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The structural changes that occur when [Cu(pgx)@PPh (pgx is 2-(2-pyridyl)quinoxaline) undergoes
excitation through a metal-to-ligand charge-transfer (MLCT) transition are investigated using resonance Raman
excitation profiles coupled with density functional theory (DFT). The DFT calculations predict bond lengths
to within 3 pm and absolute deviations of 7 chior the vibrational frequencies of [Cu(pgx)(P$A*. TD-

DFT calculations of oscillator strengthE= 0.089) and band positions (419 nm) showed close agreement
with experiment{= 0.07, 431 nm). Resonance Raman spectra show the 52%(epg) and 1476 cm? (v7s)
modes undergo the largest dimensionless displacemientl(.5 and 1.1, respectively) following photoexcitation
into the MLCT Franck-Condon region. The solvent couples strongly to the MLCT transition and resonance
Raman intensity analysis (RRIA) gives a solvent reorganization energy of 3400fomdichloromethane

and 2800 cm? for chloroform solutions. A large inner-sphere reorganization of 3430 amdichloromethane
solution (3520 cm? in chloroform solution) was found for [Cu(pgx)(P#4 ", indicating that the molecule

as a whole undergoes significant distortion following MLCT excitation.

I. Introduction nance Raman spectroscopy is a powerful optical probe of
charge-transfer process€svlode-specific reorganization ener-
gies (whose sum gives the total nuclear reorganization energy)

' are determined from the integrated intensity of the corresponding

band in the Raman spectrum, and the solvent reorganization is

obtained from the magnitudes of the resonance Raman intensities
and the linear absorption line shape. These contributions may

(ge determined independently provided absolute resonance

considerable attention recently in their application to organic aman intensities are measured and the absorption and Raman

light emitting diodes:"” Metal polypyridyl complexes have also data are modeled simultaneously.
found utility in solar energy systems. Hole and electron transfer ~ The resonance Raman intensities are determined in part by
are key processes in the operation of organic light emitting the displacement along each vibrational mode that translates
diodes and solar celfs!2 Considering the diode as a solid the ground-state geometry into the geometry of the resonantly
solution of emissive solute molecules in a polymer solvent, the excited state. Qualitatively, the mode displacements will be
charge-transfer processes leading to electroluminescence mayletermined by differences in electron density between the
be considered within the framework of the Marets$ush ground and excited state for a given mode. Thus the Raman
theory!® To maximize the rates of these processes, the total intensities allow the structural changes following photoexcitation
reorganization energy needs to be minimzed. For inner-sphereto be determined. However, the structural changes determined
reorganization this corresponds to minimizing the structural by an analysis of the resonance Raman intensities is given in
distortions accompanying charge transfer. terms of dimensionless displacements) @long the normal
One approach to measuring the reorganization energy of modes whereas bond length and bond angle changes are perhaps
charge-transfer processes of metal polypyridyl systems is to usethe more natural coordinate systé?® A normal coordinate
an optical probe of a photoinduced charge-transfer process. Theanalysis provides the link between the normal modes and bond
optical response of a system undergoing a charge-transferlengths and angles. With the increase in computing resources
process involves the same material response as a systenand the development of density functional theory (DFT), normal
undergoing thermally driven electron or hole transfeReso- coordinate analyses of transition metal complexes are now
possible. One of the first examples of a study of metal
* Corresponding authors. E-mail: M.R.W., M.Waterland@massey.ac.nz; complexes was that of Pulay etZlThey used DFT imple-

Transition metals of low oxidation state form complexes with
strongmr-acceptor ligands, such as bipyridyl and phenanthroline
that exhibit intense metal-to-ligand charge-transfer (MLCT)
transitions. The resulting MLCT states are often emissive and
can be generated optically or electrochemically, with electro-
chemical generation resulting in electroluminescence. The
electroluminescence of metal-based complexes has attracte

K.G:G., kgordon@alkall.otago.ac.nz. mented with the hybrid B3LYP functional and a mixed basis
E Unive,gity of Otag)]/é). set comprising the standard 6-31G* basis on C, O, and H and
8 Los Alamos National Laboratory. Ahlrichs’ valence triple§ (VTZ) on the metal atoms to examine
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7\ —N the mixture was stirred for 30 min under an argon atmosphere.
<:>_( The solvent was removed by rotary evaporation, and [Cu(pgx)-
NG /N© (PPh)2]BF4 was purified by recrystallization from methanol.

