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ABSTRACT: Radical cations have been generated for 10 bis[4-
(diarylamino)styryl]arenes and heteroarenes to investigate the
effect of the electron-richness of the terminal groups and of the
bridging (hetero)arene on delocalization. The intervalence charge-
transfer bands of these radical cations vary from weak broad
Gaussians, indicative of localized class-II mixed-valence species, to
strong relatively narrow asymmetric bands, characteristic of
delocalized class-III bis(diarylamino) species, to narrow symmetric
bands in cases where the bridge contribution to the singly occupied
molecular orbital is largest. Hush analysis of these bands yields estimates of the electronic coupling varying from 480 cm−1

(electron-poor bridge, most electron-rich terminal aryl groups) to 1000 cm−1 (electron-rich bridge, least electron-rich termini) if
the diabatic electron-transfer distance, Rab, is equated to the N−N separation. Computational and electron spin resonance (ESR)
evidence for displacement of the diabatic states into the bridge (reduced Rab) suggests that these values are underestimates and
that even more variation is to be expected through the series. Several dications have also been studied. The vis−NIR absorption
of the dication of (E,E)-1,4-bis{4-[bis(4-n-butoxyphenyl)amino]styryl}-2,5-dicyanobenzene is seen at an energy similar to that of
the strongest band in the spectrum of the corresponding weakly coupled monocation, with approximately twice the absorptivity,
and its ESR spectrum suggests essentially noninteracting radical centers. In contrast, the electronic spectra of class-III
monocations show no clear relationship to those of the corresponding dications, which ESR reveals to be singlet species.

■ INTRODUCTION
Organic mixed-valence (MV) species consist of two or more
linked organic redox centers with different formal oxidation
states.1,2 The electronic structure of a two-site MV species can
be described in terms of the interaction of two different diabatic
states in which the oxidation or reduction is localized on either
of the two redox centers. The electronic coupling, V, between
these two states, which can be evaluated from characteristics of
the intervalence charge-transfer (IVCT) absorption character-
istics following Hush,3 is often stronger in organic MV species
than for their inorganic counterparts.4 Moreover, some organic
MV species are relevant to materials chemistry: for example, the
charge carriers in bis(triarylamine)-based hole-transport
materials, such as the widely used 4,4′-bis(phenyl-m-
tolylamino)biphenyl, TPD,5−8 are the corresponding MV
radical cations,9,10 and the absorption characteristics of MV
bis(triarylamine) radical cations generated by photoinduced
electron transfer may be useful in optical limiting.11,12 In
addition to their relevance to materials chemistry, triarylamine
redox centers are also attractive candidates for the study of MV
phenomena since a wide variety of systems can be synthesized
in a reasonably straightforward manner, especially using Pd-

catalyzed chemistry developed by Buchwald and Hartwig,13,14

and since, if appropriately substituted, they form moderately
stable radical cations under mild oxidation conditions.15,16

In many organic and inorganic MV systems, the redox
centersfor example, metal atoms or triarylaminesare often
sufficiently remote from one another to preclude direct overlap
between orbitals localized on these centers. Electronic coupling
can be considered as the result of interaction of bridge-based
orbitals with the “redox group” orbitals.17 In π-conjugated
organic systems it is the highest filled and lowest empty bridge
orbitals that are generally most important for oxidized and
reduced species, respectively. The strength of the resultant
electronic coupling is, therefore, expected to increase with
increased interaction between local redox-center and bridge
orbitals, this interaction increasing as the bridge-based orbitals
approach the redox-center orbitals in energy, as shown
schematically in Figure 1. A number of studies support this
expectation, including several bis(triarylamine) MV systems.
For example, the couplings found for the radical cations of
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bis(diphenylamino)-terminated biphenyls or benzenes exceed
those of their bis(di-p-anisylamino)-terminated ana-
logues,10,18−20 demonstrating the role of the electron-richness
of the end group. The role of the bridge21 is illustrated by work
on the radical cations of bis{[4-(di-p-anisylamino)phenyl]-
ethynyl}arenes with varying arene cores22,23 and by the strong
couplings observed in species incoporating thiophene groups in
the bridge.24 Inevitably, increasing coupling via bridging orbitals
will lead to an increasing contribution of bridge orbitals to the
singly occupied molecular orbital (SOMO); in other words, the
oxidation (or reduction) acquires increased bridge character, or
the redox center becomes displaced from its formal position
into the bridge with a concomitant reduction in the diabatic
electron-transfer distance, Rab. Indeed, for bis(diarylamino)
species, values of Rab considerably reduced from the nitrogen−
nitrogen separation are suggested by computational estimates25

or are required for consistency between alternative exper-
imentally based estimates of the electronic coupling, V.24−26

