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The excited state properties of a series of singly bonded dirhodium compounds, consistirfy, GHRH' X,

and RH X, (X = Cl and Br) cores coordinated by three bis(difluorophosphino)methylamine ligands, have been
investigated. The newly synthesized complexes witl Br have been structurally characterized. The mixed-
valence complex Rifu-CH3N(PFR,)2]sBro[(PF)CH3N(PR,)] crystallizes in the orthorhombic space grae@y2:2;

with a = 13.868(7) Ab = 16.090(5) Ac = 11.614(5) AV = 1591(3) B, andZ = 4; the structure was refined

to values ofR = 0.052 andR,, = 0.062. Orange crystals of RJr-CHs;N(PF,)2]sBrs4 are monoclinic with aC2/c

space groupa = 14.62(6) A,b = 12.20(2) A,c = 14.33(1) A;8 = 106.0(2); V = 2457(11) B; Z = 4; andR

= 0.058 andR,, = 0.056. Crystalline solids and low-temperature glasses of each member of the chloride and
bromide series exhibit long-lived red luminescence. Excitation profiles and temperature dependencies of the
emission bandwidths and lifetimes for all complexes are characteristic of luminescence originating fo¢m a d
excited state. Efficient nonradiative decay is observed upon the thermal population of an excited state proximate
to the lowest energy emissive excited state of these complexes. The nonradiative decay rate constant of the
upper excited state is #610° and 16—10* greater than that of the emissive excited state for complexes with X

= Cl and Br, respectively.

Introduction

of an E, state in the3(dz'ds") manifold, which acquires

. . ) significant singlet character via a spinrbit coupling mecha-
Atoms held together by a single bond tend to dissociate upon igm.

excitation of transitions populating* excited states. As early

as 1925, the prominent role of photodissociation in the chemistry
of inorganic compounds was emerging with Franck’s identifica-
tion of dissociative continua in the absorption spectrumydf |
Soon thereafter Dymond noted that the intense luminescence
of I, disappeared upon illumination with light in the continuous
region of the absorption spectriinThe spectroscopic studies

of Mulliken,® and later those of Mathieson and Réesyealed

that these continua were associated with the population of the
o* orbital of the single bond of iodine.

A similar case exists for inorganic compounds featuring
metals bound by single bonds. Luminescence frofnakcited
states such as M(CO)o is circumvented by efficient nonra-
diative deactivation resulting from the photoinduced cleavage
of the metat-metal bond upon @ occupation? Although
photodissociation can be prevented by spanningNVcores
with bidentate ligands, our recent observatibms)d those of
Miskowski and Stiegmanpf luminescence from RtRh, and
Re, complexes represent the first reports of long-livest d
excited states for MM compounds. Thatal luminescence
has only recently been observed despite the synthesis of several
bridged complexes during the past years underscores the subtle
role that electronic factors play in the deactivation of dxcited
states. Photophysical studies performed by us on singly bonded
LPt"PHI'L (L = ClI, Br, and BHO) tetraphosphatéslearly show
this to be the case. Time-resolved spectroscopy of these
diplatinum complexes reveals a significant temperature depen-
dence of @* luminescence arising from the thermal population
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Our interest in further elaborating the mechanisms governing
do* luminescence is stimulated with our recent synthesis of the
related series of dirhodium bis(difluorophosphino)methylamine
(CH3N(PR,),2, dfpma) compounds Rfdfpmaj(PFs);, Rh-
(dfpmajCly(PFRs), and Rh(dfpmakCls.® Luminescence, ob-
served for this series of compounds, is associated with the singly
bonded RPRK'Cl, and RH,Cl, cores. We now report the
synthesis and characterization of the parallel bromide series.
Whereas the chloride and bromide complexes of &Rhma}X4
are structurally analogous, the Pfound axially to the Rh(0)
center in Rha(dfpmakCly(PF) is replaced by a dfpma ligand
in the bromide compound to give Rdfpma)Br,(*-dfpma).
Absorption spectra not only suggest chloride and bromide con-
geners to be electronically similar but also thRRIPRN'X,
and RH,X, series to be analogous despite the different
d-electron counts of the bimetallic cores. We show that the
long-lived luminescence from this series of fluorophosphine
compounds most likely originates from a’lo* excited state,
and possible models rationalizing the observed photophysics
for the Rh series are discussed.