M [Cu(pax)(PPhs)s]BF4. Yield: 61%. Found: C, 66.04; H,

N 4.39; N, 4.57. Calcd for [Cu(pgx)(PB4|BF4.2/3CH;0H: C,
S VN Sl 66.02; H, 4.65; N, 4.65'H NMR (CDClz, 300 MHz): 6 9.79
D N A (s, 1H), 8.74 (d, 1H), 8.388.28 (m, 2H), 8.16 (d, 1H), 7.88
™ i (br, 1H), 7.45 (dd, 1H), 7.57 (br, 1H), 74.1 (m, 31H).
Figure 1. Structure and bond labeling for [Cu(pgx)(RRI, M = Spectroscopic grade solvents were used for all spectroscopic
{Cu(PPR)2} . measurement$H NMR spectra were recorded at 26, using

either a Varian 300 MHz NMR spectrometer. Chemical shifts

the structure and vibrational (IR) spectra of a series of trivalent are given relative to residual solvent peaks. Microanalyses were
metal trisacetylacetonate complexes. In a series of papers Zhengerformed at the Campbell Microanalysis Laboratory at the
et al. have used DFT to examine the electronic properties of University of Otago. FT-IR spectra were collected, using a
Fe, Ru, and Os polypyridyl complex&%.28 In these papers the  Perkin-Elmer Spectrum BX FT-IR system with Spectrum v.2.00
primary focus has been on the nature of the frontier molecular software, of potassium bromide (KBr) disks. Spectra were
orbitals present in such complexes. More recently, frequency measured using 64 scans. Band positions are reproducible within
calculations have been used to interpret the spectroscopic data—2 cnr!. FT-Raman spectra were collected on powder
for the MLCT excited state of [Re(bpy)(C&@-Etpy)]* (bpy samples, using a Bruker Equinox-55 FT-interferometer bench
= 2,2-bipyridine, 4-Etpy= 4-ethylpyridine) using DFT (B3LYP), equipped with an FRA/106 Raman accessory and utilizing
with a modified LANL2 basis set for the effective core potential OPUS (version 5.0) software. An Nd:YAG laser with 1064 nm
of the Re(l) center and a 6-31G* basis set for the other atoms. excitation wavelength was used. An InGaAs diode (D424)
From this study the symmetries and normal vibrational modes operating at room temperature was used to detect Raman
for the carbonyl stretches have been established. These photons. Spectra were typically measured using 16 scans at a
studies focus on the vibrational bands due to the CO modes;power of 100 mW and a resolution of 4 cf
however, it is also possible to model the vibrational spectra of A continuous-wave Innova I-302 krypton-ion laser (Coherent,
the ligands associated with the metal complexes. This is |nc) or Melles Griot Omnichrome MAP-543 argon-ion laser
pertinent to this study as the distortions of #hgand upon yas ysed to generate resonance Raman scattering. Band-pass
photoexcitation are probed through resonance Raman excitatiorjjters removed the Kr plasma emission lines from the laser
profile measurements. Computational studies on the complexesoutput_ The laser output was adjusted to give between 15 and
containing ligands such as 1,10-phenanthroline (phen) have beeryg mw at the sample. The incident beam and the collection
carried out by a number of groups. Howell efkxamined  |ens were arranged in a 13Backscattering geometry to reduce
the vibrational spectra of [Cu(phen)(PpAh* and that of the  Raman intensity reduction by self-absorptfnan aperture-
corresponding complex with perdeuterated phen and the reducegnatched lens was used to focus scattered light through a narrow
complexes of both. They found that the structure of the complex pang line-rejection (notch) filter (Kaiser Optical Systems) and
could be well modeled using B3LYP/6-31G(d). The calculated 4 quartz wedge (Spex) and onto the 108 entrance slit of a
structure and that determined by X-ray crystallography differed spectrograph (Acton Research SpectraPro 500i). The collected
by 0.02 A in bond lengths. For the vibrational data the mean |ight was dispersed in the horizontal plane by a 1200 grooves/
absolute deviation between experimental and calculated dataym ruled diffraction grating (blaze wavelength 500 nm) and
was 10 cn. detected by a liquid nitrogen cooled back-illuminated Spec-10:

