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Abstract: Polarized hyper-Rayleigh scattering (HRS) has been used to interrogate a putative octupolar “super”
chromophore Rufans-4,4-diethylaminostyryl-2,2bipyridine)?*. While the hyperpolarizability/) is impres-

sive, it is apparent from polarized HRS measurements that the symmetry of the excited state, and thus the
hyperpolarizability tensor, is best described as dipolar in nature. Electroabsorption (electronic Stark effect)
experiments support these findings, implying that changes in dipole moenaécompany optical excitation.

The measurediAu| contributions from both metal-to-ligand charge transfer and intraligand transitions have
been used to model the wavelength-dependent hyperpolarizability; reasonable qualitative agreement between
experimental results and a simple three-state, two-level dipolar model is obtained.

Introduction

The requirements for generation of large second-order
nonlinear optical (NLO) responses from molecular materials
have led researchers to develop an enormous number of organic, %
inorganic, and organometallic chromophores based on linear or ~
approximately linear doneracceptor geometriés The best Dipole Quadrapole Octupole
chromophores of this genre are those which simultaneously Figure 1. The number of nodesJ) needed to describe a charge
optimize oscillator strength$, and ground-state/excited-state distribution will determine whether an irreducible symmetry group has
dipole moment changedu, while minimizing the differences  dipolar ¢ = 1), quadrupolarJ = 2), or octupolar { = 3) character.
in energy between charge-transfer transitions and incident (  Note that, while higher order multipoles do exidtX 3), 8 can only
and/or emitted (@) photons. To some extent the desired have components af = 1 andJ = 3 (see ref 6). Note also that the
optimizations of andAu pose conflicting chromophore design ~ figure shows only one of many possible representations of an octupolar
requirement8.Good compromises have been achieved, however, charge distribution. A three-dimensional object viltg, symmetry and

. . . a difference in charge density for the interior versus the exterior also
by placing extended conjugated bridges between electron

= . possesses an octupole moment.
acceptor and donor moieties. Indeed, based on this strategy,

several chromophores exhibiting large molecular first hyper- phase, the chromophores must align such that their
polarizabilities at. potentially technologically useful wavelengths, olecular susceptibility is additive. This requirement is often
i.e., f(w) values in excess of 2000 10-*°esu, have now been ot met by materials composed of dipolar molecules: the
developed:® _ vectorial nature of the dipolar chromophore often promotes
Despite these successes, an alternative strategy b_ased OBrystallization in a centrosymmetric fashiefor example,
octupolar chromophores has recently attracted considerablecyystallization in an antiparallel dipole configuratiethereby
attention (see Figure $). One reason for the attention has been negating the microscopic dipole. For purely octupolar chro-
the realization that for device applications octupolar chro- mophores, however, the tendency toward antiparallel dipolar
mophores offer a potentially significant structural advantage over crystallization is fully circumvented by the strict cancellation
their dipolgr counterparts. Sincg the r_nacroscopic suscept.ibility of all molecular dipole vector components. (Of course, non-
of a material depends on the orientation of the molecules in the centrosymmetric crystallization of the molecular octupole is still
required for induction of macroscopic second-order optical
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moment. To prevent migration, the EFISHG methodology also sorption (Stark) spectroscopy were designed to probe whether
requires that candidate chromophores be neutral. The recenthe octupolar symmetry is maintained in the relevant molecular
emergence of an alternative methodology, hyper-Rayleigh scat-excited states or whether lower symmetry dipolar excited states
tering (HRS) spectroscopy, has broadened this area of researclare created such that second-order NLO responses arise from a
by allowing for solution-phase investigation of candidate NLO more conventional mechanism. As discussed below, this inter-
chromophores which lack permanent dipole monfentsor esting question is equivalent, for metal-to-ligand charge transfer
possess a net molecular chatge's (MLCT) excited states, to the often-asked question of whether

In this work we have investigated the symmetry of selected such states feature symmetrically delocalized electronic charges
optical transitions in a dipositive transition-metal compléx ( or whether the charges are instantaneously localized on a single
comprised of Rlland three bidentate ligand®)( This complex ligand (eq 1)9-22

©
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Background. Theoretical aspects of hyper-Rayleigh scattering
(HRS) have been described in detail elsewfeamd as such
will be discussed only briefly here. Basically, the technique en-
tails focusing a radiation source of intendify) on an isotropic
sample. The resulting incoherently scattered light which is
doubled in frequencyl(2w), is HRS. This arises on a molecular
scale from the molecular first hyperpolarizabilif, which
corresponds to the second term in the expansion of the dipole
moment induced by an electric field. (Heirg, andk are the
molecular coordinate indices (numbers).) The light induces a
moment in each molecule that is proportional 2o For an
isotropic ensemble of these molecules, therageinduced
moment will be zero, but theariancein the induced moment
due to orientational fluctuations will be proportional to the
number of molecules in a given volume elem&itt It is this
variance which gives rise to net hyper-Rayleigh scattefi{2g),
making it an experimentally observable, albeit small, quantity.

