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Chiroptical absorption and luminescence spectra are reported for a noveHps(ipyridyl complex in which
Os(ll) is coordinated to onachiral bidentate ligand and ehiral quadridentate ligand. The achiral ligand is
4,4-dimethyl-2,2-bipyridine (DMbpy), and the chiral ligand is a bisbipyridine-type molecule formed by linking
two optically active )-[4,5]-pineno-2,2bipyridine molecules together via a (G)g chain bridge. This chiral
ligand is one of a family of ligands often referred to @sragens and here it is denoted by CG[6], where [6]
identifies the number of carbon atoms in the chain bridge. The coordination core of the complex has a th
bladed propeller-like structure formed by three Ostb)pyridyl chelate rings. This tris(bipyridyl)Os(ll) core
structure has approximate trigonal-dihedi@k)( symmetry, and the propeller-like assembly of its three chelate
rings has a right-handed screw sense (or helicity). The overall complex, denotedis(CG[6])(DMbpy)E',
hasC, point-group symmetry, with a 2-fold symmetry axis that bisects both the CG[6] and DMbpy ligands al
coincides with one of the digonaCf) axes of the tris(bipyridyl)Os(ll) core structure. The overall structural
chirality of the complex is dictated by the inherent chirality of the CG[6] ligand, which in turn is dictated by th
absolute configuration about each of the six stereogenic carbon atoms in the CGJ[6] ligand structure. The chiroy
absorption and luminescence measurements performed in this study were carried out on solution sampl
A-[Os(CGJ[6])(DMbpy)](PF). dissolved in acetonitrile. These measurements yielded circular dichroism ar
absorption dissymmetry factor data over the 12-580 000 cnmi! spectral range, and circularly polarized
luminescence and emission dissymmetry factor data over the F180000 cn1? spectral region. Comparisons
between the absorption and emission dissymmetry factor data indicate chirality-related structural differences bet
the ground and emitting states of[Os(CG[6])(DMbpy)ft. Both the unpolarized and circularly polarized
absorption spectra ak-[Os(CG[6])(DMbpy)E" are qualitatively similar to the corresponding spectra reported
for A-[Os(bpy)}]?* (in acetonitrile) throughout the 12 5680 300 cni! spectral region. However, there are
significantquantitatve differences between the spectra observed for these two complexes, and these differel
are most apparent in the absorption dissymmetry factor data. This indicates that ligand structure outside
tris(bipyridyl)Os(ll) coordination core oA-[Os(CG[6])(DMbpy)E" exerts a significant influence on the chiroptical
absorption properties of this complex over the 12-580 300 cn1! spectral region, although all the optical
absorption processes that occur within this spectral region may be assigned to one-eteettdayped metal-
to-ligand charge-transfer (MLCT) transitions localized within the tris(bipyridyl)Os(ll) chelate structure. It appec
that the noncoordinated chiral moieties of the CG[6] ligand exert a direct perturbative influence on both
dipole strengths and rotatory strengths of the MLCT transition&-®s(CG[6])(DMbpy)F*.

Introduction circularly polarized light, and these circular differential optical

Chiral transition-metal complexes have structural and reactiv- properties are a.direct consequence of chirality in thg electronic
ity properties that are of fundamental interest and practical and stereochemical structures of the compléxesThe circular
importance in many areas of chemistry and biochemistry. Of differential optical properties of a chiral system are often referred

special interest are those properties that exhibit a dependencd® @schiroptical properties, and measurements of these proper-
on the degree and sense of structural chirality (or “handedness")t'e_s are used extensively in studies of molecular chirality and
in the complexes. These chirality-dependent properties are Chirality-dependent molecular procesSes.

manifested in a wide variety of processes where the complexes.
are observed to exhibit chirality-related biases in their physical (1) Richardson, F. SChem. Re. 1979 79, 17-37. _
interactions and chemical reactions with other chiral (or (2) Saito,Y.Inorganic Molecular Dissymmetr$pringer-Verlag: Berlin,
prochiral) m°|eC_U|ar species. They are also m_an_ifeSted i_n optical (3) “stereochemistry of Optically Aeti Transition Metal Compoungds
processes that involve the absorption or emission of circularly Douglas, B. E., Saito, Y., Eds.; ACS Symposium Series 119; American

polarized light. Chiral metal complexes exhibit different Chemical Society: Washington, DC, 1980.
(4) Jensen, H. P.; Woldbye, Eoord. Chem. Re 1979 29, 213-235.

absorption (and emission) probabilities for left- vs right- 5) Raganovic, D JCoord. Chem. Re 1984 54, 159-261.
(6) Barron, L. D. Molecular Light Scattering and Optical Actty;

T Department of Chemistry, University of Virginia. Cambridge University Press: Cambridge, UK, 1982.
* Present address: Dipartimento di Chimica “G. Ciamician”, Universita  (7) Mason, S. FMolecular Optical Actiity and the Chiral Discrimina-
di Bologna, via Selmi 2, 40126 Bologna, Italy. tions Cambridge University Press: Cambridge, UK, 1982.
§ Institute of Inorganic Chemistry, University of Fribourg. (8) Circular Dichroism. Principles and ApplicationsNakanishi, K.,
® Abstract published iAdvance ACS Abstractdanuary 1, 1997. Berova, N., Woody, R. W., Eds.; VCH Publishers: New York, 1994.
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Figure 1. Schematic drawing oA-[Os((+)-chiragen[6])(4,4dimethyl-
2,2-bipyridine)B*, with the stereogenic carbon atoms identified by
asterisks and their absolute configurations noted in parentheses.

