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light-emitting diodes, organic and perovskite photovoltaic cells, field-effect transistors, and
thermoelectric devices. Simple one-electron reductants that can act as n-dopants for a wide range
of useful semiconductors must necessarily have low ionization energies, and are thus highly

sensitive towards ambient conditions, leading to challenges in their storage and handling. A



number of approaches to this challenge have been developed, in which the highly reducing species
is generated from a precursor, or in which electron transfer is coupled in some way to a chemical
reaction. Many of these approaches are relatively limited in applicability, due to processing
constraints, limited dopant strength, and/or the formation of side products.

This account discusses our work to develop relatively stable, yet highly reducing, n-dopants
based on the dimers formed by some 19-electron organometallic complexes and by some organic
radicals. These dimers are sufficiently inert that they can be briefly handled as solids in air, but
react with acceptors to release two electrons and to form two equivalents of stable monomeric
cations, without formation of unwanted side products. We first discuss previously reported and
our own syntheses of such dimers. We next turn to discuss their thermodynamic redox potentials,
which depend on both the oxidation potential of the highly reducing odd-electron monomers and
on the free energies of dissociation of the dimers; because trends in both these quantities depend
on the monomer stability, they often more-or-less cancel, resulting in effective redox potentials
for a number of the organometallic dimers that are ca. —2.0 V vs. ferrocenium/ferrocene. However,
variations in the dimer oxidation potential and the dissociation energies determine the mechanism
through which a dimer reacts with a given acceptor in solution: in all cases dimer-to-acceptor
electron transfer is followed by dimer cation cleavage and a subsequent second electron transfer
from the neutral monomer to the acceptor, but examples with weak central bonds can also react
through endergonic cleavage of the neutral dimer, followed by electron-transfer reactions between
the resulting monomers and the acceptor. We then discuss the use of these dimers to dope a wide
range of semiconductors through both vacuum and solution processing. In particular, we highlight
the role of photoactivation in extending the reach of one of these dopants, enabling successful

doping of a low-electron-affinity electron-transport material in an organic light-emitting diode.



Finally, we suggest future directions for research using dimeric dopants.
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INTRODUCTION

Electrical doping of organic semiconductors (OSCs) has emerged as a significant field of research,
and has been applied in devices including organic light-emitting diodes (OLEDs), organic field-
effect transistors (OFETs), and organic photovoltaic (OPV) cells, and, more recently,
thermoelectric devices and lead-halide perovskite light-emitting diodes (PeLEDs) and solar cells
(PSCs).> Generally electrical n- or p-doping is achieved by introducing chemical reductants or
oxidants; typically the OSC consists of neutral closed-shell molecules or polymers, a fraction of
which is converted to the corresponding radical anions or cations. Doping can greatly improve
device performance by increasing conductivity — at low levels by filling charge-carrier traps due
to impurities or structural defects and, at higher levels, by contributing mobile charge carriers (i.e.,
creating the aforementioned radical ions from which electrons or holes can hop to neighboring
neutral moieties) — and by decreasing barriers to charge injection from electrodes.

Alkali metals were among the first n-dopants; however, their pyrophoric, highly reactive, and
volatile nature complicates handling. Furthermore, small alkali cations readily diffuse within
devices.” Larger molecular dopants can help minimize unwanted reactivity, restrict dopant-ion
diffusion, and minimize electrostatic interactions between dopant ions and charge carriers, which
will tend to trap the carrier on semiconductor molecules close to the dopant ions. The position of
equilibrium for a solution electron-transfer reaction between a one-electron reductant and an
electron-transport material (ETM) depends on the difference in redox potentials; ideally the
reductant oxidation potential (E,,) is significantly more negative than the ETM reduction potential
(Erq). Similarly, efficient solid-state electron transfer requires a reductant solid-state ionization
energy (IE) smaller than the ETM solid-state electron affinity (EA). Typical OPV and OLED

ETMs exhibit E.s ~ —1.0 V and < -2.0 V vs. FeCp,"” (Cp = cyclopentadienyl), respectively



(roughly corresponding to EA ~ 3.8 and < 2.8 eV, although we emphasize there is no universal
equation precisely relating solution E / E.q and solid state IE / EA). Accordingly, even the
weakest one-electron reductants suitable for OPV applications will be somewhat sensitive to
atmospheric O, and H,O, while stronger reductants for OLEDs will be considerably more so,
complicating their storage and handling, e.g., decomposing during the brief air exposure often
necessary when loading a solid sample into an evaporation crucible.