If the incident light of frequencw travels in thex-direction
and is polarized in the-direction, and if the detector is placed
in the y-direction, then the intensity of the light hitting the
detector polarized in thedirection with a frequency of@ will
be described &}
is nearly identical to one previously shown to exhibit an
exceptionally large molecular hyperpolarizabifi#® In the 1L(2w) = Glzz(w)anwzzzzm 2
earlier report, the large hyperpolarizability was ascribed to an n
unusually effective octupolar scattering mechanism. Indeed, if
the octupolar description is valid, the ruthenium complex would Here, the summation overis for the different components in
clearly be the single most efficient octupolar scatterer describedthe sampleN is the number density of each component (€m

to date. Our investigations via resonant HRS and electroab- G is & parameter that accounts for collection efficiencies and
local field corrections, and the brackets indicate orientational

(8) Clays, K.; Persoons, ARev. Sci. Instrum.1994 65, 2190. ; _
(9) Verbeist, T.; Clays, K.; Samyn, C.; Wolff, J.; Reinhoudt, D.; Persoons, averaging. .In the Fases presented here, only two-component
A. J. Am. Chem. S0d994 116, 9320. systems will be discussed (solvent and chromophore). If a
(10) Stadler, S.; Dietrich, R.; Bourhill, G.; Buahle, ChOpt. Lett.1996 component is additionally able to absorb either the incident or
21, 251.
(11) Kaatz, P.; Shelton, D. B. Chem. Phys1996 105 3918. (19) Li, C.; Hoffman, M. Z.Inorg. Chem.199§ 37, 830.
(12) Hendrickx, E.; Vinckier, A.; Clays, K.; Persoons, A.Phys. Chem. (20) Dallinger, R. F.; Woodruff, W. HJ. Am. Chem. Sod.979 101,
1996 100, 19672. 4391.
(13) Coe, B. J.; Chamberlain, M. C.; Essex-Lopresti, J. P.; Gaines, S.;  (21) Oh, D. H.; Boxer, S. GJ. Am. Chem. Sod.989 111, 1130.
Jeffery, J. C.; Houbrechts, S.; Persoons|marg. Chem.1997, 36, 3284. (22) Casper, J. V.; Westmoreland, T. D.; Allen, G. H.; Bradley, P. G.;
(14) Hendrickx, E.; Clays, K.; Persoons, A.; Dehu, C.!das, J. LJ. Meyer, T. J.; Woodruff, W. HJ. Am. Chem. S0d.984 106, 3492.
Am. Chem. Sod 995 117, 3547. (23) Clays, K.; Persoons, A.; De Maeyer, Adv. Chem. Phys1994
(15) Clays, K.; Hendrickx, E.; Triest, M.; Persoons,JAMol. Lig. 1995 85, 455.
67, 133. (24) For example (from ref 23), if there is a single hyperpolarizability
(16) Morrison, 1. D.; Denning, R. G.; Laidlaw, W. M.; Stammers, M.  componentfsss and the light isz-polarized, the variance induced in tke
A. Rev. Sci. Instrum.1996 67, 1445. direction due to orientational fluctuations is described as follows (wNere

(17) Dhenaut, C.; Ledoux, I.; Samuel, I. D. W.; Zyss, J.; Bourgault, M.; is the number of chromophores ands the volume):
Le Bozec, H.Nature 1995 374 339. NBqs2

(18) The magnitude g8 measured at 1320 nm (incident light wavelength) B2 L P

X 2

was reportelf to be 2200x 10~ esu. 35
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doubled radiation, then an absorption correction must be applied.
For example, for a two-component system where the chro- Digital Lock-In
mophore absorbs light at the doubled frequenay)(But the Amplifier

solvent does not, eq 2 can be rewritten as _ PMT

[(2w) ) b N
_ coc(2w)lc 1%
|Zz((1)) - G(NstZZ g + Ncwzzz @e (3) DC pCL Chopper

Dark Box

where subscripts s and ¢ denote solvent and chromopbere, éz—* Ti:Sapphire
(2w) is the molecular cross section at the harmonic frequency
(cm?), and | is the effective optical path length (cm). The
exponential term in eq 3 accounts for losses due to absorption
and can thus be omitted when the system is transparent. In the ,&-
internal reference method, the HRS signal is measured as a
function of chromophore concentration and the solvent acts asgigure 2. Schematic representation of laser and collection apparatus
an internal standar®.A plot of |(2w)/I?(w) versus concentration  used in hyper-Rayleigh scattering experiment. 8beam dump, BS

