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Formation of the Charge-Localized Dimer Radical Cation of
2-Ethyl-9,10-dimethoxyanthracene in Solution Phase
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Hyotcherl Ihee,*® " and Tetsuro Majima*™

/Abstract: Although dimer radical ions of aromatic molecules
in the liquid-solution phase have been intensely studied, the
understanding of charge-localized dimers, in which the extra
charge is localized in a single monomer unit instead of
being shared between two monomer units, is still elusive. In
this study, the formation of a charge-localized dimer radical
cation of 2-ethyl-9,10-dimethoxyanthracene (DMA), (DMA),"*
is investigated by transient absorption (TA) and time-re-
solved resonance Raman (TR®) spectroscopic methods com-
bined with a pulse radiolysis technique. Visible- and near-IR
TA signals in highly concentrated DMA solutions supported
the formation of non-covalent (DMA),”* by association of
DMA and DMA"". TR? spectra obtained from 30 ns to 300 s
time delays showed that the major bands are quite similar
to those of DMA except for small transient bands, even at

\_

30 ns time delay, suggesting that the positive charge of non-
covalent (DMA),”* is localized in a single monomer unit.
From DFT calculations for (DMA)," ", our TR® spectra showed
the best agreement with the calculated Raman spectrum of
charge-localized edge-to-face T-shaped (DMA),"", termed
DT'*, although the charge-delocalized asymmetric ni-stacked
face-to-face (DMA),’*, termed DF3'", is the most stable
structure of (DMA),"" according to the energetics from DFT
calculations. The calculated potential energy curves for the
association between DMA'" and DMA showed that DT"" is
likely to be efficiently formed and contribute significantly to
the TR® spectra as a result of the permanent charge-induced
Coulombic interactions and a dynamic equilibrium between
charge localized and delocalized structures.

/

Introduction

Positive and negative charges of radical ions, which are gener-
ated by one-electron oxidation and reduction of a molecule,
respectively, can be either localized or delocalized in a mole-
cule. Such charge localization and delocalization in a molecule
is fundamental for understanding the stabilization and trans-
portation of charges and is related to the reactivity of the mol-
ecule.? In this regard, aromatic hydrocarbons that can easily
undergo one-electron oxidation/reduction have been widely
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recognized as good model systems for studying charge locali-
zation/delocalization in their radical ions as well as charge sta-
bilization through charge-resonance dimerization.* '
Experimentally, charge delocalization over multiple units has
been identified with characteristic absorption bands in the
near-IR region due to the spatial overlap of m-orbitals.!*®'*¢
Such key spectroscopic signatures have been used for studying
the kinetics of formation, transportation, and annihilation of
charge carriers, such as radical ions in organic and biomolecu-
lar systems. By using the characteristic absorption bands in the
near-IR region, previous studies on a variety of aromatic ring
systems showed that charge delocalization through the spatial
overlap of m-orbitals between identical aromatic rings induces
dimerization of radical anions as well as radical cations.®”'¢"'®
Dimerization of radical ions has also been observed in multiple
aromatic systems with covalent linkers® as well as in heteroge-
neous ring systems, such as pyrene-naphthalene radical cat-
ions."® In particular, Majima and co-workers reported that both
radical cations and anions of [3,] cyclophane generated by
pulse radiolysis are stabilized by the charge-resonance interac-
tions between benzene rings and that the positive charge of
multilayered cyclophanes is also stabilized by the aromatic
charge-resonance interactions among m-stacked benzene ring
moieties.”* " |n addition, the folding kinetics of a DNA strand
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Spectroscopic evidence for the existence of charge-localized
states, in which the extra charge is localized in a single unit in-
stead of being spread in multiple units, in symmetric molecular
systems also has been presented.'*? In particular, the stable
charge-localized state has been studied in anionic mixed-va-
lence compounds, which contain two identical redox cen-
ters.">?Y For example, Hoekstra et al. have suggested the coex-
istence of charge-localized and -delocalized 4,4'-dinitrotolane
radical anions on the basis of resonance Raman spectra and
the equilibrium between the two states can be shifted by
changing the solvent polarity.?"?? Furthermore, Jiang etal.
have shown that, in anionic bay-linked perylene bisimides, the
proportions of charge-localized and -delocalized states in the
entire unit can be changed by applying different external elec-
tric potentials.?? In another study, Majima et al. have described
the charge-localized o-dimerization of radical anions of aromat-
ic acetylenes.™

Several studies on the structure of dimeric radical ions have
focused on the existence of charge-localized dimer radical ions
induced by conformational flexibility in solution.” ¢ For
example, the major structure of the benzene dimer radical
cation has long been debated.”3°3% Although a slipped face-
to-face configuration has been accepted as the dominant spe-
cies characterized by a charge resonance band in solution and
gas phases, other tilted face-to-face dimers, and T-shaped
dimer radical cations with charge localization have also been
discussed as possible conformations.®>*" The charge distribu-
tion in the dimer radical cation conformers and the formation
of covalent bond-linked dimers in gas phase have been dis-
cussed in other aromatic systems as well.®**¥ Despite such ex-
tensive studies, the formation of dimer radical cations and the
nature of charge localization/delocalization are not fully under-
stood, especially for molecular units that are more complicated
than simple benzene-type units.