Several strategies to obtain more easily handled n-dopants involve coupling the electron transfer
to additional chemistry. Some halide salts of stable conjugated organic cations (DX, e.g.,
PyB*Cl-, CV*Cl-, MeO-DMBI'T, Figure 1)'%? liberate the corresponding reducing radicals, D",
on sublimation, presumably along with X.!> However, their use is limited to vacuum-processing,
and, at least in some cases, side products are obtained.'? In certain circumstances, apparently
redox-inert species such as simple amines'# and tetraalkylammonium halides'® can n-dope OSCs
(Figure 1); these approaches are limited in applicability and afford side products.'®!” More widely
applicable are hydride-reduced derivatives of stable cations (DH, e.g., DH = LCV, Y-DMBI-H,
Figure 1); these form D" cations on doping and are effective for fullerenes and some conjugated
polymers,' '8 although AHy is formed as well as A* for A = fullerene,'"!® and AH™ for A = 2CN-
BDOPV.?° For other ETMs, the side products are less clear, and doping cannot be predicted from

ETM EA alone.?’
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We were interested in developing easily handled n-dopants that do not form side products and
that can be processed both from solution and through evaporation. We recognized that some
organic radicals (D) could act as reductants, and that others formed relatively stable closed-shell
dimers (D,). We reasoned that if D, were sufficiently weakly bonded, it might act as a “masked”
form of Dr, liberating D*, e.g., by heating. The reversible dimerization of Ph;C" has been known
for almost a century ' although Ph;C* is only weakly reducing (-0.11 V vs. FeCp,*?).2? The dimer
obtained by reduction of nicotinimide adenine dinucleotide, (NAD),, has also long been known;
NAD' is more reducing than Ph;C*,2* and, at least in some cases, (NAD), acts as a reductant in
aqueous solution.?* A (NAD), analog, (BNA),, has been used as photoreductant for Ceo,>> while
related heteroarene dimers and (Me-DMBI), have been used to reduce electrochemically-
generated organic radicals (Figure 2).2° We realized that some organometallic dimers might behave
in a similar way and could be rather strong reductants. Here we describe our work to explore n-
doping with dimers (D,), both of 19-electron sandwich molecules and of organic radicals, that are
moderately air stable and highly reducing, can be both solution and vacuum processed, and
undergo clean reaction with semiconductors (A) to form only A*- and the stable monomeric cation,
D*. We discuss the synthesis and structures of these dimers, their strength as reductants, their

reactivity, and their use in n-doping of OSCs and other materials.
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Figure 2. Structures of dimeric organic reductants, corresponding cations, and amide

side/decomposition product discussed in this Account.

2. SYNTHESIS AND STABILITY OF DIMERS

19-electron organometallic sandwich compounds are 1-electron reductants, readily forming the
corresponding stable 18-electron cations. These include CoCp, (E,, = —1.33 V vs. FeCp,™°) and
CoCp*, (Cp* = CsMes; —1.94 V), and some mixed-ring iron(I) species, such as FeCp*(CsMes) (—

2.30 V).2?2 Indeed, our first ventures into n-doping OSCs were collaborations with Antoine Kahn’s



group using CoCp, and CoCp*,, both of which are highly air and moisture sensitive and more

2729 However, stable 19-

volatile than ideal for vacuum processing using conventional crucibles.
electron sandwich compounds of the 4d and 5d metals are almost unknown (an exception is the
sterically congested 1,2,3,4,1'2'3' 4-octaphenylrhodocene’?3"). If generated by reduction of the
18-electron D*, most rapidly react to regain 18-electron configurations, in some cases by
dimerization to D,, and in others by forming DH, presumably via reaction with solvent, in either
case undergoing a reduction by one unit of the hapticity of one of the rings.

In 1966 Fischer and Wawersik reported that RhCp, (Figure 3) existed as a dimer that was
“moderately air stable” in the solid state.*> Relevant to our doping strategy were their observations
that (RhCp,), dissociated to RhCp, on sublimation, and that oxidation of (RhCp,), gave RhCp,*.
Electrochemistry indicated the monomer was highly reducing (—1.85 V vs. FeCp,*°) and shed
additional light on the interconversion of (RhCp,), and RhCp,*.3* Dimers were also reported for

32,35

other rthodocenes,** iridocenes, ruthenium(cyclopentadienyl)(arene) complexes,**3’ and

M(C¢Meg), (M = Tc, Re),*®* but these species were not widely studied as reductants. A few

iron(cyclopentadienyl)(arene) derivatives also dimerize 40+
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Figure 3. Structures of dimeric organometallic reductants and the corresponding monomeric

cations studied by the authors.