of chromophore will yield an intercept due to hyper-Rayleigh = beam splitter, H= half-wave plate, INT= interference filter, LPF
scattering by the solvent, a slope proportional to the square of = low-pass filter, M= mirror, P = femtosecond polarizer, PCE

the hyperpolarizability of the chromophore, and an exponential planoconvex lens, PB- photodiode, PMT= photomultiplier tube.
decay coefficient encompassing the absorption cross section and

optical path lengti® formed on a Micromass Quattro Il) showed the expected peak for the

The amount of polarization that is maintained in the signal 2+ cation atwz=804.5 (804.4 calcd) as well as the-ation atm'z
is useful in assessing the individual components of the total = 236-8 (536.3 calcd). Furthermore, the spectra exhibited the expected
hyperpolarizability tensor. To establish the relationship of the isotopic distributions. No evidence was found for higher mass species

laboratory f to th | lar f itis i tant t t such as the % cation.
aboratory frame 10 the molecular irame, 1t 1S important to note Hyper-Rayleigh Scattering. The intensity of scattered light at the

that eqs 2 and 3 can easily be adapted for detection of 4o pied frequency relevant to the incident radiation was obtained by
x-polarized light (again witte-polarized incident light): using a mode-locked Ti:sapphire laser systefnschematic representa-
| (20) tion can be found in Figure 2. The Ti:Sapph laser (Spectra-Physics,
NEW) 2 2\ ~—Neo(20)le Model 360 “Tsunami”) typically producel W ofaverage power in a
| Z(w) = G(N{B,,; I+ N[B,,; [De “4) train of pulses nominally 100 fs in duration at a repetition rate of 82
z MHz. The intensity of the light is modulated by rotation of a half-

. A wave plate placed before a linear polarizer. (Since HRS is not a time-
Notice that the only changes from eq 3 are the indices of the dependent phenomenon, the pulse duration itself is not an important

detected polarization and the hyperpolarizability tensor. Becauseparameter. However, since both the polarization and instantaneous
the sample is isotropic, using other linear polarization schemes power are important, care was taken to use suitable optics throughout
(e.g.,ly) yields no further information about the hyperpolariz- the experiment to minimize pulse distortiodsThe light source is
ability tensor. It should be noted, however, that elliptically chopped at a rate of approximately 1 kHz before being focused onto
polarized light can be used in HRS to assess up to five the sample. A small portion of the beam0%) is passed through a
independent experimental quantitiéNevertheless, only lin- doubling crystal before striking a photodiode. In this manner, the

== weam]
=~

BS

Argon Ion Pump Laser

early polarized light has been used for this work. incident radiation can be monitored not only for its average power,
but also for the relative stability of mode-locking.
Experimental Section The scattered light was collected using two convex lenses and passed
through a low-pass filter and a notch filter centered at 410 nm before
Synthesis.The ligandtrans-4,4-diethylaminostyryl-2,2bipyridine being detected via a photomultiplier tube (PMT). The signal was
(DEAS, 2) was prepared according to literature techniqieshe retrieved with a digital lock-in amplifier and was recorded via computer
complex [RU(DEAS)|(PFs)22H0 (1) was prepared by adding 90 mg  along with the reference signal from the photodiode. For polarization
(18 x 107 mol) of 2 to 16 mg (6x 10~> mol) of RuCk-3H.O (Alfa studies, a dichroic sheet polarizer was rotated in front of the PMT, and
Aesar) in 10 mL of dimethyl formamide (Fishéf)The mixture was  collection optics were replaced with an iris to reduce the numerical

heated to reflux for 4 h, producing a brick red solution. An aqueous aperture.

solution of tetl’abutylammonium heXaﬂUOrOphOSphate (Aldl’lch, 50 mL, E|ectroabsorpti0n (Stark) Spectroscopy.The e|ectroabsorpti0n