In this paper we present the resonance Raman and absorption 00B CCD controlled by a ST-133 controller and WinSpec/32
spectra of a copper(l) polypyridyl complex, [Cu(pgx)(BRI (version 2.5.8.1) software (Roper Scientific, Princeton Instru-
(pgx is 2-(2-pyridyl)quinoxaline) in solution (Figure 1). We  ments).
present a resonance Raman intensity analysis (RRIA) and extract \y;ayenumber calibration was performed using Raman bands
dimensionless displacements, mode-specific reorganization enery.qm 4 1:1 (by volume) mixture of acetonitrile and toluene
gies, and solvent reorganization energies associated with thesampleg.“” Peak positions were reproducible to withir-2

charge-transfer transition. We present results from DFT calcula- ¢ -1, Spectra were obtained with a resolution of 5énfFreshly
tions of the vibrational normal modes and nonresonant Intensities yrenared samples were held in a spinning NMR tube. The

and use the normal modes to interpret the output from the RRIA. .qcentration of the solute was 5 mmol dm Spectral
intensities were corrected for self-absorpti®dijfferential band-

II. Experimental Section pass, and throughput of the spectrograph and detector sensitivity.
[Cu(pax)(PPB);IBF4 was prepared from [Cu(GIEN)(PPh)- Integrated band intensities were obtained using the peak fitting
BF, on the basis of literature metho¥Cu(CH:CN)(PPh),]- module in Origin Pro 7.5. Solute Raman cross-sections were

BF, was synthesized on the basis of literature procedifres. ~ Obtained relative to the 702/740 cindoublet of dichlo-
Cu(BFs)>xH0 (0.715 g) and excess copper metal were added "omethan® and the 666 cm' band in chlorofornt?
to argon-purged acetonitrile (100 mL), and the mixture was  Electronic absorption spectra were recorded on a Varian Cary
stirred for 2 h. The excess copper metal was removed by 500 scan UV-vis—NIR spectrophotometer, with Cary WinUV
filtration. The filtrate was rotary evaporated 2 mol equiv software. Samples were typically10~4 mol dm.
sample of PPhwas added with acetonitrile (100 mL), and the Simulations. The absorption and resonance Raman intensities
solution was refluxed for 3 h. The solvent was then removed were simulated using the time-dependent formulation originally
by rotary evaporation. [Cu(GIEN),(PPh),]BF4 was recrystal- developed by Lee and Helfér*2and summarized by Myef&.
lized from dichloromethane. The ligand, pgx (0.020 g, 0.097 The Raman amplitude between the initial and final vibrational
mmol), in chloroform (100 mL) was added to [Cu(gEN),- statesp, is calculated as the half-Fourier transform of the time-
(PPh)2]BF4 (0.073, 0.097 mmol) in chloroform (100 mL), and dependent overlap of a wave packet propagating on the resonant
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electronic excited and the’” = 1 ground-electronic-state ~ TABLE 1: Calculated and Experimental Bond Lengths (A)
vibrational wave function: and Angles (deg) for [Cu(pgx)(PPh)]*
1 e . calculated experimental
ois(w,0) = ﬁfo dt Gkl () Dexplilw, — @ — 0 + o)t — ry 136 134
ra 134 134
a(®)] I3 139 139
; P ; rg 139 134
wherew, is the incident laser frequenchw; is the energy of e 139 137
the initial vibrational level (set to zero as scattering from all % 140 137
modes in the simulation occurs from the ground vibrational ry 148 148
level), w is the zero-zero electronic transition frequency, é&nd re 134 131
is the electronic zero-zero frequency shift due to inhomogeneous ro 137 135
broadeninglds| = Mjue andld;| = [uo are the multidimensional ?0 1‘3% igg
ground-state vibrational wave functions multiplied by the rii 142 140
transition dipole moment, angi(t)0= exp(—iHt/h)|yiTis the ris 138 134
initial vibrational wave function propagated for a tinte,on la 142 139
the electronic excited-state surface, by the excited-state vibra- ls 136 137
tional Hamiltonian.g(t) is the solvent broadening function 16 131 129
modeled as an overdamped Brownian oscilldfoBeparable :” iig ﬂi
harmonic oscillators, with frequencies taken from the ground- ,iz 201 213
state Raman modes were used in the model for the potential I20 202 208
energy surfaces. The ground- and excited-state normal modes I1gT20 82 78
are assumed to have the same form, i.e., Dushinsky rotation is l1-r7-fg 0 6

