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Abstract: The electronic and molecular structure of N,N,N', N'-tetraphenylphenylenediamine radical cation
1" is in focus of this study. Resonance Raman experiments showed that at least eight vibrational modes
are strongly coupled to the optical charge resonance band which is seen in the NIR. With the help of a
DFT-based vibrational analysis, these eight modes were assigned to symmetric vibrations. The contribution
of these symmetric modes to the total vibrational reorganization energy is dominant. These findings are in
agreement with the conclusions from a simple two-state two-mode Marcus—Hush analysis which yields a
tiny electron-transfer barrier. The excellent agreement of the X-ray crystal structure analysis and the DFT
computed molecular structure of 1* on one hand as well as the solvent and solid-state IR spectra and the
DFT-calculated IR active vibrations on the other hand prove 1* adopts a symmetrical delocalized Robin—
Day class Il structure both in the solid state and in solution.

Introduction energy, etc. The electronic coupling of two diabatic (i.e.,
noninteracting) states in which the excess electron (or hole) is
model systems in the investigation of adiabatic electron transfer |0c@lizéd on the left-hand or right-hand redox center describes
(ET) processe:® The usually employed one-dimensional My € communication between these centers.

systems consist of two redox centers (ligand coordinate metals According to Robin and DayMV species can be classified

or organic redox active moieties) that are connected via a bridgeinto three categories: class | with practically no coupling
molecule. If the two redox centers have a different oxidation Petween the different redox states, class Il with intermediate
state, an electron or a hole can be transferred either by optical@Upling, and class Il in which the excess electron (or hole) is
excitation or thermally. Several structural parameters which delocalized over the two redox centers. The adiabatic potential
control the electron (hole) transfer rate were varied and €Nergy surface (PES) for the one-dimensional degenerate case
investigated such as the type of the redox centers (purely organicc@n be constructed by coupling two diabatic states which are
vs ligand complexed metal ions), the bridge length, the nature represented by quadratic potentials in & 2 matrix (see Figure

of the bridge (conjugate vs nonconjugate), the local bridge 1 @nd section B) wher¥ is the electronic coupling andthe -
reorganization energy of the diabatic potentials. The optical

Mixed-valence (MV) species play a dominant role as simple

t Institut fr Physikalische Chemie. excitation from one energy minimum of the ground state surface
zlnstitut fur Organische Chemie. to the excited state yields directlyas long as ¥ < 1.8° The
Institut fir Anorganische Chemie. absorption band associated with this optical excitation is usually
U Universitad Regensburg. . . .
Il Friedrich Schiller-UniversitaJena. found in the NIR and is called intervalence charge-transfer band
(1) Crutchley, R. JAdv. Inorg. Chem.1994 41, 273-325. (IV-CT) in the case of class Il and charge resonance band in
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13148-13168. (8) Wong, K. Y.; Schatz, P. NProgr. Inorg. Chem1981, 28, 369-449.
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Figure 1. Diabatic potentials (dashed lines) and adiabatic potentials (solid lines) for a class Il system (left diagram), a class Ill system (center diagram)

along the asymmetricad mode, and the corresponding section along the symmetricalde atx = 0 (right diagram) as derived from the solutions of eq
1. A, and s refer to the vibrational and solvent reorganization energies as derived from the resonance Raman analysis, see below.

the case of class I While for MV species of class | or II
there exists a barrieAG* for the thermal ET, this barrier
vanishes for class Ill compounds at 2 A. If one seeks to use

However, mode-specific information is generally difficult to
extract from the IV-CT or charge resonance absorption band
shape due to severe solvent-induced broadening and/or fast

MV species as electronic switching or storage units for future photochemistry in the excited state. Resonance Raman spec-
optoelectronic devices on a molecular level, it is of utmost troscopy’ (RR) provides specific information on the molecular
importance to assess the degree of delocalization in these MVdegrees of freedom involved in the initial structural changes of

species?! Thus, in particular the transition between class Il and
class Ill has attracted considerable interest in recent yéarg.
While for many MV compounds the electronic situation is
quite clear (e.g.N,N,N',N'-tetraalkylphenylenediamine radical
cationg?23pelong to class lll), the situation remained cumber-
some for others for many years (e.g., the Creutz-Taubé%alt)
or is still under debate (e.g\,N,N',N'-tetraanisylphenylenedi-
amine radical cation}2?425While some of us derived for the
latter cation a small though significant barrier from optical
spectra using the semiclassical one-mode Martlish theory®
Coropceanu et &P found this cation to be delocalized by
vibronic coupling calculations using the full dynamic solutions

photochemically active systems. Moreover, it is a reliable tool
for investigating the symmetry, equilibrium geometry, and
dynamics of the resonantly excited electronic state. To gain more
insight into the vibrations involved in the charge transfer of
MV systems, and, thus, into the absorption band shape, extensive
resonance Raman spectroscopical studies were carried out
previously by several research grodps®® A time-dependent
formalisn?1~32 has been applied to interpret the RR scattering
activities and absorption cross section and to determine the
Franck-Condon parameters of the vibrational modes coupled
to the intensive charge-transfer band in asymme#iéahand
symmetrical inorganic mixed-valence compouffdé! Recently,

in the diabatic approximation. The confusion arises because clasghe attention has been directed also toward orgafdcharge-
Il compounds are believed to have narrow charge resonancetransfer systems.

absorption lines with vibrational progression visible (e.g., in
N,N,N',N'-tetraalkylphenylenediamine radical caticigfwhile

The special interest in triarylamine-based radical cations and
their electronic nature stems from their wide application as hole

typical class Il compounds show a broad featureless IV-CT band transport molecules in optoelectronic matefiatéand their use

similar to the one observed N,N,N',N'-tetraanisylphenylene-
diamine radical cation.
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also features which make them almost ideal systems for the Table 1. Selected Distances (A) and Angles of 1* and of 1
study of intramolecular ET processes: they are easily accessiblesgltﬁg"”ed by X-ray Crystallography as Well as DFT Calculated
via Pd-catalyzed CC and CN bond couplings, the bridge

connecting the two triarylamine moieties can be varied over a BP9 [ Bfwgl
) . : 1 1Cx)  1*ShCl(dioxane)ys 1% (Car)
broad range, the local redox potentials of the triarylamine o 1.3870) 1396 13512) 385
m0|et|es_can be tuned by s_ubshtuents, and_the_bls(trlarylamlne) C6-01 1:389(4) 1412 1:416(2) 124
MV species possess a relatively low reorganization energy which c1—c2 1.387(4) 1.412 1.418(2) 1.424
makes the optically induced ET to be in the NIR, well-separated C1-N 1.433(3) 1.425 1.363(2) 1.397
i itatiori§,47-55 N—C7 1.405(4) 1.425 1.444(2) 1.432
from other electronic excitatiori$: N—G9 1.426(3) 1495 1430(2) 1430
C9-N-C1 121.2(2) 119.93 120.90(15) 120.68
" C9-N-C7 121.9(2) 120.12 116.53(14) 118.64
C7-N-C1 116.8(2) 119.93 122.54(15) 120.68
Q _ C7-N-N'-C9 180 180 180 180
N N C7-N-N'-C7 -3.3 0 —4.4 0
ava C2-C1-N-C7 -538 ~40.99 -8.6 ~29.97
C1-N-C7-C8 -55.7 —45.57 —64.0 —39.90

compositionl*SbCk~(dioxane) s. The crystal structure of this
salt is very similar to the one df"SbCk~(THF)o 5. In particular

the two independent cations show a crystallographic inversion
center and the symmetry is alm@#,. As expected the dioxane
molecule is not disordered and has small displacement param-
eters. Important distances and anglesfo8bCk~(dioxane) s

are collected in Table 1; the parameters I66bCk~(THF)o 5

are collected in the Supporting Information. The distances and
angles of the in total four independent cations vary only little
(see Supporting Information). Comparison of the€Cand C-N
bond length of the radical cations with those of the neutral
N,N,N',N'-tetraphenylphenylenediamirie(crystallographicC;

