THE JOURNAL OF

PHYSICAL CHEMISTRY
[etters

pubs.acs.org/JPCL

Electronic and Steric Effects on the Photoisomerization
of Dimethylsulfoxide Complexes of Ru(ll) Containing

Picolinate

Daniel A. Lutterman,™ Aaron A. Rachford,™® Jeffrey J. Rack,*™ and Claudia Turro*''

TDepartment of Chemistry, The Ohio State University, Columbus, Ohio 43210, United States, and TDepartment of Chemistry
and Biochemistry, Nanoscale and Quantum Phenomena Institute, Ohio University, Athens, Ohio 45701, United States

ABSTRACT Calculations were performed on [Ru(tpy)(bpy)(dmso)]** (tpy =
2,2":6',2"-terpyridine; bpy = 2,2'-bipyridine, dmso = dimethylsulfoxide, 1),
cis-[Ru(tpy)(Me-pic)(dmso)]" (Me-pic = 6-methylpicolinate, 2), trans-[Ru(tpy)-

(Me-pic)(dmso)]* (3), and trans-[Ru(tpy)(pic)(dmso)]* (pic = picolinate, 4) to
gain an understanding of the differences in their photoisomerization behavior.
The results do not support a promoting role for the o* ligand field (LF) states
during excited-state S—O isomerization. Instead, the calculations show that
the Ru—S bonding, the identity of the highest occupied molecular orbital, and
steric interactions are important factors in dmso photoisomerization. Further-

more, the atom positioned trans to the S atom plays a critical role in promoting

enhanced photoisomerizataion yields.

SECTION Molecular Structure, Quantum Chemistry, General Theory

hotochromic compounds transduce photonic energy
P to potential energy to selectively break and form

bonds within the excited state lifetime of the com-
pound. The newly formed isomer or metastable state exhibits
a distinct molecular and electronic structure from the ground
state isomer. These reactions are of broad, general interest
since they represent a light-driven thermodynamically uphill
reaction, but they also provide a foundation for understanding
the conversion of light to potential energy, a critical step in
many photochemical processes. At present, there are a
significant number of examples of both organic and inorganic
complexes displaying photochromic behavior.' =’

We have recently investigated the S—O isomerization in a
family of photochromic ruthenium polypyridine sulfoxide com-
plexes by both computational and spectroscopic methods.'~'”
Our initial computational effort addressed the role of the ligand
field (LF) states in complexes of the type [Ru"(tpy)(L)(dmso)]™",
where tpy is 2,2":6/,2"-terpyridine, L is a variable bidentate
ligand, dmso is dimethylsulfoxide, and nis 0, 1, or 2 dependent
upon the charge of L.'® The objective of the present study is to
expand our density functional theory (DFT) computational
efforts to better understand the isomerization mechanism as
well as to provide a hypothesis for further investigation. Herein,
we present our findings, which indicate that the extent of Ru—S
bonding, the identity of the highest occupied molecular orbital
(HOMO) and steric interactions are important factors in sulf-
oxide isomerization on ruthenium. Additionally, we find that the
LF splitting energy is not a prominent factor in this reaction
as might be predicted from many ruthenium polypyridine
complexes.'*~7°

Photoisomerization from S-bonded to O-bonded dmso
has been observed in [Ru(tpy)(bpy)(dmso)]*" (1; Figure 1:
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Figure 1. Schematic representation of the molecular structures of
[Ru(tpy)(L)(dmso)]"* complexes showing the structures of the
ligand L with the numbering scheme.

bpy is 2,2’-bipyridine), with quantum yield (®s—) 0f 0.024 as
listed in Table 1. The calculated MO diagram for 1 shown in
Figure 2 is consistent with previous results.'®>7-3% A pictorial
representation of the HOMO of 1 is shown in Figure 3a. This

Received Date: September 15, 2010
Accepted Date: November 9, 2010
Published on Web Date: November 15, 2010

DOI: 10.1021/jz1012966 | J. Phys. Chem. Lett. 2010, 1, 3371-3375



THE JOURNAL OF

PHYSICAL CHEMISTRY
[etters

Table 1. Photosomerization Data for Complexes 1—4

complex L D" A (eV)?
1 bpy 0.024 5.45
2 cis-Me-pic 0.011 5.06
3 trans-Me-pic 0.79 5.39
4 trans-pic 0.25 5.39

“From refs 14 and 15. °A is the energy difference between the
metal-centered HOMO and the lowest energy Ru(do*) orbital.
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Figure 2. MO diagrams for 1—4 distinguishing orbitals with more
metal character (---) from orbitals centered more on the ligands
(—). The LUMOs were set at the same energy in all complexes.
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Figure 3. The HOMOs of complexes (a) 1, (b) 2, (c) 3, and (d) 4
drawn with isovalue = 0.04.

