertion for perylene diimides
during the charge—discharge processes.

To establish a correspondence between the reduction
potentials and the electron-withdrawing ability of the substit-
uents, energy levels of the derivatives were analyzed. LUMO
energy levels, which are known to directly correlate to the
reduction potentials of the species,'% were calculated for the
derivatives in their gaseous phase using B3LYP/6-311+G(d, p)
level of theory. The LUMO energy values obtained for
the PDI derivatives span from —4.6 eV for the highly elec-
tron deficient 6 to —4.0 eV for the unsubstituted 1 with an
intermediate value of —4.1 eV for moderately electron defi-
cient 3. The first reduction potentials observed in the dif-
ferential capacity plots show a linear relationship with the
calculated LUMO energy values (Figure 1c), thus, correlating
the electron-withdrawing ability of substituents to the reduc-
tion potentials of the derivative. This excellent equivalence
between theory and experimental results highlight the level
of flexibility organic molecules offer in tailoring the mate-
rials for desired properties.

Having analyzed the redox properties of PDI derivatives, we
carried out the galvanostatic charge—discharge cycling to esti-
mate their sodium ion storage capabilities (Figure 1d). All the
derivatives show a two plateau voltage profile with the plateaus
being quite consistent with the redox peaks observed in the

Adv. Energy Mater. 2017, 1701316
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Figure 1. a) Differential capacity plots of 1, 3, and 6 cycled at a current
rate of C/4 in voltage ranges between 1.5 and 3.0 V versus Na*/Na.
b) Schematic representation of the charge—discharge mechanism for the
perylene diimide derivatives. c) First reduction potential versus calculated
LUMO energy levels for 1, 3, and 6. d) Charge—discharge voltage profiles
of 1, 3, and 6 cycled at a current rate of C/4. A systematic shift in the
voltage profile toward higher redox potentials can be noted from 1 to
3 and 6. Cyanide being a better electron-withdrawing group results in
higher potentials for 6 than the bromine substituted 3.
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Table 1. Galvanostatic cyclic performance of 1, 3, and 6.

www.advenergymat.de

Label  Theoretical capacity (2¢7) Experimental capacity? Na* intake per LUmo® First reduction potential9
[mAhgT] @ 20 mAg' [mAh g™ molecule [eV] [V vs Na*/Na]

1 91 77 1.68 —4.0 2.16

3 7 66 1.83 —4.1 2.27

6 84 64 1.62 —4.6 2.61

AThe first discharge capacity observed when cycled at a current density of 20 mAg™ in voltage ranges between 1.5 and 3.0 V versus Na*/Na; P Gas-phase values obtained
with the B3LYP/6-311+ G(d, p) level of theory; 9The first reduction peak potential observed from differential capacity plots plateau when cycled at a current density of

20 mAg™' in voltage ranges between 1.5 and 3.0 V versus Na*/Na.

respective CVs. A systematic lift in the voltage profiles can be
noticed from 1 to 3 and 6. Further, all the derivatives demon-
strate first discharge capacities near to that of the theoretical
capacities calculated for a two electron redox process (Table 1).
The near theoretical capacities are expected with an extended
conjugation over the two naphthalene rings in PDI as opposed
to less than half utilization seen in naphthalene diimides for
LIBs.'®! Further, unlike the substituted naphthalene diimides
for LIBs, herein, being a cathode material, it is highly desirable
to galvanostatically cycle at higher electrochemical window.

PDI derivatives in the present study are cycled at a higher
potential window of 1.5-3.0 V versus Na*/Na opposed to
1.0-4.0 V versus Li*/Li for naphthalene diimides for LIBs.["*! 1,
3, and 6 show discharge capacities of 74, 66, and 64 mA h g7!,
respectively, which suggest a sodium ion intake of 1.6 to 1.8 per
molecule. Figure S2 (Supporting Information) shows the voltage
profiles illustrating sodium ion intake per molecule during the
charge—discharge process.