Accordingly, we resynthesized (RhCp,), to examine as an n-dopant. To explore the generality
of the approach, and to investigate the dimers of more strongly reducing monomers, we also
synthesized other known dimers, D,, with D = RhCp*Cp,** IrCp*Cp,>> FeCp*(CsH¢),*' and
RuCp*(1,3,5-Me;CqH;),*® (Figure 3) by reduction of D*PF¢~ in THF. We generally used 1 wt%
Na:Hg or 1:3 (w/w) Na:K (CAUTION - pyrophoric liquid) as reductants,'*>* although we have
recently found that stage 1 silica-gel-supported Na:K (NaK,-SG(I)), a commercially available solid
stable to dry air,® is effective in some cases.***” Electrochemical reduction of D* has also been

used in the literature 33-3¢
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New dimers we synthesized (Figure 3) include those for D = RuCp*(1,3,5-Et;C¢H3),! RhCp*Cp"
(Cp" = CsMe,H),? and RuCp*(1,4-(Me2N)CsHa).*” However, 19-electron D* formed on reduction
of 18-electron sandwich D* do not necessarily dimerize: many 3d examples are stable (in the
absence of air); many 4d and 5d D* form DH rather than D,, apparently depending on an interplay
of electronics and sterics (e.g., RuCp*(1,3,5-Me;C¢H;) dimerizes, but its C¢Hs and CsMes
analogues give DH?®); and some undergo ligand redistribution (e.g., RuCp(CsHe) gives some

RuCp,*®). We found: RuCp*(C,Me.H) and IrCp*Cp" fail to cleanly dimerize, giving intractable

mixtures;** RuCp*(1,3,5-BusC¢Hs) forms products including the 18-electron deprotonation
product Ru(n?*-CsMe,CH,)(n°-1,3,5-BusCsH3);*” and RuCp*(1,3 5-(Me,SiCH,),CH;) undergoes
a second reduction to pyrophoric 18-electron K*[RuCp*(n?*1,3,5-(Me;SiCH,);CsH3)]~.4

In the light of the reactivity we observed for organometallic dimers (section 4), we returned to
consider organic dimers to fully explore the scope of the dimeric approach to n-dopants. 2-
Substituted-2,3-dihydrobenzo[d]-imidazoles (Y-DMBI-H, Figure 1) were long known as
reductants and first used as air-stable solution-processible n-dopants by Zhenan Bao’s group.'®
They are effective for fullerenes and for some conjugated polymers, which accomodate the fairly
planar [Y-DMBI]* without excessive loss of order.*” We were interested in whether (Y-DMBI),
dimers could act as cleaner, more reactive sources of [Y-DMBI]* and A", without forming the
hydrogen-reduced intermediates and/or side products expected from N-DMBI-H. (Me-DMBI),
(Figure 2) had been synthesized electrochemically from Me-DMBI* in the 1980s;2° we used alkali-
metal reductions of D* to obtain (Y-DMBI), for Y = Cyc, Fc, Rc (collaboration with Bao),*° and
more recently (N-DMBI),.# Xioazhang Zhu’s group obtained (Cyc-DMBI-Me); in the same

way.’! A complication not encountered with the organometallic dimers is the formation of amide
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side products (Figure 2), likely resulting from reaction of alkali hydroxides with D*; careful control
of reaction conditions and/or purification is needed to obtain clean D».

Crystal structures have been determined for examples of both classes of dimer and confirm the
connectivity deduced from NMR (Figure 4).23*7 For nearly every organometallic dimer the central
C—C is on the opposite (exo) face of the ring through which dimerization takes place from the
metal atom of each monomer. Recently, however, we isolated and crystallographically
characterized an exo,endo isomer of [RuCp*(1,4-(Me2N)CsHa)]2 (Figure 3, 4).4” The central C—
C portion of all the dimers is effectively either a tetra-, penta-, or hexa-substituted ethane and, as

such, the C—C bonds are fairly long (1.54-1.64 A; see section 3).

Figure 4. Crystallographically determined molecular structures for (above) representative dimers,
D>,2472 and (below) for the corresponding D* (PFs~ salts).*446-43 From left to right: D = N-DMBI,

RhCp*Cp, RuCp*(1,3,5-Et3C¢H3), and RuCp*(1,4-(Me2N)CsHa) (exo,endo dimer isomer).
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Both organometallic and DMBI dimers can be stored as solids in inert atmosphere for months
without decomposition. Most — with (RhCp*Cp"), and exo,exo-[RuCp*(1,4-(Me2N)CsHa)]2
notable exceptions (see below) — are sufficiently air stable that the solid can be briefly handled in
ambient conditions, e.g., for weighing. However, they decompose slowly (rapidly in the case of
the two noted exceptions) in solution on exposure to air: organometallic D, species give D*, while
(Y-DMBI), convert quantitatively into the amides. In general, the organometallics are more stable
in air than Y-DMBI dimers, likely due to the additional decomposition pathway possible for the
latter class. Both the organometallic and Y-DMBI dimers are soluble in toluene, chlorobenzene,
and THF, although (RhCp,), is rather poorly soluble; solutions in dry deoxygenated solvents are
stable in inert atmosphere. Chloroalkanes, on the other hand, oxidize the dimers to D*. It is worth
noting that, despite the moderate air stability of the unreacted dopants, n-doped OSCs, except those
with the highest EAs, are generally highly oxygen and water sensitive; accordingly, solution
reactivity and doping studies (sections 4 and 5, respectively) have generally been carried out in

inert atmosphere.