not included, and non-Condon effects were not included. o
The experimental observable, the differential Raman cross- the copper complex, and because it is the pgx geometry and

section, is calculated via modes that are primarily of interest, [Cu(pgx)@#" was
modeled instead of [Cu(pgx)(PBE . The only drawback with

do this strategy is the predicted IR and Raman spectra contain bands
— = associated with the PHunits that are not present in the
d<2),.0 experimental data. Such modes are easily identified by visual-
wdw, ization of the modes and inspection.
ZBiZ f dog|—— fj:dé G(0) (lif(a)L,(S)‘z Li(w, — Selected calculated structural parameters of [Cu(pge)dPH
[ ¢t and the crystallographic data for [Cu(pgx)(BRBh" are shown
wg) in Table 1. The full set of parameters is available as Supporting
Information. The bond lengths across the pgx ligand are
whereB; is the Boltzmann population of the initial vibrational  calculated to within 3 pm for virtually all bonds; the exceptions
state (assumed to be unity here) dndw, —ws) is a Raman arer, andris. The bond lengths for the copper to N linkages
line-shape function.G(d) is a normalized inhomogeneous are underestimated in the calculation. A small twist of the ligand

broadening function which is taken to be Gaussian. is also not calculated.
The absorption cross-section is calculated at the same level \/eroni et al. have reported the related Mo(G@YUX)
of theory using complex, which shows strong solvatochromic behatidrhe
47T|ﬂ|2w . . structure of the pax ligand in this complex is very similar to
op(0) = zBi f_:dé G() Re f_:dt 3y (OO that reported .hereln. . .
3nAc 4 lll.b. Vibrational Spectra. DFT calculations are effective
explilw, — o — 0 + w)t — g(t)] in predicting the structure of the [Cu(pgx)(B&™ complex.
They may also be used to calculate the vibrational (IR and
where the real part of the Fourier transform is taken ansl Raman) spectra. This is useful for two reasons: (1) The
the refractive index of the solvent. predicted spectra may be compared to experimental data to

Ab Initio Calculations. The geometry, vibrational frequen-  establish the reliability of the calculations. (2) The predicted
cies, and their IR and Raman intensities were calculated usingnormal modes of vibration provide an indication of the structural
DFT calculations (B3LYP functional) with a 6-31G(d) basis distortion of the complexes when excited by relating them to
set. These were implemented with the GaussianBégram  the dimensionless displacements determined by the RRIA.
package. The visualization of the vibrational modes was  Thg calculated and experimental nonresonant Raman spectra,
provided by the Molden packatfeand GaussViewW (Gaussian in the 450-1650 cnr? region, for [Cu(pgx)(PP,]* are shown
Inc.). Frequency calculations on the complexes produced no;, Figure 2. For the bands in the 1080650 cnt? region the
imaginary frequencies, indicating that in each case the minimum a5 apsolute deviation between experimental and calculated
energy point was located. The Raman intensities are Ca|C“|atedfrequencies (postscaling by 0.975) is 7 @mThe strongest
from the. Raman activity for 1064 nm excitatiéfre Thg features in the nonresonant Raman spectrii € 1064 nm)
frequencies were scaled by 0.975, as this was found to give the”e at 1596, 1584, 1571, 1538, 1473, 1374, 1325, and 1000.cm
lowest mean absolute deviation between experimental andyhase are predicted by DFT calculation to lie at 162d)(
calculated data. 1582 (r70), 1575 (7g), 1548 (77), 1478 (72), 1374 (71), 1321
(veq), and 1009 %s0) cm™ 2, respectively. The normal modes that
describe them are pyridine-based for the 16igh)(and 1009

lll.a. Calculated and Experimentally Determined Struc- (vs0) cm ! predicted bands, quinoxaline-based for the predicted
ture for Copper(l) Complex. To simplify the calculations on  band at 1478 cmt (v75), and delocalized for the bands predicted

Ill. Results
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Figure 2. (a) Experimental nonresonant FT-Raman spectrum of solid-
state sample of [Cu(pgx)(PBH(BF4). (b) Calculated nonresonant
Raman spectrum of [Cu(pgx)(RH] .

600 800

Figure 3. Selected normal modes for [Cu(pgx)(RHt.

at 1374 {71) and 1321 cm? (veg). The 1321 cm? is an inter-
ring stretch mode. A selection of normal modes is shown in
Figure 3.