In the present paper we report results obtained from chirop-
tical absorption and luminescence measurements performed on
a novel Os(ll)-polypyridyl complex that is dissymmetric (i.e.,
contains no improper rotation axes among its symmetry ele-
ments) and possesses several types of structural chirality. Using
nomenclature and notation applied previously to the Ru(ll)
analogue of this complekwe denote the complex as-[Os-
((4)-chiragen[6])(4,4dimethyl-2,2-bipyridine)F+, where @)-
chiragen[6] corresponds to a quadridentate ligand comprised
of two (—)-[4,5]-pineno-2,2bipyridine molecules linked to-
gether via an aliphatic &chain bridge. In this complex, Os-

(I1) is coordinated to six nitrogen atoms: two from each of the
bipyridyl moieties of the chiragen[6] ligand and two from the
4,4-dimethyl-2,2-bipyridine ligand. The complex h& point-

group symmetry, with a 2-fold symmetry axis that bisects the
Ces-chain bridge of the chiragen[6] ligand and coincides with
the 2-fold symmetry axis of the 4:dlimethyl-2,2-bipyridine
ligand. Structural representations of the complex are shown in
Figures 1 and 2. These structural representations are based on
structure data reported fok-[Ru((+)-chiragen[6])(4,4dim-
ethyl-2,2-bipyridine)](CRSOs),,° with adjustments made for

Ru(ll)-to-Os(Il) substitution, using molecular mechanics cal- Figyre 2. structural representations a[0s((+)-chiragen[6])(4,4
culations. Hereafter we will frequently use the more abbreviated dimethyl-2,2-bipyridine)p+. The upper view is along an axis which is

notation A-[Os(CG[6])(DMbpy)F" in referring to theA-[Os- parallel to theC, symmetry axis of the complex and the lower view is
((+)-chiragen[6])(4,4dimethyl-2,2-bipyridine) ™ complex ex- along an axis which iperpendicularto the C; symmetry axis of the
amined in this study. complex.

Each of the two pinene-substituted bipyridine subunits of the
(+)-chiragen(6] ligand im\-[Os(CGI6])(DMbpy)F* has three All of the chiroptical absorption and luminescence measure-

stereogenic carbon atoms, and the locations of these atoms arg,ants reported in this study were obtained on solution sample:

identified by asterisks in the structure shown in Figure 1. The of A-[OS(CG[G])(DMbpy)](PE;)z dissolved in acetonitrile. The

absolute con.figur'ation at each of the two 9arbon atoms f"‘ttaChedabsorption measurements spanned the-B&0 nm wavelength
to the G-chain bridge between the [4,5]-pineno-2hBpyridine

bunits | d thi " of ) ” . region of the spectrum and were carried out under room-
subunits isS, and thisS, Spair of stereogenic atomic centers in -t mnerature conditions. The luminescence measurements spann

the (+)-chiragep[6] ligand dictates the configurational chirality 1a 600-900 nm wavelength range and were carried out under
of the chelate ring structure around the Os(Il) metal center. The ., qitions in which the sample temperature was maintained a

three Os(1l)-bipyridyl chelate rings in this structure are arranged 593 k and sample luminescence was excited by continuous
in the shape of a three-bladed propeller withight-handed wave laser radiation at 488 nm.

screw sense (or helicity) about ifseudo-G symmetry axis. Chiroptical absorption measurements have been used extet

(Note that tr_us propelle_r assembly does not haveua _C3 sively in studies of chiral transition-metal complexes, but very
symmetry axis because its three blades are not fully equivalent.)e, chiroptical luminescence measurements have been reporte

The right-handed helicity of the+ tris(bipyridy)Os(Il) core  tpe |atter can be attributed in large part to the fact that not
structure |nA-[Os(CG[6])(DMb|_oy)]Z IS specified by _the label many transition-metal complexes exhibit a detectable lumines:
A. This source of _structural ch_lrahtylnth_e _complex 1S gxpe_cted cence in fluid solution media, but it is also due in part to a

to play the dominant role in determining the chiroptical ggonera) ynfamiliarity with chiroptical luminescence measure-
absorptlon.and Iu_mmescence properties of the compk_ax in the ant techniques. In the following section we give brief

near-ultraviolet, visible, and near-infrared spectral regions. descriptions of chiroptical absorption and luminescence mea
(9) (@) Hayoz, P.: von Zelewsky, A.: Stoeckli-Evans, HAm. Chem. surement techniques and show how the observables in thes

Soc.1993 115 5111-5114. (b) Jandrasics, E. Ph.D. Thesis 1085, WO types of measurements are related to chirality-depender
University of Fribourg, Fribourg, Switzerland, 1995. molecular electronic and stereochemical properties.
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Chiroptical Absorption and Luminescence Measurement
Techniques

Chiroptical Absorption Spectra. In chiroptical absorption
experiments, one measures sample absorptivities for left- an
right-circularly polarized light to obtain the following quantities
of special interest:

_[a() + )]

e(v) 5 (mean absorptivity)

1)

Ae(v) = €, (V) — eg(v) (circular dichroism) (2)
0.4V) = Ae(w)le(v) (absorption dissymmetry factor) (3)

wheree () ander(v) denote molar absorptivities for left (L)-
and right (R)-circularly polarized light of wavenumber These

Gunde et al.

hand, the transition rotatory strengths, defined according to ec
7, arepseudoscalaguantities with values that may be 80,

or <0, depending on the relative orientations of thyg|u|v;0
and [§;|m|yyOtransition vectors (or equivalently, the relative
phases of théypy|u|y;Tand p;|m|y4Otransition amplitudes).

If we denote the magnitudes of thég|u|y;0and [pjim|yg0
transition vectors agg and mg, respectively, and the angle
between them a8y, then egs 6 and 7 may be rewritten as

— 2 2
Ry = HgMg COSOy; (10)
and we note that the sign &; is determinedentirely by the
value offg;, and the magnitude dR;; is also dependent ofy;.

The magnitude and sign of the cég function are determined
by the degree and sense of helicity in the molecular force field

d

measurements are commonly referred to as circular dichroismnat acts on the chromophoric electrons involved in the §
(CD)/absorption measurements, and instrumentation for making yansition, and the helicity of this force field is determined by

these measurements over the near-infrared, visible, and near-

far-ultraviolet regions of the spectrum is commercially available.

