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Abstract

1,3-Dimethyl-2,3-dihydrobenzo[d]imidazoles, 1H, and 1,1',3,3'-tetramethyl-2,2',3,3'-tetrahydro-2,2'-bibenzo[d]imidazoles, 1,, are
of interest as n-dopants for organic electron-transport materials. Salts of 2-(4-(dimethylamino)phenyl)-4,7-dimethoxy-, 2-cyclo-
hexyl-4,7-dimethoxy-, and 2-(5-(dimethylamino)thiophen-2-yl)benzo[d]imidazolium (1g-i*, respectively) have been synthesized
and reduced with NaBH, to 1gH, 1hH, and 1iH, and with Na:Hg to 1g; and 1h;. Their electrochemistry and reactivity were com-
pared to those derived from 2-(4-(dimethylamino)phenyl)- (1b*) and 2-cyclohexylbenzo[d]imidazolium (1e*) salts. E(1*/1°) values
for 2-aryl species are less reducing than for 2-alkyl analogues, i.e., the radicals are stabilized more by aryl groups than the cations,
while 4,7-dimethoxy substitution leads to more reducing E(1*/1°%) values, as well as cathodic shifts in E(15"*/1,) and E(1H"*/1H)
values. Both the use of 3,4-dimethoxy and 2-aryl substituents accelerates the reaction of the 1H species with PCq;BM. Because

2-aryl groups stabilize radicals, 1b, and 1g, exhibit weaker bonds than 1le, and 1hj, and thus react with 6,13-bis(triisopropyl-
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silylethynyl)pentacene (VII) via a “cleavage-first” pathway, while 1e, and 1h; react only via “electron-transfer-first”. 1h, exhibits

the most cathodic E(15'*/15) value of the dimers considered here and, therefore, reacts more rapidly than any of the other dimers
with VII via “electron-transfer-first”. Crystal structures show rather long central C—C bonds for 1b, (1.5899(11) and 1.6194(8) A)

and 1hy (1.6299(13) A).

Introduction

Electrical doping of organic semiconductors can play an impor-
tant role in tuning the properties of organic semiconductors for
a variety of applications [1-5]. The most straightforward
n-dopants for doping electron-transporting materials are simple
one-electron reductants; however, to be effective for a wide
range of semiconductors, they must exhibit low ionization ener-
gies and thus air sensitivity. One approach to circumvent this
issue is to identify systems where the electron-transfer process
is coupled to other chemical reactions, increasing the kinetic
stability of the dopant to air, and thus increasing its ease of
storage and handling.

Arguably, the most widely investigated air-inert n-dopants are
1,3-dimethyl-2,3-dihydrobenzo[d]imidazoles (DMBI-H, 1H,
Figure 1); these species have been known for decades (e.g.,
1aH, one of the simplest such derivatives, was first reported in
1954 [6]), but were only introduced in n-dopants in 2010, when
Bao and co-workers reported the use of N-DMBI-H (1bH,
Figure 1) to n-dope fullerenes [7]. Although widely used, due to
their facile synthesis, structural tunability, and good air stability
in the solid state, 1H derivatives are relatively limited in dopant
strength and their reactivity with organic semiconductors (SC)
does not depend solely on the SC reduction potential, since the
first step, at least in many cases, is a hydride transfer rather than
an electron transfer [8,9]. Moreover, as well forming the desired
semiconductor radical anion SC*~, and the stable DMBI* (1%)
species, a hydrogen atom must be lost from the dopant, in some
cases resulting in the incorporation of hydrogen-reduced side
products into the semiconductor film [9], although in other
cases it may be lost as Hj [8,10,11].

The first report of a (DMBI), dimer (1,, Figure 1) was of 1aj in
1984 [12]. More recently, dimers 1b,—1f, (Figure 1) have been
used as n-dopants [13-20]. They behave similarly to the closed-
shell dimers formed by certain 19-electron transition-metal
sandwich compounds [21-23], exhibiting moderate air stability
and acting as quite strong dopants, reacting with semiconduc-
tors more rapidly and predictably than hydride donors such as
the corresponding 1H species [8], cleanly only to give SC™~ and
the corresponding monomeric cations. However, 1, dopants
offer the possibility of more planar dopant ions than the organo-
metallic dimers, which can be advantageous [19].