MO is predominantly ruthenium dsr in character with modest
contribution from the terpyridine and bipyridine rings and
negligible contribution from the sulfoxide. Eight L(w*) MOs of
1 are centered on the tpy and bpy ligands, seven of which
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Table 2. Metrical (Ru—SBond Distance), Absorption (A max,abs) and
Reduction Potential (Es® Ru®"?") Data for Complexes 2—4

complex Ru—S (&) Amax.abs (NM) E® RUP2T (V)
2 2.241(1) 447 +1.07
3 2.2564(6) 413 +1.30
4 2.2152(5) 419 +1.31

comprise the lowest unoccupied MOs (LUMOs). In these MO
diagrams, we have chosen to place the lowest energy tpy(*)
orbital at the same energy, consistent with invariance of the
first reduction potential of complexes 1—4.'*'> Two metal-
centered unoccupied orbitals, Ru(do*), are found at higher
energy than the tpy(*) MOs (Figure 2), consistent with
expectation.

As listed in Table 1, the photoisomerization quantum yield
of cis{[Ru(tpy)(Me-pic)(dmso)]* (2, Me-pic is 6-methylpicoli-
nate), ®s.o = 0.011, is similar to that of 1 (®s—o = 0.024).
Like 1, the calculated MO diagram of 2 has a set of three metal-
centered Ru(dzr) HOMOs and a set of tpy(st*) orbitals that
comprise the manifold of LUMOs (Figure 2). The Ru(do*) set
are higher in energy than the tpy(*) set, exhibiting a A of
5.06 eV (40796 cm™ '), where A represents the energy
difference between the metal-centered HOMO and the lowest
energy Ru(do*) orbital. The smaller value of A for 2 compared
to that of 1, 5.45 eV (43957 cm™ ') is expected since the
former has a m-donor ligand in the coordination sphere. In
both 1 and 2 the highest occupied Ru(dz) MOs are mostly
metal centered, but in 2 there is a substantial contribution
(11.6 %) to the HOMO from the oxygen atoms of the Me-pic
ligand (Figure 3b). The symmetry of the p, orbital of the
oxygen atom matches that of the d,,, orbital of the ruthenium
atom and destabilizes the HOMO through s-bonding to this
orbital as compared to the d,, and d,.

It is apparent in the MO diagrams of complexes 3 and 4
shown in Figure 2 that the dsr orbital manifold is stabilized
relative to 2, consistent with electrochemical measurements
(Table 2). The electron density plots of the HOMOs for 3 and 4
are compared to those of 1 and 2 in Figure 3. Itis interesting to
note that the HOMO of 1 and 2 corresponds to the d,,, orbital,
whereas for 3 and 4 the HOMO can be ascribed to the d,,
orbital of ruthenium. Moreover, as is shown in Figure 3, the
ruthenium d,, orbital in 3 and 4 contains sizable sulfur
character (1.1 and 0.8%, respectively), unlike those of 1
and 2 (0.1 and 0.2%, respectively). As expected for the
presence of a z-donor ligand, the HOMO of 2, 3, and 4 each
contain substantial oxygen character from the corresponding
picolinate ligand, 11.6, 13.6, and 12.9 %, respectively. How-
ever, for 3 and 4, this interaction is along the z-axis, in a
position trans to the sulfur atom. Indeed, the presence of the
oxygen atom along the z-axis raises the energy of the dy,
orbital making it the HOMO in 3 and 4. The A values of 3 and 4
are both 5.39 eV (43509 cm™ '), much larger than that of 2,
making the °LF dd state(s) in complexes 3 and 4 much less
thermally accessible.

The @5 .o values for 3 and 4 are 0.79 and 0.25, respec-
tively, and are displayed in Table 1. The calculated value of A
for 2 represents the smallest separation in the complexes
1—4, but its quantum yield of isomerization is the lowest for
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these complexes. This finding further suggests that the *LF dd
state(s) are not involved in S—O photoisomerization, since it
is expected that a decrease in A would make the °LF dd
state(s) more thermally accessible. Furthermore, the quan-
tum yield of S—O photoisomerization in 3 is 0.79, the largest
value recorded for all of the studied Ru(ll) dmso complexes,
exhibits the largest A value among complexes 2—4, and is
similar to that of 1. These observations are inconsistent with
the involvement of the *LF dd states in S—~O photoisomeriza-
tion in these complexes.

