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The ground and excited-state properties of [Ru(bpy)(tpy)dmsipy = 2,2-bipyridine, tpy= 2,2:6',2"-
terpyridine; dmsa= dimethyl sulfoxide) have been studied by the means of density functional theory (DFT).

In particular, the singlet ground state and the potential energy surface of the lowest triplet were investigated

along the coordinate involved in the-S O linkage isomerization of dmso. The time-dependent-DFT approach
(TDDFT) was used to interpret the absorption spectra of the system, whiCd procedure was applied to

compute the emission spectra. The good agreement between computed and experimental spectra highlights
the power of DFT approaches in the description of complex transition metal containing systems. In addition,
this method allows the full description of the ground and excited potential energy surfaces of [Ru(bpy)(tpy)-
dmsof* which can only be roughly derived from experimental data, thus providing clues for further
improvement in the engineering of phototriggering materials.

1. Introduction

Complexes of Ru(ll) with polypyridine ligands (such as py,
bpy, or tpy; py= pyridine, bpy= 2,2-bipyridine, tpy= 2,2:

6',2"-terpyridine) have been deeply studied from an experimental

point of viewt™> since their potential industrial applications,
ranging from photovoltafc® (as component in solar energy
batteries) to light switché% 13 to biochemistry (as, for instance,
DNA binding*4~17) attracted chemists’ interest. Even though the
peculiar photochemical properties of the parent complex [Ru-
(bpy)]?" were discovered almost 30 years d§a, strong and
vital effort is still going on in order to enhance the properties
of these systems via different functionalizations of the poly-
pirydil ligands or their derivatives with different molecules (such
as, for instance, cyanidé thiocyanide?° dimethyl sulfoxide?!
and sulfoxidé?).

Within the large class of Rupolypyridyl complexes, recently
[Ru(bpy)(tpy)dmso](SECFs), (dmso= dimethyl sulfoxide, see
Figure 1) was synthesized and characterfZethis system is
particularly interesting since all the photochemical properties
of the Ru(ll) center are coupled with the possibility of aS
linkage isomerization of dimethyl sulfoxide, thus adding a

tunable degree of freedom to the already remarkable properties(
of such class of complexes. Starting from the S linked isomer

(in film or crystal), Rack and co-workefsshowed that, after
irradiation at 441.6 nm, an immediate change in color from
yellow to red, associated with an absorption shift from 412 to

490 nm, is observed. Furthermore, the corresponding photo-
product is stable for days. The same complex is luminescent

(upon irradiation at 441.6 nm) at 720 nm and, upon cooling,
also at 625 nn#3

These experimental observations lead to the conclusion that

the absorption at 412 nm is related to the transition from the
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Figure 1. Schematic sketch and labeling scheme for the S-linked (left)
and O-linked (right) isomers of [Ru(bpy)(tpy)dm3t]

singlet ground state gpto the first singlet excited state {)Sof

the S-linked form. Irradiation then induces—© linkage
isomerization and the new feature appearing at 490 nm is due
to the same &— S; transition as for the O-linked species. The
photoproduct can be directly converted to the original S-linked
species material only in dmso and in other coordinating solvents
i.e., CHCN) where it undergoes to an exchange of the ligand
with a solvent moleculé® The emission at 720 nm is assigned
to a triplet to singlet decay (T— S) of the O-linked species,
while the band at 625 nm is assigned to a similar—F S
transition of a hypotheticaj? species, characterized by a SO-
metal bond?

Both the S-linked and the O-linked isomers have been
previously characterized. In particular, the synthesis and absorp-
tion spectra of the S-linked [Ru(bpy)(tpy)dm3bjvas reported
by Root and Deutsch as product of the oxidation of [Ru(bpy)-
(tpy)S(CH)2)?" with H20,.24 On the other hand, Roeker and
co-workers synthesized the O-linked form in €HN solution
by addition of S(CH), to [Ru(tpy)(bpy)O¥F".2% In none of these
studies, all carried out in solution, were evidences of35(or
O-S) linkage isomerization found. However, a substitution
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reaction with the solvent (C4€N) was observeé? Roeker and and finally, the absorption and emission spectra are reported
co-worker3® reported evidence of-S0 linkage isomerization and discussed in comparison with the experimental data.
when using [Ru(bpypy(dmso)f' in CH3CN solution, but the

reaction finally lead to substitution of dmso by the solvent. 2. Technical Details