Experimental Section

Synthesis of Dirhodium Fluorophosphine Complexes.All syn-
thetic manipulations, filtrations, and recrystallizations were performed
under a purified argon atmosphere. The(Bipmak(PF)., Rh(dfpma)-
Cly(PFs), and Ri(dfpma}Cl, complexes were synthesized by previously
described methods.For the corresponding bromide derivatives, [RhBr-
(PRs)J]2 was the starting material, which was obtained by reacting
[RhCI(PR),]» with excess NaB#? Addition of CHsN(PR,), (0.50 mL,

4.3 mmol) to [RhBr(PE)2]2 (0.13 g, 0.184 mmol) in 15 mL of benzene
followed by 9 h of heating at reflux temperature gave the red-orange
precipitate of the RIRh'Br, compound, which was collected by
filtration, washed with benzene, and dried under vacuum. For the Rh
Br, derivative, CHN(PF,), (0.2 mL, 1.73 mmol) was added via syringe
to a benzene solution of [RhBr(BE.. This reaction mixture was
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Table 1. Crystallographic Data for Rfdfpma)}Bra(5*-dfpma) @)
and Rh(dfpma}X, (2)

1 2
chemical formula RiFleBrngN4C4H12 RI’}zF1zBr4P6N3C3Hg
formula weight 1033.55 1026.37
space group P2,2:2; (19) C2/c(15)
a(h) 13.868(7) 14.62(6)
b (A) 16.090(5) 12.20(2)
c(A) 11.614(5) 14.33(1)
o (deg) 90 90
p (deg) 90 106.0(2)
y (deg) 90 90
V (A3) 1591(3) 2457(11)
z 4 4
T(°C) —90 23
A (Mo Ko (A) 0.71069 0.71069
Pealca (g CNT3) 2.649 2.775
u(cm™) 49.17 215
R(Fo)? 0.052 0.058
Ru(Fo)? 0.062 0.056

AR =Y ||Fo| — IFcll/Y|Fol. ® Ry = [XW(|Fo| — [Fe)IWIFo|3Y2 w
= 1/(0?|Fy|).

matrix least-squares refinement was based on 1748 observed reflections
(I > 3.00s(1)) and 320 variable parameters and converged (largest
parameter shift was 0.11 times its esd) with unweighted and weighted
agreement factors of 0.052 and 0.062, respectively. The largest peak
in the final difference map was 1.12 &/A

Rhy[CH3N(PF)2]sBra (2). An orange irregular crystal a2 (ap-
proximate dimensions, 0.08 0.12 x 0.20 mm) was mounted on a
glass fiber. The cell parameters and an orientation matrix were obtained
from a least-squares refinement using the setting angles of six carefully
centered reflections in the range 20486 < 22.61 corresponding to
a monoclinic cell. The space group was determined tC2e.

The data were collected at a temperature o223 °C; a total of
2389 reflections were collected, of which 2279 were unique. The
intensities of three representative reflections, which were measured after

charged with bromine (0.02 mL, 0.390 mmol), and the solution was €very 150 reflections, declined by 0.080%. A linear correction factor
heated at reflux temperature for 3.5 h. The solvent volume was reducedwas applied to the data to account for this phenomenon. The structure
by two-thirds under an argon flow, and hexane (6 mL) was added to was solved by direct methods. The non-hydrogen atoms were refined

promote precipitation. The ensuing precipitate was filtered and dried
under vacuum. Crystals of Rldfpma}Br.(;*-dfpma) and Ri(dfpma}-

Br, were obtained by layering GBI, solutions of the compounds with
hexane. The compounds were identified by FABMS and X-ray
crystallographic analysis.

X-ray Crystallography. The diffraction data for the dirhodium
complexes were collected on a Rigaku AFC6S diffractometer using
graphite monochromated ModK(1 = 0.71069 A) radiation and a 2
KW sealed tube generator. The intensity data were collected by using
w — 26 scans at a rate of 4.0/min (in; three rescans) for R{dfpma-
Br(n-dfpma) and 16.0/min (imw; two rescans) for Rifdfpma}Br,.
Calculations were performed on a VAX 11/750 computer using the
TEXSAN crystallographic software package provided by Molecular
Structure Corp. Crystal parameters and details of intensity collection
and refinement for the structure determinations of(Bfpma)Bra(1*-
dfpma) and RE(dfpma)X, are listed in Table 1. Complete tables of

either anisotropically or isotropically. The final cycle of full-matrix
least-squares refinement was based on 729 observed refledtions (
3.00x(1)) and converged (largest parameter shift was 0.01 times its esd)
with weighted and unweighted agreement factors of 0.058 and 0.056,
respectively. The largest peak in the final difference map was 1.09
e/As.