The smallest bis(triarylamine) MV species conceivable is
N,N,N’,N'-tetraphenylphenylenediamine radical cation It is
the aim of this paper to collect and compare electronic,
structural, and spectroscopic databnin order to clarify the
electronic situation. We will first discuss the crystal structure
as derived from X-ray diffraction and will compare these data
with DFT calculations. We will then present a simple two-state
two-mode model within the semiclassical Maredi$ush theory
in order to interpret the optical spectra. Finally we will assign ! YIE k
IR and Raman spectra &f by comparison with DFT-calculated ~ SYMMetry with strong deviations fro@n, for two independent

vibrations and we will present resonance Raman spectra whichMelecules in the unit cell; the parameters of only one molecule
give insight into the modes involved in the ET process. A are given in Table 1, the parameters of the other molecule can

detailed resonance Raman intensity analysis within the time- P& found in the Supporting Information) shows that the radical
dependent formalisf32 will be presented in order to determine  C&tion has a quinoidal distortion. The nitrogen centers are

the reorganization energy upon optical excitation. trigonal planar coordinate, the angle sum is<3@Me aryl rings
are arranged in propeller form around the nitrogen centers as

observed in other triarylamine radical cati¢fs®®

A. Structural Properties: X-ray Structure Analysis and For comparison with the X-ray structure analysis we also
DFT Calculations. The radical catiorl* was synthesized by ~ performed DFT calculations o and1 with the Gaussian$8
oxidation ofN,N,N',N'-tetraphenylphenylenediamine with SpCI  program package. The structures, vibrational characteristics, IR
in CH.Cl,. After removal of the solvent a green-blue solid was intensities, and Raman scattering activities of the radical cation
obtained. This solid was recrystallized from THF, yielding were computed. The molecular structures were optimized at the
crystals with the compositiod*SbCk~(THF)s5 which were UBPWO9L1 level of theory requiring the Becke’s 1988 exchange
suitable for single-crystal X-ray diffraction analysis. The crystal and Perdew and Wang's 1991 gradient-corrected correlation
structure shows two independent cations, both having a crystal-functionals. The 6-31G* split valence plus polarization basis
lographic inversion center which makes the point gr@put set was used. Unlike UHF calculations, which are highly spin
with only little deviations fromCy,n. However, the THF molecule
which was incorporated in the crystal shows very strong thermal (56) Brown, . M.; Freeman, G. R.; Walter, RJL Am. Chem. S0d977 99,
ellipsoids indicating disorder. Therefore, we recrystallized the (57) Sobolev, A. N.; Bel'skii, V. K.; Romm, I. P.; Chernikova, N. Y.; Guryanova,
salt from CHCl,/dioxane and obtained crystals with the g.ﬁ\l.Acta Crystallogr., Sect. C: Cryst. Struct. Commii885 C41, 967—

Results and Discussion

(58) LoW, P. J.; Paterson, M. A. J.; Puschmann, H.; Goeta, A. E.; Howard, J.

(46) Bushby, R.-J. InMagnetism: Molecules to Materials;IMiller, J. S.,
Drillon, M., Eds.; Wiley-VCH: Weinheim, Germany, 2001; pp 4887.

(47) Bonvoisin, J.; Launay, J.-P.; Van der Auweraer, M.; De Schryver, B. C.
Phys. Chem1994 98, 5052-5057 (see also correctidr®96 100, 18 006).

(48) Bonvoisin, J.; Launay, J.-P.; Verbouwe, W.; Van der Auweraer, M.; De

Schryver, F. CJ. Phys. Chem1996 100, 17 079-17 082.

(49) Lambert, C.; Gaschler, W.; Schiin, E.; Meerholz, K.; Biachle, C.J.
Chem. Soc., Perkin Trans.1®99 577—588.

(50) Lambert, C.; NI, G. Synth. Met2003 139, 57—62.

(51) Lambert, C.; NB, G. Angew. Chem., Int. EA.998 37, 2107-2110.

(52) Lambert, C.; N, G. Chem. Eur. J2002 8, 3467-3477.

(53) Lambert, C.; Ny, G. J. Chem. Soc., Perkin Trans.2D02 2039-2043.

(54) Lambert, C.; Nb, G.; Hampel, F.J. Phys. Chem. 2001 105 7751~
7758.

(55) Lambert, C.; Nb, G.; Schelter, JNat. Mater.2002 1, 69—73.
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contaminated, the DFT calculations are almost free of any spin
contamination ¥ = 0.753). The fully optimized molecular
geometries correspond to minima on the ground-state potential
surface ofl™ and1, as was proven by normal-mode analysis,
employing the analytically calculated Hessian. The molecular
structures ofl™ and 1 computed with symmetry restrictions 061
resulted in structural parameters almost identical to those 1
calculated without symmetry restrictions. The bond length “' 047
differences between the two procedures are smaller than 0.001 1

A. For 1* we found two minima close in energy wiih, and 024

Con symmetry, the latter involving a center of inversion. The 1 AN

X-ray structure analysis oflt showed that the molecular 004 o & o wERE Theee e e
structure in the solid state h&, symmetry. Moreover, the T

Con symmetric cation is predicted by the quantum chemical -0.2 T y T y T - T : 1
calculations to be more stable (by 2.6 kJ/mol) than Ehe 5000 10000 5/ C:zf)‘oo 20000 26000

symmetrlc form. Thes.e two 90nf0rmers differ in the relative Figure 2. Normalized UV/is/NIR absorption spectrabfSbCk™(THF)o5
helicity of the two triarylamine propellers. Selected DFT- in MeCN (solid line) and CKLCI, (dashed line) as well as the fitted spectra
computed parameters of the cation are included in Table 1 and(open triangles and solid rectangles) by the two-mode approach.

are in good agreement with the experimentally observed values.

