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For the first time, a full scaled quantum chemical normal coordinate analysis has been performed on [Ru(LL")3]?*
complexes, where LL' = 2,2'-bipyrazine (bpz) or 2,2'-bipyrimidine (bpm). Geometric structures were fully optimized
using density functional theory and an effective core potential basis set. The infrared and Raman spectra were
calculated using the optimized geometries. The results of the calculations provide a highly satisfactory fit to the
experimental infrared and Raman spectra, and the potential energy distributions allow a detailed understanding of

the vibrational bands therein.

Introduction

Ruthenium(ll) complexes withi-diimine ligands, such as
2,2-bipyridine (bpy), 2,2bipyrazine (bpz), and 2.bipy-
rimidine (bpm), have been the subject of many detailed
investigations owing to their value in photochemistry and
photophysics,® with complexes involving 2,2bipyridine

onto nanocrystalline titanium dioxide by pendant carboxylic
acid groups.

Resonance Raman (RR) and time-resolved resonance
Raman (TR) spectroscopies have been used to great effect
in investigations into the nature of the lowest excited states
of ruthenium (II) tris-polypyridyl complexe®¥ 12 Initially
TR® provided the most conclusive evidence of a localized

being the most extensively studied. The chemical and 3\; cT excited staté13 Woodruff and co-workefd12

physical properties of bipyridyl complexes can be tailored
to a great extent by variation of the central metal or by
introduction of different functionalities onto the bipyridyl

ligands, thus offering a remarkable flexibility. Perhaps the

observed bands in the PRspectrum of [Ru(bpy]?" at-
tributed to both the ground-state neutral bpy and radical anion
bpy~ ligands thus providing powerful evidence that the
SMLCT state could best be formalized as [Riopy)(bpy)]?".

most important example of the use of these complexes is aspespite numerous studies subsequently reporting similar
photosensitizers in the new generation of solar cells, i.e., york on related moleculé§:1>16 the vibrational band

Gréazel cells, where sensitizers such as Ru(Bjpyridyl-
4,4-dicarboxylato)-cis-(NCS), are typically chemisorbed

assignments remain either based on chemical intuition or by
comparison with the normal coordinate analysis of both the
ground state, and tiMLCT state of [Ru(bpyj]?" reported
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However, there are limitations with these methods for
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Calculations of Ru Trise-diimine Complexes

excited states. The reported empirical normal coordinate electron correlation, and the results are not reported here. The
analysis was, out of necessity, simplified by treating LanL2DZ basis set is an effective core potential (ECP) basis set

[Ru(bpy)]?" as a single bpy ligand coordinated to Ru(ll)
and considering only in-plane vibrations. Until recently, it
was unfeasible to perform quantum chemical calculations
on molecules of this size. With the continual development
of computational resources, and more importantly, the
increasing use of density functional theory (DFT), such
calculations are now possible. Indeed, a number of DFT
investigations into the molecular structure, the nature of the
excited states and the redox behavior of ruthenium tris-
polypyridyl complexes have been reporf&® However,

as yet, no known scaled quantum mechanical force field
(SQM-FF) investigations into ruthenium(ll) tris-diimine
complexes have been reported. We report for the first time
a full SQM-FF normal coordinate analysis of two ruthenium
tris-a-diimine complexes, which provides a detailed analysis
of their vibrational spectra, essential for an understanding
of the behavior of these complexes upon adsorption onto
surfaces and the properties of excited states.

Experimental Section

Both [Ru(bpm}]Cl, and [Ru(bpzj]Cl, were prepared following
literature method3*2%In both cases the complexes were prepared
by reflux of the appropriate ligand with [Ru(DMSECI, in water
for 20 h. [Ru(DMSO)]CI, was prepared following the procedure
of Evans, Spencer, and Wilkinsh2,2-Bipyrimidine was pur-
chased from a commercial supplier (Aldrich), whereas thé- 2,2

which utilizes the DunningHuzinaga doublé:- basis functions
(DZ) for carbon, nitrogen, and hydrogen atoffslong with the

Los Alamos effective core potential for the Ru core electrons with
DZ functions for Ru valence orbitaf873! The ground-state
structures of both [Ru(bprg?* and [Ru(bpzj]?* were optimized,
assumingds symmetry. For computation of IR and Raman spectra
and the potential energy distributions associated with the vibrational
modes, the Cartesian force constants, dipole derivatives and, when
possible, polarizability derivatives obtained from Baussian 98
output were expressed in terms of internal coordinates. Scaling
factors were applied to the force constants before input into a normal
coordinate analysis program derived from those of Schacht-
schneidef? Normal coordinate analysis was initially performed
without scaling. Scaled normal coordinate analysis followed the
scaling method of Pula$? At the B3-LYP/LanL2DZ level a scale
factor of 0.90 was applied to all force constants involving motion
of the hydrogen atoms, and a scale factor of 1.025 was applied to
all other force constants in order to yield the best fit to the
experimental data.

