
Resonance Raman Excitation Profile of a Ruthenium(II) Complex of
Dipyrido[2,3-a:3′,2′-c]phenazine

Sarah L. Howell,† Keith C. Gordon,* ,† Mark R. Waterland, ‡ King Hung Leung,§ and
David Lee Phillips§

Department of Chemistry, UniVersity of Otago, Union Place, Dunedin, New Zealand, Nanomaterials Research
Centre, Massey UniVersity, Colombo Road, Palmerston North, New Zealand, and Department of Chemistry,
The UniVersity of Hong Kong, Pokfulam Road, Hong Kong SAR, PR China

ReceiVed: May 24, 2006; In Final Form: August 2, 2006

The lowest energy transition of [Ru(CN)4(ppb)]2- (ppb) dipyrido[2,3-a:3′,2′-c]phenazine), a metal-to-ligand
charge transfer, has been probed using resonance Raman spectroscopy with excitation wavelengths (488,
514, 530, and 568 nm) spanning the lowest energy absorption band centered at 522 nm. Wave packet modeling
was used to simultaneously model this lowest energy absorption band and the cross sections of the resonance
Raman bands at the series of excitation wavelengths across this absorption band. A fit to within(20% was
obtained for the Raman cross sections, close to the experimental uncertainty which is typically 10-20%.∆
values of 0.1-0.4 were obtained for modes which were either localized on the ppb ligand (345-1599 cm-1)
or the CN modes (2063 and 2097 cm-1). DFT calculations reveal that the resonance Raman bands observed
are due to modes delocalized over the entire ppb ligand.

Introduction

Inorganic complexes containing polypyridyl ligands show
promise in a number of applications including solar energy
systems1-5 and as dopants in organic-based light-emitting
diodes.6-12 In these applications the excited state is the func-
tional state and photophysical properties such as the excited-
state lifetime are important. In many metal polypyridyl com-
plexes the key excited state is the metal-to-ligand charge-transfer
(MLCT) state,13 and for such states the excited-state lifetime is
dictated by both the energy gap law and the structural changes
that occur upon excitation.14-17 In general, the rate of non-
radiative deactivation of the excited state is increased as the
energy of the state lowers, the energy gap law.14 However, it
has been recognized that creating MLCT states that are de-
localized can reduce nonradiative deactivation rates and thus
increase excited-state lifetimes even in systems with low-lying
excited states. One example of systems that accomplish this are
complexes containing dipyrido[2,3-a:3′,2′-c]phenazine (ppb)
(Figure 1) and substituted analogues. Treadway et al. reported
the excited-state lifetime of [Ru(bpy)2(ppb)]2+ as 327 ns.18

Gordon et al. investigated substituted analogues and found the
excited-state lifetimes of [Ru(bpy)2(ppbCl2)]2+ and [Ru(bpy)2-
(ppbMe2)]2+ to be 124 and 600 ns, respectively.19 Therefore,
determining the extent of structural change is an important
requirement in understanding excited-state properties.

Resonance Raman spectroscopy is the ideal probe of the
initially photoexcited Franck-Condon state. Resonance Raman
spectroscopy causes a 103-105 times enhancement in intensities
compared to the normal Raman spectrum.20,21Importantly, this
enhancement effect is selective, with only some of the bands
being enhanced in intensity. As a general rule, one of the re-

quirements for resonant enhancement is that the mode must be
totally symmetric, in the point group common to both the
ground- and excited-state geometry. The other requirement is
that the mode must distort the molecular geometry of the ground
state in such a way that it mimics the excited-state geometry.20,21

This enhancement effect may be used qualitatively to deter-
mine an excited-state structure. Resonance Raman spectroscopy
was used by Gordon et al. to determine the nature of the
Franck-Condon state for Cu(I) and Re(I) complexes of a series
of substituted dipyrido[3,2-a:2′,3′-c]phenazine (dppz) ligands
(Figure 2), an isomer of ppb.22 Dppz complexes are of interest
to study as, among other reasons, the nature of their excited
state can be tuned by varying the nature of the metal moiety
and substituents on the dppz ligand.23,24 Dppz and substituted
analogues have close-lying unoccupied molecular orbitals. For
dppz the lowest energy unoccupied molecular orbital is localized
on the phenazine portion (rings C-E; see Figure 2 for ring
assignments) of the dppz and has b1 symmetry. The two higher
unoccupied molecular orbitals are localized on the phen (rings
A-C) (b1 symmetry) and phenazine (a2 symmetry) portions.25
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Figure 1. Structure of ppb with ring labeling shown.

