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A series of mononuclear complexes of the type [Pt(Bu2cat)(4,4
0-R2-bipy)] [where Bu2cat is the dianion of 3,5-

tBu2-
catechol and R = H, tBu, or C(O)NEt2] and analogous dinuclear complexes based on the “back-to-back” bis-catechol
ligand 3,30,4,40-tetrahydroxybiphenyl have been studied in detail in both their ground and excited states by a range of
physical methods including electrochemistry, UV/vis/near-IR, IR, and electron paramagnetic resonance spectro-
electrochemistry, and time-resolved IR (TRIR) and transient absorption (TA) spectroscopy. Density functional theory
calculations have been performed to support these studies, which provide a detailed picture of the ground- and excited-
state electronic structures, and excited-state dynamics, of these complexes. Notable observations include the
following: (i) for the first time, the lowest-energy catecholate f bipyridine (bpy) ligand-to-ligand charge-transfer
(LL0CT) excited states of these chromophores have been studied by TRIR spectroscopy, showing a range of transient
bands associated with the bpy radical anion and semiquinone species, and back-electron-transfer occurring in
hundreds of picoseconds; (ii) strong electronic coupling between the two catecholate units in the bridging ligand of the
dinuclear complexes results in a delocalized, planar (class 3) “mixed-valence” catecholate2-/semiquinone•- state
formed by one-electron oxidation of the bridging ligand; (iii) in the LL0CT excited state of the dinuclear complexes,
the bridging ligand is symmetrical and delocalized, whereas the bpy radical anion is localized at one terminus of the
complex. This study is the first example of an investigation of excited-state behavior in platinum(II) catecholate
complexes, performed with the use of picosecond TRIR and femtosecond TA spectroscopy.

Introduction

Ligands of the dioxolene family (the catecholate, semiqui-
none, and quinone series) have been of particular interest in
coordination chemistry for several reasons. Their often rever-
sible redox interconversionsprovide complexeswith richelectro-
chemical behavior, and when combined with metal atoms
that are also, in principle, redox-active, an extensive series of
complexes displaying “noninnocent” redox behavior in which
there is extensive mixing between metal- and ligand-based
frontier orbitals have been generated.
The three different redox states of a simple dioxolene

ligand generally have distinctly different spectroscopic char-
acteristics with intense charge-transfer bands appearing in
different regions of the electronic spectrum as the oxidation

state changes.1-10 For example, catecholate can act as a
donor in charge-transfer states such as ligand-to-ligand
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charge transfer (LL0CT), and semiquinone and quinone
species act as electron acceptors in metal-to-ligand charge-
transfer (MLCT) states. Thus, the redox interconversions
result in pronounced electrochromic behavior aswell as switch-
ing between the number of electronic states present in a com-
plex, which may be of interest for magnetic studies. Accord-
ingly,metal dioxolene systems have been used in applications
such as magnetic5,11-18 and electrochromic materials,2 as
extended assemblies for electron and energy transfer incor-
porating both organic and coordination compounds, as com-
ponents of modified electrodes, and as anchors to semicon-
ductor surfaces19-22 in applications related to solar energy
conversion.23-25

Combining several dioxolene units into a single bridging
ligand correspondingly increases the number of redox states
accessible in a controlled fashion. We have shown how com-
bining two catecholates “back to back” in the ligand 3,30,4,40-
tetrahydroxybiphenyl (H4biscat) results in dinuclear com-
plexes having a reversible five-membered redox chain.3,9

Combining three dioxolene units in a triangular array in
the bridging ligand hexahydroxytriphenylene can result in
trinuclear complexes with a reversible seven-membered redox
chain in which all components have been spectroscopically
characterized, and the complexes show exceptionally rich
UV/vis/near-IR (NIR) electrochromic behavior.26