Qhe degree and sense of chirality in the ground-state sterec
chemical structure of the molecular chromphore. Opposite

The results obtained from these measurements are typicallygnantiomers of a chiral molecule show identical valueg gf

displayed ag vsv (absorptior) andAe vs v (CD) spectra, which

in the experiments of interest here show lines or bands associateq,,

with molecular electronic (and/or vibronic) transitions that
originate from the equilibrium ground state of the molecular
chromophores.

and ofmyg, but they showdg; angles that differ by 180andRy;

lues that are equal in magnitude but opposite in sign.
Chiroptical Luminescence Spectra. There are many varia-

tions of chiroptical luminescence experiments, with the varia-

tions related mostly to different sample excitation techniques,

For samples in which the molecular chromophores are |,minophore orientational distribution properties, and excitation/

randomly oriented, the contributions of any given electronic
transition (e.g., g j) to the absorptiond) and CD (A¢) spectra
may, to a very good approximation, be expressed as

€(7) = (KDg/dp)[vx (W)L (V)] (4)
Ae(7) = (4KRy/d) [P (7)L g (7)] ®)

whereK is a constant quantity defined byr8\a/300thc In 10
(which has a value 0f1.089x 10%®in cgs units)dy denotes
the degeneracy of the ground electronic stgje)(v) andy(v)

are factors dependent on the optical refractivity of the bulk
sample mediumL ¢(v) and Lgf(q‘/) are unit-normalized line

emission detection geometri€s14 However, common to all
the experiments are (1) collection of sample luminescence, (2
separation (or analysis) of the collected luminescence intc
circularly polarized components, and (3) measurements of the
following quantities:

(@) =1.()+1z(") (TL intensity) (11)

Al@P)=1.(¥) — Ig(@») (CPL intensity) (12)

Oer() = AI@)1(¥")/2  (emission dissymmetry factor)
13)

shape functions centered within the spectral frequency distribu- wherel (7') and Ir(#') denote intensities for the left (L)- and

tion of the g— j transition, andDg; and Ry; are transition line
strength quantities defined by

Dg; = 1GpglatlyTF + 10y mlp I ©)
Ry = IM{ 0l ;B0 |y ©)

whereg andm denote, respectively, electric and magnetic dipole
moment operators)y andy; denote state vectors for the ground
(g) and excited (j) electronic states in the-gj transition, and

Im specifies theimaginary part of the quantity that follows.
Hereafter, we shall refer tBg; as a transitiordipole strength
and toRy as a transitiorrotatory strength We note that for
transitions that are fully resolved in the absorption and CD
spectra, théy andRy quantities may be determined from the
experimental data by evaluating

_ %4
9 Koy

9y . Ae(v)
4K a—iy(vyv

dv and R;= dv (8)
where 4 specifies integration over the spectral profile of the
g — j transition.

The transition dipole strengths, defined according to eq 6
are scalar quantities with values that mustti& On the other

right (R)-circularly polarized components of the luminescence
collected from the sample and measured at the emissior
wavenumben’. It has become standard practice to refer to
I(v") as a total luminescence (TL) intensity andA&(v') as a
circularly polarized luminescence (CPL) intensity, and we shall
retain that practice here.

The chiroptical luminescence measurements performed in the
present study were carried out undgeady-stateexcitation/
emission detection conditions, on solution samples in which the
emitting-state population of molecules could be presumed tc
be rotationally relaxed and comprised of randomly oriented
luminophores. Under these conditions, the contributions of any
given electronic transition (e.g.,<g i) to the TL (1) and CPL
(Al) spectra may, to a very good approximation, be expresset
as

(10) Richardson, F. S.; Riehl, J. Bhem. Re. 1977, 77, 773-794.

(11) Riehl, J. P.; Richardson, F. 8hem. Re. 1986 86, 1-17.

(12) Dekkers, H. P. J. M. IrCircular Dichroism: Interpretation and
Applications Nakanishi, K., Berova, N., Woody, R. W., Eds.; VCH
Publishers: New York, 1994; Chapter 6, pp $252.

(13) Richardson, F. S.; Metcalf, D. H. @ircular Dichroism: Interpretation
and Applications Nakanishi, K., Berova, N., Woody, R. W., Eds.;
VCH Publishers: New York, 1994; Chapter 7, pp $3¥8.

» (14) Riehl, J. P. IMnalytical Applications of Circular DichroisgrPurdie,
N., Brittain, H. G., Eds.; Elsevier: Amsterdam, 1994.
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d

% @)L ()] (14)

_ 2 [P
Al(') = ()% )L g ()] (15)

whereK' = 167°c/3 (if the intensity quantities are expressed in
units of energy per second per unit solid anglW),is the
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electronic transitions observed in noncentrosymmetric molecula
systems, one may assume thgt> my , in which case eq 19b
reduces to

Mg 0039gj
n“+2] 4y

Insertion of egs 14 and 15 into eq 13 yields the following
expression for the emission dissymmetry factor measured withir

) 54[ (20)

concentration of molecules in the emitting state (i) under the the g« i transition region:

steady-state excitation/emission conditions of the experiment,

di denotes the degeneracy of the emitting stgi{@;) andy'(¥')
are factors dependent on the optical refractivity of the bulk
sample medium, and 'g,( "y andL 2 (v) are unit-normalized

ARy
_D_'G

RO )
gem(v) - DI_ X'(’l_/')l_ | (1_},) ( ) (21)

line shape functions centered within the spectral frequency similar to the behavior noted above for absorption dissymmetry

distribution of the g— i transition. TheDg andRyi quantities
are defined by

= |Wyluly0F + |G m|y,TF

= (ug)* + (Mg)* 1o
= Im[glulypiEapimiyd
oz = UgiMig gcos6’ ’ (17)

where except for the prime symbols, all the notation used in
these equations corresponds (in meaning) to that used and

defined earlier for eqs 6, 7, 9, and 10. The primes omghe

and y{ wavefunctions indicate that these wave functions are at the optical emission frequency of the-gi transition.

