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ChapterChapter 3. Tuning the Excited State Properties of [M(SnRj)2(CO)2((X-diimine)] (M = Ru, Os) 

3.11 Abstract 

Thee influences of R, the ot-diimine and the transition metal M on the excited state 

propertiess of the complexes [M(SnR3)2(CO)2(oc-diimine)] (M = Ru, Os; R = Ph, Me) were 

investigated.. Various synthetic routes were used to prepare the complexes, which all possess 

ann intense Sigma-Bond-to-Ligand Charge Transfer band in the visible region corresponding 

too a transition from a c(Sn-M-Sn) to a 7U*(a-diimine) orbital. The resonance Raman spectra 

showw that many bonds are only weakly affected by this transition. The room temperature 

time-resolvedd absorption (TA) spectra of [M(SnR3)2(CO)2(dmb)] (M = Ru, Os; R = Me, Ph; 

dmbb = 4,4'-dimethyl-2,2'-bipyridine) show the absorptions of the radical anion of dmb, in line 

withh the SBLCT-character of the lowest excited state. The excited state lifetimes at room 

temperaturee vary between 0.5 and 3.6 |is and are mainly determined by the photolability of 

thee complexes. All complexes are photostable in a glass at 90 K, under which conditions they 

emitt with very long lifetimes. The extremely long emission lifetimes {e.g. r = 1.1 ms for 

[Ru(SnPh3)2(CO)2(dmb)])) are about a thousand times longer than those of the MLCT states 

off  the [Ru(Cl)(Me)(CO)2(oc-diimine)] complexes. This is due to the weak distortion of the 

formerr complexes in their 3SBLCT states as seen from the very small Stokes shifts. 

Remarkably,, replacement of Ru by Os hardly influences the absorption and emission energies 

off  these complexes; yet the emission lifetime is shortened due to an increase of spin-orbit 

couplingg (SOC). The quantum yield of emission at 90 K is 1 - 5% for these complexes, which 

iss lower than might be expected on the basis of their slow non-radiative decay. 

3.22 Introductio n 

Mostt coordination and organometallic compounds containing a low-valent transition 

metall  and an a-diimine ligand such as 2,2'-bipyridine (bpy) possess intense low-energy 

Metal-to-Ligandd Charge Transfer (MLCT) transitions in the visible region of the spectrum. 

Bestt known are [Ru(bpy)3]
2+ u and [Re(Cl)(CO)3(bpy)]3'4 which proved to be good 

photosensitizerss for energy and electron transfer processes. Although [Ru(bpy)3]
 + is more 

suitablee as a photosensitizer due to its longer excited state lifetime and greater stability of its 

oxidationn product, the [Re(L)(CO)3(a-diimine)]+/0 complexes are more flexible since the 
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ligandd L can be varied at will,4 giving rise to large variation in excited state properties. Thus, 

whenn L = CP is replaced by L = I", the HOMO obtains predominant halide character and the 

low-energyy transitions change character from MLCT or d^Re)—»ji*(a-diimine) to Halide-to-

Ligandd Charge-Transfer (XLCT ) or p^L) —> 7i*(a-diimine).5 Yet another situation arises if L 

iss an alkyl or metal fragment bound to Re via a high-lying o(Re-L) orbital. The lowest 

excitedd state then has a(Re-L)7E*(oc-diimine) or Sigma-Bond-to-Ligand Charge Transfer 

(SBLCT)) character.6 The SBLCT states are normally shorter lived than the MLCT and XLCT 

statess since they give rise to homolysis of the metal-metal or metal-alkyl bond with 

formationn of radicals. For quite a few [Re(L)(CO)3(oc-diimine)]+/0 complexes these radicals 

andd their formation have been studied with (time-resolved) spectroscopic techniques.6'7 

Interestingly,, most of these complexes are not only photostable at low temperature, 

butt their 3SBLCT states are also much longer lived than 3MLCT or 3XLCT states usually are. 

Forr instance, [Re(Br)(CO)3(dmb)] (dmb = 4,4'-dimethyl-2,2'-bipyridine) emits in a 2-MeTHF 

glasss at 80 K from its mixed 3MLCT/3XLCT state at 525 nm with a lifetime of 3.7 jxs, 

whereass [Re(SnPh3)(CO)3(dmb)] emits from its 3SBLCT state at 609 nm with a lifetime of 1.1 

xx 102 |is under these conditions.5,6 

Inn order to further increase the variation in excited state properties we have extended 

ourr photochemical studies to complexes of the type [Ru(Li)(L2)(CO)2(a-diimine)], in which 

bothh Li and L2 can be varied.8 Especially those complexes proved to be of great interest in 

whichh both Li and L2 are bound to Ru by a high-lying c orbital. The HOMO of these 

complexess is a G(L]-RU-L 2) orbital and, accordingly, the lowest-energy transition has o"(L[-

Ru-L2)->rc*(a-diimine)) (SBLCT) character. Depending on the relative strengths of the Ru-Li 

andd Ru-L2 bonds and their involvement in the HOMO, one of these bonds is preferably 

brokenn on irradiation. If both Ru-Lj/L2 bonds are strong, as in the case of LL = L2 = SnPh3, 

thee complexes proved to be less photoreactive at room temperature and photostable and very 

longg lived in their 3SBLCT states in a glass at 80 K. In the case of [Ru(SnPh3)2(CO)2(iPr-

DAB)]]  (iPr-DAB= N,W-diisopropyl-l,4-diazabutadiene) an emission lifetime of 2.6 x 102 |is 

wass measured under these conditions, which is exceptional for charge transfer states of 

organometallicc complexes.8 This result prompted us to extend our investigations on these 

complexess further and develop organometallic systems that are photostable at room 

temperaturee and emit in the near infrared region with still an appreciable lifetime, to be of use 

ass luminescent labels in biochemical separations. For this purpose, oc-diimine ligands with 

low-lyingg 7t*  orbitals were employed in order to shift the emission to the NIR and to increase 
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thee barrier for the radical formation. In order to increase the photostability further, Ru was 

replacedd by Os in [Ru(SnPh3)2(CO)2(a-diimine)] because transition metal atoms from the 

thirdd row are expected to form stronger bonds with tin than those of the first and second row. 

Figuree 3.1 shows the general structure of the odi imine ligands and of the complexes under 

study. . 

SnR R 
M=Ru,, Os 

, c oo R = Me, Ph 

dmb b pAn-BIAN N 

iPr-DAB B 

— // MeO—V y—N N—<( V - OMe 

pAn-DAB B 

Figuree 3.1 Schematic structures of the [MCSnRjMCO^Coc-diimine)] complexes and the a-diimine 

ligandss used. 

3.33 Experimental Section 

Materials.. [Ru,(CO),2] (ABCR), K2OsCl6 (Alfa), I2 (Merck), SnClPh, (Merck, zur Synthese), 

SnClMe.ii  (Acros, 99%), 4,4'-dimethyl-2,2'-bipyridine (dmb, Fluka), formic acid (Merck) and 

formaldehydee (aq, 40%, EGA Chemie) were used as received. Solvents purchased from Acros (THF, 

hexane,, dichloromethane, acetonitrile, diethyl ether, methanol, 2-MeTHF), Merck (heptane), BDH 

(ethanoll  abs.), Baker (n-propanol) were dried on and distilled from the appropriate drying agent if 

necessary.. Silica gel (kieselgel 60, Merck, 70-230 mesh) for column chromatography was dried and 

activatedd by heating in vacuo at 160 °C overnight. 

Syntheses.. All syntheses were performed under a nitrogen atmosphere using standard Schlenk 

techniques.. A',A''-diisopropyl-l,4-diazabutadiene (iPr-DAB),9 A/,N'-di-(p-methoxyphenyl)-l,4-
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ChapterChapter 3. Tuning the Excited State Properties of [M(SnR3)2(CO)2(a-diimine)] (M = Ru, Os) 

diazabutadienee (pAn-DAB),10 A^N'-bis-(p-methoxyphenylimino)-acenaphthene (pAn-BIAN)" 12 and 

[Ru(SnPh3)2(CO)2(iPr-DAB)] l?? were prepared according to literature procedures. 