Furthermore, density functional theory (DFT) calculations,
supported by electron spin resonance (ESR) measurements,
suggest that replacing the stilbene bridge of a bis(diarylamino)
radical cation with a more electron-rich 1,2-dithienylethene
bridge leads to an increase in the spin density on the bridge at
the expense of that on the nitrogen atoms and the terminal aryl
groups.24 In the limiting case, the bridge contribution to the
SOMO becomes sufficiently large that the radical ion is better
described as the result of a bridge-based redox process (as
shown schematically in Figure 1) than as being a true MV ion,
as previously reported for several inorganic examples27,28 and
recognized as a possibility in bis(triarylamine) MV systems.23

Here we investigate the extent to which the electronic
coupling in the radical cations of 1,4-bis[4-(diarylamino)-
styryl]benzenes and of related 2,5-bis[4-(diarylamino)styryl]-
heteroarenes 1−10 (Chart 1) varies as the electron-richness of
the terminal aryl groups and of the bridging 1,4-phenylene, 2,5-
thienylene, or pyrrole-2,5-diyl groups is varied.

■ RESULTS AND DISCUSSION
Compounds Investigated. The syntheses of 1−

925,26,29−34 have previously been described. The terminal
redox centers vary, in order of increasing electron-richness,
from unsubstituted and alkyl-substituted 4-(diphenylamino)-
phenyl groups to the more electron-rich 4-[bis(4-
alkoxyphenyl)amino]phenyl groups,35 while the arenes/hetero-
arenes in the center of the bridge vary considerably in electron-
richness from dicyanobenzene to an N-alkylpyrrole.36 The new
compound 10 incorporates the even more electron-rich N-
alkyl-3,4-dialkoxypyrrole bridging group and was synthesized
from the Horner reaction between the appropriate diethyl
[(diarylamino)benzyl]phosphonate and pyrrole-2,5-dialdehyde
(see the Supporting Information for details). Figure 2 shows
the extent to which the electron-richness of end and bridging
groups is varied among compounds 1−10, as approximated by
the highest occupied molecular orbital (HOMO) energies
calculated at the B3LYP/6-31G(d) level for the triarylamine

Figure 1. Schematic showing the anticipated effects of raising the
energy of the highest occupied bridge-based orbital relative to those of
terminal donors on (left) the highest filled orbitals of a neutral species
and (right) the instantaneous spin distribution in the corresponding
radical cation.

Chart 1. Stuctures of Bis[(diarylamino)styryl]benzenes,
Bis[(diarylamino)styryl]thiophenes, and
Bis[(diarylamino)styryl]pyrroles Discussed in This Work
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(E1−E4) and divinylbenzene or divinylheterocycle (B1−B7)
fragments. Solutions containing the corresponding radical
cations and, in some cases (where solubility and stability
allowed, specifically for 1, 4, 5, 6, 7, and 8), the dications were
obtained in dichloromethane using tris(4-bromophenyl)-
aminium hexachloroantimonate (E1/2

+/0 = 0.70 V vs FeCp2
+/0

in CH2Cl2
37) as the oxidant. UV−vis−NIR and ESR data for

1+, 4+, 42+, and 72+ have previously been published as parts of
different studies.25,26,33

Electrochemistry. The redox potentials of the neutral
species in dichloromethane are summarized in Table 1

(electrochemical data for 4 and 6−8 in dichloromethane have
previously been reported,25,34 while potentials in other solvents
have also been reported for some of the other species29).
Generally, the first and second electrons are removed at similar
potentials, and the separation, ΔE1/2 = E1/2

2+/+ − E1/2
+/0, is not

resolvable using cyclic voltammetry, the only exceptions being
the pyrrole-based species 9 and 10, for which ΔE1/2 = 0.19 and
0.24 V, respectively; low to unresolvable values of ΔE1/2 have
been reported for other bis(triarylamine)s18 and are not

surprising since electronic coupling generally makes only a
small contribution to ΔE1/2,

38 while electrostatic contributions,
which can be important in systems where the charges are
localized over a relatively small number of atoms and/or where
the two redox centers are in close proximity, are likely to be
small in the present systems.39

The E1/2
+/0 values reflect the overall electron-richness of the

molecule and are consistent with expectations based on the
electron-withdrawing or -donating character of the bridging and
terminal substituents and on the relative ionization potentials of
benzene, thiophene, and pyrrole.36 The trends in E1/2

+/0 also
agree well with those seen in the calculated HOMO energies
(Figure 2). Moreover, comaparison of the electrochemical
potentials of 6−10 to those of model compounds in which the
terminal diarylamino groups are replaced with tert-butyl groups
indicates that the dif ference in potential between diamines and
model compounds decreases as the core of the bridge is varied
from dialkoxybenzene to dialkoxythiophene to pyrrole to
dialkoxypyrrole (see Table S1 in the Supporting Information),
suggesting increasing bridge character to the oxidation.