Although the synthesized derivatives demonstrate good
sodium ion intake in the first discharge, a clear drop in the
charge and discharge capacities could be spotted thereafter
(Figure S2, Supporting Information). Regardless of the drop
in capacities, the redox plateaus for first charge and the second
cycles still occur at potentials corresponding to peaks observed
in the respective CVs, excluding the possibility of irreversibility.
Hence, the drop in capacities is attributed to the fact that the
synthesized derivatives are highly soluble in the electrolyte and
will dissolve during cycling. Also, low capacities obtained for
the derivatives are understandable with the presence of bulky
imide side chains. Polymerization has been demonstrated as an
efficient technique in circumventing these challenges.*? Fur-
ther, polymerization through hydrazine as a linker is reported
as an excellent technique which will not add any extra weight
to the molecule but significantly enhances the specific capaci-
ties and the overall electrochemical performance of perylene
diimides.3249 Apart from altering the HOMO-LUMO levels of
the molecule, the added substituents also induce a twist in the
perylene ring. In order to avoid electrostatic repulsions between
the substituents and the hydrogen atoms on opposite bay posi-
tions, the perylene ring stabilizes into a twisted geometry. The
two dihedral angles between the naphthalene subunits depend
upon the extent of electrostatic repulsions. A schematic of the
dihedral angles formed between the naphthalene subunits in
a perylene ring is shown in Figure 2a. 1 has a planar structure
with zero dihedral angles whereas 3 shows about 23° for both
60, and 6,. Changes in the dihedral angles of a neutral PDI deriv-
ative will also affect the relative energies of its reduced forms
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(radical anion and dianion). Recently, Wurthner and co-workers
reported that, the changes in the relative energies of radical
anion and dianion alter the redox potentials of quinones and
perylene diimides.[*3] They performed solvent-dependent cyclic
voltammetric study on substituted perylene diimide derivatives
to analyze the solvent dependency of the redox properties of its
radical anion and dianion.I*3! With increasing polarity, the two
reduction peaks are noted to move closer and eventually merge
into a single peak in a highly polar solvent, such as methanol.
They propose that this could be due to a preferential formation
of the dianion species over radical anion owing to a superior
stabilization of dianion via hydrogen bonding with increasing
polarity. A single redox peak meant a complete preference for
formation of dianion over the radical anion. The equilibrium
constants determined for the disproportionation reaction of
radical anion resulting in neutral and dianion species support
this argument.

Achieving a single plateau in voltage profile for recharge-
able battery electrodes is very important, and could be accom-
plished in organic-based electrodes either by means of molec-
ular design or by deploying different electrolytes. Here we
attempted to tune the molecular design to obtain a single
plateau in the voltage profile, as the latter option might lead
to electrolyte compatibility issues. Similar to earlier approach,
instead of changing the polarity of solvent to tune the energy
levels of reduced species, we presumed that introducing a sys-
tematic twist into the perylene ring would have a similar influ-
ence. To test the feasibility of this approach, change in Gibbs
free energies (AG) was calculated for the formation of reduced
species in a series of bromo-substituted PDIs (2-5) in their gas-
eous states using B3LYP/6-311+G (d, p) level of theory.

Bromine derivatives were chosen considering the facile
synthesis procedures necessary for the eventual experimental
study. Figure S3 (Supporting Information) shows an energy-
level diagram with AG for the formation of radical anion and
dianion for PDI and its bromo-substituted derivatives. While
1-3 show a greater preference for formation of a radical anion, 4
and 5 favor formation of dianion species as evidenced from the
AG values consolidated in Table S2 (Supporting Information).
Thus, the preference toward direct formation of a dianion spe-
cies could result in a single redox process rather than a two-step
redox process. The greater AG values for dianion formation in
4 and 5 could, hence, result in higher reduction potentials and
better feasibility of the reduction process compared to 1-3.

Motivated by these encouraging theoretical findings, we
synthesized a class of PDI bromo derivatives (2-5) in order
to systematically analyze the effect of dihedral angles on the
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Figure 2. a) Schematic depiction of the two dihedral angles, which vary
with respect to the substituents on the bay positions of perylene moiety,
b) differential capacity plot, and c) charge—discharge voltage profiles of
1-5 cycled at a current rate of C/4 in voltage ranges between 1.5 and
3.0 V versus Na*/Na. d) Schematic representation of the charge—dis-
charge mechanism for 5. The two plateaus shift closer with increasing
dihedral angles for 1-3 and eventually appear as single plateau in 4 and 5.