Thee complexes [Ru(I) 2(CO)2(a-diimine)] (a-diimine = pAn-DAB, pAn-BIAN , dmb) were 

preparedd according to the procedure used for the synthesis of [Ru(I)2(CO)2(dmb)]: A mixture of 

1.0555 g (2.14 mmol) [Ru(I)2(CO)2(MeCN)2] and 442 mg (2.37 mmol) dmb was suspended in 50 mL 

diethyll  ether and refluxed for 30 minutes. The reaction mixture was cooled down to room temperature 

andd the residue was filtered off (G3 glass filter), washed with pentane and dried in vacuo to yield the 

productt as a yellow powder. Yield: 94%. IR (THF); v(CO): 2049, 1991 cm"1. 'H NMR (CDC13); 8: 

2.611 (s, 6H, dmb CH3), 7.38 (d, 3J = 5.5 Hz, 2H, dmb H5), 8.22 (s, 2H, dmb H3), 8.95 (d, V=5.8 Hz, 

2H,, dmb H6) ppm. [Ru(I) 2(CO)2(pAn-DAB)] : Yield: ca. 90 %. IR (THF); v(CO): 2056, 2002 cm"1. 
lHH NMR (CDC13); S: 3.88 (s, 6H, OCH3), 6.99 (d, V = 9 Hz, 4H, o-C^OCHO, 7-68 (d> ^ = 9 Hz> 

4H,, m-C6//4OCH3), 8.12 (s, 2H, imine H) ppm. [Ru(I) 2(CO)2(pAn-BIAN)] : Yield: ca. 90%. IR 

(THF);; v(CO): 2056, 2003 cm"1. 'H NMR (CDCI3); 8: 3.95 (s, 6H, OCH3), 7.12 (d, V = 9 Hz, 6H, 

H3+H9,, see Figure 3.1 for numbering), 7.52 (pst, 2H, H4), 7.80 (d, V = 8.8 Hz, 4H, H10), 8.04 (d, 2H, 

V=8.3Hz,, H5)ppm. 

Thee polymer [Os(Cl)2(CO)2]„  was prepared by a modified literature procedure.14 K20sCl6 

(8233 mg, 1.7 mmol) was dissolved in a mixture of formic acid (40 mL) and formaldehyde (aq, 40%, 

155 mL). The reaction mixture was deaerated by bubbling nitrogen through for 20 minutes and 

subsequentlyy refluxed for 3 days during which the color changed from dark red via greenish to light 

yellow.. The solvent was removed in vacuo and the resulting product was triturated with 

dichloromethane.. The product was dissolved in acetone and filtered to remove KCI. Evaporation of the 

solventt yielded the product as an off white powder. Yield: ca. 90 %. IR (THF); v(CO): 2117, 2022 

cm"1. . 

[Os(Cl)2(CO)2(dmb)]]  was prepared by a modified literature procedure.14 [Os(Cl)2(CO)2]„  (269 

mg,, 0.85 mmol) and dmb (180 mg, 0.97 mmol) were dissolved in 30 mL n-propanol. The reaction 

mixturee was refluxed for several hours, until IR showed complete conversion. After removing the 

solventt in vacuo the product was purified by column chromatography (activated silica, 

hexane/dichloromethanee gradient elution). The product was obtained as a light yellow powder. Yield: 

ca.ca. 90 %. IR (THF); v(CO): 2030, 1960 cm"1. UV/Vis (THF); A,™: 296, 373 nm. 'H NMR (CDC!,); 

8:8: 2.63 (s, 6H, dmb CH,), 7.45 (d, V = 5.3 Hz, 2H, dmb H5), 8.02 (s, 2H, dmb H3), 8.94 (d, V = 5.7 

Hz,, 2H, dmb H6) ppm. 

[Os(Cl)2(CO)2(iPr-DAB)] .. [Os(Cl)2(CO)2]„  (201 mg, 0.63 mmol) and iPr-DAB (182.1 mg, 

1.300 mmol) were dissolved in 30 mL absolute ethanol. The reaction mixture was refluxed for several 

hourss until IR showed complete conversion. The solvent was evaporated and after purification by 

columnn chromatography (activated silica, hexane:THF = 1:1), the product was obtained as an orange 

powder.. Yield: 63 %. IR (THF); v(CO): 2034, 1965 cm"1. UV/Vis (THF); A,™: 419 nm. 'H NMR 
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(CDC10;; 8: 1.50, 1.52 (d, V = 6.6 Hz, 12H, CH(C//3)2), 4.32 (sept, V = 6.5 Hz, 2H, CW(CH3)2), 8.55 

(s.. 2H, imine CH) ppm. 

[Ru(SnPh3)2(CO)2(dmb)].. [Ru(I)2(CO)2(dmb)] (206.2 mg, 0.35 mmol) was dissolved into 25 

mLL THF. A solution of LiSnPIv, in THF (prepared from SnClPhh and freshly cut lithium metal) was 

addedd gradually (in the dark) until IR showed complete conversion. Methanol (2 mL) was added to 

quenchh any unreacted LiSnPh.,. The solvent was evaporated and after purification by column 

chromatographyy in the dark (activated silica, hexane/dichloromethane gradient elution), the product 

waswas obtained as a red microcrystalline powder. Yield: ca. 50 %. Elem. Anal.; calcd. for 

C5oH42N202RuSn2:: C 57.67, H 4.07, N 2.69; found C 57.33, H 3.91, N 2.58. FAB-MS; m/z: 1042 

[M +],, 965 [M+ - Ph], 691 [M+ - SnPh,]. IR (THF); v(CO): 1996. 1942 cm1. UV/Vis (THF); A™*: 

327,, 521 nm. 'H NMR (C6D„); 8: 1.65 (s, 7Sn-H = 9 Hz, 6H, dmb CH,). 5.80 (d, V = 5.6 Hz, 2H, dmb 

H5),, 6.66 (s, dmb H3), 7.02 (m, 9H, m//>-SnC6H5), 7.41 (m, 6H, o-SnC6H,), 8.29 (d, V = 5.9 Hz, 2H, 

dmbb H-6) ppm. 1?C NMR APT (CfiD6); 8 : 20.2 (dmb Me), 122.8 (dmb C5), 125.4 (dmb C3), 127.1 

(/7-SnCflH,).. 127.7 (m-SnC6Hs), 137.4 (7Sn_c = 36Hz. o-SnC6H5), 145.1 (dmb C4). 145.4 (dmb C2). 

150.77 (VSn_c = 12Hz, //»'^SnCfiH0, 151.8 (JSn_c = 12 Hz, dmb C6), 208.0 (CO) ppm. 

[Ru(SnPh3)2(CO)2(pAn-DAB)] .. To a solution of 285 mg [Ru(I)2(CO)2(pAn-DAB)] in THF, 

0.55 mL NaKi alloy was added. Stirring at room temperature yielded a solution of a highly reactive 

anionicc intermediate. The remaining NaK, alloy was filtered off using a G3 frit and two equivalents of 

SnClPfhh were added in the dark. After column chromatography (activated silica, 

dichloromethane/hexanee gradient elution) the product was obtained as a brownish green powder. 

Yield:: ca. 50%. FAB-MS; m/z: 1126 [M+], 1049 (M+ - Ph), 776 (M+ - SnPh,). IR (THF); v(CO): 

2011,, 1960 cm-1. UV/Vis (THF); A,„„ : 396, 449, 570 nm. 'H NMR (CftDft); S: 3.18 (s, 6H, OCH,), 

6.633 (d, V - 9 Hz, 4H, o-C6«4OCH3). 6.82 (s, JSn-n = 27 Hz, 2H, imine H ),7.09 (d, V = 9 Hz, 4H, m-

C6//4OCH,),, 7.19 (m, 18H. m/p-SnC6H5), 7.50 (m, 12H, o-SnC6H,) ppm. "C NMR APT (C6D6); 

5:55.11 (OCH0. H4.4 ( o-C6H4OCH?), 124.5 (wi-C6H4OCH3), 127.1 (p-C6H4OCH,), 128 (m/p-

SnC6Hs).. 138.0 (JSn-c = 35 Hz, o-SnCAHs), 141.3 (f'/J50-SnC6Hs), 160.5 (s, 7Sn_c = 15 Hz, imine C), 

204.00 (CO) ppm. 

[Ru(SnPh3)2(CO)2(pAn-BIAN)] .. This complex was prepared from [Ru(I)2(CO)2(pAn-

BIAN) ]]  and SnClPh? according to the procedure for [Ru(SnPh.02(CO)2(pAn-DAB)]. Yield: ca. 50 %. 