Both [Ru(bpmy]?* and [Ru(bpz)]?" contain 55 atoms; thus, there
are 159 normal modes, which transform under symmetry as
I'sn-6 = 27a + 26@ + 53e. Modes transforming asg ar e are
Raman-active, whereas those transforming,as a are IR-active.
Despite optimizing the geometries of both complexes uridler
symmetry, both HF-SCF and B3-LYP calculations of the normal
modes of vibration revealed a small degree of mixing between
modes of different symmetry. Thus, both dications were initially
treated unde€, symmetry for the normal coordinate analysis before

bipyrazine had been prepared according to the method of Crutchley@nalysis of the dominant symmetry coordinates in the potential

and Leverd

Infrared spectra were recorded using 1% (w/w) pressed KBr disks
in a Perkin-Elmer 1710x Fourier transform spectrometer with a
resolution of 4 cm®. The FT-IR spectrometer was fitted with a
deuterated triglycerine sulfate detector (DTGS) and KBr beam

splitter. Resonance Raman (RR) spectra were recorded using a Spex

1403 double monochromator fitted with a Hamamatsu R928
photomultiplier detector. Excitation was provided by Coherent
Radiation Innova 90-6 or Spectra-Physics Series 2000 argon ion
lasers. Excitation was in the range 457#314.5 nm at a maximum
power of 100 mW for the 514.5 and 488.0 nm laser lines and 30
mW using the 457.9 nm line. The typical spectral slit width was
ca. 4 cnmt. Samples were prepared as crushed powders of ca. 1%
ruthenium complex in KBr.

Computational Details

All calculations were performed using th@aussian 98pro-
gram?’ at the Hartree Fock and B3-LYP levels using the 3-21G
and LanL2DZ basis sets. However, Hartré@ck calculations gave
poorer geometries and vibrational spectra, due to the neglect of
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energy distributions (PEDs) enabled facile separation of the normal
modes into @ &, and e symmetry blocks.

Results and Discussion

Abinitio calculations were initially performed on[Ru(bpsd)

and [Ru(bpzj?* at the B3-LYP/3-21G level, although the
calculated vibrations were found to require an unrealistic set
of scale factors for both complexes, and improvement was
found at the B3-LYP/LanL2DZ level. The unscaled and
scaled vibrational wavenumbers and the PEDs from the
SQM-FF calculations are reported in Tables 1 and 2 for
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Table 1. Vibrational Spectrum of [Ru(bprg]l?™ Calculated at the B3-LYP/LanL2DZ Level

Plemt
mode unscaled scaled potential energy distribution (%)

a1
” 3273 3106 »(C2H) (18),¥(C3H) (22),»(C2HY (17),»(C3HY (21)
V2 3255 3089 »(C2H) (29),v(C3H) (10),»(C4H) (11),v(C2H) (23)
V3 3244 3079 »(C3H) (13),v(C4H) (34),»(C4H) (16),v(C4HY) (21)
V4 1601 1605 & (66)
s 1554 1549 %.(63)
Ve 1498 1496 a(16), Sop(16),v(C6CB) (31)
vy 1437 1386 0ip(C2H) (18),0ip(C3H) (14),0ip(C2H) (14),0in(C3H) (11)
vg 1370 1348  (13), »(C6CB) (11), ip(C4H) (35)
o 1308 1280 $(86)
V10 1247 1227 & (11), S0a(18), 6i(C2H) (28),0ip(C4H) (21)
Vi1 1122 1104 $a(33),9ip(C3H) (45)
V12 1089 1083 $(12), Sob(38), 0ip(C2H) (11),0ip(C4H) (11)
V13 1039 1026 $(37), S2(48)
V14 1013 975 0op(C2H) (24),00p(C3H) (55),00,(C4H) (37)
V15 1005 952 3op(C2H) (56),00p(C4H) (46)
Vis 865 874 30p(CBCB) (37), S (52), Chel.tor-1 (10)
V17 852 816 0op(C2H) (22),00p(C3H) (49),00,(C4H) (18)
V1 796 796 $(14),v(C6CB8) (12), Sb(37), S2(13)
Vig 673 674 $a(67), Sb (13)
V20 570 578 00p(C6CB) (33), S (46)
Va1 479 486 Oip(NRuN) (12), S6a(30), Sen (44), Chel.tor-1 (11)
Va2 374 378 »(C6CB) (29), v(RUN) (10), S (18), Sb (13), Chel.def-1 (13)
Va3 290 295 Oip(NRUN') (16), 90p(CECB) (13), S6a(15), Sen (54)
Vo4 246 249 Chel.def-1 (79)
V25 150 152 v(RuN) (65), Sb (22)
v2s 120 121 3ip(NRUN) (25), S6a(49), Chel.tor-1 (27)
Vo7 38 38 Oip(NRuN) (46), Chel.tor-1 (49)

%)
Vog 3272 3106 v(C2H) (23),v(C3H) (32),»(C2H) (10),»(C3H) (16)
V29 3255 3089 v(C2H) (33),»(C3H) (12),»(C4H) (13),»(C2HY (22)
Va0 3244 3078 »(C3H) (11),v(C4H) (28),»(C4HY (19),v(C4H) (20)
Va1 1605 1610 % (72)
vap 1558 1554 % (65)
Va3 1464 1428 $a(30), 0ip(C3H) (10),05(C4H) (27)
V34 1439 1399 $on (30), 0ip(C2H) (38),0ip(C3H) (17)
V35 1265 1277 $1(10), 0ip(C4H) (24), Chel.def-2 (12))ip(C4H) (19)
Vas 1258 1252 %1 (55), 0ip(C2H) (15), S4 (10)
vay 1158 1143 Sob (17), 0ip(C2H) (16), Sz (26)
V3s 1131 1113 on (17), 0ip(C3H) (50)
V39 1074 1073 $(22), S_gb(16), S_z (35)
Vao 1038 1010 $(63), S2(28)
Va1 1022 975 0op(C2H) (25),00p(C3H) (57),00p(C4H) (34)
Va2 1006 952 0op(C2H) (54),00,(C4H) (49)
Vas 854 832 dp(C3H) (19), S (63)
Vaa 792 786 3op(C2H) (16),005(C3H) (29),005(C4H) (13), S (30)
Vas 692 692 B (81)
Vae 646 647 $a (84)
Va7 508 515 $9a(13), Chel.def-2 (39)0i(NRUN) (12), S6a(15)
Vas 471 477 Chel.def-2 (26),18:.(24), Seb (30)
Vag 443 451 00p(C6CB) (24), S (10), S6a(25), Sen(41)
5o 319 323 »(RUN) (43),0ip(NRUN) (23), Sien (10)
Vel 175 178 »(RUN) (31),005(C6CB8) (23), Sien (11), Chel.tor-2 (13)
V52 87 88 Oip(NRUN) (14), 60p(C6CB) (39), S6a(30)
Vs3 51 52 0ip(NRuN) (34), Chel.tor-2 (53)