Robin and Day Classification. The lowest energy features
of the electronic spectra of the radical cations (selected
examples are shown in Figure 3; the remainder are shown in

Figure S2 in the Supporting Information) are assigned to IVCT
transitions. As shown in Table 2, those of 1+−4+ are
approximately symmetric Gaussians with widths at half-height,
ν ̅1/2, exceeding the Hush limit of the following equation:

ν λ̅ = k T[Hush] 4 (ln 2)1/2 B (1)

where λ is the reorganization energy, which, for an MV
compound in which charge is primarily localized on one of two
equivalent redox centers, is equal to the IVCT absorption
maximum, ν ̅max, thus suggesting that these species are Robin-
and-Day40 class-II MV compounds (as previously noted for 1+

and 4+ in refs 26 and 25, respectively). The IVCT band of 5+

has neither the symmetric Gaussian line shape typical of class-II
systems nor the characteristic shape of class-III bis-
(triarylamine) MV IVCT bands (vide infra), presumably
reflecting a species poised on the class-II/class-III borderline.
The IVCT line shapes for 6+−8+ are typical of those found for
class-III bis(triarylamine)s,10,18,19,25 i.e., narrower than the
Hush limit expected for a class-II system (eq 1) and strongly

Figure 2. HOMO energies calculated at the B3LYP/6-31G(d) level of
theory for compounds 1−10 and for the constituent end group (E1−
E3) and bridging group (B1−B7) fragments (some alkyl groups have
been replaced by methyl groups in the calculations).

Table 1. Electrochemical Half-Wave Potentials (V vs
FeCp2

+/0, CH2Cl2/0.1 M [nBu4N]
+[PF6]

−) for 1,4-Bis[4-
(diarylamino)styryl]benzenes and 2,5-Bis[4-
(diarylamino)styryl]heteroarenesa

compound +/0 2+/+ 3+/2+

1 +0.26b +0.94
2 +0.51b −
3 +0.44b +1.06
4 +0.20b +0.81
5 +0.31b +0.97
6 +0.24b +0.91
7 +0.05b +0.70c

8 +0.15b +0.97
9 −0.18 +0.01 +0.58
10 −0.26 −0.02 +0.73

aAll processes were reversible. bSeparation between first and second
oxidations not resolved. c4+/3+ couple observed at +1.05 V.

Figure 3. IVCT bands for selected bis[(diarylamino)styryl]benzene
and bis[(diarylamino)styryl]heterocycle radical cations in CH2Cl2.
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asymmetric; the asymmetry has been explained in terms of
coupling of the electron-transfer coordination to symmetric
vibrational modes.19,41−43 Compared to the IVCT bands of
6+−8+, that of 9+ is less asymmetric and is broader, although
still narrower than the Hush limit, and that of 10+ is relatively
narrow and essentially symmetrical.44 The solvatochromic
behavior of the IVCT bands of selected examples is also
broadly consistent with the assignments to classes II and III
(see the Supporting Information for details).
The structures of 1+−10+ obtained from AM1/CI (CI =

configuration interaction) calculations also suggest varying
degrees of delocalization (see the Supporting Information for
full details).45 The structures of 1+−4+ are markedly unsym-
metrical. In the case of 1+, the oxidized amine is neither
perfectly planar nor coplanar with the adjacent portion of the
bridge; for this amine the N−Cbridge bonds are longer and the
terminal N−Caryl bonds shorter than those in the AM1
geometry of the corresponding neutral compound, and the
distyrylbenzene bridge retains the twisted character seen in the
neutral species, suggesting that the end groups for this cation
play a more important role than the bridge in stabilizing the
positive charge. The AM1/CI structures of 2+ and 3+ are
qualitatively similar to that we have previously discussed for
4+:25 one of the amines is coplanar with the adjacent stilbene
unit of the bridge and exhibits N−Cbridge and N−Caryl bonds
shorter and longer, respectively, than those for the neutral
species, while the rest of the structure resembles that of the
neutral species. In contrast, the calculations suggest that
oxidation of 5−10 results in both amino N−Cbridge bonds
shortening and all four terminal N−Caryl bonds lengthening,
more planar distyryl(hetero)arene bridges, and planarization at
both amine centers. However, except in the case of 9+, the C−
N bond changes are more significant at one of the amine
centers and the other amine center is somewhat twisted from
coplanarity with the bridge, perhaps reflecting some residual
tendency of the computational method toward overlocaliza-
tion.46,47 Nonetheless, the trends in the AM1/CI geometries are
broadly consistent with the experimental results, with the
compounds that experimentally appear to belong to class-II
having the least planar and least symmetrical structures, while
those that show class-III-like IVCT bands have structures that
are more extensively planarized and more symmetrical.

