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Absorption spectra (77 and 298 K), luminescence spectra (5-80 K), and luminescence lifetimes (5-80 K) for the
title complexes have been correlated to increasing diphosphine basicity (R = 4-CF;—Ph < 4-H-Ph < 4-CH;0-Ph
< Et). As a consequence, spectral peaks have been assigned to *3MLCT (By,, W — phosphorus) and “LF (By)
terms. As the ligand basicity increases, the SMLCT bands observed in absorption blue-shift nearly 8000 cm~* and
the vibrationally structured 3LF bands observed in emission red-shift approximately 1300 cm~1. 3LF terms lie lowest
in energy in the 4-H-Ph, 4-CH30—Ph, and Et compounds, and temperature-dependent lifetime data suggest emission
from each be assigned to the equilibrated, spin—orbit split levels of the 3LF term. The 3LF and *MLCT excited-state
terms lie close in energy in the 4-CF;—Ph compound, resulting in an emission band shape that is temperature-
dependent. At 77 K, the emission band is broad and structureless and is assigned to arise primarily from the
SMLCT term. As the temperature is lowered toward 5 K, the 3MLCT emission diminishes in intensity accompanied
by the development of a vibrational structure that is characteristic of emission from the 3LF term. These excited-
state terms satisfy the requirements (different orbital origins, near-degeneracy) for separation by a Franck—Condon
energy barrier, resulting in simultaneous emission from both terms between 5 and 77 K.

1. Introduction donating ability of nonchromophoric liganésyr both? For
instance, as phosphine ligands replace imine moieties in a
metal’'s coordination sphere, the energies of the MLCT [d
— m*(imine)] excited terms are affected; generally, more
m-accepting phosphines elevate the energy of the MLCT
excited terms.In some cases, ligand variations can lead to
a reordering of the energy of the excited terms, resulting in
significant changes in emission properties. For some com-
plexes in which two excited terms lie close in energy,
simultaneous emissions from both excited terms are ob-
servec® Not only have these types of investigations aided

Much work continues to focus on the luminescent proper-
ties of nd metal-centered complexes, with the goal of
characterizing the states from which emission occurs and
elucidating the dynamics of energy degradation following
excitation. The nature of luminescence and its orbital origins
can often be adjusted through careful choice of temperature,
solvent polarity, excitation wavelength, and ligand modifica-
tion. Most of the studies in the literature concerning
luminescence “tunability” via ligand alteration have focused
on mononuclear and dinuclear complexes containing metal

ions coordinated to imine ligands® The low-energy elec-
tronic excitations are generally associated with metal-
localized transitions [LF; e d], ligand-localized transitions
[LL; & — a*(imine)], or metal-to-ligand charge-transfer
transitions [MLCT; d(metal)~ z*(imine)].>¢ The energies

of each type of transition can be adjusted by altering the
nature of the chromophoric imine ligaAd,the electron-
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in the characterization of the low-lying excited termandf containingnd® or nd*® metal center$:!? The nature of the
metal complexes, but they are also contributing to the designproposed phosphine-based acceptor orbital either involves a
of new complexes capable of photon-induced charge separasz* orbital of an aromatic ring or ar-acceptor orbital
tion and energy transf&” and luminescence eroff switch- involving overlap of therf + 1)p, orbital on the metal with
ing.8 a phosphorus-based orbital of identical symmetry. For the
Substantially fewer studies have dealt with luminescent latter case, the extent of participation of the phosphorus-
complexes for which a phosphine (or diphosphine) is the based orbital varies depending on the complex in question;
chromophoric ligand:22 This generally occurs for complexes ~ transitions involving this acceptor orbital have been described
in which only phosphine ligands make up the coordination as either metal-centered or MLCT depending on the extent
sphere of the metal. Nearly all instances occur in complexesof this participation. Electronic transitions have variously
been described as< w*(phenyl), o(M—P) < z*(phenyl),
(2) Some representative examples include the following references: (a) Nd(M) < z*(phenyl), ornd(M) < (M p,/P d). Reviews of

Watts, R. JJ. Am. Chem. S04974 96, 6186. (b) Watts, R. J., Brown,  the excited-state properties of metal phosphine complexes
M. J.; Griffith, B. G.; Harrington, J. SJ. Am. Chem. Sod.975 97,

6029. (c) Hager, G. D.; Crosby, G. A. Am. Chem. Sod 975 97, have been provided by Kutaand Vogler and Kunkely?
7031. (d) Watts, R. J.; Missimer, . Am. Chem. Sod.978 100, i iqati i i i
5350, (¢) Was, R. .. Van Houtén,JLAm. Chem. 304978 100, hSegilselral |_nvest|gat|ons into t:e photophysical properties of
1718. (f) Fredericks, S. M.; Luong, J. C.; Wrighton, M. B.Am. thend® luminescent compoundsans-(N),W(R,PCH.CH,-
Chem. Socl1979 101, 7415. (g) Manuta, D. M.; Lees, A. Inorg. PR2)2 (R = 4-H—Ph)13'14 and trans(Ng)zMo(RzPCHzCHz-

Chem.1983 22, 572. (h) Nishizawa, M.; Suzuki, T. M.; Sprouse, S.; _ _ 415
Watts, R. J.. Ford, P. Gnorg. Chem 1984 23, 1837. (i) King, K. PRz (R = 4-H—Ph and Ety***have been reported. These

A.; Watts, R. JJ. Am. Chem. S0d.987, 109, 1589. (j) Zulu, M. M.; complexes represent the onhd® systems for which a
Lees, A. Jinorg. Chem1989 28, 85. (k) Shaw, J. R.; Schmehl, R. ; i S

H. J. Am. Chem. Sod.991, 113 389. (I) Rawlins, K. A.; Lees, A. J. phosphlne IS a chrom_op_horlc ligand. Caruana and Kfsch
Inorg. Chem1989 28, 2154. (m) Wang, Z.; Lees, A. horg. Chem. first measured the emissiop & 0.08,7 = 19 us, andimax

1D993 3251;1‘935(2 ZifFr)pE'sAA P-:S%Chkstefgéél-é:zségézighiJ)-:SC_OIIJ_K A; = 17700 cm?') and absorption properties dirans
emas, J. N.; DeGraff, B. Anorg. Chem , . (o) Striplin, _ -
D. R.; Croshy, G. ACoord. Chem. Re 2001, 211, 163. (N2)2W(R:PCHCH:PRy), (R = 4-H—Ph). Brummer and