48 x 10™* M) was used to precipitate the product, which was then measurements were conducted at 77 K in a manner described
dissolved in acetone and purified via chromotography on an alumina previously282°30The solvent (glass) used was a 1:1 (v:v) mixture of
column with 3:1 acetone:methanol as the eluant. Fina”y, the isolated butyronitr”e and Z_methynetrahydrofuran_ The |0W_temperature absorp_

product was recrystallized from 1:2 acetone:watdrNMR spectrum tion spectrum was fit to a combination of Gaussian peaks using PeakFit
in dg-acetone solutions 8.96 (s, 3,3, 7.91 (d, 6,6 J = 6 Hz), 7.71 software (SPSS Inc., Chicago, IL). These peaks (and their derivatives)
(d, CH=CH, J =16 Hz), 7.61 (d, 55J = 6 Hz), 7.52 (d, ArH,J = were then used to model the electroabsorption spectra (again using
9 Hz), 7.09 (d, CH-CH, J = 16 Hz), 6.76 (d, ArHJ = 9 Hz), 3.47 PeakFit) as described below. The process was iterated until satisfactory
(4, CHCHs, J = 7 Hz), 2.96 (s, HO), 1.18 (t, CHCHg, J = 7 Hz). fits to both the absorption and electroabsorption spectra were obtained.

Elem. anal. found (calcd): C, 63.39% (63.31%); H, 5.84% (6.15%);
N, 8.84% (8.69%). Electrospray mass spectrometry in MeOH (per- Results

(25)Ns is essentially constant in the low solute concentration range Linear Absorption. Figure 3 shows absorption spectra for

studied. ; i
(26) This method proved reliable in providing consistent, reproducible compoundsl and2. The intense transition centered-a410

results. The quantitative validity of the method as compared to an external "M (€max = 33 200 M~ cm™?) for 2 roughly triples in intensity
standard method has been discussed at length. See, for example: (a) Pauleyipon formation of compleg (emax= 116 000 Mt cm)—con-
M. A.; Guan, H.-W.; Wang, C. H.; Jen, A. K.-YJ. Chem. Phys1996
104, 7821. (b) ref 16. (28) Karki, L.; Lu, H. P.; Hupp, J. TJ. Phys. Cheml996 100, 15637.

(27) Juris, A.; Campagna, S.; Bidd, I.; Lehn, J.-M.; ZiesselJrierg. (29) Karki, L.; Hupp, J. TJ. Am. Chem. S0d.997, 119 4070.
Chem 1988 27, 4007. (30) Karki, L.; Hupp, J. Tlnorg. Chem 1997, 36, 3318.




4050 J. Am. Chem. Soc., Vol. 121, No. 16, 1999 Vance and Hupp

120 1 N 2.5 %
100 '
£ o~
5 804 ) % complex (1)
s NQ 1.5 4
o 604 ~
i 3
= N 1.0+
X 40 4 —
w
0.5 1
20 .
ligand (2)
0 0.0 -
200 250 300 350 400 450 500 550 600 650 700 0 5 10 15 20
Wavelength (nm . N -
gth (nm) Number Density x 10™° (cm™)

Figure 3. Absorption spectra df (solid line) and2 (dotted line, shown

at 3x magnification). Figure 5. Concentration dependence of HRS signal Iq©) and 2

(®) with fits to eq 3.

(ligand amine substituents) and six probable energy-transfer
qguenchers (ligand styryl functionalities).

Figure 5 shows the concentration dependencé i) for
both compounds. The curvature in the plots implies intensity
attenuation due to absorption corresponding to an effective path
length of ca. 0.5 cm, which is indeed half the width of the cells
used. More significant are the relative values of the slopes and
the correspondingf| values. By using MeOH as the internal
reference (total absolute hyperpolarizability 0.69 x 1030
esi#?), the absolute values of the hyperpolarizability for
compoundsl and2 are 6500x 1030 and 2200x 1020 esu,
respectively, with relative uncertainties of approximatel}5%.
Notice that no explicit assumption about symmetry has yet been
made (see discussion below).

I2w) (a.u.)

(o) (a.u.) Polarized HRS. The experimental outcomes of polarized
Figure 4. Power dependence of HRS signal foat various number ~ HRS studies are shown in Figure 6, where the signals have been
densities: ® = 6.0 x 10 cm™3 (10 uM), O = 3.6 x 10 cm™3 (6.0 normalized (minima set to one) for comparison. To determine
uM), v = 1.2 x 10% cm3 (2.0uM), v = 6.0 x 10" cm3 (1.0uM), the polarization ratios, the results were fit to eq 5, wheig
W= 2.4 x 10* cm™ (0.40uM), O = pure water. the measured signal andis the angle of the polarizer:
sistent with the presence of three ligands in one compound. y= a(co§ x—c)+b (5)

Accompanying this increase is a slight red shifttd30 nm,
possibly due to overlap with the metal-to-ligand charge transfer The polarization ratio is then given by
(MLCT) band found at~510 nm. A more probable explanation

is that the intraligand absorption is charge-transfer-based and QBZZZZD a+b
is shifted to lower energy because metal cation binding renders Pola b (6)
the pyridyl nitrogen a better electron acceptbr. By, U