e
Vs4 3272 3106 »(C2H) (31),¥(C3H) (46)
V55 3272 3105 »(C2H) (17),v(C3H) (23),»(C2HY (21),v(C3HY (28)
Vs6 3257 3090 v(C2H) (23),v(C3H) (10),»(C2HY (22),v(C3H) (10)
Vs7 3255 3089 v(C2H) (48),v(C3H) (16),»(C4H) (17)
Veg 3244 3078 »(C4H) (21),v(C3H) (18),7(C4H) (49)
Vsg 3244 3078 »(C3H) (10),v(C4H) (27),»(C3H) (15),1(C4H) (42)
Veo 1608 1612 & (72)
V61 1600 1604 % (67)
Vo2 1557 1553 £:(65)
V63 1554 1547 %(64)
Vea 1496 1495 a(16), Sap(15),¥(C6CB) (32), S2(10)
Ves 1463 1428 $a(30),01p(C3H) (11),0ip(C4H) (27)
Vo 1440 1403 op (31), 0ip(C2H) (38),0ip(C3H) (15)
Ver 1439 1386 0ip(C2H) (14),0ip(C3H) (11),0ip(C2H) (18),0ip(C3H) (14)
Veg 1369 1346 & (13), »(C6CB) (11), ip(C4H) (35)
V6o 1307 1279 $(82)
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Table 1 (Continued)

vlem™t
mode unscaled scaled potential energy distribution (%)
e
Y70 1266 1278 3ip(C4H) (20), S (11), 6ip(C4H) (23), Chel.def-2 (12)
vr 1253 1250 £(10), S4(53), 0ip(C2H) (15)
V12 1246 1221 & (11), S0a(18), 0is(C2H) (27),0ip(C3H) (10),0i,(C4H) (21)
V73 1157 1141 b (16), 0ip(C2H) (17), S2(29)
V74 1132 1115 Sob (14), 0ip(C3H) (51)
V75 1119 1101 $a(38), 0ip(C3H) (42)
V76 1088 1081 $(12), Son(41), 0ip(C2H) (10),0i,(C4H) (10)
v 1076 1075 $(23), S (19), S2(29)
v7g 1038 1017 $(32), S2 (44)
V79 1038 1012 $(53), S2(26)
V8o 1012 974 0op(C3H) (13),005(C4H) (10),00,(C2HY (16), op(C3HY (43),
Oop(CAHY (29)
Vg1 1006 974 0op(C2H) (14),00p(C3H) (42),00p(C4H) (31),00p(C3HY (14)
Vg2 1004 949 0op(C2H) (57),00p(C4H) (42)
vea 1002 949 Sop(C2H) (57),00p(C4H) (45)
Vea 863 872 30p(CBCB) (36), S (52), Chel.tor-1 (10)
Vgs 855 833 0op(C3H) (16), S (68)
Vg6 849 813 0op(C2H) (24),005(C3H) (48),00,(C4H) (17)
ver 793 792 $(15),v(C6C8) (11), S (34), S2(10)
Vg 791 785 0op(C2H) (17),00p(C3H) (29),00p(C4H) (13), S (26)
Vgo 694 694 b (82)
Voo 668 670 %a(67), Sb (15)
vor 647 649 $(85)
Vo2 568 575 00p(C6CB) (32), S (44), S6a(11)
Vo3 505 512 $9a(10), Chel.def-2 (38), 8a(15), Sen(11)
Vos 490 497 Chel.def-2 (21),15:(22)
vos 458 465 %6a(21), Sen(45)
Vo 439 447 00p(C6CB) (21), S6a(20), Sien (54)
Vo7 368 372 »(C6CB) (30), S2(17), Sb (16), Chel.def-1 (15)
vog 335 339 v(RuN) (26), Chel.def-1 (41)
vog 279 283 30p(CBCB) (15), S6a(21), Sien (47), dip(NRUN) (12)
V100 223 225 Chel.def-1 (32}}ip(NRuN)’ (11), »(RuNy (11)
V101 196 198 v(RUN) (48),00,(C6C8) (16)
V102 175 177 v(RuN) (44), $p (17), v(RuNY (15)
V103 112 113 $6a(39), Chel.tor-1 (35)9ip(NRuN) (11)
Vioa 80 81 3ip(NRUN) (11), 065(C6CB) (50), Si6a(32)
V105 40 40 dis(NRUN) (16), Chel.tor-1(35), dip(NRUN)' (22)
V106 32 32 Chel.tor-2 (10)%ip(NRUN) (13), dip(NRuUN')' (13), Chel.tor-2 (58)

[Ru(bpm}]?* and [Ru(bpzj?*, respectively, and the atom chelate ring coordinates, the symmetry coordinates were of
numbering schemes are shown in Figure 1. Wilson coordi- the form { + j + k), etc. This system was chosen in order
nates are used to describe the vibrations of the aromaticto give the tidiest possible potential energy distributions. In
rings3*3%Symmetry coordinates specific to deformations and Tables 1 and 2, the deformation coordind(BIRuN) refers
torsions of the five-membered chelate ring, as defined by to two nitrogen atoms from different ligands, and the
Pulay;® are labeled Chel.def-1 and Chel.def-2 and Chel.tor-1 designation prime') after a coordinate refers to the second
and Chel.tor-2, respectively. These are shown in Figure 2. contribution of an e-type degenerate pair, i.e., of the form
Construction of symmetry coordinates, in accordance with (j; 4 j,) — (k; + ko) given above.