(3) Some representative examples utilizing phosphines as a nonchro-Crosby# subsequently investigated the temperature depen-

mophoric ligand include the following references: (a) Caspar, J. V.; i i i i
Meyer. T. Jinorg. Chem1983 22, 2444. (b) Kober, E. M.. Marshall, dence (2-100 K) of its luminescence and assigned it to an

J. L.; Dressick, W. J.; Sullivan, B. P.; Caspar, J. V.. Meyer, T. J. equilibrated manifold of emissive, near-degenefdeCT

Inorg. Chem1985 24, 2755. (c) Klassen, D. M.; DelPup, R. norg. (W — P d) ancLF excited levels, with the latter lyingg200
Chem.2002 41, 3155. (d) Bruce, D.; Richter, M. M.; Brewer, K. J. 1 h | | . | Do f
Anal. Chem2002 74, 3157. cm ! above the MLCT levels. Simultaneous emissions from

(4) Some representative examples include the following references: (a) equilibrated®LF and 3MLCT levels are unusual, yet little

Kober, E. M.; Sullivan, B. P.; Dressick, W. J.; Caspar, J. V.; Meyer, ; ; ;
T.3.. Am. Chem. S0d98Q 102, 7383. (b) Sacksteder. L : Lee, M. atte_nt|_on has b_een paid to this complex. To test these
Demas, J. N.; DeGraff, B. Al. Am. Chem. S0d993 115, 8230. (c) preliminary assignments and learn more about the photo-

Schutte, E.; Helms, J. B.; Woessner, M.; Bowen, J.; Sulllivan, B. P. nhysical properties of this complex. we have investigated
Inorg. Chem1998 37, 2618. (d) Swavey, S.; Fang, Z.; Brewer, K. J. phy Prop pex, 9

Inorg. Chem.2002, 41, 2598. the seriegrans{N,),W(R,PCHCH,PR,),, where R= 4-CR—
(5) (a) Lees, A. JChem. Re. 1987 87, 711. (b) Juris, A.; Balzani, V.; Ph, 4-H-Ph, 4-CHO—Ph, and Et. By monitoring variations
gﬁg?n‘e_"gté'_'fégg%qug_r‘a’ S.; Belser, P.; Von Zeleweskycgord. in emission and absorption properties as a function of the
(6) (a) Croshy, G. AJ. Chem. Educl1983 60, 834. (b) Adamson, A. W. diphosphine basicity, we have demonstrated that near-
J. Chem. Educl983 60, 797. () Demas, J. NIl. Chem. Educl983 degeneratdILCT and3LF excited terms are present in the

60, 803. . . . .
(7) (a) Balzani, V.; Juris, A.; Venturi, J. M.; Campagna’ S.; Serroni, S. ary|d|ph05phlne-SUbStItUted m0|eCU|ES On the baSIS Of our

Sihgml-:lRe-_NQfE 9% 759. (b% Dgor_l, II.IM._; &Jllm, g.-P-:th’;lé\éage, data, we propose revised assignments for the luminescence
Yo, aga g L Enionas, S.; Barigellett, Ehem. Soc. Re2008  from trans (N;),M(R:PCHCH:PRy); (M = Mo and W; R
(8) (a) Fernandez-Acebes, A.; LehnChem—Eur. J.1999 5 (11), 3285. = 4-H-Ph).
(b) Sun, S.; Lees, A. Drganometallic2002 21, 39. (c) Wenger, O.
S.; Henling, L. M.; Day, M. W.; Winkler, J. R.; Gray, H. Bnorg. . .
Chem2004 43, 2043. (d) Yam, V. W.: Ko, C.: Zhu, NI. Am. Chem. 2. Experimental Section
Soc.2004 126, 12734. (e) Ferri, V.; Scoponi, M.; Bignozzi, C. A;

Tyson, D. S.; Castellano, F. N.; Doyle, H.; Redmond Nano Lett. All reactions and solution transfers were performed under
o) f(%?:l 4(:(5%02%5- Chem. Re 1990 213 243 dry nitrogen using standard Schlenk methods. Tetrahydrofuran
(10) Voglér, A Kun.kely, H.Coord. Chem. Re 2002 230. (THF) was distilled under nitrogen from sodium benzophenone.

(11) (a) Geoffroy, G. L.; Wrighton, M. S.; Hammond, G. S.; Gray, H. B.  2-Methyltetrahydrofuran (2-MeTHF) was passed through a@Al
J. Am. Chem. S0d974 96, 3105. (b) Fordyce, W. A.; Rau, H.; Stone,  column prior to distillation under nitrogen from calcium hydride.

M. L.; Crosby, G. A.Chem. Phys. Lettl981, 77, 405. (c) Andrews, i . :
L.'3. Inorg. Chem.1978 17 (11), 3180. Benzene and methanol were distilled under nitrogen from sodium

(12) (a) Caspar, J. \d. Am. Chem. Sod 985 107, 6718. (b) Harvey, P. metal and magnesium methoxide, respectively. All absorption and
D.; Gray, H. B.J. Am. Chem. Sod.988 110, 2145. (c) King, C.; emission measurements were measured on dilst&0(* M)
Khan, M. N. |.; Staples, R. J.; Fackler, J.IRorg. Chem.1992 31, samples
3236. (d) McCleskey, T. M.; Gray, H. Bnorg. Chem1992 31, 1733. R
(e) Harvey, P. D.; Schaefer, W. P.; Gray, H.IBorg. Chem.1988 The ligands RPCH,CH,PR, (R = 4-H—Ph and Et) were
27, 1101. (f) Delfs, C. D; Kitto, H. J.; Stranger, R.; Swiegers, G. F.; purchased from Strem Chemicals. The R 4-CR—Ph and
Wild, S. B.; Willis, A. C.; Wilson, G. JInorg. Chem2003 42, 4469.