Hyper-Rayleigh Scattering. The HRS measurements on
compoundsl and 2 produced results consistent with signals

arising entirely from their molecular hyperpolarizability. Figure P€tween the laboratory frame and molecular frame can be
4 shows the dependence on power for compolinghere the established in a straightforward manner. Details of this procedure

expected quadratic power dependence is displayed for the entird@ve been provided elsewh&reut are summarized here from
concentration range studied. Ruled out, in part on the basis of"€CeNt wo.rk for only two cases of special interest.
polarization studies (below), was an alternative interpretation = ¢ase 1: Dipolar Symmetry.Here we shall consider only
involving two-photon induced luminescence. This phenomenon the most simple case of dipolar symmetry, @i point group.

is known to interfere with the observation of HRS from the f We assume that Kleinman symmetry is véfidnd additionally
parent 2,2bipyridyl complext® The absence of luminescence asSume that the chromophore of interest is planar, then the two
interference in the HRS spectroscopy bfs consistent with ~ 'émaining |25dependent nonzero componentg afe 333 and

the complete (within experimental error) suppressioroioé Ba22 = 223> The resulting lab to molecular frame relations
photon luminesceneewhich, in turn, can be attributed to the (32) Clays, K.; Persoons, ARhys. Re. Lett 1991, 23, 2980.

proximity of six highly efficient excited-state redox quenchers 31é3;3) Bersohn, R.; Pao, Y.-H.; Frisch, H. . Chem. Phys1966 45,
(31) The assignment of the 430 nm band as an IL transition is supported  (34) Kleinman, D. A.Phys. Re. 1962 126, 1977.

by an acid addition experiment. Protonating the ammine nitrogens causes (35) The indices on the hyperpolarizability tensor are used to denote

the band to shift to ca. 320 nm while leaving the 510 nm band relatively coordinates. Numbers are used to describe the relevant tensor components

unperturbed. If the 430 nm band had been MLCT in nature, protonation within the molecular framework, and letters are used to describe the

would have created a better electron acceptor and caused the band to redomponents observed within the laboratory frame of reference. A more

shift. complete discussion can be found in ref 33.

If the symmetry of a molecule is known, then the relationship




Ru(trans-4,4diethylaminostyryl-2,2bipyridine f* J. Am. Chem. Soc., Vol. 121, No. 16, 199®51

03] A
~_
=
N
2
3= § 02
=1 =
8 g
k= I}
n 8
2 < o]
| IR S L R I R N R B N R B R R B B L R B R R i
0 45 90 135 180 225 270 315 360 0.0 4 - e N

Detected Polarization Angle (degrees)
Figure 6. Polarization-dependent HRS far(O) and2 (®) with fits

to eq 5. For comparison, the minima in the signals were normalized to 27
a value of one.
are given in eqs 7 and 8: é 0 -
X
q 1, 2 Baze| | fPz2)® <
llgzzzDZ 1053333 ’15+ 1 ﬂ33)) + 27( 333) ] (7) <
1 Ba2)\? ]
322 322
Byt = —Paas |3+ 2(—) + 11(—3) (8)
Xzz 1058333 23 23
_ - s -4 } t t } t
If R = [3324333 then the polarization ratio is given by 14000 16000 18000 20000 22000 24000
2
1(20) _ Hfzzzz U 15+ 18R+ 27R ©) Energy (cm™)
IX(2w) Hﬁxzz 0 3-2R+1IR Figure 7. Electronic spectra of compourid (A) Absorption of1 at

77 K. Lines indicate component bands subsequently used to fit
It can easily be seen that for the case where one componenklectroabsorption data. (B) Electroabsorption (Stark) spectizatf
dominates 322 = 0), the ratio reduces to a value of 5. For = 55° (v) andy = 90° (O). Solid lines indicate fits to eq 13.
compounc, the ratiol$8,,?[By.#[was found to be 3.84 0.1).
Afitto eq 9, assumin@,, symmetry, yields eitheR = —0.13
or 1.86. This indicates a substantial contribution frGg, as

has been previously observed for chromophores of similar
symmetries.1:36 linear absorption and electroabsorption responses at 77 K for

Case 2: Octupolar Symmetry.Molecules ofDz, and D3 compoundl. These were interpreted by following Liptay’'s
symmetry are among those potentially capable of behaving asanalysig® whereby the electroabsorption signak\(v), is fit to
octupolar chromophores. In the case when Kleinman symmetry @ linear combination of zeroth, first, and second derivatives of
is valid, which we assume here for simplicity, their transforma- the absorption band\(v):
tion from laboratory to molecular frame is identical. In both

