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Dications of Bis-triarylamino-[2.2]paracyclophanes: Evaluation of Excited State Couplings
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In this paper, we present the absorption properties of a series of bis-triarylamino-[2.2]paracyclophane diradical
dications. The localizedt—x* and the charge-transfer (CT) transitions of these dications are explained and
analyzed by an exciton coupling model that also considers the photophysical properties of the “monomeric”
triarylamine radical cations. Together with AM1-CISD-calculated transition moments, experimental transition
moments and transition energies of the bis-triarylamine dications were used to calculate electronic couplings
by a generalized Mulliken-Hush (GMH) approach. These couplings are a measure for interactions of the
excited mixed-valence CT states. The modification of the diabatic states reveals similarities of the GMH
three-level model and the exciton coupling model. Comparison of the two models shows that the transition
moment between the excited mixed-valence statgf the dimer equals the dipole moment difference
Aygg) of the ground and the excited bridge state of the corresponding monomer.

Introduction optical properties of bis-triarylamine dicationsf8—N]2™ 12,

42+ 627, and 9%t are presented and analyzed by an exciton
coupling model. The results are compared to the photophysical
properties of the “monomeric” triarylamine radical cati@vs,

3, 7, and 8.

In 12+, 427, 52+ and 92", the [2.2]paracyclophane moiety
was used to bring two chromophores in close contact. This
moiety provides no direct-conjugation but allows through-
space g£—x) and through-bondd interactionsf It was already
demonstrated by Bazan et al. that these interactions are
responsible for significant—electron delocalization between
aromatic polymer chaiff$>° as well as between donor and
acceptor group®-%° The [2.2]paracyclophane systems, there-
fore, might serve as model compounds to study interchro-

The linear optical properties of bis-triarylamine dications are
presented in this article. The understanding of the physical and
chemical properties of triarylamines and their oxidized coun-
terparts are of fundamental interest because they were widely
used as hole conducting materials in organic light emitting
devices, 10 polymer batteried!-*2photorefractive materials for
optical data storag® and in electrochromic polymet$,e.g.,
for anti-glare electrochromic mirrors as well as in the Xerox
proces$610.15of laser printers and photocopiers. Bis-triaryl-
amines with two nitrogen N redox centers that are connected
by varying bridging units B are well known, and the
corresponding monocationic mixed valence (MV) species

[N—B—N]™* are of great importance for studying hole transfer ) ; -
(HT) processes from one redox center to the other redox mophore interactions between tweconjugated strands as they

center!43 A profound influence of the bridge on the HT ~Might occur inz-conjugated oligomers or polymefs®?

properties has been demonstrated for several exafpfe:3135.36 The replacement of the [2.2]paracyclophane moietyh

In addition to the triarylamine to triarylamine HT in MV species, by ap-xylene unit in6>" allows for the comparison of through-

it has been shown that for some systems an additional HT to SPace and through-bond interactions with direaionjugation.

the bridge B has to be taken into account for a more detailed Different arrangements of the two triarylamine chormophores

description of the MV syster#$3 In this context, bridge-  as in the isomerd?" (pseudo-parpand5** (pseudo-orthpand

localized MV species with excited-state mixed-valence character their influence on exciton coupling will be investigated.

were described and analyz&#544 A dihydrazine diradical ~ Furthermore, a comparison af*, 42*, and 9?* will provide

dication with excited MV states was described by a similar insight into the influence of the distance between the two N

model#S Apart from MV compounds, it was quite recently ~redox centers on the spectral features of bis-triarylamine

demonstrated that triarylamines can be used to investigate HTdications with a [2.2]paracyclophane bridge.

processes along redox cascades because the redox potential of We will compare the experimental spectral characteristics

the triarylamine redox centers can easily be tuffed. with AM1-CISD computations. These computational results will
Although MV species [N-B—N]* are now reasonably well ~complement the observed experimental data to analyze the

understood, detailed studies of the optical properties of neutralabove-mentioned dications by a generalized Mulliken-Hush

bis-triarylamines [N-B—N] are still quite raré’-54 In two (GMH)88-70 model to yield coupling®/>3(GMH), which are a

previous articles, the linear and nonlinear optical properties of measure for electronic interactions of the MV excited states.

some bis-triarylamines with varying bridging moieties, including

compound# and6 presented here (Chart 1), were investigated Results and Discussion

and analyzed by a three-level mo&®¥>In this paper, the linear , , ,
y y pap Experimental UV/Vis/NIR Spectra. The absorption spectra