The computed molecular parameters for the neutral species andhe case of class I1). As we will show latdrf belongs to class

the radical cation mainly differ in the bonds and angles involving Il right at the border to class Il, and therefore, “charge
the central benzene and the nitrogen atoms. Th&l®ond is resonance” will be used to name the NIR absorption. To fit the
significantly reduced in the cation, compared to the neutral form. experimental charge resonance bands in the two solvents and
As mentioned before, removing an electron franstabilizes to obtain the parameters which govern the ground- and excited-
the Cz, symmetric catiorL™ with respect to thd, symmetric state potential energy surfaces (PES), we applied the semiclas-
form. However, in the case of the neutral compodnithe D, sical Marcus-Hush theor§ for the degenerate case. It is
symmetric form has been found to be slightly more stable (by important to note that the model used is equally applicable to
0.03 kJ/mol) than theCy, symmetric isomer but which is of  both localized (RobirDay class 1) and delocalized (Robin
course insignificant. Day class Ill) systems in order not to prejudice the outcome of

Both the X-ray structure analysis and the DFT calculations the band fit by the choice of the modet:3® In our
indicate a centrosymmetric structure af. However, the  Mmodification?® we used a vibronic matrix (eq 1) with one
unambiguous conclusion of a delocalized class Ill structure for @ymmetric modex (the ET coordinate in the conventional
1+ cannot be drawn from these investigations for several Marcus-Hush theory) and, in addition, one totally symmetric
reasons: (1) the investigations refer to either the solid state orModey similar to the one given by PiepléSchatz® Hush*°
the gas phase and not to solution where time and density@nd Zink? This vibronic matrix with the matrix elements;
fluctuations of the solvent may induce a certain degree of = [¢ilH|g;lis presented here in the localized electronic basis
asymmetry inl*. (2) Cation1* might be slightly asymmetric where the basis functiong represent diabatic (noninteracting)
in the solid state and the crystallographic symmetry is due to States in which the excess hole is localized at one of the two

static or dynamic disorder. (3) The symmetryldfin the solid ~ redox centers as given in eq 22 by Reimer and Histhe
state might be induced by the position of the Sp@egenion diabatic potentials are expanded as power series which are
which sits right above the middle of the cati$h(4) DFT terminated after the quadratic terms for the diagonal elements
ions61.62 matrix, V is the electronic couplingix and 1, are the

reorganization energies for tkeandy mode, respectively, and

Ix andly are the linear vibronic coupling constants. The t&fm

+ lyy in the diagonal elements places the transition state at the
coordinatex = 0,y = 0 at energy= 0. The fact that a terrjy
appears in the off-diagonal element of eq 1 produces a mode-
dependent coupling as outlined in refs 29 and-69. The
(dimensionless) displacement of the upper adiabatic surface and
the ground-state surface along thenode is given byA, =

B. Optical Properties: UV/Vis/NIR Spectroscopy and
Theoretical Description of the Potential Energy SurfaceThe
UVNVis/NIR absorption spectra dft were recorded in CKCl,
and in MeCN solution (see Figure 2). The spectrum in MeCN
is almost identical to the one (not shown) in EtCN with 0.2
tetrabutylammoniumhexafluorophosphate (TBAH) as supporting
electrolyte from ref 26.

The broad and strong absorption in the NIR around 12000
1 . . “ n
cm 1 might be termed either a “charge resonance band” (in the (63) Cave, R. J.: Newton, M. Chem. Phys. Lett1996 249, 1519,

w i (63)
case of class Ill) or a “intervalence charge-transfer band” (in (64) Creutz, C.; Newton, M. D.: Sutin, N.. Photochem. Photobiol. A: Chem.
1994 82, 47—-59.
(65) Newton, M. D.Adv. Chem. Phys1999 106, 303-375.
(60) Kochi et al. quite recently reported a MV compound that shows a (66) Deleted in proof.
symmetrical charge distribution in the solid state but is asymmetrically (67) Piepho, S. BJ. Am. Chem. S0d.988 110, 6319-6326.
localized in solution: Sun, D.-L.; Rosokha, S. V.; Lindeman, S. V.; Kochi, (68) Schatz, P. N. IMixed Valency Systems: Applications in Chemistry, Physics

J. K. J. Am. Chem. So®003 125, 15950-15963. and Biology Prassides, K., Ed.; Kluwer Academic Publishers: Dordrecht,
(61) Jones, G. A.; Carpenter, B. K.; Paddon-Row, M.JNAm. Chem. Soc. Holland, 1991; pp #28.
1999 121, 1117%+-11178. (69) Reimers, J. R.; Hush, N. €hem. Phys1996 208 177-193.
(62) Blomgren, F.; Larsson, S.; Nelsen, SJFComput. Chen2001, 22, 655~ (70) Hush, N. S. InMixed Valence Compounds L5&rown, D. B., Ed.; D.
664. Reidel Publishing Co.: Dordrecht, Holland, 1980; p 151.
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l,/Ay and along thex mode it isAx = 1/24x. Thus, choosindy Table 2. Parameters [cm~!] Used To Fit the Experimental Charge

= Jx places the minima of the diabatic potentialscat +0.5. Resonance Band

Furthermore, we make the simplification that= 1y = 1. The P v yl L L=l AGH
variable displacement of the minima along thenode results CHCl, 11580 5300 12000 7000 4080 60
in an effective reorganization energy= 1,%/4 (see Figure 1, MeCN 12140 5500 12600 7200 4110 80

. . . . o ., EtCN/0.2MTBAH 12060 5600 12200 7200 4250 30
diagram on the right-hand side). Diagonalization of the matriX £, 2\/02 M TBAHE 12060 5600 12200 5400 2390 30

gives two adiabatic potential energy surfaces. We calculated EtcN/0.2 M TBAH 12060 3630 12 060 0 0 480
the absorption spectra using a Boltzmann distribution of _ — — —
nfitesimally spaced vibrational states fo both the ground and ., Caceed o e ful e Sauten e davee sparoxeton.
excited state and the energy difference between the two adiabatiGef 56
potential energy surfacésAs long as the coupliny is rather

strong, the spectra can only be accurately fitted by adjusting

ly, and1 and, thus, no assumptions about any effective (diabatic) 0B 1
electron-transfer distance are necessary as in the traditional one-
dimensional MarcusHush theory.
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If V is rather small, the spectra in our two-mode approach X mode

become Gaussian-shaped (with the bandwidth at half height atFigure 3. Contour plot of the ground-state PE_SIif as derived from the
. . . . two-mode Marcus-Hush analysis. The contour lines are spaced by 50-cm
the high-temperature limit (HTL) given by eq 2) and indepen-
dent of V and Iy, and the solutions are equivalent to the
traditional one-dimensional Marcu$lush theory. In this case,
an estimate of the ad!abat!c (or d!abat!c) dipole .m°me”t differ- ET distance’® Thus, especially for species at the class I/l
ence between the adiabatic (or diabatic) states is still necessar}{ransition the two-mode model is a distinct improvement
in order to calculatev by eq 3 (generalized Mulliken-Hush P )
theonf3-69). In this equatiormaxis the energy of the electronic The resglts for the fits in Figure 2 are given in Table 2
transition uegis the transition moment of the IV-CT band which ~ together with the results from the work of Coropceanu éf al
moment difference which can be traced back to purely adiabatic dimensional MarcusHush analysis using eq 3 for the evalu-
quantities by eq 5 WherAeg = e — ugis the adiabatic dipole ~ ation of V and the N-N distance (5.6 A) angieg = 8.1 D.
moment difference. In principle, this adiabatic dipole moment Neither the electronic coupling nor the reorganization energy
difference can be measured by Stark spectroséoffyor can strongly depend on the solvent which is a strong hint toward a
be computed by quantum chemical meth&d%. The usual delocalized systerf?. For both the traditional one-mode and the
method however is to estimate either the diabatic or the adiabatictwo-mode Marcus Hush theory, the ET barriegkG* vanishes
dipole moment difference bg x r wherer is the distance  if 2V > 1. While this is obviously the case fdr" if we apply
between the redox centers. While for strongly localized systems the two-mode modelAG* < 80 cnmY), i.e., we are right at the
this estimation is rather accurate it becomes worse the strongertransition between class Il and Ill, it is not if we use the one-
the delocalization is. Especially for triarylamine based systems, mode model which yields a significant barrier (480 ¢in
because of the much smallérderived from eq 3.
(71) Hupp, J. T.; Dong, Y.; Blackbourn, R. L.; Lu, B. Phys. Cheni993 97,