Although the impact of different 2-aryl Y groups on the reactiv-

ity of 1H species have been examined [9,24], there has been no

direct comparison of the solution reactivity (or doping behavior)
of 1H or 1, reductants with Y = aryl substituents to that of their
Y = alkyl counterparts, while there has also been limited effort
on examining the effects of substituents on the benzimidazole
6-membered ring in either class of reductant [16,24]. Further-
more, there has been little work on Y = 2-thienyl 1H deriva-
tives. Here, we report two new dimers (1g, and 1hy) and three
new hydride donors (1gH, 1hH, 1iH). We also report crystal
structures of several of these compounds and of several salts of
the corresponding 1* cations, and compare the electrochemistry
and reactivity of these species.

Results and Discussion
Synthesis

Although an unsymmetrical 1,-like molecule, 2-diethoxy-
phosphoryl-1,1',3,3'-tetramethyl-2,2',3,3'-tetrahydro-2,2'-
bibenzo[d]imidazole, has been obtained from addition of
HPO;Et; across the central C=C bond of bis(1,3-dimethylben-
zoimidazolinidin-2-ylidene) [25], 1, dimers have generally been
obtained by reductive electrochemical or chemical dimerization
of 1% cations [12,13,16,19,26]. 1H derivatives can be obtained
in a number of ways, including direct condensation of N,N'-
dimethylphenylene-1,2-diamine derivatives with the appro-
priate aldehydes, YCHO [24,27], or borohydride reduction of
17 salts [24]. The cations conversely can be obtained from 1H
derivatives, for example through hydride abstraction by PhyC*
[13]. Alternatively, they can also be obtained by condensation
of N,N'-dimethylphenylene-1,2-diamine derivatives with acid
chlorides, YCOCI, or through the methylation of 2-substituted
benzoimidazoles [24], which in turn can be obtained from con-
densation between phenylene-1,2-diamines and carboxylic acids
YCO,H [28], oxidative condensation between YCHO and
phenylene-1,2-diamines [29], or reductive condensation be-
tween YCHO and 2-nitroanilines [24].

In this work we condensed the appropriate YCHO aldehyde (II)
and 1,2-diaminobenzene (I) derivatives in the presence of sodi-
um metabisulfite (Na;S,0s5) [29] to obtain the corresponding
substituted benzimidazoles (III) in essentially quantitative yield
(Scheme 1). In the absence of Na;S,05, but under otherwise
similar conditions, we obtained in some cases the imines in
which one of the amino groups condenses with the aldehyde but
where the subsequent second condensation and oxidation does
not take place, i.e., structures of type IV (Scheme 1), which are

known to be converted to benzimidazoles by various oxidants
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Scheme 1: Synthesis of DMBI-H and (DMBI), derivatives and structures of side products.



and/or catalysts [30-32]. The benzimidazoles were then doubly
methylated with iodomethane (or methyl tosylate) to afford the
benzimidazolium iodides (or tosylates), 1¥I~ (or 1*OTs"),
which were metathesized to the corresponding hexafluorophos-
phates, 1*PF¢. Either I” or PFg~ salt can then be converted to
the corresponding 1H derivative using NaBH, in MeOH. The
PF¢~ salts are somewhat more soluble than the iodides in THF,
so were reductively dimerized to 1, in THF using Na:Hg, al-
though reduction of 1i*PF¢~ failed to afford 1i. As we have
noted before for other 1, species, amides (V, Scheme 1) are en-
countered as both byproducts of dimer synthesis and dimer de-
composition products [14]. V derivatives have also been ob-
tained as pyrolysis products of a variety of Y = aryl 1H deriva-
tives [33], while Vb has also been found to be both a solution
decomposition product of 1bH [27,34] and a beneficial addi-
tive for a 1bH-doped polymer [27], and has been crystallo-
graphically characterized [34]. In the case of molecules with
aryl Y-substituents — 1by and 1g; — the room-temperature IH
and '3C NMR spectra (see Supporting Information File 1,
Figures S2, S26 and S27, and reference [26]) display more
resonances than expected based on the highest symmetry
possible for the molecule indicating that the sample represents
neither solely a high-symmetry conformer, nor a mixture of
rapidly exchanging lower symmetry conformers. In the case of
1b, all the proton resonances are rather broad, and variable-
temperature experiments (see Supporting Information File 1,
Figure S2) showed further broadening and then coalescence of
some of these peaks on increasing the temperature, consistent
with the room-temperature spectrum being affected by
restricted rotation; interestingly the crystal structure of 1b,
contains molecules with two very different conformations (see

below).