eigenfunctions of a molecular Hamiltonian that reflects the

factors, thegem factors determined from CPLA() and TL ()
measurements generally show very little variation with fre-
quency within any given transition region. If we apply the same
conditions and approximations to eq 21 that we applied above
to eq 18, we obtain

gem(g I) = 4Rg|x /Dg|X
A[(n? + 2)/3]ugmy, cosby
[n(n* + 2)%19](uy)? + n(miy)?

wheren denotes the refractive index of the bulk sample medium
In
cases where it may be assumed tigt> miy, expression 22b

(22a)

(22b)

geometry and stereochemical structure of the luminophores inreduces to

their vibrationally relaxed emitting state (i). In contrast, the
g andy; wave functions specified in egs 6 and 7, which pertain

to absorption processes, are defined to be eigenfunctions of a
molecular Hamiltonian that reflects the geometry and stereo-

chemical structure of the chromophores in their equilibrium
ground state. The use of prime labels on tlye mjy, Ogi, Dgi,

mjy cosOy;
n®+ 2] Ui

In the special case where CD/absorption measurements at
performed throughout a transition region that corresponds tc

Gon0—) 54[ (23)

andRy; quantities in egs 16 and 17 follows from the dependence directexcitation of the luminescent electronic state (i), we may

of these quantities oy and yi.

Absorption and Emission Dissymmetry Factors Insertion
of eqs 4 and 5 into eq 3 yields the following expression for the
absorption dissymmetry factor measured within the—gj
electronic transition region:

4R9J[X(V)L () 4Rglp
Dg,[x(v)ng(v) Dy

For fully resolved transitions, it is generally observed that the
CD (A¢) and absorptione) bands that contribute gyV) have
very similar shapes and baricenter locations, gqds essen-
tially constant over the spectral profile of any given transition.
This suggests that th8g;(¥) function in eq 18 may be replaced

gab(T/) (18)

Gy(v)

with a constant factor which, to a reasonably good approxima-

tion, can be assumed to represent the ratig(of to y(v), eval-
uated at the baricenter frequency of the-g absorption band.
If it is further assumed thgt(v) andy(v) derive from Lorentz-
type local field corrections, then eq 18 may be rewritten as

4R 7
Ga(9—]) = DRQ; (192)
4[(n* + 2)/3Jugm, cosb, (195)

(0 + 2190 (i) + n(my)?

wheren denotes the refractive index of the bulk sample medium
at the optical frequency of interest. For the great majority of

write

9er(0—) Ry g.[x x] (24)

gab(g_ﬂ) | gi lXX

If we assumeug > my andug > mi, this ratio may be re-
expressed as

Gerlg ) [HPglpelyiIGpImIyg costy 5a)
Gad01) 1Tyl DI Iy D cosoy,
im, coso;;
o 0% (25b)
UgiMg COSO;

Any deviations of this ratio from a value of 1 (unity) are
diagnostic of chirality-related differences between the stereo-
chemical structures of a molecule in its emitting state and
equilibrium ground state.

In CD/absorption experiments, one can generally measure th
absolute values &f (v) andeg(v) with reasonably good accuracy
and then determine the absolute valueg(®f, Ae(¥), andgay7).

The latter may then be used to determine the valu€x,pRy;,

and gay(g — j) from the relationships shown above in egs 8
and 18. In chiroptical luminescence experiments, one generally
measures only the relative valueslpfr') andIg(v"), and then
reportsl (v') andAl(¥") in some arbitrarily chosen set of intensity
units. This precludes the quantitative evaluatioDgfand Ry
from the luminescence intensity data, but it permits the direct
determination oQen(?') values and, therefor@em(g — i).
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Chiroptical Spectra of Overlapping Electronic Transition excited states of interest here are those formed by transferrini
Manifolds. In the preceding sections we focused primarily on an electron from any one of these occupied 5d orbitals to ar
the chiroptical properties of individual electronic transitions and emptyz* orbital of the coordinated bpy moieties. If we restrict
showed how these properties can be evaluated from CD/our attention only to those states formed by electron transfel
absorption and CPL/emission data when the transitions appearinto thelowest energyr* orbitals of the three coordinated bpy
as well-resolved (or resolvable) lines or bands in the optical moieties, then the total number of MLCT states that may be
absorption and emission spectra. However, in many cases thdormed is 36, 9 of which have principalpin—singletparentage
latter conditions are not met and the features observed in theand 27 of which have principallyspin—triplet parentage.
relevant spectra represent convolutions of contributions from Ferguson and Herréhdiscussed the energies and spambital
multiple transitions. This situation is encounterd in the CD/ compositions of these states for [Os(bg¥), and they also
absorption spectra observed fax-[Os(CG[6])(DMbpy)E* discussed the likely contributions of these states to the optica
throughout the 12 50630 000 cnt! wavenumber region, and  absorption, CD, and luminescence spectra observed for [Os
it is also relevant to the CPL/emission spectra observed for this (bpy)]2" at energies between 24 000 and 12 000 EmThe
complex. energy-level structure associated with these states is too comple

If we consider the absorptione)(and CD (Ae¢) spectra to permit definitive determinations of the locations and assign-
generated by a set of transitions-g{j}, all of which originate ments of individual levels (from the observed spectra), but
from the same ground state (g), we may write, by extensions Ferguson and Herren did succeed in rationalizing many aspect
of egs 4 and 5, of the observed spectra. Other workers have also examine

the d—z* MLCT spectra of [Os(bpyj]2" in some detail>17-23
, Kvy(v) and there is general agreement that all transitions that contribut
() = ZDQIL () (26) to the optical absorption and luminescence spectra at energie
9 of <18 000 cn! involve MLCT states of predominantly spin
AK (V triplet parentage and that the major contributions to the optical
X ZRg LA (V) @27) absorption spectrum between 18 000 and 24 000'are from
I transitions that involve MLCT states of predominantly spin
singlet parentage. Moreover, it is generally agreed that the
i 4X(V)ZRg,L <(7) rclnom-tempe_ratu_re luminescence spectrum of [Os(@fi’yjn-_ _
Ae(v) cludes contributions from at least three closely spaced emitting
Gasl?) = (28)  levels.
€(@) 7S DL < (7) The d-z* MLCT state structure of [Os(CG[6])(DMbpyjt
x Z =g is expected to be very similar to that of [Os(bg¥7, although
there will be differences due to the lower symmetry of [Os-
If we assume thak ;(v) is essentially identical tt. g(v) for (CGI6])(DMbpy)P* vs [Os(bpy)]** (Cz vs D3 point-group

each of the transitions, then eqs-Z8 may be re-expressed ~Symmetry) and small differences between the ligahdcceptor
as orbitals in the two complexes. The lower symmetry of [Os-