Spectroscopic Measurements Electronic absorption spectra were
recorded on either a Cary 17 or a Varian 2300-Wis—near-IR
spectrometer. Dried Ci€l, was employed as solvent and deoxygen-
ated by vigorously bubbling argon. Molar absorptivities were obtained
from plots of at least four experimental points. Time-resolved and
steady state luminescence spectra were recorded with a Nd:YAG pulsed-
laser systemigyx. = 355 nm, fwhm= 8 ns}! and a high-resolution
emission spectrometetd. = 365 nm}? constructed at Michigan State
University. Variable temperature luminescence and lifetime measure-
ments were recorded on crystalline samples cooled with an Air Products

positional parameters, bond distances, bond angles, anisotropic thermatlosed-cycle cryogenic system by methods described elsefhere.

parameters, and hydrogen atom parameters are available as Supportin
Information.

Rho[u-CH3N(PF,)]sBro[(PF2)CH3N(PF,)] (1). A deep maroon
irregular crystal ofl (approximate dimensions, 0.4 0.20 x 0.30

Excitation spectra of the dirhodium complexes were recorded on the
high-resolution emission spectrometer with the following modifica-
tions: a quartz beam splitter was placed in the excitation optical path
to direct a portion of the excitation light from a 150 W Xe lamp to a

mm) was mounted at the end of a glass fiber and coated with N-Paratonephotodiode, which was used to monitor the intensity profile of the

oil. The cell parameters and an orientation matrix were obtained from
a least-squares refinement of 25 reflections in the range 1520 <
19.21. The space group was found to B2,2;,2;.

A total of 2614 reflections were collected at a temperature-0
+ 3 °C. The structure was solved by direct methods. The non-
hydrogen atoms were refined anisotropically. The final cycle of full-

excitation source thereby permitting the excitation intensity to be
normalized; the phase-modulated intensities of the excitation and
emission light were detected with individual lock-in amplifiers; and
the outputs of the lock-in amplifiers and the photodiode were fed to a
microcomputer, which permitted the emission intensity to be simulta-
neously corrected for excitation intensity and photodiode responses.

(9) Dulebohn, J. I.; Ward, D. L.; Nocera, D. G. Am. Chem. S0d.99Q
112,2969.
(10) Bennett, M. A.; Patmore, D. Inorg. Chem.1971, 10, 2387.
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(12) Mussell, R. D.; Nocera, D. GI. Am. Chem. S0d.988 110, 2764.



Dirhodium Fluorophosphine Complexes Inorganic Chemistry, Vol. 35, No. 4, 199813

Table 2. Selected Bond Distances (A) and Bond Angles (deg) of

F5
Fa o the R, RIPRI'X2, and RH,X4 Cores of the Binuclear
2@ c1F6 = Fluorophosphine Compounds
P3 ")
QQ A% Rhu(dfpmay, REAPMaRXa(l)  Rhidfpma)Xs
P2
N1
Fl

(PR), X=Cl X=Br X=Cl X=Br

Bond Distance
d(Rh—Rh) 2.841(2) 2.785(1) 2.798(2) 2.707(1) 2.750(8)

d(Rh—X)ax 2.431(2) 2.579(3) 2.416(2) 2.555(6)
d(Rh—X)eq 2.385(2) 2.524(4) 2.392(2) 2.519(9)
Bond Angle
Rh—Rh—X1 176.46(6) 177.1(1) 175.75(5) 173.9(2)
X1-Rh—X2 92.81(7) 92.9(1) 90.69(8) 89.9(3)

retained in these complexes with trigonal bipyramidal geometry
observed about the Rh(0) center and a pseudooctahedral
coordination sphere surrounding the Rh(Il) center. Whereas the
chloro and bromo RifdfpmalX, complexes are structurally
) . . analogous, the Rtdfpma}Br,(r!-dfpma) compound features
Elgur;e dlf' ORTEP _iit:a%/\gtr;g a”g ”bL.‘I'.‘t“be“.”g ?(theme oh@fpma)- monodentate coordination of a dfpma ligand in place of the axial
r(y"-dfpma) @) wi o probabiiity elipsoids. PF; in the Rhy(dfpma)Cly(PFs) complex. Preference for axial
coordination of only one phosphorus of the dfpma ligand as
opposed to coordination of a small molecat@accepting ligand
such as Pkhas been observed previously in the reaction of
Coy(CO) with dfpma to yield Ce(dfmpa)(n*-dfmpa).l® The
electronic properties of the RRh'X; core gide infra) do not
appear to be greatly perturbed whetheg BFdfpma occupies
the axial coordination site of the Rh(0) center.