The 1, dimers are somewhat more sensitive to air than the cor-
responding 1H hydrides, but are all sufficiently stable as solids
that they can briefly be handled in air, for example, for
weighing. The solids do decompose slowly in air, although we
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have not quantified this; in inert atmosphere, however, they are
completely stable (at least 4 months for solid 1b,). Both 1H and
1, derivatives decompose more rapidly on exposure to air in
solution. In CDCl3 decomposition is rapid, consistent with the
reactivity of many reductants with that solvent. In C¢Dg these
compounds are more stable, allowing, for example, rapid acqui-
sition of a 'H NMR spectrum; however, handling under
nitrogen is advisable as these species completely decompose to
V (and perhaps 17 species) on timescales of hours to days (see

Supporting Information File 1, Figures S3-S5).

Crystal structures

We have determined the structures of two 1, dimers, four 1H
derivatives (including 1bH, the structure of which has previ-
ously been reported, but with somewhat lower precision than in
the present work [34]), and three salts of 1* cations using
single-crystal X-ray diffraction. Here, we briefly discuss some
of the more interesting structural findings; a more detailed com-
parison of structural parameters is given in the Supporting
Information File 1, Table S2. In particular, we are aware of only
two previously reported crystal structures of DMBI dimers [14],
although several related structures of organic dimers, including
those of benzothiazoline, benzoxazoline, acridanyl, morpholi-
nonyl dimers (2,-5,, respectively, Figure 2) have been reported
in different chemical contexts [35-38]. The crystal structure of
(N-DMBI),, 1b, (Figure 3), contains two crystallographically
inequivalent molecules that are geometrically rather different
from each other. One of the molecules has crystallographic
inversion (C;) symmetry, and approximate molecular Cyy,
symmetry, and so has a perfectly staggered conformation
around the central C—C bond and thus a Y-C-C-Y torsion
angle of precisely 180°; the structure closely resembles those of
the two inequivalent molecules in the structure of the previ-
ously reported Y = ferrocenyl derivative, 1¢; [14], or the mole-
cule in the structure 2, [35], all three of which also have C;
symmetry. The other conformer present, although also stag-
gered, has no crystallographic, or even approximate molecular,

f o
3a,R=H,Y=H

3b,R=Me,Y=H
3c, R=Me, Y =Me

Figure 2: Crystallographically characterized molecules related to DMBI dimers.
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Figure 3: Molecular structures from the single crystal structures of 1b, (two crystallographically inequivalent molecules, left and center) and 1hy
(right), shown with 50% thermal ellipsoids and excluding disorder in 1h, and hydrogen atoms for clarity.

symmetry and is characterized by a Y-C—C-Y torsion angle of
60.3°. The conformation found in the structure of the
Y = cyclohexyl, R” = OMe derivative, 1h, (Figure 3), is some-
what similar to that previously reported for its non-methoxy-
lated analogue le, [14]; the 1hy molecule does not have the
crystallographic C, symmetry of the latter, but does have ap-
proximate molecular C, symmetry, while the Y-C—C-Y torsion
angles for 1h, and 1ej are 149.4° and 140.3°, respectively, and
thus both intermediate between the perfectly staggered (180°
torsion) and neighboring eclipsed conformation (120°). The
imidazole rings in the previously reported and present dimer
structures are mostly somewhat folded towards a puckered
envelope conformation, generally with the Y group in a pseudo-
axial position and the 1,3-methyl groups and the central C—C
bond in pseudo-equatorial positions, although for one of the
monomers in the unsymmetrical conformer in the structure of
(N-DMBI);, 1by, the Y and central bond are pseudo-equatorial
and pseudo-axial, respectively. However, this folding is gener-
ally much less pronounced than in 1H derivatives (see below,
Figure 4, and Table S2 in Supporting Information File 1)
presumably since in the dimers both 2-substituents (Y and the
other monomer unit) are fairly bulky, whereas in the hydrides
there is a large difference in bulk between the hydridic H-atom
and theY-group and thus a strong preference for Y to occupy a

pseudo-equatorial position.

As with other 1, species [14] and related organic [35,37,38] and
organometallic dimers [22,39-46], the central C—C bond of the
present dimers are rather long compared to typical C—C bonds,
although not remarkably so given that these are hexasubstituted
ethane derivatives. Values of 1.5899(11) and 1.6194(8) A are

found for the symmetrical and unsymmetrical conformers of

1b,, respectively, while a value of 1.6299(13) A is found for
1hj; these may be compared to hexasubstituted central C—C
bond length values of 1.595(5) and 1.601(5) A for the two
inequivalent molecules of the Y = Fc, R = R' = H derivative 1c;
[14], 1.640(4) A forthe Y = cyclohexyl, R = R' = H derivative
le, [14], 1.573 A for 2, [35], and 1.591 A for 5, [38], while
(PhEt,C),, a simple hexa-substituted ethane, exhibits a central
C-C bond length of 1.635 A [47]. The tetrasubstituted central
C-C bond of 4, is also rather long (1.58 A) [371. Bridged
benzoxazoline dimers, 3,, have, on the other hand, relatively
short C—C central bonds, perhaps due to the influence of the
propanediyl tether; the hexasubstituted bond of 3¢, is only
1.549(6) A in length, while the tetrasubstituted bonds of 3a,
and 3b, are even shorter [36].