(CGJ6])(DMbpy)?+ will remove many of the degeneracies
@) = (K/dg)zDg] gj(”) (29) predicted among the-eir* MLCT states of [Os(bpy]%*, and
it is also likely to lead to either enhancements or redistributions
of transition intensities in the-elz* MLCT absorption spectra.
Ae(¥) = (K/dg)ZQab(g—j) DgiFi() (30) Ferguson and Herréhconsidered the effects 6% perturbations
] on the spectra of [Os(bpy¥™ contained in a [Zn(bpy)(PFs)2

Ae(@) =

host crystal, and they found clear evidence that these effect
g.(¥) = Zgab(g—j) Dyl ;j(T/)/ ZngL @ (3 are manifested in the polarized intensity data of the system.
] ]

Results and Discussion

whereFg(v) = 7y (¥)L ¢(7), andga(g — j) is defined by eq 19. Absorption and Circular Dichroism Spectra. Absorption
It is readily apparent from these expressions that the spectral(¢) and CD (A¢) spectra measured over the 12 5@D 300 cnt!
profiles ofe(v), |Ae(¥)|, and|gai(7)| can be quite different over  spectral range are shown in Figure 3. These spectra wer
frequency regions that encompass multiple, overlapping transi- obtained at room temperature93 K) on a 0.528 mM solution
tions with different dissymmetry factors. sample ofA-[Os(CGJ[6])(DMbpy)](Pk). dissolved in acetoni-
Electronic-State Structure of [Os(CG[6])(DMbpy)]?*. The trile. Also shown in Figure 3 is a line spectrum g4, values
electronic states of direct relevance to the spectroscopic measured at the locations of maxima, minima, and shoulde
measurements performed in this study include the ground statefeatures observed in the CD spectrum. The locations and progp
and all excited states that are located between 12 500 and 30 00@rties of the eight features labeledlas8 are listed in Table 1.
cm~1 above ground. The electronic state structure of [Os(CG- The absorption and CD spectra shown in Figure 3 are
[6])(DMbpy)]?* between 0 and 30 000 crhis expected to be  qualitatively very similar to those reported recently ffOs-
qualitatively similar to that of the well-studied [Os(bg}A"
complex, in which case most (if not all) of the excited states (18)

Caspar, J. V.; Westmoreland, T. D.; Allen, G. H.; Bradley, P. G.;
Meyer, T. J.; Woodruff, W. HJ. Am. Chem. S0d.984 106, 3492~

located below 30 000 cm may be assigned as one-electron 3500.
d—m* type metal-to-ligand charge-transfer (MLCT) states0 (19) Ferguson, J.; Herren, G.; Krausz, E. R.; Maeder, M.; Vrbancich, J.
In the ground state, three of the five 5d orbitals of Os(ll) are (20) fﬂ%‘;rgr- ?rh?]rghge :F?S‘ﬁgr‘]‘-eéll;gg-% 1103-1206
doubly occupied, forming a Sdinglet configuration, and the (21) Ferguéoh, J.: Herren, F.. McLaughIin,’G. ohem. Phys. Letf982
89, 376-380.
(15) Pankuch, B. J.; Lacky, D. E.; Crosby, G.A.Phys. Cheml980Q 84, (22) Giuffrida, G.; Calogero, G.; Guglielmo, G.; Ricevuto, V.; Ciano, M.;
2061—-2067. Campagna, Snorg. Chem.1993 32, 1179-1183.
(16) Ferguson, J.; Herren, Ehem. Phys1983 76, 45—59. (23) Riesen, H.; Wallace, L.; Krausz, E.Chem. Physl995 102 4823—

(17) Kober, E. M.; Meyer, T. Jinorg. Chem 1984 23, 3877-3886. 4831.
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Figure 3. Absorption €) and CD (A¢) spectra obtained from

T
15000

20000

25000

Wavenumber (cm™)

30000

measurements on a 0.528 mM solution sampleAgfOs(CG[6])-

(DMbpy)](PFs)2 in acetonitrile. The bottom panel shows absorption
dissymmetry factorsgh, = Aele) measured at the locations of maxima,
minima, and shoulder features (labeledlas8) in the CD spectrum.

All measurements were performed at a sample termperature288
K (room temperature).

Table 1. Locations and Properties of the Maxima, Minima, and
Shoulder Features Observed in the CD Spectrum of
A-[Os(CGI6])(DMbpy)F" over the 12 50830 300 cntt Spectral

Rangé

CD spectra features

labeP

Ae

€

type® location (cnt}) (M~tcm™) (Mlcm™) gupx 103

1

O~NO O~ WN

a All data are from CD/absorption measurements performed on a

min
min
min
max
sh
sh
min
max

14 659
15868
19 836
22 618
24 624
25766
27 315
29 061

—2.87
—2.09
—18.08
16.58
10.99
5.95
—1.27
8.32

2488
3599
10676
11562
10278
10890
10601
10671

—1.16
—0.58
—1.69
1.43
1.07
0.55
—0.12
0.78

0.528 mM solution sample &-[Os(CG[6])(DMbpy)F* in acetonitrile,
at room temperature~{293 K). See spectra shown in Figure’®.abels

assigned according to Figure @eatures identified as minima (min),

maxima (max), or shoulders (sh).