To shed light on this topic, we chose 2-ethyl-9,10-dimeth-
oxyanthracene (DMA) as our model target system. Anthracene
and its derivatives have been widely investigated as prototypi-
cal molecular systems for dimerization initiated by photoexci-
tation and one-electron oxidation.”*** Recently, Chen et al.
have shown that radical cations of 2-ethyl-9,10-dimethoxyan-
thracene (DMA™") exist dominantly as monomers in solution,
whereas dimerization of the radical cations occurs upon crys-
tallization.”® In the present study, we conducted transient ab-
sorption (TA) and time-resolved resonance Raman (TR?) spec-
troscopic measurements using pulse radiolysis of DMA dis-
solved in 1,2-dichloroethane (DCE). Pulse radiolysis, which can
easily and selectively generate radical ions, is highly effective
in investigating the changes induced by additional charges in
the solution.®”'%%28 The results obtained from the TA and
TR® experiments and density functional theory (DFT) calcula-
tions indicate the charge-localized DMA dimer radical cation,
(DMA),"*, exists in solution.

Results and Discussion

Figure 1 schematically represents the formation of (DMA), ™ in-
itiated by pulse radiolysis of DMA. Owing to the higher con-
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Figure 1. a) A schematic diagram of positive charge-induced dimerization of
DMA™". b) Model potential energy curves of charge-delocalized and -local-
ized dimer radical cations. The solid and dotted lines represent the adiabatic
and diabatic potential energy curves of (DMA),"", respectively.

centration of solvent molecules (DCE) compared to that of
DMA, the electron pulse preferentially reacts with the DCE pro-
ducing DCE™™ and the solvated electron (e_)"***" followed by
the generation of DMA'* by collision between DCE'" and DMA
as shown below in Equations (1) and (2)

DCE — DCE * + e, (1)

sol

DCE * + DMA — DMA* + DCE (2)

The generated DMA"" may react with DMA to form (DMA),"*
[Eq. (3)1.

DMA* + DMA — (DMA),™* (3)

(DMA),"*, formed by association between DMA and DMA'*, is
most likely to be non-covalent dimer radical cations, as in the
case of other aromatic dimer radical cations in solution. Face-
to-face (DMA),* and T-shaped (DMA),”" are representative
structures of non-covalent (DMA),"*, as explained later. In non-
covalent (DMA),"", the positive charge or unpaired spin can be
either delocalized over two DMA units [charge-delocalized
(DMA), "] or localized on one of the two DMA monomers
[charge-localized (DMA), 1. The localization or delocalization is
determined by the shape of the potential energy surface for
dimerization as shown in energy-coordinate diagrams in
mixed-valence molecular systems (Figure 1b)."” We also took
into account the possibility of the formation of covalent
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(DMA),* and (DMA),**, considering that the formation of di-
meric radical cations of aromatic acetylenes has been report-
ed”’ and the covalent type (DMA),”* has been produced in
crystals (Figure 1a).2

Figure 2a shows the TA spectra of DMA observed at time
delays of 50 ns to 50 us after pulse radiolysis. The absorption
spectrum observed at At=50 ns exhibits two strong absorp-
tion bands with the maxima located at around 430 and
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Figure 2. a) Transient absorption spectra of DMA (250 mm) in DCE at various
time delays after pulse radiolysis by using an 8 ns electron pulse. The inset
shows an expanded view of the near-IR transient absorption spectra.

b) Decay profiles monitored at 550 nm (black) and 1300 nm (blue). Inset: Ex-
panded view of the early time-decay profiles. The theoretical fit curve is rep-
resented by the solid red line.