Figure 2. Dppz with ring labeling shown.
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In metal complexes of dppz it had been proposed that the
Franck-Condon state is MLCT in nature and has an electron
populating the molecular orbital localized on the phen portion
and this then leads to rapid reorganization to an MLCT state
where the b1(phenazine) orbital is populated.25 In the resonance
Raman spectrum of [Re(CO)3Cl(dppz)] a number of bands were
seen at 1315, 1406, 1446, 1473, and 1495 cm-1. Density func-
tional theory calculations were used to aid the interpretation of
the resonance Raman spectra collected by Gordon et al.24,26Most
of these bands are due to phen-based modes, with one being a
delocalized mode and another is a phenazine-based mode. The
dominance of phen-based over phenazine-based modes supports
that the molecular orbital initially populated upon excitation is
phen-based. The prevalence of phen-based modes was also ob-
served for [Cu(dppz)(PPh3)2]+ and Re(I) complexes of a variety
of dppz-type ligands substituted with CH3 and OCH3 groups.

RREP can provide a quantitative description of the distorted
excited-state geometry. Numerous studies have been carried out
by Kelley and her research group on intra- and intermolecular
charge-transfer complexes.27-32 Although 2N possible geometry
changes are consistent with the resonance Raman intensities,
whereN is the number of active vibrational modes, the excited-
state geometry may be still be obtained.33

It has been found that the [Ru(CN)4(L)] 2- analogues (where
L ) ppb and its analogues) have short MLCT excited states in
water (<5 ns);19 however, these complexes are advantageous
for RREP modeling. First, the [Ru(CN)4(L)] 2- type complexes
contain MLCT transitions which terminate on the L ligand,
whereas the commonly studied [Ru(bpy)2(L)]2+ complexes may
have overlapping Ruf L and Ru f bpy transitions each
contributing to the observed resonance Raman spectrum. Thus,
the observed resonance Raman spectra for the [Ru(CN)4(L)] 2-

complexes are easier to interpret. Second, the CN vibrations
offer a probe of the perturbation of the metal dπ configuration
in the resonant MLCT transition.

Methods

Synthesis.The synthesis of ppb has been previously re-
ported;34 the complexes were synthesized using an adaptation
of the method reported by Bignozzi et al.35

Na2[Ru(CN)4(ppb)]. Na4[Ru(CN)6] (270 mg, 0.89 mmol) in
water (250 mL) was added to ppb (270 mg, 0.95 mmol) in
methanol (250 mL). The resulting clear solution was thoroughly
purged with argon in a quartz reaction vessel and irradiated with
254 nm light in a Rayonet reactor for 32 h. The now purple
solution was concentrated and extracted 3 times with 50 mL of
dichloromethane. The desired product was separated from un-
reacted Na4[Ru(CN)6] and the binuclear product on a Sephadex
DEAE-A25 column, the purple product eluting with 0.3 M NaI.
The solution was concentrated and the product precipitated by
slow addition to acetone. This was repeated to ensure no NaI
remained. Yield: 57% (270 mg, 0.51 mmol).1H NMR (300
MHz, D2O): δ 9.94 (d,Jd ) 8.0 Hz, 1H), 9.60 (d,Jd ) 4.0 Hz,
2H), 8.41 (d,Jd ) 10.0 Hz, 1H) 8.22 (m, 3H), 8.03 (m, 2H),
7.66 (t,Jt ) 8.0 Hz, 1H), 6.44(t,Jt ) 7.0 Hz, 1H).13C NMR
(500 MHz, D2O): δ 164.7, 163.8, 163.3, 162.1, 154.3, 151.7,
148.1, 145.9, 145.8, 144.0, 143.7, 142.2, 134.5, 133.8, 133.2,
132.0, 131.7, 131.0, 128.9, 127.4, 125.5, 125.0. ES-MS:m/z
511 [{M - Na}-], 489.

Physical Measurements.Spectroscopic grade solvents were
used for all spectroscopic measurements.

Spectral data was analyzed using Galactic Industries GRAMS/
32 AI software.