3. DOPANT STRENGTH
The thermodynamic strength of dimeric reductants, D», can be quantified by the effective redox

potential for:

D" +e =0.5D; (1)
which is given by:
E(D'/0.5D2) = E(D'/D) + AGuiss(D2) / 2F (2)

where F is the Faraday constant. £(D*/D) is the potential for:

D' +e¢ =D 3)

14



and can be measured, or for less reversible cases estimated, from cyclic voltammetry of D*.
AGiiss(D2) 1s the free energy of dissociation of the dimers:
D,=2D “)
and is less easily determined. Y-DMBI" monomers are ESR-active organic radicals; in the case
of (Fc-DMBI), the bond is sufficiently weak that the solution concentration of D could be
quantified by ESR and, together with the initial concentration of dimer, used to determine
[D]?/[D2] and, thus, AGiiss(D2).? For the weakly bound (RhCp*Cp)., we used:
AGiiss = AG*diss — AG*dim (5)
where AG*giss and AG*4im are the barriers for the dissociation of D> — inferred from reaction kinetics
with an OSC, specifically from the temperature dependence of k' of eq. 7 (see section 4) and the
dimerization of D — obtained from variable-temperature variable-scan-rate electrochemical
measurements of the reduction / oxidation current ratio for D*/D — respectively.’®> However, in
general, we have relied upon DFT calculations of the energies of D> and D. In contrast to what is
seen for weakly bound alkyl- and aryl-substituted ethanes,>* DFT dissociation energetics are not
correlated with either crystallographic or DFT central C—C bond lengths (Figure 5).>3 However,
it is important to remember that bond length depends on orbital overlap and steric effects in Do,
whereas dissociation energy depends on both D> and D stability. Indeed, AUdiss for organometallic
dimers increases with the expected trend in D instability (3d << 4d < 5d; higher < lower oxidation
states). AUdiss trends for (Y-DMBI), reflect more effective stabilization of the radical by

metallocenyl or aryl substituents than by cyclohexyl.
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Figure 5. Plot showing no correlation between DFT-calculated dissociation energetics and
crystallographic C—C bond lengths of D, (the structures of (N-DMBI), and (Fc-DMBI), contain

two inequivalent molecules with different bond lengths). No correlation with DFT bond lengths is

found either.

Figure 6 compares values of: E(D*/D); the potentials at which the dimers are irreversibly
oxidized, E(D,*/D,); and of E(D*/0.5D,) (estimated).?? The range in E(D*/0.5D,) is considerably
smaller than that in E(D*/D); variations in the latter are often largely offset by those in AGuiss, both
trends reflecting the stability of D. E.g., IrCp*Cp is both a more reducing monomer and more
strongly dimerized than RhCp*Cp; the two effects reflect the greater tendency of the heavier metal
to comply with the 18-electron rule and partially cancel to afford similar £(D*/0.5D;). Similarly,
Y = Cyc-DMBI has a stronger bond and a more reducing monomer than the other Y-DMBI
derivatives. Variation in E(D,*/D,) is less readily rationalized; however, values for most indicate
that electron transfer to O, would be endergonic (E;,(0,/O,")= -1.2 to —1.4 V), while the large
0,/0,- reorganization energy and the moderate solubility of O, in aprotic solvents likely retard

this initial step further, consistent with the moderate air stability of these compounds (see above).
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Alkylation cathodically shifts £(D*/D) independently of dissociation energy, thus also shifting
E(D*/0.5D,), as seen in the rhodocene series; however, E(D,*/D,) is also cathodically shifted and

that for (RhCp*Cp"), is comparable to E(CoCp,*?), consistent with the air sensitivity of this dimer.
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Figure 6. Electrochemical potentials relating to the reactivity of three types of dimeric reductants,
each arranged in order of increasingly reducing monomers. E(D*/D) (red triangles) and E(D,*/D,)
(blue circles) are from cyclic voltammetry; E(D*/0.5D,) (green squares) is from eq. 2 using
E(D*/D) and DFT-estimated AGys(D;). Thus, (as indicated for one example) E(D*/D) —

E(D*/0.5D,) reflects AGys. Green diamonds represent E(D*/0.5D,) estimated from experimental

AGyiss values.
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4. SOLUTION REACTIVITY