All these evidences support the hypothesis that the barrier Al calculations were performed using the Gaussian98
for S—0O linkage isomerization for the ground state of [Ru(bpy)- program packag®® The Becke three parameters hybrid ex-
(tpy)(dmso)f* is rather large: i.e., not accessible at room changé® and the LeeYang—Parr correlatiof functionals
temperature. Therefore, the linkage isomerization necessarily(B3LYP) were used. A doublé-quality LANL2DZ basi§556
involves the population of an excited state, either with a metal was used for all atom but oxygen and sulfur which were
to ligand charge transfer (MLCT) or a ligand field (LF) state. described by a split valence Pople basis plus one polarization
At the same time, the experimental data suggest that the linkagefunction (6-31G#7). The 28 inner core electrons of Ru(ll) were
isomerization, contrary to similar Rtdmso complexes such  described by the corresponding scalar relativistic electron core
as [Ru(bpy)(dmso}]2* 2t is an intramolecular process in film  potential (ECPFS Such a level of theory (B3LYR- LANL2DZ
and in the solid state, where the dmso ligand never leaves thebasis set) has been successfully applied in a number of papers
coordination sphere of the metal até#lherefore, the linkage  concerning the structure, spectroscopic properties, and reactivity
isomerization of dmso in [Ru(bpy)(tpy)dmgd]is an unique of organometallic systenfg:43.49
case, and it can be considered as an extremely intriguing system When not differently specified, the structural optimizations
for photoactive materials due to the possibility of switching the were performed without symmetry constraints. The stationary
absorption spectra of the systems via functionalization. points found on the PES were characterized by subsequent

The overall process seems to be well characterized at thefrequency calculations.

experimental level, but the details are still lacking. In particular, ~ Absorption spectra were computed as vertical excitations from
while the overall assignment of the absorption spectra is out of the minima of the & PES using the TDDFT approach as
query, the actual shape of the potential energy surface and thémplemented in Gaussian using the basis set previously de-
real nature of the emitting states at 625 and 720 nm are basedsCribed?® Emissions from the triplet states were computed as
on a more speculative bagis. vertical decay using thASCF procedure; i.e., the singlet energy
was computed at the triplet geometry. In a previous work, we
have showed that TDDFT an&iSCF computations provide very
close results (differences 0.1 eV) as concerns excitations to

In such circumstances, insights from theoretical methods can
be extremely useful to better understand the nature of both the
ground and the excited states of [Ru(bpy)(tpy)drisais well .
as the actual mechanism of the photoisomerization. To correctly and from the_tnplet state _Of related Ru compoufids. -
describe these phenomena, we need a theoretical method able ’_A‘” caIcngUons of the_trlplet states were p‘?rfOFmed W'th'n a
to describe with comparable accuracy and, possibly, limited Costspln-unrestncted formalism and spin contamination, monitored

(due to the size of the system) both the ground and the excitedby t_he expectation vaI_ue &, was found to be negligible.
potential energy surfaces as well as vertical excitations. Finally, the electronic structure of these molecules has been

. i investigated using the natural bond orbital (NBO) approach and
Density functional thepry (DFT) has been remarl_<ably SUC- the re?ated natu?al population analysis ((le’;‘ﬁ\;Thpep NPA
cessful to evaluaFe_a variety .Of ground-s_tate_propemes of large approach is particularly effective for inorganic complexes, since
complexes containing transition metal with high accurécy® it gives a description of the electronic distribution which is less
Morg recently, several papers have shown t.he potentlallty of sensitive to the computational parameters (e.g., basi§%et).
the time-dependent DFT approach (TDDFT) in the calculation
of vertical electronic excitation spect?®.33 Despite this fact, 3 Results
very little theoretical work is available on ruthenium(ll) poly- )
pyridyl complexe$4-4! the limiting factor being the size of the ~ Ground (So) and Excited (T,) State Isomers: S vs O
system under investigation, especially where it concerns TDDFT Linked. The main geometrical parameters obtained from the
calculations’2-43 On the other hand, several ground linkage Structural optimization of theg®nd T, states of [Ru(tpy)(bpy)-
isomerization reactions, already subject to intense experimentaldmsof* are collected in Table 1 and compared with the
studies*47 have been recently successfully studied at the DFT gva!lable experimental datdThe labeling scheme is reported
leve] 48-51 in Figure 1. Let us to start from the ground state of the S-linked
In this paper, the combined use of DFT for the study of the isomer. In [Ru(tpy)(bpy)dmsef the rotation of the dmso moiety

ground-state singlet and triplet potential energy profiles and of around the M-S (or M—0) bond adds some extra flexibility