560 nm and a weak absorption band in the near-IR region
(900-1600 nm). The absorption signals in the visible region de-
crease with time without any accompanying spectral change.
The time profile of the transient absorption at 550 nm includes
fast and slow decay components of tens of microseconds and
then a constant optical density of up to 450 ps. In addition,
the time profile of transient absorption at 1300 nm includes
fast-rise and slow-decay components within tens of microsec-
onds, followed by a constant optical density. The constant op-
tical density at long time delays observed at both 550 and
1300 nm suggests that at least one long-lived species exists in
addition to DMA"". To analyze the concentration dependence
of the long-lived species, we also measured TA spectra as a
function of the DMA concentration (Figures 2 and Figures S1-
S4 in the Supporting Information). As shown in Figure S4, the
relative amplitude of the long-lived species concomitantly in-
creases as the concentration of DMA increases. Furthermore,
the weak absorption band in the near-IR region (900-
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1600 nm), which is often used as a fingerprint for the forma-
tion of non-covalent dimer radical ions, is observed only in
highly concentrated solutions (>50 mm). These observations
support the formation of long-lived species such as (DMA), .
The time constant for the rise component observed at
1300 nm is close to that of the fast decay component ob-
served at 550 nm. Therefore, the two time profiles measured at
550 and 1300 nm were analyzed by a global fit using a triexpo-
nential function. From the global fit analysis, the time constant
for the rise component observed at 1300 nm is determined to
be 1.94+0.03 ps. To confirm the existence of the rise compo-
nent, we also fit the decay profile monitored at 1300 nm with-
out a rise component for comparison. As shown in Figure S5
(Supporting Information), the global fit with a rise component
shows a better agreement between theoretical and experimen-
tal curves. The results of visible and near-IR TA spectra clearly
demonstrate that under our experimental conditions, (DMA),"*
forms with a pseudo-first order time constant of 1.94 us by as-
sociation between DMA and DMA'". Here, it is worth noting
that the absorption spectra in the visible region (400-800 nm)
observed at various time delays are consistent with the spectra
of DMA"™, as reported by Chen et al.,” indicating that dimeri-
zation between DMA'" and DMA does not accompany discern-
ible changes in the TA signals in the visible region. These re-
sults suggest that the absorption spectrum of (DMA), " in the
visible region (400-800 nm) is similar to that of DMA"*. Unlike
the association between DMA and DMA'", the dimerization be-
tween two DMA'" to form the covalent (DMA),*" in solution
would be negligible because of the low concentration of
DMA'* generated by pulse radiolysis.

To address the formation of (DMA),™ on a structural basis,
we measured the steady-state Raman and TR® spectra as a
function of time after pulse radiolysis. The steady-state Raman
spectrum of DMA (250 mm) in DCE, depicted in Figure 3,
shows intense bands centered at 1299, 1415, 1566, and
1624 cm™'. To assign the Raman bands, we calculated mini-
mum energy structures, vibrational frequencies, and Raman ac-
tivities of DMA. In DFT calculations, we found two conformers
for DMA, cis- and trans-DMA, depending on the parallel and
antiparallel directions of the two methoxy substituents, respec-
tively. The relative energies and Raman activities of the two
conformers are almost the same although the dipole moments
of the isomers are significantly different (0.84 Debye for trans-
DMA and 3.33 Debye for cis-DMA). As shown in Figure 3, the
calculated Raman activities of DMA agree well with those mea-
sured in the present study. The assignment of experimental
Raman bands based on the calculated vibrational normal
modes and Raman activities is presented in Table 1. The stron-
gest band at 1415 cm™' corresponds to symmetric ring stretch-
ing vibrations and the bands at 1299, 1566, and 1624 cm™' are
assigned to in-plane symmetric ring breathing, symmetric ring
C—C stretching, and asymmetric ring C—C stretching, respec-
tively. DFT calculations on (DMA), formed by two DMAs re-
vealed a low dimerization energy (0.6 kcal mol™"), which implies
the concentration of (DMA), in the current experimental condi-
tions might be low. However, considering that the calculated
Raman activities of (DMA), are almost the same as those of the
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Figure 3. a) Calculated structures of trans- and cis-conformers of DMA; r(CO)
indicates the length of the C—OCH; bond. b) Experimentally measured
steady-state Raman spectrum of DMA (bottom black line) and Raman spec-
tra of cis- and trans-conformers of DMA (middle) calculated by using the
B3LYP/6-311 + + G(d,p) theory.

DMA monomer, the steady-state Raman spectrum alone
cannot provide any evidence for the absence or presence of
(DMA),.