We initially envisaged that activation might be needed to “turn on” the doping reaction between
dimers and OSCs. However, initial experiments on the solution reactivity of (RhCp,), and
[RuCp*(1,3,5-Me;CsH3)], with OSCs such as perylene diimides (E.q ~ —1 V) revealed rapid
reaction, unsurprisingly in hindsight given the E(D,*/D,) potentials (Figure 6). Less easily reduced
A = TIPS-pentacene (EY- = —-1.45, E7> =-1.93 V, Figure 7) gave more useful insight into D,
reactivity. Its bulky substituents often impart solubility to D*A*-, and in some cases (D*),A%, even
in solvents such as d¢-benzene (allowing D* to be identified by NMR) and chlorobenzene; the vis-
NIR spectra of A, A*-, and A are easily distinguishable (Figure 8); and the reactions timescales
are often suitable for be monitoring by vis.-NIR spectroscopy. We have also obtained crystal

structures of two D*[TIPS-pentacene]* products.*
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Figure 7. Structures of small molecules and polymers discussed in the context of reduction by D,

n-dopants.
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Figure 8. Top: Vis.-near-IR absorption spectra showing the reaction in chlorobenzene of TIPS-
pentacene (A) with (left) excess [RuCp*(1,3,5-Et;CsHs)], and (right) excess (RhCp*Rh),. Bottom:
corresponding temporal evolutions of absorbances at maxima characteristic of A and A from the
spectra (solid fits in the left plot indicate a reaction first order in TIPS-pentacene). Adapted from
Ref. 43 with permission; copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

In contrast to the relatively limited range of E(0.5D,/D*) (section 3), D, reactivity is more

diverse. [RuCp*(1,3,5-R;CsH3)], (R = Me, Et) and TIPS-pentacene react according to:
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1L[A]/dt = d[D,]/dt = k[D,][A] (6)
and the barrier, AG* (obtained from the temperature-dependence of k) is consistent with
electrochemical estimates of AG for D,-to-A electron transfer.*> Only [TIPS-pentacene]™ is
formed, even when D; is in excess (Figure 8). This is consistent with a rate-determining initial D,-
to-A electron-transfer (“ET first”, similar to previously proposed for the reaction of (Me-DMBI),
with [diphenylanthracene]**?®). For (RhCp*Cp)s:
1L[A]/dt = d[D,]/dt = k[D,][A] + k'[Ds] (7)

and A is formed by excess D, (Figure 8), suggesting that the mechanism seen for the Ru
compound occurs in parallel to another pathway with an initial rate-determining D, dissociation
(“cleavage first”). This tendency of rhodocene dimers to cleave is consistent with NMR
experiments that indicate that sublimation of a [Rh(Cs(CD;)s)Cp], and [RhCp*(C;sDs)], mixture
affords a mixture of the two homodimers and the Rh(Cs(CD3)s)Cp/RhCp*(CsDs) heterodimers
(similar experiments in solution are complicated by other H/D scrambling processes),* and with
previous observations that RhCp, monomer can be trapped when subliming (RhCp,),.*?> On the
other hand, crossover is not observed when mixing [RuCp*(1,3,5-Me;C¢H;)], and [RuCp*(1,3,5-
Et;CsH3)], in solution, or on co-sublimation of [RuCp*(1,3,5-(CDs);CsH3)], and [RuCp*(1,3,5-
Me;C¢D5)], , consistent with higher DFT AUy, for the Ru dimers than for the Rh species (cf.
separation of E(D*/0.5D,) and E(D*/D) values in Figure 6). Figure 9 compares energetics for the
reaction of these two dimers with TIPS-pentacene, obtained from a mixture of DFT and
electrochemical data, emphasizing the similar overall AG, but differing intermediate energies and,
therefore, different feasible pathways. Other strongly bonded dimers — (Cyc-DMBI), and
(IrCp*Cp),— barely react with TIPS-pentacene at room temperature > although for the former we

observed the ET-first reaction at higher temperatures. In both cases the reaction is accelerated by
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visible light (presumably by electron transfer from D, to photoexcited A), thus approaching our
original concept of activating doping by an external stimulus.>? Weakly bonded (Rc-DMBI),
behaves similarly to (RhCp*Cp),, while (Fc-DMBI), reacts through a “cleavage first” pathway,
but apparently with the second step rate-determining.’ Cleavage also plays roles for exo,endo-
[RuCp*(1,4-(Me2N)CsH4)]2 and (N-DMBI),.*”3> Despite DFT indicating a weak bond,
[FeCp*(Ce¢Hy)], reacts with TIPS-pentacene via ET-first;** this and the slow dimerization of
FeCp*(CsHs) were attributed to a particularly high-energy transition state for this D, / D
interconversion, perhaps resulting from the greater localization of spin density on the metal, and
its reduced extension onto the ligand, for FeCp*(C¢Hy) than for the 4d and 5d monomers.>? Finally,
(RhCp*Cp"), and exo,exo-[RuCp*(1,4-(Me2N)CsH4)]> react much more rapidly than any of the

other dimers,>*’

consistent with their especially cathodic E(D,*/D,) values. From a practical doping
point of view, dimers that undergo cleavage are expected to achieve their thermodynamic doping
limits relatively easily, while for strong bound dimers, D,:A combinations that do not react in

solution in the dark may permit processing in air with photoactivation of doping being carried out

subsequent to encapsulation.
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Figure 9. Free energies estimated using electrochemical and DFT data for the solution reactions
of two dimers with TIPS-pentacene, along with experimental barriers for the rate-determining first
steps. Note that although the overall energetics and those for the first step of the “ET-first” pathway

(blue) are similar for the two dimers, those for the “cleavage first” pathway (red) are very different.