The primary structural differences between the chloro and
bromo analogs of the R{dfpma}X,(L) (L = PR or dfpma)
and Rb(dfpmakX, complexes occur in the RRh'X, and
Rh';X, cores. Table 2 displays selected bond distances and
angles for the two classes of compounds; the appropriate data
for the R, complex are also included. The dirhodium
complexes display bond lengths characteristic of-Rh single
bonds!* which arise from the pairing of an odd electron residing
in the dz orbital of a & Rh°P, fragment or d Rh'PsX, fragment
to yield species with d-electron configurations of)@—d!-
(dB), (dB)d'—d*(df), and (&)d*—d*(d®) (for the RK,, RIPRA!'X,
and RH X, cores, respectively). The increase in RARh bond
length along the chloride and bromide seried' Rk RHRh!
< RHhY, is expected in view of the larger atomic radius of Rh-
(0) as compared to Rh(ll). Along similar lines, the increase of
Figure 2. ORTEP view of Ri(dfpma}Br, (2) showing the numbering ~ ~0-14 A in the axial and equatorial RiX bond distances upon
scheme. Thermal parameters are shown at the 50% level. replacement of chloride with bromide for Rtdfpma}xX4 and

Rhp(dfpma)Xy(L) is consistent with the larger atomic radius
Samples employed for measurements were in crystalline or powder of the bromine atomr(Br) in Br, = 1.141 A,r(Cl) in Cl, =
form in EPR tubes that were immersed in liquid nitrogen in a finger 0.994 A, Ar = 0.147 ,13}5), The Rh-Rh separation of a given
Dewar flask. A 715-nm cutoff filter was installed in front of the complex is also larger when ¥ Br. These trends in RhRh
emission monochromator, and slit widths were 5 mm/5 mm (1.8 nm/ 53,4 RRr-X distances are observed for other binuclear rhodium
mm) and 3 mm/3 mm (_1.6 nm/mm) for excitation and emission compounds, including RXs(dppm) where the Rk-Rh bond
monochromators, respectively. length increases by 0.102 A and the average Rivond length
Results and Discussion increases by 0.131 A upon the substitution of Br for CI.

The electronic absorption spectrum of &dfpmaj(PF;).,
shown in Figure 3, provides a benchmark for interpreting the

Compoundsl and 2 are obtained from the symmetric Rh
complex [RhBr(PE)2]2. The formation ofl proceeds smoothly
in the presence of bis(difluorophosphino)methylamine to yield .
the RBRW!Br;, core ligated by three bridging fluorophosphine  (13) ;é’ég'l? B.; Chang, M.; Newton, M. G.. Organomet. Chen1983
ligands. Similar to our observations for the analogous chloride (1 4) ) Jenkins, J. A.; Ennett, J. P.; Cowie, Grganometallics1988 7,

complexes, the reaction corresponds to an intramolecular 1845. (b) Cotton, F. A.; Eagle, C. T.; Price, A. lBorg. Chem1988

disproportionation of the Rhistarting material. When Biis (2:7h 43625(0)1%gt;0%g- gig%un(%e)lr,BK-l F:]-: \AerErugogen, MBG'ET-
H H H em. SO0C.. s ) . alch, A. L.; ram, . .
introduced to the Rhcomplex in the presence of the bidentate Organomet. Cherml988 349, 245. (¢) Cowie, M.. Dickson, R. S.

fluorophosphine, the two-electron mixed-valence compound is Inorg. Chem.1981, 20, 2682. (f) Cowie, M.; Dwight, S. Klnorg.
not stable and the fully oxidized R}Br,4 core is obtained. Chem.198Q 19, 2508. (g) Cowie, MInorg. Chem.1979 18, 286.

i 1 (15) Douglas, B. E.; McDaniel, D. H.; Alexander, JChncepts and Models
The ORTEP diagrams of RfuifpmajBr(;-dfpma) and of Inorganic Chemistry2nd ed.; Wiley: New York, 1983; p 581.