redox properties of PDI. Spectroscopic characterization of
all the derivatives can be found in Supporting Information.
The dihedral angles obtained through optimized structures
show a gradual increase in 6, and 6, from 1 to 5 (Table 2).
Cyclic voltammetry was performed to verify the reversible
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ingress of sodium ions into the synthesized derivatives
(Figure S4, Supporting Information). The broad reduction/
oxidation peaks observed in all the derivatives are found to
be reversible. To analyze the peak potentials accurately, dif-
ferential capacity plots were obtained through galvanostatic
cycling. Two redox pairs for 1, 2, and 3, a single broad redox
pair in 4 and a single sharp redox pair for 5 were observed
(Figure 2b). A gradual decrease in the peak separation (OP)
between first reduction and second reduction can be clearly
noted for derivatives from 1 to 3. 6P decreases from 524 mV
in 1 to 302 mV in 2 and 242 mV in 3 beyond which the peaks
merge and appear as a broad peak in 4 and as a single sharp
peak in 5 (Table 2). These findings are in excellent agreement
with the trend observed in solvent dependent cyclic voltam-
mograms studied in the earlier report.*3l 4 and 5, as observed
in the AG values, show a better reduction potential than 1-3,
which is attributed to the proportional increase in the cell
potential with the change in free energy. Charge-discharge
voltage profiles were obtained for 1-5 through galvanostatic
cycling in the voltage range of 1.5-3.0 V for 1-4 and 2.0-3.0 V
for 5 versus Na*/Na at a current rate of C/4 (Figure 2¢c) A
gradual change in the shape of the voltage profiles of 1 to
5 can be noted. The two well-separated discharge plateaus
move closer from 1 to 3 and eventually merge and give rise
to a single plateau in 4 and 5. Also, all the derivatives deliver
practical capacities close to the calculated theoretical capaci-
ties with a sodium ion intake greater than 1.7 per molecule in
all derivatives (Table 2). Figure S5 (Supporting Information)
illustrates the voltage profiles for 1-5 with sodium ion intake
per molecule during the charge—discharge process. A per-
fect single plateau voltage profile with a practical discharge
capacity corresponding to 98% of the theoretical capacity
could be obtained for 5 (Figure S5e, Supporting Information).
The practical capacities corresponding to almost two sodium
ion insertion along with the single redox pair obtained from
discharge capacity plots led us to predict a single step redox
mechanism for 5 as shown in Figure 2d. The proposed mech-
anism corroborates with the theoretical calculations and the
report in literature on solvent dependent cyclic voltammetry
for perylene diimides.*’]

Further, we synthesized a control derivative that has four
substituents on its four bay positions and yet has a near planar
perylene ring in order to confirm hypothesis on the relation
between dihedral angles and shape of voltage profile. N,N’-
bis(n-propylacetyl)-1,6,7,12-bis-dithiano-perylene-3,4,9,10-
tetracarboxylic diimide (7), which has all its bay positions sub-
stituted by sulfur moiety, still retains its planar structure of
the perylene ring. Synthesis of 7 is accomplished by following
a reported procedurel*! (Scheme 1) and the obtained crystal
structure (Table S2, Supporting Information) shows =6° dihe-
dral angles for both 6; and 6, (Figure S6, Supporting Informa-
tion). A two-step voltage profile is expected for 7 owing to the
near planar geometry of its perylene ring. As expected, differ-
ential capacity plot shows two pairs of broad reversible redox
peaks (Figure 3a) and, correspondingly, two sloped plateaus are
spotted in the charge—discharge voltage profiles (Figure 3b). The
two redox peaks could be attributed to the formation of radical
anion and dianion as reported earlier. The obtained results are
in accordance with our prediction of two plateaus for a planar
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Table 2. Comparison of the electrochemical performance of 1-5 corresponding to the respective dihedral angles.