5. DOPING BEHAVIOR

In our first study of the organometallic dimers, Antoine Kahn’s group demonstrated that
coevaporation of (RhCp,),, [RuCp*(1,3,5-Me;CsHs)],, or [FeCp*(CsHs)], with CuPc (Figure 7, EA
= 3.1 eV) resulted in effective n-doping, indicated by a shift of the Fermi level to within 0.15-0.37
eV of the onset of empty OSC states, and, for the Fe and Rh dopants, a six-orders-of-magnitude
enhancement of current density.! All are much less air sensitive than CoCp*, — one of the few
reductants previously shown to n-dope CuPc — and have reduced volatility, compatible with
standard crucible evaporation. [RuCp*(1,3,5-Me;CsH3)], was also shown to be an effective
vacuum-processible n-dopant for TIPS-pentacene (Figure 7, EA = 3.0 eV according to inverse
photoelectron spectroscopy (IPES), lower than estimated from E(A%*-) using standard approaches,
underlining the unreliability of such estimates) and unsubstituted pentacene (Figure 7, EA = 2.8
eV). n-Doped films were also obtained by spin-coating solutions of [RuCp*(1,3,5-Me;CsH3)], or
(RhCp,), with TIPS-pentacene. Naturally a wide range of less challenging (higher EA) materials,
such as those relevant to OPV and PSCs, can also be n-doped with dimers. In addition to co-
sublimation and spin-coating from mixed solutions, sequential deposition has also been used (see
second [RuCp*(1,3,5-Me;CeH3)],:P(NDI20OD-T2) entry and the [RuCp*(1,3,5-
Me;C¢H3)],:P(BTP-DPP) entry in Table 1);°° however, its effectiveness depends on the

dopant:host combination and the doping conditions.>>°
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Table 1. Some Electrical Conductivities (o) Obtained in OSCs Using Dimeric n-Dopants.

OSC,A(EA/eV): D, D,:AP Processing® ot/Scm! Ref.
Ce0 (3.9 (Fc-DMBI), 0.25 Coevaporation 80x102 50
(Rc-DMBI), 0.22 Coevaporation 1.0 x 10 50
(Cyc-DMBI), 0.35 Coevaporation 12 50
[RuCp*(1,3,5-MeC¢H3), 0.12 Coevaporation 8.3 57
"PC,BM (38)  (Fe-DMBI, 006 Spin coating of D,and A from PhCl 19x 103 50
(Rc-DMBI), 0.12 Spin coating of D, and A from PhCI 1.6 x10%2 50
(Cyc-DMBI), 0.11 Spin coating of D,and A from PhCl 47 %102 50
"POPy,(22)  [RuCp*(13,5-MeCHy)], 0.10 Coevaporation 5x10 4
[RuCp*(1,3,5-MeC¢H3)],  0.10 Coevaporation, UV activation 1 x10* 4
"FBDPPV (43)  (N-DMBI), 012 Spin coating of D,and A from toluene s 46
[RuCp*(1,3,5-MeC¢H3)],  0.30 Spin coating of D,and A from toluene 1.6 46
"P(NDI2OD-T2) (3.9) (Fe-DMBI), 035 Spin coating of D,and A from 0-CLCH, 76x10° 50
(Rc-DMBI), 0.14 Spin coating of D,and A from 0-Cl,CsH, 30x 102 50
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(Cyc-DMBI), 0.12 Spin coating of D,and A from o-Cl,CsH,4 2.8 x 102 50

(RhCp*Cp), 0.004 Spin coating of D,and A from toluene 95x10° 58
[RuCp*(1,3,5-MeC¢H3)],  0.06 Spin coating of D,and A from toluene 42 %103 59
[RuCp*(1,3,5-MeCcH3)], - Immersion of A film in BuOAc solution of D, 12 x 105 56
at 80 °C (5 min air exposure)
P(BTP-DPP) (3.8¢) [RuCp*(1,3,5-MeCeH3)], 0.27 Casting from toluene onto polymer film, 80 °C 45 x 10! 55
annealing
F8BT (2.8) [RuCp*(1,3,5-MeC¢H3)l, 0.24 Spin coating D, and A from toluene/PhCl 107 60
[RuCp*(1,3,5-MeC¢H3)l, 0.24 Spin coating of mixture, UV irradiation 10 60