* To whom correspondence should be addressed. E-mail: lambert@ Of all cations and dications were obtained by chemical oxidation
chemie.uni-wuerzburg.de. of the neutral precursors in GBI, and MeCN, respectively.
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TABLE 1: Experimental Absorption Energies and of the CT bands o#?", 62", and7**. The observation of this
Extinction Coefficients Between Parentheses in M cm™! shift of the CT absorption of-xylene8'* versus cyclophanes
Purlemt Pugom L 7 and42" is in accordance with the findings fa#*, 2+, and
12+ 11300 sh (22000) 13090 (55600), 22800 sh (18000) 3**. This is also due to the weaker electron-donor character of
25900 (34800) ’ " thep-xylene group compared to tha_t of th_e [2.2]paracyclophane
2 11500 sh (10500) 13400 (24700), 23600 sh (8400), group. Thexr—a* and CT absorption signals of the mono-
26740 (16100) triarylamine cationg'*, 3+, 7°*, and8"* show approximately
3 ;Zigg 8%883 %gggg SE gggg%’) half the intensity of the absorption bands of the bis-triarylamine
y S . . . .
£+ 10900 (33300) 13300 (54800), 20750 (26900) diradical dications1?", 427, 52, &%, and 9. Because the
52+ 11260 (23300) 13260 (44900)’ 20750 (19000) oxidized trlarylamme unitis predomlnantly responS|bIe for the
62+ 10870 (32000) 13160 (54100), 20830 (22100), absorption properties, a doubling of the absorption intensities
23580 (21700) is expected for the symmetrical dications compared to their
7t 10680 (15400) 13440 (23900), 20660 (12500) “monomeric” counterparts.
8" 11500 sh (14900) zéfggol(gé’ggo)’ 21700 sh (11900), Exciton Coupling Model. The absorption signals of the
9+ 11100 sh (26300) 1300(() (5780)0) 19760 (21500) mono-triarylamine radical cations in the vis/NIR region can be
21650 (25300), 24390 (31100) interpreted in terms of a transition polarized along the molecular
principal axisz (connecting the nitrogen and the center of the
The diradical dications of bis-triarylamine compourigst, 5, Pridge) and a transition polarized along thexis (connecting

6, and9 and the monoradical cations &f 3, 7, and8 show a the two oxygen atoms of the dianisylamine moiety; see Figure
rather intense absorption band at 13608 440 cnt! in 3). . . o
CH,Cl, (Figure 1 and Table 1). This band is not solvent The transition polarized alonghas a distinct CT character
dependent and is due tom-* excitation localized within the because positive charge can be transferred from the triarylamine
triarylamine radical cation moief§. This intense triarylamine {0 the bridge. The transition which ispolarized has vanishing
radical cationz—s* excitation is accompanied by a second, CT character because the charge is localized at the dianisylamino
less intense absorption reflected by a distinct shoulder or evend'oUPS. Thus, the intense signals at ca. 13 000coan be
by a separated band?t, 52+, 7°*). This weaker absorption is interpreted asc-polarized transitions which are described as
at lower energies than the intense main signal for all compounds/ocalizedz—* transitions’ The solvent-dependent, second,
except3™, for which a shoulder at the higher energy side of weaker absorption is attributed to the transition polarized along
the m—* excitation band is observed. z, termed hereafter bridge CT band (gidge). Surprisingly, the

As can be seen from Figure 2, there is only little influence bis-triarylamine dications reveal a negative solvatochromism
of the solvent polarity (MeCN vs Ci€l,) on the position of although the_ dipole moment of the ground and the Franck-
the intenser—xa* band. However, the second, weaker band Condon excited state Is expect(_ad to be zero fo'r symmetry
shows a distinct blue-shift, which suggests a certain CT (chargefasog.s' We ,\(/laxplam :Ih'shbﬁha\;'% ?}y thg fkc))llqwmg qulel.
transfer) character. We suppose that the small blue-shift of the”*c¢0rdNg to Marcus-Hush theofy." the adia atic potentia
intense main peak of?* in MeCN relative to the peak in ~ €N€r9y surfaces of the ground and the two excited CT states
CHClI; results from the strong overlap with the CT band. are despnbed by the f°”°W'r.‘9 8 .3 secular determlnan_t (eq

Athough for biaryls12* and 2+ with the same cyclophane 1), which couples th'ree diabatic (model) states (dlagonal
“pridge” the CT band causes a shoulder at similar energy, this elements) by the off-diagonal elements (electronic couplings).

band is significantly blue-shifted i&* by about 4000 cmt in IA2—E 0 0

CHCl,. This shift is due to the weaker electron-donor character 0 /1(_ 1 A)z FAG—E v

of the p-xylene group compared to that of the [2.2]paracyclo- # =0 (1)
phane group. Comparison of the spectrad®f, 6°*, and 7+ 0 Vs /1(% - A)Z +AG°—E

shows that the CT signal of these acetylenes is well separated

from the triarylamine radical catiom—s* band and appears at

similar absorption energies for all three cations. In contrast, the

CT signal of the pseudo-ortho paracylophase and the Within this model, the diabatic potentials are specified as
p-xylene derivative8'™ is little blue-shifted compared to those parabolic functions depending on the asymmetric electron-
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Figure 1. UV/Nis/NIR spectra of radical cations and diradical dications in,Cld
60000+ —T7"inCHCI, 60000- —1"inCH,CI,
----7"inMecN| 1t N 1% in MeCN
50000+ e 7% in MeCN 50000 - ----2*inCHCI,
7 40000+ w40000{ ik 2" in MeCN
o (5]
s 30000 s 300004
= ; B
20000+ 20000
10000 10000
0 : 0 —
10000 15000 20000 25000 30000 10000 15000 20000 25000 30000
7/ cm’™ 7/ cm”

Figure 2. UV/Nis/NIR spectra of1?*, 2°*, and 7** recorded in CHCI, in comparison to spectra recorded in MeCN and spectrur@bfin
MeCN.

A and only the interactions between the excited MV stalgs
are taken into account. Because the diabatic excited states of

the “dimers”12+, 42+ 52+ 62+ and9?* have MV character, an

MeO

% & O — O tiga™ increase of the solvent polarity leads to an increase of the solvent
* CToridge reorganization energy and, consequently, to an increase of the
Q g tign™ transition energy. i.e., to a blue-shift, as shown in Figuré 4.
MeO I The negative solvatochromism 2f", 3+, 77, and8"" can be

[

explained analogously.