TDDFT for the prediction of the absorption/emission spectra to the other internal degrees of freedom. Since an accurate
P . Sorp ; sP ’_investigation of the ground-state energy surface is mandatory
was chosen as a reliable theoretical tool to investigate the

properties of [Ru(bpy)(tpy)dms] in o.rder to obtain relliable vertical electronic _transitions to the
) ; o o . excited states, as first step we have studied such “floppy”
The aim of this paper is to gain information on the pqtion. Three different conformers have been localized, cor-
physicochemical characteristics of the ground and low-lying responding to all the possible orientations schematically depicted
excited states and, in particular, to investigate the shape of thej, Figure 2 (and labeled, 2, and3). Structuresl and 3 were
So, Ta, and § potential energies surface governing the isomer- fyly optimized in Cs symmetry, while structur@ results from
ization reactions. At the same time, we want to understand the 5 c3lculation performed without symmetry constraints: all have
effective role played by the hypothetical SO linked species in peen characterized by computing harmonic frequencies. The
such a reaction. latter one ) was found to be the lowest in energy, 0.4 and 3.0
The paper is organized as follows. First, the geometrical and kcal/mol more stable than structuteand structures, respec-
electronic structures for the singlet ground state and triplet tively. In the two extreme structured @nd 3) the N,—Ru—
excited state of the S- and O-linked forms are discussed. Next,S—O dihedral angles correspond to values of 0 and® 1 8@ile
the potential energy profile along the-® linkage isomerization  the angle is—31° for the most stable conformers (see Table 1
coordinate is analyzed both for the singlet and the triplet states,and Figure 2).
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TABLE 1: Main Geometrical Parameters (A and deg) for

All Possible Isomers of the [Ru(bpy)(tpy)dmsojt Complex,
either in the Ground Singlet (&) or in the First Triplet ( Ty)
State?

Ciofini et al.

TABLE 2: Natural Population Analysis for Ground (S () and
First Triplet States (T,) of All Three Isomers of the
[Ru(bpy)(tpy)dmso]? Complex

S-linked O-linked SO-linked
_ S Ta atom/ S T. S Ty S Ta
S-linked 1 3 2 eXptP 7 fragment 2 7 5 8 6 9
Ru-S 2440 2443 2419 2282  2.509 Ru 0464 0.840 0717 1.045 0.720 0.976
S-0 1504 1502 1505 1467  1.504 S 1401 1.378 1.208 1203 1190 1.170
Ru—=N'; 2116 2120 2113 2079  2.099 0 —-0.944 —0.936 —0.940 —0.905 —0.982 —0.968
Ru—N"¢ 2.007 2.010 2.007 1.975 2.035 bpy 0460 0.644 0430 0290 0512 0.370
Ru—N""¢ 2.116  2.120 2.113 2.072 2.098 tpy 0686 0.305 0631 0357 0648 0.582
Ru—N"p 2142 2136 2142 2101 2122 dmsé  0.390 0.211 0222 0308 0.119 0.072
Ru—N'p 2.103 2.092 2.103 2.085 2.089
a(0—S—Ru) 117.1  112.6 1145 1157 1142 2 Bare dmso:q(S) = 1.212;¢(0) = —0.961.
d(NpeisRu—S—0) 0.0 180.0 —31.0 —-426 —-8.0
level of theory. Even a larger basis set, including polarization
) o T1 functions, does not appreciably improve the computed struc-
O-linked 4 5 8 tures?9.42
Ru-0O 2.195 2.192 2.102 The vibrational analysis for the three minima confirmed their
§;9N't %:fgg %_‘fgj %_'gg% nature, all frequencies being positive. In Figure 3, we report
Ru—N", 2.000 2.000 2.008 the calculated infrared (IR) spectra for the S-linked species.
Ru—N"", 2.106 2.109 2.112 Among all the transitions, the SO stretching frequency, the
Ru—N"; 2.098 2.098 2.117 fingerprint transition for the investigated isomers, of the structure
Ru-N'p 2.065 2.065 2.071 2 was computed at 1118 crh in good agreement with the
g(S—Q—R_u)_ 127.0 _126'5 124.3 experimental findings (1102 cnd).?* Nevertheless, the com-
(Npcis Ru—S—0) 0.0 21.0 154.1 . !
puted SO stretching frequency is not strongly affected by the
S Ty rotation of dmso (max. variation 5 crf): thus, it cannot be
SO-linked 6 9 used as a screening criterion to understand the conformation of
Ru—0 3.156 2.949 dmso. It is noteworthy to underline the difference between the
RuS 3.089 3.094 computed frequency in the complex and in the bare dm&)
S-0 1.526 1.518 = 1104 cntY). This difference can easily be related to the
Eﬂ:“,}t g:éég géég increase of the _SO bond strength yvhen goi_ng from the free to
RU—N'"", 2107 2116 the complexed ligand, thus reflecting _the difference found for
Ru—N", 2.113 2.175 the computed bond lengths when going from the free to the
Ru—N'p 2.029 2.138 complexed dmso+0.06 A). A possible explanation of the SO
a(S—O—Ru) 73.4 80.2 shortening and increase of th¢€SO) when going from free dmso
d(Npcis Ru=5-0) —36.0 —44 to the complex (observed also for other S-linked sulfoxide