“‘From IPES unless otherwise stated. °Ratio of D, molecules to A molecules or polymer repeat units (ratio electrons to A will be tiwce
this assuming complete D,/A reaction). <In inert atmosphere unless otherwise noted. ‘Measurement methods vary between studies, so
detailed comparisons should be made with care. “From ref. ¢!. /Estimated from electrochemistry in ref. *°. €From UPS IE, optical

measurements, and estimated exciton binding energy.
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Although n-doping of OSCs with EA ~ 3 eV is impressive, there is relatively little technological
demand for n-doping materials in this particular range; OLED ETMs have even lower EAs, while
those of typical OPV, OFET, and thermoelectric materials are much larger. Nonetheless, these
dimers may still have some advantages for doping high-EA semiconductors in terms of stability,
the variety of dopant ion sizes and shapes accessible (see below), and their easy vacuum or solution
processibility. In addition, the large driving forces for doping in these systems are expected to lead
to complete reaction to form D* and A, which is a necessary, but not sufficient, requirement for
obtaining high doping efficiency (defined as the number of free charge carriers contributed per
dopant molecule). Although doping efficiency has not yet been studied using D, doping, complete
reactions are seen in solution for dimers with fullerenes, rylene diimides, and even lower-EA TIPS-
pentacene.>2%4347 Furthermore, X-ray photoelectron spectroscopy on [RuCp*(1,3,5-Me;CsH3)],-
doped and P(BTP-DPP) and FBDPPV films show the Ru 3ds, ionization at binding energies
consistent with [RuCp*(1,3,5-Me;C¢H;)]*, with no signal detectable at that of [RuCp*(1,3,5-
Me;C4H:)1,, indicating essentially complete reaction.*%3

Furthermore, the large driving forces, coupled with the multi-step nature of the doping reaction,
ensure doping of high-EA OSCs is effectively irreversible. In contrast doping with weaker simple
one-electron reductants may be reversible, leading to dedoping: P(NDI2OD-T2) n-doped with
[RuCp*(1,3,5-Me;CsHs)], is more resistant to air than when n-doped with CoCp, where rapid aerial
oxidation of the equilibrium fraction of neutral CoCp;, is thought to occur.’® Sublimation of neutral
fractions of weak dopants is also a possibility; this has been invoked to explain the rapid dedoping

of poly(3-hexythiophene) p-doped with 2,3,5,6-tetrafluoro-7,7,8 8-tetracyanoquinodimethane .5
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In collaboration with Koch, Kahn, and Rand groups we have found one of the organometallic
dimers, [RuCp*(1,3,5-Me;CsH3)],, can n-dope several OLED ETMs (Figure 7, Table 1) — small
molecules, particularly POPy,,* and the polymer F8BT®® — when photo-irradiated. Doping of
POPy, is remarkable; at least based on E(A/A™-) (-2.24 V), it is beyond the estimated
thermodynamic doping reach of the dimer (-2.04 V) (Figure 10), with doping likely of marginal
energetic feasibility at best in the solid state, yet its conductivity is greatly enhanced by UV, or, to
a lesser extent, visible irradiation, the enhancement being largely retained on removal of the light
source (Table 1). The doping seems to occur through electron transfer from D, to UV-excited
POPy, or through visible excitation of a D,:POPy, charge-transfer (CT) complex. The stability of
the doping, despite the overall estimated thermodynamics, is attributed to the activation barriers
for the endergonic steps required for dedoping, and perhaps also with bringing monomeric cations,
which may have diffused apart or reoriented subsequent to doping, back into the correct relative

position to redimerize.

G/eV D, + A*+A .

A relaxation
3 ' — of A*

- UV excitation
of A
7 ‘ endergonic steps

' . relaxation required for reverse
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T —
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Figure 10. Free-energies estimated using electrochemistry and DFT for the reaction of
[RuCp*(1,3,5-Me;C¢H3)], with POPy, showing UV (magenta) or visible (red) photoactivation

pathways.
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For sequential doping, some diffusion of dopant molecules and/or ions into the OSC is necessary
for effective doping, but where spatially confined doping is desired, diffusion is disadvantageous.
The relatively bulky organometallic sandwich cations have allowed thermally stable spatially
confined doping to be achieved using the corresponding dimers in several semiconductors."* On
the other hand, bulky dopant ions can disrupt more the packing of the OSC, potentially adversely
affecting charge-carrier transport, as shown in a collaboration with the Pei and Yee groups:*
FBDPPV (Figure 7) doped with [RuCp*(1,3,5-Me;C¢H3)], retains much less crystallinity of the
pristine polymer and has lower conductivity than when doped with either N-DMBI-H or (N-
DMBI),, which both form the more planar N-DMBI* cation. (N-DMBI), and N-DMBI-H afford
similar maximum conductivities, but at loadings of 43 and 11 mol% respectively, which attributed
to cleaner and/or more complete reaction with the dimer (note (N-DMBI), potentially contributes
twice the electrons of N-DMBI-H and so, if both were 100% efficient, these doping levels should
differ by only a factor of two). Different cation shapes may also be partly responsible for the large
differences in conductivity of Ce doped by coevaporation by different (Y-DMBI), species (Table
1).50