(g) Crespo, O.; Gimeno, M. C.; Jones, P. G.; Laguna, A.; Lopez-de-

Luzuriaga, J. M.; Monge, M.; Perez, J. L.; Ramon, M.dorg. Chem. (13) Caruana, A.; Kisch, HAngew. Chem., Int. Ed. Engl979 18, 328.
2003 42, 2061. (h) Fife, D. J.; Moore, W. M.; Morse, K. Whorg. (14) Brummer, J. G.; Crosby, G. Anorg. Chem.1985 24, 552.
Chem.1984 23, 1545. (i) Segers, D. P.; DeArmond, M. K.; Grutsch, (15) George, T. A.; Bushy, D. C.; Iske, S. D. Adv. Chem. Ser1978
P. A.; Kutal, C.Inorg. Chem.1984 23, 2874. No. 168, 147.
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4-CH;O—Ph ligands were prepared following literature metdéds  tube. Emission was directed out of the Dewar and to the detection
as were all metal complexésPure orange crystals of each complex system with an identical fiber. The ends of both fibers were
were grown by slow diffusion of methanol into a solution of a crude positioned~1 cm above the sample. The fibers were protected by
compound dissolved in THF. Infrared, NMR, and elemental analysis encasement in stainless steel chromatography tubing. The temper-
data are provided in the Supporting Information. The characteristic ature was monitored with a calibrated CryoCal CD-301 silicon diode
asymmetric (vs) and symmetric (w) dinitrogen stretching frequen- temperature sensor positioned in the copper block next to the
cies matched those reported earlieA single NMR resonance was  sample. By positioning the sample block at different heights above
observed for each complex, indicating that the trans isomer is the liquid-helium bath, the sample’s temperature could be varied
exclusively present in our samples. Peak energies matched thoséetween 5 and 80 K. The closer the sample block is to the helium
measured by previous workefsNo 3P NMR resonances due to  bath, the better are the temperature resolution and stability. A weak,
uncomplexed ligands were detected for any of the samples. C, H, blue fluorescence was intrinsic to the optical fibers. The spectral
and N elemental analyses for all complexes are close to calculatedrange of this fluorescence<620 nm) was outside the range of all

values. of the complexes under investigation.
Absorption spectra of samples dissolved in 2-MeTHF at 77 and ) ]
298 K were recorded with a Cary 300 Conc BVisible spectro- 3. Results and Discussion

photometer. Spectra at 298 K were also measured in various

composition methanol/benzene (1:1, 1:2, and 0:1 by volume) mixed h . o . L
" terms is facilitated by considering the relative basicities of
solvents. For the 77 K measurements, the samples were contameé

in a cylindrical Pyrex tube (2 cm i.d.) mounted in a Pyrex optical the diphosphine ligands,-RCHCH;PR, (R = 4'C5_Ph’
Dewar. The Dewar was then mounted in the sample beam of the4-H—Ph, 4-CHO—Ph, and Et). Streuft has determined the
spectrophotometer. Absorption spectra at 77 K versus air are basicities for the analogous substituted monophosphines, PR
reported as relative absorbance versus wavenumber. to increase in the order K values relative to water in
Emission spectra for the ligands were measured using an brackets) R= 4-H—Ph [2.73] < 4-CH;O—Ph [4.46] < Et
Aminco-Bowman Series 2 luminescence spectrometer. Spectra for[8.69]. Tolmani® found this same ordering for BRlonor
the complexes were recorded on a spectrometer constructed in thestrength based on measurements of the C¢) $fetching
laboratory. A focused beam of light provided by a 100-W mercury frequency in a series of Ni(CG)Rs complexes. Although
lamp was passed through 12 cm of Cuf@) and a Corning 7-60 g data are available concerning P(4;EPh), it is likely
band-pass filter before irradiation of the sample. The sample was less basic than P(4-HPh). On the basis of the monophos-
Con.tained in acy”ndri?a! Pyrex t.Ube (2 cmid.) m(.)”nted.in a Pyrex phine data, we assume the diphosphine basicity to increase
optical Dewar containing liquid nitrogen. Emitted light was in the order R= 4-CR—Ph < 4-H—Ph < 4-CHO—Ph <

collected at right angles to the excitation by focusing it throtigh . . .
in. of 3 M NaNOy(aq) and onto the slits of a Photon Technology Et. Further evidence for this ordering comes from measure-

Inc. (PTI) 0.25-m monochromator. The dispersed light was detected Ments of oxidation potentials for the complex&ans

by a cooled Hamamatsu R-935 photomultiplier tube, whose signal (N2)2M(R:PCH.CH;PR,), (M = Mo® or WP)1” and RéCI-

was fed to a Pacific Instruments 110 photometer. A computer (N2)(R.PCH.CH,PR,),.1¢ For each series of complexes,
controlled the monochromator through a stepping-motor drive. The oxidation of the metal is more favorable in the order 4-€F
photometer output was collected, digitized, and stored by the Ph (least easily oxidized¥ 4-H—Ph < 4-CH;O—Ph < Et.
computer at every wavelength of a scan. Emission spectra areTherefore, ease of oxidation of the metal complexes cor-
displayed as relative intensity versus reciprocal centimaters and arg.gq|ated well with increasing electron-donating ability of the
not corrected fqr Wfavelength \./ar'iations of the detection system. ligated diphosphine.

Spectral resolution is sample-limited. Bennett and co-workets have measured the crystal

Emission lifetimes were excited using the 337-nm output of a _
PTI LN-1000 nitrogen laser. Emitted light was collected and structure oftrans (N2)2W(R:PCHCH,PRy), (R = 4-H—Ph)

detected as described in the previous paragraph. The photomultiplier2nd found it to possess approxim&g microsymmetry. On
output was passed through a resistor, and the resulting voltagethe basis of the similarity of the infrared spectrum of the
versus time profiles were stored on a Hewlett-Packard digital 4-H—Ph complex to those for the other complexes investi-
oscilloscope and then transferred to a computer for analysis. gated, we assume that all of the complexes posBags
The following remote-sensing apparatus was utilized for making microsymmetry and will interpret our spectral data under
low-temperature (580 K) emission measurements in a 60-L this assumption. Further support for this assumption is
CMSH-60 Cryofab liquid-helium storage Dewar containing a few provided by?'P NMR spectra; all complexes, when dissolved
inches of liquid helium. A copper sample block was mounted on jn THE at 298 K, show a single resonance. We note that the
the end of a hollow stainless steel tube (3/8 in. i.d.). The sample infrared spectrum of each complex (Nujol mull) shows a

was conta_uned in a depression in the block. Thls assem_bly Was, ok band at~2000 cnrl assigned to the symmetric,N
extended into the storage Dewar through a specially machined cap

fitted to the Dewar’s mouth. The cap not only secures the sample stretching mode, suggesting some distortion fidmmicro-

rod but also allows it to be lowered to varying depths inside the SYMmetry. _ _
Dewar. Excitation was brought to the samplehwdt 4 mlength of To account for our spectroscopic data, we adopt the orbital
a 1.0 mm diameter fused-silica optical fiber (Fiberguide Industries ordering proposed previoush:0x, Oy, (€2g) < dyy (b2g) <
SFS1000N; hard clad, nylon-jacketed) directed down the hollow d2 (&g ~ 7{M p/P d (a,)} < d 2 (ag). The ordering of

Assignment of absorption and emission bands to excited

(16) Chatt, J.; Hussain, W.; Leigh, G. J.; Hapipah, M. A.; Pickett, C. J.; (18) Streuli, C. A.Anal. Chem196Q 32, 985.