Ill.c. Electronic Spectra. The electronic spectra for [Cu-
(pgx)PPh)2]* contain two types of transitions in the UV/visible
region: the w,m* ligand-centered (LC) transitions at ap-
proximately 370 nm and a lower energy band at 430 nm that is
attributed to a metal-to-ligand charge-transfer (MLCT) transition.

TD-DFT calculations are summarized in Table 2. The
calculation for [Cu(pgx)(Pk)2]™ predicts two transitions of
reasonable intensityf & 0.05) in the 356-700 nm region. A
low energy transition is predicted at 419 nm witk= 0.089;
this is an MLCT transition that is dominated by the one-electron
transition between MOs 85 and 87. MO 87 (shown in Figure
4) is the LUMO (ligandsz* in character), and MO 85 is ad
orbital. This corresponds to the observed transition at 431 nm.
A second more intense transition is predicted at 328 nm
(f = 0.18), which is made of three configurations all involving
m ligand MOs and all terminating on the LUMO. This transition
corresponds to the observed 348 nm band.

Ill.d. Resonance Raman Spectra and SimulationsThe
resonance Raman spectrum of Cu(pgx)@#£hin dichloro-
methane recorded with 488 nm excitation is shown in Figure

J. Phys. Chem. A, Vol. 109, No. 39, 2008329

TABLE 2: TD-DFT Calculations on Cu(pgx)(PH 3),™ 2

AcadNm AexpiNM configuration

(feald (M~ em; feyp) (coefficients)

424 (0.002) 84, 87 (0.70)
419 (0.089) 431 (300@®.07) 85, 87 (0.66)

370 (0.013) 81, 870.45)
83, 87 (0.51)

348 (0.002) 81, 87 (0.47)
82,87 (0.34)
83, 87 (0.35)

336 (0.001) 79, 87 (0.66)
86, 88 (0.16

328 (0.183) 348 (12 00@.19 81,87 (-0.22)
82, 87 (0.52)

83, 87 (-0.20)

aOnly transitions with appreciablieare listed.

Figure 4. Pictorial representation of MO 87 LUMO.
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Figure 5. (a) Experimental resonance Raman spectrum for Cu(pgx)-
(PPh);" in dichloromethane solution. (b) Simulated spectrum. The
dichloromethane solvents bands have been subtracted in the experi-
mental spectrum. The asterisk indicates the residual from the subtraction
process. The scale of tlyeaxis has been set by requiring the integrated
band intensities to correspond to the values in the Supporting Informa-
tion.
sections for the dichloromethane and chloroform solutions are
available as Supporting Information (Table 1S and 2S, respec-
tively).

The absorption spectrum and simulated fits to the absorption
spectrum are shown in Figure 6. Parameters used to generate
Figure 6 are listed at the foot of Table 3. The fit to the low
energy charge-transfer band is very good, due in large part to
the dimensionless displacements of active vibrations being
constrained by the relative resonance Raman intensities. The
absolute magnitude of the Raman intensities constrains the value
of the homogeneous broadening. The large homogeneous
broadening of 2750 cm in dichloromethane corresponds to a

5. Experimental and simulated absolute resonance Raman crosssolvent reorganization energysj of 3400 cnt?, consistent with
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TABLE 3: Mode Displacements and Reorganization Energies for the MLCT State of Cu(pgx)(PP¥.+ 2

dichloromethane chloroform
mode expt'l freq calc'd freq A A
number (cm™) (cm™) descripto? A (cm™) A (cm™)
29 527 538 0.219+ 0.1510+ 0.1r15 15 593 1.7 762
31 572 569 0.3 31 0.3 31
32 619 623 0.80+ 0.3r19 0.6 112 0.6 112
33 641 648 0.4 51 0.4 51
36 749 739 0.3 34 0.3 34
39 780 781 0.8+ 0.2r14— 0.3r19+ 0.2r35 0.5 97 0.5 97
44 925 910 0.3 29 0.3 29
47 967 962 0.3 44 0.3 44
50 1007 1009 05— 0.3r1—0.2,— 0.2+ 0.25 0.5 126 0.5 126
52 1028 1023 0.2 21 0.2 21
54 1053 1053 0.3 47 0.3 47
55 1073 1081 0.3 34 0.3 34
56 1096 1101 0.3 34 0.3 34
59 1116 1108 0.2 22 0.2 22
60 1131 1124 0.2 18 0.2 18
61 1143 1134 0.2 23 0.2 23
62 1164 1153 0.3 52 0.3 52
63 1185 1171 0.2 24 0.2 24
64 1210 1229 0.2 14 0.2 14
65 1231 1233 0.2 25 0.2 25
66 1276 1276 0.3 57 0.3 57
68 1295 1305 0.3 58 0.3 58
69 1325 1321 0165 — 0.3r16— 0.2 — 0.2r, + 0.2rg 0.5 166 0.5 166
70 1342 1347 03— 0.2r17+0.2r36 0.5 168 0.5 168
71 1373 1374 0/6s+ 0.4r;0+ 0.3rg — 0.3r11 0.6 247 0.6 247
75 1476 1478 03— 0.33+0.2g— 0.2 11 893 11 893
76 1507 1512 0166+ 0.6rg + 0.4r;5 — 0.4rg + 0.3r1o 0.2 30 0.2 30
77 1541 1548 0.6 277 0.5 193
78 1575 1575 0.3 71 0.3 71
80 1599 1611 0.2 32 0.2 32