=— Bv
cases, there are only four nonzgreomponentsfSzss P31 AA() = [AXA(V) 45 d[A(W)/v] n

polarization ratio to eq 9 produces possible valuesRoof
—0.345 or infinity (limiting case ratio of 2.455).
Electroabsorption (Stark) SpectroscopyFigure 7 illustrates

= —p131 = —Pus These relate to the lab frame By 15he . dv
2 24, 2 Cy d[AW)v]
B - 558333 (10) ﬁgcz T I:intz (13)
2 16, 2
Bz 05 Eggsss (11) Here, Fint is the internal electric field® v is the frequency of

the absorbed light) is Planck’s constant, arglis the speed of

The resulting polarization ratio is given in eq 12: light. As discussed in detail elsewhéefet! the resulting coef-
(36) Wolff, J. J.; Lagle, D.; Hillenbrand, D.; Wortmann, R.; Matschiner,

2
| (20) B,,;0 3 12 R.; Glania, C.; Kimer, P.Ady. Mater. 1997, 9, 138.
| (2w) - 2 E (12) (37) If Kleinman symmetry does not hold (a distinct possibility under
X uﬁxzz g conditions of resonant excitation), ti®; point group has a polarization
ratio of (B2 2lBx?0= 6/(4 + 7R?), whereR = f129f3333. The maximum
For the complex, the ratio[,, 2By, was found to be 2.4  polarization ratio eXp?CtI.Edh's still 1.5. o o
(4 0.1). This clearly is inconsistent with an octupolar scattering 40é38) Wortmann, R.; Elich, K.; Liptay, Wehem. Phys1988 124, 395

mechanism, since the maximum value for the ratio with this  (39) The internal field was assumed to be 1.3 times the externally applied

mechanism is only 1.% If the excited charge is localized on field. _ _ _
one ligand (cf. eq 1), the effective symmetry of the active 195(;(130)1(?(2%1\5("7}(': Brunschwig, B. S.; Creutz, C.; Sutin, N.Phys Chem
chromophore may be better approximateas i.e., including (41) Bublitz, G. U.; Boxer, S. G.Annu. Re. Phys. Chem1997, 48,

only one ligand and the ruthenium center. Fitting the observed 213.
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ficientsA,, B,, andC, provide information, respectively, about Scheme 1
changes in the transition moment, the molecular polarizability,
and the permanent dipole moment.

The absorption spectrum df is composed of multiple
overlapping bands that behave independently in the electroab- (L)
sorption experiment. This is apparent since a single set of
derivatives of the overall absorption spectra (i.e., a three-param-
eter fit to eq 13) does not reproduce the Stark spectra shown in
Figure 7B (see the Supporting Information). In order, ultimately,
to reproduce the Stark line shape, the linear absorption spectrum
was fit and deconvolved by assuming three independent
transitions: (1) a low-energy MLCT component centered at
~18 100 cntl, (2) an MLCT component centered at 19 600
cm~1, and (3) the intense intraligand (IL) transition comprised
of two bands centered at 21 400 and 23 400 tf Giventhe it js useful to consider the individual contributions of the MLCT
spectral overlap, the proposed deconvolution is somewhatang |L transitions to the molecular hyperpolarizabilities. One
arbitrary. Nonetheless, the deconvolved linear components wereyay to accomplish this, at least in an approximate fashion, is
used in eq 11 to generate a nine-parameter fit to the availablety ‘model, within a two-level description, the wavelength-

electroabsorption data. Although the approach clearly does notgependent hyperpolarizability3’) due to each transitioff:44
generate a unique solution, it does provide a very approximate

means for assessing contributions of individual electronic 3u ZAM E 2
transitions to the Stark sign4. B = - 122 1220 _ (15)
From the multiparameter fit, the electroabsorption spectrum 2[Eyy — Einc l[Egp — (2Eind’]

appears to be composed of significant contributions from both
theB, andC, terms in eq 13 (with negligible contributions from  Here,u1, is the transition moment\u1; is the change in dipole
A,). SinceC, terms appear to be the dominant contributors for moment,E,, is the energy maximum of the transition, alfg.
most of the spectrum, absorption induced changes in dipoleis the energy of the incident radiation used. The total hyper-
moment, Ay, are likely responsible for the largest portion of polarizability, 3, will then be a sum of the contributions from
the Stark signal. Th€, coefficient can be described by each transition. Note that while the degeneracies of the MLCT
and the IL transitions are 3 and 6, respectively, for comparison
C,=|Aul5+ (Bcody—1)Bcodt—1)] (14) itis equally valid to consider the degeneracies to be unity since
“ their relative contributions are accounted for in theterm in
eq 15. The transition moment is taken from the absorption