1H NMR spectra were recorded at 25°C, using either a Varian
300 MHz NMR spectrometer. Chemical shifts are given relative

to residual solvent peaks. Mass spectrometry measurements were
obtained from a Micromass LCT instrument for electrospray
measurements.

Continuous-wave Innova I-302 krypton-ion (Coherent, Inc.)
and Spectra-Physics model 166 argon-ion lasers were used to
generate resonance Raman scattering. The laser output was
adjusted to give 20 mW at the sample, which was monitored
using a Melles Griot 13 PEM 003 30-W broad-band power/
energy meter. The incident beam and the collection lens were
arranged in a 135° backscattering geometry to reduce Raman
intensity reduction by self-absorption.36 An aperture-matched
lens was used to focus scattered light through a narrow band
line-rejection (notch) filter (Kaiser Optical Systems) and a quartz
wedge (Spex) and onto the 100µm entrance slit of a spec-
trograph (Acton Research SpectraPro 500i). The collected light
was dispersed in the horizontal plane by a 1200 grooves/mm
ruled diffraction grating (blaze wavelength 500 nm) and detected
by a liquid-nitrogen-cooled back-illuminated Spec-10:100B
CCD controlled by a ST-133 controller and WinSpec/32 (version
2.5.8.1) software (Roper Scientific). Wavenumber calibration
was performed using Raman bands from a 1:1 (by volume)
mixture of acetonitrile and toluene sample.37,38 Peak positions
were reproducible to within 1-2 cm-1. Spectra were obtained
with a resolution of 5 cm-1. Freshly prepared samples were
held in a spinning NMR tube. Concentrations used were 0.1
mmol dm-3.

Electronic absorption spectra were recorded on a Varian Cary
500 scan UV-vis-NIR Spectrophotometer, with Cary WinUV
software. Samples were 10-4 mol dm-3.

Quantum Chemical Calculations.The geometry, vibrational
frequencies, and their IR and Raman intensities were calculated
using DFT calculations (B3LYP functional) with the basis sets
6-31G(d) and LANL2DZ (on Ru atoms). These were imple-
mented with the Gaussian 03W39 program package. No negative
frequencies were predicted indicating that the structures obtained
were at energy minima. The visualization of the vibrational
modes was provided by GaussViewW (Gaussian Inc.). The
calculations of ppb and ppb•- have been previously reported,40

as have those of [Ru(CN)4(ppb)]2- and [Ru(CN)4(ppb)]2-*.19

A scale factor of 0.973 has been used for all calculated
frequencies of [Ru(CN)4(ppb)]2- <1700 cm-1. The simulated
resonance Raman spectrum was created using Gaussian curves
with a fwhm of 4 cm-1.

Wave Packet Modeling.The resonance Raman spectra are
corrected for the wavelength sensitivity of the spectrograph and
detection system. In aqueous solutions the sulfate anion was
used as an internal intensity standard. Band areas were integrated
using the GRAMS AI software package, and differential cross
sections were obtained by taking the ratio of the internal standard
to the band of interest. The resonance Raman intensities were
modeled using the time-dependent wave packet picture described
below. In this description, the excited surface is modeled
semiempirically with various approximations as described
below. It is convenient to use a dimensionless displacement,
∆, to describe the multidimensional potential surfaces.∆i de-
scribes the dimensionless displacement along a normal mode,
i. The∆i are related to changes in internal coordinates, Sj, via
an orthogonal transformation matrix,Rij.

The absorption spectra and the Raman data were modeled
simultaneously using the same material parameters to provide
a check on the quality of the fit to the Raman data.

Theory

A brief discussion of the theory behind RREP modeling is
presented herein. For more detailed discussions, see articles
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by Myers.41,42 The resonance Raman amplitudes are modeled
using the semiempirical formalism developed by Heller and
co-workers.43

The Raman amplitude between the initial and final vibrational
states,Rif, is calculated as the half-Fourier transform of the time-
dependent overlap of a wave packet propagating on the resonant
electronic excited and theV′′ ) 1 ground-electronic-state
vibrational wave function (Figure 3):