3278-3282. In Figure 3 the contour plot of the adiabatic ground-state PES
() e 126 o koys = Denning. R. G.; Boxer, S. &.Am. Chem. — for 1 in CH,Clz as obtained by the two-mode analysis is given.
(73) Ferretti, A.; Lami, A.; Murga, L. F.; Shehadi, I.; Ondrechen, M. J.; Villani, It can easily be seen that there is practically no barrier for the
G.J. Am. Chem. Sod.999 121, 2594-2596.
(74) Oh, D. H.; Sano, M.; Boxer, S. G. Am. Chem. S0d.991, 113 6880~
6890

Nelsen et al. quite recently showed that using the nitregen
nitrogen distance leads to a gross overestimation of the adiabatic

(78) Nelsen, S. F.; Konradsson, A. E.; Luo, Y.; Kim, K.-Y.; Blackstock, S. C.

(75) Shin, Y.-g. K.; Brunschwig, B. S.; Creutz, C.; Sutin, NAm. Chem. Soc. Submitted for publication.

1995 117, 8668-86609. (79) Possible effects of ion pairing which is likely to occur in methylene chloride
(76) Nelsen, S. F.; Blomgren, B. Org. Chem2001, 66, 6551-6559. but unlikely in MeCN are ignored in our case. See: Nelsen S. F.; Ismagilov,
(77) Nelsen, S. F.; Newton, M. O. Phys. Chem. 200Q 104, 10023-10031. R. F.J. Phys. Chem. A999 103 5373.
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Figure 4. Calculated Raman scattering intensities at the BPW91/6-31G- _ _ 'V/ cm

(d) level for 1+ and the off-resonance Raman spectrum inClisolution Figure 5. Calculated IR intensities at the BPW91/6-31G(d) level Tor

measured at 514.5 nm excitation. The spectrum of the pup€GIHolvent and the IR spectrum recorded in €&, solution and in KBr matrix.

is also given as a thin solid line.

between the calculated and experimental intensities could be
ET pathway which proceeds in a bent fashion rather than straightobserved. However, the calculation of the polarizability deriva-
along thex axis. That broad absorption features are observed tives, which is required to evaluate the Raman intensities, is
rather than the expected narrow lines with vibrational progres- very sensitive to the level of theof§ To get a better agreement
sion is due to the strong coupling to an average symmetric petween the experimentally observed Raman intensities and the
mode?* calculated ones a higher level of theory is required, but then

C. IR and Raman Spectra and Their DFT Computation. the numerical calculation of the Raman scattering activities
To investigate the vibrational modes involved in the charge would be extremely time-consuming. Therefore, we refrained
resonance excitations @f we performed a detailed vibrational  from applying a higher level of theory.
study. This involved the measurement of the IR, off resonance  The DFT calculations wittD, andC,, Ssymmetry constraints
and resonance Raman spectra, the assignment of IR and Ramayielded very similar results for the vibrational frequencies,
vibrational modes by comparison with DFT computed vibra- infrared absorption intensities, and Raman scattering intensities
tions, and the resonance Raman intensity analysis in order to(Figures 4 and 5). In the case 6f, symmetry the IR active
determine the FranekCondon parameters. vibrational modes are forbidden in the Raman spectrum due to

The vibrational spectroscopic techniques IR and Raman the center of inversion. However, the calculations wih
spectroscopy represent one of the most useful tools for obtainingsymmetry restrictions predicted a similar behavior. The IR active
information about the structure and properties of molecules from bands have almost zero Raman scattering activity, and vice
their vibrational transitions. However, the assignment of the versa. Thus, a definite conclusion about the symmetryof
infrared and Raman bands of polyatomic molecules is rather (D, or Cy,) in solution cannot be drawn from our Raman and
complicated. Theoretical calculations, first of all DFT calcula- |R measurements; however, the excellent agreement of the IR
tions, are therefore the appropriate tools to obtain a deeperspectra in solution and in the solid state (KBr matrix) where
insight into the microscopic atomic displacements of compli- the structure is known by the X-ray crystal structure analysis
cated molecules. on one hand and the good agreement of the calculated and

To obtain structural information fdt*, IR and Raman spectra  computed spectra on the other hand suggests a symmetric and,
of 1* in CH.CI, solution were measured. The IR spectrum of therefore, a class Il structure df in which both nitrogen atoms
1+ was recorded also in a KBr matrix. are equivalent.

The Raman scattering activities dff were calculated The vibrational analysis was carried out by comparing the
maintaining the symmetry restriction€4, or D) because of computed vibrational modes with those obtained from the
the high computational costs. The Raman scattering activities literature for benzene derivativ&sThe vibrational assignment
were converted into Raman scattering intensities for the 514.5is given in Table 3. The corresponding computed wavenumbers
nm off-resonant excitation line as described by Porezag andare also listed. Upon substitution of the benzene molecule the
Pedersorf? symmetry is lowered and the degenerate vibrations are split into

The off-resonance Raman spectruniofin CH,Cl, solution their counterpart& A molecular structure of,, symmetry has
is shown in Figure 4 in comparison with the DFT-calculated &, and y Raman and @and k IR active modes, while a
Raman scattering intensities. The IR spectraofneasured in molecular structure ob, symmetry has vibrational modes of
a KBr matrix and in solution are presented in Figure 5. The a, by, by, and i symmetry, which are Raman active. Only the
calculated vibrational frequencies (no scaling factors were a modes are IR inactive. The vibrational modes will be discussed
applied) and IR intensities are in good agreement with the in the following, taking into consideration a molecular structure
experimental data. For the Raman data, a general correspondencef C,, symmetry (see Table 3), but a strong correspondence

(80) Porezag, D.; Pederson, M. Rhys. Re. B: Condens. Matted996 54, (81) Dollish, F. R.; Fateley, W. G.; Bentley, F. Eharacteristic Raman
7830-7836. Frequencies of Organic Compound<73.

J. AM. CHEM. SOC. = VOL. 126, NO. 25, 2004 7839



ARTICLES Szeghalmi et al.