IVCT Bands and Electronic Coupling. Compound 1
combines the most electron-rich terminal aryl groups and the
most electron-poor bridging arylene group, and the IVCT band
of 1+ is the weakest of those studied, in terms of both
absorptivity, εmax, and transition dipole, μge. For compound 4+,
the IVCT band is lower in energy and stronger than that of 1+,
which has similar electron-rich end groups but a more electron-
poor bridge. The increased strength can be attributed to
increased electronic coupling, V, between the two diabatic
states (vide infra). For a class-II system, the absorption
maximum is equal to the reorganization energy associated with
the intramolecular electron transfer, λ; the external (solvent)
contribution, λ0, to λ is related to the adiabatic electron-transfer
distance, R12, according to

λ
π

= + − −⎜ ⎟
⎛
⎝⎜

⎞
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⎛
⎝

⎞
⎠

e
a a R n D4
1

2
1

2
1 1 1

0

2

1 2 12
2

(2)

where e is the electronic charge, a1 and a2 are effective radii of
the two redox centers, and n and D are the solvent refractive
index and dielectric constant, respectively.48 Accordingly, the
shift to lower IVCT transition energy between 1+ and 4+ may
indicate a reduced value of R12. Indeed, the AM1/CI
calculations referred to above suggest that R12 decreases
substantially (from 16.8 to 7.9 Å, Table S3 in the Supporting
Information) between these two species.49 Such a decrease in
R12 can be attributed to (i) a reduced diabatic electron-transfer
distance, Rab, associated with increased delocalization of the
diabatic states into the more electron-rich bridge and/or (ii)
more ground-state delocalization between the two diabatic
states associated with the increased V. A similar increase in μge
and bathochromic shift of νm̅ax and decrease in the AM1/CI
estimate of R12 are seen on reducing the electron-richness of
the terminal aryl groups, rather than increasing the electron-
richness of the bridge, in 2+ or 3+ (Table 2; Table S3 and
Figure 4, Supporting Information).
In class-III MV compounds, the IVCT absorption maximum

is a direct measure of the electronic coupling50 according to

ν= ̅V2 max (3)

The experimental trends are consistent with the expected
effects on V of varying the electron-richness of the terminal and

Table 2. Experimental Parameters Characterizing the Intervalence Absorptions of the Radical Cations of
Bis[(diarylamino)styryl]benzenes and Bis[(diarylamino)styryl]heterocycles in CH2Cl2 with TD-DFT Gas-Phase Values in
Italicsa Along with Estimates of the Electronic Coupling

νm̅ax/cm
−1

εmax/(10
3 M−1

cm−1)
ν1̅/2[obsd]/

cm−1
ν1̅/2[Hush]/

cm−1
ν1̅/2[high]/
ν̅1/2[low]

ν1̅/2[high]/
ν1̅/2[Hush] μge/D

VNN
b/

cm−1
Vclass III

c/
cm−1

1+ 7450 [4684] 6.1 4490b 4150 1d 1.08d 5.78d [21.0] 480
2+ 5460 [5649] 14.2 4400 3550 0.96 1.21 7.91 [19.3] 480
3+ 5300 [5962] 17.9 3980 3450 1.14 1.23 11.3 [19.0] 670
4+ 6130 [5300] 15.5 4310b 3760 1d 1.15d 10.3d [21.1] 700
5+ 4860 [6173] 21.3 3380 3350 2.15 1.38 11.8 [19.1] 640
6+ 5400 6644 46.3 1980 3530 1.50 0.67 13.6 17.2 810 2700
7+ 5660 6280 45.8 2450 3620 1.81 0.97 13.9 16.6 960 2830
8+ 6390 7273 53.0 1980 3840 1.41 0.60 12.9 13.9 1000 3200
9+ 7630 6946 27.6 3090 4200 1.25 0.82 10.4 16.8 920 3820
10+ 8420 8018 41.1 1920 4410 1.01 0.44 9.65 14.3 940 4210

aTD-DFT values for 1+−5+ are calculated for symmetrical DFT geometries, whereas the experimental data suggest that these cations belong to class-
II; accordingly, the calculated ν̅max and μge values for those compounds cannot be directly compared to experiment and are given in brackets. bFrom
eq 4 using experimental values of ν̅max and μge and equating Rab to the N−N distance in the AM1 geometries of the neutral species. cFrom eq 3 using
the experimental values of ν ̅max.