The research in this area has been focused mainly on
catecholate complexes of d6 metal centers,27 such as ruthe-

nium,1-3,5-8,12,28-51 osmium,3,39,40,48,51 chromium,17 manga-
nese,25 and rhenium,52,53 and on the properties of the electro-
nic ground states of such compounds. In this paper, we report
a detailed and extensive study on a series of mono- and
dinuclear platinum(II) complexes based on dioxolene-type
ligands coordinated to {PtII(diimine)} termini. While mono-
nuclear complexes of the type {PtII(cat)(diimine)} (where “cat”
denotes a general catecholate-type ligand) have been studied
before, these studies have focused almost exclusively on the
redox and spectroscopic properties of the electronic ground
states of the complexes. Here we extend these studies, for the
first time, to the electronic excited states using a range of
ultrafast techniques [time-resolved infrared (TRIR) andUV/
vis transient absorption (TA)], supported by density func-
tional theory (DFT) calculations. We have also prepared a
series of analogous dinuclear complexes based on the “back-
to-back” bis-catecholate bridging ligand H4biscat in which
two [PtII(cat)(diimine)] units are connected via the “bis-
catecholate” bridging ligand. These compounds too have been
examined in both the ground [electrochemistry and UV/vis,
IR, and electron paramagnetic resonance (EPR) spectro-
electrochemistry] and excited states using picosecond TRIR
and femtosecondUV/vis TAmethods. The data obtained for
the mononuclear complexes have been used to help interpret
the results obtained for the dinuclear complexes. Overall, this
paper includes the most detailed analysis yet reported of the
ground- and excited-state electronic structures, and excited-
state dynamics, of this class of complexes.

Results and Discussion

1. Synthesis andCharacterization. Synthesis.The new
platinum(II) complexes 1-6 were prepared as outlined
in Schemes 1 and 2 and satisfactorily characterized by
standard methods. The dinuclear complexes 1 and 2, in
which two PtII centers are bridged by the tetradentate bis-
catechol ligand 3,30,4,40-tetrahydroxybiphenyl (H4biscat)
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in its deprotonated form, were prepared by the reaction
of 2 equiv of the appropriate Pt(diimine)Cl2 with tetra-
hydroxybiphenyl in MeOH in the presence of 4 equiv of
tBuOK. The diimine ligands used were 4,40-di-tert-butyl-
2,20-bipyridine (tBu2bpy) in 1 or 4,40-(CONEt2)2-2,2

0-
bipyridine (bpyam) in 2. The analogous mononuclear
complexes Pt(diimine)(Bu2cat) with unsubstituted 2,20-
bipyridine (3), tBu2bpy (4), and bpyam (5) were prepared
by reaction of the appropriate Pt(diimine)Cl2 precursor in
MeOH with 3,5-di-tert-butylcatechol (H2Bu2cat) and 2
equiv of tBuOK. Attempts to prepare a dinuclear com-
plex using unsubstituted 2,20-bipyridine as the terminal
diimine were unsuccessful because of the low solubility
of the product, which precluded any purification. The
mononuclear phosphine catecholate complex Pt(dppe)-
(Bu2cat) (6) was also prepared as a related catecholate-
based platinum(II) complex that lacks the π-accepting
diimine ligand. Catecholate/diimine complexes 1-5 were
obtained as air-stable solids of deep-blue color; in con-
trast, the catecholate/diphosphine complex 6 was yellow.
The different diimine ligandswere chosen to investigate

the potential effect of their electron-accepting capability
on the properties of the binuclear complexes because the
ligand-based redox potentials will be sensitive to the pres-
ence of electron-donating (tBu) or accepting (amide)
substituents. In addition, the presence of the amide sub-
stituents on the ligand bpyam in complexes 2 and 5 allows
the carbonyl groups to be used as convenient spectro-
scopic handles for IR spectroscopy in both the ground
and excited states of the complexes.