Table 3. Experimental and Computed Vibrational Wavenumbers 7, Displacement Parameters A, Vibrational Reorganization Energies 4y,
and Tentative Vibrational Assignment with DFT Results for the Most Prominent Vibrations of 1*. Selected Values for 2* Are Given in
Parentheses??

vlemt 7 DFT/ecm~! A Ayilem™t vibrational assignment¢
IR 1585 1603 a C=C stretch/phenyl g,2 phenylene g2
1595k C=C stretch/phenyl g?
1588 & C=C stretch/phenyl g
1583 hy C=C stretch/phenyl g, phenylene g
1494 C=C stretch/phenyl, phenyleng@
1491 1486 b C=C stretch/phenyl &,2 phenylene gP + C—N—C stretch
1489 1482 @ C=C stretch/phenyl, phenyleng@&+ sym C-N stretch
1472 iy C=C stretch/phenyleng g + asym C-N—C stretch
1462 a C=C stretch/phenyl g,° phenylene g2 + asym C-N stretch
1454 1454 p C=C stretch/phenyl, phenyleng@
1356 1366 a sym G-N—C stretch+ C=C stretch/phenyl g°
1366 ky asym C-N—C + C=C stretch/phenyl, phenyleng@
1346 Iy sym C-N—C stretch+ C=C stretch/phenylene &
sh 1328 a CCH deformationt- sym C-N—C stretch
1254 1250 b C—N—C stretcht CCH deformation/phenyleng &
1184 1190 @ CCH deformation/phenylg2 phenylene g2
1178 ky CCH deformation/phenylg?2 phenylene &
1161 1171 @ CCH deformation/phenyl
1150 1168 @ CCH deformation/phenylxg2 phenylene g2
1078 1092 a CCH deformation/phenylg®
1091 by CCH deformation/phenylg®
1024 1030 b CCH deformation/phenyl¢?
1001 987 a phenyl trig. ring breathing- CCH deformation/phenylene
826 817 a out-of-plane CCH deformation
758 751k out-of-plane CCH deformation
702 686 a out-of-plane CCH deformation
Raman 1613(1620) 1617 & 0.42 (0.64) 142.3 (335) €C stretch/phenyl, phenylengg
1595 Iy C=C stretch/phenyl g2
1582 1593 g 0.56 248.1 E&=C stretch/phenyl g, phenylene g2 + C—N stretch
1586 g C=C stretch/phenyl g, phenylene g2 + C—N stretch
1583 Iy C=C stretch/phenyl, phenylene,g
1489 1488 0.25 46.5 C=C stretch/phenyl g,2 phenylene g2 + C—N—C stretch
1484 y C=C stretch/phenyl g2 + C—N—C stretch
1461 1463 § 0.22 35.4 G=C stretch/phenylgP + C—N stretch+ sym G-N—C stretch
1455y C=C stretch/phenyl g, phenylene g
1365(1368) 1337 & 1.20 (0.44) 982.8 (132) sym-NAr—N stretch
13211y CCH deformation g (Wilson 3, very weak usually)
1305 g sym N—Ar—N stretch
1310RR (1095) 1295a asym N-Ar—N stretch
1197 g CCH deformation/phenyl, phenylenge+ C—N stretch
1198 1180 g 0.64 2454 CCH deformation/phenyl, phenylepg ¢ C—N stretch
1179 1177 0.43 109.0 CCH deformation/phenyi,e
1171 3 CCH deformation/phenylg®
1166 1164 g CCH deformationt- phenylene ring stretch
1030 1030k CCH deformation/phenyl¢?
1028 g CCH deformation/phenyl¢?
1004 988 g phenyl trig. ring breathing/
987 by phenyl trig. ring breathingh
sh 9713 out-of-plane CCH deformation
928 917 g phenylene ring breathing/gt+ C—N stretch
898 (1014) 892 @ (0.47) (112) phenylene ring breathing/a
839 820 @ out-of-plane CCH deformation
815N out-of-plane CCH deformation
800 RR 793 & out-of-plane phenylene deformation
770 756 @ ring deformation/phenyleneg
732 7253 ring deformation/phenyl, phenyleng e
491 (505) 480 @ 1.34(0.72) 440.8 (132) €N—C twist+ in-plane phenylene deformation
421 405 g out-of-plane phenyl ring deformation
409(405) 401y 1.24 (1.07) 314.4 (232) out-of-plane phenyl ring deformation
257 243 & 1.49 285.3 C-N—C (phenyl) twist+ phenyl wagging
205 194 g phenylene out-of-plane deformatienN—Ar—N deformation

abRefer to the Wilson notation of the degenerate vibrations of the benzene molecule. The RR enhanced modes are markéd fas befdene
fundamentals from which the vibrational modesldfare derived.

between the molecular vibrations of the two symmetries has the nitrogen atoms. Several vibrations are strongly coupled and
been observed (Figures 4 and 5). involve the entire system. Scheme 1 presents selected vibrational

Cation1* consists of four identical monosubstituted (phenyl) modes and the corresponding Cartesian atomic displacements.
benzene units and one disubstituted (phenylene) benzene unit. The splitting of the aromatic€C stretch mode, which arises
The computations showed that many vibrational modes involve in the Raman spectrum of benzéhas a very strong band at
only one type of the benzene rings, while others involve also 1596 cn1? (Wilson numbers 8a and 8b, ofgsymmetry) and
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Scheme 1. The Cartesian Displacements of the Atoms during the
Fundamental Resonance Enhanced Vibrations of 1+

1461 cm™ (calculated 1463)

R

1310 cm’ (calculated 1295)
"Q\

491 cm™ (calculated 480)

409 cm’’ (calculated 401)

in the IR spectrum at 1486 crh(Wilson numbers 19a and 19b,
of e;y, symmetry), due to the lowering of symmetry leads to
several Raman or IR active vibrations in this spectral region.
In the off-resonance Raman spectrum 18f (Figure 4) two
vibrational modes at 1613 and 1582 thean be observed. The
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Figure 6. Resonance Raman spectraldfin CH,Cl, solution measured
at 1064, 830, and 785 nm excitation lines (top to bottom) in comparison
with the off-resonance Raman spectrum at 514.5 nm.

band strongly coupled to the-€N stretching mode. The weak
bands in the IR spectrum around 1150 ¢nand the medium
strong band at 1024 crm are due to the CCH deformation
modes.

The medium strong band at 1004 chin the Raman
spectrum corresponds to the trigonal phenyl ring breathing mode,
which derives its intensity from the benzene ring stretch;gf b
symmetry. Nevertheless, this mode is Raman allowéd isince
the overall symmetry of the mode ig ar by (see Table 3) as
predicted by the calculations. A shoulder at higher wavenumbers
can usually be observed in monosubstituted benzene derivatives
and is attributed to CCH deformation. The benzene ring
breathing of g symmetry of the phenylene unit arises as a band
of comparable intensity to the trigonale ring breathing mode at
898 cnL. The shoulder at 928 cm has been attributed, based
on our DFT calculations, also to a phenylene ring breathing
mode, but coupled to a-€N stretch vibration.

The vibrational bands at 732 crhin the Raman spectrum
and at 758 cm! in the IR spectrum have been attributed to
out-of-plane CCH deformation modes. The broad band in the
IR spectrum of the solid form of* at 702 cm! has been
accurately predicted by the computations and is also corre-
sponding to an out-of-plane CCH deformation mode.