The TR® spectra of transient species after pulse radiolysis of
DMA were observed in the time-delay range of 30 ns to 300 us
using a 532 nm laser pulse as the Raman probe, as shown in
Figure 4. It is noteworthy that the strong Raman bands of
DMA are still observed as major bands in the TR® spectra of
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Figure 4. TR® spectra of DMA observed at various time delays after pulse ra-
diolysis. The peak positions corresponding to long- and short-lived bands
are indicated with red and blue vertical lines, respectively. The gray-dotted
vertical lines indicate the positions of intense peaks in the steady-state
Raman spectrum.

the transient species, DMA'® and (DMA),’*. In addition, new
Raman bands centered at 1304, 1324, 1433, and 1511 cm™’
were also observed (Figure 4). The Raman bands and intensi-
ties of the transient species, which are similar to those of DMA,
are not due to residuals from an imperfect subtraction of the
steady-state Raman spectrum. All the TR® spectra were careful-
ly recorded and handled to maintain identical experimental

Table 1. Experimental TR® bands and calculated frequencies of Raman active modes (in cm™') along with their assignments for DMA in the ground state
and DMA'*. In the molecular structure, the numbers in red indicate the atom positions and those in blue the bond positions.

(I')CH;,

1,027 6.C.6 761 _CyHs

7N N e
PP
e
3¢ s\tlz(s s
OCH,3

Experiments Calculation® Assignments®
DMA Transient species DMA DMA"" (cis) DMA"" (trans) (DMA),"" (DT')
1299 1299,1304 1294 1304 1302 1296, 1310 in-plane sym., c-ring breathing
B 1324 B 1322/1325 1321/1326 1325/1330 CH, wagging of ethyl group/asym. c-ring deformation
1415 1414 1411 1382 1385 1378, 1412 sym. c-ring CC stretching
- 1433 - - - - unassigned
1445 1445 1435, 1450 1440, 1450 1439, 1449 1437, 1452 asym. ring deformation
1455 1455 1455-1466 1458-1482 1456-1483 1453-1492 CH, wagging
1485 1484 1488 - - 1484 sym. CC(2,7) stretching + sym. CO stretching
- 1511 - 1509 1509 1513 sym. CC(2,7) stretching + sym. CO stretching
- - 1531 1538 1537 1531, 1538 asym. CC(2) stretch + sym. CO bending
1566 1564 1565 1572, 1577 1571, 1576 1564, 1673 sym. CC(2) stretch + sym. CO stretching
1573 1573 1573 1485 1485 1569, 1492 asym. CC(5,6) stretching
1624 1624 1626 - - 1585, 1627 asym. CC(1,4) stretching
1633 1633 1639 1600 1598 1603, 1639 sym. CC(1,4) stretching

[a] Calculation method: B3LYP/6-311+ +G(d,p) for DMA and DMA'* (scaling factor: 0.985) and B3LYP/6-31G(d) for DT'* (scaling factor: 0.973). [b] Abbrevia-
tions: asym.: asymmetric; sym.: symmetric; c-ring: center-ring; CC(bond number): carbon-carbon bond (bond number).
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conditions at each time delay. Each difference spectrum was
obtained by subtracting the negative time-delay signal, which
is identical to the steady-state Raman signal, from the spec-
trum at a positive time-delay using a subtraction factor large
enough to avoid negative features. The retained strong peaks
in the TR® spectra, apart from the new Raman bands centered
at 1304, 1324, 1433, and 1511 cm™' show a subtle but reprodu-
cible spectral shift at each band although the shift is within
the bandwidth of our Raman probe. For example, the
1415 cm™' peak, which is the most intense peak in the steady-
state Raman spectrum of DMA, is shifted to 1414 cm™" and the
line profile of the 1299 cm™" peak is changed significantly (see
Figure 4 and Figure S6 in the Supporting Information). These
spectral changes suggest these intense Raman bands in the
TR® spectra originate from transient species, such as DMA'™ or
(DMA),"". Alternatively, the Raman bands at 1324 and
1511 cm™' disappear as the delay time increases (>3 ps),
whereas the intensities of the bands at 1304 and 1433 cm™'
gradually increase (0.03-300 ps). Particularly, the Raman band
of 1324 cm™" is observed at At=1 and 3 ps, and then disap-
pears completely at 30 pus as shown in Figure S7 (Supporting
Information). This result indicates that the Raman bands at
1324 and 1511 cm™' disappear within in a few microseconds,
which is consistent with the result obtained from TA experi-
ments. On the basis of the TA results that support the forma-
tion of (DMA),”" by the association of DMA and DMA'*, we
suggest that the Raman bands at 1324 and 1511 cm™' ob-
served at early time delays can be attributed to DMA"*, where-
as the Raman bands at 1304 and 1433 cm™' are related to
(DMA)," .