Rhy(dfpmakBr, are shown in Figures 1 and 2. The structural (16) cotton, F. A.; Dunbar, K. R.; Eagle, C. T.; Falvello, L. R.; Price, A.
features observed for the RRh'Cl, and RI,Cl, cores are C. Inorg. Chem 1989 28, 1754.
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Figure 3. Electronic absorption spectrum of Rtfpmak(PFs), dis-
solved in CHCI, at room temperature.
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Figure 4. Electronic absorption spectrum of Rtfpma}Cl, (—) and
Rhp(dfpma)Brs (— — —) in CH.Cl, at room temperature.

electronic absorption spectra of this series of singly bonded
metak-metal compounds. The absorption spectrum is typical
of M—M compound¥’ with an intense 305-nm band attributable
to the allowed & — do* transition and the less intense band at
440 nm consistent withsdk — do* promotion. The high optical
electronegativity of the terminal Bfigand reduces configura-
tional mixing of the @& and Lo orbitals, which is observed when
more easily ionizable ligands such as halides or pseudohalide
are coordinated axially to a MM corel”:18 Accordingly, the
importance of configurational mixing ofd_and dr orbitals for
the dirhodium fluorophosphines is apparent upon comparison
of the spectra of RitdfpmakX4 and Rh(dfpmakXa(L) (X =
Cl and Br) to that of Ri(dfpmaj(PF;)a.

The absorption profiles of the’dd’ dimers Ra(dfpmakCl,
and Rh(dfpma)Br,4 (Figure 4) are more congested in the Uv
spectral region than that of Rdfpma}(PFs).. Though the Rk
Rh separation differs by no more than 0.15 A in this set of

Kadis et al.
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Figure 5. Electronic absorption spectrum of Rtifpma}Clx(PF;) (—)
and Rh(dfpma}(n*-dfpma)Be (— — —) in CH.Cl, at room temperature.

not surprising in view of the similarities of the frontier molecular
orbitals of the d—d’ and d—d® dirhodium compound$.

These spectral trends of the dirhodium fluorophosphine series
are comparable to those of the-di’ Rh,TMB 4L,"" compounds
(TMB = 2,5-dimethyl-2,5-diisocyanohexane;=£ H,O, CHs-

CN (n=4); L =CI, Br (hn=2)). In the cases of &= H,O or
CH3CN, a single intense absorption is observed at 308 nm and
assigned to d — do*.18 The considerable red shift of therd

— do™* transition upon substitution of L by axial chloride and
further red-shift with bromide~2200 cnt! as compared to
our observation of~3500 cnt? for the fluorophosphines) is
attributed to extensive mixing of the metat drbital with the
axial Xo orbitals of the halide-substituted compounds. As
expected from a configurational interaction scheme, the ligand-
to-metal charge transfer transitiongX> do*, appears to higher
energy of the ¢ — do* transition. The lowest energyxd —

do* transition shows only a moderate halide dependence, red
shifting only slightly along a halide series.

Despite similarities in the energy of the spectral profile of
Rhy(dfpmalXz(L) and Rh(dfpmakX, to other M—M dimers,
there are notable differences. For a typicatM compound,

She spectrum is dominated by e~ do* and the higher energy

configurationally mixed X — do* bands exhibit weaker
intensity; the weakest transition is usuallyr®™d — do*.
Conversely, the intensities of the three bands in the absorption
manifold of the Rh(dfpmakXy(L) and Rh(dfpmakX, com-
plexes are similar. Undoubtedly this result is due in large part
to the lower molecular symmetry of the dirhodium complexes
as compared to th®4, symmetry of many M-M dimers
reported to date. In these lower symmetry molecules, config-
uration interaction between metal- and ligand-based orbitals will

complexes, no absorption comparable in energy to the 305-"Mpe more extensive. Hence it is difficult to quantitatively

do — do* transition of R, complex is observed. However,
intense transitions to higher and lower energy of thé&;Rlr

— do* absorption are presenffa/nm (/M~cm™1) = 265

(18 700) and 335 (23 000) for RafpmakCls; Ama'nm (/M1
cm™1) = 289 (19 600) and 398 (11 400) for Rfpma)Br,).
Notably, these transitions exhibit-a3500 cnt? red shift with

the replacement of chloride by bromide. In contrast, the energy
of the lowest energy band is much less sensitive to halide
substitution {manm (/M~1 cm™1) = 445 (9430) for Rk
(dfpma}Cly; Amaynm (/M1 cm™t) = 462 (11 700) for Rl
(dfpma}Br4). This trend is also observed in the absorption
spectra of the R¥Rh'X, compounds (Figure 5). Absorption
profiles show bands in energy regions similar td'Rdy, and a

red shift is observed upon bromide substitution. This result is

(17) Miskowski, V. M.; Gray, H. B. InUnderstanding Molecular Proper-
ties Avery, J.; Dahl, J. P.; Hansen, A. E., Eds.; Reidel: Dordrecht,
1987; p 1.