FAB-MS;; m/z: 1250 [M+], 1173 [M +-Ph], 899 [M+ - SnPh3]. IR (THF); v(CO): 2011, I960 cm"1. 

UV/Vi ss (THF); A,liax: 272, 321, 377sh, 400sh, 455, 607 nm. 'H NMR (CD2C12); 8: 3.86 (s, 6H, OCH,), 

6.633 (d, V= 8.7 Hz, 4H, H10, see Figure 1 for numbering), 6.73 (d, V = 7.2 Hz, 2H, H3), 6.9 (m, 18H, 

m/p-SnQH,),, 7.03 (d, V = 8.7 Hz, 4H, H9), 7.24 (m, 12H, o-Sn-C6H5), 7.28 (pst, 2H, H4), 7.82 (d, 2H 

VV = 8.4 Hz, H5) ppm. I?C NMR APT (CD2C12); 5:56.2 (OCH?), 114.1 (C9, see Figure 3.1 for 

numbering),, 122.8 (C3) 124.6 (C10), 127.7 (C4), 128.1 (p-SnC6H5), 128.4 (m-SnC6H5), 128.5 (C2), 
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128.77 (C5), 131.1 (C6), 138.0 (Jŝ c = 34 Hz, <?-SnC6H5), 140.7 (C7), 142.9 (Z/wo-SnC6H5), 144.3 

(C8),, 159.9 (CI 1), 161.6 (CI), 204.1 (CO) ppm. 

Thee complexes [Ru(SnMe3)2(CO)2(a-diimine)] (a-diimine = dmb, iPr-DAB ) were prepared 

byy reaction of [Ru(I)2(CO)2(a-diimine)] and LiSnMe3 according to the procedure used for the 

synthesiss of [Ru(SnPh3)2(CO)2(dmb)] (vide supra). [Ru(SnMe3)2(CO)2(iPr-DAB)] . Yield: ca. 50 %. 

IRR (THF); v(CO): 1993, 1936 cm"1. UV/Vis (THF); A™: 277, 404, 511 nm. 'H NMR (CDC13); 8: 

0.033 (s, 7Sn-H = 43 Hz, 18H, SnMe), 1.38 (d, 12H, V = 6.6 Hz, CH(C//3)2), 4.47 (septet, 2H, V = 6.6 

Hz,, Ctf(CH3)2), 7.82 (s, JSn-H = 26 Hz, 2H, imine H) ppm. 13C NMR APT (C6D6); S: -8.5 (ySn-c = 198 

Hz,, SnCH3), 25.0 (CH(CH3)2)), 63.8 (CH(CH3)2), 141.6 (imine-C), 181.5 (7Sn-c = 48 Hz, CO) ppm. 

[Ru(SnMe3)2(CO)2(dmb)].. Yield: ca. 50 %. IR (THF); v(CO): 1984, 1928 cm"1. UV/Vis (THF); 

A™*:: 257sh, 409, 598 nm. 'H NMR (QD6); 8 : 0.10 (s, JSn-H = 38 Hz, 18H, SnMe 2.63 (s, ySn.H - 11 

Hz,, 6H, dmb CH3), 6.07 (d, V = 5.9 Hz, 2H, dmb H-5), 7.08 (s, 2H, dmb H3), 8.70 (d, V = 5.9 Hz, 

2H,, dmb H6) ppm. 13C NMR APT (C6D6); 8 : -10.1 (SnMe), 20.5 (dmb CH3), 122.8 (ySn.c = 13 Hz, 

dmbb C5), 124.4 (ySn_c = 8 Hz, dmb C3), 144.3 (/Sn-c = 16 Hz, dmb C4), 149.7 (ys„-c = 16 Hz, dmb 

C2),, 151.5 (ySn-c = 12 Hz, dmb C6), 210.5 (CO) ppm. 

[Os(SnPh3)2(CO)2(dmb)].. [Os(Cl)2(CO)2(dmb)] (332.4 mg, 0.66 mmol) was dissolved into 25 

mLL THF. A solution of LiSnPh3 in THF (prepared from SnClPh3 and freshly cut lithium metal) was 

addedd gradually (in the dark) until IR showed complete conversion. Methanol (2 mL) was added to 

quenchh any unreacted LiSnPh3. The solvent was evaporated and after purification by column 

chromatographyy in the dark (silica, hexane/dichloromethane gradient elution) the product was 

obtainedd as a red microcrystalline powder. Yield: ca. 50%. FAB-MS; m/z:ll30 [M+], 1053 [M+ - Ph], 

7811 [M+ - SnPh3]. IR (THF); v(CO): 1989, 1930 cm'1. UV/Vis (THF); A™„: 305, 358sh, 514 nm. 'H 

NMRR (C6D6); 8: 1.67 (s, JSn-H = 9 Hz, 6H, dmb CH3), 5.71 (d, V = 5.9 Hz, 2H, dmb H5), 6.62 (s, dmb 

H3),, 7.02 (m, 9H, m/p-SnC6H5), 7.41 (m, 6H, o-SnC6H5), 8.45 (d, V = 6.0 Hz, 2H, dmb H6) ppm. ,3C 

NMRR APT (C6D6); 8: 20.1 (dmb CH3), 123.1 (dmb C5), 126.2 (dmb C3), 127.2 (m//>-SnC6H,), 127.7 

(m/p-SnC6H5),, 137.5 USn-c = 35Hz,, o-SnC6H5), 144.0 (ySn.c = 16 Hz, dmb C4), 145.2 USn_c = 13 Hz, 

dmbb C2), 151.7 (dmb C6), 150.7 (7Sn-c = 11 Hz, i>so-SnC6H5), 190.8 (CO) ppm. 

[Os(SnPh3)2(CO)2(iPr-DAB)] .. Os(Cl)2(CO)2(iPr-DAB) (183 mg, 0.40 mmol) was dissolved 

inn 30 mL THF. After addition of NaK3-alloy (0.5 mL) , the color changed from orange via green to 

brown-yellow.. The reaction mixture was filtered and added in the dark to a solution of 293 mg (0.88 

mmol)) SnClPh3 in 10 mL THF. This mixture was stirred for a few minutes and the solvent was 

removedd in vacuo. After purification by column chromatography in the dark (silica, 

hexane/dichloromethanee gradient elution) the product was obtained as an orange microcrystalline 

powder.. Yield: ca. 50%. FAB-MS; m/z: 1086 [M+], 1009 [M+ - Ph], 737 [M+ - SnPh3]. IR (THF); 

v(CO):: 1996, 1939 cm"1. UV/Vis (THF); A w 287, 494 nm. lH NMR (CDC13); 8: 0.95 (d, V = 6.6 

Hz,, 12H, CH(C//3)2), 4.62 (sept, V = 6.6 Hz, 2H, C//(CH3)2), 7.25 (m, 9H, m/p-SnC6H5), 7.32 (m, 6H, 
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o-SnCeHO,, 8.15 (s, Jsn-H = 23.7 Hz, 2H, imine H) ppm. ,3C NMR APT (C6D6); Ö: 24.8 (CH(CH3)2), 

65.44 (CH(CH3)2), 128.0 (m/p-SnC^), 128.2 (m/p-SnC6H5), 137.7 (7Sn_c = 34 Hz. a-SnC6H5), 142.7 

(iywo-SnCfiHO,, 148.5 (Jsn-c = 15 Hz, imine C), 187.9 (CO) ppm. 

[Os(SnMe3)2(CO)2(iPr-DAB) ]]  was prepared from [Os(Cl)2(CO)2(iPr-DAB)] and LiSnMe? 

accordingg to the procedure used for the synthesis of [Ru(SnPh3)2(CO)2(dmb)] {vide supra). Yield: ca. 

500 %. IR (THF); v(CO): 1984, 1927 cm"1. UV/Vis (THF); X^: 257, 370, 484 nm. 'H NMR (C6D6); 

S:S: 0.28 (s, 18H, 7Sn.H = 46 Hz. SnMe), 1.04 (d, 12H, V = 6.6 Hz, CH(C//,)2). 4.47 {septet, 2H, -J = 

6.66 Hz, C//(CH,)2), 7.52 (s. /Sn_H = 22 Hz, 2H, imine H) ppm. I?C NMR APT (CfiDfi); 8: -9.1 (JSn_c = 

2288 Hz, SnCH3), 25.2 (CH(CH,)2)), 65.0 (CH(CH3)2), 143.0 (imine-C), 190.9 (JSn_c = 38 Hz, CO) 

ppm. . 