To assign the Raman bands of the transient species DMA™*
and (DMA),"*, DFT calculations were carried out and the results
are depicted in Figures5 and 6. We calculated the Raman
bands of DMA'" conformers and compared them with the
Raman signal of DMA and the TR® spectra at 30 ns and 300 ps
(Figure 5). There exist cis- and trans-DMA'*, which are defined
by the arrangement of the two methoxy groups, similar to
DMA (Figure 5a), and it is likely that they coexist as there is no
energy barrier for methoxy rotation (Figure S8, Supporting In-
formation). The dipole moments of both conformers, cis- and
trans-DMA™™, are higher than those of cis- and trans-DMA, re-
spectively. The calculated spectra for both conformers of
DMA'* are significantly different from those of DMA and the
TR® spectra, although some transient bands in TR® spectra
agree only with the calculated DMA'" spectra (Figure 5b). For
example, the calculated spectra for both cis- and trans-DMA™*
do not include the intense band of 1414 cm™', whereas the
transient band in TR® spectra at 1511 cm™' agrees only with
the calculated DMA'* spectra (Figure 5b). On the basis of this
comparison between the TR® spectra and the calculated re-
sults, we can estimate that DMA'" is not a major contributor
to the observed TR® spectra. Instead, the experimentally mea-
sured TR?® signals at 30 ns as well as those at 300 s are more
similar to the sum of the calculated Raman spectra of DMA
and DMA'". We speculated that the measured TR® spectra can
be predominantly attributed to (DMA),"" rather than DMA™*.
Considering that the TA spectra provided experimental evi-
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Figure 5. a) Calculated structures of trans- and cis-conformers of DMA™".

b) TR® spectra of DMA at selected time delays after pulse radiolysis,

At= 430 ns (bottom red) and + 300 ps (bottom blue), and the Raman spec-
tra of cis- and trans-conformers of DMA (top) calculated by using the B3LYP/
6-311+ +G(d,p) theory. The violet- and magenta-dotted vertical lines repre-
sent the positions of the bands in agreement with the calculated Raman
spectra of DMA and DMA'", respectively.

dence for the rapid formation of (DMA),”* with the pseudo-
first order time constant of 1.94 us, the existence of (DMA),"*
at 300 ps is understood, but the existence of (DMA),"* at even
at 30 ns cannot be supported by the TA results alone. At a
high concentration (250 mm), the average distance between
two solute molecules is not too large (<10 nm) and some of
them may be much closer due to dipole-dipole interactions.
The estimated collision time for diffusion-controlled association
between DMA and DMA'* upon pulse radiolysis of DMA at a
high concentration is 1.2 ns according to the Stokes-Einstein
relation. This result indicates the efficient and very fast route
for the formation of (DMA),"* is available in addition to the us
scale association observed by TA. The time resolution of near-
IR TA in this work is about 30 ns, which is not fast enough to
capture such a fast process. In addition to this scenario, we
can also hypothesize that the weakly bounded neutral DMA
dimer, (DMA),, can assist the rapid formation of the charge-lo-
calized (DMA), *. However, as mentioned already, a quantita-
tive analysis for (DMA), from our steady-state Raman spectra is
impossible due to the similarity of the Raman spectra of DMA
and (DMA),.

To confirm that the measured TR® spectra can be predomi-
nantly attributed to (DMA),"" rather than DMA"", various con-
formations of (DMA),’" and their Raman activities were calcu-
lated. The results are shown in Figure 6. As depicted in Fig-
ure 1a, we consider two representative non-covalent (DMA),"*
[face-to-face and T-shaped (DMA),"] and covalent (DMA),"*
(CDF**) formed by two covalent C—C bonds between DMA
and DMA'" (Figure 6). Three face-to-face (DMA),"—DF1'",
DF2'*, and DF3'*—have parallel m-stacked geometries be-
tween two anthracene moieties, whereas T-shaped DMA""
(DT'*) has an edge-to-face geometry between two anthracene

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) DFT-calculated (DMA)," " and their relative energies in kcalmol™'.
The values from B3LYP/6-31+G(d,p) are shown together with those from
MO06-2X/6-31 + G(d,p) in parentheses. The red color in the tube structure
format represents the oxygen atom and the hydrogen atoms are not dis-
played. The shaded area indicates a benzene ring. b) Calculated Raman spec-
tra of (DMA),"* with the B3LYP/6-31G(d) level of theory. The yellow shaded
strips indicate the positions of intense bands in both steady-state Raman
and TR® spectra. ¢) A comparison of the calculated Raman activities of DT
and the sum of calculated Raman activities of DMA and DMA™". For the
summed spectrum (blue) of DMA and DMA'", the calculated Raman spec-
trum of cis-DMA’* was used since the cationic moiety in DT"" is in the cis-
form.

moieties. Specifically, DF1°* and DF2"* consist of different con-
formations of the monomer units, trans—trans (DF1°*) and cis—
cis (DF2'"), whereas the two monomer units in DF3'* are rotat-
ed along the perpendicular axis of the anthracene plane and
slightly tilted out of the exact parallel arrangement. For DT'*,