The Raman spectrum could be also recorded in the low

calculations (see Table 3) predicted several intense modes (1617wavenumber region. The CCN deformation mode arises at 491

1595, 1593, 1586 cm) in this spectral region. The strongest
vibration calculated at 1593 crh (Scheme 1) corresponds to

the symmetric aromatic stretch of the phenyl and phenylene

rings and also involves the-N bond. Raman bands due to
C=C stretch vibrations also arise at 1489 and 1461 crbut
with very weak intensity (Figure 4). The strong and broad band
around 1490 cm! in the IR spectrum (Figure 5) probably
consists of several<€C vibrational modes. The€C stretch
shows weak IR intensity around 1600 thn

The broad band at 1365 crhin the off-resonance Raman
spectrum ofl™ can be assigned to a symmetrie-§ stretching
mode along the Nbridge—N axis. The largest atomic motions
involved in this vibration are presented in Scheme 1.

The CCH deformation modes give rise to a strong Raman
band (Figure 4) at 1166 and a shoulder at 1177 crithe
vibration at 1198 cm! can be assigned to a CCH deformation

cm™L. The band at 409 cnt is mainly due to the out-of-plane
deformation of the phenyl rings.

D. Resonance Raman Spectroscop¥igure 6 presents the
resonance Raman spectraldfin CH,Cl, solution measured
at 1064, 830, and 785 nm in comparison with the off-resonance
spectrum recorded at 514.5 nm. We also performed Raman
measurements for the neutral fodmThese control experiments
together with the nonresonant Raman measurements' of
confirmed that scattering from the radical is strongly resonance
enhanced if excitation wavelengths within the charge resonance
band (see Figure 7) are applied. Moreover, changes in the
relative intensities of several bands could be observed. The
vibrational mode most enhanced is the i€ stretching vibration
around 1370 cm. Other vibrational modes, including the bands
at 1198, 1178, 491 (see Scheme 1), and 409'cmhich highly
involve the C-N stretching and CCN deformation motion, are
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Figure 7. Absorption cross section dft (dashed line) and the calculated
spectrum (solid line). The excitation lines used in the resonance Raman
measurements are marked.
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also significantly enhanced (Table 3). The symmetricadGC
stretching modes around 1600 cthare also enhanced under
resonant excitation conditions. Additionally, a vibrational mode
at 1310 cm?, which was assigned to amsymmetricC—N
stretching mode (Table 3, calculated at 1295 &mncan be
observed in the resonance Raman spectra, although it canno
be found in the off-resonance Raman spectrum. Nevertheless
the assignment of this band is disputable since the DFT
calculations predicted a medium strong symmetra\Cstretch
vibration at 1305 cm?, which is, however, similar to the mode
most enhanced under resonant excitation predicted at 1337 cm
(ag symmetry). So far, we can conclude that the charge-transfer
excited-state potential surface is displaced along the above-
mentioned normal mode coordinates.

Both the absorption spectra and resonance Raman spectr
contain information about the excited-state potentials. The time-
dependent treatme#it32 of electronic and vibrational spectro-
scopy quantifies the absorption and resonance Raman cros
sections, and thus, the quantitative analysis of the absorption

and resonance Raman spectra allows the dimensionless dis

placement parameters to be determined. The displacements
are a measure of how far along a particular normal mode the
molecule in one electronic state has to move in order to reach
the geometry of the excited electronic stt&enerally, these
are illustrated in one-dimensional representations of the potential

energy surfaces along a normal mode where the distance

between the minima of the parabolasAis

The absorption and resonance Raman cross sections are given

within the time-dependent theSty32 as a full Fourier transform
and a half Fourier transform of the FrareRondon factor,
respectively. Due to the fact that this treatment is described
extensively in the literature;82-5 little detail will be given
here8 Mode-specific information about the vibrational modes
involved in the electronic transition can be obtained by

simultaneously modeling both the resonance Raman intensity

profiles and the absorption spectrum. Knowing the vibrational
characteristics (from theoretical vibrational analysis; see Table

(82) Myers, A. B.Chem. Re. 1996 96, 911-926.

(83) Myers, A. B.Annu. Re. Phys. Chem1998§ 49, 267—295.
(84) Kelley, A. M. J. Phys. Chem. A999 103 6891-6903.

(85) Zink, J. I.; Shin, K. S. KAdv. Photochem1991, 16, 119-214.
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1) and the dimensionless displacement parameters the
resonance enhanced vibrational modes, the latter can be
converted into absolute bond distorticgiis?® However, these
depend on the sign ok, while the vibrational reorganization
energies can be calculated directly fréxa and the correspond-
ing wavenumbers.

Raman cross sections for the most RR enhanced vibrational
modes (see Table 3) were determined by integrating over the
respective bands and calculating the ratio of this value and the
area of the ChCl, band at 702 cmt of known cross sectidi®!
which was used as an internal standard. Band deconvolution
was performed where necessary. Correction for self-absorption
was made as described in the literatti&

Following the general computational strategy described by
MyersZ-93we simulated the absorption and differential Raman
cross sections of the 10 symmetrical RR enhanced modes
marked in bold in Table 3. The mode of very low intensity at
1310 cnt?, which is most likely an asymmetrical NAr—N
stretching vibration, has not been considered for the calculations
since we lack the machinery to treat asymmetrical modes. The
theoretical absorption and Raman cross sections for the sym-
metrical modes were calculated using the same input parameters.
Harmonic ground- and excited-state potentials with equal force
constants were considered. Within the Condon approximation,
Ehe derivatives of the transition dipole moment with respect to

he vibrational coordinates were set to zero. We assumed a
temperature of 298 K and no thermal population of higher
vibrational levels of the electronic ground state. The electronic
zero—zero energy as defined in Figure 1 for a symmetrical
mode,Eqp, which was estimated from the absorption spectrum
and slightly modified during the fitting procedure, amounts to
8300 cnt?. A small amount of static inhomogeneous broadening
(250 cn1?) corresponding to the zerazero energy shifts had

to be included, to suppress any vibrational feature in the

%bsorption spectrum.

The solvent-induced broadening was taken into account in

Jerms of a single overdamped Brownian oscillator meRel

and no damping due to the lifetime decay has been taken into
account. The solvent induced “homogeneous” broadéfing
amounts to 1180 cmd, which correspond$ to a classical
reorganization energy ofs = 628 cnl. The displacement

(86) The absorption cross section within the time-dependent formalism at
wavenumbemw is given by:

op(@) = dr(eMwl3hc L/i i d6G(0) Z BRe j; At (O Cexpli (@ —

Eoo— 0 + i)t —g®)]

whereM is the transition moment is some inhomogeneous distribution

of zero-zero energy Koo shifts, B; is the Boltzmann population of

vibrational leveli of energywi, and gf) is a damping function due to the

solvent induced broadening.

(87) Moran, A. M.; Kelley, A. M.J. Chem. Phys2001, 115 912-924.

(88) Egolf, D. S.; Waterland, M. R.; Kelley, A. Ml. Phys. Chem. R00Q
104, 10727 10737.

(89) Lilichenko, M.; Tittelbach-Helmrich, D.; Verhoeven, J. W.; Gould, I. R.;
Myers, A. B.J. Chem. Phys1998 109, 10958-10969.

