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Abstract

The use of anion-inserting organic electrode malerepresent an interesting opportunity for
developing ‘metal-free’ rechargeable batteries.@rRéyg, crystallized conjugated diamines
have emerged as new host materials able to accoateadions upon oxidation at potentials
higher than 3 V vs. [iLi% in carbonate-based battery electrolytes. To fuiitheestigate the
electrochemical behavior of such promising systaros)parison with electroanalytical data
of soluble forms of conjugated diamines measurdzhitery grade electrolytes appeared quite
useful. However, the literature on the topic iseyally poor since such electrolyte media are
not common in molecular electrochemistry. This dbntion aims at providing relevant data
on the characterization by cyclic voltammetry ofubstituted, diphenyl-substituted and
tetramethyl-substitutep-phenylenediamines. Basically, these three molsa@eealed two
reversible one-electron reaction upon oxidatiomesgonding to the electrogenerated radical

cation and dication, respectively, combined with #ssociation of electrolyte anions (i.e.,



PR, ClIO, and TfO). The nature of the counter-anion did not showmuéuence on the
electrochemical activity, which remained governgdhe solvation process in high-polarity
solvents (i.e., PC- or EC-based battery electre)ytdowever, in presence of £Rhe
emergence of a pre-peak prior to the second owridatiep was observed when labile protons
exist in the radical cation state. This contribatie attributed to a deprotonation reaction of
the radical cation induced by the catalytic decositpmn of PR in presence of H which
supports well the few other experimental data regabon the decomposition issues of L4PF
In addition, substitution of the amine redox cemt@ith appropriate functional groups (that
increase the molecuiedelocalization) allowed to reach higher formalgdtals without

impacting the bi-electronic behavior and the retodity of the processes.
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1. Introduction

Global warming, fossil fuels depletion and rapighplation growth are confronting our
technology-oriented society with significant chaties notably in the field of power
engineering. One of the priorities in this domaiha promote reliable, safe but also low-
polluting electrochemical storage devices for vasipractical applications from mWh to
MWh range. Since the invention of the first recleaigle battery in 1859 by G. Planté (lead-
acid cell), the current manufacturing of battergestill dominated by the use of redox-active
inorganic species but the organic counterpartsappelay as a promising alternative
displaying several advantages such as low cosiraemental friendliness and the structural
designability [1-9]. For instance, the operatindae potential of organic electrodes can be
widely tuned by the choice off the electroactive functional group (both n- dype* [3,10]),
(ii) the molecular skeleton, anid ) the substituent groups. Organic structures based
conjugated carbonyl/enolate redox-active moietyasgnt probably the most studied family
of n-type organic electrode materials especialtydieveloping Li/Na-based rechargeable
systems. Conversely, p-type organic electrodeswiniolve an ionic compensation with
anions [3,7,10] makes development of ‘moleculan’ batteries possible [11] since numerous
metal-free anions do exist. In this regard, oungrbas recently reported (for the first time)
that crystallized conjugated diamines can accommeaatgions aE > 3 V vs. Li/Li% in the
solid state with an overall reversible two-electreaction making them interesting for

positive electrode applications [12-14].

In light of the opportunity offer by this new famibf insertion compounds and to go further
in the understanding of electrochemical processesrevisited the anodic oxidation pf

phenylenediamine derivatives by cyclic voltammdiuy measured in typical (aprotic) battery
grade electrolytes for which less than 0.1 ppm ahbO, and HO are guaranteed. More

specifically, we report herein the electrochemieature of three selected phenylenediamines

! Note that n-type structures involve upon oxida#mrionic compensation with cation release whepegpe
structures imply an anion.