Chem. Eur. J. 2019, 25, 5586 — 5594 www.chemeurj.org

5591

CHEMISTRY

A European Journal

Full Paper

the “edge”-side monomer in the edge-to-face structure takes a
trans-form, whereas the “face”-side monomer is in a cis-form
with a slightly bent anthracene moiety. The calculated results
demonstrate that all non-covalent (DMA),"" are more stable
than the covalent dimer CDF'* (E= +69.8 kcalmol™") and that
among the three face-to-face dimers, the asymmetric -
stacked face-to-face dimer, DF3'", has the lowest energy, even
though the relative energies of other non-covalent dimers are
less than 2 kcalmol™ (Figure 6a). The four C—OCH, bond
lengths in each of DF1°*, DF2"", and DF3"" are almost identical
(1.37 A), whereas the C—OCH; bond lengths of the monomers
in DT"" are 1.33 A in the cationic moiety and 1.38 A in the neu-
tral moiety, which are similar to the C—OCH; bond lengths in
DMA'* and DMA, respectively. Our Millikan charge calculations
showed that DF1"" and DF2'*, symmetric face-to-face dimers
(C-OCH; bond lengths=1.37 A), equally share the +1 charge
into two monomer units whereas the positive charge on DT'",
an edge-to-face dimer, is localized on the “face”-side monomer
unit, where two C-OCH, bond lengths are 1.33 A. The calculat-
ed partial charges on the two monomer units in DF3'", an
asymmetric face-to-face dimer, are +0.55 and + 0.45, respec-
tively. The comparison of the partial charge and the C—OCH,
bond lengths of each moiety reveals a correlation between
them, that is, shorter C—OCH; bond length in the more posi-
tively charged moiety.

The calculated vibration frequencies and Raman activities of
the four dimer radical cations (DF1°", DF2"", DF3"", and DT"")
by using the B3LYP/6-31G(d) method show clear differences
(Figure 6b). Among the four dimer radical cations (DF1'%,
DF2'*, DF3'*, and DT"), the calculated Raman spectrum for
DT* shows the best agreement with the TR® spectrum. Anoth-
er three face-to-face (DMA),* (DF1'*, DF2'*, and DF3'") and
CDF* show noticeable spectral shifts and significantly differ-
ent intensities with respect to the TR® spectrum. In fact, the
calculated Raman spectrum for charge-localized DT'* is similar
to the sum of each calculated spectrum of DMA and DMA™™,
except the peak intensities in the range of 1300 and
1400 cm™' (Figure 6¢). The vibrational normal modes of DT
are almost the same as the sum of those of isolated monomers
(DMA and DMA'") and the deviated peaks in the range of
1300 and 1400 cm™' are mainly attributed to the vibration
modes of the DMA'* moiety. Thus, the difference observed in
the range of 1300 and 1400 cm™' appears to be caused by the
slightly more bent DMA'* moiety in DT'* with respect to the
isolated DMA"". Therefore, our TR® spectra, which are similar to
the sum of DFT-calculated Raman spectra of DMA and DMA™™,
and results suggest that the observed TR® may be attributed
to Raman bands of charge-localized DT'* or its analogous
structures.

The TR® bands assigned on the basis of the calculated vibra-
tional normal modes and Raman activities of DT"* are summar-
ized in Table 1. The Raman bands at 1299 and 1304 cm™' are
attributed to the in-plane symmetric ring-breathing vibrations
of DMA and DMA'" moieties in DT, respectively. The Raman
band at 1324 cm™' corresponds to the CH, wagging of the
ethyl substituent and asymmetric ring C—C stretching of
DMA'* moieties of DT"*. The Raman band at 1511 cm™' is at-
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tributed to the symmetric ring
stretching mode involving CO
stretching of DMA'" moieties of
DT, indicating that DMA'" has

o
NCH,

to charge delocalization, as shown
in Scheme 1

The results obtained from the TA
experiments are summarized as fol-
lows: 1) a concentration-dependent
long-lived component in the visible
wavelength region, 2)an absorption band in the near-IR
region in high-concentration solutions (>50 mm), and 3)a
shared time constant between the decay and rise components
in the visible and near-IR regions, respectively. Furthermore,
our TR® spectra show the best agreement with the calculated
Raman spectrum for DT'*, which is similar to the sum of the
two Raman spectra of DMA and DMA™*. A similar spectral be-
havior was observed for the 4,4'-dinitrotolane radical anion,
which exhibited overlapping Raman peaks originating from its
neutral and monoanionic species.?"?? Thus, we suggest that
(DMA), " formed by the association between DMA and DMA'*
is likely to be in the charge-localized state, similar to the 4,4-
dinitrotolane radical anion.