The crystallographically determined central C—C bond lengths
for 1b, are shorter than that previously reported for the
Y = cyclohexyl, R = R' = H derivative 1e; (1.640(4) A) [14],
despite DFT calculations indicating that the former dimer is
considerably more weakly bonded [8,14] and kinetic evidence
for the “cleavage-first” mechanism occurring in doping reac-
tions using 1b, but not 1e, (see below). We have previously
noted a similar lack of correlation between bond length and
bond dissociation energy in comparing the structures of 1c;
(Y =Fc; R=R'=H) and 1e; (Y = cyclohexyl; R =R'=H) [14],
and in comparing those of different organometallic dimers
[22,46]. As noted in our previous work [14,22,46], the bond
length depends on orbital overlap and steric strain in the dimer,
whereas dissociation energetics also depend on the stability of
the monomeric odd-electron species, which vary considerably;
in the case of 1° radicals an important factor is the ability of the

Y substituent to delocalize spin density.
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The 1H structures (Figure 4) are similar to those of other
DMBI-H structures in the literature [34,48-50] (and are com-
pared in more detail in Supporting Information File 1, Table
S2); in all cases the imidazole ring is folded in a “puckered
envelope” conformation with the 2-Y and 1,3-dimethyl substitu-
ents in pseudo-equatorial positions and the reactive hydridic
2-H-atom pesudo-axial. The cation structures (Figure 5) give
some insight into the variety of dopant-ion shapes and sizes that
can be afforded by these types of dopants. The angle between
the imidazolium ring and the aromatic ring of the 1g*1™ is 41.5°,
close to the range of values previously reported for 1b* salts
(42.5-52.5°) [19,34] and for salts of Y = Ph, R =R' = H cations
with different counterions (42.0-54.9°) [51-53]. As expected,
owing to reduced steric interactions associated with the five-
membered rather than six-membered aromatic ring, the struc-
ture of 1i*PFs~ contains a somewhat more planar cation (31.9°).
Finally, we note that the new structures reported here mean that
the 1b and 1h systems join the 1¢ (Y = Fc; R = R' = H) system
[50] as families for which 1*, 1H, and 1, members are all crys-

tallographically characterized.

Electrochemistry

The 1*, 1H, and 1, species were investigated using cyclic vol-
tammetry in THF/0.1 M BuyNPFg at a scan rate of 50 mV s7L
The voltammograms (shown for one series of compounds in

Figure 6) were qualitatively similar to those reported and shown

Beilstein J. Org. Chem. 2023, 19, 1651-1663.

elsewhere for other compounds of the same classes
[9,13,19,24], and the redox potentials are summarized in
Table 1. The cations exhibit features assigned to E(1*/1°) that
are non-reversible owing to the rapid dimerization of 1°. These
values are important in determining the overall thermodynamic

reducing power of the dimers according to:

E17/0.51,) =EQ"/1") + AGys(1,)/ 2F, (1)

where AGiss(13) is the free-energy change for dissociation of
1, to 1° (dissociation energetics are not estimated in the present
work, but have been estimated using DFT calculations for
1b-e; in previous works [8,14] and, in favorable cases, can be
experimentally estimated using electron spin resonance [14] or
using dissociation and dimerization barriers from reaction
kinetics and variable scan-rate electrochemistry, respectively
[54]) and where F is the Faraday constant. Similarly, at least for
cases where the reactive hydrides of 1H derivatives are ulti-
mately lost as Hp, the strength of 1H dopants is given by:

E(1",0.5H,/1H) = E1"/1") +AG4(AH)/ F

2
— AGyies (Hy )/ 2F,

where AGiss(1H) is the free-energy change for dissociation of

1H to 1° and H" (again, not discussed in this work), and

\g

Figure 4: Molecular structures from the single crystal structures of 1bH (upper left), 1gH (upper right), 1ThH (lower left), and 1iH (lower right), shown
with 50% thermal ellipsoids and excluding hydrogen atoms for clarity, except for the hydridic 2-hydrogen atoms (located and refined for 1bH, geomet-

rically placed for the others).