X-ray Crystallography. Mononuclear complexes 3 and
6 yielded X-ray quality crystals, from CH2Cl2/hexane or
chloroform/hexane, respectively. ORTEP thermal ellip-
soid plots, drawnat 80%probability, are shown inFigure 1;
keymetric data are summarized in the figure caption. The

geometry around the central platinum atom in both cases
is, predictably, close to square planar.
In 3, the Pt-Nbond lengths are in the range typical for

platinum(II) diimine complexes; the dihedral angle be-
tween the N-Pt-N and O-Pt-O planes is 5.5�. There
are four molecules in the unit cell of 3, which are arranged
in two parallel dimers, with the shortest Pt 3 3 3Pt dis-
tance being 4.405 Å. The interplanar distance between
two bipyridine ligands of the neighboring molecules of 3,
offset in the plane of the molecule with respect to one
another, is 3.44 Å, implying a π-π interaction between
the diimine ligands. Complex 6 contains two crystallo-
graphically independent molecules in the asymmetric
unit, with the dihedral angles between the P-Pt-P and
O-Pt-O planes being 6.1 and 2.9�, respectively. There is
no π stacking between ligands in 6, and there are no short
Pt 3 3 3Pt contacts.
TheO-Pt-Oangle in both complexes is between 82and

84�. This angle is considerably smaller than the S-Pt-S
angle of 88.64(13)� observed in an analogous dithiolate
compound, platinum (4,7-diphenyl-1,10-phenanthroline)-
(3,5-di-tert-butylbenzene-1,2-dithiolate).54 Examination
of the structural parameters of the catecholate ligands
(C-C and C-O distances) confirms in each case that
these ligands are in the fully reduced dianionic catecholate
oxidation state.10,55,56

2. Spectroscopic, Redox, and Spectroelectrochemical
Properties in the Ground State. Electronic Absorption
Spectroscopy. The absorption spectra of 1-5 in CH2Cl2

Scheme 1. Binuclear Catechol Complexes {Pt(R2bpy)}2(biscat), Where R = tBu or C(O)NEt2

Scheme 2. Mononuclear Complexes Pt(R2bpy)(Bu2cat), Where R = H (3), tBu (4), or C(O)NEt2 (5), and Pt(dppe)(Bu2cat) (6)
a

adppe = diphenylphosphinoethane; Bu2cat = 3,5-di-tert-butyl catecholate.
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are shown in Figure 2, and their key features are summar-
ized inTable 1.All of the spectra have an absorption band
in the wavelength range 390-440 nm, with an extinction
coefficient in the range (1-5)�103 Lmol-1 cm-1, which is
similar to that observed in the dichloride precursor com-
plexes [Pt(diimine)Cl2].

57 This transition shifts to lower
energies with an increase in the electron-accepting ability
of the diimine ligand along the series tBu2bpy > bpy >
bpyam and is attributed to a transition of predominantly
Ptf diimineMLCT character. The absorption spectra of
1-5 also show an additional band centered at 580-690 nm,
which is not present in the spectra of the Pt(diimine)Cl2
precursors. The position of this absorption band also shifts
to lower energy with an increase in the electron-accepting
ability of the diimine ligand, indicating considerable in-
volvement of the diimine-based orbitals in this electronic
transition. This transition is assigned, on the basis of assign-
ments in related palladium(II) and platinum(II) complexes,
to a (predominantly) catecholatefdiimineLL0CT, although
thismayalso, on thebasis of earlier studies, have somecontri-
bution from Pt d orbitals.54 The extinction coefficient of
this band is ca. 5� 103 Lmol-1 cm-1 for themononuclear
complexes 3-5, similar to other platinum(II) diimine cate-
cholate complexes.54 However, the dinuclear complexes 1
and 2 show a much larger extinction coefficient for this
transition, (8-12) � 103 L mol-1 cm-1, consistent with
the presence of two chromophoric centers. The absorp-
tion maxima of the binuclear complexes are only slightly
shifted to lower energy compared to those of their mono-
nuclear counterparts, indicating that the two catecholate

units of 1 and 2 behave comparably to the isolated
catecholate ligands of 3-5, with little electronic communi-
cation between the two Pt(catecholate) centers, most likely
because of a dihedral twist between them that is char-
acteristic of biphenyl-type units.58,59