acis = cis with respect to dmso.{N- nitrogen of tpy; Nl = nitrogen
of bpy.° Ref 23.

Because of the small energy difference found for the three
conformers, it could be argued that dmso is practically free to
rotate at room temperature. To further elucidate this point we

complexes of Ru(IB) can be that upon complex formation the
polarization of the SO bond increases due to electron depletion
as a consequence of theS—Ru donation.

Better insights on the electronic structures of such complexes
can be obtained by looking at the NPA charges, reported in
Table 2. These charges well underline the trends found in the

have performed some linear synchronous transit computationSyeometrical and spectroscopical parameters. In fact, if we take
to estimate the interconversion barriers. We have found a g4 references the two fragment, [Ru(bpy)(tByAnd dmso, the

relatively small activation energy for th2 — 1 conversion
(about 6 kcal/mol), while a higher barrier (about 40 kcal/mol)
has been computed for the rotation from structute structure

3. This last result is related to the steric interaction between
hydrogens of dmso with the hydrogen of the bpy ligand when
the N,—Ru—S—0 angle is around 140Because of this barrier,

charge transferred to the metallic moiety is 0|89|, mainly

due a depletion of the sulfur atom, the charge on S being 1.40
|e”| in the complex and 1.2[&"| in the bare dmso. These values
point out a relatively strong donation from dmso to Ru, which
is only partially compensated for by the corresponding back-
donation. This latter mechanism is unlike because of the steric

we can safely assume that the vertical excitations recorded inconstraints which do not allow for an adequatend overlap.

the absorption spectra for the S-linkegl\&@ll arise only from
structure2 and, eventually, structurk and therefore, only these
structures will be considered in the following.

It is also interesting to note the relatively small positive charges
localized on the metal atom, which is far from its forme2
oxidation state {0.46 |e|).

As concerns all the other geometrical parameters, those related Frontier orbitals play a relevant role in such systems, since

to the structure2 are indeed the most similar to the X-ray

they determine the spectroscopic behavior of such complexes.

structure, with an overall satisfactory agreement between theHere, the analysis of the molecular orbitals for the com@ex

theoretical and the experimental data, all the computed distanceseveals the typical features of octahedral coordinated Ru(ll)-
being within the experimental erro=0.03 A). This accuracy  polypyridil complexes (such as Ru(bg$)*® or Ru(bpy}CN,*3)

is the one expected for the used method, taking also into accountwhere the highest occupied molecular orbital (HOMO) has
experimental factors (e.g., crystal packing forces) which oc- mainly d metallic character while the lowest unoccupied
casionally can be responsible for apparent discrepancies as fomolecular orbital (LUMO) is essentially @* orbital localized

the Ru-S distance, overestimated by 0.13 A. These results areon the bipyrdil ligand, thus all the active transitions to this last
in line with the errors found for similar systems at the same orbital can be described as metal to ligand charge transfer
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Figure 2. Different orientations of the dimethyl sulfoxide ligand in the localized conformers of S-linked (up) and O-linked (down) complexes and
relative labeling and symmetry.
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Figure 3. Theoretical IR spectra for the S-linked and O-linked isomers. The spectra are reproduced by associating a single Lorentzian function to
each computed transition, with half-height width of 10@mintensities are normalized to 1.