dAppears to be approximately symmetrical and assumed to be so due to overlap with other bands on the high-energy
side.
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bridging groups. Thus, there are successive blue shifts in νm̅ax
from 6+ to 8+ to 10+, consistent with the expected increase in
electron-richness from dialkoxybenzene to dialkoxythiophene
to dialkoxypyrrole; the blue shift seen between 7+ and 8+ can be
attributed to the reduced electron-richness of the end groups,
and the blue shift seen between 9+ and 10+ can be attributed to
both the more electron-rich bridge and the less electron-rich
end groups in the latter species. These shifts are all reproduced
by time-dependent density functional theory (TD-DFT)/
B3LYP calculations (Table 2), suggesting, as in some of our
previous studies,24,51 that although inappropriate for class-II
systems,45 this methodology can provide insight into the
electronic properties of delocalized (class-III-like) species.52

The TD-DFT-calculated transitions for these class-III species
are, in each case, well-described as SOMO − 1 → SOMO
transitions, these orbitals corresponding closely to the (HOMO
− 1)s and HOMOs, respectively, of the neutral species. For all
compounds, the HOMO − 1 and HOMO (Figure 4) can be
regarded as combinations of the local HOMOs of the two
triarylamine portions of the molecule: the HOMO − 1 is
essentially localized on the two triarylamine moieties, whereas
the HOMO is an antibonding combination of the HOMO of
the divinylarene/heterocycle of the bridge with the local
HOMOs of the two triarylamines.53 The relative bridge and
triarylamine contributions to the HOMO vary considerably
among the series: in the case of 1 the bridge contributions are
minor and result primarily from the vinylene groups, whereas

for 9 and 10 the largest coefficients are on the pyrrole ring
(Figure 4). Thus, although the calculations do confirm that the
lowest energy transitions in each case have significant amine−
amine IVCT character, they also suggest that, for the more
strongly delocalized species, the band has significant amine →
bridge charge-transfer character. The important role played by
the bridge in the IVCT bands of species such as 9+ means that
the two-site Hush model is of limited applicability: a complete
treatment of these species would require consideration of the
couplings between three sitesthe two terminal redox sites
and a bridge redox siteusing an approach similar to that used
in ref 23. However, parametrizing such a three-site model
experimentally requires reliable assignment of, and reliable
extraction of transition energies and transition dipole moments
from, both electronic transitions between the resultant three
potential surfaces. Accordingly, and to facilitate direct
comparison with species such as 1+, which are much better
approximated as two-site systems, in this study we limit our
discussion to effective couplings extracted using a two-site
treatment.
Finally, 5+ shows the lowest energy IVCT maximum of any

of the compounds investigated here. This is consistent with its
assignment to either class-II or class-III; in the class-II case one
would anticipate reduced R12 vs 4

+ due to the less electron-rich
terminal aryl groups, whereas if 5+ belongs to class-III, the
apparent coupling would be expected to be smaller than that of
6+, in which the bridge is more electron-rich.

Figure 4. Representations of the three highest occupied orbitals of 1 and 9, along with the HOMOs for fragments for the triarylamine and bridge
groups, obtained at the B3LYP/6-31G(d) level of theory.
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As noted above, the electronic coupling, V, between the two
redox sites of a class-III system can be obtained directly from
the IVCT absorption maximum. However, for both class-II and
III species, V can be estimated from characteristics of the IVCT
using the Hush expression

