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surroundings of manganese(II) coordinated by six bulky solvent
molecules such as acetic acid or DMF should be sterically crowded.
Therefore, the distance between manganese(II) and two donor
atoms of the two equivalent bulky entering and leaving solvent
molecules participating in the activation state would have to be
longer than in nonbulky solvents such as water, methanol, and
acetonitrile. The effect of the bulkiness of solvent and/or ligand
on the activation volume observed in the complexation of iron(IIT)
as mentioned in the Introduction is still valid for the solvent
exchange of manganese(II).

Manganese(II) acetate is the solvolyzed species of manga-
nese(II) perchlorate in acetic acid. As apparent from Table II,
the activation volume for acetic acid exchange of manganese(1I)
acetate is definitely larger and the exchange rate of manganese(II)
acetate is about 3 times faster than that of manganese(1I) per-
chlorate. The enhanced rate of the solvent exchange or the ligand
substitution on solvolyzed species has been observed also in other
systems. Some complex formations in water are faster for the
hydroxopentaaquairon(III) ion than for the hexaaquairon(III)
ion.%7 The activation volume is negative for Fe(H,0)**, while
it is positive for Fe(H,0)s(OH)?*.%7 Moreover, the kinetics of
water exchange have been investigated for trivalent metal ions
such as Ga’*, Fe’*, Cr’*, and Ru®* and for their monohydroxo
species.#?42>  Water-exchange rates for monohydroxo species are
some orders of magnitude faster than for hexaaqua species. The
activation volumes for monohydroxo species are larger than those

(24) Swaddle, T. W,; Merbach, A. E. Inorg. Chem. 1981, 20, 4212-6.
(25) Xu, F.-C.; Krouse, H. R.; Swaddle, T. W. Inorg. Chem. 1985, 24,
267-170.
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for corresponding hexaaqua species.

It is considered that the coordinated solvent molecules are
labilized by the electron donation from the bound ligands such
as CH;COO"™ and OH™ to the metal ion in solvolyzed species and
that the activation mode of the reaction is less associative. The
labilization by the bound ligand has been discussed quantitatively
on the basis of the electron-donating ability of the bound ligand
and the softness parameter of the metal ion.?® The measurement
of activation volume led us to the general mechanistic aspect of
labilization of solvent molecules by the bound ligand; i.e., the
stretch of the bond between the metal ion and the leaving solvent
molecule in the activation process becomes longer by the electron
donation from the bound ligand and the electron donation will
electrostatically disfavor the approach of the donor atom of an
entering solvent molecule, and thus the electron donation will
inhibit associative character.
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The effects of variations in the chromophoric ligand on the properties of the metal-to-ligand charge-transfer (MLCT) excited states
in the series [Os(PP);)2*, [(PP),0s(py),)**, and [(PP),0s(LL)]** (PP = 2,2’-bipyridine, 1,10-phenanthroline, or a substituted
derivative; py = pyridine; LL = das, dppm, dppb, dppene) have been investigated. From a series of electrochemical and photo-
physical measurements it has been determined that (1) substituent variations in the chromophoric ligands have a relatively minor
effect on the dr(Os) levels as evidenced by variations in E;, values for the ground-state Os(III/II) couples, (2) linear correlations
exist between metal-to-ligand charge-transfer (MLCT) absorption or emission band energies and the difference in metal-based
oxidation and ligand-based reduction potentials, E,/,(Os"/!) - E, ,(PP%"), and (3) a linear relationship between In k,, and the
emission energy, E.,, exists, consistent with the “energy gap law”. It appears that for nonradiative decay both the pattern of
acceptor vibrations and the vibrationally induced electronic coupling term remain relatively constant as the chromophoric ligand

is varied.

Introduction

Several recent studies based on polypyridyl complexes of Os(II)
and Ru(II) have been aimed at developing a detailed under-
standing of the factors at the microscopic level that determine
the properties of metal-to-ligand charge-transfer (MLCT) excited
states. These studies, which have been summarized in a recent
review,? have addressed, for example, the effects on photophysical
properties of variations in nonchromophoric ligands,’’ in the
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solvent,® in the counterion,” and in the chromophoric ligands.1%!!
The results have led to a detailed picture of how excited-state

(4) (a) Caspar, J. V.; Meyer, T. J. Inorg. Chem. 1983, 22, 2444. (b)
Caspar, J. V.; Meyer, T. J. J. Phys. Chem. 1983, 87, 952.