(i.e., N,N'-p-phenylenediaminePD; N,N'-diphenylp-phenylenediamineDPPD; N,N,N’,N'-
tetramethylp-phenylenediaminel M PD-Figure 1a) solubilized at millimolar concentraton
in different electrolyte formulations including LE® as the most popular supporting salt used

in the Li-ion battery by manufacturers and researsh

2. Experimental

2.1.Chemicals

The different electrolyte formulations were prephirean Ar-filled glovebox (MBRAUN)
containing less than 0.1 ppm of both &d HO from lithium perchlorate (LiClg), lithium
hexafluorophosphate (LiR}; propylene carbonate (PC), ethylene carbonat¢ &80
dimethylcarbonate (DMC) purchased from BASF (batggrade) and used as received.
Lithium trifluoromethanesulfonate (LIOTf, 99.995%ldrich) was dried at 100° C under
vacuum for 15 h prior use. The common “LP30” batgnade electrolyte (i.e., LIRA M in
EC:DMC 1:1 vol./vol.) was directly employed as neeel from Novolyte. Amines was
purchased from Aldrich with the following puritigd;N’- p-phenylenediamin®D (99%),
N,N,N’, N'-tetramethylp-phenylenediaming M PD (> 97%), N,N’-diphenyl{-

phenylenediamin®PPD (98%), and triethylamine (g, >99%).

2.2.Electrochemical procedures

Cyclic voltammetric (CV) experiments were recordsd a SP-150 potentiostat/galvanostat
(Bio-Logic S.A., Claix, France). All electrochemic&xperiments were systematically
conducted from freshly prepared electrolyte sohgiqexcept the “LP30” battery grade
electrolyte, Novolyte) in a conventional three-élede setup (V = 10 mL) placed inside an
Ar-filled glovebox (MBRAUN) containing less than10ppm of both @ and HO. The
working electrode was constituted of a commerciatipum disk microelectrode with a

diameter of 1.6 mm (ALS Japan). Facing the worletertrode, a large platinum wire was



used as the counter electrode. An'iAgP reference electrode made of a fritted glass tube
filled with an AQNGQ; 10 mM solution in acetonitrile [15] was systemalig used. However,
reported potentials were also given against th¥Li% reference electrode for a better
appreciation of the battery community. This secoefitrence electrode, made of lithium
metallic attached on a Pt wire, was experimenteligckedversusthe Ag/Ag° reference

electrode in each studied electrolyte giving aectron of the measured potentials of +3.6 V.

3. Results and discussion

The typical electrochemical activity of the simpl® molecule is preliminary reported being
a representative member of this family of redoxvactompounds. In addition, PC/LiCJO

1 M electrolyte was first employed in order to ligraed with our former battery cycling tests
performed on crystallizeg-phenylenediamines derivatives [12,13]. Basicdhg, oxidation

of PD in such an electrolyte shows two anodic peaki$)(lpcated at 3.58 and 4.07 V vs.
Li*/Li° respectively (Figure 1b). When reversing the staa corresponding cathodic peaks
are observed. The peak-to-peak separation valudémtb steps (I/I', II/II') are equal to 60

mV, which indicates the occurrence of two fully eesible one-electron processes. The
anodic events are assigned to the electrogenerattitve radical catioPD®* at peak |

further followed by the dicationic forrPD*") at peak II. The ratio between the peak currents
and the square root of the scan rate at both amodicathodic waves shows linearity
(Figure 1c), which confirms the two electrochemigaicesses are under diffusion control as

expected for reversible systems [15,16].

At this point it should be recalled that the typicgechanisms for the electrochemical
oxidation of phenylenediamines have already betabkshed in common aprotic solvents for
molecular electrochemistry [17-21] and very recgeitlthe battery grade PC/LIBR M

electrolyte for non-aqueous redox flow batterie] [T heir oxidation processes through this



two reversible one-electron transfer with the fatioraof successive stable radical cation and
dication species. However, in the case of primay econdary amines — meaning the
existence of labile protons — this behavior camfggacted by the presence of acid-base
species in the electrolyte [20,21]. Indeed, thabdd protons are easily involved in an acid-
base reaction competing with the electrochemicatgss, sometimes even leading to the loss

of the reversible character. Interestingly, in RCID, 1 M electrolyte one can observe that
PD*®" remains stable on the voltammetry time-scale amdundergo a second

electrochemical oxidation at higher potentialsgoducingPD?*. Similarly, this dicationic

form is also stable enough towards chemical sideti@ns and is reduced back on the reverse
scan. For comparison, two other common lithiatd$ sesed in Li-batteries (LiRFand