Vel < g

"Y et s

Figure 5: Structures of the cations from the single crystal structures of 1g*I- (left), 1Th*PFg~ (center), and 1i*PFg (right), shown with 50% thermal

ellipsoids and excluding hydrogen atoms and counter anions.
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Figure 6: Cyclic voltammograms (50 mV s, THF, 0.1 M BuysNPFg) of 1g*PFg~, 1gH, and 193, in each case containing ferrocene as an internal refer:
ence. Black arrows indicate the starting point and scan initial direction for each voltammograms. Note that the oxidation peak of 1g is seen in the
voltammogram of 1g*PFg~ following scanning of the reduction peak, while the reduction peak of the cation is seen in the voltammograms of both 1gH

and 195 following scanning of the irreversible oxidation peaks.

Table 1: Electrochemical potentials (V) for DMBI derivatives?.

Ereq(1*/17) Eox(1H™*/1H) Eox(12/12)

1b (Y = CgHy-4-NMeo; R = R' = H) -2.38° -0.13¢ -0.75b

1c (Y=Fc;R=R' =H) —2.244 -0.06° -0.89d

1d (Y =Rc;R=R'=H) -2.294 -0.07¢ -0.594

1e (Y =cy-CgHi1; R=R' = H) -2.459 -0.06 -0.644

1g (Y = CgHy-4-NMey; R = H; R' = OMe) -2.42 -0.22 -0.87

1h (Y = cy-CgH11; R = H; R' = OMe) -2.56 -0.11 -0.92
—-2.05 -0.22 -

1i (Y = 2-C4H3S-5-NMep; R = R' = H)

ays FeCpy*0 in THF, 0.1 M BusNPFg; Pdata from reference [19]; °data from reference [8];

AG 4iss(Hp) the free-energy change for dissociation of dihydro-
gen. The values of E(1*/1°) are also relevant to the kinetics of
steps in doping reactions that involve 1°, in particular for doping
reactions in which the initial step is dimer dissociation and the
second step is an electron transfer from 1° to SC (or SC*7). The
E(1*/1°) potentials for the Y = 4-dimethylaminophenyl 1b*/1b°

ddata from reference [14]; ®data from reference [50].

and 1g*/1g" systems are both somewhat less reducing than those
for their Y = cyclohexyl counterparts, 1e*/1e* and 1h*/1h’, re-
spectively. These differences are also similar to those previ-
ously seen in the comparison of Y = metallocenyl systems
1c*/1¢® and 1d*/1d° with 1e*/1e° (and in the DFT-calculated
ionization energies of 1c—e) [14,50] and are perhaps surprising
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since 4-(dimethylamino)phenyl and metallocenyl groups are
m-donors, unlike cyclohexyl, and thus might be expected to be
better able to stabilize an adjacent cation. However, aryl and
metallocenyl substituents also stabilize adjacent radicals more
effectively than alkyl groups and this effect is presumably
dominant in the present case. The importance of radical stabi-
lization may in part be because the positive charges in Y = H or
alkyl 1% ions is already substantially stabilized by the
aromaticity of the benzimidazolium ions, whereas the spin
densities of the corresponding 1° radicals are highly localized;
indeed DFT calculations for the Y = alkyl 1e® derivative indi-
cate spin density almost entirely on the 2-position of the five-
membered ring, while for Y = aryl and metallocenyl examples
1b°, 1c’, and 1d" there is substantial spin delocalization onto the
Y-substituents [14,55]. Different extents of deviation from
planarity in cations and radicals, as well as inductive effects,
may also play a role.

The 1i*/1i* (Y = 5-(dimethylamino)-2-thienyl; R = R' = H)
potential is less reducing than that of 1b*/1b* (Y = 4-dimethyl-
aminophenyl; R = R' = H). 5-(Dimethylamino)-2-thienyl] is
more strongly m-donating than 4-dimethylaminophenyl, at least
according to NMR and DFT data for molecules in which the
(hetero)aryl group is more or less coplanar with a m-acceptor
[56], although some tabulated Swain—Lupton substituent con-
stants do suggest phenyl can be a stronger m-donor than thienyl
towards another aryl ring [57]. Presumably inductive effects
destabilizing 1i*, different extents of planarization, and im-
proved radical stabilization by the 5-(dimethylamino)-2-thienyl
susbtituent play a role. As expected, R' = OMe groups on the
six-membered benzimidazolium ring do have a net cation-stabi-
lizing effect, resulting in 1g° and 1h® being more reducing
monomers than their non-methoxylated analogues 1b® and 1e”,

respectively.