(bpyx]?™ in acetonitrile solutio?* The spectral features

observed in the absorption and CD spectraAgfOs(CG[6])-
(DMbpy)]?* are red-shifted by~400 cnt? from the corre-

sponding features in th&-[Os(bpy)}]?* spectra, but the shapes,
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Figure 4. TL (I = I + Ig) and CPL Al = I — Ig) spectra obtained
for A-[Os(CGI6])(DMbpy)F" in acetonitrile solution (at 293 K). The
noisy CPL trace represents the raw data obtained from the CPL
measurements, and the smooth solid line CPL trace represents a fit
the raw data to the intensity distribution function defined by eq 33 in
the text. The bottom panel shows a plot of emission dissymmetry factors
(gem= 2Al/1) determined over the 11 7504 500 cm* spectral region.

18 000 cnt! spectral region. Similar differences between
A-[Os(CGJ6])(DMbpy)Ft andA-[Os(bpy}]?* are also observed
in the absorption and CD intensity data acquired over the
19 000-30 000 cn?! spectral region. Overall, the total oscil-
lator strength of the €* MLCT transitions inA-[Os(CG[6])-
(DMbpy)]?+ is ~40% larger than that observed for the same
set of transitions im\-[Os(bpy}]2", but A-[Os(bpy}]2" exhibits
stronger circular dichroism and absorption dissymmetry through-
out the d-7* MLCT transition regions. We note, however,
that thenet(algebraically summed) CD intensity measured over
the 12 506-30 000 cn1! spectral region is very nearly zero for
both A-[Os(CG[6])(DMbpy)E" and A-[Os(bpy}]?™. This
implies that the totalr(ef) rotatory strength associated with the
d—s* MLCT transition manifold in each complex has a value
close to zero.

Luminescence Spectra The TL ( = I + Ig) and CPL Al
= 1. — Ir) spectra measured fa-[Os(CG[6])(DMbpy)E" in
acetonitrile solution (at 293 K) are shown in Figure 4 along
with a plot of the corresponding emission dissymmetry factors
(gem). These spectra are not corrected to reflect the frequency
dependent emission-detection response of our instrumentatior
which falls off rapidly on the far-red side of the emission
spectrum (past 12 000 cH. This, of course, does not affect
the emission dissymmetry factor data, which correspond to ratio:
of Al to I/2 measured across the spectrum. Both “raw” and
“smoothed” CPL spectra are shown in Figure 4, and allAhe

relative intensities, spacings, and sign patterns of these featureglata used in generating tigz,(v") plot were taken from the
are very similar in the spectra of the two systems. However, ‘Smoothed” CPL spectrum.
significant differences are observed in #iesolutevalues ofe,

Ae, andgap measured for the two systems. Over the 14-600

18 000 cnt?! spectral region, the absorption spectruniefiOs-

(CGI6])(DMbpy)J?t showse values that are-40% larger than
those observed fok-[Os(bpy}]2t, but the CD bands observed
for A-[Os(CG[6])(DMbpy)E" are only~40% as intense as those

observed forA-[Os(bpy)]2*.

for A-[Os(CGJ[6])(DMbpy)F*+ that, on average, are less than

These results yielthay values

30% as large as those fdx-[Os(bpy)]?" over the 14 006

(24) Noble, B.; Peacock, R. Dnorg. Chem.1996 35, 1616-1620.

The TL spectrum shown in Figure 4 is red-shifted 00
cm! from the corresponding unpolarized luminescence spec:
trum reported forA-[Os(bpy}]?" in acetonitrile solutior#? but
otherwise these two spectra have very similar appearances. S
far as we are aware, no CPL spectrumAsfOs(bpy}]?" has
yet been reported in the literature.

Both the TL and CPL spectra shown in Figure 4 are well
represented by linear combinations of two Gaussian band shar
functions: onefq) centered at 13 425 crh with a half-width
of 648 cnT?, and the otherff) centered at 12 203 crh with a
half-width of 690 cm. Expressed in terms of these functions,
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the observed TL and CPL spectra are given, to a very good
approximation, by

|(7) = N [f,(#) + 0.345,(7")] (32)

Al(#) = =NPHE, (') + 0.348,(7")] (33)
whereNT™ andNCPL are intensity normalization factors which,
for the spectra shown in Figure 4, are givenM{ = 2.77 x

103 NCPL=1.274x 10*. A plot of eq 33, withNCPL set equal

to 4.60, yields the “smoothed” CPL spectrum shown in Figure
4.

It is reasonable to assume that the luminescence of [Os(CG-.,

[6])(DMbpy)]?* originates from electronic and vibronic states

that are very similar to those that contribute to the luminescence

of [Os(bpy}]?*. Analyses of [Os(bpy)?" luminescence spectra

indicate that, at room temperature, the observed emission occurs

from a thermally equilibrated excited-state manifold comprised
of at least three closely spacéMILCT electronic states and
their thermally accessible vibrational levéfs? (Note that here
we use the notatioPMLCT to indicate a metal-to-ligand charge-
transfer state with predominantbpin—triplet character.) Simi-
lar to the TL spectrum observed for [Os(CG[6])(DMbpy)kee

Gunde et al.

—

12000 13000 14000 15000 16000

Wavenumber (cm'1)

Figure 5. TL (I = I. + Ig) and CPL Al = I. — Ig) spectra and
absorption €) and CD (A¢) spectra measured over the 11 3ad 200
cm* spectral region. The bottom panel shows emission dissymmetry
factors measured at 12 203 th(2) and 13425 cm' (1') and

Figure 4 and eq 32), the room-temperature luminescence absorption dissymmetry factors measured at 14 @58r(d 15 868 cmt

spectrum of [Os(bpy)?" in solution shows just two discernible
featured* that together may be represented by an intensity
distribution function similar in form to that defined by our eq

32. It is generally assumed that the higher energy (and more

intense) feature in this spectrum encompasses all of the “true”
and “false” origin lines associated with transitions out of the

emitting-state manifold and that the lower energy (and less
intense) feature in the spectrum is comprised entirely of vibronic
lines with origins located within the spectral band envelope of

the higher energy feature. The luminescence spectrum of [Os-

(CG[6])(DMbpy)]2" may be similarly interpreted, although the
energy-level structure within the emitting-state manifold of this
complex is likely to be more complicated than that of [Os-
(bpy)]**.