(90) Baranovski, V. I.; Lubimova, O. O.; Makarov, A. A.; Sizova, O.Ghem.
Phys. Lett2002 361, 196—202.

(91) Trulson, M. O.; Mathies, R. Al. Chem. Phys1986 84, 2068-2074.

(92) Shriver, D. F.; Dunn, J. B. RAppl. Spectroscl974 28, 319-323.

(93) FORTRAN code for calculating absolute cross sections was obtained
courtesy of Prof. Anne Myers Kelley at the University of California.

(94) Li, B.; Johnson, A. E.; Mukamel, S.; Myers, A. B.Am. Chem. Sod994
116 11039-11047.

(95) Mukamel, S. IrOxford Series in Optical and Imaging Scienceapp, M.,

Nishizawa, J.-I., Snavely, B. J., Stark, H., Tam, A. C., Wilson, T., Eds;

Oxford University Press: New York, 1995; Vol. 6, pp 26261.
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parameters for the RR-enhanced symmetrical modes are sumenergy (see Table 3). In our system the symmetrieCC
marized in Table 3. The calculated vibrational reorganization stretching is split into two modes at 1613 and 1582 tnihe
energies for these vibrational modes are also listed. sum of the vibrational reorganization energies of these two
Figure 7 shows that an excellent fit for the charge resonancemodes is ca. 390 cm, which corresponds to the 335 cin
absorption band shape could be obtained. The resonance Ramavalue obtained in this vibrational region by Bailey ef#&for
excitation profiles are included in the Supporting Information. the corresponding mode. Much in contrast, thelCstretching
Several points concerning the resonance Raman data are wortfnode at 1365 cmt along the bridge shows the largest
noting (see Table 3): A recent resonance Raman study of andisplacement and the largest contributionitoin 1* but has
organic mixed-valence system performed by Williams ef?al  much less intensity in the-phenylenediamine derivativat
based on the same procedure as the one applied in the studyprobably due to substituent effects. The minimal total vibrational
presented here, reported very good simulations for both the reorganization energy fat* is, however, a factor of 2 larger
absorption and the relative Raman cross sections. However, thghan for thep-phenylenediamine derivative reported by Bailey
absolute Raman scattering cross sections were roughly an orde€t al.
of magnitude higher than those measured experimentally. The Our fit of the resonance Raman and the absorption cross
calculations were done on the diabatic surfaces of a symmetrical,sections yields, ~ 2850 cnt! and/s ~ 630 cn1?, which are
localized charge-transfer system. To gain insight into the the total vibrational reorganization energy and the solvent
underlying Raman cross section problem, Williams et2al  reorganizatioP? energy, respectively. The sum of these reor-
approximated the upper and lower adiabatic surfaces with ganization energies<( 3480 cm) compares very well with
inequivalent, vertically displaced parabolic surfaces. However, the reorganization enerdy = 4080 cnt! of the symmetric
under these conditions they found that the upper state frequen-node obtained from the Marcus$iush theory (see section B
cies were three times larger than the ground-state frequenciesand Figure 1). Together withy (= 8300 cn1?) the sum oft,
which independent of other considerations leads to smallerand 4s (= 11 780 cnt?) agrees very well with the optical
calculated Raman cross sections. Adjusting all the parameterstransition energyi{max = 11 580 cnt?):
to such a harmonic potential energy diagram model, Williams

et al. obtained Raman cross sections close to the experimental Vmax= Eoo T Ay T 4s (10)
data. However, the absorption spectrum still could not be
modeled exactly. The study of Williams et“8lshowed rather Furthermore, the solvent reorganization energy obtained from

convincingly that the discrepancies between the theoretical the analysis of the observed resonance Raman intensities is quite
analysis and the experimental data lies in the unique shapes oksmall. The obtained value d§ ~ 630 cn! is an upper limit
the surfaces of a localized IV-CT system. In contrast, for a and is more properly labeled as the classical reorganization
delocalized systemi(), a very good fit for both absorption  energy since it may contain contributions from low-wavenumber
and Raman cross sections could be obtained by modeling thevibrational modes that were not observed in the resonance
ground- and excited-state potential surfaces with equivalent Raman spectra. Such a mode at 205 tmiue to the out-of-
harmonic surfaces. plane deformation of the phenylene ring could be noticed in
High displacement parameters were obtained for the vibra- the spectrum recorded at 1064 nm. Barbara &t détermined
tional modes in the low wavenumber region. The twisting of from resonance Raman data the classical reorganization energy
the phenyl groups at 257 crhand the CNC deformation at  for localized inorganic mixed-valence compounds in deuterated
491 cnrt which involves the axial €N bonds have the highest  glycerol and water. The results of Barbara e#>& showed
distortion. However, the displacement of the symmetrieNC that the solvent-induced broadening of the absorption band is
stretching along the bridge (Scheme 1) is also bigger than one.significant if the dipole moment of the solute changes upon
This mode at 1365 cni has the largest displacement of all the optical excitation. The classical reorganization energy for
stretching modes. The vibrational reorganization energies arelocalized MV systems obtained from RR data was in the range
proportional to the vibrational wavenumbers. Therefore, the of 3300-3700 cnT?, which is considerably higher than the value
reorganization energy involved in the symmetrie i stretching obtained forl™. The small contribution of the solvent to the
mode is found to be the largest. The sum of the reorganization reorganization energy and its small influence on the charge-
energies of all symmetrical vibrations that we were able to transfer process is again a strong evidence for a delocalized
observe is about 2850 crh system.
A theoretical analysis of Talaga and Zink about the effects
of bond length changes and electronic coupling on the intensities

-
» oS
o (96) The solvent induced broadening was taken into account in terms of a single

overdamped Brownian oscillator model. This model appropriately describes
both the solvent effects on the solute and the effect of the solute on the
solvent. The time scale of the solvent induced breadth is usually expressed
2" by the parametet = A/D. Here A determines the characteristic solvent
time scale andD represents the strength of the coupling between the
electronic transition and the solvation coordinate. We assumed slow

These resu'ts can be Compared Wlth those recently Obta|ned modulation wherec = 0.1, which makes the solvent contribution to the
absorption line shape nearly Gaussian. Thus, the functignbgtomes

by Bailey et al. for the strongly couplgatphenylenediamine glt) = (DYA?) [exp(—Ath) = 1 + AUR)] + i(D¥2ksT)t/h where the
2+ radical cation derivativé? In contrast tal™. the radical cation quantityD%/2ksT represents the solvent contributiéyto the reorganization
" . ) ) ! . . energy. Mukamel and co-workers showed that the solvent reorganization
2" shows an absorption band with strong vibrational progression. energy and solvent induced broadening are accounted for by the *homo-
+ L i i _ geneous” broadeninby: D = I'o[(1 + 0.85« + 0.88«2)/(2.355+ 1.76k)].
For sys_temz the C=C stretch motion (_:oup_led with NAr i N . (97) Kambhampati, P.; Son, D. H.; Kee, T. W.; Barbara, PJ.FRhys. Chem.
stretching at 1620 cri has the largest vibrational reorganization A 200Q 104, 10 637-10 644.
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HOMO-1 (B) SOMO (B,)