Cyclic voltammograms of both 1H and 1, both reveal irre-
versible oxidations (with the corresponding 1* reductions seen
in subsequent reductive cycles, see Figure 6 for examples).
These 1H'*/1H and 1,'*/1, potentials are relevant to the air
stability of the hydrides and dimers, respectively, as well as to
other processes in which 1H or 1, acts as an electron donor,
such as the initation step proposed for the radical-chain dehalo-
genation of a-dihaloketones by a 1H derivative [58] and dimer
n-doping reactions that proceed via the “ET-first” mechanism
(see below). In all cases the dimers are more easily oxidized,
consistent with their greater air sensitivity. The impact of the
Y-substituents on both 1H**/1H and 1,"*/1, potentials is not
straightforward; one would expect m-conjugated substituents to
make little contribution to the HOMO of either 1H or 1, (as
shown in calculated molecular orbitals for several examples
[14,50,55,59,60]) and so the dependence of these potentials on

Beilstein J. Org. Chem. 2023, 19, 1651-1663.

Y is likely to be due to a combination of inductive effects and
perhaps steric effects on the molecular conformation. As ex-
pected, methoxy R' substituents lead to 1TH"*/1H and 1,"*/1,
potentials that are more reducing than those for analogous
species without these groups. 1h, (Y = cyclohexyl, R = H,
R' = MeO) is the most easily oxidized DMBI dimer that we
have examined to date; however, it is a little less easily oxidized
than [RuCp*(1,3,5-Me3CgH3)], (=1.09 V) [61] and, like
[RuCp*#(1,3,5-Me3CgH3)],, can still be handled in air.

Reactivity

To compare the reactivity of the new compounds towards rele-
vant organic semiconductors (SC), we have examined the reac-
tions of the 1H derivatives with the solubilized fullerene
PCgBM (VI, Figure 7) and that of the 1, derivatives with 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene, VII,
Figure 7), since we have previously found that these dopant
class/SC combinations often react on a timescale suitable for
monitoring using UV—vis—NIR spectroscopy (1H derivatives do
not react significantly with VII in solution at room temperature,
while the reactions of 1, derivatives and VI are very rapid)
[9,14,50,61]. Figure 8a compares the evolution of the absor-
bance at 1030 nm, corresponding to a VI’ absorption
maximum, when doping excess VI with 1H derivatives in
chlorobenzene at 293 K in the absence of light, air, and water.
In each case the reaction is apparently first order in dopant,

consistent with the rate law:

d| VI |/ di=k[R][VI] 3)

previously demonstrated for 1bH and VI [9]. The rate con-
stants, k, obtained assuming this rate law are shown in Table 2
(the value for 3b being similar to that previously determined
[9]). One can anticipate, extending the Hammond postulate, that
increased driving forces should correlate with reduced barriers

Si(iPr)3

Si(iPr)3

Vi Vil
PCg/BM TIPS-pentacene

Figure 7: Acceptors used to examine reactivity of DMBI-H and
(DMBI), derivatives.
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Figure 8: a) Temporal evolution of the absorbance at 1030 nm, corresponding to an absorption maximum of VI'~, when PCg1BM (VI, 2.7 mM) is
reacted with different 1H derivatives (0.4 mM) in chlorobenzene at room temperature. b) Temporal evolution of the absorbance at 750 nm, corre-
sponding to one of the absorption maxima of VII*~, when TIPS-pentacene (VII, 0.026 mM) is reacted with different 1, derivatives (0.37 mM) in

chlorobenzene at room temperature.

Table 2: Rate constants for the reaction of DMBI-H derivatives and PCg{BM.

1bH (Y = CgHg-4-NMey; R = R' = H)
1gH (Y = CgHg-4-NMey; R = H; R' = OMe)
1hH (Y = cy-CgH11; R = H; R' = OMe)

1iH (Y = 2-C4H3S-5-NMey; R = R' = H)

and increased rate constants. Values of k do not correlate with
the 1H'*/1H potentials, but, at least when comparing aryl and
alkyl Y substituents and when comparing R' = H and R' = OMe
examples, do correlate with the expected stability of the resul-
tant 1* cations, which is also expected to correlate with the
hydride donor strength of 1H. This is consistent with previous
findings that the first and rate-determining step of several 1H/
SC reactions, including 1H/VI reactions, is not an electron
transfer, but a hydride transfer [8,9]. There is conflicting evi-
dence in the literature regarding the m-donor characteristics of
phenyl and thienyl groups [56,57], while thienyl is more induc-
tively electron-withdrawing [57], as noted in the electrochemi-
cal section; however, the observed rate constants for 1bH and
1iH suggest that 5-dimethylamino-2-thienyl affords less net

charge stabilization than 4-dimethylaminophenyl.