DFT-calculated binding energy of (DMA),"" [3.4 kcalmol™
for B3LYP/6-314G(d,p)] is larger than that of (DMA), [0.6 kcal
mol™" for B3LYP/6-31+G(d,p)]. This means that the positive
charge-induced association between DMA'* and DMA is more
favorable than the dimerization between two DMAs driven by
van der Waals interactions. Here, we consider the driving force
for the formation of (DMA),* by the association between
DMA and DMA'". Figure 7a shows a schematic diagram of
positive charge-induced dimerization as well as the dimeriza-
tion of two neutral monomers. When a DMA"" is generated by
pulse radiolysis, DMA and DMA'* are attracted to each other
by enhanced Coulomb forces induced by the permanent posi-
tive charge of DMA'*, compared with the attraction between
two neutral DMAs. To find the minimum energy route for di-
merization between DMA and DMA'", we carried out partial
geometry optimizations at a fixed distance between C, atoms
in DMA and DMA'* using the B3LYP/6-31G(d) method and also
conducted the equivalent calculations on the dimerization of
two DMAs to compare the effect of the positive charge (Fig-
ure 7b). DF3'* was used as the starting geometry of the partial
geometry optimization. The calculated energy profiles for
(DMA),”* and (DMA), are shown in Figure 7b and the repre-
sentative minimum energy structures of (DMA),"" (I, Il, and Il
are shown as well. Upon increasing the C,—C, distance, the op-
timized geometries of (DMA)," underwent a significant
change—asymmetric parallel face-to-face (I) — rotated asym-
metric face-to-face (Il) — edge-to-face configuration (lll). Nota-
bly, the potential energy profile of (DMA),"" is quite flat in the
range of 3 to 6 A, suggesting that structural changes are rela-
tively easy and a variety of asymmetric dimeric structures can
coexist in solution. In contrast, the energy profile of (DMA), is
repulsive without local minima within the calculated range of
1 to 7.5 A. In fact, structure Ill in Figure 7b is different from

Scheme 1. Charge delocaliza-
tion in DMA™ with two par-
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Figure 7. A schematic diagram of the positive charge-induced dimerization
in DMA and the relaxed potential energy surface along the monomer-mono-
mer distance. a) A schematic potential energy curve corresponding to the di-
merization of two DMAs in (DMA), and charge-induced dimerization in
(DMA),"*. The dotted-gray and solid-red curves indicate the schematic
energy curves of (DMA), and (DMA)," ", respectively. b) Potential energy
curves (filled black and blue circles, respectively) of (DMA), and (DMA)," " in
1,2-dichloroethane optimized at different C,—Co(C,,) distances using B3LYP/6-
31G(d) method. The filled red curve indicates the continued potential
energy curve without rotation of one DMA moiety starting from DF2"~ struc-
ture. Bottom: Three representative structures of (DMA),”* denoted in the po-
tential energy curve.

that of DT"*. This might be due to the effect of the starting ge-
ometry, DF3'", for the geometry optimization at fixed Co-C,
bond length. The relative energy of structure Il is similar to
those of the (DMA),* structures shown in Figure 6a, which
were obtained by full-geometry optimization. Thus, we can
conjecture that various asymmetric edge-to-face dimers, such
as structure lll in Figure 7b and DT, are available on the con-
formational landscape of the dimer radical cation instead of
only a few major structures. In other words, the charge-local-
ized dimer radical cations, such as DT"* and Ill depicted in Fig-
ure 7b, may be populated in a context of dynamical equilibri-
um even at room temperature owing to continuous intercon-
version between charge-localized and delocalized structures,
considering the relatively low dimerization energy of (DMA),"*
compared to the dimerization energy of a benzene dimer radi-
cal cation (~20 kcal mol").B"

Describing the non-covalent interactions and predicting
charge (or spin) localization/delocalization are still some of the
most challenging issues in DFT."? In practice, some studies by
using the B3LYP method, which is the most widely used DFT
method for a wide range of systems, failed to yield correct dis-
sociation energies for simple radical homodimer ions due to a
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self-interaction error*™* In contrast, Fujitsuka et al. showed