(MLCT) bands (vide infra). An isovalue representation of such the one withCs symmetry 4). Thus, the U\-vis transitions

frontier orbitals of2 is reported in Figure 4. were computed both fot and5.
In the case of the O-linkedoSstate, two different minima Surprisingly, the O-linked conformeb) lies 11 kcal/mol
were characterized in the ground state: one with Bg-Ru— lower in energy that the corresponding S-linked oBesge

O-—S dihedral angleGs symmetry 4 in Figure 2) and one with  Table 3). These data seem contradictory to the experiment where
a—21° Np—Ru—O—S dihedral angle@;, 5 in Figure 2). Even only the S-bound form has been crystalliZéd\Nevertheless,
though in this case a structure corresponding(i,—Ru—O— the main reason for formation of the S-linked isomer is most
S) = 180 is likely to exist, we do not attempt to localize it, probably kinetic and not thermodynamic. In fact, a smaller
since, as for the S-linked case, it should lie quite high in energy volume computed for the S-linked molecules with respect to
and should not be accessible at room temperature. The nonthe O linked one (3754 bofimol vs 3785 boh¥mol) justifies
symmetric conformation 5) was found to be practically the preferential crystallization observed since a better packing
isoenergetic (energy difference0.1 kcal/mol) with respectto  is possible. Nevertheless, since the computed differences in



11186 J. Phys. Chem. A, Vol. 107, No. 50, 2003 Ciofini et al.

the S-O—Ru angle gets larger with respect to the-&-Ru
of the S linked form {-14°) tending toward a linear-SO—Ru
conformation in order to maximize RtO x interactions. Thus,
the HOMO gets significant contributions from the p orbital of
O, still remaining mainly d Ru centered (see Figure 4).

The larger back-bonding interaction is further confirmed by
the NPA charge analysis: when going from the S-link&dd
the O-linked B) conformers the charge on Ru increases from
0.46 to 0.72e~| while that on O remains constant (abet.94
le"]). At the same time, a decrease of the positive charge
LUMO localized on sulfur is found (from 1.40 to 1.24"|, where 1.21
£=-0.30 |e”| corresponds to the free dmso). The overall effect is a
decrease of the positive charge on the dmso in going from the
S-linked to the O-linked isomer (from 0.39 to 0.227). So,
while dmso in the S-linked species acts as a goanor and
poor st acceptor, it becomes (mainly due to the more flexible
conformation) a goodr acceptor in the O-linked isomer. This
behavior has already been suggested by experimentalists in
relationship with the spectral shift to higher energy observed
in going from the O-linked to the S-linked specfés$? It is
also interesting to note the overall electronic rearrangement in
this latter isomer, characterized by a decrease of the positive
charges localized on the bpy and tpy ligands. In particular, the

HOMO E“fg"fo ruthenium atom can be considered as a Ru(l), with the other
£=-042 ’ positive charge delocalized on the aromatic rings. This behavior
Figure 4. Plot of isodensity surfaces (contour valt®.05(e//)/2) has been reported for other Ru(Il) complexes with good donor

for the highest occupied and lowest unoccupied molecular orbitals of ligands (such as CN or SCNj.

the S-Iigk_edh(left) and O-linked isomers (right). The MO energyig The lowest triplet state, T has been analyzed by carrying
reported in hartrees. . ) .
P out unrestricted calculations, both at the correspondipg S

TABLE 3: Relative Energies (eV) for the Electronic States geometries and at the fully optimized triplet structures. The
of All Considered Complexes calculated energy gaps with respect to the ground electronic
T, s, state are reported in Table 3. They have been computed both

S ASCF____TDDFT TDDET as energy difference with respect tg @he so-calledASCF

S-linked 0.0 220 226 3.08 apprc_>ach) as well as by the _TDDFT approach. In all the

2.12) con_sld_ered complexes, the triplet state corrgsponds to an
SO-linked 0.60 2.32 excitation from the HOMO to the LUMO (see Figure 4).
) (2.23) The optimized T state for the S-linked isomer lies 2.1 eV