The lowest-energy absorption band in the electronic
spectra of 1-5 exhibits negative solvatochromic behavior
(Figure 3). The energy of this absorption band depends
linearly on the solvent polarity parameter, with the gra-
dient giving “solvatochromic shifts” of 5280 cm-1 for 3
and 6575 cm-1 for 2, values typical for charge-transfer
transitions.60

The nature of the highest occupied molecular orbital
(HOMO) and lowest unoccupiedmolecularorbital (LUMO)
involved in this transition will be discussed in further
detail in the electrochemistry section below.

Cyclic Voltammetry (CV). CV data are presented in
Figure 4 and are summarized in Table 1. Several electro-
chemically reversible redox processes are observed in the
potential window between þ0.5 and -2.0 V (vs Fcþ/Fc).

Reductions. All of the {Pt(diimine)(cat)} complexes
show a single reversible one-electron (for complexes 3-5)
or two-electron (complexes 1 and 2) redox process be-
tween-1.44 and-1.84V. Because reduction of the corre-
sponding Pt(diimine)Cl2 complexes occurs in the same
region, this process is attributed to reduction of the
coordinatedbipyridyl ligands.ThePt(dppe)(Bu2cat) complex
6 does not show any reduction processes within the poten-
tial window examined, confirming the diimine-based
nature of this process. This diimine-based reduction of
the {Pt(diimine)(cat)} complexes 1-5 occurs at potentials
some 80-150 mV more negative than those for their
Pt(diimine)Cl2 precursors, which is consistent with the
more electron-donating nature of the catecholate ligand
compared to the chloride. The facts that (i) the two
diimine-based redox processes of the dinuclear complexes
1 and 2 occur sufficiently close together that they cannot
be resolved by CV and (ii) this potential is very close
(within 30 mV) to those from the mononuclear counter-
parts 4 and 5 both suggest that there is no electronic
communication between the diimine ligands, which there-
fore behave as electrochemically isolated units, which is
unsurprising given the separation between them.

Oxidations. All of the catecholate-containing com-
plexes show their first oxidation process within the

Figure 1. (a) X-ray structure of Pt(bpy)(Bu2cat). 3.80%probability ellip-
soids are shown. Selected bond distances (Å) and angles (deg): Pt-N(1),
1.9779(14);Pt-N(2), 1.9923(14);Pt-O(1), 1.9817(12);Pt-O(2), 1.9837(12);
C(1)-O(1), 1.358(2); C(2)-O(2), 1.360(2); C(1)-C(2), 1.414(2); N(1)-
Pt-N(2) 80.38(6); O(1)-Pt-O(2) 84.24(5). The dihedral angle between
the N(1)-Pt-N(2) and O(1)-Pt-O(2) planes is 5.54�. (b) X-ray structure
of Pt(dppe)(Bu2cat). 6.80% probability ellipsoids are shown. Two types of
coordination arrangements were detected. Molecule 1: Pt-P(1), 2.2164(11);
Pt-P(2), 2.2200(12); Pt-O(1), 2.041(3); Pt-O(2), 2.056(3); C(1)-O(1),
1.340(5); C(2)-O(2), 1.370(5); C(1)-C(2), 1.412(6); P(1)-Pt-P(2),
86.23(5); O(1)-Pt-O(2) 82.41(11). The dihedral angle between the P(1)-
Pt-P(2) and O(1)-Pt-O(2) planes is 2.90�. Molecule 2: Pt-P(1),
2.2026(12); Pt-P(2), 2.2215(12); Pt-O(1), 2.039(3); Pt-O(2), 2.040(3);
C(1)-O(1), 1.367(5); C(2)-O(2), 1.368(5); C(1)-C(2), 1.410(6); P(1)-
Pt-P(2), 85.93(5);O(1)-Pt-O(2) 83.31(11). The dihedral angle between
the P(1)-Pt-P(2) and O(1)-Pt-O(2) planes is 6.09�.