(5) (a) Kober, E. M.; Marshall, J. L.; Dressick, W. J.; Sullivan, B. P;
Caspar, J. V,; Meyer, T. J. Inorg. Chem. 1985, 24, 2755. (b) Kober,
E. M,; Caspar, J. V.; Lumpkin, R. S.; Meyer, T. J. J. Phys. Chem. 1986,
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properties are influenced by changes in electronic and molecular
structure and by changes in the surrounding medium.

In our work in this area we have found the structurally related
series of complexes [(phen)Os(L),]%* and [(bpy)Os(L),]** (phen
= 1,10-phenanthroline; bpy = 2,2’-bipyridine; L = !/, bpy, pyr,
CH,4CN, PR, etc.) to be of particular value.2> By varying the
nonchromophoric ligands while maintaining a constant basis for
the chromophore, it has been possible to show that the most
important factor dictating MLCT excited-state structure, radiative
and nonradiative decay rates, absorption and emission energies,
and redox potentials is the MLCT energy gap, which correlates
well with a simple ground-state property, the metal-based Os-
(II1/1I) reduction potential.®® In this paper and two others,!*!4
we turn to the effect on MLCT excited-state properties of vari-
ations in the chromophoric ligand in complexes of Os(II). The
structures and abbreviations for the chromophoric and nonchro-
mophoric ligands used in the present study are illustrated in Chart
L

Experimental Section

Synthesis. (PP),0sCl, (PP = 4,4-Dimethyl-2,2’-bipyridine (4,4'-
Me,bpy), 5-Chloro-1,10-phenanthroline (5-Cl-phen)). [NH/][OsClg] and
2 equiv of the ligand were heated at reflux in reagent grade ethylene
glycol for 1-2 h. The cooled reaction mixture was treated with aqueous
sodium dithionite to reduce any [(PP),0sCl,]* that might have formed.
The dark violet precipitate was collected and washed copiously with
water, acetone, and diethyl ether. Yields were 75-85% for PP = 4,4'-

(8) (a) Caspar, J. V,; Sullivan, B. P.; Kober, E. M.; Meyer, T. J. Chem.
Phys. Lett. 1982, 92, 91. (b) Caspar, J. V,; Meyer, T. J. J. Am. Chem.
Soc. 1983, 105, 5583. (c) Lumpkin, R. S.; Meyer, T. J. J. Phys. Chem.
1986, 90, 5307.
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P.; von Zelewsky, A.; Juris, A.; Balzani, V. J. Phys. Chem. 1985, 89,
3680. (c) Wacholtz, W. F.; Auerbach, R. A.; Schmehl, R. H. Inorg.
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Soc., Perkin Trans. 2 1984, 1303.
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Table I. Electrochemical Data in CH,CN-0.1 M [NEt,]ClO, at
23 % 2 °C vs the Saturated Sodium Chloride Electrode (SSCE)

El 2" /27
(osttim, @eth), 4k,
v v \'%

no. complex*?

1 [Os(bpy);)** +081 -129 210
2 " [(bpy);Os(py),]** +0.75 -1.31  2.06
3 [(bpy),Os(das)]** +1.11  -127 238
4 [(bpy),Os(dppm))?* +127  -126 253
5 [(bpy);Os(dppb)]** +1.34  -126  2.60
6 [(bpy);Os(dppene)]** +1.34 =~1.27 261
7 [Os(4,4'-Me;bpy),]|** +0.66 -138  2.04
8 [(4,4"-Me,bpy),Os(PMe,Ph);]2* +090 -142 232
9 [(4,4-Me,bpy),0s(das)]?* +0.99 -1.39 2.38
10 [(4,4’-Me,bpy),0s(dppm)]?*+ +1.20 -1.35 2.55
11 {(4,4-Me,bpy),0s(dppb)]** +1.25 -138 263
12 [(4,4-Me,bpy),0s(dppene)]?* +1.26 -1.37 2.63
13 [Os(phen);]** +082 -121 2,03
14 [(phen),Os(py).]** +0.74  -1.30 204
15 [(phen),Os(das)]** +1.11 -1.26 237
16 [(phen);Os(dppb)]?* 123 -124 247
17 [(phen),Os(dppm)]** +1.32  -1.24 256
18 [(phen),Os(dppene)]?+ +1.36 -1.23 2.59
19 [(4,5,6,7-Me,phen),0s(py),]** +0.62 -1.60 222
20 [(4,5,6,7-Me,phen),Os(PPh,)- +0.76 -1.68¢ 244