For the interpretation of the linear optical properties of the
bis-triarylamines, a simple exciton coupling mode® can be
used. Two “monomeric” subunits, e.§:, with thez-polarized
CThridge State (a) and thex-polarized 7—x* state (b) are
combined with an 180angle to yield theC; symmetric pseudo-
para isomer4?t and, with an 60 angle, to form theC,

z-axis
Figure 3. Transition moments of monomé&r*.

transfer coordinate\ with the minimum of the ground state
located atA = 0 and the minima of the degenerate excited states
atA = —0.5 andA = 0.5. In principle, a symmetric coordinate
would also be required for a reasonable description of the . : .
potential energy surfac@8367 but because we lack of the Symmetric pseudo-ortho isom8#* (Figure 5).

necessary experimental or computational information, we restrict ~ Within the point-dipole approximation, exciton coupling
ourselves here to the most simple one-dimensional model. Thetheory yields eq 2 for the coupling integidl This model uses
two degenerate excited states are shifted in energ\Gy the transition momentﬁg“;” and Mgg” from the ground state
versus the ground state. The electronic couplings, which are a(g) to the CTigge State (a) of the two monomeric subunits (m1)
measure for the interactions between the diabatic ground andand (m2), the distanceni m2 of the centers of the two point-

the two excited states, are neglected for simplicy= 0), dipole transition moment vectors in the dimer, the angle between
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Figure 4. Adiabatic (solid) and diabatic (blue and dotted) potential
energy surfaces of the “dimeric” dications with differing reorganization
energies (red: small, e.g., GEl; black: large for MeCN). One fixed
set of parameteig,; andAG® was used to calculate the potential energy
surfaces.

the two transition moment vectorsg, and the two angles

oY and 603? between each transition moment vector and
mim2 (Se€e Table 2).
ﬂ(ml) lu(mZ)
V=" (cosa,, — 3 costy- cosbR")  (2)
rml,m2

Coupling of two monomer excited states (a) results in two

excited states (a) and (b) (see Figure 5) of the dimer with a dimer with x4

splitting energy of 2V. Thus, if ground state interactions are

Amthor and Lambert

TABLE 2: Estimation of Angles o and 6

W0 a0 0
12+
42+ 0° 18C 18C S0 270 18C°
62+
52 60° 120 60° 150¢° 30° 12¢
moment of the monomerg” or {1 by the following eq 3
and eq 42
18 = 2ult coso™ = V2uli? coso™  (3)
(d|mer) _ @(ml) sin e(ml) _ @(m@ sin 9(m2) (4)

These two relations can also be applied to calculate the
transition momentg{t™* and 4™ of the higher-lying two
excited states of the dimer (c) (compare eq 3) and (d) (compare
eq 4) starting from the transition moment of the second excited
state (b) of the monomeu{gml) or ulp?.

For C; symmetric dications such 4%* the linear combination
of the z-polarized transition momenusggl) and ygﬂz) of 87
results in only one allowed transition to state (a) of the dimer
with a transition momenu (™ = v2 41" derived by eq 3
(see also Figure 5). Accordlng to eq 4 the transition moment
u$i™” of the second excited state (b) of the dimer vanishes,
and thus, the second excitation is forbidden. The coupling of
the 7—z* states (b) of two monomeric subunits wiify"” and
up? again results in one allowed transition to state (d) of the
“men = 2 u{p? and one forbidden transition to

%‘Wer)

state (c) of the dimer because the transition momé

neglected, the coupling can in principle be obtained directly also vanishes. Thus, for the linear dications, the exciton coupling

from the absorption spectra becadsequals the difference of
the transition energies of the monomer and the dithaie

model predicts two allowed transitions, one to the stabilized
excited CTigge State (a) (polarized along the-NN axis) and a

used the trigonometric correlation of eq 2 as an estimate for second to the destabilized excitag-7* state (d) (polarized

the relative couplings in Figure 5. We refrain from the explicit
calculation of couplingd/ by eq 2 becauseni m2 has a great

along the G-O axis of the dianisylamine moieties). Both states
(a) and (d) have Asymmetry. The two transitions to the excited

influence on the calculated result but it cannot be determined states (c) and (b) with gsymmetry are forbidden. Consequently,
exactly. The transition moments of the ground-state excitation a red-shift of the Ciiqge €xcitation and a small blue-shift of

(dimer) dimer) to

of the dimerug,  to the first excited state (a) ar/ug

the localizedr—s* transition is predicted by the mod&l.The

the second ex0|ted state (b) can be calculated from the transitionlatter shift is smaller because of the weaker coupling of the

@) y p— )
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Figure 5. Exciton energy diagrams and transition moments (geometric interpretation of eqs 3 and 4) for moleculaddirapds?".
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TABLE 3: AM1-CISD Computed Absorption Energies and Transition Moments?