a2 Remaining modeling parameters for dichloromethane (chloroform) solutions: electronic origin 16 S0 Zr800 cnm?), solvent broadening
parameter® = 2750 cnt? (2400 cnrl), A = 275 cnrt (240 cntl), As = 3400 cmt (2800 cntl), transition dipole length 0.625 A (0.650 A),
T =298 K, and the inhomogeneous broadening is set to zero in both solutigiasle descriptors are given for modes with lafgeThe descriptors
relate the stretch contribution for the bond lengths as labeled in Figure 1.

0.6 orientation of the electronic transition dipole moments. When
o 012 the two electronic transitions are parallel, one exppcts1/3;
= 059 for perpendicular, and equal magnitude, transitignss 1/8.
2 Where only a single state contributes to the depolarization ratio,
® 0.44 a value ofp = 1/3 is also expected. The depolarization ratios
g 031 , for Cu(pgx)(PPB)2" in dichloromethane solution were deter-
S v i mined for three of the excitation wavelengths: 514.5, 457.9,
S 0.2 “° 00 e | ' and 406.1 nm. For 514.5 nm excitation the values of the
g ' ! | depolarization ratios for the strongest bands in the Cu(pgx)-
g o414 Y (PPh)2t spectrum were alp = 1/3, within experimental error,

< h which is consistent with excitation into the red edge of the
0 : . : MLCT transition where only a single electronic state contributes
15000 20000 25000 30000 to the scattering. As the excitation wavelength is shifted toward

Wavenumber / cm’' the blue edge of the MLCT transition, some modes show slight
Figure 6. Experimental (solid) and simulated (dashed) absorption deviations fromp = 1/3 to slightly higher values (0-50.6).
spectra for Cu(pgx)(PRJ* in dichloromethane solution. Inset shows  Overlap of the MLCT and LC transitions is expected in this
MLCT band. region and may be the cause of the change in the value of the
a simple dielectric continuum modeélnd previous resonance depolarization ratio. However, the Iarge UnCertainty associated
Raman intensity analysé%52A slightly smaller value of 2400  With the depolarization ratios prevents us from making definitive
cm1 (s = 2800 Cm‘l) for the homogeneous broadening was statements about the relative orientation of the LC and MLCT
obtained for the chloroform solution. The angle between the transition dipoles.
transition dipole moments for the MLCT and LC transitions The fit to the ligand-centered (LC) absorption band is less
enters into the simulations; however, the fits are largely satisfactory. The LC band exhibits structure that may be due to
insensitive to this parameter. Therefore this angle was held fixed multiple electronic origins (as suggested by the TD-DFT
at 9C; the MLCT transition dipole lies in the metaligand calculations), vibronic structure from a single electronic origin,
plane roughly bisecting the inter-ring bond of the pgx ligand or some combination of both. In the two-state model we use a
whereas the ligandiz* transition dipole lies along the long  single electronic state to represent the LC band. Given the close
axis of the ligand. Under conditions where the MLCT and LC agreement between the calculated positions and oscillator
states both contribute to the Raman scattering, the depolarizatiorstrengths for the MLCT state, we may use the TD-DFT output
ratio (p) can provide useful information regarding the relative as a guide to the position and intensity of the LC bands. The
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an almost identical value (3430 cA). For chloroform solution,
0.4 the inner-sphere reorganization energy (3520 9rexceeds the
solvent reorganization by more than 700 @mThis can be
compared with charge-transfer complexes such as hexameth-
10.2 ylbenzene-tetracyanoethylene where the inner-sphere contribu-
tion is only 1980 cm™.52 The larger value reorganization for
the metal-to-ligand charge transfer is not unexpected given that
0.0 the donor and acceptor are covalently bound in the metal
110.0 complex compared to weaker intermolecular interactions that
bind the donor and acceptor in the charge-transfer complexes.
The strong covalent interaction between the donor and acceptor
5.0 results in a larger extent of charge transfer. The largest single
contribution (893 cm?) to the inner-sphere reorganization
comes from the ligand acceptor mode at 1475 t(n;s). This
= 5 e 5 55 0 corresponds to a dimensionless disp_lacement of_ 1.1._Wit_h the
o s 4 reduced mass from the normal coordinate analysis, this dimen-
Excitation Wavenumber / 10" cm sionless displacement can be converted to a “displacement”
Figure 7_. Sglected resonance Raman excitation profiles for'Cu(pqx_)- along the normal coordinate of approximately 0.1 A Although
(PPh)," in dichloromethane. Data points are experimental points, solid s mode contains a significant contribution from bending
curves are simulated excitation profiles. . . S S .
motions, this value still gives an indication of the magnitude of