Rankin, D. A.J. Chem. Soc., Dalton Tran$985 1131. (19) Tolman, C. AJ. Am. Chem. S0d.97Q 92, 2953.
(17) Hussain, W.; Leigh, G. J.; Hapipah, M. A.; Pickett, C. J.; Rankin, D. (20) Hu, C.; Hodgeman, W. C.; Bennett, D. \Wiorg. Chem.1996 35,
A. J. Chem. Soc., Dalton Tran$984 1703. 1621.
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Table 1. Absorption Band Energies (77 K), Extinction Coefficients (298 K), and Orbital and Term Assignments for the Complexes
trans(N2)2M(R2PCH.CH,PR,), (M = Mo and W)

energy in cm?! (ein M~tcm™1)

SMLCT byg— @y MLCTbyg—a  MLCT eg— @y
SLF byg— aug ILF bpg— aug ILFe— ayq group 1 group 2 group 3

W Complexes
4-CR—Ph NA? NA NA 19 000 (2000) 21 000 (6000) 24 400 (12 500)
4-H—Ph 18 006-20 000 (tail) (<1000) 20 700 (2500) 23200 (6000) 25 700 (12 000)
4-CH;O—Ph 19 000 (250) NA NA 22 000 (3500) 24100 (7000) 26 500 (13 000)
Et 18 100 (60) 19 300 (700) 21100 (650) 27 000 (2000) 29 000 (5000) NA

Mo Complexes
4-H—PH 18 000-20 000 (tail) (<1000) 23 000 (5900) 25450 (11 100)
Etc 18 800 (<40) 20 580 (590) 21 980 (590) NA 27 550 (2840) NA

aNA = band not observed.Data taken from ref 14 Data taken from ref 15. Peak energies and extinction coefficients for the complex dissolved in
heptane at 298 K! A very weak, low-energy shoulder that overlaps strongly with the 20 580-drand. Its value fok is an estimated upper limit.

the W-centered orbitals is well established for tetragonally 30
distortednd® complexes under the assumption that diphos-
phine ligands exert a stronger ligand field than dinitrogfen.
The 7 (a) acceptor orbital involves the appropriate sym-
meterized overlap of phosphorus 3d orbitals with a tungsten
6p, orbital. A similar acceptor orbital is involved in MLCT
transitions observed for othdD,, molecules possessing
diphosphine ligand&: The similarity of the absorption and
emission properties for the molecukeans(X) ,W(R,PCH,-
CH:PRy),2 (X = Nz or CO; R= 4-H—Ph) suggests that the
acceptorr* orbitals on N lie at high energie?

A. Absorption Measurements.Table 1 gives absorption
band energies, extinction coefficients, and term assignments
for the W complexes. For all cases, peaks did not shift
significantly in energy when measured in various composi-
tion methanol/benzene mixed solvents. Table 1 includes data
measured previously for the analogous Mo complexes (R
4-H—Ph“ and EP). _

(i) Absorption Spectra of the 4-Ck—Ph, 4-H—Ph, and L T
4-CH30—Ph ComplexesThe 298 K absorption spectra of 28000 24000
the complexes are shown in Figure 1A. Each complex Energy (cmr!)
displays better resolved spectra when cooled to 77 K. The Figure 1. Absorption spectra of the 4-GFPh (- - -), 4-H-Ph (=), and
ovies nergy bands of e 7 K specira ae shown in FigurefCHE P12 amplas o )2 e 011 oo s,
1B. The apsorptlon bands for each complex have swmlar ‘F’)":remage_
shapes, with each being composed of three dominant
overlapping peaks. The corresponding peaks for each com-

e x 103 M leml)

36000 32000 28000 24000 20000 16000

Relative Absorbance

20000

16000

pound are labeled-13 in Figure 1B. The lowest energy
shoulder in the 4-C§~Ph spectrum occurs at 19 000 cin
(1), while the corresponding peaks in the spectra of the4-H
Ph and 4-CHO—Ph molecules occur at 20 700 ch{1) and
22 000 cmt (1), respectively. Similar blue shifts occur for

(®B1w, bog — @)?? excited terms based on their being of
lowest energy and intensity for each complex. This transition
becomes allowed through sptorbit coupling, which splits
the ®B,, term into B, and & components; transitions to the
latter are dipole-allowed. It is significant that the complex

the peaks within groups 2 and 3. The regular nature of the rans(N2):Mo(R:PCHCH,PRy) (R = 4-H—Ph)“*>does not
energy shift within any particular peak grouping leads to the Show a distinct group 1 band but rather a diffuse, low-energy
conclusion that these peaks arise from the same electronic@bsorption tail{ < 1000 M"* cm™), an observation that is
transition whose energy is sensitive to the nature of the consistent with the lesser importance of spimbit coupling

coordinated diphosphine.

in the Mo complexes (MY Eso = 552 cn; WO, &0 =

These shifts can be understood if the bands are assigned089 cn*).2> Our assignment for the group 1 bands differs
to MLCT transitions involving a phosphorus-based acceptor from assignments made previousijor the 4-H-Ph com-
orbital W p/P d (a,) whose energy elevates with increasing Plex. We emphasize that our assignments are consistent with

diphosphine basicity. We assign the group 1 bandMtcCT

(21) Huheey, J. Elnorganic Chemistry: Principles of Structure and
Reactvity; Harper and Row Inc.: New York, 1972; p 322.

all of the data presented in this account.

(22) Singlet and triplet spin designations are approximations due to the
substantial spirorbit coupling operative in these molecules.