C.i. state
open (see Figure 5) sym. vlemt Pexgom 1 Uex/D ulD assignment
12t (11,7) a A 20160 11300 5.6 7.6 Gldge
(2,2) b Ay 20400 - - - CToridge
c Ay 14020 — - - T—m*
d Ay 14100 13090 7.8 11.8 T—*
2t (8,5) a A 14390 11500 4.1 6.7 Grifige
- b A 15740 13400 5.1 7.7 T—*
3 (8,5) a A 14590 15500 3.4 7.4 Grlige
- b A 14460 13260 5.3 6.6 T—*
42F (11,7) a A 16100 10900 7.4 9.0 Glage
(2,2) b Ag 16190 - - - CTbridge
c Aq 14490 - - - T—*
d Au 14540 13300 8.4 12.7 T—m*
52t (11,7) a B 15370 6.5 CThoridge
(2.2) b A 15600 11260 59 8.8 Clhicoe
c B 14620 12.2 T—*
d A 14490 13260 [ 2.6 -
6%t (11,7) a A 16140 10870 7.3 9.7 Glage
(2,2) b Ay 15270 - - - CToridge
c Aq 14430 - - - T—*
d Ay 14520 13160 7.9 12.8 T—a*
7t (8,5) a A 12960 10680 4.8 12.3 Grilige
- b A 14970 13440 5.7 6.6 T—*
8" (8,5) a A 11780 11500 3.7 10.8 Grilige
- b A 15500 13050 5.8 5.9 T—*
92+ (11,7) a A 17740 11100 6.2 7.9 Glage
(2,2) b Ay 17720 - - - CThridge
c Aq 14360 - - - T—*
d Ay 14390 13000 8.3 12.8 T—*

aUsing the active orbital window with the specified MOPAC keywords “c.i.” and “open”.

x-polarized transition. Both predictions are fulfilled in the thex—a* states (c) and (d) of the dim&F+. Here, the stabilized
experimental spectra, as demonstrated by the shifts of the bridgestate (c) has B symmtery whereas the destabilized state (d) is
band @**: —600 cnr! and62": —630 cnT?) andz—x* band A symmetric. The splitting energy 2 of the CTyigge transition

(4?*: +250 cnt! and 6" +110 cnt?) of 42t and 62F is expected to be slightly smaller compared to the splitting of
compared to the absorption signalsgf. the CToriage State of4?*, but the splitting energy of the—x*

In principle, a similar model can be used to explain the transition should be somewhat larger than the splitting of the
differences in the spectra of the paracyclophafie and the m—a* states of4?" due to the 60 orientation of the chro-
molecular half3**. As already mentioned, the “monomeric”  mophores (see eq 2).For symmetry reasons, the resulting
fragment3'* shows a reversed order of the-z* state (a) and  transition moments of the-AA excitations are polarized along
the CTyidge State (b) in comparison t&?*. In fact, what we the C, axis, and the transition moments of B excitations
obtain experimentally is a distinct red-shift of the bridge band are perpendicularly polarized to the symmetry axis. This model
(4200 cnr?) and a small red-shift of the—z* band (170 cm) predicts only little influence on the transition energies but a
of the bis-triarylaminel®*compared to the molecular hagf*. broadening of both absorption signals in the spectrum of the
The shift of the bridge band is unexpectedly large, whereas thev-shaped paracyclophars&+ compared to the molecular half
spectra ofl>" and 2" with identical bridges are very similar. g+ | fact, what we obtain experimentally is a small red-shift
We theref(_)re suppose that" ca_nnot reas_onably be used as a of the CThrigge band (240 cnt?) and a small blue-shift of the
omonor_nenc” subunit for the exciton coupl_lng m_odel. Inarecent __ xpand (210 cnY), and a broadening is not recognized.
study, it was demonstrated that the sterical hindrance of ortho Semiempirical Calculations.Mopac AM1-CISD calculations

and meta methyl groups may have a distinct influence on the . ) o S
optical properties of biaryl& The [2.2]paracyclophane moiety were performed for all radical cations and diradical dicati®ns.

of 12+ and thep-xylene bridge of3** exhibit different sterical

influences and induce different torsion angles around the biary

axes. Thus, we assume that the pronounced shift of thgggeT
band of 3+ versus1?t can be traced back to the different

The resulting transition energies, transition moments, and the

| character of the transitions are collected in Table 3.

The geometry optimizations of the monoradical cations were
performed at CISD level. All dications were described as

torsional angles and, consequently, to a different extent of diradicals and not as the closed-shell quinoidelike systems

m-conjugation in the [2.2]paracyclophane and theylene
bridges.

because the optimization with solely doubly filled levels yielded
somewhat larger heat of formations than the optimization as

The coupling of the bridge states (a) with the corresponding diradicals with two singly occupied levels. The computations

transition moment vectopgs” andu{n? of two monomers*+
to the kinkedC, symmetric dime&?" results according to eq 3

generally yield two symmetrically allowed transitions in the vis/
NIR region. One transition is polarized along the (fge z

and eq 4 in two allowed transitions to the states (a) and (b) of axis and the second along tkeaxis (r—x*). The calculation
the dimer (see Figure 5). The stabilized bridge state (a) of the of the C; symmetric5** yields four allowed transitions with
dimer has B symmetry whereas the destabilized bridge statetransition moments directed along th& axis for A—A
(b) possess A symmetry. The corresponding exciton coupling excitations and perpendicular to tkie axis for A—~B excita-

of 7—a* states (3) o8+ also yields two allowed transitions to

tions.
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transition moment between the ground state (g) and the second
excited CThidge State (b)ugn is zero because the excitation is
symmetry forbidden (§—Ag). The transition moment vector
componeniug, along the N-N axis also vanishes for the;
symmetric molecul&?" because A-A transitions are polarized
along theC; axis, which is perpendicular to theN\N axis. The
diagonal elements of the adiabatic transition moment matrix
represent the dipole momenggy of the ground state (g), the
dipole momeniu,, of state (a) and the dipole momemy, of
/] state (b). These moments are all zero ©r symmetric