Two reaction pathways have been established for the oxidation
of organometallic and organic dimers. A “cleavage-first” mech-
anism, whereby the dimer is in equilibrium with a small con-
centration of the corresponding odd-electron monomer, which
can then rapidly react with an acceptor such as an organic semi-

conductor (SC) through an exergonic electron transfer (ET), has

k M~ min—"]

0.26
0.48
0.04
0.13

been observed for the reactions of several relatively weakly
bonded dimeric dopants (the Y = metallocenyl DMBI dimers
1c; and 1d; as well as various organometallic dimers) with VII
[14,46,61], as well as in the oxidation of bis(3,5,5-trimethyl-2-
morpholinon-3-yl), 5, (Figure 2), by isatin derivatives [62]. In
the alternative “ET-first” mechanism the first step is an ender-
gonic dimer-to-SC ET; subsequent rapid cleavage of the odd-
electron dimer cation affords the stable monomer cation and an
odd-electron monomer, the latter then undergoing an exergonic
ET to another SC molecule. The “ET-first” mechanism occurs
in parallel with the “cleavage-first” mechanism for many of the
VII doping reactions mentioned above and is the only mecha-
nism seen for dimeric dopants that are more strongly bound
(1ley, as well as various organometallic dimers including
[RuCp*(1,3,5-Me3CgH3)]o) [14,46,61], as well as being ob-
served in different contexts in, for example, the oxidation of 4,
by various quinone derivatives [63]. For both mechanisms, the
first steps are typically rate determining and thus, in general, the
rate law is:

d|sc |iai= 2k [1,] + 2 [1,][sC], @
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where k| and k, are rate constants for the first steps of the
“cleavage first” and “ET-first” pathways respectively, k| being

negligible in the case of strongly bound dimers.

Figure 8b compares the evolution of one of the distinctive
VII *~ absorptions when doping VII with excess 1, derivatives
in chlorobenzene at 293 K in the absence of light, air, and
water. In the case of the Y = 4-dimethylaminophenyl dimers
1b, and 1g;, the VII'~ absorption grows in and then falls
approximately linearly at a comparable rate. This type of plot is
a signature of dimer/VII combinations for which the “cleavage-
first” pathway is important and has previously been seen for the
reactions of VII with 1c¢j, 1d;, (RhCp*Cp),, and one of the
isomers of [RuCp*{1,4-(Me,N),CgHy}]s, all of which are
calculated to be relatively weakly bonded [14,46,61]. Specifi-
cally, this behavior is consistent with a “cleavage-first” mecha-
nism in which the initial cleavage is rate determining and for
which the resultant one-electron monomers are capable of
reducing both VII to VII*~ (=1.55 V) and VII'~ to VII?~
(—1.93 V); since the cleavage is rate determining, VII will be
converted to VII'~ and then, when excess dimer is used, to
VII?- with a comparable rate constant. Indeed spectra obtained
at long-reaction times (see Supporting Information File 1,
Figure S7) are similar to those previously attributed to VII?
[14,46,61], such as the reaction product of VII and Na:K. On
the other hand, when only the “ET-first” mechanism is opera-
tive, the conversion of VII*~ to VII?~ will be much slower, if it
is even observable, than the initial formation of VII'~ from VII
due to the considerably greater endergonicity expected for this
step. This is seen for the solution reaction of 1hjy, where, as in
the case of non-methoxylated analogue 1e;, only the formation
of VII'~ is seen and the growth in its absorbance can be fitted as
first order in VII. Returning to the case of 1bj and 1g,, we note
that the rise in VII'~ absorption is neither zero-order nor first-
order in VII, consistent with both mechanisms contributing, as
previously demonstrated by more extensive investigations in the
case of 1c¢p, 1d;, and (RhCp*Cp); [14,61]. Thus, the Y = alkyl
derivative (1hy, “ET-first” only) appears to be more strongly
bonded than its Y = aryl counterparts (1b,, 1g,, both mecha-
nisms), consistent with previous DFT calculations for 1b, and
le; (AUgiss = 163 and 210 kJ mol ™!, respectively) and with the
expected impact of the different Y substituents on monomer
radical stability. In addition, the reaction of 1hj and VII to form
VII'~ under the conditions used in the present study is com-
plete much sooner than reactions using 1bj or 1g,, consistent
with the ET-first reaction of 3h; being more rapid than that for
either 1b, or 1g,. Furthermore, the presumed “cleavage-first”
reductions of VII'~ to VII?~ proceed only slightly faster for 1g,
than for its non-methoxylated analogue 1b,, suggesting the
OMe groups only slightly weaken the bond in the latter and that