TD-DFT output (Table 2) suggests a strong LC transition around the dis’_[ortion resulting from the in_itia}l MLCT transition, i.e..,
330 nm with intensity approximately twice that of the MLCT ~ @PProximately 10% of the equilibrium bond length. This
transition. Thus a transition dipole length of 1.0 A and an relatively small change in the molecular geometry justifies the
electronic origin of 24 000 crt were used as input parameters assumptions of harmonic potent|als_|n the_ emplnca_l modeling
for the LC excited state. Similar parameters were extracted from Procedure. Note that the largest dimensionless dlsplafement
fitting a sum of Gaussians to the absorption spectrum. Optimi- °ccurs for the quinoxaline-centered modeg| at 529 cn,
zation resulted in an unchanged transition dipole length and aWith @ value of 1.5 in dichloromethane, and this value
slightly modified (26 000 cmt) electronic origin. A relatively ~ COrrésponds to a displacement of 0.15 A.

small homogeneous broadening (600 &)ris required to fit lil.e. Structure of the MLCT State. The resonance Raman
the sharp red edge of the ligand-centered band and introduce€Xcitation profile yields dimensionless displacemertty that
vibronic structure into the simulated spectra. Without resonant may be related to the distortion of the complex upon photoex-
Raman data for the LC transition, it is difficult to fit the vibronic ~ Citation to the MLCT excited state. Those bands that show the

structure in the LC band as the mode displacements parameter{rgestA values lie at 1541, 1476, 1373, 1007, 749, 619, and
are largely unrestrained and highly coupled. 527 cmrl. These correspond to calculated modes predicted
The resonance Raman excitation profiles are shown in Figure (Tode number) at 1548+;), 1478 §7s), 1374 §71), 1009 ¢s0),
7. The Raman intensities recorded with 514.5 and 488 nm 781 #'39), 648 (33), and 538 {29) cm™*. The most striking
excitation are closely simulated by the two-state model. Excita- €hhancement observed in the spectrum of [Cu(pax}fZPh
tion on the red edge of the charge-transfer band is less likely to S the band observed at 529 chn this is assigned as a
show interference effects from the LC band. Interference effects duinoxaline modeig, 0.219 + 0.1510 + 0.1r15) (Figure 4).
from higher lying electronic states may be the cause of the poor ¥331S & Cu-N stretchyzg also has considerable €N character
agreement for some modes between the simulated and experi{0-318 + 0.214 — 0.3'19 + 0.2r15). Displacements along the
mental values for the Raman data excited with 406 and 413 Cu—N coordinates are consistent with the change in oxidation
nm excitation. Raman data on resonance with the strong LC State of the copper center froffl in the ground state t&2 in
transition would have been useful in fitting the absorption profile the MLCT excited state. The Cu(l) geometry is tetrahedral but
for the LC transition; however, strong fluorescence prevented the Cu(ll) oxidation state is 5 or 6 coordinate. The tendency of
Raman data from being acquired with UV excitation. The exact the copper center to expand its coordination sphere upon
nature of the fluorescence is unclear, but possibilities include Photoexcitation is well-documented in studies of the solvent-
trace amounts of free ligand impurity or ligand-centered induced exciplex quenching of the MLCT excited st&&he
emission from the complex itself, although it should be noted "€sonance Raman intensity analysis confirms that some distor-
that excitation into the MLCT band results in virtually no ton of the tetrahedrz_il copper geometry is occurring within the
detectable emission. A plausible explanation for the emission Franck-Condon region.
generated with UV excitation would be emission from very ~ An examination of the shape of the LUMO in Cu(pax)@X
small amounts of free ligand due to photodissociation. would suggest that transitions involving the population of this
It is interesting to compare the magnitude of the solvent MO, which is predicted for both LC and MLCT transitions,
(outer-sphere) reorganization energy (as determined by theshould lead to bonding changes about the ligand structure. This
homogeneous broadening) and the total inner-sphere reorganizaMO is antibonding acrossy, rz, r4, r'e, rs, fe, 11, 13, l15 19,
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w o
o o
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tion (4;) determined by andrao and bonding across, rs, 7, 1o, 12, r14, andrg.
= z}ijjz IV. Conclusions
T2 Understanding the magnitude and distribution of the reorga-