Comparison of 2 with 3 and 4 allows for direct evaluation of
the trans-effect in this photoisomerization. For complexes 3
and 4, the HOMO has both Ru—S bonding and Ru—O anti-
bonding character. Following metal-to-ligand charge transfer
(MLCT) excitation, removal of electron density from the HOMO
results in weakening of the Ru—S bond, with concomitant
strengthening of the Ru—O bond. In 2, excitation does not
formally involve an orbital with sulfur character, and the Ru—O
bond, although strengthened, is not trans to the dmso ligand.
We speculate that oxidation via MLCT excitation of the d,,
orbital in 3 and 4 promotes S—O isomerization, consistent with
the larger @5 .o values. In another complex that features a
large quantum yield ([Ru(bpy),(OSO)]*, OSO is 2-methylsulfi-
nylbenzoate, @5 .o = 0.45), the lowest energy MLCT transition
was calculated to possess contributions from the d,, and
d,, orbitals, both of which contain Ru—S bonding character.”
Accordingly, excitation results in a weakening of the Ru—S
bond, thus triggering isomerization or rapid and substantial
reorganization away from the Franck—Condon state during
excited state evolution. A result consistent with this interpreta-
tion was found in DFT computational studies of dmso (S—0O)
isomerization on pentaammineruthenium(lir).*°

Although 3 and 4 have nearly identical electronic struc-
tures as determined by our DFT calculations, the ®@s_. differ
by more than a factor of 3. The origin of this effect may be
found from an examination of the experimental data. The
observed MLCT absorption maxima differ by just 6 nm
(Table 2), the Ru’™?* reduction potentials differ by 0.01 V,
and the tpy”" reduction potentials are identical. However,
comparison of the molecular structures as determined by
X-ray crystallography reveal some important differences
(Table 2). For instance, the Ru—S bond distance for 3 is
2.2564(6) A, which is significantly longer than that observed
for 4, 2.2152(5) A. A similar contraction in the Ru—S bond
length by 0.04 A is observed in the calculated ground-state
structure of 4 as compared to 3. Furthermore, the angles
defined by Npicolinaie—Rul—S1 are 106.43° and 97.44° in
3 and 4, respectively. Also, the torsion angle defined by
Osufoxide—ST—RuUl—=Nyicolinate 1S larger for 3 (57.4°) than for
4 (51.7°). In aggregate, these data support the notion that the
Me-pic ligand exerts a strong ground-state steric effect result-
ing in a longer, weaker Ru—S bond in 3 compared to 4. Such a
weaker bond is more easily broken upon excitation, possibly
leading to a greater @5 . value in 3 compared to 4. It should
also be noted that the geometry in 2 does not suggest over-
crowding from the unique bidentate ligand and exhibits a
Ru—S bond distance of 2.241(1) A and Opicotinare=RU1—S1
angle of 89.9°, consistent with an ideal octahedral geometry
and lower ®¢_. value, similar to that of 1.
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The calculations presented here show that the coordina-
tion environment about ruthenium determines the identity of
the metal-centered HOMO. For 1 and 2, the nitrogen atom
positioned trans to the sulfur atom renders the ruthenium d,,
orbitial at highest energy, whereas for 3 and 4 the highest
energy orbital is d,, with non-negligible Ru—S bonding char-
acter due to the trans disposition of the oxygen atom relative
to the sulfur atom. Accordingly, removal of an electron from
this orbital in the MLCT excited state promotes significantly
greater isomerization quantum yields in 3 and 4 relative to
1 and 2. The presence of the methyl group on the unique
bidentate ligand in 3 further enhances the phototriggered
S—O isomerization quantum yield. The findings now
permit us to design additional complexes with improved
photochemistry.

EXPERIMENTAL SECTION

All calculations were performed using the Gaussian 03
(GO3) program package,*' with the Becke three-parameter
hybrid exchange and the Lee—Yang—Parr correlation func-
tionals (B3LYP).**~** The 6-31G* basis set was used for H, C,
N, O, and S (using five pure d functions),*> along with the
Stuttgart/Dresden (SDD) energy-consistent pseudopotentials
for Ru.***" All geometry optimizations were performed in C,
symmetry with subsequent vibrational frequency analysis to
confirm that each stationary point was a minimum on the
potential energy surface. Orbital analysis was computed using
Molekel 4.3.win32.*®

The percentage of atomic character in some of the occu-
pied (canonical) MOs in the complexes was calculated from a
full population analysis, using eq 1:

%ACf = [Z ((z)i,j)z/ZZ((ﬁi,j)z} x 100 (1)

i

where % AC; represents the percent atomic character of atom;j
to the MO of interest and ¢; ; is the eigenvalue of atomic orbital
i of atom j that contributes to that MO. This calculation was
performed on the three highest occupied orbitals of each
complex.

SUPPORTING INFORMATION AVAILABLE Complete refer-
ence 41 and Cartesian coordinates for 1—4. This material is
available free of charge via the Internet at http://pubs.acs.org.
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