Spectroscopicc Measurements. All spectroscopic measurements were performed under a 

nitrogenn atmosphere. Infrared spectra were recorded on Bio-Rad FTS-7 and FTS-60A FTIR 

spectrophotometerss (the latter equipped with a liquid-nitrogen-cooled MCT detector), and electronic 

absorptionn spectra on Varian Cary 4E and Hewlett-Packard 8453 spectrophotometers. NMR spectra 

weree recorded on a Bruker AMX 300 (300.13 MHz and 75.46 MHz for 'H and '3C, respectively) 

spectrometer.. Resonance Raman spectra of the complexes dispersed in KN03 pellets were recorded on 

aa Dilor XY spectrometer equipped with a Wright Instruments CCD detector, using a Spectra Physics 

2040EE Ar+ in combination with Coherent CR490 and CR590 dye lasers (with Coumarin 6 and 

Rhodaminee 6G dyes) as the excitation sources. Steady state emission spectra were measured on a 

SPEXX Fluorolog 2 (equipped with an RCA C31034 Peltier cooled GaAs photomultiplier). 

Nanosecondd time-resolved electronic absorption and emission spectra were obtained using a 

setupp described previously.7 A teflon mask around the glass tube sample cell with 1 mm holes for the 

probee light and a 1 cm slit for the pump light was used for the low-temperature transient absorption 

spectrum.. As irradiation sources the second harmonic (532 nm) of a Spectra Physics GCR3 Nd:YAG 

laser,, a Quanta Ray PDL  pulsed dye laser with a Coumarin 440 solution (440 nm) or a continuously 

tunablee (400-700 nm) Coherent Infinity XPO laser were used. Emission quantum yields were 

measuredd relative to a standard solution of [Re(Cl)(CO)3(bpy)] in 2-MeTHF (0 = 0.028 at 77 K), 

usingg a gate of 10 ms. 

Time-resolvedd IR measurements were performed at the University of Nottingham. The 

detailedd description of the step-scan apparatus developed at the University of Nottingham will be 

publishedd elsewhere.'5 The set-up consists of a commercially available step-scan FTIR spectrometer 

(Nicolett Magna 860) equipped with a 100 MHz 12-bit digitizer and a 50MHz MCT detector. The 

samplee was excited using the second (532 nm) or third (355 nm) harmonic from a Nd:YAG laser 

(Spectronn SL80SG). The data collection was performed with OMNIC software. Synchronization of the 

Nd:YAGG laser with data collection was achieved by means of a pulse generator (Stanford DG535). 

Thee signal passes a low-noise pre-amplifier (Stanford Research System, Model SR560) which has 
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beenn set up at 1MHz for our experiments. Experiments at 77K were performed in a home-built IR cell, 

withh CaF2 windows. Typically, a 1mm pathlength was used. 

Photochemicall  quantum yields were determined by observation of the decay of the first 

absorptionn band of solutions of the complexes in dichloromethane at 21.0 °C by in situ irradiation in a 

Variann Cary 4E spectrophotometer using previously described procedures.7 

3.44 Results 

3.4.11 Syntheses 

Thee procedure used for the synthesis of [Ru(SnPh3)2(CO)2(iPr-DAB)]16 is not suitable 

forr the preparation of the [Ru(SnR3)2(CO)2(a-diimine] complexes containing other a-diimine 

ligandss than R-DAB. Instead, these complexes were prepared from [Ru(I)2(CO)2(a-diimine)], 

whichh was obtained by reaction of the appropriate a-diimine ligand with 

[Ru(I)2(CO)2(MeCN)2],
177 and LiSnR3. 

However,, during the preparation of [Ru(SnPh3)2(CO)2(pAn-BIAN)] the last step 

resultedd in decomposition. [Ru(I)2(CO)2(pAn-BIAN)] was therefore prepared first and 

subsequentlyy reduced using sodium-potassium alloy to give a highly reactive intermediate. 

Thiss intermediate was then allowed to react with two equivalents of SnClPh3, yielding the 

desiredd product. This method, which has also been used for the synthesis of 

[Ru(Me)(I)(CO)2(bpy)]18199 was also successfully used for the synthesis of 

[Ru(SnPh3)2(CO)2(pAn-DAB)]. . 

Thee recently synthesized complexes [Os(Cl)2(CO)2(a-diimine)],14 proved to be 

excellentt starting compounds for the preparation of [Os(SnPh3)2(CO)2(a-diimine)]. The 

synthesiss started with the formation of the polymer [Os(Cl)2(CO)2]n which was allowed to 

reactt with the a-diimine ligand. Subsequent addition of LiSnPh3 to a solution of this complex 

affordedd [Os(SnPh3)2(CO)2(a-diimine)] in the case of dmb. However, in the case of the iPr-

DABB complex, the last step of this reaction sequence resulted in decomposition and 

[Os(SnPh3)2(CO)2(iPr-DAB)]]  was therefore synthesized from [Os(Cl)2(CO)2(iPr-DAB)] 

usingg the procedure used for [Ru(SnPh3)2(CO)2(pAn-BIAN)] . 

Al ll  compounds are strongly coloured microcrystalline powders. They have a trans-

(SnR3,, SnR3), cis-(COt CO)-configuration, as can be seen from their IR and NMR spectra.13 

57 7 



ChapterChapter 3. Tuning the Excited State Properties of [M(SnRs)2(CO)2(a-diimine)] (M = Ru, Os) 

Thee complexes are photostable in the solid state, but photolabile in solution to varying 

degrees. . 

3.4.22 Electronic absorption and resonance Raman spectra 

Alll  complexes under study show an intense absorption band at 500 - 600 nm (Table 

3.1),, which has been assigned to a a(Sn-Ru-Sn)-»7r,*(iPr-DAB) Sigma-Bond-to-Ligand 

Chargee Transfer (SBLCT) transition in the case of [Ru(SnPh3)2(CO)2(iPr-DAB)].13 The 

absorptionn bands are only weakly solvatochromic. For instance, Av= vmax(MeCN) -

vmax(toluene)) = 0.57 x 103 cm"1 for [Ru(SnPh3)2(CO)2(iPr-DAB)], which is much less than 

thee solvatochromism of the MLCT band of e.g. the isostructural complex 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  (Av= 1.9 x 103 cm-1).18 Furthermore, the absorption bands of 

thee R-DAB and pAn-BIAN complexes (Table 3.1, entries 1, 2, 5, 7 and 9) are less 

solvatochromicc (Av - 0.2 x 103 - 0.6 x 103 cm-1) than those of the aromatic dmb complexes 

(Av== 1.2 x 103-1.5x 103 cm"1) (Table 3.1, entries 4, 6 and 8). 

Tablee 3.1 Electronic absorption spectral data and transient absorption lifetimes of the 

M(SnR3)2(CO)2(a-diimine)) complexes at room temperature. 

entry y 

ld d 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

metal l 

Ru u 

Ru u 

Ru u 

Ru u 

Ru u 

Ru u 

Os s 

Os s 

Os s 

R R 

Ph h 

Ph h 

Ph h 

Ph h 

Me e 

Me e 

Ph h 

Ph h 

Me e 

a-diimine e 

iPr-DAB B 

pAn-DAB B 

pAn-BIAN N 

dmb b 

iPr-DAB B 

dmb b 

iPr-DAB B 

dmb b 

iPr-DAB B 

electronicc absorption; 

toluene e 

523 3 

577 7 

614 4 

542 2 

517 7 

630 0 

497 7 

537 7 

485 5 

CH2C122 (£)a 

519(6.8) ) 

5722 (2.7) 

6055 (16) 

5299 (3.8) 

515(7.2) ) 

612(5.3) ) 

4955 (6.2) 

519(4.1) ) 

4844 (6.9) 

A,naxx (nm) 

MeCN N 

508 8 

567 7 

601 1 

503 3 

511 1 

581 1 

485 5 

496 6 

482 2 

Ab b 

0.57 7 

0.31 1 

0.35 5 

1.4 4 

0.23 3 

1.3 3 

0.50 0 

1.5 5 

0.13 3 

transient t 

lifetime1""  (ps) 

1.0 0 

1.9 9 

3.6 6 

1.0 0 

2.6C C 

0.50 0 

1.5 5 

2.5 5 

1.4 4 

aeinl00 M .cm ; A = vm„(MeCN) - v,m,(toluene) in 10 cm ; °in THF at room temperature; from 

reff  '\ "̂'uncertainty large due to overlap of transient and ground state absorptions. 