(23) Griffiths, J. S.The Theory of Transition Metal lonsCambridge
University Press: Cambridge, U.K., 1964; p 113.
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Figure 2. Absorption spectra of the Et complex at (A) 298 K and (B) 77 angd 77 K emissic?n b%nd-() for the (A) Et ?g) 4-CH;O*PFr)1 and (g)(
K. The inset of each figure shows an enlargement of the weak, low-energy 4-CFs—Ph complexes ) )

bands.
. . the MLCT bands are expected to lie highest in energy for
1
b W_Gi assuig tr?]e m;;z;rtetn;; 2:8”,['3 _ﬁtl;ingMbST ( SB;)uén q the Et complex. The bands at 27 000¢n(2000 Mt cm™?)
29 ) terms. Finally, sti S€ group S and 29 000 crm? (5000 Mt cm™Y) are assigned téMLCT

are assigned t&MLCT (1E,, e, — @) terms. These latter (Buy, bog — &) and IMLCT (Buy, bry — @) terms

bands are associated with electronic transitions that are bOthrespectiver, and are the analogues of the group 1 and 2

spin and orbitally allowed. The observation that the MLCT bands observed for the aryldiphosphine complexes. At lower

band energies are not solvent-sensitive is reasonable because . L
9 energies, two low extinction bands are present at 19 300 cm

the complexes are highly symmetrical and so probably (€ = 700 M~* cm%) and 21 100 cm? (¢ = 650 M- cm-?)

&??;ezﬁgsgrgzy tﬂztcn;?:(?t?;r?lggiigogitf;:sr gi‘g%;iiymgBecause of the large blue shift of the MLCT bands and the
the 13MLCT excitations are symmetrical, which translates expected insensitivity of LF band energies to diphosphine

. " . o substitution, we assign these weak bands to LF transitions.
into a small transition dipole for these excitations.

For the arvidiphosphine-substituted complexes. the moreThe small magnitude of their molar extinctions further
intense MLCyT It)loandslorTl1ask \L/Jvea;(gr LF ban%sXTh’e onset Ofsupports LF assignments. The band at 19 300"cfs
. H 1 — i
LF bands can be seen as low-energy absorption tails‘fjlssu‘:]nEd 10 &F (*Bzg bzg - &g term, while that at 21 100

.’ ) ) a cmtis assigned to & F (*Eg, &, — aig) term. The band at
(18 006-20 00.0 cm?) for the 4-H-Ph and 4-CHO P.h 19 300 cm* has a low-energy shoulder centered at 18 100
complexes (Figure 1B). These two complexes contain the cm (€ = 60 Mt cmY). Its unusually small molar
more basic ar'yldlphosp.hme Ilgand§, and so their MLCT extinction coefficient leads us to assign this band fb.l
bands are shifted to higher energies compared with the

B (®B2g, bng— ag) term. The magnitude of this shoulder's molar
MLCT bands for the 4-C4—Ph complex. The 4-C4D—Ph extinction is significantly smaller than that féirF absorption
complex, containing the most basic of the three aryldiphos-

— 0
phine ligands, actually shows a well-resolved absorption bands observed ‘for other high-symmetry™¢éntered

shoulder at~19 000 cn1! (Figure 3B). We assign this molecules. 22527
shoulder to #LF (Ba, bog — ag) excitation (vida infra) A nearly identical dramatic blue shift of MLCT bands,

. . ; revealing weak-*LF bands, has been observed foains
and assign the unstructured low-energy absorption tail for (N)oMo(R:PCHCH;PRy), upon changing R from 4-HPh
the 4-H-Ph complex to a similar origin. Significantly, the ARG 2rre)2 Up g_g 1

; . to Et!® Weak bands at 20 580 crh(e = 590 M cm™?)
4'.CF3_Ph complex S.hOWS no Iow-energy absorption tail and 21 980 cm! (¢ = 590 M™% cm™1) were assigned to a
(Figure 3C), suggesting that tHEILCT excited-state term ILF term for the Et complex. A very weak, poorly resolved

“eZi)IO,Z\\E)esS;r::tig:eSrgi(ftorL:Trwncs)fctzzrl)—jlte)éomplex The 298 shoulder at~18 800 cm! is associated with the 20 580 cin

K absorption spectrum of the Et complex is shown in Figure (2s) geach, N. A.; Gray, H. BJ. Am. Chem. Sod.968 90, 5713.

2A. Its shape and intensity are very different from those of (26) erig?é%ré, 9l\g. fl.;of/?brahamson, H. B.; Morse, D. L. Am. Chem.
. . . 0OC. A .
its aryldiphosphine analogues. Among all of the complexes, (27) (a) Wrighton, M.; Hammond, G. S.; Gray, H. B. Am. Chem. Soc.

1971, 93, 4336. (b) Moralego, C.; Langford, C. H.; Sharma, D. K.
(24) Crosby, G. AAcc. Chem. Red975 8, 231. Inorg. Chem.1989 28, 2205.
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Table 2. 77 K Emission Energies, Lifetimes, and Orbital and Term
Assignments fotrans(N2).M(R,PCH,CH,PR,), (M = Mo and W)

Emax orbital and
R (cm™) T (us) term assignments

W Complexes
4-CF—Ph 16350 0.25 SMLCT (*Buu, bag = apu)
18000 (5K) 12 SLF (®Bazg, bog— a1g)
4-H—Ph 17 750 22 3LF (3Bag, bpg— aug)
4-CH;O—Ph 17 400 36 SLF (®Bag, bog— aug)
Et 16 450 7 SLF (®Bag, bog“— au1g)

Mo Complexes 20000 18000 16000 14000 12000
4-H—PIf 15700 (10K) 28 (14K) SMLCT (®Bay, bog— aou)

Relative Intensity
T | T | T | T | T | T

/
I N T (N T N T N T '

| iinaingt | 1

aMaximum of the emission banél Apparent origin of the emission band.
¢ Data taken from ref 14.

band and is likely the analogue of the 18 100 ¢érshoulder
observed fortrans-(N,),W(Et,PCH,CH,PE%),. We assign
this shoulder to 8LF (3Bag, boq — a1g) €xcitation. Consistent
with the diminished role of spinorbit coupling in the M8
complexes, its molar extinctior=d0 M~* cm™1) is less than
that for the’LF shoulder for the Wcompound. This lowering
in intensity parallels that noted previously for tFLCT
bands of the 4-HPh complexes of Mo and W.