Compound Label  Theoretical capacity (2e Experimental capacit Na* intake per First reduction potential 6 [¢) Reduction peak
p pacity p pacity p p h d p
[mAhgT [mAh gl @ 20 mAg™! molecule [V vs Na*/NaJ?) [ N separation® [mV]
':;}4"‘1‘{}_‘ 1 91 77 1.68 2.16 0 0 524
it
Q 2 80 90 2.25 2.24 23 4 302
4.
e
(i:;‘;j:i‘
Q 3 71 66 1.83 2.25 23 23 242
iets:
° v
‘.(?! < 4 65 69 2.15 2.28 24 38 -
,{"f g E‘
5 59 58 1.98 2.29 36 38 -

3

AThe average value observed for the first reduction plateau when cycled at 20 mAg™; P’The separation between reduction peaks observed in the cyclic voltammograms
when scanned in the voltage ranges between 1.5 and 3.0 V versus Na*/Na at a scan rate 0.1 mVs™'. Dihedral angles are obtained from the optimized geometries using

B3LYP/6-311+G (d, p) level of theory.

perylene ring and reinforce our concept of tuning the shape of
voltage profile with dihedral angle.

However, a clear drop in the charge and discharge capaci-
ties could also be spotted in all the bromine derivatives (2-5)
right after the first discharge process (Figure S5e, Supporting
Information). Scanning electron microscopy (SEM) images
obtained from electrodes before and after cycling show a clear
loss of active material (Figure S7, Supporting Information).
Finally, we demonstrate polymerization as an efficient tech-
nique to prevent dissolution of electrode materials and offer
good cyclic stabilities for the synthesized derivatives.*>~*]
Among the various synthesized derivatives, 4 and 5 demon-
strate single plateau profiles whereas others show two-step
profiles. Further, 4 offers a theoretical discharge capacity of
68 mA h g! while 5 offers 58 mA h g™!. In order to demon-
strate good cycling behavior with a better discharge capacity
and a one-step discharge profile, we chose to polymerize 4. 4
is first converted to an anhydride and then polymerized with
hydrazine hydrate following Scheme 2 to give N,N-diamino-
1,6,7-tribromo-perylene-3,4,9,10-tetracarboxylic polyimide (8).
SEM images and UV-vis spectroscopy were performed to com-
pare 4 and 8 and observe the insolubility of 8 (Figure S8, Sup-
porting Information). Galvanostatic cycling was performed at
a current rate of C/4 in the voltage range of 1.5-3.0 V versus
Na*/Na to study the electrochemical performance of 8. The dif-
ferential capacity plot in the inset of Figure 3c shows a single
broad redox pair corresponding to a sloped plateau observed in
the voltage profile in Figure 3c. Being a polymer, 8 delivered
a remarkably stable practical capacity of 78 mA h g, close to
the calculated theoretical capacity of 84 mA h g7}, over hundred
cycles (Figure 3d). Cyclic stability and rate capability studies of
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4 and 8 also further highlight the advantages of polymerization
(Figure S9, Supporting Information). Although demonstrated
only with 4, polymerization could be extended to other diimides
derivatives as an excellent strategy to avoid electrode dissolution
and achieve good cyclic stabilities. Further, a gradual increase
in capacity for about 20 cycles to the stable capacity is noted.
This behavior is generally attributed to electrode activation
during cycling by formation of new electronic and ionic con-
ducting pathways during cycling. Electrochemical impedance
spectroscopy was performed before and after 40 charge-dis-
charge cycles to understand this. The Nyquist plots and corre-
sponding equivalent circuits (Figure S10, Supporting Informa-
tion) show high charge transfer and bulk resistance of 2194 Q
before cycling and a reduced value of 526 Q after 40 cycles. This
confirms the activation process during the initial cycles.

3. Conclusions

In summary, we have demonstrated an efficient approach to
tune the reduction potentials and voltage profiles of perylene
diimide-based organic electrodes for SIBs by substitution of
electron-withdrawing groups. Cyano-substituted perylene
diimide (6) shows an increase of 450 mV over its unsubsti-
tuted counterpart. Also, the synthesized derivatives offered a
high sodium ion intake of 1.6-1.8 per molecule. Further, we
also report the first study on tuning the shape of the voltage
profiles of an organic material, by inducing a systematic
twist into the perylene ring. Tetra bromo-substituted perylene
diimide, with dihedral angles of 38° each, demonstrates a
straight single plateau discharge profile. A control derivative
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Figure 3. a) Differential capacity plot and b) charge—discharge voltage
profile of 7, galvanostatically cycled at a current rate of C/4 in the voltage
range of 1.5-3.0 V vs Na*/Na. c) Voltage profile and d) cyclic stability of
8, galvanostatically cycled at a current rate of C/4 in the voltage range of
1.5-3.0 Vvs Na*/Na. Inset in (c) shows the differential capacity plot for 8.
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Scheme 2. Synthesis of tri-bromo perylene diimide polyimide. a) KOH,
t-BuOH reflux 2 h, b) Hydrazine hydrate, NMP reflux 6 h. (R: n-propyl
acetate).