(18) Miskowski, V. M.; Smith, T. P.; Loehr, T. M.; Gray, H. B.. Am.
Chem. Soc1985 107, 7925.

correlate the transitions arising fromrdand d orbital sym-
metries inD4n dimers with those of the Rfdfpma)X,(L) and
Rhp(dfpmajXs compounds. Thus definitive assignments for
the dirhodium fluorophosphine series based on the spectral
trends of higher symmetrpsn, M—M complexes are tenuous.
Nonetheless, the band shapes and energy trends of the absorption
profile observed in this dirhodium series are consistent with
transitions involving the promotion of an electron from con-
figurationally mixed lo and & orbitals to &* and with a low-
energy transition manifold ofxet — do* parentage.

The luminescence properties of the dirhodium compounds
further support an electronic structure dominated by N
parentage. Table 3 lists the luminescence band energy maxima
and emission lifetimesl(= 77 K). The luminescence spectral
features are commensurate with the emerging characteristics of
do* luminescencé® The full-width at half-height of the
emission bands exhibits a substantial temperature sensitivity,
increasing by more than 1500 cinfrom 10 K to the highest
temperatures at which emission can be detected for each
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Table 3. Photophysical Properties of Dirhodium Fluorophosphine 6.0
Complexes
femmax AE >or
compound (nmpP 7 usP (em)° k(s k(sHe T, a0k
Rhy(dfpma)y(PFs), 805 74 369 1.1k 100 1.1x 10° 4
Rhy(dfpma)Cl, 810 270 425 2.06<10° 3.7x 10F T 30 B
(PR)2 2
Rhy(dfoma)Br, 760 190 595 5.4 10° 2.2x 10° 2 20
(p*-dfpma) . .
Rhy(dfpma)Cl, 820 300 463 3. 10® 3.5x 10° 10~
Rhy(dfoma)Br, 850 79 895 1.3 10" 1.6x 10° | | |
0.0
aEmission maximum of CkCl, solutions at 77 K? Lifetime of solid 0 50 100 150 200
samples at 77 K< Obtained from best fit of temperature dependence T/K

of the observed emission decay rate constants to either eq 1 or 2. ) .
Figure 7. Plot of the temperature dependence of the observed emission

decay constant for a solid sample of Rtfpma)(PFs).. The solid line
is the fit of the data to eq 2.
o
/ 20
/ (a)
= 1.5
£ W]
1.0
M/\w/\ _ 05
|
) 1 L | L | ) «
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A/nm \B
Figure 6. Unpolarized excitation spectra of crystalline Rtfpma}- IS
Cly(PR) at 77 K. 3.0
complex. Moreover, luminescence is not detected from solu- 20
tions at temperatures equivalent to those at which the crystalline )
solids emit.
Several data suggest that the state parentage of dhe d 1.0
luminescence is the promotion of an electron from the* @do*)
manifold that is triplet paired. First, the nature of the halide . | L | .
affects the emission energy only marginally across the series. 0.0
) . s f . . 0 50 100 150 200
This energy insensitivity is consistent with the expectation of
only small configurational mixing of thead orbital (owing to T/K

the large energy gap betweemw land d* orbitals) and, as Figure 8. Plot of the observed emission decay constant from solid
observed in absorption spectra, with the slight energy depen-SamPples of (a) RidfpmajCly(PF) and (b) Ri(dfpma)Bra(’-dfpma)
dence of the lowest energy absorption manifold. Second vs temperature and a fit of these data (solid fine) to eq 2.
excitation spectra of the dirhodium series are consistent with

mission arising from th in forbidden f this low : . o : - -
emission arising from the spin forbidden states of this lowest cence intensity arising from the introduction of an efficient

energy manifold. The excitation spectrum for: majCly- I I .
9y P RtipmaxCl, nonradiative decay pathway with increasing temperature (see