(CN)I*
21 [(4,5,6,7-Me phen),0s- +0.79 -1.63¢ 242
(CH;CN),]**

22 [(4,5,6,7-Me,phen),Os(dppm)]?* +1.20 -1.45¢ 265
23 [(4,5,6,7-Me,phen),Os(dppene)]** +1.25  -1.51 2.76

24 [(5,5"-Me,bpy),Os(dppm)]** 124 -135¢  2.59
25 [(5-Cl-phen),Os(dppm)]** +1.24  -1.36  2.60
26 [(5,6-Me,phen),Os(dppm)]3* +1.31  -1.29  2.60

2 As PF¢ salts. ®See text for the hgand abbreviations. ‘El ;2 for the
first polypyridyl-based reduction. AEI/Z = El/z(Os y E,/z-
(PP°/). ¢Estimated; the wave is only quasi-reversible because of oxi-
dation of the solvent or impurities in the solvent by Os(IIl). E,, val-
ues were calculated from the peak potentials for the oxidative compo-
nents.

Me,bpy and 50-60% for PP = 5-Cl-phen. The products were used
directly in subsequent reactions without further purification.

[Os(PP),YPF, (PP = 4,4'-Me,bpy, 5-Cl-phen). The salts were
prepared by two different routes. The first involved heating cis-[Os-
(PP),Cl,] and 1.1 equiv of PP at reflux in a 1:1 ethanol:water mixture
for 2 h under N,. To the cooled reaction mixture was added saturated
aqueous NH,PF¢. The ethanol was removed with a rotary evaporator
and the mixture was filtered, yielding a greenish solid. The product was
purified by chromatography on basic alumina using a 1:1 acetonitrile:
toluene mixture as the mobile phase. A green band accounting for most
of the product was collected and the solvent was evaporated, giving
[Os(PP);][PFs], in 30—45% yield. In the second method the intermediate
(PP),0sCl, was not isolated. [NH,][OsCls] and 3.3 equiv of PP were
heated at reflux in reagent grade ethylene glycol for approximately 1 h.
The reaction mixture was worked up in a manner identical with that for
the first method, giving yields of 80% for PP = 4,4’-Me,bpy and 50-60%
for PP = 5-Cl-phen. Elemental analysis for the previously unreported
salt [(4,4-Me,bpy);0s][PFs], is as follows. Found (calcd): C, 41.36
(41.86); H, 4.24 (3.52); N,.7.89 (8.13).

[(PP),0s(LL)YPF), (PP = 4,4’-Me,bpy, 5,5'-Me,bpy, 5-Cl-phen; LL
= Bis(diphenylphosphino)methane (dppm), 1,2-Bis(dimethylarsino)-
benzene (das), Bis(dimethylphenylphosphine) (PMe,Ph),, 1,2-Bis(di-
phenylphosphino)benzene (dppb), cis-1,2-Bis(diphenylphosphino)ethene
(dppene)). (PP),0sCl, and a 5-fold excess of LL were heated at reflux
under N, in ethylene glycol for 1-2 h (an 8-fold excess for LL =
(PMe,Ph), and 3-5-h period of reflux). Upon addition of aqueous
NH,PF, an orange (green for LL = (PMe,Ph),) precipitate formed and
was collected. The solid was purified by chromatography as described
above for the (PP); complexes. The orange (green for LL = (PMe,Ph),)
band was collected, the solvent removed, and the product reprecipitated
from acetone/ether to give yields that were generally on the order of 50%.
Elemental analyses for salts which had not been previously reported are
as follows. Found (calcd) for [(4,4’-Me,bpy),Os(dppm)][PF¢],: C,
47.52 (47.73); H, 3.54 (3.77); N, 4.30 (4.54). Found (calcd) for
[(4,4’-Me,bpy),Os(das)] [PFg]s: C, 35.68 (35.98); H, 3.65 (3.56); N,
4.80 (4.94). Found (caled) for cis-[(4,4’-Me,bpy),Os(PMe,Ph),] [PFl:
C, 42.69 (42.70); H, 3.47 (4.13); N, 4.85 (4.98). Found (calcd) for
[(4,4’-Me,bpy),Os(dppene)]PF4]s: C, 47.07 (48.23); H, 3.46 (3.73); N,
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Table II. Spectroscopic Properties and Excited-State Parameters in CH;CN at Room Temperature