Although much of the preceding discussion focuses on electrical conductivities, it is important
to realize that this is not the only OSC characteristic that can be enhanced by doping. E.g., high
levels of bulk doping in OFETSs severely compromises on/off ratios, but ultralow doping can
decrease threshold voltage by filling traps, as demonstrated with [RuCp*(1,3,5-Me;CsH3)]:Cg,%
while heavier doping levels at the source/drain contacts can increase the effective mobility through

reducing contact resistance, as demonstrated with (RhCp),:Ce.%*
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In addition to the doping of OSCs, the dimers have also been used: to decrease the work function
and increase the conductivity of two-dimensional materials such as graphene> black

67 and few-layer group 6 metal dichalcogenides;*®® to convert ambipolar single-

phosphorus,
walled carbon nanotube transistors to n-channel devices;® and to decrease the work function of
inorganic (semi)conductor surfaces.”®’> A particularly low work function of 2.2 eV was obtained
for a ZnO crystal, allowing its band positions to be aligned with the frontier orbitals of a planarized
quaterphenyl derivative, converting a “type II”” heterojunction, at which emission is quenched by
exciton dissociation, to a highly emissive “type I”” junction.”®

Besides the above-mentioned organic and nanotube transistors, dimers have shown promising
performance in other functional devices. [RuCp*(1,3,5-Me;C¢H3)],:POPy, was shown to be an
effective electron-injection layer for OLEDs, either when photoactivated externally, or “self-
activated” through the initially inefficient OLED photoactivating doping, leading to improved
electron injection and increased efficiency. Use of photoactivated [RuCp*(1,3,5-
Me;C¢H3)],:POPy, as an electron-injection layer, together with other innovations, has facilitated
some of the most stable and efficient PeLEDs to date.”> (RhCp*Cp),-modification of fluorine-
doped tin-oxide improves its effectiveness as an electron-collecting electrode in contact with
organic ETMs in PSCs.”* Nevertheless, further work is needed to understand the performance and

stability of a wider variety of devices based on different D,:A combinations; e.g., the diffusional

stability of dopant ions mentioned above has only been studied for a handful of systems.

5.SUMMARY AND OUTLOOK
The organometallic and organic dimers discussed in this Account exhibit an unusual

combination of characteristics, which has led to their use as n-dopants in a wide range of studies.
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They are strongly reducing in a thermodynamic sense and so are powerful n-dopants, yet many are
relatively kinetically inert, allowing their handling in air. In some cases, doping can be activated
subsequent to processing of D,:OSC films. Furthermore, for some [RuCp*(1,3,5-Me;CsH;)],:OSC

combinations, marginally stable or metastable doping has also been achieved.

Can even stronger reductants can be developed based on this approach? A challenge in that more
reducing monomers can sometimes form more strongly bonded dimers, with little overall change
in E(D*/0.5D,)? although such species may be useful for activated and metastable doping. In other
cases, more sensitive dimers are obtained.? However, our recent unexpected finding that exo endo
dimers can be formed in some cases suggests another means of combining very reducing
E(D*/0.5D,) and moderate stability,*’ although we do not yet know how to rationally obtain such
isomers. We also see little practical need, at least in the context of organic electronics, for doping
materials with substantially lower EA than POPy,, which can be doped using existing dimers,

albeit in a likely metastable manner.*

On the other hand, it may be useful to activate n-doping (either thermodynamically stable or
metastable) of relatively high-EA materials, such as those used for thermoelectric, transistor, or
photovoltaic applications, subsequent to solution film processing, e.g., to avoid precipitation of
doped material, or to facilitate deposition in air and activation subsequent to encapsulation. This
clearly requires D, that are weaker and that have relatively strong bonds (to avoid reaction by the
“cleavage-first” pathway). While some dopants of other classes, such as DMBI-H derivatives,
fulfil these requirements for some OSCs, their reactivity varies significantly with OSC.?°

Depending on their dissociation energetics, derivatives of the known (BNA),> may be promising.
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If doping of POPy, with [RuCp*(1,3,5-Me;C¢Hs)],* is indeed metastable, it may be possible to
reverse photoactivated doping in these or other systems, either thermally or optically, leading to
externally “switchable” doping. Given the success of the dimeric approach to n-dopants, can an
analogous approach afford water-inert but highly oxidizing p-dopants? While the molecular
halogens represent a proof-of-principle, larger examples would be desirable for reduced volatility
and accessing a wider range of dimer stabilities, dopant strengths, and reactivities. Finally, dimers
exhibiting additional functionality may be interesting; e.g., covalent attachment of dopant ions to
OSCs — demonstrated for DMBI-H-type n-dopants,”®> but not for dimers — can help preclude

dopant-ion drift and diffusion and associated device instabilities.
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