5 molecules, and they are directed along @eaxis for aC,

(1} symmetric molecule, and therefore, the dipole moment projec-

energy

S sl ) e )Nams tion on the N-N axis vanishes.
(g}
asymmetric ET coordinate 4 0 Hga O
Figure 6. Adiabatic (solid) potential energy surfaces of ground state Hadiab= |Hga O Hab (5)
(9) and MV excited CTiqge States (a) and (b) as well as diabatic (blue 0 Hap O
and dotted) potential energy surfaces (1)(3) of bis-triarylamine
diradical dications. 00 O
: . . o Haian =0 H22 O (6)
The energy of the localized—* transition of the diradical 0 0 WUzz= Uy

dications is generally described well, whereas the energy of the

bridge band is much larger than the experimental values. The \yjithin the GMH theory, strictly localized diabatic (model)

1 11 * . . .
corresponding computed transition moments ofther* band levels 1-3 (see blue bars and structures in Figure 6) are defined
are much Iarge_r_than the expenment_al values. Except_ for_ thatith the consequence that all off-diagonal elements of the
of 52%, the transition moments of the bridge band of the dications §igpatic transition moment Mmatfikiap (€ 6) become zeR§ 70
are in good agreement with the experimental values. ~  The GMH theory uses a unitary transformation of the adiabatic

The calculated transition energies of the monoradical cations yansition moment matrix into the corresponding diabatic matrix
are generally too large co_m_pared with the experlmer_ltal_ Values-according tQuaiab = ClitagiailC. This diagonalization is done by
Here, the calculated transition moments of #fier* excitation applying the matrixC, which consists of the normalized
fits w.e.II with the values obtal'ned from the experiment, but the eigenvectors Ofiagian. The same unitary transformation with
transition moments of the bridge band are estimated to0 largejgentical matrixC is then applied to the adiabatic energy matrix
in comparison to the experimental values. Haiab = C'HagialC. This adiabatic energy matrix (eq 7) consists

Application of GMH Theory. The coupled Cilriage States  f adiabatic energy differences between the ground and the first
(@) (A, or B symmetry) and (b) (4or A symmetry) of the  excited state, as well as the ground and the second excited
bis-triaryalmine diradical dications can be conceived as excited gtate 7, If the electronic couplings are small, we can ap-
MV states (see Figure 6). proximate?, ~ 7,.8 This approximation has to be done because

The difference between the absorption energies of the \ye can neither measufg nor can it be computed accurately
molecular halves and the corresponding “dimers” is only a rough enough.

estimate for the coupling between the first and the second

excited CTrigge States. The exciton coupling model used is a 00 0O
simple two-state model which neglects interactions with the H. =lo7. o @)
ground state. Therefore, we applied a GMH three-level n$édel adiab 0 Oa 5 —5

b™ %a

to estimate the electronic couplings using experimental and
computational data. This model was used previously to analyze

a valence-delocalized bis-triarylamine radical cation MV sys- . . . .
tem3% Here, the GMH comprises the following adiabatic energies of the d'ab"?‘t'c stgt.ega as the dlagonal ejements
(observable) states: the electronic ground state (g) and the twat 111 Hez: @ndHss and, in addition, the electronic couplinys,

PR Viz, and V3 as the off-diagonal elements. The couplivigs
Toridge Franck- h F i i
g(gl'gggk trgr;;:) Condon states () and (b), as shown in Figure between the degenerate states 2 and 3 is a direct measure for

The transition moments between the three levels (g), (a), andthe electronic interaction between these two diabatic states.

The resulting diabatic energy matrix (eq 8) includes the

(b) as well as the dipole moments of these three states constitute Ho. V.. V.

the adiabatic transition moment matrix (eq 5). Before the 1 "2 "13

elements of this matrix are explained, we mention that according H giab = Viz Hap Vo (8)
to Newton et al%-70 the projections of the transition moment Vig Vo3 Has

vectors and the dipole moment vectors on an arbitrary axis have

to be used for the GMH analysis. Here, we used the axis that We performed the GMH analysis fa?", 42*, 52*, 62*, and
connects the two nitrogen redox centers, and therefore, the9*" using the available experimental transition energigsxptl)
adiabatic transition moment matrix consists of the components and transition momengg(exptl) and AM1-CISD computational

of the transition moment vectors as well as the components of values for the missing dajas(calcd) to estimate the coupling
the dipole moment vectors directed along this chosen axis. Thus,\/(zdg.88 The transition momentg{exptl) of 52" was estimated
only the transition momentg, between the ground state (g) as one-half of the transition moment obtained from spectrum
and the first excited Giligge State (a) and the transition moment deconvolution (see Experimental Section) because the two
Uan between both excited Glqge States (a) and (b) differ from  CTyrigge transitions to (a) and (b) that are expected cannot be
zero for symmetry reasons. For tklg symmetric species, the  analyzed separately due to a strong overlap of these signals.
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TABLE 4: Input for GMH Analysis ygeézexptl), Han(caled) and v,(exptl) and Resulting GMH Coupling Values V3 of Excited
nd ¥+

MV Compounds 12+, 4*, 527, &2+, a

gd(exptl)/D AuSi¥(calcdy/D AuSi(calcdy/D uacalcd)/D va(exptl)/cnT? Vi%/emr ViDd/om-1
12+ 5.6 10.4 8 27.1¢%) 22.2 11300 340 460
a2+ 7.4 11.0 8 26.5 (") 235 10900 490 790
52+ 3.0 6.5 6")° 13.3 (") 16.1 11260 200 550
62+ 7.3 11.0 8 - 16.4 10870 900 3320
92+ 6.2 21.7 (1) 28.2 (10) 33.1 11100 190 510

2p-Xylenes as monomer§ Cyclophanes as monomefeCalculated withuay(calcd). Calculated fromy(g® for 62 and from Au(® for the
remaining dicationss Projection on the NN axis of the corresponding dim&" calculated by multiplication of the dipole moment difference

with cos 60 = 0.5.