)‘maxm! )‘maxems lo_skn lo_éknr!
no. complex? nm? nm’ 7, ns Gem® sle gle
1 [Os(bpy)sl** 640 746 60 0.005 0.83 16.6
2 [(bpy),0s(py),]?* 650¢ 769 41 0.004 0.98 2.3
3 [(bpy),Os(das)]?* 518 682 151 0.019 1.3 6.50
4 [(bpy),Os(dppm)]2* 475 644 304 0.056 1.8 3.11
5 [(bpy),Os(dppb)]?* 470 636 344 0.049 1.4 2.76
6 [(bpy),Os(dppene)]2* 466 630 500 0.070 1.4 1.86
7 [Os(4,4-Me;bpy),]2* 600 780 36 27.8
8 [(4,4-Me,bpy),0s(PMe,Ph),|2* 600 691 134 0.021 1.6 7.31
9 [(4.4"-Me,bpy),Os(das)]2* 528 686 135 0.012 0.90 7.32
10 [(4.4-Me,bpy),Os(dppm)]?* 488/ 650 279 0.051 1.8 3.40
11 [(4,4"-Me,bpy),Os(dppb)] ** 48y 640 302 0.041 1.4 3.18
12 [(4,4’-Me,bpy),Os(dppene)]** 464/ 635 356 0.029 0.81 2.73
13 [Os(phen),]** 650 720 262 0.016 0.61 3.76
14 [(phen);Os(py),]** 670 746 143 0.008 1.0 1.55
15 [(phen);Os(das)]** 416 665 608 0.061 1.0 0.679
16 [(phen),Os(dppb)]2* 476/ 633 1281 0.14 1.3 0.751
17 [(phen),0s(dppm)]?* 500 624 1130 0.15 1.3 0.414
18 [(phen),Os(dppene)] > 455 609 1840 0.24 1.3 0.414
19 [(4,5.,6,7-Me,phen),0s(py),]?* 552 721 356 0.021 0.59 2.75
20 [(4,5,6,7-Me,phen),0s(PPh,)(CN)]* 524/ 692 1064 0.038 0.36 0.904
21 [(4,5.6,7-Me,phen),0s(CH,CN),] ** 520/ 668 1235 0.089 0.72 0.738
22 [(4,5,6,7-Me,phen),Os(dppm)] 3+ 458/ 606 1826 0.29 1.59 0.389
23 [(4,5.6,7-Me,phen),Os(dppene)] 2+ 450 594 3462 0.21 0.61 0.228
24 [(5,5"-bpy),Os(dppm)]2* 480/ 620 714 0.054 0.76 1.32
25 [(5’-Cl-phen),Os(dppm)]?* 508/ 628 1060 0.067 0.63 0.880
26 [(5,6-Me,phen);Os(dppm))2* 509/ 625 1135 0.088 0.78 0.803

@ As PF4 salts. See text for the ligand abbreviations. 242 nm. Lifetime; £2%. ¢Radiative efficiency; £10%. ¢Calculated by using eq 1; £10%

for ky; £5% for k,,. /Shoulder on a higher energy charge-transfer band.

4,25 (4.50). Found (calcd) for [(5-Cl-phen),Os(dppm)][PF¢],: C, 47.41
(45.48); H, 3.14 (2.81); N, 3.63 (4.33).

The other salts used in the study were prepared previously. %515

Measurements. UV-visible absorption spectra were measured in
acetonitrile with a Bausch and Lomb Model 210 spectrophotometer.
Electrochemical measurements were made vs the saturated sodium cal-
omel electrode (SSCE) in N,-bubble-degassed acetonitrile. The sup-
porting electrolyte was tetraethylammonium perchlorate at a concen-
tration of ~0.1 M. The E, , values for reversible couples were calculated
as the average of the Ep; values for the anodic and cathodic waves from
cyclic voltammetry. The electrochemical apparatus has been previously
described.'¢

Emission spectra were measured with an SLM Instruments, Inc.,
Model 8000 photon-counting fluorometer. Spectra were corrected for
detector response with programs and data supplied by the manufacturer.
Emission quantum yields were determined in dry, N,-purged acetonitrile
solution at 23 * 2 °C relative to [(Ru(bpy);][PF¢); ($em = 0.062).2°
Luminescence lifetimes were obtained by laser flash photolysis using an
apparatus that was described elsewhere.!” Elemental analyses were
performed by Integral Microlabs, Raleigh, NC.