We note from Figure 4 that emission dissymmetry, defined
asgem= 2(I. — IR)/(IL + IR), is essentially constant across the
luminescence spectrum ak-[Os(CG[6])(DMbpy)Et. This
indicates that the rotatory strength-to-dipole strength ratios in
the origin transitions are replicated in the vibronic transition
manifolds, which further implies that the relevant electronic

rotatory strength and dipole strength quantities have an es-

sentially identical dependence on nuclear vibrational motions.
Comparisons between Chiroptical Absorption and Lu-
minescence Spectra in the Overlapping Transition Regions
In Figure 5 we show the TL and CPL spectra®Os(CG-
[6])(DMbpy)]?" alongside the absorption and CD spectra
measured over theMLCT transition region. Also shown are
the absorption dissymmetry factorgf) measured at the
locations of feature$ and2 in the CD spectrum (see Figure 3
and Table 1) and the emission dissymmetry factaysm(
measured at 13 42%'j and 12 203 cm! (2'), which correspond
respectively to the centroids of tfigv') andf,(v') functions in

.

Table 2. Absorption and Emission Dissymmetry Factors Measured
at Special Points within the 12 08@7 000 cm* Spectral Regich

wavenumber (cmt)

12203 13425 14 042 14 659 15 868
Oem x 10° —0.75 —0.72 —-0.71
Oab x 108 —1.85 —1.16 —0.58

a See relevant CD/absorption and CPL/emission spectra shown ir
gures 3-5.

Fi
contribute to the absorption spectrum makes a detectabl
contribution to the CD spectrum. This would explain the
distinctly different intensity profiles observed in the absorption
vs CD spectra over th#MLCT transiton region. It would also
require that the CD band we label 2én Figure 3 be assigned
as the first member of a vibrational progression based on origir
lines located within the CD band labeled as The separation
between these band$ and2) in the CD spectrum oAA-[Os-
(CG[6])(DMbpy)?" is ~1210 cnt?, which may be compared

to a separation 01300 cnT! between the corresponding bands
in the CD spectrum ofA-[Os(bpy}]?* (in solution)?*

The two components of the “fitted” CPL spectrum, repre-
sented by eq 33, show a separation of 1222 %rand as was
noted earlier the lower energy component (labeled her®)as
may be assigned as the first member of a vibrational progressio
based on origin lines located within the higher energy compo-
nent (labeled here &s). We further note from Figure 5 that
the higher energy componerit) of the CPL spectrum exhibits
significant overlap with the lower energy componehtdf the
CD spectrum, which suggests that the origin lines in the CPL
and CD spectra may derive from identical electronic states.

egs 32 and 33. The values of these dissymmetry factors, asHowever, the differences between tlgg,, and ga.p values

well as those measured at the midpoint betwgemd 1', are
summarized in Table 2.

observed across the CPL and CD spectra (see values listed
Table 2) confound this picture.

As was noted earlier, the absorption and CD spectra observed The absorption and emission dissymmetry factors have

for A-[Os(bpy}]?t over the 3MLCT transition region are
qualitatively very similar to those observed #[Os(CG[6])-
(DMbpy)]?* (and shown in Figure 5). In their interpretation
of the A-[Os(bpy}]?" spectra, Ferguson and Herteproposed
that only one of the several (or manyMLCT states that