Ds symmetry, followed the general format The results of the scaled calculations at the B3-LYP/
a (ip+iy) + Gy +ip) + (K +k) La_nL2DZ _Ievel are compared with th_e infrargd spectra
(Figure 3) in Table 3 and RR spectra (Figure 4) in Tables 4
a (i,—iy)+@;,—],)+(k —k) and 5. The predicted(CH) modes span a relatively narrow
range, and in contrast to [Ru(bgl®), these modes are
e subject to a considerable degree of mixing for [Ru(bgth)
20, +1y) — (£ — (kL k) and ; £jp) — (k £ k) It can be seen from the PEDs that only a small degree of

mixing between symmetry coordinates of different symmetry
classes exists despite the apparently poor description of
' symmetry by the calculations; i.e.; modes are separated
from & modes and e modes. This problem predominantly
occurs for thev(CH) modes with e symmetry, i.ev; of
. GVibrati i ; [Ru(bpm)]?* is heavily mixed but predominantly of;a
(34) Varsanyi, GVibrational Spectra of Benzene Degitives Academic 1
Press: New York, 1969; Vol. 25. symmetry with a small degree of mixing with modes of e
(35) Wwilson, E. B.Phys. Re. 1934 45, 706. symmetry. There were no instances of mixing betwegn a

(36) Pulay, P.; Fogarasi, G.; Pang, F.; Boggs, J.EBm. Chem. So&979 .
101, 2550. and a symmetry coordinates.

wherei, j, andk refer to the three ligands, and the subscripts
1 and 2 refer to the diazine rings on either side of these
which are related bz, symmetry. For internal coordinates
which appear only once in each ligand, erdG6C8) and
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Table 2. Vibrational Spectrum of [Ru(bpz]?™ Calculated at the B3-LYP/LanL2DZ Level

vlem™t
mode unscaled scaled potential energy distribution (%)
a1
n 3278 3111 »(C2H) (41),»(C2H) (11),»(C2HY (36)
V2 3276 3109 »(C2H) (46),v(C2H) (15),»(C2H) (26)
V3 3244 3078 v(C3H) (48),v(C5H) (19),»(C3H) (16)
V4 1595 1593 & (53),7(C6C8) (15), 0ip(C5H) (10)
s 1536 1543 £:(80)
6 1508 1490 & (14), S (22), v(C6CB) (21), ip(C2H) (16)
v7 1432 1388 a(19), 0ip(C2H) (16),0i,(C3H) (40)
vg 1372 1329 »(CBCB) (14), 0ip(C5H) (59)
o 1300 1270 & (17), S9a(10), 0ip(C2H) (38),0ip(C5H) (13)
V10 1249 1263 $(93)
Vi1 1182 1170 $a(35), Son(15), 9ip(C3H) (29), S- (10)
V12 1079 1079 $(48), S2 (14)
V13 1053 1054 $(39), 0ip(C2H) (11), S2(38)
V14 1006 947 0op(C2H) (44),00p(C3H) (61)
V15 969 917 3op(CBCB) (10), dop(C2H) (10),005(C5H) (60),00(C5HY (17)
Vig 890 855 30p(CBCB) (14), dop(C2H) (39),00x(C3H) (30), S (16)
V17 806 804 $a(15), 00p(C5H) (11), S (22)
V1 800 800 $a(15),90p(C5H) (11), S (25)
V1o 670 672 »(RUN) (12), Sa(43), S (32)
V20 595 604 00p(C6CB) (30), S (36), S6a(21), Chel.tor-1 (31)
Va1 482 488 Oip(NRUN) (11), 60(C6CB) (23), S6a(28), Sen (30)
Va2 375 378 $(13),7(C6CB) (26), »(RuN) (11), $a(15), Sb (11),
Chel-def-1 (17)
V23 267 271 Chel.def-1 (30),:% (52)
V24 250 253 Chel.def-1 (50),:% (21)
Va5 149 150 »(RuN) (63), S (25)
V26 127 129 Oip(NRUN) (27), S6a(45), Chel.tor-1 (26)
Va7 37 37 Oip(NRUN) (45), 00(C6CB) (10), Chel.tor-1 (45)
a2
Vos 3276 3109 v(C2H) (61),v(C2HY (22)
Vag 3245 3079 »(C2H) (11),»(C3H) (81)
V30 3235 3070 v(C5H) (64),v(C5H) (32)
Va1 1588 1590 & (68)
vaz 1547 1559 &.(73)
Vas 1477 1429 S5 (28), 0ip(C2H) (22),0p(C3H) (17),0ip(C5H) (25)
V34 1435 1399 a(39), 0ip(C3H) (28)
V35 1352 1303 0ip(C2H) (27),0ip(C5H) (33)
V3s 1232 1242 £ (81)
V37 1198 1179 a(22), 0ip(C3H) (35)
V3g 1124 1113 o6 (27), 0ip(C2H) (18), $2(29)
Vag 1042 1045 $(12), Sop(19), S2(35)
Va0 1017 1026 $(76), S2(14)
Va1 1007 948 0op(C2H) (42),00p(C3H) (64)
Vaz 972 919 d0p(C2H) (20),00p(C5H) (82)
Va3 876 829 Sop(C2H) (46),005(C3H) (42),005(C5H) (13)
Vaa 785 797 3(97)
Va5 707 705 $a(66), Sb(21)
Vas 636 639 »(RUN) (12), $a(22), S (58)
Va7 524 531 dip(NRUN) (12), S6a(56), Chel.tor-2 (16)
Vag 472 477 $9a(15), Chel.def-2 (56), 8a(10)
Vag 396 403 30p(CECB) (34), Sep (58)
V5o 322 326 »(RUN) (43),0;p(NRUN) (24), Seb(11)
Vs 175 177 v(RUN) (22),00,(C6C8) (13), Chel.tor-2 (10)y(RuNY (16)
V52 92 94 60p(C6C6) (41), 363(25), S_eb(ll)
Vs3 56 56 dis(NRUN) (40), Chel.tor-2 (47)
e
Vs4 3278 3111 »(C2H) (27),v(C2HY (48),»(C2H) (14)
Vs 3276 3109 »(C2H) (62),v(C2HY) (26)
Vs 3248 3082 v(C5H) (33),7(C3H) (11),»(C5H) (42)
Vve7 3245 3080 »(C2H) (11),»(C3H) (82)
Vsg 3244 3078 »(C3H) (17),»(C3H) (52),»(C5H) (18)
Vs9 3236 3070 v(C5H) (32),v(C5H) (64)
V6o 1593 1592 & (57)
V61 1590 1591 & (43),v(C6CB) (12), S (13)
V62 1546 1558 & (74)
V63 1536 1542 %(79)
Ves 1506 1488 & (14), Sob(20),7(C6CB) (21), 0ip(C2H) (17)
Ves 1481 1433 $on(28), 0ip(C2H) (21),01p(C3H) (17),0ip(C5H) (24)
Ve 1435 1398 $a(39), 0ip(C3H) (28)
Ver 1433 1388 $a(19), 0ip(C2H) (16),0p(C3H) (40)
Ves 1372 1330 v(C6CB) (14), 6ip(C5H) (59)