Figure 2. Electronic absorption spectra of complexes 1-5 in CH2Cl2.
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range from -0.29 to -0.14 V vs Fcþ/Fc in CH2Cl2, a
potential range typical for a catecholate2-/semiquinone•-

(cat/sq)61 interconversion of a coordinated dioxolene
ligand. In the mononuclear complex 4, this cat/sq redox
process occurs at -0.18 V (vs Fcþ/Fc) in CH2Cl2.

56 The
corresponding dinuclear complex 1 shows two reversible
one-electron processes at -0.29 and þ0.05 V assigned as
two successive cat/sq redox processes associated with the
bis-catecholate bridging ligand. These may be considered
at one extreme as localized cat/sq couples, each associated
with one aromatic ring, giving a mixed-valence state con-
taining one catecholate and one semiquinone terminus.
At the other extreme, each process may be considered as
delocalized over the entire bridging ligand such that there
is a fully delocalized intermediate cat/sq state in which the
two dioxolene termini, and hence the two PtII centers, are
equivalent to one another. The 340 mV separation be-
tween the two couples indicates that there is substantial
electronic communication between the halves of the com-
plex with a partly (or wholly) delocalized (cat/sq) mixed-
valence state associated with the bridging ligand, which
arises here because of the close proximity of the halves of
the bridging ligand, which are directly connected. This
behavior is in obvious contrast to the diimine-based redox
processes, which are independent of one another because
of the distance, and the lack of a direct connection,
between them.
The mononuclear complex 5 shows a single one-

electron-oxidation process at -0.14 V also due to this

cat/sq couple. The dinuclear analogue 2 surprisingly
shows a single reversible one-electron cat/sq process at
-0.29 V. Notably, the second redox process appears as
two consecutive half-intensity waves between -0.02 and
þ0.20 V, each formally amounting to a “half-electron”
transfer. This unusual behavior is tentatively attributed to
dimerization between molecules on the electrode surface
once half of the molecules have undergone the second
redox process to generate the bridging ligand in the sq/sq
state. Such dimerization, involving a sq/cat and a sq/sq
species in each dimer, would cause an increase in the po-
tential necessary to oxidize the remaining half of the sq/cat
molecules to the sq/sq state, as illustrated in Scheme 3. A
similar redox behavior interpreted in terms of dimeriza-
tion has recently been observed for Pt(tBu2bpy)(cat-R),
where R = 1,8-naphthalenemonoimide and derivatives
or 1,4,5,8-naphthalenediimide, and has been analyzed
by us in detail.56 Additional support for the dimerization
hypothesis comes from the fact that the much more
soluble dinuclear complex 1 does not show this unusual
behavior (see above).

UV/Vis/NIR Spectroelectrochemistry. To obtain fur-
ther insight into the nature and localization of the redox
processes and the localization of the frontier orbitals in
1-5, UV/vis/NIR spectroelectrochemical experiments
were performed in CH2Cl2 in the range 250-3000 nm.
It was noted that for 5 precipitation of the oxidized
complex occurred during the course of the electrochemi-
cal experiments, possibly because of the presence of the

Figure 3. Normalized absorption spectra of complex 3 recorded in the
following solvents: (a) methanol; (b) ethanol; (c) CH3CN; (d) DMSO;
(e) DMF; (f) acetone; (g) CH2Cl2; (h) CHCl3. Inset: Linear dependence
of the absorptionmaximum νmax against the solvent polarity parameter60

for (a) mononuclear complex 3 and (b) binuclear complex 2.