When the Et complex is cooled to 77 K, its low-energy Encrgy (cm!)
bands develop vibronic structure (Figure 2B) with500+ Figure 4. 77 K emission spectra for the (A) 4+Ph (), 4-CH,O—Ph
100) et spacings. This is similar to the vibronic spacings (Bt ¢ -7 and (B) 4-C&=Ph complexes.
observed on the 77 K emission band for this complex (Figure  The emission bands for the ligands lie at significantly
3A). Figure 3 shows the band origin regions for the Et and higher energies than those for the W complexes and have
4-CH,O—Ph complexes. For the Et complex, there is a small very different shapes. In addition, their emission lifetimes

Relative Intensity

| 1 | 1 | 1
20000 18000 16000 14000 12000

Stokes shift {1600 cn1?) between its 18 100 cm absorp-  are much longer than those for the complexes. These
tion shoulder and the spin-forbidden emission band observations lead us to conclude that the 77 K emissions
7.0us at 77 K). A nearly identical Stokes shift {500 cn?) arise from the complexes and are not due to dissociated
occurs between the 19 000 chabsorption shoulder and the  ligands.

spin-forbidden emission band.f, = 36 us at 77 K) for the (i) 77 K Emission Data for the 4-H—Ph, 4-CH;O—Ph,
4-CH;O—Ph complex. These observations support it and Et Complexes.The 77 K emission spectra for these

assignment for these low-energy absorption shoulders.  molecules are given in Figure 4A. All possess similar

B. Emission MeasurementsTable 2 gives the emission  vibronically structured band shapes with band origins of
energies and emission lifetimes for the W complexes. The 17 750 (4-H-Ph), 17 400 (4-CkD—Ph), and 16 450 (Et)
shape of the 77 K emission spectra did not change whencm, a red shift of~1300 cnT! with increasing ligand
excited at different wavelengths between 350 and 500 nm. pasicity.

Emission data measured previodélyor trans-(Nz):Mo- Figure 3 shows the band origin region for the Et and
(R:PCHCH;PRy); (R = 4-H—Ph) are also included in Table  4-CH;O—Ph complexes. On the basis of the small Stokes
2. shift between théLF absorption and emission bands for each

() 77 K Emission from the Diphosphine Ligands.  complex and each compound’s long emission lifetime (see

Solutions of the R= 4-CR—Ph, 4-H-Ph, and 4-CEHO—Ph Table 2), we assign luminescence from both complexes to a
ligands dissolved in 2-MeTHF glass at 77 K displayed blue 3_F (3B, by, — &) excited-state term. Confirmation of these
emissions. Their emission spectra were broad and structureassignments resides in the observation that~860 cnr?

less with maxima at 458, 429, and 417 nm, respectively, a difference between th&F absorption bands for the 4-GB—
consistent blue shift with increasing electron-donating ability Ph and Et complexes is nearly identical with thé&000-

of the para substituent on the phenyl ring. The=FEt ligand cm ! difference between tHeF emission bands for the same
was nonemissive under the same conditions. Emission fromtwo complexes. Because the 4-Rh molecule also pos-
the ligands was comprised of short{ 300 ns) and longer-  sesses a long-lived emission decay and displays a similar
lived components. The longer-lived emissions had lifetimes emission band shape, its emission is also assigneditf a

of 20, 30, and 40 ms, respectively. These observations areterm. Because the Et ligand contains no aromatic rings, we

consistent with the emissions being assigned to(@hos- conclude that ther systems of the 4-HPh and 4-CHO—
phorus)— a*(phenyl) transition, as previously proposed for Ph complexes are not directly involved in the emissive
the related monophosphine ligands gR#e° transition.

The emission band origins red-shift1300 cn1! along

28) ﬁgf;&?’;ﬂ Qbmr?fb:shcﬁf@'.”St't“tm”ah'e”‘:hem'e imMax-Planck- the series 4-HPh, 4-CHO—Ph, and Et. In contrast, the

(29) Mataga, NBull. Chem. Soc. Jpri963 36, 654. SMLCT band maxima observed in the absorption blue-shift
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~8000 cn? along the same series. The reversal of energy 50
trends and their different magnitudes supports our assignment
of the dominant absorption bands (group3.bands) and
emission bands to transitions of different orbital parentage
and is consistent with o#MLCT and?3LF assignments. The
red shift of the3LF emission band origins with increasing
diphosphine basicity can be understood using qualitative
crystal field arguments. Because the arbital is directed
toward dinitrogen and away from the diphosphine ligands, 0
its energy should be elevated less than that of fherthital
as the diphosphine basicity is increased. Consequently, as Temperature (K)
the diphosphine basicity increases, the energy of the>d Figure 5. Emission lifetime versus temperature data for the-4Ft (),
dy transition decreases. ;C]I-.t;OfPh ©), and Et 1) complexes. The curves are fits of the data to
Our data require that emission from the 4-Ph, 4-CHO—
Ph, and Et complexes be assigned . (3Bzg, bog — a1g) excited term in the Et complex. On the other hand, these
term. The peak spacings on the emission bands are irregulaterms appear to lie close in energy in the 4Ph and
but, on average, lie in the range of 580100 cn1. This 4-CH;O—Ph complexes. We decided to probe the manifold
spacing is too high to be assigned to a¥/stretching mode  of emissive, excited triplet levels by measuring the emission
but is similar to the 555-cmt (Nujol mull) infrared band band shapes and emission lifetimes of these three complexes
observed for each complex that has been assigned teld W  as a function of temperature between 5 and 80 K. Brummer
stretching modé?’ It is also similar to the totally symmetric  and Crosb¥* found the emission band shape and lifetime of
resonance at 52& 3 cn1 ! observed in the Raman spectrum the 4-Ph-H complex to be temperature-dependent {20
of the 4-H-Ph complex (298 K, ¢Hg).1* We tentatively K). They assigned emission to an equilibrated manifold of
assign the vibronic structure on the emission bands to athree emissive, near-degener@# CT and3LF levels. The
W-—N stretching mode coupled to thggb— a4 electronic vibronically structurd 8 K emission band was assigned
transition. This may also be the origin of the structure primarily to the & component of théMLCT (°By,) term.
associated with th&_F absorption bands of the Et complex As the temperature was raised toward 100 K, they observed
(Figure 2B). The FranckCondon-allowed band shape for a weak, broad, unstructured band growing into the emission
the emissions suggests little geometrical distortion betweenspectrum and assigned it to a level derived frothRa(°Bzg)

Emission Lifetime (us)

0 20 40 60 80

the ground- and excited-state potential wells for the& term. From an analysis of the lifetime versus temperature
excitation. This is surprising because the electronic transition data, they placed this emissi%®.4 level approximately 200
involves a tungsten-centeredz drbital (¢ antibonding, cm ! above the Elevel. Our data necessitate that for the