LiOTf) were also evaluated as supporting electesiyising again PC as the solvent. The
resulting CV curves dPD shows quite similar electrochemical steps (Figapwith fully
reversible peaks obtained at anodic potentials®a8d 4.1 V vs. [7Li°, respectively. This
result attests that neither the thermodynamic Im@kinetic of the stepwise one-electron
oxidation reactions are impacted by the countevremof the supporting electrolyte although
exhibiting very different donor number (DN) in P@davan der Waals volume [23-25]. These
results are in agreement with a dominance of theason process in high polarity aprotic
solvents such as PE ¢ 66) in which a low ion-pairing is expected [2Bpwever, the use of
LiPFs supporting salt shows some slight differences wighappearance of a new

contribution between the two regular steps andak{p@-peak separation of the second anodic
wave shifted from reversibilityAE12 = 90 mV) suggesting a quasi-reversible procesewWh
excluding LiPF, the solvent change does not affect the reveityilof the two

electrochemical steps involved wiiD. Figure 2b shows for instance a comparison of CVs
recorded in PC, DMC and EC-DMC, respectively, usirgpncentration of 1 molLof

LiICIO4.



Diphenyl-substituted¥PPD) and tetramethyl-substitutgaphenylenediamineS (VI PD)

were also selected as representative secondangdiaay p-phenylenediamine derivatives of
interest for this comparative study. In fact, tlesgiblercdelocalization by mesomeric effect
(+M) occurring with theDPPD structure should induce both a positive potentiét and
higher acidic character of the secondary aminetional group. On the contrary, methyl
substituent groups which are electron-donatingnoiyctive effect (+1) would decrease the
oxidative strength of thp-phenylenediamine backbone (lower formal potentidigreas no
acidic protons do exist. Figure 3 summarizes thetrswiking features observed in both
PC/LICIO, 1 M and EC-DMC/LiPE 1 M electrolytes. As expected willPPD, the reversible
stepwise one-electron oxidation steps occur atabdd50 mV higher than the corresponding
events observed witAD while TMPD shows the lowest redox potentials of the sertas. |
worth noting that the presence of substituent gsaupthep-phenylenediamine backbone
does not impact the reversibility of the process®s further illustrates the stability of both
the neutral and the electrogenerated species. Tadllews the diffusion coefficient values
experimentally determined from the voltammetricveisrrecorded at different scan rates
(50 mV.s" to 10 V.§Y). These values are comparable to those reportéiliterature
[22,23]. The peculiar electrochemical feature poasly observed witkPD in presence of RF
anion (Figure 2a) is again noticed in the caseRPD with the appearance this time of an
obvious reversible pre-peak (lIIl) prior to the sedanain electrochemical step (Figure 3).
One possible explanation could be related to tlell@e chemistry of LiPEin high polarity
aprotic solvents (denote®). Indeed, it has long been known in the field Bfdn batteries
[25,28-31] that undissociated LiRP#o exist at relatively high electrolyte concentmas (in

the range of 1 mol.t) in equilibrium with Fand the strong Lewis acid, BF

[I—i+PF6_](ion pain T :S = [S:PF5]+(SO|)+ LiF (1)



The dilemma is that in high polarity aprotic solteethe dissociation of [[PF;] ion pairs is
facilitated but the stabilization of PEoo. In addition, it has been shown that the presef
H* ion in the medium that also form ion pairs withsRfatalyzes its decomposition according

to the following equilibria due to the strong R interactions [30]:

H* + Pk o) = [H+PF6-](ion parp = H'F-Pk = HF + Pk (2)