346 Inorganic Chemistry, Vol. 43, No. 1, 2004



Calculations of Ru Trise-diimine Complexes

Table 2 (Continued)

plem™t
mode unscaled scaled potential energy distribution (%)
e
Veg 1350 1302 0ip(C2H) (26),0ip(C5H) (33)
70 1295 1266 8 (14), S4(16), 0ip(C2H) (32),0ip(C5H) (12)
v 1249 1262 & (77)
V72 1230 1240 $: (80)
V73 1198 1179 $a(22), 9ip(C3H) (35)
V74 1181 1169 $a(35), Sap (15), 0ip(C3H) (29), S (11)
75 1122 1110 $ob(25), 0ip(C2H) (19), S2(30)
V76 1077 1075 $(43), Soa(11), Son (15), 0ip(C2H) (14)
77 1044 1047 $(27), Sob(15), S2(24)
V78 1039 1043 % (28), S2 (41)
V79 1021 1030 $(64), S2(19)
Vg0 1004 946 Oop(C2H) (35),005(C3H) (67)
Va1 1004 945 Oop(C2H) (39),005(C3H) (65)
Vg2 963 916 0op(C5HY (55), dop(C5H) (23)
Va3 962 916 0op(CBCB) (12), dop(C2H) (12),00p(C5H) (71)
Vaa 884 849 0op(CBCB) (15), dop(C2H) (43),005(C3H) (26), S (15)
ves 872 826 Oop(C2H) (50),005(C3H) (40),005(C5H) (11)
Vag 802 802 $(11), $a(19), & (25)
Vg7 801 801 S (14), S (42)
Veg 783 796 0op(C5H) (14), S (32), &/ (31)
Vag 706 704 $a(67), S (21)
Vg0 661 663 »(RUN) (11), $a(43), Sb(33)
Vo1 641 644 »(RuN) (12), $a(21), Sb (59)
V9 594 603 00p(CBCB) (31), S, (34), Sea(22), Chel.tor-1 (13)
Vo3 529 537 $6a(60), Chel.tor-2 (17)
Voa 483 489 $9a(12), Chel.def-2 (41)
vos 460 466 00p(CBCB) (14), Si6a(23), Sien (28), Chel.def-2(18)
Vg 394 401 00p(CBCB) (29), Sien (61)
Vg7 369 373 $ (10),»(C6CB) (26), $a(12), Sb (14), Chel.def-1 (24)
vog 336 340 »(RuN) (29), Chel.def-1 (37)
Vg 255 259 0op(CBCB) (10), Si6a(10), Sien (66), dip(NRUN') (10)
V100 226 229 Chel.def-1 (29)i(NRuNY' (11),»(RuNy (13)
V101 194 196 »(RUN) (45),005(C6C8) (14), Sep (10)
V102 174 176 »(RuN) (43), S (19), v(RUNY (14)
V103 120 121 $6a(36), Chel.tor-1 (33)9ip(NRuN) (11)
Vioa 85 86 0op(CBCB) (52), Sisa(25)
V105 41 41 0ip(NRUN) (25), Chel.tor-1(25), 0ip(NRUNY' (11), Chel.tor-2 (18)
V106 36 36 Chel.tor-1(14), 0ip(NRUN)' (23), Chel.tor-2 (41)
PN N 4 5 5 such agreement was not found for the scaled B3-LYP/3-
/N/“ 6'\ = N= /“ 6'\ = 21G spectra. The strongest bands in the infrared spectra of
INUIN N 3&/1 NS both complexes are assigned to vibrations involving the 8a,
2 \Ré z 2 \Ré z 8b, 19a, and 19b (CC and CN stretches) ang{C3H)