W-—N; nonbonding, W-P) and a ¢, orbital (z bonding, 4-H—Ph, 4-CHO—Ph, and Et compounds the levels derived
W—N; nonbonding, W-P) and should formally result in a  from the®B,4term lie lowest in the equilibrated manifold of
large distortion along the WN stretching coordinate. We  levels.
offer no rationalization for this discrepancy and emphasize If levels deriving from &MLCT term are involved in the
that the data do not support an alternative to 6iuF manifold of equilibrated levels, then their energy relative to
assignment. the3LF levels should be highly sensitive to the diphosphine
It was shown previousk that the 77 K emission  basicity. To test this premise, the emission lifetimes for the
from the 4-H-Ph complex consists of both a short-lived 4-H—Ph, 4-CHO—Ph, and Et complexes were measured
(r < 100 ns) and longer-livedr (= 21 us) component. The  between 5 and 80 K. Decay curves were exponential for at
short-lived emission has been attributed to the impurétys least three lifetimes for each complex at every temperature.
(N2)W(R,PCH.CH,PRy),* and was found to contribute less Lifetime versus temperature profiles for the three complexes
than 5% to the overall emission at 77°KAlthough the are shown in Figure 5. Data for the 4-PH complex agree
impurity emission occurs within the spectral range of the with those measured previously by Brummer and Crdéby.
long-lived emission frontrans-(N2),W(R,PCHCH,PR),, its Following their analysis, we assume that luminescence
band shape is very different. Because we have not performedemanates from a manifold of three levels whose populations
time-resolved experiments, we cannot definitively eliminate are governed by the Boltzmann distribution law. This model
the possibility that emission from the Et, 4-gbt-Ph, and predicts the following form for the temperature-dependent
4-CR—Ph complexes may also have a contribution from an emission lifetime:
analogous impurity. We believe that any impurity emission
is insignificant for the Et and 4-Cid—Ph complexes
because their emission decays are exponential at all tem-
peratures (580 K) and their emission band shapes are
similar to that of the 4-PhH complex. ki, ko, andks are temperature-independent, first-order rate
(iif) Temperature-Dependent Emission Properties for constants for excited-state decay from each of the three levels
the 4-H—Ph, 4-CH;0—Ph, and Et Complexes.Our data in the manifold AE; , andAE; s are the energy gaps between
indicate that the LF excited term lies well below the MLCT the lowest level and the second and third levels, respectively.

1+ exp(-AE, JKT) + exp(~AE, #kT)
 ky + k, expAE, JKT) + k; exp(—AE, JKT)

7(T) ()
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Table 3. Energy Gaps and Rate Constants That Characterize the (A) Et complex
Equilibrated Manifold of Luminescent Levels in 4-HPh, 4-OCH—Ph,
and Et Complexés

AE1.12 AEl.f k11 k21 K31
R mh) @) @sH  wshH s SMLCT
4-CR—Ph b b b b b SLF
4-H—Ph 12 230 0.050 0.015 21
4-CH;O—Ph 10 170 0.040 0.001 0.44
Et 3 210 0.10 0.020 9.0

aSee text for parameter definitionf’sNo data because emission decay

curves were highly nonexponential below 50 K.
T=7us

(B) 4-CF;-Ph complex

Relative Intensity

7

ez | 1 1 1 1 1

20000 18000 16000 14000 12000 =121 Zhs0 ne

Energy (cmrl)
Figure 6. Emission spectra of the 4-GFPh complex at 5.0 K-{), 32 K
(-++), and 77 K (- - -). Distortion Coordinates

Figure 7. Qualitative diagram showing the distribution of potential wells
We emphasize that only a three-level manifold is required for the°LF and®MLCT terms in the (A) Et and (B) 4-G§—Ph complexes.