Here ωL is the incident laser frequency,pωi is the energy of
the initial vibrational level (set to zero as scattering from all
modes in the simulation occurs from the ground vibrational
level), ω is the zero-zero electronic transition frequency, and
δ is the electronic zero-zero frequency shift due to inhomo-
geneous broadening.〈øf| ) 〈f |µ0 and〈øi| ) 〈i|µ0 are the multi-
dimensional ground-state vibrational wave functions multiplied
by the transition dipole moment, and|øi(t)〉 ) exp(-iHt/p)|øi〉
is the initial vibrational wave function propagated for a time,t,
on the electronic excited-state surface, by the excited-state
vibrational Hamiltonian.g(t) is the solvent-broadening function
modeled as an overdamped Brownian oscillator.44 Separable
harmonic oscillators, with frequencies taken from the ground-
state Raman modes, were used in the model for the potential
energy surfaces. The ground- and excited-state normal modes
are assumed to have the same form; i.e., Dushinsky rotation is
not included, and non-Condon effects were not included.

The experimental observable, the differential Raman cross
section, is calculated via

whereBi is the Boltzmann population of the initial vibrational
state (assumed to be unity here) andLif (ωL - ωS) is a Raman
line-shape function.G(δ) is a normalized inhomogeneous
broadening function which is taken to be Gaussian.

The absorption cross section is calculated at the same level
of theory using

where the real part of the Fourier transform is taken andn is
the refractive index of the solvent.

Results and Discussion

DFT Calculations. The B3LYP/6-31G(d) calculations of the
structure and vibrational spectra of [Ru(CN)4(ppb)]2- have been
previously reported.19 The band assignments from that paper
will be used in this discussion. The mean absolute deviation
between calculated and measured vibrational frequencies was
found to be 9 cm-1 for IR and Raman bands in the 1000-1650
cm-1 region.

Electronic Absorption Spectrum. The electronic spectrum
of [Ru(CN)4(ppb)]2- has an MLCT band centered at 522 nm
(Figure 4). It is this band that has been fitted using RREP. This
band is well isolated from any other transitions which allows
for a single state model to be used. In cases where there are
two or more overlapping transitions a multistate model is
required.45 The excitation wavelengths used to collect the
resonance Raman spectra were 488, 514, 530, and 568 nm.

Resonance Raman Spectra and Simulations.The resonance
Raman spectra of [Ru(CN)4(ppb)]2- have a large number of
bands (>50; Figure S1, Supporting Information); however, to
simplify the modeling we have limited the analysis to 30 modes.
The bands expected to have the smallest contribution have been
excluded from the analysis. The resonance Raman bands con-
sidered and their absolute∆ values are tabulated in Table 1.

The simulated fit to the lowest energy metal-to ligand charge-
transfer band in the absorption spectrum of [Ru(CN)4(ppb)]2-

is shown in Figure 4. A good fit has been obtained with the
wave packet modeling with a single excited state suggesting
the parameters obtained are a reasonable model of what happens
upon photoexcitation of the complex.

The simulated resonance Raman spectrum (from the wave
packet modeling) of [Ru(CN)4(ppb)]2-, along with the measured
spectrum (both with 514.5 nm excitation), is shown in Figure
5. Although some bands differ slightly in intensity between the
simulated and measured spectrum, overall the spectra are similar.
The mean percentage deviation between the simulated and
experimental intensities at this excitation wavelength is 20%.
This compares well to the experimental uncertainty in the
measurements which is typically 10-20%.46

Figure 3. Time-domain picture of molecular spectroscopy. Wave
packet dynamics on the excited-state surface determine a time-dependent
overlap integral with the ground-state wave functions. For absorption
the overlap integral involves the ground-staten ) 0 vibrational wave
function, and resonance Raman intensities are determined by the overlap
with the n ) 1 vibrational wave function.

Figure 4. Measured (black) and simulated (red) electronic absorption
spectrum of [Ru(CN)4(ppb)]2-.
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Selected resonance Raman profiles for [Ru(CN)4(ppb)]2- are
shown in Figure 6. These are the bands observed at 1263, 1471,
1573, and 2097 cm-1. The Raman profiles largely follow the
absorption band profile. This is expected for the case of a single
electronic state contributing to the Raman scattering amplitude,
as there are no interference effects that can lead to dips or
increases in the Raman scattering amplitude.47 Simultaneous
motion along multiple vibrational modes leads to rapid depletion
of the wave packet amplitude in the Franck-Condon region,
and in this case the mode profiles are sensitive to the magnitude
of the dimensionless displacements (∆’s). All the modes in Table
1 have very similar displacements, leading to very similar band
shapes for the Raman profiles. The absorption maximum occurs
at 522 nm. The excitation wavelength for which the largest cross
section occurs is 514 nm, close to this absorption maximum.
All three bands show a reasonable agreement between observed
and calculated cross sections.