Results

Electrochemistry. In Table I are listed half-wave potentials
for the metal-centered Os(III/II) oxidation and the first (i.e., least
negative) bpy- or phen-based reductions for the series of complexes.
The data for the unsubstituted bpy and phen complexes have been
reported previously®® but are included along with their excited-
state properties in Table II in order to provide a basis for com-
parison with the cases where there are substituted chromophoric
ligands. From the data it is clear that, within a series in which
the polypyridyl ligand remains unchanged, the ligand-based re-
duction potential is essentially constant. On the other hand, the
metal-based Os(III/II) potential does vary considerably with the
nature of the non-polypyridyl ligands. The trends that appear
in the redox potentials are consistent with localization of the added
electron in an orbital largely =* in character on the chromophoric
polypyridyl ligands in the reduced complexes and oxidation at
levels largely d#w(Os) in character. Within a series, changes from

(15) Kober, E. M,; Caspar, J. V,; Sullivan, B. P.; Meyer, T. J. Inorg. Chem.,
in press.

(16) Sullivan, B. P.; Caspar, J. V.; Johnson, S. R.; Meyer, T. J. Organo-
metallics 1984, 3, 1241.

(17) Caspar, J. V. Ph.D. Dissertation, The University of North Carolina,
Chapel Hill, NC, 1982,

pyridyl-type ligands to the more w-accepting phosphines cause
an increase in E; ,(Os'"/!), in large part by stabilization of the
dw levels due to enhanced back-bonding to the phosphines. Such
effects are transmitted to the 7* levels of the chromophoric ligands,
but through a secondary electronic interaction via dm—=* mixing,
and the ligand-based redox potentials remain very nearly constant.
The effect of substituent changes at the chromophoric ligands of
interest here have a relatively minor effect on the d=(Os) levels,
as shown by making an internal comparison of E,,(Os"/") values
for the series [(PP),Os(dppm)]?*, in which the nonchromophoric
ligand is constant but the chromophoric ligand is varied.

Spectra. In Table IT are listed absorption spectral maxima for
the lowest energy MLCT visible absorption band that appears
in the complexes arising from the transitions.

((PP)OSH(L),]2* —> [(PP*)OsM(L),]**
(dm)8 (dm)S(m,*)

The absorption spectra!® are generally complex and consist of a
series of MLCT transitions to the lowest lying 7* level of the
ligand (7 *) and at higher energies to =,* with ligand-localized
w—7* transitions appearing in the UV.!® Because of significant
spin—orbit coupling, at the metal, the MLCT excited-state ma-
nifold includes MLCT transitions to states both largely singlet
and largely triplet in character with the “triplet” components
appearing on the low-energy side of the spectra with diminished
intensities.!® Emission occurs from lower energy, largely triplet
states, which from the results of temperature-dependent lifetime
studies behave kinetically as a single state by room temperature.2°
Complications may exist for some of the complexes by contri-
butions to nonradiative decay from thermal population and decay
of an additional low-lying, fourth MLCT state.>’>%2! Emission

(18) (a) Ferguson, J.; Herren, F.; Krausz, E. R.; Vrbanich, J. Coord. Chem.
Rev. 1985, 64, 21. (b) Bryant, G. M,; Fergusson, J. E. Aust. J. Chem.
1971, 24, 275.

(19) Kober, E. M.; Meyer, T. J. Inorg. Chem. 1982, 21, 3967.

(20) Lacky, D. E.; Pankuch, B. J.; Crosby, G. A. J. Phys. Chem. 1980, 84,
2068.

(21) (a) Lumpkin, R. S.; Kober, E. M.; Worl, L. A.; Murtaza, M.; Meyer,
T. J. J. Phys. Chem., in press. (b) Lumpkin, R. S. Ph.D. Dissertation,
The University of North Carolina, Chapel Hill, NC, 1987. (c) Bari-
gelletti, F.; Juris, A.; Balzani, V.; Belser, A.; von Zelewsky, A. Inorg.
Chem. 1983, 22, 3335.
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Figure 1. Top: E,, (in CHyCN) vs AE,j; (=E,,(Os'WI-E, ,(PPY")
in 0.1 M [NEt,]ClO,~CH,CN from the data in Tables I and II. The
numbering code for the compounds is as in Table I. Bottom: E,p, vs
AE, ; as in the top figure.

maxima, excited-state lifetimes, and emission quantum yields are
also listed for the series of complexes in Table II.