to fit our data. The fitted curves are shown in Figure 5, and ﬁfﬁ;;ﬁiéfﬁgﬁ?&ﬁ; 2&5 t7h7e ,rf.lte constant for interconfigurational
the resulting parameters are summarized in Table 3. The
values forAE; , and AE, 5 do not vary appreciably among 16 350 cm. The 77 K emission decay is biexponential and
the three complexes. Any minor variations do not reflect jg comprised of a short component+{ 250 ns) and a longer
either the~8000 cn1* blue shift for thei®MLCT absorption  component{ = 12 us). These emission characteristics are
bands or the~1300 cnt* red shift for their’LF emission  much different from those displayed by the other compounds.
bands as the ligand basicity increases. We conclude that nongt jg expected that th#MLCT term will lie closest in energy
of the levels in the equilibrated manifold are #ILCT to the 3LF term in the 4-CE—Ph complex because it
parentage but are rather due solely to levels derived from possesses the least basic diphosphine ligand. In addition, the
the 3LF excited term. 77 K absorption spectrum for the 4-&FPh complex shows
The temperature dependence of the luminescence bandyvidence of only MLCT bands (Figure 1), with the low-
shape for the 4-C4D—Ph and Et complexes is similar to  energy3MLCT band overlapping the compound’s emission
that chronicled for the 4-HPh complex. Specifically, atlow  band (Figure 3C). For these reasons, the 77 K luminescence
temperatures, the band origins of the vibronically structured from the 4-CE—Ph molecule is assigned to arise primarily
spectra (Figure 4) carry the most intensity, with the other from a short-lived®MLCT (3By,) term. For reasons to be
members of the progression carrying diminishingly less discussed in the next section, we assign the longer-lived
intensity. As the temperature is raised, the origin gradually emission to emanate from3aF term.
loses intensity while the second member of the progression The broad, unstructured emission band of the 4-cFFh
gains intensity. This subtle intensity shift has been attributed complex has a Stokes shift 62900 cnt?, suggesting that
to a weak, broad emission growing into the spectrum at high a significant geometrical distortion accompanieseCT
temperatures and is consistent with our model of an excitation, at least compared to that accompanyingitire
equilibrated manifold of luminescent levels. We interpret this excitation discussed previously. Because the MLCT absorp-
effect to arise strictly from population redistribution among tion and emission band energies are insensitive to solvent
emissive levels derived from the spinrbit split 3LF term. variations, we conclude that any distortion must be sym-
Figure 7A is a qualitative diagram depicting the relative metrical in nature, thereby resulting in little change in the
disposition of potential wells for the Et complex. Emission dipole moment. ThéMLCT excitation involves a phosphorus-
emanates only from théLF term between 5 and 80 K based acceptor orbital (nonbonding,\N; z bonding,
because the energy of tARILCT term is too high to allow W—P) and a tungsten-baseg drbital (nonbonding, \W*N;
its thermal population. The same situation pertains for the 7 bonding, W-P). This transition should result in distortion
4-H—Ph and 4-CHO—Ph complexes. along the W-P stretching coordinate. Because #WLCT
(iv) 77 K Emission Data for the 4-CR—Ph Complex. emission shows no WN vibronic structure, we speculate
The 77 K emission spectrum of this complex is given in that transitions to this term are coupled to—\R bond
Figure 4B. It is broad and structureless with a maximum at stretching within the WP plane. A similar structureless
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emission band has been observed for emission from theshorter-livedMLCT term. Watts and Missimétand Striplin
analogous®MLCT terms for the square-planar species and Crosb$® have discussed the factors that favor the
M(R,PCHCH,PR,);* (M = Rh and It; R = 4-H—Ph)1! existence of a thermally accessible Fran€ondon energy
Clearly, the degree and nature of the geometrical distortion barrier between excited-state terms. Two conditions are
differs for the3LF and3MLCT excitations. important: (1) the terms must lie close in energy and (2)
Another possible origin for the 77 K emission from the the terms must arise from different orbital origins, resulting
4-CR—Ph complex is intramolecular exciplex formation via in significant geometrical distortion relative to one another.
stacking of phenyl rings from the same diphosphine ligand. Both conditions appear to be satisfied for thE and*MLCT
This type of emission was observed from crystalline samples terms of the 4-CgE—Ph complex.
of the tetrahedral species AuRCHCH,PPh).PF; as well An alternative explanation for the observed temperature-
as samples of the salt dispersed in poly(methyl meth- dependent emission is that the rates at which3tteand
acrylate)!® The exciplex emission has a broad, structureless SMLCT terms are populated from their respectitd- and
band shape maximizing at 600 nm. Significantly, the crystal "MLCT terms are temperature-dependent. This model re-
structure of this complex clearly shows close-range stacking quires no thermal communication between the triplet terms
of phenyl rings. The crystal structure of the 4-Rh and predicts a temperature-dependent emission band shape.
complex? shows no evidence of phenyl stacking. Because The fact that we observe no band shape changes for the
the CR substituent lies para to phosphorus in the 4€F  4-Ck—Ph complex at 77 K upon excitation at different
Ph complex, there is no reason to expect steric factors towavelengths between 350 and 500 nm causes us to reject
develop that would promote phenyl stacking in this complex. this alternate model.
We, therefore, eliminate exciplex formation as the source C. Reexamination of the Emission fromtrans-(N,),Mo-
of emission from the 4-CG&~Ph compound. (Ro,PCH,CH,PRy), (R = 4-H—Ph). This complex emits
(v) Temperature-Dependent Emission Properties for ~ weakly at 77 K in 2-MeTHP# Its emission band is broad
the 4-CF;—Ph Complex. The 5, 32, and 77 K emission and structureless with a maximum at 15 700 €r{l0 K),
spectra for this complex are shown in Figure 6. As the and its emission lifetime is 28s (14 K). Luminescence was
temperature is lowered toward 5 K, the emission band previously assigned to & F (3Byg by — aug) term14 As
narrows and develops a vibrational structure similar to that outlined below, our data suggest that emission be assigned
associated with thélLF bands observed for the other to a3MLCT (®Bay, bog — &) term.
compounds. At each temperature, the overall emission decays Evidence for our alternate assignment resides in the
with a fast component that we assign téMLCT term and observation that the onset of tAeF band occurs at higher
a slower component that we assign téL& term. As the energies fotrans(N,),Mo(Et,PCH.CH,PE®), (18 800 cm'?)
temperature is varied, the lifetime of tREILCT emission relative to that otrans(N,),W(Et,PCH,CH,PE%), (18 100
varies in the range 266300 ns while the lifetime of the = cm™1). This shift, coupled with the expectation of~a300
longer-lived3LF emission stays relatively constant at 2 cm! blue shift of the’LF bands in progressing from the Et
3 us. At lower temperatures, the longer emission contributes complex to the 4-HPh complex, would place the lowest-
more to the overall emission intensity. The precision of our energy*LF band fortrans-(N2).Mo(R.PCH.CH,PR.), (R =
data does not allow us to perform a lifetime versus temper- 4-H—Ph) at~20 100 cn1™. This band should, therefore, lie
ature fit for either component. at the high-energy extreme of its low-energy absorption tail
The 3LF and 3MLCT terms lie close in energy for the (18 000-20 000 cnm?). We conclude that this absorption tail
4-CR—Ph complex. We assign luminescence below 80 K is likely due to weak MLCT bands and that luminescence
to a superposition of emissions from these two terms. from this complex likely arises from#LCT term. Further
Emission from the longer-livedLF term dominates at 5 K,  support for this assignment arises from the observation that
while emission from the shorter-livetMLCT term grows the emission band shape toans(N2).Mo(R.PCHCH;PR,),
in intensity as the temperature is raised toward 80 K. At 77 (R = 4-H—Ph) is nearly identical with that for ti@LCT
K, emission arises primarily from tLCT term. Signifi- emission fromrans(N2),W(R:PCHCH;PR,), (R = 4-CR—
cantly, the 5 K spectrum displays a vibronic structure Ph), with both being broad and unstructured.
reminiscent of that seen for tReF emissions from the other
three complexes, while the 77 K spectrum is unstructure
Because the emission decay of the complex is nonexponential The dominantMLCT absorption bands for the complexes
at all temperatures, the levels belonging to the two terms blue-shift~8000 cm* as the diphosphine basicity increases
cannot be thermally equilibrated. (4-CR—Ph < 4-H—Ph < 4-CH;O—Ph < Et). This shift
The data suggest that an energy barriAE) exists uncovers poorly resolved, low-extinction absorption tails for
between théLF and3MLCT terms, with the former yielding  the 4-CHO—Ph and 4-H-Ph complexes that are assigned
population to the latter as the temperature increases. Figurego 3LF excitations. The shift of théMLCT bands is so
7B shows the qualitative disposition of energy wells for these dramatic for the Et complex that well-resolvééLF bands
terms in the 4-CEk—Ph complex.kc is the temperature-  are revealed, with the lowest-energy shoulder being assigned
dependent rate constant for interconfigurational transition. to a3LF excited term. By contrast, the vibronically structured
The 3LF term preferentially emits at 5 K. Raising the emission bands for the 4-HPh, 4-CHO—Ph, and Et
temperature increaség, causing thermal population of the  complexes red-shift1300 cnit as the diphoshphine basicity

d 4. Conclusions
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increases and are assignedltd terms. Their luminescence  degeneratéMLCT and 3LF terms, with emission from the
is temperature-dependent, with exponential emission decaydatter being dominant.
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