The input values and the GMH results of all bis-triarylamine SCHEME 1

diradical dications are given in Table 4.

The bis-butadiyn®2" with the longest N-N distance shows
the smallest coupling/(z‘? = 190 cn1?, and the acetylend?*
shows a medium couplin’) = 490 cntl, whereas the
conjugatedb-xylyl derivative 62+ has the largest coupling’

= 900 cnT. Thus, the GMH coupling®/s) of the “linear”

45° rotation V2 2

Ha
Haap = ﬁ —Hyy

0 4, O
Hagios =| Hga 0 sy
exciton coupling

0 4, O

®) (12)

para and pseudo-para compounds are large for small bridges

and, especially, for molecules with direciconjugation between
the redox centers6f™). Compoundl1?* is an exception from
this general trend because the couplrv@ = 340 cmtis

smaller than the coupling of acetyled€", although the AM1
calculated N-N distance (15.2 A) o12* is significantly smaller

compared to that o2t (20.1 A). We suppose that this is a

(=}
<t
<t
<t

| ©
~t
B

b

(IS

00 45° rotation 0 2
4o rotation
H, =| 0 '7:. 0 - H;, =[0 =&

0 0 ¥ exciton coupling

<
A
+100
<t
=

Vb
2 2
™ (13)

(=]
B

consequence of the steric hindrance which results in larger transition moment of the two monomers;jgg') = yga/\/i. A

torsion angle around the biaryl axes (AM1 computed? 6B

Jacobi transformation of the adiabatic transition moment matrix

12* and 46 of 3'") and, therefore, in weaker interactions of (5) by using the mixing anglea = 0, 8 = 0, andy = 45°

the m—systems. The kinked pseudo-ortho isorb&r shows a
couplingV& = 200 cn1'2, which is much smaller in compari-
son to that of the linear pseudo-para isome&r, owing to the
60° orientation of the chromophores.

yields newly defined diabatic states with the corresponding
transition moment matrix (12) (see Scheme 1). This matrix
reveals that the this GMH model yields transition moments that
have the same value as the transition moments evaluated for

After having performed the GMH analysis of the excited MV the exciton-coupled monomes&]). Thus, on one hand, matrix
states, we will now use a new definition of the diabatic states 12 can be conceived as the combination of the transition
in the GMH to demonstrate the similarities between GMH moments;tg‘;) and dipole momentgiap Of two monomeric

theory and exciton coupling theory. In contrast to the assumption g ,yunits of the exciton coupling model and, on the other hand,
that the diabatic states are strictly localized, Kryachko introduced 4 being derived from two coupled, two-level systéfan

a modified GMH model that allows nonze;%o? off-diagonal  ,qgitional outcome of this modified GMH model is that the
elements of the diabatic transition moment matbfikastead of transition momenjs, connecting the two excited states (a) and

diagonalizing the adiabatic matrixes to yield the diabatic () ot the dimer equals the adiabatic dipole moment difference
matrixes, Kryachko generated the diabatic states by rotatingthe , "m) _ m) _  (m) between the ground state (g) and th
adiabatic states. This means that a Jacobi transformation of the*ag’ — #aa " Hgg DEIWEEN fhe ground state g(m;’:l ©
adiabatic matrices yields the corresponding diabatic matrixes CTeridge €XCited state (a) Og thp-xylene monomer A5 ) or
(see eqs 911). cyclophane monomenu{”). This dipole moment difference

could, in principle, be determined experimentally or computa-

cosa. sina O cosf 0 sing tionally more accurately than the transition momegyof the
Jga=|[—sina cosa 0J,= (0 10 dimer.
0 0 1 —sinf 0 cosp The 45 rotation is equivalent to a block diagonalization of
10 0 matrix 5% If we now apply the 45 rotation to the adiabatic

energy matrix, we obtain the corresponding diabatic energy
matrix (13) (Scheme 1). This matrix consists of the energies of
the diabatic states as the diagonal elements and the electronic

J.p,=10 cosy siny | (9)
0 —siny cosy

t t t I i i
Ugiap = Jap Jop J ) J (10) couplings as the off-diagonal elements. As shown in Scheme
aiab = Ja Voo Jdacan’ga) e 1, this matrix (13) exhibits no coupling between the ground
Hagiab = Jap Iy JgaH adian)gadgnJab (11)  and the excited states but only a coupling between the two

excited states. The energy of the diabatic states equals the
In the following, we will keep the adiabatic GMH labels midpoint between the two transition energigsand ¥y, of the

rather than the labels introduced for the exciton coupling model. dimer. The result of the Jacobian transformation of the adiabatic
To find the analogies between GMH theory and exciton coupling energy matrix (7) is equivalent to a two-level model where only
theory, we have to remember that the exciton coupling model the interactions between the two excited states are taken into
starts off with two monomeric subunits. The transition moments account. Again, this is equivalent to the exciton coupling model
of these two subunits can be derived from the transition momentwhere the exciton splitting energy equals twice the exciton
of the dimer by transposed eq 3 and eq 4. Accordingly, the coupling energy.
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To prove the finding thata, of the dimer equals the adiabatic
dipole moment differencexu(arg) of the monomer, we per-
formed further AM1-CISD calculations to compare the dipole
moment differences of the monomers with the calculated
transition momentsu,, of the corresponding dimers. The
differencesAﬂgga) of the p-xylene derivatives3+, 8'F, and
11+ as well as the differenceau™ of the [2.2]paracyclo-
phane*, 7°*, and10™" are given in Table 4. The compounds
10" and11* (see Chart 2), which have not been synthesized,
are the two corresponding monomers9f.