that B3LYP calculations accurately predicted the correlation be-
tween averaged transannular distance and the position of the
charge resonance band for multiple-layered cyclopropanes.®
To evaluate the reliability of the calculated results, we analyzed
the vibration frequencies, Raman activities, and conformations
of (DMA),”" with different levels of calculations—three differ-
ent DFT methods (B3LYP, CAM-B3LYP, and M06-2X) and differ-
ent levels of basis sets [6-31G and 6-31+ G(d,p)]. The calcula-
tion results are summarized in Table ST (Supporting Informa-
tion). It can be seen in the table that DF3"" is the most stable
structure in all the calculations, although the relative energies
of other structures are substantially changed. In particular, the
relative energy of DT'* is reduced by using the larger 6-31 +
G(d,p) basis set or the CAM-B3LYP method (+ 1.8 and 0.4 kcal
mol™"), whereas M06-2X calculations with either 6-31G(d) or 6-
31+ G(d,p) failed to find a DT "-like minimum energy struc-
ture; in addition, the inter-monomer distance for (DMA), ¥, the
Raman activities, and near-IR vertical transition energies of
(DMA)," " strongly rely on the DFT method that is used. In par-
ticular, compared to the B3LYP method, the M06-2X method
exhibited excessively large dimerization energies for (DMA),
and (DMA),"" [14.3 kcalmol™" for (DMA), and 20.3 kcalmol™
for (DMA), "] and a narrower vertical excitation energy distri-
bution in the visible wavelength range than in the visible TA
signal (Figure S9, Supporting Information). Therefore, among
the DFT methods tested in this study, the B3LYP method sup-
ported our experimental findings relatively well and, thus, was
mainly used for interpretation of our experimental results.

Conclusions

In this study, we found spectroscopic evidence for charge-lo-
calized DMA dimer radical cations by using TA and TR® spectro-
scopic methods coupled with pulse radiolysis. The formation
of DMA'* and (DMA),"* was observed by monitoring the Vis-
and near-IR TA spectra. The concentration-dependent long-
lived component in the Vis-TA and the rise component in near-
IR TA spectra demonstrate that the generated DMA'" is stabi-
lized by the association with neutral DMA, The TR? spectra ob-
tained after pulse radiolysis of DMA revealed that the most in-
tense bands in the steady-state Raman spectrum of DMA are
also the major dominant bands in the TR® spectra observed at
all time delays from 30ns to 300 us without significant
changes of the positions and relative intensities except for the
small transient bands. DFT calculations for (DMA),’* revealed
that an asymmetric ni-stacked face-to-face (DMA),"", DF3'", is
more stable than edge-to-face T-shaped (DMA),*, DT'*,
whereas the observed TR® spectra agree better with the calcu-
lated Raman spectrum of DT'*, which is similar to the sum of
the Raman spectra of DMA and DMA"". Through a comparison
with DFT calculation results, we suggest that the intense bands
in TR® spectra are most likely attributable to Raman bands of
charge localized dimer radical cations, such as DT'*, and that
the charge-localized (DMA)," form efficiently in less than
30 ns. In addition, the DFT-calculated potential energy curve
for the association of DMA and DMA™" shows that the en-
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hanced Coulomb interactions induced by the permanent
charge of DMA'" could help the association between DMA
and DMA'" and the stabilization of charge-localized dimer radi-
cal cations in the context of dynamic equilibrium.

Experimental Section

General: DMA was purchased from Sigma Aldrich and was used
without further purification. The samples were prepared by dissolv-
ing DMA in DCE (Tokyo Chemical Industry Co., Ltd), resulting in so-
lution concentrations of 0.5 to 500 mmM. Pulse radiolysis was trig-
gered by using an electron pulse (27 MeV, 11 A, 8 ns, 0.8 kGy per
pulse) generated by a linear accelerator at Osaka University. TR®
measurements after pulse radiolysis were carried out by passing
the sample solution through a quartz capillary tube at a sufficient
rate to ensure that each pair of electron and laser pulses encoun-
tered a fresh sample volume. The sample was exposed to a
532 nm laser pulse generated by the second harmonic output
from a nanosecond Q-switched Nd:YAG laser (5 ns FWHM, Brilliant,
Quantel; Les Ulis, France). The Raman probe was synchronized
with the electron pulse. The TR® spectra were collected using a
polychromator (Acton, SP2500i; Trenton, NJ, USA) equipped with a
charge-coupled device camera (Princeton Instruments, PI-MAX3;
Trenton, NJ, USA).

Computational methods: DFT calculations were conducted to find
the minimum-energy structures of DMA, DMA'*, and (DMA),”* by
using the B3LYP"**” CAM-B3LYP™® and M06-2X"*" methods. The
solvation effects of DCE were included by using the polarized con-
tinuum model (IEF-PCM). The vibration frequencies and Raman ac-
tivities of DMA, DMA'", and (DMA),"" in DCE were calculated to
assign the experimental Raman spectra. For the calculated vibra-
tion frequencies of DMA and DMA'", we applied the appropriate
scaling factors [0.985 for B3LYP/6-311+ +G(d,p) and 0.973 for
B3LYP/6-31G(d)]. All the calculations were performed using the
Gaussian 09 suite of programs.*”
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