Onn going to a 2-MeTHF glass at 80K, the absorption bands of the complexes become 

narrowerr and shift by ca. 20 nm to shorter wavelengths. They become asymmetric for the R-

DABB complexes, while those of the aromatic a-diimine compounds show a pronounced 
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shoulderr on their short wavelength side. As the DFT-calculations on the model complex 

[Ru(SnH3)2(CO>2(H-DAB)]]  do not show the presence of any close-lying electronic 

transition,166 this shoulder is attributed to a vibrational sideband. 

Inn order to characterize the SBLCT transition further, we studied the resonance Raman 

(rR)) spectra of the complexes. Upon excitation into an allowed electronic transition, such rR 

spectraa normally show resonance enhancement of Raman intensity for those vibrations which 

aree most strongly coupled to this transition.20 In other words, this technique allows us to 

characterizee the electronic transition by revealing which bonds of the complex are affected 

mostt (see section 2.2.1). RR spectra were recorded for all [M(SnR3)2(CO)2(iPr-DAB)] (M = 

Ru,, Os; R = Me, Ph) complexes under study and for comparison also for 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  in order to determine in which way the rR spectra are affected 

byy the type of electronic transition (SBLCT vs. MLCT). The wavenumbers of the most 

stronglyy enhanced Raman bands are collected in Table 3.2. The spectrum of 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  is rather simple (Figure 3.2A); it shows a strong rR effect for 

vs(CN)) of the iPr-DAB ligand at 1573 cm-1 and for a band at 492 cm"', belonging to a 

combinedd vfRu-CH.i) and vs(Ru-CO) mode (see chapter 8). A weaker effect is observed for 

vs(CO)) at 2017 cm-1. This spectrum is characteristic for excitation into an MLCT transition, 

sincee such a transition is accompanied by reduction of the iPr-DAB ligand (rR effect for 

Vs(CN))) and oxidation of the central metal atom (rR effect for vs(CO)). 

Tablee 3.2 Resonance Raman data of the complexes [M(SnR3)2(CO)2(iPr-DAB)] (M=Ru, Os; R = Ph, 

Me)) and [Ru(Cl)(Me)(CO)2(iPr-DAB)] in KN03. 

metall  R resonance Raman data 

vs(CO)) vs(CN) <SS(CH) 5 (DAB) 

"RTPP Ph 1473s 1283s 1166w 953s 836s 651 w 610m 419w 250m 197m 

Oss Ph 1467s 1272s 1168w958s 844s 657w 614m 424m 256m 211w 

Ruu Me 1473s 1286s 1178s 971s 850s 651m 615m 496w 425w 264w 229m 

Oss Me 1470m 1279s 1172s 968s 850s 646w 614m 494w 420m 251 w 189w 

"RÜCÏM?? 2017w 1573s 492m 
afromm refK;h [Ru(Cl)(Me)(CO)2(iPr-DAB)]( from ref1H 

Thee bands observed in the rR spectra of the [M(SnPh3)2(CO)2(iPr-DAB)] complexes 

aree weaker than those of [Ru(Cl)(Me)(CO)2(iPr-DAB)], while more bands are resonantly 

enhanced.. The spectra of e.g. [Ru(SnPh3)2(CO)2(iPr-DAB)] (Figure 3.2B) show rR effects for 

59 9 



ChapterChapter 3. Tuning the Excited State Properties of lM{SnRih(CO)2(a-dümine)] (M = Ru, Os) 

stretchingg and deformation modes of the iPr-DAB ligand (1473, 1283, 953 and 836 cm"1), 

whilee vs(CO) is not observed at all. Some of these resonance effects are exceptional and their 

occurrencee will be explained in the Discussion Section. In addition, several lower-frequency 

rRR bands (at 610, 419, 250 and 197 cm"1 for [Ru(SnPh3)2(CO)2(iPr-DAB)]) are observed, 

whichh belong to (combined) metal-ligand stretching and deformation modes.21'22 The 

correspondingg osmium complex [Os(SnPri3)2(CO)2(iPr-DAB)] has virtually the same rR 

spectrum,, while the spectra of the corresponding [M(SnMe3)2(CO)2(iPr-DAB)] complexes 

additionallyy show a strong rR effect for a band at ca. 1170 cm-1, which is assigned to a CH3 

deformationn mode of the SnMe3 ligand 23 3 

2000 0 15000 1000, 
Wavenumberss (cm ) 

500 500 

Figuree 3.2 Resonance Raman spectra of (A) [Ru(Cl)(Me)(CO)2(iPr-DAB)] ( ^ = 457.9 nm), (B) 

[Ru(SnPh3)2(CO)2(iPr-DAB)]]  (A,,xc = 457.9 nm), (C) [Os(SnPh3)2(CO)2(iPr-DAB)] (^xc = 488.0 nm), 

(D)) [Ru(SnMe3)2(CO)2(iPrDAB)] (^xc= 476.5 nm) and (E) [Os(SnMe3)2(CO)2(iPrDAB)] (AeXC= 476.5 

nm).. Asterisks denote NOj" peaks. 

3.4.33 Time-resolved electronic absorption and emission spectra 

Nanosecondd time-resolved absorption (TA) spectra of the complexes were measured 

inn THF at room temperature and for [Os(SnPh3)2(CO)2(dmb)] also in a 2-MeTHF glass at 90 

K.. Both spectra of the latter complex are shown in Figure 3.3. In most spectra the bleaching 
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off  the ground state absorption is not observed due to the much stronger excited state 

absorption.. The TA spectra of all complexes are very similar, and consist of strong 

absorptionss with maxima at ca. 350 and 530 nm, and a weak, broad, band above 600 nm. The 

low-temperaturee spectrum of [Os(SnPh3)2(CO)2(dmb)] shows that this latter absorption is a 

separatee band and not the tail of the 530 nm band. The 90 K spectrum of 

[Os(SnPh3)2(CO)2(dmb)]]  shows that the 530 nm absorption band consists of two components. 

Similarr features, i.e. a broad, composite, band around 500 nm, a very broad and weak 

absorptionn above 600 nm, and an intense band between 350 and 400 nm, have also been 

observedd in the TA spectra of [Re(Br)(CO)3(dmb)],24 [Re(SnPh3)(CO)3(dmb)]6 and 

[Re(CH3)(CO)3(dmb)]77 and in the spectrum of reduced [Re(Br)(CO)3(dmb)].24 They closely 

resemblee the bands found in the absorption spectrum of the [dmb]*~ radical anion25 and are 

thereforee assigned to the intraligand transitions of the [dmb]"~ radical anion in the SBLCT 

statess of the complexes. At room temperature the excited states, which have lifetimes varying 

betweenn 0.5 and 3.6 (is, are quenched by oxygen, which confirms their triplet character. For 

instance,, the transient lifetime of [Os(SnPh3)2(CO)2(dmb)] is reduced by a factor of ten in the 

presencee of oxygen. 

Wavelengthh (nm) 

Figuree 3.3 Transient absorption difference spectra (solid lines) and ground state absorption spectra 

(dottedd lines) of [Os(SnPh3)2(CO)2(dmb)] in THF at room temperature (A) and in a 2-MeTHF glass at 

900 K (B). The delay between the transient absorption difference spectra is 200 ns (A) and 20 us (B). 
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Nanosecondd time-resolved emission spectra were recorded for the compounds in a 2-

MeTHFF glass at 90 K, under which conditions the complexes are completely photostable. The 

emissionn data (Table 3.3) show that the emitting states of all [M(SnR3)2(CO)2(a-diimine)] 

complexess are very long-lived, much longer than the 3MLCT state of the structurally related 

compoundd [Ru(Cl)(Me)(CO)2(iPr-DAB)]. The longest lifetime (T = 1.1 ms) is observed for 

[Ru(SnPh3)2(CO)2<dmb)],, in which complex the dmb is a rigid aromatic ligand. The SnMe3 

substitutedd complexes have slightly shorter emission lifetimes than the SnPh3 ones, which 

wass previously observed for [Re(SnR3)(CO)3(phen)] (R = Me, Ph).26 

Figuree 3.4 shows the absorption and excitation spectra of [Ru(SnPh3)2(CO)2(dmb)], 

togetherr with its CW emission spectrum excited at 500 nm. The excitation spectrum does not 

deviatee from the absorption spectrum, which means that the population of the emissive state 

hass the same efficiency throughout the first absorption band. 