μ ν
=

̅
V

eR
ge max

ab (4)

where e is the elementary charge and Rab is the diabatic
electron-transfer distance, i.e., the effective separation between
the two redox sites in the absence of electronic coupling.54 The
values of VNN given in Table 2 were obtained from eq 4 using
μge and ν ̅max taken from the experimental spectra and using the
nitrogen−nitrogen distance, RNN, for Rab. The values generally
increase down the series 1+−10+ as the bridge becomes more
electron-rich, varying by a factor of ca. 2 between extremes, and
are consistently larger for the experimentally class-III-like
compounds 6+−10+ than for the class-II species 1+−4+. This is
broadly consistent with expectations based upon the electron-
richness of terminal and bridging groups. The slight
inconsistencies (for example, the experimentally indistinguish-
able estimates for 1+ and 2+) may reflect the (variable)
discrepancy between Rab and RNN (vide infra); uncertainties in
the determination of μge may also play a role, whereas in the
case of 5+ it is unclear how best to apply Hush theory to the
unusual line shape of the IVCT band.
However, as noted in the Introduction, displacement of the

diabatic states into the bridge means that Rab is generally
considerably less than RNN, meaning that use of RNN leads to
underestimates of V. Indeed, we have previously reported
computational estimates of Rab for 4+ that are 46−61% of
RNN,

25 while we have used variable-temperature (VT) ESR to
estimate a value for 1+ that is 39% of RNN.

26 For the species
with class-III-like line shapes, coupling can also be estimated
using eq 3; these values are given in Table 2 and indicate that
use of RNN both underestimates V and underestimates the
variation of V between the class-III-like members of the series.
The values of Vclass III obtained from eq 3 are larger by a factor
of ca. 3 (6+−8+) or 4 (9+ and 10+) than the values of VNN,
which may be compared to the factors of ca. 1.5−2 seen for
class-III species with shorter bridges.24,25 We have also
computationally estimated Rab for the present series (Table
S3, Supporting Information), both from TD-DFT transition
dipole moments, obtained at the symmetric DFT geo-
metries,41,55 and from the relationship among μab, μge, and
Δμ12,56,57 using experimental values of μge and AM1/CI values
of Δμ12: the first approach gives values of Rab that vary from ca.
RNN/2 for 1+ to ca. RNN/3 for 10+, while the second approach
suggests variation from close to RNN (1+) to ca. RNN/4 (10+).
However, while the values estimated vary considerably with the
specific approach, Rab is found to generally decrease with more
electron-rich bridging groups or more electron-poor end
groups; i.e., the factors that lead to increased V also lead to
reduced Rab. Therefore, these computational estimates also
suggest that use of RNN leads not only to underestimates of V,
but also to underestimates of the variation of V between the
most weakly and most strongly coupled examples.
Monocation Electron Spin Resonance Spectra and

Spin Distribution. As noted above, the SOMOs of the more
delocalized examples are increasingly concentrated on the
bridging groups, raising the question of the extent to which
these radical cations can still be regarded as diamine MV

compounds. We have previously compared DFT-calculated and
experimental values of ESR hyperfine coupling constants to
establish that DFT gives a good description of the spin-density
distribution in the radical cations of some bis(diarylamino)
derivatives of thiophene-based bridges.24 Such an approach is
slightly less straighforward here in that the experimental ESR
spectra (Figure 5; Figure S6, Supporting Information) display

little to no resolvable coupling and, in many cases, are
structureless Gaussian absorptions: the previously reported
room-temperature ESR spectra of 1+ and 4+ are characterized
by poorly resolved coupling to two 14N centers (consistent with
rapid intramolecular electron transfer between the two redox
centers),26 while spectra of 5+, 6+, 7+, 8+, and 10+ acquired
under the same conditions show an even less well-resolved
structure. However, there is considerable variation in the overall
line width of the ESR signals from cation to cation. In principle,
intermolecular exchange between cations and neutral species
can lead to narrowing of spectra; however, such effects give rise
to a Lorentzian line shape26,58 and are not observed in related
systems at comparable concentrations,24,26,58 so it is assumed
that the line widths are determined by the unresolved hyperfine
coupling constants. Accordingly, hyperfine constants obtained
from B3LYP/6-31G(d) calculations were used in combination
with a constant Gaussian line broadening to simulate spectra
using WinSIM;59−61 the overall widths at half-height of the
integrated spectra were then compared with those of the
experimental integrated spectra. It should be noted that in all
cases the calculated coupling constants were obtained for
symmetrical DFT geometries, whereas NIR data (vide supra)
and, for 1+, low-temperature ESR data26 indicate some of the
cations are class-II species, meaning that the calculations cannot
describe the instantaneous spin distribution within these
cations; however, we have previously shown that DFT can
nonetheless give a reasonable description of the average
coupling constants and, therefore, spin distribution resulting
from intermolecular exchange.26 As shown in Figure 5, both
experimental and simulated line widths decrease in the order 1+