O-linked —0.05 (11-;35:”) 1.90 2.78 higher than the corresponding ground state. The corresponding

optimized structure, labeledin Table 1, was obtained starting
2All of the values have been computed using the ground state from the optimized singlet structug(no symmetry constraints
opt.imized geometries,. except fqr the \{alyes reported in parfentheses,imposed) and has been characterized as a minimum by
which have been carried out using optimized triplet geometries. frequency computations. By comparison with thes8ucture
energy and in volume are rather small, we cannot rule out the @ significant elongation of the RtS bond ¢-0.09 A) and
role stabilizing one of the two conformers. smaller contraction of the RtN; and Ru-N, bonds can be
As before, both structures were characterized, by computing noticed, while the internal dmso parameters are not significantly
harmonic frequencies. In particular, the SO stretching vibration affected. A slight rotation {23°) of dmso toward aCs
is found at 919 cm! for the minimal energy structur®), lower orientation can also be remarked. In general, the variation of
that the corresponding S-linked forr2) (1118 cn1?). The plot the geometrical parameters is in line with the nature of the
of Figure 3 displayed quite well the fingerprint regions of the transition. In fact the — T transition formally corresponds
two isomers. This result is in agreement with the experimental to a transfer of one electron from the HOMO (Ru arbital,
observations for a number O-linked sulfoxide Ru(ll) complexes, slightly antibonding with bpy) to a MO with mainly* tpy
where the SO stretch is recorded in the range-%8b cn1.25 contribution and a smaller Rtdmso antibonding character (see
At the same time, the smaller wavenumber reflects the increasingFigure 4). Since an electron has been removed from &alRu
d—m* back-bonding character of the O-linked dmso with respect antibonding orbital (L= bpy,tpy), the main structural conse-
to the S-linked isomer. In factomparing the &structures for guence to be expected is a contraction or-Ruand Ru-N,
the S linked 2) and O-linked form %), we can notice an  lengths as indeed observed. This is qualitatively confirmed by
elongation of the SO bond going from the S- to the O-linked the corresponding TDDFT calculations (vide infra) and by the
one (0.06 A). The elongation can be related to the better back-computed Mulliken spin population of the optimized S-linked
bonding character of the dmso O-linked with respect to the T state: 0.9 on Ru and 1.0 on tpy ligand. It also interesting to
S-linked conformation: the S atom acts mainly as donor note either the small energy difference between the results
when coordinating while the O atoms can actas donor and obtained with optimized and those using frozen geometries. At
a* acceptor as well. As a consequence, as soon as theORu  the same time TDDFT andhSCF computations show close
bond is strengthened due to stronger interactions, the SO  results, thus pointing out the one-electron nature of these
bond is lengthened due to-ct* back-bonding. Furthermore,  excitations (see Table 3).
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(reported in Table 2) also indicate a decreases of thedRuso
interaction. In fact the dmso fragment has an overall charge of
+0.12 |e7|, thus suggesting that less electron density is
transferred to the Ru complex than in the two minima. At the
same time the computed interaction energy of the dmso with
[Ru(bpy)(tpy)F" is 17.4 kcal/mol, significantly lower than in
the S-linked (30.3 kcal/mol) or in the O-linked (42.1 kacl/mol)
isomer.

The structures of the reactants and of the TS allow for the
evaluation of a significant thermodynamic activation parameters,
namely the activation volume. This quantity is certainly interest-
ing in defining the nature of a substitution reaction, i.e., if the
) - ) ) mechanism is dissociative (D) associative (A) intermediate
_':'%:’C%E\'/esr;rigﬁ“i‘rzetgfeth?JL?%S';'%Tesg_?ggr;rr‘ﬁ)vsv'sl'r(‘)ﬁé"nikcigre associative ¢ or intermediate dissociativegfl In this isomer-

n . . . . .
indicate the different cc?mponents o? the transition vector:(p157i |zaF|on, both A and D mecha_nlsms are_ ruled out in the film or
cmY). solid state, where a intermediate reaction has been suggésted,
while a dissociative process is most probable in dmso solétion.
o . . To have an estimation of the activation volumes for the different

The structural optimization of the O-linked triplet staf€, species, we evaluate the sum of the metal to dmso distances,
starting from the optimized (SO-linked structure §), lead o\ hich s directly proportional to such volumes. This approach
two different minima, the first one being less stable than the o5 5jready been applied in the literature for other substitution
second (difference in energy of about 2 kcal/mol). The structure g, ctions (see for instance refs 49 and 61). The activation volume

8 corresponds to the minimum for thd; state and it is s therefore proportional t&, the difference between the TS
characterized by a shorter RO distance (2.10 A) and a longer and the S-linked or volumes. estimated as

SO length (1.59 A, see Table 1). The two variations suggest an

increase of the dmsemetal interactions (donation and back- .