Figure 8. Contour plot of the molecular orbitals HOMO-1 and SOMO1dfand their symmetries for a centrosymmetric molecular structure

of the symmetric and asymmetric modes in absorption and (see Figure 8), leading to a lengthening of the CN bond caused
resonance Ramétspectra has shown that the symmetric mode by the N-Ar—N stretch vibration observed around 1370¢m
intensity increases with increasidg,,p, which is equivalent to The fact that this vibrational mode presents a very high
the linear coupling constahtof the averaged symmetrical mode displacement parameter indicates a significant geometrical
mentioned above. This parameter is a measure of the change irchange of this bond in the excited state. Furthermore, the orbital
coupling as the molecule vibrates along the symmetric coordi- coefficients of the phenyl units are larger in the HOMO-1 orbital
nate. Starting from a coordinate-displaced model for the than in the SOMO orbital. This indicates that vibrational modes
potentials of interacting electronic states for a localized system, involving the phenyl units are also coupled to the electronic
Talaga and Zink showed that as the sites move close togetherfransition.
the coupling increases. Talaga and Zink concluded that when  The high number of vibrational modes involved into the
the coupling Qcoup is even larger in the direction of increasing  charge resonance transfer makes it difficult to determine the
valence delocalization, the symmetric modes become the mosteffective bond length chang@%88” However, taking into
intense and their contribution to the spectra is more important. account the considerations given above, the sign of the displace-
This behavior has also been found in the study of Bailey et ment parameters, which result in the lengthening or the
al.22 for a strongly delocalized systet. shortening of the bonds, can be deduced. The mode at 1365
Within the framework of a dynamic vibronic mod@&l  cm-!induce alone a lengthening of 0.038 A of the axiat®
developed by Coropceanu et al. to describe the CT electronicponds.
spectra, it could be shown that the diagonal coupling elements  The difficulty in converting the dimensionless displacement
of the vibronic Hamiltonian lead to displacements of the ground parameters in bond length and angle changes consists, however,
vs excited state adiabatic potentials along symmetric modes.not only in their signs but also in selecting the vibrational mode
The effect of symmetric vibrational modes on the absorption ¢oordinates. In the case of the=C stretch, five sets of
band shape of delocalized mixed-valence systems was als:alculated coordinates could be taken into consideration for the
recognized previously by Hus#,”® Piepho®” Schatz et al$;%8 two experimental Raman bands. Nevertheless, similar bond
and OndrechePf:*In the strong coupling limit, the absorption  changes were obtained if the 1593 or 1595 &ribrations were
line shape igontrolledby the symmetric modes. Our resonance :gnsidered for the 1582 ¢t band. Thus. the calculation of
Raman data in connection with the crystal structure analysis the pond changes led to a lengthening 01; the axialN\bonds
and DFT calculations fat™ are in agreement with the prediction  py 0.05 A, a shortening of the G4C2 bonds by 0.018 A, and
made by Husf that in general more than one symmetric 5 |engthening of the C2C3 bonds by 0.015 A. A significant
vibration is involved into the electronic transition and that the change of the NC7 bonds has been determined (0.021 A).

primary symmetric mode was that formed by coupling the changes of the phenyl ring bonds of less than 0.01 A are
donor-bridge and bridge acceptor stretch modes. Such amode pregicted upon optical excitation.

provides an apparent vibration in the doracceptor separation

and was identified as the symmetrie-® stretch at 1365 cri Conclusions
in the case oft™ (Scheme 1). Nevertheless, far several . .
symmetric vibrational modes are involved in the CT transition. . Thg resonance Raman experiments showed that .at least eight
This can probably be explained by an additional coupling of vibrational modes are strongly coupled to the opchI ch.arge
the monosubstituted benzene rings to the electronic transition.'¢sonance band. With the help O_f a DFT-pased V|brat|ona_l
Therefore, a closer examination of the molecular orbitals™of a_naly§|s, these modes were ass_lgned_mamly tp symmetric
is important to understand the charge-transfer process and thénbratlons. The resonance Raman_ intensity analysis "?‘”OWQC’ us
vibrational modes involved. Theoretical calculations performed to Obtf"“n mode-specific |nforrnat|on. about the gxcned-stqte
by Coropceaunu et &% within the framework of a single potential ene:gy surface even |.f the dlrecte!ectrgnlc absorption
configuration interaction foN,N,N',N'-tetrakis(4-methoxyphen- spectrum ofl" is completely diffuse. The vibrational reorga-

yhphenylenediamine showed that the CT transition is dominated N'Zation energies for symmetrical modes were also quantified
by a HOMO-1— SOMO one electron excitation. In the case and the bond length changes upon optical excitation have been

of 1. the HOMO-1- SOMO transition involves an excitation evaluated. The contribution of the symmetric vibrational modes

of an electron from a CN bonding to an antibonding orbital to the reorgamzatlon energy is dominant. These findings are in
agreement with the conclusions from the simple two-state two-

(98) Root, L. J.; Ondrechen, M. Chem. Phys. Lett1982 93, 421—424. mode Marcus-Hush analysis. In particular, quantitative agree-

99) Ko, J.; Ondrechen, M. J. Am. Chem. Sod.985 107, 6161-6167. ; ; ;

2102)) Coropceanu, V.; Malagoli, M.; Andre, J. M; BSredas, JJLChem. Phys. ment betv_veen the reorganization energy of the_symmemc modes
2001, 115, 10 409-10 416. was obtained from both analyses. However, in contrast to the
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analysis of the resonance Raman data the asymmetric mode ipreliminary DFT calculations and helpful discussions. The
also essential for a proper description of the absorption spectrumauthors are most grateful to Prof. Dr. W. Kiefer for the technical
within the Marcus-Hush model. Nevertheless, according to this and the financial support and for helpful scientific discussion
semiclassical analysis the ET barrier is tiny. Within the different as well as the use of the Raman laboratories. We thank Prof.
restrictions of the two models (vibrational vs semiclassical) the Dr. Anne Myers Kelley and co-workers for providing the Fortran
conclusions about™ are essentially the same. The excellent code to perform the resonance Raman analysis.

agreement of the X-ray crystal structure analysis and the DFT-

computed molecular structure &f on one hand as well as the Supporting Information Available: Details of the crystal
solvent and solid-state IR spectra and the DFT calculated IR structure determination df 1*SbCk™(THF)os, and1*ShCk(di-
active vibrations on the other hand prode to adopt a oxane) s (cif) and details of the UV/vis/INIR, IR, and Raman
symmetrical delocalized class lll structure both in the solid state measurement and the RR excitation profiles. This material is
and in solution. Despite close structural resemblance afnd available free of charge via the Internet at http://pubs.acs.org.
of 2* their absorption spectra are quite different; whiteshows Crystallographic data (excluding structure factors) for the
a broad asymmetric band that & displays a distinct structures reported in this paper have been deposited with the
vibrational progression. This difference can be traced back to aCambridge Crystallographic Data Centre as supplementary
different degree of mode contribution to the absorption spectra. publication no. CCDC-221196, 221197, and 221510. Copies

. of the data can be obtained free of charge on application to
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