> 4+ > 5+ > 6+; experiment and simulations indicate similar line
widths for 6+, 7+, and 8+ but disagree on the details, and finally,
both experiment and simulation show an increased line width
for 10+ relative to 7+ and 8+. The calculations indicate that

Figure 5. Left: first-derivative ESR spectra of selected diamine radical
cations in CH2Cl2. Right: line widths of ESR spectra of diamine radical
cations obtained from experiment (open circles) and simulation based
on DFT hyperfine coupling constants and a 0.5 G line broadening
(solid squares).
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these trends in line width are primarily due to decreasing
coupling to the diamine 14N nuclei (AN is calculated to decrease
from 3.44 G for 1+ to 1.81 G for 10+), opposed by increasing
coupling to bridge nuclei (most dramatically the vinylene 1H
nuclei and, in the case of 10+, the pyrrole 14N nucleus, for
which AN = −1.44 G); moreover, DFT is seen to provide a
reasonable description of the spin distribution in these cations,
consistent with the observation (vide supra) that TD-DFT
transition energies for the delocalized examples are in
reasonable agreement with experiment.
Table 3 summarizes how the DFT spin densities are

distributed. The oxidation of 1+ is the most strongly
triarylamine-localized, with 84% of the spin density on these
groups, but nonetheless shows some contribution from the
divinyldicyanobenzene bridge, consistent with the reduced
values of Rab implied by some of the computational estimates
(see above and the Supporting Information) and by previous
VT-ESR studies.26 The spin densities on the triarylamine
moieties generally decrease down the series, with all
experimentally class-III-like radical cations 6+−10+ showing
reduced triarylamine spin density relative to their class-II
counterparts (1+−4+). Moreover, the successively increased
bridge character of the oxidation seen among 6+, 8+, and 10+

(dialkoxybenzene vs dialkoxythiophene vs dialkoxypyrrole) is
consistent with electrochemical comparisons to model
compounds (vide supra; Table S1, Supporting Information).
While there is no clear-cut criterion on what can and cannot be
considered an MV compound, it is clear that MV character
decreases down the series (1+−10+) at the expense of bridge-
centered oxidation. However, in all cases, apart from that of
10+, more than half the spin is located on the triarylamine units,
indicating significant retention of MV character.
Electronic and Electron Spin Resonance Spectra of

the Dications. For selected examples we have also obtained
vis−NIR and ESR spectra of the corresponding dications. In
addition to the low-energy bands assigned to IVCT discussed in
the previous sections, the localized radical cations 1+−4+ (as
well as the putatively borderline cation 5+) all exhibit strong
absorptions at 13000−15000 cm−1 (see Figures S2 and S3 in
the Supporting Informaiton and the figures in refs 25 and 26) at
energies similar to those of the absorptions of isolated
triarylamine radical cations62−64 and of bands observed for

other weakly coupled bis(triarylamine) radical cations, where
they have previously been assigned to localized transitions
within the Ar2N

+ units.18 Figure 6 shows that, for 1, the dication
spectrum is dominated by an absorption at essentially the same
energy as the “Ar2N

+” absorption of the monocation with

Table 3. Two Alternative Partitionings of the DFT-Calculated Spin Densities between Terminal and Bridging Groups of
Diamine Radical Cations

Figure 6. Vis−NIR absorption spectra of monocations (solid lines)
and dications (broken lines) of 1 (above) and 8 (below) in CH2Cl2.
The strong absorptions at high energy in the monocation spectra are
due to the presence of an excess of the neutral species. Note the
different vertical scales in the two graphs.
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approximately twice the absorptivity,65 suggesting the dication
can be regarded as two more-or-less noninteracting triarylami-
nium units. This is consistent with the location of the 1n+

system toward the weakly coupled end of the class-II spectrum,
where the redox centers are almost independent, so as
described by Robin and Day,40 apart from a weak IVCT
band, the electronic spectrum of the MV species exhibits
features characteristic of both the fully oxidized and reduced
species (i.e., dication and neutral, respectively, in the present
series). On the other hand, the spectrum of 42+ is not so clearly
related to that of 4+, being dominated by a strong absorption at
9300 cm−1 (Figure 2 of ref 25), similar to that seen for 52+−82+
(9500−10000 cm−1; Figure 6b; Figues S3−S5, Supporting
Information), indicating deviation from the picture of non-
interacting triarylaminium units. However, while 42+ also
exhibits an “Ar2N