As discussed earlier,3?? and given the electronic character of
the MLCT excited states, it is expected that the energies of
absorption

[(bpy)Os'(bpy),1** e [(bpy*")Os!!I(bpy),]*+*
and emission

[(bpy*")OsM(bpy),] *+* g [(bpy)Os"(bpy),)**

will vary linearly with the difference in redox potentials for the
metal-based Os(III/II) and ligand-based (PP®") couples (AE) ;)

[Os(bpy)s]** + [(bpy™)Os'i(bpy)] " —7=> 2[Os(bpy);]*™*

where AE)); = E/,(0s"/1) — E, ,(PP"). That the predicted
variation exists for both cases is s(xown in Figure 1. The linear
correlations observed show that the same dm~n* MLCT orbital
origin is maintained for the series of polypyridyl ligands.

The slope of the plot of E,u vs AE)/;is 1.16 + 0.14 and that
of the plot of E., vs AE,; is 0.61 % 0.04. Slopes in excess of
1 for absorption and less than 1 for emission are expected.® The
absorption and emission band energies include contributions from
changes in equilibrium displacements between the excited and
ground states for both intramolecular vibrations and solvent di-
poles. Those changes increase and contribute to the band energies

(22) (a) Juris, A.; Belser, P,; Barigelletti, F.; von Zelewsky, A.; Balzani, V.
Inorg. Chem. 1986, 25, 256. (b) Dodsworth, E. S.; Lever, A. B. P.
Chem. Phys. Lett, 1988, 119, 61. (c) Saji, T.; Aoyaqui, J. J. Elec-
troanal. Chem. Interfacial Electrochem. 1975, 60, 1.
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to a greater degree as the energy gap between the excited and
ground states increases.

Excited-State Lifetimes. Rate constants for radiative (k,) and
nonradiative (k,,) decay in Table II were determined from the
measured lifetimes and emission quantum yields by using eq 1.

ki = dem/T (1a)
kpy=1/1-k (1b)

The calculations of k. assume that the emitting excited states are
formed with unit efficiency following excitation.

Discussion

Our goal in this work was to begin to investigate the effect on
the nonradiative decay of MLCT excited states induced by changes
in the chromophoric ligand. In earlier studies it was shown that
systematic variations in MLCT excited-state properties exist for
the two series [(bpy)Os(L),]** and [(phen)Os(L),)** (L = py,
1/, bpy, PRy, CO, etc.).>® The key to the systematic variations
that exist lies in the effect of the ligands L on the energy gap
between the excited and ground states (E;). One finding was that
the extent of bpy or phen distortion in the excited states increases
with the energy gap. Another was that nonradiative decay rates
follow the energy gap law both qualitatively and quantitatively.?

In the limit that nonradiative decay is dominated by a single
mode or averaged mode M of quantum spacing A wyy, for which
Eq > hwy and hwy » kT, In k, is given by*®

In ky, = In 8y - [In [RwyEo/ (1000 cm™)?]]/2 - Sy +
(v + D¥(Avy 2/ hwm)?/ (16 In 2) = yEo/ hwy (22)
where
8o = Clw (1 s)(w/2)/? /(1000 cm™) (2b)
v =1n (Ey/Syhwy) — 1 (2¢)

In eq 2, G, is the vibrationally induced electronic coupling integral
between the initial and final states and w, is the angular frequency
of the vibrational mode or modes responsible for the electronic
coupling of the excited and ground states, the so-called
“promoting” mode. Sy and wy are the Huang—Rhys factor and
the angular frequency, respectively, of the principal accepting mode
or, in this case, for an averaged »(PP) ring-stretching mode, E,
is the energy difference between the vyy* = 0 and vy = 0 vibra-
tional levels for the two states, and A%, is the full width at
half-maximum of the highest energy, resolved vibronic band in
the emission spectrum and includes contributions from both
low-frequency vibrations and the solvent.

In earlier work,>*%® it has been shown that, through a series
of related complexes where Ej is varied, vy remains relatively
constant since the degree of excited-state distortion (Syy) increases
with the energy separation between states (Ep). For such a case,
eq 2a predicts that In &, should decrease linearly as E, increases,
at least in the limits of the validity of the approximations used
to derive eq 2a. Microscopically, the origin of the linear decrease
in In k,, as E, increases is in a lower overlap between the excited-
and ground-state vibrational wave functions for the acceptor
vibrations as the energy gap increases.