In the <1000 cm-1 region of the spectrum, the bands with
the greatest absolute∆ values are at 345, 356, and 491 cm-1.
These bands have∆ values of 0.3-0.4. These bands are
predicted to be modes of a1 symmetry occurring at 343, 344,
and 471 cm-1, respectively. These modes are predominately
motion of atoms in ring C of the ppb ligand (see Figure 1 for
ring labels) along with a small amount of contribution from
ring D and the CN ligands.

In the 1000-1650 cm-1 region of the spectrum, bands at
1263, 1343, and 1471 cm-1 have the largest absolute∆ values
at 0.3 each. These bands correspond to modes calculated at 1257,
1344, and 1476 cm-1. These are all modes of a1 symmetry as-
sumingC2V symmetry of the ppb ligand. All three of these vibra-
tional modes are delocalized over all 5 rings of the ppb ligand.

One of the most intense bands in the resonance Raman spectra
is due to a CN modes of the complex and is observed at 2097
cm-1. A second CN band is observed at 2063 cm-1. The
enhancement of these modes is consistent with the transition to
an MLCT excited state. The decrease in electron density at the
ruthenium center can be approximately described as the oxida-
tion of Ru(II) to Ru(III). This is accompanied by a decrease in
back-bonding to the CN ligands and hence a decrease in the
population of theπ* orbitals on these ancillary ligands. This
causes a shortening of the C-N bond. It is this excited-state
structural change which causes resonant enhancement. The wave
packet modeling of these CN bands at 2063 and 2097 cm-1

shows reasonable agreement with the absolute cross sections
that were observed. The excitation profile of the 2097 cm-1

band can be seen in Figure 6. There are a total of four CN modes
observed in the normal Raman spectrum of [Ru(CN)4(ppb)]2-;
these lie at 2045, 2063, 2097, and 2108 cm-1 (Figure S2). The
only two bands that show intensity in the resonance Raman
spectrum are those at 2063 and 2097 cm-1, with the latter being
much more strongly enhanced. Comparison of these bands to
the modes calculated using DFT methods reveals that the band
at 2063 cm-1 is almost exclusively the antisymmetric stretch
of the axial CN ligands, while the band at 2097 decrease bonding
to each of the equatorial CN’s (Figure S3). The effect of the
MLCT transition is to depopulate a dπ molecular orbital which
in turn alters the level of back-bonding to the CN ligand,
mitigated by polypyridyl radical anion back-bonding.48-50 An
examination of the dπ orbitals involved shows that their
symmetry is such that they act to decrease bonding to each of
the equatorial CN ligands (Figure S4). It is therefore intuitive
to observe increased enhancement from the mode that is
symmetric in the equatorial CN stretch (2097 cm-1 band) and
less enhancement from the axial vibration (2063 cm-1 band).

TABLE 1: Wavenumbers of the Bands in the Resonance
Raman Spectra of [Ru(CN)4(ppb)]2-, Along with the
Calculated Absolute∆ Values and the DFT Calculated
Vibrational Frequencies

ν/cm-1 expt ∆ ν/cm-1 calcd ν/cm-1 expt ∆ ν/cm-1 calcd

345 0.3 343 1330 0.2 1320
356 0.4 344 1343 0.3 1344
491 0.3 471 1368 0.1 1354
574 0.2 580 1372 0.1 1395
588 0.2 589 1427 0.2 1398
629 0.2 612 1441 0.2 1448
639 0.2 641 1471 0.2 1476
659 0.2 690 1488 0.1 1486
722 0.2 700 1503 0.1 1500
780 0.2 763 1525 0.2 1541

1018 0.1 1024 1547 0.1 1555
1109 0.1 1090 1573 0.2 1576
1157 0.1 1151 1599 0.1 1578
1222 0.1 1226 2063 0.2
1263 0.3 1257 2097 0.2

Figure 5. Measured and simulated resonance Raman spectrum of
[Ru(CN)4(ppb)]2- (λex ) 514.5 nm).