(PRs), shown in Figure 6, is representative of the dirhodium | Thus lifet id b d onl to t
series. Three excitation bands are observed, and irradiation atbe ow). us fifetimes could be measured only up 1o temper-
atures at which luminescence could be detected with our

wavelengths coincident with the maxima of these three bands; .
produces the emission spectrum of ,RHipmajCly(PFs). instrumentation.
Whereas peaks energetically coincident with absorptions inthe  The temperature dependence of the excited state lifetimes may
high-energy absorption manifold of RdfpmajCly(PF;) are be described by thermally activated decay from the excited state
present, the spectrum exhibits an additional feature to lower

energy. For each dirhodium compound, the tail of this low- Kops = Ko 1+ Ky exp(—AE/KgT) Q)
energy excitation band overlaps the higher energy tail of the

emission profile. As suggested for the L'Ptt''L tetraphos-  Ajternatively the observed rate constant for decay from a higher
phates, such low-energy features are consistent with transitionsenergy excited state in thermal equilibrium with the emitting
arising from a*(dz*do*) spin—orbit manifold, and it is this  gtate is given b§1°

state from which the observed luminescence arises.

this decrease in lifetime is a concomitant decrease in lumines-

The luminescence from each of the bimetallic complexes ko + k, exp(—AE/kgT)
decays monoexponentially. Figures9J depict the temperature Kops = ! )
dependencies of the observed lifetimes for th&RRPRH'X 5, 1+ exp(—~AE/KgT)

and RH,X, fluorophosphines, respectively. The lifetimes
exhibit a temperature independent regime followed by a The latter is a Boltzmann-averaged decay rate constant and
monotonic decrease with increasing temperatures. Parallelingdiffers from eq 1 by the normalization term in the denominator.
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4.0 of the E,(°E,) state in the’(dn"do”) manifold, which acquires
(a) significant singlet character from its energetically proximate
singlet counterpart §Ey).2* For the dirhodium fluorophos-
3.0 phine series, this model is preserved rigorously only fog-Rh
(dfpma}(PFs),. In theDj3 point group, the lowest energy excited
o0k J state pair A(3E"), A,(PE")) of the 3(dz*do*) manifold remains
{ unigue and proximate to the higher energyEY state, which
may mix with the E{E’) state of the'(dz*do*) configuration.
1.0 . Accordingly, as observed for the for L'if®t" L tetraphosphates
o and sulfates, the luminescence properties of &(fpmak(PFs),
"9 0.0 | | | N | may be explained by a two-state Boltzmann model, where the
~ upper excited state provides a facile decay pathway to the ground
é 10.0 state. However, the lowest energy states of $fwer*do*)
manifold do not remain unique from the states of Yfukr*do*)
8.0 manifold upon descent in symmetry to t8eandC, molecular
point groups of the RifdfpmakxX,(L) and Rh(dfpmakX,
6.0 compounds, respectively. Thus for a sporbit coupling
mechanism to be preserved, the electronic structure of these
4.0 compounds would have to reflect the pseudooctahedral and
20 trigonal bipyramidal parentage of the rhodium group fragments.
In support of a spirrorbit mechanism, we note that the energy
0.0 I L L L 1 gaps and the nonradiative decay constants are increased as the
0 50 100 150 200 250 300 axial ligand is changed along the serieg RFCI < Br, as was
T/K observed along a similar series for the Rttraphosphates. In

Figure 9. Plot of the observed emission decay constant from solid 2ddition, first-order spirrorbit considerations also predict that
samples of (a) Rifdfpma)Cls and (b) Ra(dfpma}Br, vs temperature the AE's of the Rhy series should be approximately one-half
and a fit of these data (solid line) to eq 2. that of the Piseries. Except for RhBr, which is comparable
to BrPt"'Pt"Br tetraphosphate, the RBeries exhibits smaller