the difference in the rates of formation of VII'~ with these two
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dimers is largely due to differences in the rate of the 1,-to-VII
ET reaction. Furthermore, the ordering of ET-first rates (1hj >
1g, > 1b; > 1e,, that for 1e; being estimated by extrapolating
previously reported parameters to the present conditions of tem-
perature and concentration) reflecting the trend expected based
on the E(15°*/1,) values of Table 1.

It is worth noting that, although we see evidence for the
“cleavage-first” mechanism in the reactions of 1b and 1g, with
VII at these specific concentrations, the “ET-first” mechanism
will dominate these reactions (as well as those of the same
dopants with more readily reduced SCs) under typical doping
conditions, where SC and sub-stoichiometric dimer are mixed
in solution prior to spin-coating at much higher concentrations.
However, as we have previously noted, there are potential
advantages and disadvantages for dimers for which the
cleavage-first pathway is viable and those for which it is not.
For the former class, doping in solution will proceed as long as
E(SC/SC™) is less reducing than E(1*/0.51,), whereas in the
latter this limit can only be reached as long as the 1,-to-SC ET
step is kinetically feasible under the reaction conditions. More-
over, for a given monomer redox potential, E(1*/1%), a weakly
bound dimer will be thermodynamically stronger (Equation 1)
although, in some cases the effects of structural change on
E(1*/1°) and AG 4;s(15) partially cancel one another, as in the
comparison of 1by vs lep or 1g; vs 1hj (i.e., for Y =
4-dimethylaminophenyl, dimers are more weakly bound and
monomers less reducing that for Y = cyclohexyl). Conversely,
the combination of a strongly bound dimer and an acceptor with
E(SC/SC*") with the reach of E(1%/0.515), but sufficiently
cathodic that ET is very slow, could permit activation of doping
by an external stimulus, such as photoexcitation, when desired,

for example subsequent to processing.

Conclusion

In conclusion we have reported a number of new DMBI-H and
(DMBI); reductants and compared their structures, electro-
chemistry, and reactivity with those of previously reported ana-
logues. The structures show similar features to other related
compounds, notably the dimers show long central C—C bonds.
The E(1*/1°) potentials depend strongly on the 2-substituents
(Y), become increasing reducing (more negative) in the order
Y = 5-(dimethylamino)thiophen-2-yl < 4-(dimethylamino)phe-
nyl < cyclohexyl, indicating the effects of radical stabilization
are more important than those of cation stabilization, while the
E(1H"*/1H) and E(1,"*/1,) potentials are less strongly and
clearly affected by the 2-substituents. On the other hand, me-
thoxy R’ substituents lead to more reducing values of E(1*/1%),
E(1H'*/1H), and E(1,"*/15) than for R’ = H analogues. The
reaction rates of 1H with PC¢BM (VI) increase in the order
Y = cyclohexyl < 5-(dimethylamino)thiophen-2-yl < 4-(di-
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methylamino)phenyl and R’ = H < MeO, broadly consistent
with the anticipated influence of these substituents on the
DMBI" stability, as expected for a hydride-transfer reaction.
The rates of reactions of the dimers with TIPS-pentacene (VII)
follow a more complex pattern: examples with Y = cyclohexyl
react solely via an “electron-transfer-first” mechanism, consis-
tent with a relatively strongly bonded dimer, whereas Y =
4-(dimethylamino)phenyl derivatives also react by a “cleavage-
first” mechanism, consistent with a weaker central bond, which
in turn is consistent with stabilization of the monomeric radi-
cals by the 2-aryl substituents. The Y = cyclohexyl, R’ = OMe
dimer reacts most rapidly with TIPS-pentacene via the “ET-
first” mechanism, consistent with this dimer also exhibiting the
most cathodic value of E(15°*/15). Overall, this study gives
insight into how substituents have different effects on the reac-
tivity of DMBI-H derivatives and of (DMBI), species, and may
help provide guidance for dopant selection and for future
dopant design.
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