[Ru(bpm),]** [Ru(bpz),]**

Figure 1. Atom numbering scheme used for [Ru(bpfd) and
[Ru(bpz)]?* complexes.

g .“.Q O"Q

Chel.def-1
CV@NJ

Chel.tor-1

Figure 2. Definition of five-membered chelate ring torsions and deforma-
tions.

For [Ru(bpm)]?" and [Ru(bpzj?*, the fit of the calculated
vibrations to the infrared and RR spectra is highly satisfactory

Chel.def-2

N N

Ceg

X Y4
&

Ru  o.0p.

Chel.tor-2

coordinates. Furthermore, from Table 3 it can be seen that
modes of e symmetry are the strongest bands and that, as
expected, no@amodes are present in the infrared spectra of
either complex.

As stated previously, not only do the results of the ab initio
calculations presented in Tables 1 and 2 represent the first
treatment of ions such as [Ru(bpsd) or [Ru(bpz}]?" as a
whole, but they are also the first accurate SQM-FF normal
coordinate analysis of this class of molecules. Comparison
of the PEDs listed in Tables 1 and 2 with literature normal
coordinate analysis of bpm or bpz ligands is difficult as the
descriptions of the normal modes have either been reported
pictorially, in terms of vector diagrams with corresponding
Cartesian atomic displacements, or as kinetic energy distribu-
tions, KEDs. As Neto et al. have indicated, a comparison of
KEDs and PEDs is not strictly valitl.Neto et al. used the
328 cm! (a) mode of bpz as an example to highlight the
differences between the KEDs and PEDs. The force constant

(Tables 3-5). In all cases the strong bands in the infrared (37) Neto, N.; Muniz-Miranda, M.; Shrana, Gpectrochim. Acta, Part A

and RR spectra are predicted with good agreement, although

1994 50, 357.
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Figure 3. Infrared spectra of (a) [Ru(bp#¥" and (b) [Ru(bpmy2*.

for C6CB8 stretching was reported to have a predominant Although the empirical force field normal coordinate
role in the PED but was negligible in the KED of the 328 analysis of Strommen et al. resulted in a satisfactory
cm ! mode. However, Cartesian displacements revealed thatcomparison between calculated and experimental‘daitis
this mode was described by one pyrazine ring translating came from the treatment of [Ru(bp}?)" as an 21-atom unit,
with respect to the other, i.e., inter-ring stretching. Further- i.e., the hypothetical [Ru(bpy)] species. Thus, no informa-
more, the corresponding mode in [Ru(b$Z) is thev,, (a) tion regarding symmetry was available, nor was there any
mode, observed at 378 ct The PED given in Table 2 information regarding polarizability derivatives, and hence
reveals that the(C6C8) symmetry coordinate has a large Raman intensities. Furthermore, Strommen et al. only
contribution to the normal mode but is mixed with several considered in-plane modes. All of these are available through
other symmetry coordinates. It is unusual to report KEDs, the ab initio calculations in the present case. Calculated
and Neto et al. represent the only known KED for normal Raman intensities are of limited value at the HF-SCF level
modes reported in the literature. due to limitations in the description of polarizability deriva-
Where PEDs have been used for this class of mol- tives. Although these can be calculated using the B3-LYP
eculel” 1838 normal modes have tended to be described in method, this can only be done using the lengthy numerical
terms of individual bond stretching, angle deformation, etc. integration procedure. This was not considered to be justified
For example, Strommen et al. reparf, calculated for in the present case because the Raman spectra reported in
[Ru(bpy)]?" at 1272 cm?, to consist of 38%(C;N), 36% Figure 4 are recorded under resonance conditions. Polariz-
v(CoCs), 20% v(CsN), 12% v(C4Cs), and 11%0ip(CsCa). Y ability derivatives obtained from B3-LYP/LanL2DZ calcula-
Thus, a band observed at 1276 ¢nhas been assigned to tion are not then valid as they take no account of resonance
the v;0 mode by Strommen et al. throughout the litera- enhancement. Nevertheless, both the Raman intensities and
ture1>3940 By using Wilson coordinates, a more detailed the description of symmetry provided by the present model,
description of the normal modes is achieved. The corre- which are absent in the metdigand model of Strommen
sponding mode to the;o mode of Strommen et al. i for et al., provide valuable information which can help prevent
[Ru(bpm}]?*, predicted at 1280 cm. Table 1 shows that incorrect band assignments. For example, the pair of intense
this mode is clearly dominated by the,Soordinate with bands at 1484 and 1514 chin the RR spectra of
negligible contributions from other symmetry coordinates. [Ru(bpz}]?" (Table 5) might have been assigned to the
Thus, the PEDs shown in Tables 1 and 2 represent a(e) v(C6C8)/Siop and vs (a1) Siov/v(C6CB) modes, respec-
significantly clearer description of the normal modes of tively, based purely on the band positions. However, no
vibration of [Ru(bpmj]?>" and [Ru(bpzj]?" that might depolarized bands are observed in this region of the spectrum
otherwise not have been possible. for [Ru(bpz}]?". No modes of e symmetry are observed for
ions of this nature as the Herzbergeller RR mechanism

(38) Ould-Moussa, L.; Castella-Ventura, M.; Kassab, E.; Poizat, O.; j iqibta42
Strommen, D. P.; Kincaid, J. R. Raman Spectros200Q 31, 377. IS genera”y thotht to be negllgIMé' Modes of e

(39) Edmiston, M. J.; Peacock, R. Bpectrochim. Acta, Part A996 52, symmetry may be allowed through Jahfeller activity in
191.