For the [2.2]paracyclophanel™, 42, 527 and 92T, the
calculated dipole moment diﬁerenmt‘ama) of the correspond-
ing p-xylene derivatives3**, 8%, and 11°" is significantly
smaller than the transition moment,, whereas smaller

deviations ofAﬂgga) and uap are found for thep-xylene 62+,

Because the [2.2]paracyclophane moiety is a stronger donor than

the p-xylene moiety, allAu{;” values are significantly larger
than Aul®. The differencesAu(]” of the [2.2]paracyclo-
phanes2t, 7**, and 10" are in good agreement with the
corresponding transition momentg, of 1%, 42+, 52*, and9?*.
Thus, this comparison indicates that the [2.2]paracyclophane
monomers2:t, 7°F, and 10" are more suitable monomeric
building blocks for the corresponding dicatioh’", 42+, 52+,

and 92%, whereas6?t can be traced back to thp-xylene
monomerg*.

The dipole moment differenceau(y? and Auly” of the
adequate monomers were used insteadipfof the GMH
analysis according to eqs—&. The resulting couplingS/(Z”;)
are given in Table 4. These couplings are all larger than the
couplingsv(zcé), in particular for62+ Where\/(z'g) is more than
three times larger thaN). These deviations reveal that the
GMH analysis shows a pronounced dependence on the transitio
momentuas or Auly, respectively. However, the trends\é}
and VY are similar with the exception that the coupling
of 52 and92* are somewhat smaller thaf? of 12+,

As demonstrated above, the exciton coupling model is suitable
for the interpretation of the energetic shifts of the absorption
bands of4?" and62" versus the corresponding absorption bands
of pxylene8*. But, as discussed in this section, the monomer
8" is not a good model to fuffill the relation betwe@pd™
of the monomer angy, of the corresponding dime#*. This

relation demonstrates nicely that choosing the proper monomeric

model compound is crucial for a correct analysis.

Conclusions

Although the differences in the vis/NIR spectra of the

[2.2]paracyclophaneE, 2:F, 42+, 52, 7*F 92" and thep-xylyl

62" are small, the spectral features of the “dime4s" and62™

can be explained by exciton coupling of two “monomess”.
The combination of AM1-CISD-computed transition moments

connecting the two excited Gluge Statesuar(calcd) with

experimental transition momengg,(exp.) and transition ener-

Amthor and Lambert

giesv4(exptl) allows us to apply a GMH analysis. Within this
GMH three-level model, the coupling’y between the first
and the second excited state, which were described as mixed-
valence states, were calculated. These couplings are a direct
measure for the electronic interactions of the excited bridge
states (a) and (b). The trends of the couplir\é%) are in
reasonable agreement with the exciton coupling model. On one
hand, this coupling decreases with increasing bridge size, as
demonstrated fod?" and 9%*, and on the other hand, the
coupling significantly increases when the bridge reveals direct
sm—conjugation, as in compour@™. In a recent study, a similar
trend was found for the complete set of the corresponding
monocationic ground-state MV specits, 41, 5, 6+, and
9"".74 The 60 orientation of the chromophores B+ results

in a distinct lowering of the coupliny,3 in comparison td/»3

of the pseudo-para derivativé’**. For the corresponding
monocationst*™ and 5, the lowering of the coupling is less
pronounced. In the set of dicatiorig;" is an exception because
the value estimated by the GMH is smaller than tha#®f
although1?* has the smallest bridge. We explain this discrep-
ancy by steric hindrance, which results in larger torsion angles
at the biaryl axes ofl?" (59°) and, therefore, in reduced
interactions of ther-systems. This assumption also explains
the unusually large experimental shift of thefighe absorption
energyv, of 12+ versusi, of its corresponding molecular half
3" (torsion angle 49).

A modification to the diabatic states of the GMH theory was
done by applying a Jacobi transformation to the adiabatic
matrixes. A 45 Jacobi rotation of the adiabatic matrixes results
in block diagonalized diabatic matrixes. These two matrixes (12
and 13) represent the starting point of the exciton coupling
model because their matrix elements consist of values which
correspond to the monomeric subunits. The exciton coupling
model starts off with the monomeric subunits, whereas the GMH
starts with the dimer, and thus, the modified GMH can be
regarded as an inversion of exciton coupling and vice versa.
An additional outcome of this modified GMH is that the
transition momentsgia, connecting the two excited states (a)
and (b) of the dimer equals the adiabatic dipole moment
differenceA/tgg) = ug) - #é’g) between the ground state (g)
and the CTyiqge €xcited state (a) of the monomer. This dipole
moment difference was determined by semiempirical AM1-