(7) with nearly planar ring geometry, despite of having four
bay substituents, was synthesized to support the proposed
hypothesis. Finally, tri bromo-substituted perylene polyimide
(8) was synthesized to demonstrate polymerization as an effi-
cient technique to achieve good cyclic stability with all the
derivatives. 8 delivers a stable practical capacity of 78 mA h g!
close to its theoretical capacity of 86 mA h g! PDI derivatives
with low weight substituents, for example, tetracyano-substi-
tuted perylene polyimide (PI-CN,), could deliver much higher
capacities, comparable to the current inorganic materials, with
a single plateau discharge profile. We believe that the cur-
rent study will offer new avenues to tailor the redox proper-
ties of organic materials as electrodes for rechargeable organic
sodium ion batteries.

4. Experimental Section

Material Synthesis: N, N’-bis (n-propylacetyl)-perylene-3,4,9,10-
tetracarboxylic diimide (1) was synthesized as a control derivative while
N,N’-bis (n-propylacetyl)-1,7-dibromoperylene-3,4,9,10-tetracarboxylic
diimide (3) and N,N’-bis(n-propylacetyl)-1,7-dicyanoperylene-3,4,9,10-
tetracarboxylic diimide (6) were synthesized to demonstrate the effect
of electron-withdrawing groups on PDI. Further, to understand the
effect of twist generated by substituents on the perylene ring, a range
of bromine derivatives (2-5) and N,N’-bis(n-propylacetyl)-1,6,7,12-bis-
dithiano-perylene-3,4,9,10-tetracarboxylic diimide (7) were synthesized.
Considering that all the diimides mentioned above face serious
dissolution problem, N,N’-diamino-1,6,7-tribromo-perylene-3,4,9,10-
tetracarboxylic polyimide (8) is designed as a model to demonstrate
polymerization as an efficient strategy to achieve good cyclic stability.
This strategy can be extended to other diimides to achieve the desired
electrochemical properties. All the perylene diimide derivatives studied
in this work were synthesized by procedures shown in Schemes 1 and 2.
Details of the synthesis protocols and characterization through standard
spectroscopic techniques for all the derivatives are available in the
Supporting Information.

Materials Characterization: Fourier transform infrared spectra (FT-
IR) were recorded on a Shimadzu IR Prestige-21 FT-IR spectrometer
with KBr pellets. CHN analysis was carried out on an Elementary
vario MICRO cube elemental analyzer. Thermo gravimetric analysis
(TGA) was performed using a SDT Q600 Thermo gravimetric analyzer
(TA Instruments). '"H NMR and 13C spectra were recorded on a
Bruker Avance 500 (500 MHz) spectrometer. All the electrochemical
measurements were carried out using Biologic SAS VMP3
electrochemical workstation.

Electrochemical Measurements: All the electrodes were fabricated
by mixing active material, acetylene black, and polyvinylidene fluoride
(PVDF) in N-methyl-2-pyrrolidone (NMP) as solvent at a weight ratio of
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60:30:10. The slurry was casted uniformly on stainless steel foil and the
cut electrodes were dried at 65 °C in air for 6 h prior to 12 h drying at
120 °C in vacuum. Galvanostatic charge and discharge measurements
on the fabricated electrodes were performed in a CR 2032 type coin cell
assembled in an argon-filled glove box with moisture and oxygen level
maintained at less than 0.1 ppm. 1 m NaPFg in propylene carbonate
was used as the electrolyte and all the electrochemical measurements
were done using Na metal as both reference and counter electrodes.
The typical electrode mass loading of the active material is 1.4 mg cm™,
Cyclic voltammetry was performed at a scan rate of 0.1 mV s7' in a
voltage range between 1.5 and 3.0 V versus Na*/Na for all the derivatives.
Galvanostatic charge—discharge cycling of the derivatives was carried out
in the voltage range of 1.5-3.0 V versus Na*/Na at a current rate of C/4.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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