wherey is the angle between the incident light and applied spectrum according

electric field vectors (constrained by the experiment to be

between zero and 9Pand{ is the angle between the transition M1\ 2

moment,u,, and the change in dipole momeniy. From the U= (2.07 x 10‘2)(m—”2) (16)
fits, we obtain|Au(MLCT)| and|Au(IL) | estimates of 7£1) Eop

and 16 &2) Debye, respectively, where the errors represent

uncertainties in the particular fit used in Figure Aot the whereemax is the molar extinction coefficient (cAM 1), Avyy
additional uncertainties inherent to identifying the most ap- is the absorption bandwidth (full width at half-maximum)
propriate initial (linear) spectral parameters. (cm™), andEqp is the absorption maximum ().

One interesting point is that the electroabsorption spectrum  While the sign ofAu, is not measured in the electroabsorp-
of this chromophore displays only a modest dependence on thetion experiment, the signs crucial in modeling the NLO
angley. Referring to Figure 7, the magnitude of the electroab- response properly. If, as suggested by previous evidence, the
sorption signal (at its maximum) only decreases by-20% transition involves only one ligand, then MLCT excitation yields
wheny is changed from 55to 9C°. In contrast, ifui, and Au an increase in dipole moment (since the ground-state dipole
were collinear ¢ = 0°), the expected decrease in the pugly ~ moment is necessarily zero), and thiyg,(MLCT) is labeled
component of the spectrum would be 40%. Thus the transition @s positive. The direction of the IL transition, however, is most
moment and Change in d|p0|e moment vectors appear to be||k6|y reversed (.S.ee Scheme 1) but nOt.stFIC!ﬁly antlparall_el to
offset by a finite ang|%7" estimated to be between28nd 50 the MLCT transition. Thus, the IL transition is characterized
for the three transitions used in the fitting procedure. As a caveat, @S @ charge transfer in which the nominal electron donor is the
it should be noted that the diminished dependencg oauld alkylamine at the terminus of the ligand and the acceptor is the
alternatively be interpreted as resulting from the overlapping Pyridine nitrogen attached to the metal. Note further that two
nature of the bands themselves and an ensuing less than perfect”42) For a cautionary discussion of deconvolution and “uniqueness of
deconvolution. If so, then the apparently anomalously weak fit' problems in electroabsorption spectroscopy, see: Bublitz, G. U.;
angular dependence would provide a further indication of the Laidlaw, W. M.; Denning, R. G.; Boxer, S. G. Am. Chem. Sod.998

. ) - 120, 6068. In principle, the “uniqueness” problem can be at least partially
nonuniqueness of fits generated by the deconvolution prdéess. resolved by utilizing higher order Stark spectroscopy. Unfortunately, we

. . were unable to obtain higher order signals.
Discussion (43) Oudar, J. L.; Chemla, D. S. Chem Phys1977, 66, 2664.
. . . (44) Alternate two-level descriptions are also available, which would
From the polarized HRS and electroabsorption results, it is increase the values gfcalculated here by as much as a constant factor of
apparent that the NLO response for compounds better 4. A full discourse on conventions for NLO can be found in the following:
described as arising from three (or six) dipolar transitions that Willetts, A.; Rice, J. E.; Burland, D. M.; Shelton, D. B. Chem. Phys

. .. 1992 97, 7590.
are degenerate in energy, rather than from an octupolar transition 45 Creutz, c.; Newton, M. D.; Sutin, N.. Photochem. Photobiol. A

(cf. eq 1). To understand better the nature of the NLO response,1994 82, 47.
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:._ g noting: (a) the calculatetB| value of 470x 1073 esu at an
4000 4 A s i incident radiation wavelength of 1320 nm underestimates the
A n experimental value of 2208 10730 esu reported by Dhenaut

52000 and co-workerS and (b) the calculate¢3| value of 5600x

v 10730 esu with incident radiation of 820 nm also slightly
;“3/ 0 underestimates the true (experimental) value of 65000-3°
=) esu. One possible explanation is the omission of higher lying
? 2000 - excited_states from the hyperp_olarizab_ility calculations. How-_
@ ever, without accurate electronic descriptions of these states, it

. s is difficult to predict precisely what their contributions would
-4000 1 L be. Alternatively, both discrepancies might well be due to the
t - t + T omission of phenomenological “damping” terms from eq 15,
such as those associated with lifetime broadening, as well as
terms associated with vibronic and solvational spectral broaden-
ing. The omission of damping/broadening considerations could
have significant consequences in the 820 nm irradiation case,
4000 1 where the scattered radiation (410 nm) is nearly resonant with
the IL transition but is probably important in the 1320 nm