B B 
HH -

350350 400 450 500 550 600 

Wavelengthh (nm) 

650 0 700 0 750 0 800 0 

Figuree 3.4 Emission spectrum (solid line, Â xc= 500 nm), excitation spectrum (dashed line, X*m=  620 

nm)) and ground state absorption spectrum (dotted line) of [Ru(SnPh,)2(CO)2(dmb)] in a 2-MeTHF 

glasss at 90 K. 

Justt as for [Ru(SnPh3)2(CO)2(iPr-DAB)]8 a weak emission is observed at the low-

energyy side of the broad emission band, which is only produced by excitation at the low-

energyy side of the first absorption band. Its lifetime is somewhat shorter than that of the much 
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strongerr high-energy component. For instance, the emission of [Ru(SnPh3)2(CO)2(dmb)] has a 

lifetimee of 1.1 ms at 440 nm excitation (Table 3.3) and 0.76 ms at 532 nm excitation. As the 

lifetimess do not differ much, taking into account the difference in emission energy, both 

emissionss most likely belong to the same excited state of the complex in a different 

environmentt or isomeric form. The former explanation was e.g. given in the case of 

[Re(SnPh3)(CO)3(bpy)],, since the effect was not observed for this complex in its solid state.26 

Variablee excitation wavelength time-resolved emission measurements, using a continuously 

tuneablee Coherent Infinity XPO laser, showed that both the emission maximum and lifetime 

aree constant for excitation wavelengths covering most of the absorption band and only start to 

changee at the extreme long-wavelength side of the absorption band. 

Tablee 3.3 Emission data of [M(SnR3)2(CO)2(a-diimine)] and [Ru(Cl)(Me)(CO)2(iPr-DAB)] in a 2-

MeTHFF glass at 90 K. 

entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

metal l 

Rua a 

Ru u 

Ru u 

Ru u 

Ru u 

Ru u 

Os s 

Os s 

Os s 

R R 

Ph h 

Ph h 

Ph h 

Ph h 

Me e 

Me e 

Ph h 

Ph h 

Me e 

a-diimine e 

iPr-DAB B 

pAn-DAB B 

pAn-BIAN N 

dmb b 

iPr-DAB B 

dmb b 

iPr-DAB B 

dmb b 

iPr-DAB B 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]b b 

^ h s s 

(nm) ) 

495 5 

552 2 

595 5 

495 5 

507 7 

567 7 

478 8 

485 5 

478 8 

387 7 

Aem m 

(nm) ) 

633 3 

767 7 

821 1 

604 4 

733 3 

736 6 

655 5 

589 9 

714 4 

650 0 

A^abs-em m 

(1033 cm" 

5.3 3 

5.0 0 

4.6 6 

3.6 6 

6.1 1 

4.0 0 

5.7 7 

3.6 6 

6.9 9 

10 0 

T T 

')) (10-2us" 

2.6 6 

0.72 2 

0.68 8 

11 1 

0.62 2 

0.60 0 

0.32 2 

2.3 3 

0.16 6 

0.003 3 

<ZW W 

')(io-2) ) 

1.5 5 

5.7 7 

0.58 8 

3.4 4 

0.034 4 

<ÏYscc K 

(102s~ ~ 

0.55 5 

0.62 2 

1.8 8 

1.5 5 

11 1 

*nr r 

)) GOV') 

0.37 7 

0.10 0 

3.13 3 

0.42 2 

384 4 

Replacementt of ruthenium by osmium has only a small effect on the absorption and 

emissionn energies of the [M(SnPh3)2(CO)2(a-diimine)] complexes. In spite of this, the 

emissionn lifetimes of the Os complexes are much shorter, due to the increase of spin-orbit 

couplingg (SOC) going from Ru to Os. For all complexes the quantum yields of emission 

(Tablee 3.3) from the 3SBLCT states are rather low in view of their very long emission 

lifetimes.. In the next section we will discuss this observation and its consequences in more 

detail. . 
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Inn the time-resolved FTIR spectra (Figure 3.5), the difference between iPr-DAB and 

dmbb complexes is clearly visible. Thus, the excited state IR spectrum of 

[Os(SnPh3)2(CO)2(iPr-DAB)]]  is very similar to that of [Ru(SnPh3)2(CO)2(iPr-DAB)],8 i.e. the 

v(CO)) bands have shifted to slightly lower wavenumbers. Apparently, in the excited state, the 

a-diiminee ligand is a poorer 7t-acceptor, which increases tt-backbonding to CO. In contrast, in 

thee excited states of the two dmb complexes [M(SnPh3)2(CO)2(iPr-DAB)] (M = Ru, Os), the 

v(CO)) bands have shifted to higher wavenumbers. This indicates that 7t-backbonding to CO 

hass decreased, although the frequency shift is far less than observed for the MLCT states of 

e.g.e.g. [Re(Cl)(CO)3(bpy)]. Work is in progress to clarify this difference. 

0.0 33  - i 

0.0 2 2 

0.0 1 1 

0.0 0 0 

a a 
o o 
i i 

-0.0 1 1 

-0.0 2 2 

193 2 2 

-0.033 -| 1 1 1 1 1 1 1 1 1 1 1 r" 

20400 202 0 200 0 198 0 196 0 194 0 192 0 190 0 

Wavenumberss  (cm' 1) 

Figuree 3.5 Transient IR difference spectra of (A) [Os(SnPh,)2(CO)2(iPr-DAB)], (B) 

[Os(SnPh,)2(CO)2(dmb)]]  and (C) [Ru(SnPh3)2(CO)2(dmb)] in nBuCN/nPrCN (5:4 v/v) at 77 K, A„c = 

3555 nm. Spectra A and C have been offset by 0.02 and -0.02, respectively, for clarity. 
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3.55 Discussion 

Thee complexes under study belong to a group of a-diimine compounds in which two 

co-ligandss are bound to the central metal atom via high-lying a orbitals. These co-ligands 

mayy be alkyl groups or metal fragments. The lowest-energy transitions of these complexes are 

fundamentallyy different from those of complexes with only one such co-ligand, e.g. 

[Ru(Cl)(R)(CO)2(a-diimine)],188 or [Ru(Cl)(SnPh3)(CO)2(a-diimine)].8 Transitions from the 

a(Ru-R)) or o(Ru-Sn) orbitals to 7t*(a-diimine) are normally not observed and the lowest-

energyy transitions of these latter complexes have d«(Ru) -> n*(a-diimine) (MLCT) character. 

Thiss situation changes completely when two metal fragments are coordinated in an axial 

positionn to Ru (or Os), as e.g. in the case of [M(SnR3)2(CO)2(a-diimine)]. According to 

densityy functional (DFT) MO-calculations on the model complex [Ru(SnH3)2(CO)2(H-

DAB)],166 the HOMO, denoted as o(Sn-Ru-Sn), consists of contributions from the anti-

symmetricc combination of the Sn fragment a orbitals Sn(sp3-sp3) (42%), and from the Ru(5p) 

(15%)) and H-DAB(jt* ) (27%) orbitals. This implies a strong a-n* interaction, i.e. a large 

delocalizationn of electron density from the Sn-Ru-Sn ö-bond over the H-DAB ligand. 

Accordingg to the calculations, the LUMO of the model complex is also delocalized since it 

hass contributions from H-DAB(TE* ) (61%), Ru(4dyz) (11%) and Sn(sp3-sp3) (27%). The 

o(Sn-M-Sn)->Tt*(oc-diimine)) transition between the HOMO and LUMO is strongly allowed. 

Inn view of the nature of the orbitals involved, this transition is called Sigma-Bond-to-Ligand 

Chargee Transfer (SBLCT).27 Because of the strong G-n* interaction, the lowest-energy 

(SBLCT)) transitions of the complexes under study are less solvatochromic than e.g. the 

MLCTT transition of the isostructural complex [Ru(Cl)(Me)(CO)2(iPr-DAB)] (see Table 3.1). 