nization energy between the inner sphere and outer sphere has
The solvent reorganization is approximately 3400-&rfor important implications for the design of efficient charge-transfer
dichloromethane and the inner-sphere contribution to the processes in devices containing metal polypyridyl complexes.
reorganization energy for the metal-to-ligand charge transfer hasResonance Raman intensity analysis of an MLCT transition in
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a metal polypyridyl complex in polar organic solvents has

demonstrated the inner-sphere contribution is similar in mag-
nitude to the outer-sphere contribution to the total reorganization

Waterland et al.

(15) Myers, A. B.Chem. Re. 1996 96, 911.

(16) Streiff, J.; McHale, J. LJ. Chem. Phys200Q 112 841.

(17) Doorn, S. K.; Hupp, J. TJ. Am. Chem. S0d.989 111, 1142.
(18) Leung, K. H.; Phillips, D. L.; Che, C.-M.; Miskowski, V. Ml.

energy. For charge-transfer processes with little or no driving Raman Spectrosd999 30, 987.

force the rate of charge transfer is maximized by reducing the

(19) Cheng, Y. F.; Phillips, D. L.; He, G. Z.; Che, C. M.; Chi, 8hem.

magnitude of the total reorganization energy. The solvent Phys. Lett2001 33§ 308.

(20) Leung, K. H.; Phillips, D. L.; Mao, Z.; Che, C.-M.; Miskowski, V.

reorganization energy is minimized by selecting nonpolar ; “cpan C.-K.Inorg. Chem 2002 41, 2054,
solvents, and the inner-sphere reorganization can be minimized (21) Diaz-Acosta, I.; Baker, J.; Cordes, W.; Pulay,PPhys. Chem. A
by delocalizing the electron and hole during the charge-transfer 2001, 105 238.

process. The efficiency of the charge-transfer process is also
determined by the strength of electronic coupling between the

(22) Liu, J.; Mei, W. J.; Lin, L. J.; Zheng, K. C.; Chao, H.; Yun, F. C.;
Ji, L. N. Inorg. Chim. Acta2004 357, 285.
(23) Mei, W. J.; Liu, J.; Zheng, K. C.; Lin, L. J.; Chao, H.; Li, A. X.;

donor and acceptor, and electronic coupling may need to beyun, F. C.; Ji, L. N.Dalton Trans.2003 1352.

traded for smaller reorganization to find an optimum charge-

transfer rate. Ab initio calculations of the normal modes allows

(24) Xu, H.; Zheng, K.-C.; Chen, Y.; Li, Y.-Z.; Lin, L.-J.; Li, H.; Zhang,
P.-X.; Ji, L.-N. Dalton Trans.2003 2260.
(25) Zheng, K.; Wang, J.; Shen, Y.; Kuang, D.; YunJFPhys. Chem.

the resonance Raman data to be interpreted in terms of thea 2001 105 7248
geometry changes induced by charge transfer and provides a (26) zheng, K.; Wang, J.; Peng, W.; Liu, X.; Yun, .Phys. Chem. A

method for improving the rational design of materials with

improved charge-transfer properties. An extension of this
approach is to the ab initio calculation of the resonance Raman

intensities themselve; 56 and we are directing our current
efforts in this direction.
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