In the case oPD andDPPD, the resulting radical cations electrogeneratqueak | exhibit
more polarized N-H bonds in comparison with thetome state. In the presence ot REnd
potentially F in the vicinity of the electrode), the acidic otcan be neutralized according
to Eq. 2 for producing the corresponding radicdlicl is a more readily oxidizable species.
This hypothesis is further supported by the faat tio pre-peak is observed wikiv PD for
which no labile protons do exist. However, suppletagy experiments were also conducted
by adding a base to LiRffree electrolyte media in order to verify the depnation
assumption. In practice, triethylamine {E&f was used as a common base in organic
chemistry. Figure 4 summarizes the as-obtainedtsdsy selecting both DPPD and TMPD as
the two representative cases bearing no labil@pr&s expected, in the presence of
trimethylamine (0.5 mM), the pre-peak appeared Wi#PD (II) while the electrochemical
behavior of TMPD was not affected. Note that ageek (IV) was also observed prior to the
first oxidation step (1), which can be attributecthe deprotonation reaction of DPPD itself at
this concentration of base. The proposed overatha@sm is finally depicted in Figure 5 in
the presence of RFor by adding BN in PR'-free electrolyte. Interestingly, this particular
electrochemical investigation focused on both stuietl and unsubstitutes
phenylenediamines supports well the few other tsgmointed out the decomposition issues

of LiPFs in aprotic media when labile protons are present.



4. Conclusions

This study aimed at emphasizing the potentialitg-phenylenediamines which can offer
high potential and multi-electronic behavior ag/pet materials for battery applications. A
specific cyclic voltammetry study was then condddteevaluate the electrochemical
behavior of three selectgephenylenediamines derivativaRlY, DPPD andTMPD)

dissolved in several battery grade (carbonate}relgte media. Among the various
electrolytes tested, it appeared a chemical ingabf the electrogenerated radical cation in
presence of LiP§Fwhen labile protons do exist on nitrogen atomstdu@e propensity of

PR to be decomposed in high-polarity solvents sudA@sor EC-based battery electrolytes;
this phenomenon being catalyzed by labile protdhss electrochemical study provides also
to the Li battery community a supplementary pramicerning the high reactivity of the most

popular supporting saliersusany labile proton potentially present in a battelgctrolyte.
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Figure 1. (a) Structural formula of studig@dphenylenediamines denote®, DPPD and
TMPD, respectively. (b) Typical cyclic voltammogramRid measured at a concentration of
1 mM in PC/LICIQ, 1 M recorded on Pt disk microelectrode at a segémaf 200 mV.3. (c)
Plotting of the peak currents against the squaseabthe scan rate (from 100 m.®
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a) PD - varying the counter-anion in PC:
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Figure 2. (a) Comparison of typical CV curvesBD in recorded on Pt disk microelectrode at
a scan rate of 200 m\2susing a concentration of 1 mM in PC/LiIGI® M, PC/LiPR 1 M,

and PC/LIOTf 1 M, respectively. (b) Comparisonygital CV curves oPD recorded on Pt
disk microelectrode at a scan rate of 200 rif\asd a concentration of 1 mM in

PC/LICIO; 1 M, DMCI/LICIO4 1 M, and EC-DMCI/LICIQ 1 M, respectively.
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Figure 4. Typical CV curves recorded on Pt disk microelet¢rat a scan rate of 200 mV.s
in PC/LICIO, 1 M electrolyte for : (apPPD at a concentration of 1 mM in absence (pink)
and presence of 0.5 mM (grey) and 1 mM (black)ietitylamine, (b)TMPD at a

concentration of 1 mM in absence (orange) and poesef 1 mM (black) of triethylamine.
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Figure5. Proposal for explaining the peculiar electrocheiiiehavior oPD andDPPD in

presence of LiP§in the electrolyte.
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Electrolyte Dep (CIT|2 S-l) Dpeep (CIT|2 S-l) Dtmep (CTTI2 S-l)

PC/ LiCIO; 1 M 1.98 10 0.34 1¢° 4.90 1¢
EC-DMC / LiCIO; 1 M 1.74 10 0,19 1¢° 3.40 10

Table 1. Diffusion coefficients for the oxidation of phengiediamines in the different
electrolytes calculated with the Randles-Sevcikatigun from the slope of the experimental

curvesip =f (v'?) .
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