In an earlier study, where the focus was on variations in the
nonchromophoric ligands, the various parameters required for the
calculation of the Franck—Condon factors in eq 2—E, hwy, S,
Ay, ;,——were available from emission spectral fitting, which allowed
for a quantitative evaluation of the validity of eq 2a.*> Emission
spectral fitting results are not available for all the complexes
reported here, but it is still possible to make a qualitative com-
parison based on eq 2 since, to a good approximation, Ej is
proportional to E,p.*

In Figure 2 are shown plots of In k., vs E,y, for the four series
of chromophoric ligands. There are insufficient data for a precise
comparison, but the trends are obvious. The plots show that In
k. does vary linearly with E,, as expected and that the individual
members of the bpy-based and phen-based families lie on over-
lapping lines. The composite lines for the bpy- and phen-based
cases are roughly parallel.
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Figure 2. In (k,; X 1 5) vs E, in CH,CN at room temperature, based
on the data in Table II with the numbering code as in Table I. Com-
plexes are designated as follows: O, bpy; B, 4,4-"Me,bpy; O, phen; ®,
4,5,6,7-Me,phen. The numbering code is as in Table I

The slopes and intercepts of the In k vs E, plots in Figure
2 are (—0.82 % 0.02) X 103 cm™ and 27.6 % 0.4, respectively, for
the bpy-based cases and (-0.82 % 0.1) X 10° cm™ and 26.3 %
1.6 for the phen-based cases. The values of the slopes and in-
tercepts are consistent with those found earlier for polypyridyl-
based MLCT excited states of Ru(II) and Os(II), where variations
in E, were induced by changes in nonchromophoric ligands,3
solvent,’® ion pairing,” or the glass to fluid transition in a 4:1
(viv) EtOH/MeOH solution.’® Given the parameters that de-
termine the correlation and the slopes of the lines (S, A wy;, €tc.),
it appears that the pattern and frequencies of the dominant ac-
ceptor vibrational modes remain relatively constant through the
two series. For MLCT excited states based on 2,2’-bipyridine,
the results of resonance Raman experiments have shown that the
principal accepting modes for the MLCT excited states are a series
of seven or eight totally symmetric »(bpy) ring-stretching mod-
es.’23 The substituent-induced mixing of other local modes into
these ring-based normal modes in the substituted bpy and phen
complexes may change the reduced masses of the vibrations, but
apparently, the changes in substituents do not lead to gross changes
in the nature or frequencies of the accepting modes at least for
the rather limited range of ligands studied here. This is not a
surprising result since, for a series of substituted pyridines, the
frequencies of the ring-stretching modes are known to be relatively
insensitive to substitutions of the ring H atoms by methyl or halide
groups.?*

Given the form of eq 2, the parallel but offset nature of the
correlations for the bpy and phen complexes would appear to imply
that the vibrationally induced electronic coupling term In 8, might
be different for the two types of ligands. However, in the
quantitative study alluded to earlier, the difference between bpy
and phen was shown nof to have its origin in an electronic effect.*®
Rather, in a comparison of analogous bpy and phen complexes
based on the results of emission spectral fitting, the bpy complexes
were found to have systematically smaller values of Eg and larger
values of Sy;. The differences in the response of the two ligands
to the presence of the excited electron give rise, on the average,
to an increase in k,, by a factor of ~ 3 for bpy complexes compared
to their phen analogues.*®

For the series of complexes studied here, the same conclusions
are reached as shown graphically in Figures 3 and 4. In Figure
3 the data in Figure 2 have been replotted as In k., vs E,, for the
bpy complexes and as In (3k,,) vs E,,, for the phen complexes.

(23) (a) Bradley, P. G.; Kress, N.; Hornberger, B. A.; Dallinger, R. F.;
Woodruff, W. H. J. Am. Chem. Soc. 1981, 103, 7441. (b) Mabrouk,
P. A,; Wrighton, M. S. Inorg. Chem. 1986, 25, 526. (c) Poizat, O,;
Sourisseau, C. J. Phys. Chem. 1984, 88, 3007.

(24) (a) Berezin, V. L; Elkin, M. D. Opt. Spectrosk. 1973, 34, 685. (b)
Green, J. H. S.; Kynaston, W.; Paisley, H. M. Spectrochim. Acta 1963,
19, 549.
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Figure 3. Plots of In (k,, X 1 5) vs E, for the bpy-based MLCT excited
states and In (3k, X 1 s) vs E., for the phen-based excited states in
CH,CN at room temperature. The numbering code is as in Table I.
Complexes are designated as follows: O, bpy; B, 4,4’-Me,bpy; O, phen;
®, 4,5,6,7-Meyphen.
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Figure 4. Plot of In (k, X 1) or In (3k,, X 1 s) vs E,,, for the phen
derivatives in the series [(PP),Os(dppm)]?* in CH;CN at room tem-
perature. The numbering code is as in Table I.