donations), due to the depletion of the HOMO orbital, with a Z= Zd(R“_Xi)TS ~ d(RU=Xi)s inked
significant Ru-O antibonding contribution, upon excitation. All !

the other geometrical parameters are less affected by the o
transition. As for the S-linked isomer, there is an overall where X represents the coordinating atoms of dmso. From the

coherence in the results obtained with frozen and relaxed computed structure, we found a value ©0.31 A. A small

structures with TDDFT oASCF approaches (see Table 3). positi.ve value sqggest§ a slight preference for ther D

The other characterized structui@ Symmetry, values not reactlon,.at least in the |sola}ted molepule. So, the nature qf the
reported in Table 3), even if high in energy, is noteworthy. In TS explains why such reactions are likely to occur in solution.
fact it corresponds to anoS— T ligand field (LF) transition, Starting from the TS localized on theo Surface the
as confirmed by the computed Mulliken spin density on Ru (1.84 corresponding intermediate structure has been localized on the
e"). This state is practically dissociative for dmso as the longer T1 surface. This structure is characterized by one imaginary
Ru—O distance suggests (about 2.55 A). Since this state is only frequency ¢ = 101i cn?) and is about 3.0 kcal/mol higher
S||ght|y h|gher in energy, it could be popu]ated in particu|ar than the S isomer and 13.1 kcal/mol with respeCt to the O-linked
chemical conditions (e.g., in solution) and be responsible for form (see Table 3). The small barrier for- SO interconversion
the exchange mechanism experimenta”y obse?%ed_ (30 kcallmol) demonstrates quite well the pOSSlb”lty of an

Ground (Sp) and Excited (T;) State S—O Linkage Isomer- isomerization in the T state, going through a direct, single-
ization Profile. As mentioned in the Introduction, % species step reaction. These results invalidate the two-step mechanism
has been proposed as intermediate along the linkage ®  Supposed by the experimentalists, where the;86tructure is
isomerization path, to explain the peculiar spectroscopic be- @ minimum on the T surface and where two energy barriers
havior23 For this reason, a transition state (TS) search was have to be overcome for the complete isomerizatfohis
performed both on the Sand on the T potential energy mechanism has been proposed on the basis of the band at 625
surfaces. With this procedure, a first-order transition state ("M in the emission spectrum, which was assigned to such an
157i cnm?) was localized on the Ssurface and characterized n? intermediate. Our calculations show, instead, that the diabatic
by a imaginary frequency corresponding to the isomerization €mission of the TS, i.e., a hypothetical decay to the correspond-
path. In Figure 5, we have reported the optimized structure of ing TS on the §surface, is at 761 nm (1.7 eV), far from the
this TS, together with the transition vector Components_ As it observed transition. The adiabatic transition of the TS iS, of
appears from this sketch, the structure can be described as &ourse, at an even lower energy. The observed transition can
heptacoordinate rearrangement, with the dmso in the supposed€ assigned, instead, to the decay of the triplet state of the
5 coordination. Such a rearrangement has been found for otherS-bonded isomer (vide infra).
linkage isomerization (see for instance ref 48). This structure  The calculated geometrical parameters of the TS are reported
(labeled6 in Table 1) lies 13.9 kcal/mol higher than the S-linked in Table 1. These values are similar to those computed for the
structure 2) and 25.6 kcal/mol higher than the O-linked one TS of the ground state, the only appreciable differences
(5). Its main geometrical parameters are reported in Table 1. concerning the R#O distance, shorter in the; Btate, and the
The geometrical parameters indicate that the S and the O atomsotation angle of the dmso with respect to the bpy. The first
of dmso are at almost the same, relatively large, distance fromvariation is particularly important, since it suggests a more
the Ru atom (3.09 vs 3.16 A, respectively). At the same time, compact structure of the TS in thq $tate, as also suggested
the internal geometrical parameters of the dmso are close toby the greater interaction energy of the dmso with [Ru(bpy)-
those of the free ligand. For instance, the SO length is 1.53 in (tpy)]?" fragment (21.3 kcal/mol). These latter values, together
the complex and 1.51 A in the bare molecule. The NPA charges with a smaller value oE, +0.12 A, strongly suggests that the
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Figure 6. Computed UV spectra for the S- and O-linked isomers. The spectra are reproduced by associating a single Lorentzian function to each
computed transition and normalizing the absorbance to 1. Full line plot corresponds to a broadening of 0.5 eV, dotted line plot to a broadening of
0.2 eV.