Thee population of 7t*(iPr-DAB) in the ground state, due to the strong o-n* interaction, 

causess a lengthening of the CN-bond and a shortening of the CC-bond, since the lowest %*-

orbitall  of an a-diimine such as iPr-DAB is anti-bonding between the N and C atoms of the 

N=C-C=NN skeleton and bonding between the central C atoms. This is evident from the crystal 

structuree of [Ru(SnPh3)2(CO)2(iPr-DAB)], in which CN- and CC-bond lengths of 1.34 A and 

1.399 A, respectively, were found. This indicates much more population of 7t*(iPr-DAB) in the 

groundd state than for [Ru(I)(Me)(CO)2(iPr-DAB)] having CN- and CC-bond lengths of 1.26 

AA and 1.48 A, respectively. As can be seen from Table 3.1, the absorption bands of the R-

DABB and pAn-BIAN complexes are less solvatochromic than those of the aromatic dmb 
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compounds.. This means that the o and 71* orbitals of the dmb complexes have less interaction 

and,, accordingly, their o(Sn-M-Sn)->7C*(a-diimine) (M = Ru, Os) transitions have more 

chargee transfer character. The strong CT-7T* interaction of the R-DAB complexes causes the 

SBLCTT transition to occur at higher energy than expected on the basis of its 7t*-orbital 

energy.. This effect becomes evident when SnPh3 is replaced by the more electron donating 

SnMe33 in the complexes [Ru(SnR3)2(CO)2(a-diimine)] (R = Ph, Me; a-diimine = iPr-DAB, 

dmb)) (Table 3.1). A red shift of the absorption band is then observed in the case of the dmb 

complexes,, but not for the iPr-DAB compounds. 

Thee differences between the [M(SnPh3)2(CO)2(cx-diimine)] complexes possessing a 

low-energyy SBLCT transition and the isostructural complex [Ru(Cl)(Me)(CO)2<iPr-DAB)] 

havingg a lowest MLCT transition, are not only reflected in the absorption spectra, but also 

becomee evident when their resonance Raman spectra and especially their photophysicai and 

photochemicall  behaviour are compared. The main difference is the observation of rather 

strongg rR effects for a few vibrations in the case of [Ru(Cl)(Me)(CO)2(iPr-DAB)] and weak 

rRR effects for many vibrations in the case of the [M(SnR3)2(CO)2(iPr-DAB)] complexes. The 

latterr observation confirms the delocalized character of the SBLCT transition during which 

manyy bonds are only weakly distorted in the excited state. This weakness of distortion is also 

demonstratedd by the emission spectra [vide infra). The rR spectra of [Ru(SnPh3)2<CO)2(iPr-

DAB) ]]  (which is taken as a representative for all the [M(SnR3)2(CO)2(iPr-DAB)] complexes) 

showw strong rR effects for bands at 1473, 1283, 953 and 836 cm-1, while vs(CO) is not 

observedd at all. The absence of vs(CO) implies that the charge density at the central metal 

atomm is hardly affected by the electronic transition. This result agrees with the main 

conclusionn from the DFT calculations on the model complex [Ru(SnH3)2(CO)2(H-DAB)], 

thatt the central metal atom and the carbonyls are hardly involved in the a—»H* (SBLCT) 

transition.11 The rR band at 1473 cm-1 is assigned to vs(CN), which is lower in frequency than 

forr [Ru(Cl)(Me)(CO)2(iPr-DAB)] (1568 cm-1), due to the strong 7i-backbonding to iPr-DAB. 

Thee observation of a rR effect for a band at 1283 cm-1 is exceptional. It has only been 

observedd for complexes such as [W(CO)4(R-DAB)] (R = p-tolyl, mesityl),28 

[Re{Re(CO)5}(CO)3(iPr-DAB)] 211 and [Ru(L!)(L 2)(CO)2(iPr-DAB)] (L,, L2 = metal 

fragment)8'29,300 in which there is a very strong 7i-backbonding. According to calculations, it is 

aa coupled <5S(CH) + vs(CN) vibration, in which <5S(CH) is a symmetric in-plane deformation 

off  the imine hydrogen atoms (chapter 8). This coupling, which is responsible for the 

resonancee enhancement of this vibration, can occur because of the small energy difference 
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betweenn these two local modes. In the case of [Ru(SnPh3)2(CO)2(iPr-DAB)] strong rR effects 

aree also observed for deformation modes of iPr-DAB at 953 and 836 cm"1. These vibrations 

aree always observed in the case of a strong d -̂Ti*  or o-n* interaction (chapter 8).8'28-30 The 

observationn of 5(CH3) (for the SnMe3 complexes) indicates that the transition indeed occurs 

fromm a a(Sn-M-Sn) orbital rather than a d^M) orbital. 

Accordingg to the TA spectra the complexes [M(SnPh.3)2(CO)2(a-diimine)] have much 

longerr excited state lifetimes at room temperature (r = 0.5 - 3.6 fis, Table 3.1) than 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  (T = 63 ns)31 even though the former complexes are 

photolabile.. This photoiability, not observed for [Ru(Cl)(Me)(CO)2(iPr-DAB)], is a specific 

propertyy of complexes having a lowest SBLCT state and involves a homolytic splitting of a 

M-Snn bond from this state.32 Because of this photoiability, the 3SBLCT states of e.g. 

[Ru(SnPh3)2(CO)2(dmb)]]  and [Ru(SnPh3)2(CO)2(iPr-DAB)] have accidentally the same 

lifetimess (Table 3.1) although the dmb ligand is much more rigid and the SBLCT state of its 

complexx is at somewhat higher energy (Table 3.3). The large influence of the photoreactivity 

onn the excited state lifetime becomes also evident when the iPr-DAB ligand is replaced by an 

a-diiminee with a lower-lying K* orbital, such as pAn-DAB or pAn-BIAN. The SBLCT states 

aree then lower in energy and, although the energy-gap-law (EGL) predicts a decrease of 

excitedd state lifetime, this lifetime becomes much longer due to the larger photostability 

(Tablee 3.1). For instance, the quantum yield for the photoreaction of the 

[Ru(SnPh3)2(CO)2(R-DAB)]]  complexes in CH2C12 at room temperature is 0.10 for R = iPr but 

onlyy 0.006 for R = pAn. This increase of photostability is most probably due to an increase of 

thee barrier for this reaction, which is already large in the case of [Ru(SnPh3)2(CO)2(iPr-

DAB)].322 As the Os-Sn bonds are stronger than the Ru-Sn bonds, the [Os(SnPh3)2(CO)2(a-

diimine)]]  complexes are more photostable than the Ru ones (e.g. 0 = 0.038 for 

[Os(SnPh3)2(CO)2(iPr-DAB)]]  and 0 =0.10 for its Ru analogue). As a result, their SBLCT 

statess are also longer lived than those of the Ru compounds, despite the larger spin-orbit 

couplingg constant of the Os atom. Because of their photostability, the lifetimes of the Os 

complexess at room temperature also increase when iPr-DAB is replaced by dmb, i.e. when 

thee a-diimine becomes more rigid (Table 3.1). 

Thee differences between the 3SBLCT states of the [M(SnPh3)2(CO)2(a-diimine)] 

complexess and the 3MLCT state of [Ru(Cl)(Me)(CO)2(iPr-DAB)] become even more 

pronouncedd at low temperature, under which conditions all complexes are photostable. The 

emittingg 3SBLCT states of the [M(SnR3)2(CO)2(cc-diimine)] complexes are much longer lived 
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thann the 3MLCT state of [Ru(Cl)(Me)(CO)2(iPr-DAB)], an effect which was already noted 

forr the complex [Ru(SnPh3)2(CO)2(iPr-DAB)].8 This increase of lifetime is caused by a 

decreasee of distortion of the complexes in their lowest excited state, which is reflected in a 

decreasee of the apparent Stokes shift (i.e. the energy difference between the absorption and 

emissionn maxima, A£abs-em, see Table 3.3) from 10 x 103 cm"' to (3.5 - 6.0) x 103 cm"1 going 

fromm [Ru(Cl)(Me)(CO)2(iPr-DAB)] to [M(SnR3)2(CO)2(a-diimine)]. This implies that for the 
3SBLCTT state the potential energy curve is shifted less with respect to that of the ground state 

andd that the vibrational overlap between these curves is smaller for [M(SnPh3)2(CO)2(iPr-

DAB)]]  than for [Ru(Cl)(Me)(CO)2(iPr-DAB)]33"35 causing a decrease of the rate constant for 

non-radiativee decay km. In fact, km decreases by a factor of thousand going from 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  to [Ru(SnPh3)2(CO)2(iPr-DAB)] (Table 3.3) even though the 

emissionn energy hardly changes. Correspondingly, the emission lifetime, which is mainly 

determinedd by knr, increases by a factor of ca. one thousand viz. from 0.30 us to 2.6 x 10 us. 