When the average factor of 3 is included for the phen-based
MLCT states, all of the complexes follow the same correlation
regardless of whether the basis for the chromophoric ligand is
2,2’-bipyridine or 1,10-phenanthroline, at least for the limited set
of excited states available. The point is further illustrated in Figure
4, where values of In &, for bpy-based MLCT states or In (3k,,)
for the phen-based MLCT states are plotted vs E, for the series
of complexes [(PP),0s(dppm)]?*, in which the dppm ligand is
held constant while the chromophoric ligand is varied. A linear
correlation is again observed with slope (~1.0 & 0.2) X 10* cm™
and intercept 31 & 3.

The linearity of plots of this kind and the coincidence of slopes
and intercepts suggest that, once the systematic difference in E,
and Sy between equivalent bpy and phen complexes is taken into
account, the pattern of acceptor vibrations remains relatively
constant. It also suggests that the electronic coupling term, &,
in eq 2b, must remain relatively constant, at least through the
somewhat limited series for which data are presented here.

The vibrationally induced electronic coupling integral for
nonradiative decay is given by

9
30, \Pf>

where ¥; and y; are the electronic wave functions for the initial
and final states and Q, is the mass-weighted normal coordinate
for the “promoting” mode(s).?* Given the electronic character

G = h<¢i
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of the excited ((dn)*(m*)!) and ground states ((d=)%), Gy is of
a d7r3>

the form
C = *
k h < 7!'1 an

where m* is the lowest =* level of the acceptor ligand and d,
is the largely metal-based d= orbital that contains the electron
“hole” in the excited state. On the basis of the LCAO approx-
imation, 7;* can be written as the sum =;* = anN2py + a¢,2pc,
+ ..., where ay, ac, ... are the expansion coefficients and 2py,
2pc, are the p—= orbital contributors to m;* by the atoms of the
ring. The metal ion is directly bound to the N atom of the ring
so that significant, direct orbital overlap is only expected to exist
between dr and 2py and not between dw and 2pc for the relatively
distant C atoms. If d=—2pc overlap is neglected, C; is given by

2z d1r3> )
9,

Given the form of eq 3, it may not be too surprising that significant
variations in 8, do not appear with variations in chromophoric
ligands studied here. For these ligands CNDO/2 molecular orbital
calculations? show that relatively small variations occur in the
2pn, 2pc atomic compositions of 7* and, in particular, that
variations in ay are small. For significant electronic substituent
effects to appear, it may be necessary to turn to more dramatic
variations in the electronic character of the substituents on the
chromophoric ligands.

Conclusions. From our results, variations in the chromophoric
ligand in polypyridyl complexes of Os(II) lead to systematic
variations in the ligand-based =* (acceptor) and metal-based d=
(donor) levels as shown by electrochemical measurements. These
variations, in turn, dictate variations in absorption and emission
band maxima and the magnitude of the energy gap between the
excited and ground states. At room temperatue, excited-state
lifetimes for the series of excited states studied are determined
largely by nonradiative decay, where the major role as energy

Ck ~ aNh<2pN

(25) (a) Henry, B. R.; Siebrand, W. Organic Molecular Photophysics; Birks:
London, 1973; Vol. 1. (b) Fong, F. K. Topics in Applied Physics,
Springer: New York, 1976; Vol. 15. (c) Avouris, P.; Gelbart, W. M.;
El-Sayed, M. A. Chem. Rev. 1977, 77, 793. (d) Freed, K. F. Acc.
Chem. Res. 1978, 11, 74. (e) Lim, E. C. Excited States; Academic:
New York, 1979. (f) Lin, S. H. Radiationless Transitions; Academic:
New York, 1980. (g) Heller, E. J.; Brown, R. C. J. Chem. Phys. 1983,
79, 3336.

(26) Johnson, S. R.; Westmoreland, T. D., unpublished results.
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acceptor is played by a series of medium-frequency »(bpy) or
v(phen) ring-stretching modes. The pattern of acceptor modes
appears to remain constant as the chromophoric ligand is varied
with a systematic difference existing between bpy and phen as
chromophoric ligands, arising from a subtly different structural
response to the excited electron. At least in the limited series
studied here, the dynamic, vibrationally induced electronic coupling
term remains relatively constant throughout the series.
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(dppm)][PFg¢),, 115246-48-5; [(5,6-Me,phen),Os(dppm)][PF]s,
115246-50-9; [NH,][OsClg], 115246-51-0; [(4,5,6,7-Me,Phen),0s-
(PPh;)(CN)][PFl,, 115419-69-7.