As has been discussed previou$§the appropriate expression energy gaps than the Aetraphosphate?. The values oAE
depends upon the number of low-lying states and their degen-for the RH, and RERH!Br, complexes are-70% that of the
eracies with egs 1 and 2 yielding the same results wkiere bromo and aquo complexes of,Bétraphosphate, respectively,
3kgT. This is the case here for all complexes, and consequently,and those of RIRh'Cl, and RM,Cl, are ~45% that of the
the fits of the observed rate constants to the activated andchloro complex of Rttetraphosphate.
Boltzmann-averaged models yield virtually identical results. Alternatively, the Rh dfmpa series is distinguished from the
Cal_culated rate constants and energy gaps for the dirhodiumpsy, complexes inasmuch as the bridging ligands are twisted
series are summarized in Table 3 whis@ndk; are the decay  gjgnificantly thereby allowing for considerable distortion along
constants for emitting and deactivating excited states, respecthe metal-metal bond. Rotation about the metahetal bond
tively, andAE is the energy gap between these states. We havemay provide an efficient decay pathway to ground state. In
chosen to show the best fits of our data to eq 2 in Figure8.7  thjs case AE is the activation energy for rotation. Similar
The experimentally determ|ned d_ecay constant of the higher arguments have been invoked for the nonradiative decay of
energy, thermally accessible excited state i3-10° greater twisted ethylene, where rotation about the olefin bond leads to
than that of the lowest energy state. Additionally, the calculated prompt crossover to ground stdfe.In ethylene, thelzz*
energy gap monotonically increases with increased halide excited state is stabilized with rotation owing to loss of the
substitution AE(RH;) < AE(RFPRN!X5) < AE(RN!'2X4)). For  7.pond, and efficient radiationless decay occurs at the minimum.
a given complex, the energy gaps of the bromide derivative are ajthough the single metaimetal bond is symmetric with respect
larger than that for its chloride counterpart, as is the decay i rotation in the Rh series, rotation about the metahetal
constant fr_om the upper excited state relqtive to the lowest pyond will drive the bridging fluorophosphine ligands through
energy excited statdgk, ~ 10°~10" for bromide compounds,  an eclipsed conformation. The steric constraints imposed by
as compared to only Gor the chloride complexes). an eclipsed conformation should result in a significant lengthen-

The observed photophysics of the dirhodium series may being of the metatmetal bond and consequently a reduced
due to the thermal population of a state within the sprbit metal-metal interaction. This in turn should lead to a smaller
manifold of the dr"do” configuration. Such a mechanism has energy gap and hence more efficient nonradiative decay from
been invoked by us to explain the photophysical properties of an excited state withat character. Indeed, large thermal effects
singly bonded LPtPt'L tetraphosphates,and it is also  in the absorption and emission spectra of @xcited states
consistent with the observations by Miskowski et al. for the have been attributed to the large Frarondon factors for
LPt'P'L tetrasulfate$? We have shown that the photophysi-  the thermally accessible metahetal stretch of dirhenium cores
cal properties of the tetraphosphates are consistent with lumi-
nescence originating from a spiorbit excited state that i (21) The calculated energies derived from the smirbit matrix places
predicted to be nearly pure triplet in chara¢efhe temperature the disallowed state (B or A) below the E state by an amount that is

dependence of the lifetime arises from the thermal population ___approximately one-half the spirorbit coupling constant, 12 _
(22) The energy gaps of theRetraphosphates reported in ref 8 are in

error owing to the use of an incorrect value for the Boltzmann constant

(19) (a) Milder, S. J.; Brunschwig, B. 9. Phys. Chem1992 96, 2189. in fits of eq 2. The correct values &E for the Pt tetraphosphate
(b) Lumpkin, R. S.; Kober, E. M.; Worl, L. A.; Murtaza, Z.; Meyer, series areAE(K,P(HPQy)4(H20),) = 487 cnml; AE(K4P(HPO)s-
T. J.J. Phys. Chem199Q 94, 239. Clg) = 937 cnt; and AE(K4Pt(HPOy)4Brs) = 856 cntl. It should

(20) Newman, R. A.; Martin, D. S.; Dallinger, R. F.; Woodruff, W. H.; be noted that the rate constants, whose values are not dependent on
Stiegman, A. E.; Che, C.-M.; Schaefer, W. P.; Miskowski, V. M.; ksT in a fit of eqs 1 or 2, are correct in ref 8.

Gray, H. B.Inorg. Chem.1991, 30, 4647. (23) Dauben, W. G.; Salem, L.; Turro, N.Acc. Chem. Re4.975 8, 41.
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bridged by phosphine ligand$. The lowest energy-emitting  the thermal population of spirorbit components appears to

- o . ; , ;
state of Re(CQ) (PP} (PP = bridging phosphine) has been o, hc,C14ci factor contraling he excited state dynamics of
assigned té(c — do*), and the temperature dependence of the '

emission exhibits a pronounced hot-band effect attributed to the Acknowledgment. Financial support of this work by Na-
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of a large temperature dependence from microcrystalline samplesacknowledged.

seem to exclude the possibility of large torsional distortions
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