Figure 6. Selected resonance Raman excitation profiles of [Ru(CN)4-
(ppb)]2-. The points are the experimental data (with 15% error bars),
and the lines are the simulated excitation profiles.
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The ligand vibrational modes observed in the resonance
Raman spectra are typically delocalized over the entire ppb
ligand, in contrast to the closely related dppz ligands whose
complexes typically show localized dppz vibrational modes.22,51-53

This suggests that, unlike for dppz complexes, the structural
changes upon excitation of this ppb complex are spread over
the entire ppb ligand. This is consistent with the DFT calculated
triplet-state structure of [Ru(CN)4(ppb)]2- which predict bond
lengths of the ppb ligand remain within 0.01 Å of the ground-
state structure.19

Two recent RREP studies on polypyridyl complexes were
carried out by McHale et al.54 on [Ru(bpy)(NH3)4]2- and by
Waterland et al.46 on [Cu(pqx)(PPh3)2]+ (pqx ) 2-(2′-pyridyl)-
quinoxaline). McHale et al. determined the∆ values of
[Ru(bpy)(NH3)4]2- in both methanol and DMSO. The lowest
energy band in the electronic absorption spectrum of [Ru(bpy)-
(NH3)4]2- comprises two overlapping MLCT bands. Thus, the
resonance Raman and electronic absorption bands were modeled
using two states. The∆ values obtained were found to be
between 0.03 and 0.20 for both solvents. Little variation was
found between the∆ values in different solvents. No resonance
Raman bands were observed for the NH3 modes. Unlike the
CN ligands of [Ru(CN)4(ppb)]2-, the NH3 ligand vibrations are
not strongly coupled to the MLCT transition; hence, NH3 modes
do not exhibit resonance enhancement upon excitation into the
MLCT excited state. The∆ values for [Ru(bpy)(NH3)4]2- had
been reported by Hupp et al. in 1989.55 The∆ values were found
to be up to 1 order of magnitude greater than those determined
by McHale et al., but Hupp et al. had not accounted for solvent
reorganization, which McHale et al. suggest has a larger
contribution than internal reorganization, nor had they recog-
nized that there were two overlapping transitions giving rise to
the lowest energy electronic absorption band. Hence, the∆
values determined by Hupp et al. may have been overestimated.

The study by Waterland et al.46 on [Cu(pqx)(PPh3)2]+ found
that the lowest energy MLCT band at 431 nm overlaps with a
ligand-centered transition band at 328 nm. These overlapping
bands necessitated the use of a two state model. The∆ values
were determined in dichloromethane and chloroform. The values
were found to be the same between the two solvents. The largest
∆ value was for the mode at 538 cm-1 (∆ ) 1.5-1.7). The
mode at 538 cm-1 comprises significant distortion about the
Cu center. This is consistent with the change in geometry of
the tetrahedral Cu(I) center upon oxidation in the MLCT excited
state to Cu(II) which is 5 or 6 coordinate. Such reorganization
is not expected for the Ru(II) to Ru(III) in the [Ru(CN)4(ppb)]2-

complex; hence, no resonance enhancement is observed for
modes associated with the metal center. The ligand-based modes
of [Cu(pqx)(PPh3)2]+ typically had∆ values of 0.2-0.5, slightly
larger than those of [Ru(CN)4(ppb)]2-.

The transition dipole length for the MLCT transition was
found to be 0.63 Å. This is close to the values of 0.625 and
0.650 Å found for the MLCT state of [Cu(pqx)(PPh3)2]+ in
dichloromethane and chloroform, respectively.46 As previously
discussed by Waterland et al., the short transition dipole length
is consistent with an intramolecular charge transfer.46

Conclusions

A single-state wave packet model has been used to gain
insight into the structure of the Franck-Condon MLCT excited
state of [Ru(CN)4(ppb)]2-. A large number of ppb bands
undergo resonant enhancement between 345 and 1599 cm-1,
as well as bands due to the CN ligands, supporting the
assignment of a MLCT excited state. The∆ values determined

by the simultaneous fitting of the absorption and Raman spectra
suggest that the structural changes that occur upon excitation
to the MLCT state are modest. DFT calculations predict that
the vibrational modes are delocalized over the entire ppb ligand,
which in turn implies that the structural changes upon excitation
are also delocalized.
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