TABLE 4: Computed TDDFT Vertical Excitation Energies TABLE 5: Computed TDDFT Vertical Excitation Energies
(4, nm) and Oscillator Strengths ) for the Most Stable (4, nm) and Oscillator Strengths ) for the Most Stable
S-linked Isomer, Where the Values in Parentheses Refer to O-linked Isomer, Where the Values in Parentheses Refer to
the System inCs Symmetry the System inCs Symmetry?
transition A f orbital contributions  character transition A f orbital contributions  character
S— S 486 0.0100 a- a* MLCT S—S 593 0.0110 d— MLCT
(483)  (0.0100) (596) (0.0113)
416 0.0260 a7 MLCT 490 0.0039 d— a* MLCT
402 0.0541 ad a* MLCT 462 0.0093 d a* MLCT
396 0.0481 a7 MLCT 445 0.0661 d— a* MLCT
378 0.0027 - * MLCT 444 0.0287 d— a* MLCT
376 0.0267 & a* MLCT 443 0.0474 d— a* MLCT
335 0.0016 d a* MLCT 410 0.0239 d a* MLCT
S—Th 547 0.0 o 7* MLCT So—Th 653 0.0 o— 7* MLCT
(545) (652) d—d LF
aMLCT = metal to ligand charge-transfer band. aMLCT = metal to ligand charge-transfer band; EFligand field
band.

isomerization mechanism assume a more associative character
(A or 1) in the triplet state than in the ground singlet state.  tpy/bpy moieties, the transitions involving the bpy moieties
In summary, our calculations suggest that the isomerization occurring normally at higher energy. At the same time, several
reaction is highly probable in the triplet state, due to the small satellite transitions, either at higher or lower energies and with
barrier that can be easily overcome under experimental condi-lower oscillator strengths, have been computed and all assigned
tions. At the same time, the reaction mechanism is a Single Step'to d— z* excitations. From these resUItS, it is clear that these
the transition structure corresponding to the §8@rrangement. most intense bands, rather broad, cover several transitions in
Absorption and Luminescence.As the last step in our ~ the experimental spectra. A simulation of the spectra using
investigation of [Ru(bpy)(tpy)dmsd], we have computed the ~ different Lorenzian functions can easily illustrate this effect.
UV spectra, on the minimal energy structures reported in Table Since the integral of the Lorenzian function is proportional to
1, using a TDDFT approach. All these vertical electronic the oscillator strengths, the only adjustable parameters is the
transitions have been evaluated at the corresponding groundWidth at half-height, that is the broadening of the peak. The
state geometries. The results are collected in Tables 4 and 5 foiSimulated spectra are reported in Figure 6. When the broadening
the S- and O-linked complexes, respectively. As mentioned in Of the line is around 0.5 eV or more, a single peak is detected,
the Introduction, from experimental data collected both in films in @greement with the experimental data. In such circumstances,
and in solution, the most intense MLCT transition occurs at We can compare the energy of the experimental maxima with
412 nm in the case of the S-linked complexes and it is shifted those of the simulated spectra and a good agreement is found
to 490 nm in the case of the-Olinked one. As expected, both  in the case of the S-linked complexf = 0.2 eV) while a
transitions are well described by the TDDFT approach, even if larger error 4 = 0.5 eV) is detected in the case of the O-linked
they are slightly overestimated. In particular, we have found System.
three intense bands for the S-linked isomer, centered at 416, It is also interesting to note that our calculations also
402, and 396 nm. The corresponding bands for the O-linked reproduce (even if not quantitatively) the red shift observed in
species are at 462, 445, and 444 nm. All these transitions cangoing from the S-linked to the O-linked complex. This variation
be interpreted as one electron excitations from MOs centeredis consistent with the decrease of electron density on the metal
on the d orbital of Ru(ll) to emptyr* MOs localized on the resulting in a destabilization of its partially filled d orbitals, the
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Ru bearing a larger positive charge in the O-linked than in the containing systems especially helpful when the properties of
S-linked complex (see Table 2). the excited states can be only roughly derived from experimental
When neglecting spinorbit coupling, as in our TDDFT data thus providing clues for further improvement in the

computations, all singlet to triplet transitions are spin-forbidden, engineering of phototriggering materials.

and as a consequence, the computed oscillator strength is zero
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