'tisb computations. The comparison of the transition moments

tapWith the dipole moment differences of the monom;é;g)
leads to the conclusion that the adequate monomers for the
[2.2]paracyclophane®t, 42, 52+, and9?* are the correspond-
ing cyclophaneg™, 7°*, and 10", whereas the-xylene 62+

can be related to the-xylene monomer8'*. Although the
exciton coupling is suitable for the interpretation of the shifts,
the relation betweemugg) and uap shows the limits of the
simple exciton coupling model. The dipole moment differences
of the monomersAu(a";) were used for the GMH analysis to
calculateViy. These couplings4y are somewhat larger than
V@ but the trends ofY and V& are similar with the
exception of53 of 12+ being even smaller thau(y of 5

and 92+,

In conclusion, our study demonstrates a close similarity of
the exciton and GMH models. Because exciton coupling can
be viewed as a coherent energy transfer process, a close analogy
of charge transfer and energy transfer processes results.
Furthermore, with the exception d#*, the couplingsVyz of
the excited MV dicationgi?™, 527, 62*, and 92" show a very



Excited-State Couplings in the Diradical Dications J. Phys. Chem. A, Vol. 110, No. 10, 2008503

similar trend to the couplings of the corresponding monocationic  (2) Tang, C. W.; van Slyke, S. AAppl. Phys. Lett1987 51, 913-
915.

- + Got got +
ground-state MV compounds™,5™,6™, and9™". (3) Borsenberger, P. M.; Weiss, D. Srganic Photoreceptors for

Imaging SystemdViarcel Dekker: New York, 1993.

Experimental Section (4) Kolb, E. S.; Gaudiana, R. A.; Mehta, P. Bacromoleculed996
. . 29, 2359-2364.
QVle/NIR Spectrogcopy.Thg UV/Vis/NIR spectra (_)f the (5) Fujikawa, H.; Tokito, S.; Taga, YSynth. Met.1997, 91, 161—
radical cations and dications in MeCN were obtained by 162.
stepwise addition of 1G—10° M NOBF/MeCN via a S m(6)19Tgseligléa25'\4;;1'22k' R.; Haubner, F.; Schmidt, H.-Wacromol.
microliter syringe to a solution of the compounds-Bx 1075 Y (‘;') Giebeler, C.: Anto'niadi& H.. Bradley, D. D. C.; Shirota, Appl.

M). Because the oxidation process is rather slow using NOBF phys.Lett.1998 72, 2448-2450.

in MeCN, one has to wait approximately 30 min after each (8) Redecker, M.; Bradley, D. D. C.; Inbasekaran, M.; Wu, W. W.;

addition before the spectrum could be recorded. The extinction Woo: E. P.Adv. Mater. 1999 11, 241-246. ,

fficients obtained in MeCN are too small due to the slight (9) Braig, T Muler, D. C.; Gross, M., Meerholz, K.; Nuyken, O.

coetnicients o : ; L 9Nt Macromol. Rapid Commur200Q 21, 583-589.

instability of the radical cations under the conditions employed.  (10) Thelakkat, MMacromol. Mater. Eng2002 287, 442-461.

The spectra in CECl, were obtained by dropwise addition of ’ (il) Takeu}?{rj]h M.:KKiba)?sGl(, M.kSEfgéI?wa, R.; Sakai, T.; Nakamura,

2 3 H H ., KoOnuma, [.Jpn. Kokal | 0KKyo KO

10._ _10— M Sb(_:lf’/Cszz in the same way. The quick (12) Kaeriyama, K.; Suda, M.; Sato, M.; Osawa, Y.; Ishikawa, M.;

oxidation process in Ci€l; allows very short periods between  kawai, M. Jpn. Kokai Tokkyo Kohd988

the addition of the oxidation agent and spectrum measurement. (13) Moerner, W. E.; Silence, S. MChem. Re. 1994 94, 127-155.

The vis/NIR region of the absorption spectra recorded in@# Act(;é)o c’)\‘l'sz‘ék';%rlojg -Z;olflgbayashh M.; Uchida, S.; Kubo, Electrochim.

were fitted by three Gaussian functions; wh(_areas a_smgle (15) Stolka, M.; Yanus, J. F.: Pai, D. NI. Phys. Chent.984 88, 4707.

function was fitted to the Giligge band, two Gaussian functions (16) Bonvoisin, J.; Launay, J.-P.; Van der Auweraer, M.; De Schryver,

were fitted to ther—s* absorption signal. For the radical cation F. élo- é]' Phys. Chem1994 98, 5052-5057; Erratum: 1996, 100 (45),
i ; . . i

3. in CHZClz’. two functions were fitted to each absor_ptlon (17) Bonvoisin, J.; Launay, J.-P.; Verbouwe, W.; Van der Auweraer,

S|gna_l._ Equation 14 was used to calculate the expenrn_ental M.; De Schryver, F. CJ. Phys. Cheml996 100, 17079-17082.

transition moments from the integrals of the reduced (divided  (18) Stickley, K. R.; Blackstock, S. CTetrahedron Lett1995 36,

by #) Gaussian functions. 1585-1588. _
(19) Lambert, C.; Nth, G. Angew. Chem., Int. EdL998 37, 2107
2110.
(20) Lambert, C.; Nb, G.; Schmalzlin, E.; Meerholz, K.; Brhle, C.
Chem—Eur. J.1998 4, 2129-2135.

3hceyn10  gp e(¥)

Hexp™= " P J—dr 14 (21) Lambert, C.; Nb, G. J. Am. Chem. Sod999 121, 8434-8442.
20007°N (n°“+ 2) v (22) Lambert, C.; Ni, G.; Hampel, F.J. Phys. Chem. 2001 105,
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(26) Lambert, C.; NIy, G.; Schelter, JNat. Mater.2002 1, 69—73.

it 2+ : ini
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