identical signs throughout the CBCPL spectral overlap region
(15 000-13 000 cntY), but the values ofy,, are on average
~2.5 times larger in magnitude than the valuegygf This
implies that thedegreeof structural chirality (or helicity) in
the equilibrium ground state of\-[Os(CG[6])(DMbpy)E*"
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differs significantly from that in the emitting states. It is likely The stereochemistry of the coordination core and chelate
that this chirality-related difference between the ground- and ring structure inA-[Os(CG[6])(DMbpy)F" is essentially identi-
emitting-state structures &f-[Os(CG[6])(DMbpy)F* involves cal to that ofA-[Os(bpy}]?", and therefore, it is expected that
nuclear displacements that are distinct from those responsiblethe chiroptical properties of these two complexes should be ven
for the Stokes shift observed in the luminescence/absorptionsimilar throughout the MLCT transition regions of their CD/
spectra shown in Figure 5. The Stokes shift most likely reflects absorption spectra. Ongqualitative level, this expectation is
an isotropic radial expansion of the complex in its excited quite compatible with experimental observation. The features
(emitting) states, whereas the differences betwgerandgap observed in the CD/absorption spectra Af[Os(CG[6])-
most likely reflect “twist-type” distortions between the ground- (DMbpy)]?>" have shapes, relative intensities, sign patterns, anc
and excited-state structures of the complex. spacings that are nearly identical to those observed in the CD
For all the optical transitions of interest in this study, the absorption spectra ak-[Os(bpy}]?* (in solution). However,
relevant chromophoric unit a&-[Os(CG[6])(DMbpy)F* is the on aquantitative level, the CD/absorption spectra of the two
trisbidentate chelate structure formed by the coordination of Os- complexes show significant differences. The MLCT transitions
(1) to three bipyridy! ligand moieties. The three chelate rings in A-[Os(CG[6])(DMbpy)F* show larger molar absorptivities
in this structure are arranged in the shape of a three-bladed(€), but somewhat smaller CD intensities«) and absorption
propeller with a right-handed screw sense (or helicity). The dissymmetry factorsghy), than the corresponding transitions
degreeof helicity in this structure is defined by thgtch of the in A-[Os(bpy)]?*. This indicates that ligand structure outside
helix formed by the three chelate rings. A change in the screw the central coordination core and chefatig system ofA-[Os-
sense of this helix (from right-handed to left-handed) is (CG[6])(DMbpy)** exerts a significant influence on both the
forbidden by structural constraints imposed by the extrachro- dipole strengths and rotatory strengths of the MLCT transitions.
mophoric parts of the CG[6] ligand in [Os(CG[6])(DMbp$)]° This influence most likely derives from a combination of (1)
However, changes in the pitch of the helix are expected to inductive effects on ther-electron charge distributions within
accompany any excitation or relaxation processes that alter thethe bipyridyl moieties of the CG[6] ligand and (2) direct
sizes of the chelate rings and/or the interactions between the(through-space) interactions between théfdging atoms and
chelate rings. Given the large redistribution of charge that pinene moieties of the CG[6] ligand and the chromophoric
occurs in a MLCT transition, it is reasonable to expect that the €electrons involved in the MLCT transitions. Given the length
degree of helicity in thédMLCT emitting-state structure of  of the G bridge in CG[6], it is unlikely that this bridge will
A-[Os(CG[6])(DMbpy)R* will differ from that in the equilib- produce any significant structural distortions or strain in the
rium ground-state structure. This “twist-type” distortion be- coordination core oA-[Os(CG[6])(DMbpy)F*. However, this
tween the ground- and emitting-state structures would lead to bridge has a rigid and well-defined conformational chirality,
differences between thmagnitudef the gap and gem values and its direct interactions with the chromophoric electrons of
measured throughout the CD-CPL spectral overlap region.  the complex will almost certainly alter the degree of helicity
The above discussion provides onlygaalitative rationale associated with MLCT processes. Similarly, each of the two
for the spectra shown in Figure 5. A more detailed interpretation Pinéne moieties in the CG[6] ligand contains three asymmetric
of the spectra would require considerably more information carbon atoms which may also alter the helicity of the force-
about the3MLCT energy-level structure inA-[Os(CG[e])- fields acting on the chromophoric electrons. .
(DMbpy)J2*. Previous work on [Os(bpy)?* provides useful _In our earlier discussion of the absorption and emission
clues about this energy-level structure, but many of the important dissymmetry factors observed far[Os(CG[6])(DMbpy)f* in
details remain obscure. Differences between ground- andthe CD-CPL spectral overlap region (15 08@3 000 cm*),
emitting-state chiroptical properties have been observed previ-We attributed the observed differences between the magnitude
ously in several classes of optically active organic compotinds ~Of Gapa@ndgemto chirality-related structural differences between
andin crystals of sodium uranyl acetate, Na[l{OHzCOO);].25 the equilibrium ground state afILCT emitting states of the
However, in each of these systems, the observed luminescenc€0MPlex. It was further suggested that these ground- vs
could be assigned entirely to transitions originating from just emitting-state structural differences correspond to twist-type
one, relatively isolated and well-defined electronic excited state. distortions within the coordination core and chetatiag system
The emitting-state manifold iM\-[Os(CG[6])(DMbpy)E* is of the complex. However, it is also possible that the observeo

much more complicated. differences betweengas and |ger] may be due entirely to
differential ground- vs excited-state perturbations exerted by
Conclusion the extrachromophoric parts of the complex. It is certainly

reasonable to expect that tRMILCT excited states of the

Among the several kinds of structural chirality present in complex would be perturbed more strongly than the ground statt
A-[Os(CGI[6])(DMbpy)F*, that associated with the coordination by interactions with the pinene ang Bridging moieties of the
core and chelatering system of the complex makes the CGJ[6] ligand. This follows from the fact that theéMLCT
dominant (and sign-determining) contributions to the chiroptical excited states are created by processes that move electron char
properties examined in this study. However, it appears that density away from the Os(ll) atom and into regions closer to
chiral moieties located outside the central chefateg system, the pinene and £bridging moieties of the CG[6] ligand.
in the noncoordinated parts of the CG[6] ligand, also make
significant contributions to these properties. The clearest
evidence of this is found in our comparisons between the CD/

absorption results obtained fdr-[Os(CG[6])(DMbpy)F* vs A-[Os(CG[6])(DMbpy)](PFK)2 in 4 mL of spectrophotometric-grade

X 2+ ; ;
A-[Os(bpy}]*", Wh(?re It appears tha_t th_e extrachrpmqphonc acetonitrile. The acetonitrile was purchased from J. T. Baker and
parts of the CG[6] ligand make contributions that diminish the gpsequently refluxed over NaH and redistilled prior to its use as

Experimental Section

All of the spectroscopic measurements reported in this study were
carried out on solution samples prepared by dissolving 1.288 mg of

magnitudes of the observekk and g, quantities. solvent. TheA-[Os(CG[6])(DMbpy)](PR). compound was prepared
following methods and procedures analogous to those previously
(25) Moran, D. M.; Metcalf, D. H.; Richardson, F. Biorg. Chem1992 reported for the preparation of the corresponding ruthenium(ll)

31, 819-825. compound
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Unpolarized absorption spectra measurements were carried out usinghe peak wavenumber data point, with a spectral data interval of 2 nm
a Varian Cary Model 5E absorption spectrophotometer, and CD/ These spectra are not corrected for instrumental response, whic
absorption spectra were recorded with a Jasco Model J-720 CD/ gradually decreases by50% over the region from 500 to 850 nm,
absorption spectrophotometer. All absorption and CD measurementsbeyond which the response abruptly decreases by over 99% fo
were performed on solution samples at room temperatu93 K). wavelengths longer tharn850 nm. CD/absorption measurements were

All luminescence measurements were carried out using a photon- carried out before and after the CPL/TL scan to verify sample integrity.
counting chiroptical emission spectrophotometer constructed at the No sample degradation was observed under the conditions of ou
University of Virginia. These measurements were performed under experiments.
steady-stateexcitation/emission detection conditions, with excitation
provided by a CW argon ion laser (Coherent Innova-90) tuned to 488
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