(40) Srnova-Sloufova, I.; Vickova, B.; Snoeck, T. L.; Stufkens, D. J.; (41) Clark, R. J. H.; Turtle, P. C.; Strommen, D. P.; Streusand, B.; Kincaid,
Matejka, P.Inorg. Chem.200Q 39, 3551. J. R.; Nakamoto, Klnorg. Chem.1977, 16, 84.
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Table 3. Infrared Band Wavenumber Positions (chfor [Ru(bpm}]?™ and [Ru(bpz)]2"

[Ru(bpm)]?* [Ru(bpzy]?* assignment [Ru(bprgl?* [Ru(bpzy]?* assignment
(obs) int ¥(calcf ¥(obs) int ¥(calcp P(obs) int #¥(calcf ¥(obs) int ¥(calcp
3159 ww 3176  ww 1162 vs 1169 vas(e) Siga 0ip(C3H)
3105 wvw 3106 ves(e) ¥(C3H) 1138w 1143 v37(8&)  Si2, Sigb 0ip(C2H)
3099 w 3082 wsg(e) w(C5H) 1125 sh 1113 wvsg(@) Siz Sien
3086 m 3089 vs7(e) v(C2H) 1118 w 1113 vag(a) Oip(C3H)
3078 m 3080 wy9(a) v(C3H) 1104 wvw 1110 wvss(e) Sz Siow
3061 w 3078 veg(e) ¥(C4H) 1103w 1101 v5(€)  0ip(C3H), Sea
3051 m 3070 wsg(e) v(C5H) 1090 m 1110
3047 wvw 3078 vsg(e) v(C4H) 1079 m 1082 v76(€)  Siop
3020 m 3021 m 1072 m 1075 ve(e) S
3007 wvw 1068 m 1075 v7(€) S
2981 w 2981 w 1050 m 1043 vi5(e)  S2
2952 w 2923 vw 1029 m 1030 v79(e) S
2851 wvw 1022 s 1017 vig(€)  S2
2399 wvw 1019 m 1026 wvao(a) S
2099 w 984 vww 975 976 w v41(8)  Oop(C3H), 0op(C4H)
2023 ww 967 ww 974 948 w vg1(€)  Oop(C3H), dop(C4H)
1652 m 932 w
1588 wvw 1605 848 m 829 waz(a) Oop(C2H), dop(C3H)
1586 vs 1590 wai(a) Seb 832 sh 833 vgs(€) S
1573 vs 1604 ver(e) S 833 s 827 wgs(e) Oop(C2H), 0o (C3H)
1545 s 1548 1555 w 1542 vez(e) Sa 813 m 832 vaz(@) 4
1520 sh 1520 w 1490 ves(e) v(C6CB), Siap 798 w 800 wgr(e) Oop(C3H), S
1513 w 785 m 786 vas(@) Oop(C3H), S
1477 sh 768 w
1466 w 1466 s 1433 wves(e)  Sign Jip(C5H) 750 vs 785 748 m vgg(€)  Oop(C3H), &
1449 m 1428 v33(8) Sioa Oip(C4H) 722w 705 wis()  Sea
1430 w1428 ves5(€)  Sioa Oip(C4H) 700 vw
1408 vs 1399 wva(a) Sica 694 w 704 wvge(€) Sa
1406 vs 1399 va4(a) Oip(C2H), Sop 688 w 692 vas(@)  Seb
1374 sh 1386 1385 s 1388 v7(€)  Op(C2H), 666 m 670 661 s 663 voo(€) S
0ip(C3H)
1349 sh 1329 Veg(e) 6ip(C5H) 644 m 670 V91(e) %a
1333 m 1347 veg(€) Oip(C4H) 641 vw 644 wei(e) S
1314 m 1303 was(a) Oip(C5H), 618 vvw 636 w 639 wvas(a) Seb
0ip(C2H)
1294 w1279 veo(e) Su 595 w 603 wvg(e) Sy, 9op(CECH)
1285 w 1266 wvpo(e) Oip(C2H) 552 w 571 w
1269 s 1242 wvszs(a) Sia 505 w 489 wvgs(e) Chel.def-2
1246 w 1252 v7i(e) S 502 m 515 va7(&) Chel.def-2
1231 vw 1240 wvp2(e) Sa 473w 477 480 m 477 vag(3)  Sieb Sica
Chel.def-2
1193 w 1192 sh 1179 464 m 466 vos(€)  Siet Si6a

1178 s 1169 wrz(e) Oip(C3H)
aFrom scaled calculated values at the B3-LYP/LanL2DZ level.
the degenerate excited state, although the lack of depolarizeetween the singlet and triplet MLCT excited states of

bands and analysis of the Raman intensities reveals that thgRu(bpy)]?*.1° Clearly the use of a basis set larger than that
ve4 Mode is predicted to be very weak and an intense bandused here would be critical for such work, not only to better

is predicted at 1543 cm, corresponding to thes(a;) mode. describe the molecular symmetry, but also to better describe
Thus, the correct assignments for these bands are; ttag) the excited states, although only a very limited range of basis
S104/7(C6CB) mode for the 1484 cnt band and thers (ay) sets is available for second row transition metals. In