6000 { B

Iﬁtotaﬂ x10% (esu)

820 nm irradiation case as well (660 nm scattering). We note, for
2000 1 1320 nm example, that prior variable-wavelength SHG studies on poled
polymerg® and on self-assembled filtfshave shown that

enhancement can be significant at wavelengths considerably

0 . . . ; further from resonance than expected from simplified two- and

0 5000 10000 15000 20000 25000 three-level models. A third possibility is that linear spectral
deconvolution errors (see discussion above) have resulted in

Incident Energy (cm™) electroabsorption fitting errors and yielded a falsely smail,

Figure 8. Energy-dependent hyperpolarizability (from eq 13): (A) Value for one of the transitions.
Solid line= MLCT contribution {3'w.cT), dotted line= IL contribution

(B'L). (B) Absolute value of the total hyperpolarizabilityBfw| = Conclusions
[A'mer + Bl). For simplicity, the MLCT and IL transitions are The combination of polarized resonant hyper-Rayleigh scat-
regarded as perfectly antiparallel. tering and electroabsorption spectroscopies provides valuable
Table 1. Optically Derived Parameters and Calculated insight into the nature of the NLO response for the ruthenium
Hyperpolarizabilities complex, 1. While the complex exhibits impressive first
(1320 nm) 4(820 nm) hyperpolarizabilities & va!ues), polarization experim.e.nts indi-
£ Au? wiF fox 100 x 1080 % 1080 cate that these are most likely a consequence of_addmve resonant
transition (cm™) (eA) (eA)  (esu) (esu) (esu) or near resonant dipolar responses and not a direct result of the
MLCT 18730 1.4 2.20 80 280  —200 octupolar ground-state geometry. Indeed, depending on precisely
IL 23360 —3.3 3.86 —380 —750 5800 which moiety is identified as the dominant chromophore, the
total —300 —470 5600 coordination complex can be regarded as a collection of either

aFrom room-temperature absorption measurements and eq 16 three or six equivalent dip_olar chromop_hores. Electroabsorption
b From electroabsorption measuremef is the calculated value at ~ SPectroscopy supports this idea, returnifg:| values that are
zero energy (infinite wavelength). apparently finite for both the MLCT and IL transitions. From
the Aui, estimates, the wavelength-dependent NLO response
of 1 can be approximately modeled via a simplified three-state,
two-level treatment. While the resulting calculated values for
p are in good qualitative agreement with experimental measure-
ments, they point toward the possibility of improving on the
impressive NLO response for this chromophore.

such transitions should exiger ligand, since two donor groups
and two acceptor atoms are available per ligand. Since the
resulting dipole will be in the opposite direction of the one
formed via the MLCT transition, the sign oluix(IL) is
negative®47” As shown in Figure 8, the summation of contribu-
tions tog (Table 1) leads to destructive interference in the low-

energy regime, i.e., near the zero frequency limit. From this  Acknowledgment. R. V. Slone is gratefully acknowledged
analysis, it is apparent that one possible improvement on thefor his assistance with chromophore synthesis. We acknowledge
design of compound would be to reverse the direction of  helpful comments by Prof. George Schatz and the reviewers.
either, but not both, of the charge-transfer transitions in the This work was supported by the MRSEC program of the
chromophore. On the other hand, over the region of energiesNational Science Foundation (DMR-9632472) at the Materials
corresponding téop T < 2Einc < Eqp, f'mict andf'i should  Research Center of Northwestern University.

be similarly signed and shoultbnstructiely interfere.

While the calculation yields values that are in good qualitative ~ Supporting Information Available: Figure showing the
agreement with the large hyperpolarizabilities measured for result of a fit of electroabsorption data fbassuming only one
compoundl (Table 1), two important shortcomings are worth  electronic transition (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.

(46) Since the ground-state dipole is zero by symmetry, it is equally
valid to assignAu1(MLCT) as negative and\uix(IL) as positive. Since JA9840044
the HRS experiment measug% the expected total contribution would be
the same for either assignment. (48) Yitzchaik, S.; Di Bella, S.; Lundquist, P. M.; Wong, G. K.; Marks,

(47) It is also probable that the changes in dipole moment are not in T. J.J. Am. Chem. S0d.997, 119 2995.
direct opposition to each other. The transition moments for the IL and MLCT (49) Lundquist, P. M.; Yitzchaik, S.; Zhang, T.; Kanis, D. R.; Ratner,
transitions are almost certainly offset by some finite angle (see Scheme 1).M. A.; Marks, T. J.; Wong, G. KAppl. Phys. Lett1994 64, 2194.