+” absorption in a position similar to that of
the monocation, 52+−82+ do not.66

Several limiting magnetic situations can be envisaged for
dications of diamines: (a) strong ferromagnetic coupling
resulting in an S = 1 configuration, (b) strong antiferromagnetic
coupling resulting in an S = 0 situation, and (c) two
independent S = 1/2 radical centers (i.e., a vanishing energy
gap between singlet and triplet). The first scenario is typically
favored for systems in which the relevant orbitals are
orthogonal, such as those with 1,3-phenylene bridges, whereas
in the present systems with 1,4-phenylene (or pyrrole-2,5-diyl
or 2,5-thienylene) bridges, singlet (b), “biradical” (c), or
intermediate situations might be expected, depending on the
degree of interaction between the redox centers. For several of
the bis[(diarylamino)styryl] compounds for which we were
able to obtain reasonably stable dication solutions, we
estimated room-temperature spin concentrations by double
integration of the first-derivative ESR spectra. We have
previously reported that 72+ is a singlet (ESR, NMR,
comparison of bond lengths in the crystal structure with
those calculated for various electronic configurations)33 and
that solutions of 42+ have a spin concentration according to
ESR that corresponds to 1.2 ± 0.1 S = 1/2 centers per
molecule.25 We found that 52+, 62+, and 82+ are also essentially
diamagnetic (consistent with the similarity of the electronic
spectra of 52+−82+, vide supra).67 On the other hand, the spin
concentration measured by ESR for 12+ essentially corresponds
to the “biradical” limit, consistent with the dication vis−NIR
spectrum described above, which also suggests largely
independent triarylaminium centers. Figure 7 compares the
number of spins measured by room-temperature ESR for the
dications with the electronic couplings estimated for the
corresponding MV radical monocations using eq 4 and taking
Rab = RNN. The figure clearly indicates that the trend in
magnetic coupling in these dications parallels that in electronic
coupling in the corresponding MV cations. We have previously
made similar observations in a series of bis(di-p-anisylamino)-
terminated oligo(phenylenevinylene)s with varying bridge
length (compound 4 being a member of that series).25,68 In
both the previously studied and present series, for the species
where V is sufficiently strong to lead to class-III MV behavior in
the monocation, the magnetic coupling is sufficiently strong to
result in a room-temperature singlet configuration for the
dication.

■ SUMMARY
We have varied the relative electron-richness of the terminal
aryl and bridging arene/heteroarene groups in a series of

bis[(diarylamino)styryl]arene/heteroarene radical cations.
While a few previous studies have recognized the importance
of relative bridge and end-group orbital energies in organic MV
compounds, the present work includes more extensive
variations of these relative energetics, resulting in a large
variation in the delocalization behavior and a more
comprehensive understanding of how this behavior can be
controlled: a combination of experimental and computational
data show that these cations can be tuned from weakly coupled
strongly unsymmetrical class-II MV ions (1+), via more strongly
coupled class-II species (e.g., 4+) and an apparently borderline
case (5+), to delocalized symmetrical class-III MV-type species
(e.g., 6+) and to symmetrical species that might arguably be
better described as “bridge-based” (10+). Using a two-state
Hush analysis of the lowest energy NIR transitions, the
apparent electronic couplings between the redox centers, V,
vary by at least a factor of ca. 2 when Rab is assumed to be
roughly constant. However, orbitals, spin densities (validated
by comparison of DFT-simulated and experimental ESR
spectra), and transition dipoles obtained from TD-DFT
calculations indicate increasing displacement of the redox
centers into the bridge as the bridge electron-richness is
increased relative to that of the terminal groups, thus further
accentuating the variation in V. The corresponding dications
vary from diradicals, consisting of two weakly interacting
triarylaminium moieties, to singlets (i.e., strong antiferromag-
netic coupling), the trends in magnetic coupling in the
dications paralleling those in electronic coupling in the radical
cations.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental details for synthesis, mono- and dication
characterization, and quantum chemical calculations, additional
electrochemical data, figures showing additional complete
mono- and dication spectra, solvatochromic data for selected
cations, computational estimates of geometric and electron-
transfer distances and of electronic coupling, computed
geometric parameters, and XYZ coordinates and absolute
energies (hartrees) for the DFT-optimized geometries of the
neutral and radical cation species. This material is available free
of charge via the Internet at http://pubs.acs.org.

Figure 7. Comparison of electronic coupling in the monocation (solid
squares), estimated using eq 4 and the N−N separation, with the
number of spins per dication molecule (open circles), estimated by
ESR, for some bis[(diarylamino)stryryl]benzenes. The dotted lines are
provided as a guide to the eye but have no physical significance.
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