Sga mode for the 1514 cnt band. These assignments are particular, the addition of polarization functions might be
also consistent with those given for [Ru(bpi@) in Table essential. Furthermore, modeling of the vibrational spectrum
4, of the SMLCT excited state should reveal any symmetry
Finally, the use of ab initio calculations that treat the whole lowering through the appearance of imaginary frequencies.
[Ru(LL")3]?" cation may be useful in determining the This would determine whether the vibrations of the excited
symmetry, and thus the delocalization of charge, in the state appear at a distinct set of values, as suggested for the
SMLCT excited state. Calculations of tR¥LCT excited- delocalized case, or a mixture of vibrations attributed to bpy
state geometry and vibrational spectrum, using the CIS orand bpy as suggested by Bradley et al. for the localized
CASSCF methods, should provide a clear idea of the casel!
rearrangement of charge in tRRILCT excited state, with
respect to théA; ground state. Nevertheless, this may prove Conclusions

difficult as Daul et al. have already shown that mixing occurs Ab initio calculations were performed at the B3-LYP/

(42) Dines, T. J.; Peacock, R. D. Chem. Soc., Faraday Trans.1988 Lar_]LZDZ level for the. [Ru(bpm]2+ and [Ru(bpz;)]”
84, 3445, cations. These calculations, and the resultant normal coor-
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Figure 4. Resonance Raman spectra of (a) [Ru(pBz)and (b) [Ru(bpmy]?>* recorded with 457.9 nm excitation.

Table 4. Resonance Raman Band Wavenumber Positions and Relative Table 5. Resonance Raman Band Wavenumber Positions and Relative

Intensities (Normalized with Respect to the 1472 ¢rBand) for Intensities (Normalized with Respect to the 1484-¢rBand) for
[Ru(bpm}]?t, Excited at 457.9 nm [Ru(bpzy]?*, Excited at 457.9 nm
v(obs)/lent?  relint  P(calcf/emt assignment P(obs)lentt  relint  ¥(calcem™t assignments
1580 24 1604 va(@)  Seo 1598 36 1593 va(@)  Sep
1552 42 1549 vs(@)  Sea 1514 96 1543 vs(@) Sea
1544 9 1547 ves(€)  Sa 1484 100 1490 ve(a)  Sion ¥(C6CB)
1500 3 1409 15 1398 ves(€)  Sioa
1484 13 1495 vea(e)  v(C6CB) 1397 1 1388 v7(a)  Oip(C3H)
1472 100 1496 ve(a)  v(C6CB) 1350 83 1329 vg(a)  Oip(C5H)
1421 14 1428 ves(€)  Sioa Oip(C4H) 1275 86 1263 vio(@) Sua
1336 12 1348 vg(a)  Oip(C4H) 1193 41 1179 v73(€)  0ip(C3H), Soa
1245 4 1250 V71 (e) 3_4 1163 29 1170 V11 (a1) S]_ga 6ip(C3H)
1212 17 1221 v72(€)  Oip(C2H), 8ip(C4H) 1075 2 1079 vio(@) S
1203 30 1227 vio(a)  Oip(C2H), dip(C4H) 1051 36 1047 vir(e) S S
862 7 874 vig(a) Su, Oop(CECB) 1029 9 1030 ve(e) S
788 9 796 vig(a)  Seb 980 3
677 12 674 vio(a)  Sea 803 3 802 ves(€)  Si Sea
475 18 486 v21(81)  Sieb Siea 779 4 797 vig(a) S
466 5 465 Vo5 (e) S.Gb 681 44 672 V19 (a1) SGa. SSb
379 1 378 vaa(a) v(C6CB) 666 7 664 voo(€)  Sea Seb
315 10 295 V23 (al) &Gb 651 3 644 Vo1 (e) %b
291 31 285 508 11 488 v21(a)  Siet Si6a Oop(CECB)
281 11 283 voa(€)  Seb 480 4 489 voa(€) Sa
267 5 249 vaa(a)) Chel.def-1 463 5 466 ves(€)  Sieb Siea
120 62 121 vos(@)  Siea Chel.tor-1 381 37 378 vao(a) v(C6CB), Chel.def-1
. 341 25 340 veg(€)  Chel.def-1y(RuN)
From scaled calculated values at the B3-LYP/LanL2DZ level. 275 10 271 vas(a)  Sie
234 3 253 vaa(a) Chel.def-1
dinate analysis, represent the first full SQM-FF normal 206 1 196 vi(€) v(RuN)
coordinate analysis of any ruthenium(ll) tdsdiimine aFrom scaled calculated values at the B3-LYP/LanL2DZ level.

complexes, including all 8 — 6 modes. Despite poor g description of the symmetry coordinates responsible for
representation of the molecular symmetry at the B3-LYP/ certain modes with clarity that was hitherto unattainable. A
LanL2DZ level, the vibrational modes could be separated satisfactory fit to the experimental data was provided by the
into a, &, or e symmetry classifications from the result of B3-LYP/LanL2DZ method.

the normal coordinate analysis. Thus, it was possible to
accurately fully assign bands in the infrared and Raman
spectra for the first time in terms of detailed mode descrip-
tions and symmetry species. Use of Wilson notation provided 1C034721L
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