Iff  an R-DAB ligand is replaced by pAn-BIAN and finally by a fully aromatic ligand 

thee a-diimine becomes more rigid. The complex is then even less distorted in its excited state 

andd this results in a smaller apparent Stokes shift, a smaller value of knT and a longer emission 

lifetime.. Of course, part of the decrease of knT is caused by the fact that the dmb complex 

emitss at somewhat higher energy. The rigidity of the dmb ligand, combined with the specific 

propertiess of the 3SBLCT state, causes the complex [Ru(SnPh3)2(CO)2(dmb)] to have an 

extremelyy long emission lifetime of 1.1 ms in a glass at 90 K. Emission lifetimes this long are 

virtuallyy unknown for charge transfer states of organometallic complexes. Various other types 

off  long-lived excited states are known and they all feature a diminished involvement of the 

transitionn metal atom in the excited state. Thus, for Ru(II) a-diimine complexes in which a 

low-lyingg intraligand (IL) state interacts with the MLCT state, the excited state lifetime may 

increasee by two orders of magnitude. An example is [Ru(bpy-pyr)(bpy)2]2+, a [Ru(bpy)3]2+ 

typee complex in which one bpy ligand has been functionalized with a pyrene group. In this 

casee the MLCT emission decay is biexponential, the longer-lived component (T = 50 us at 

roomm temperature) being due to internal conversion from the higher-lying pyrene IL state to 

thee 3MLCT state.36 When an ethynyl group is inserted between the bpy and pyrene units, the 

ILL and MLCT states are in thermal equilibrium, leading to a single exponential decay with a 

lifetimee of 46 us.37 An even longer excited state lifetime was found for tRu(CN2-np)(bpy)2]
 + 

(CN2-npp = naphtho[2,3-/][l,co]phenanthroline-9,14-dicarbonitrile), viz. r=  464 us at 77 K.38 

Excitedd states that are virtually purely IL in character can have even longer lifetimes. 
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Exampless include various metalloporphyrins39 and the complexes [M(bpy)3]3+ (M= Rh, 

Ir).40'411 Ligand-to-ligand charge transfer (L'LCT) states, among which the SBLCT states may 

bee reckoned in view of the limited involvement of the transition metal, can be long-lived as 

well.422 In the L'LCT state of [Zn(4-Cl-PhS>2(phen)] negative charge has been transferred from 

thee thiolate donors to the phenanthroline acceptor. The lifetime of this 3L'LCT state is 8 ms at 

6.55 K.43 For analogous transition metal complexes the excited state lifetime is shorter, e.g. r = 

6.11 (J.s for [Pt(bpy)(mnt)] (mnt = maleonitriledithiolate) in the solid state at 77 K. 

Replacementt of ruthenium by osmium has only a small effect on the absorption and 

emissionn energies of the [M(SnPh3)2(CO)2(a-diimine)] complexes. Thus, the energy of the 
3SBLCTT state hardly varies with M. In spite of this, the excited state lifetime is much shorter 

duee to an increase in spin-orbit coupling (SOC). In contrast to this, MLCT states show a 

decreasee of both the emission energy and lifetime when Ru is replaced by Os. For instance, 

thee complex [Ru(bpy)3]Ci2 emits in a 77K ethanol/methanol glass at 584 nm with a lifetime of 

5.33 (is, while [Os(bpy)3]Cl2 emits at 710/773 nm with a lifetime of 0.83 |is under these 

circumstances.444 Complexes with a lowest IL state also show a decrease of excited state 

lifetimee going from a second- to a third-row transition metal. For instance, the excited state 

lifetimee of [M(bpy)3]
3+ is 2.2 ms for M = Rh,40 but only 0.080 ms for M = Ir.41 Likewise, the 

excitedd state lifetime of [M(TPP)] (TPP = tetraphenylporphyrine) is 2.8 ms for M = Pd and 

0.299 ms for M = Pt.39 

Forr all complexes under study the quantum yields of emission <Ptm from the SBLCT 

statee are rather small in view of their very long emission lifetimes. By using the equation 

<p<pcmcm/i=/i=  0jsc/:r values are obtained for O^dd that do not exceed 1.8 x 102 s~' (Table 3.3). In 

fact,, these values are much lower than that found e.g. for the isostructural complex 

[Ru(Cl)(Me)(CO)2(iPr-DAB)]]  (<£,«& = H x 102 s"1) having a lowest 3MLCT excited state. In 

general,, 3MLCT states have radiative decay constants kT that are even higher and range 

betweenn 104 and 105.36 These low values of 0-lscA:rfor the emission from the SBLCT state are 

ratherr unexpected since the electronic transition to the corresponding ' SBLCT state is 

stronglyy allowed (£= 3 - 15 x 103 M~'.cm_1, Table 3.1), which implies a large kr. Hence &\x 

mustt be much smaller than unity resulting in a low value for <P\sckT. Such values are obtained 

iff  crossing between 'SBLCT and 3SBLCT is slow or if there is a competing intersystem 

crossingg from the 'SBLCT state to another, non-emitting, state of e.g 3MLCT character. 

Accordingg to recent CASSCF/CASPT2 calculations of the ground and some singlet and triplet 

excitedd states of the model complex [Ru(SnH3)2(CO)2(Me-DAB)],45 both factors may play an 
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importantt role here. Thus, the calculated energy difference between the 'SBLCT and 3SBLCT 

statess of 5400 cm"1 is rather high compared with that between the lowest 'MLCT and 3MLCT 

statess (1500 cm"1). This large energy difference may cause a slowing down of the intersystem 

crossingg to such an extent that fluorescence from the 'SBLCT state can compete with this 

process.. In fact a short-lived and only slightly Stokes-shifted emission was observed, most 

probablyy belonging to fluorescence from the 'SBLCT state.6,8 This luminescence, which is not 

duee to fluorescence from solvent impurities or any other artifact, has a lifetime of 8.0 x 10 ps 

forr [Ru(SnPh3)2(CO)2(iPr-DAB)] in a 2-MeTHF glass at 90 K. This lifetime was determined 

withh a Hamamatsu streak camera setup,46 using a nitrogen laser (AeXC = 337 nm) as the 

excitationn source. 

AA second noteworthy result of the CASSCF/CASPT2 calculations is the presence of a 
3MLCTT state very close in energy to the absorbing 'SBLCT state. Intersystem crossing to this 
3MLCTT state will compete with decay to the 3SBLCT state, the more since crossing between 
11 SBLCT and 3MLCT has been found to be much more efficient than between 'SBLCT and 
3SBLCTT states.47 Moreover, occupation of the 3MLCT state in question is not expected to 

givee rise to any strong additional emission since the electronic transition to the corresponding 

'MLCTT state, observed as a weak band at ca. 400 nm in the case of [Ru(SnPh3)2(CO)2(iPr-

DAB)] ,, is overlap forbidden. 

Wee therefore propose that the low emission quantum yields of the complexes under 

studyy are the result of two effects, i.e. the large energy gap between the SBLCT and " SBLCT 

statess and the presence of a non-emissive 3MLCT state close in energy to the 'SBLCT state. 

3.66 Conclusions 

Thee results of this study show that the photostability of these complexes at room 

temperaturee can be increased appreciably by using an a-diimine with a low-lying n* orbital 

andd osmium instead of ruthenium. In this way virtually photostable complexes were prepared 

withh lifetimes of ca. 4 |is. In a glass at 80 K all complexes are photostable and since the 

complexess are only weakly distorted in their emitting 3SBLCT states according to the Stokes 

shiftt and resonance Raman spectra, extremely long emission lifetimes of up to 1.1 ms were 

obtained. . 
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Thee emission quantum yields are rather low and ab initio calculations suggest that this 

mayy be due to an inefficient decay to the emitting 3SBLCT state, but this wil l be investigated 

furtherr by ultrafast time-resolved absorption studies. 
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