Table 1. Electronic Absorption Spectra in CH2Cl2 and Redox Potentials of Compounds 1-6 and Corresponding Pt(diimine)Cl2 Complexes Measured in CH2Cl2
Containing 0.2 M [Bu4N][PF6], at Room Temperature

complex λmax/nm (ε/10-3 M-1 cm-1) E1/2(red)/V (ΔEa,c/V)
a E1/2(ox1)/V E1/2(ox2)/V

{Pt(tBu2bpy)}2(biscat) (1) 603 (8.5) -1.84 (0.09) -0.29 (0.08) þ0.05 (0.08)
{Pt(bpyam)}2(biscat) (2) 691 (11.5), 430 (4.7) -1.56 (0.08) -0.29 (0.06) -0.02 to þ0.20
Pt(bpy)(Bu2cat) (3) 618 (5.3), 390 (1.8) -1.74 (0.08) -0.14 (0.08)
Pt(tBu2bpy)(Bu2cat) (4)

56 577 (5.7), 377 (2.5) -1.82 (0.08) -0.18 (0.08)
Pt(bpyam)(Bu2cat) (5) 673 (5.7), 411 (2.1) -1.59 (0.08) -0.14 (0.07)
Pt(dppe)(Bu2cat) (6) 300 (8.27), 345 (sh, 3.93), 437 (0.48) -0.25 (0.07) þ0.76 (0.12)
Pt(tBu2bpy)Cl2 388 (4.6) -1.74 (0.09)
Pt(bpyam)Cl2 409 (5.0) -1.44 (0.09)

aThe anodic-cathodic peak separations are given in parentheses. The values are reported versus Fcþ/Fc.

Figure 4. Cyclic voltammograms of ∼1 mM solutions of (a) 1, (b) 2,
(c) 5, (d) Pt(tBu2bpy)Cl2, and (e) Pt((CONEt2)2bpy)Cl2 in CH2Cl2 con-
taining 0.2 M Bu4NPF6.

(61) Throughout the text, “cat/sq” denotes a redox interconversion
between catecholate2- and semiquinone- forms of a dioxolene ligand;
“cat/sq” denotes the mixed-valence form of the biscat ligand after one-
electron oxidation.
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supporting electrolyte; hence, chemical oxidation in
CH2Cl2 with [FeCp2]PF6 or Me4NBr3 was also used.
Where bothmethods were employed, the results obtained
by electrochemical and chemical oxidations are identical.

Reduction. The first (diimine-based) reduction process
in complexes 1-5 is accompanied by a bleach of the catf
diimine LL0CT absorption band at ca. 600 nm, and the
appearance of new narrow bands at 370, 465, 500, and
535 nm. These are characteristic of a coordinated bipyri-
dyl radical anion,62 and hence the results are consistent
with the LUMO being localized predominantly on the
bipyridyl ligand in all cases, as described above. Figure 5a
shows a representative example of the spectroscopic data
obtained during the electrochemical reduction of com-
plex 5 to [5]•-.

Oxidation. Oxidation of the mononuclear catecholate-
containing complexes is accompanied by a decrease in the
intensity of the LL0CT absorption band (lowest-energy
feature) and the development of new higher-energy peaks
at 460, 480, and 575 nm. Representative spectra obtained
for [5]•þ generated electrochemically are shown inFigure 5b.
The virtually identical results obtained by the chemical
oxidation of 4 by [FeCp2]PF6 are shown in the Supporting
Information. The new spectral features are identical with
those reported previously for the catecholate-based oxi-
dation of various {Pt(diimine)(cat)} complexes54,56 and
are characteristic of a coordinated semiquinone radical.
Hence, the spectroelectrochemical results confirm that
the HOMO of the mononuclear complexes 3 and 5 is
predominantly catecholate-based.
The first one-electron oxidation of the dinuclear com-

plex 1 in CH2Cl2 shows new peaks growing in at 435, 475,

and 605 nm, concomitant with bleaching of the MLCT/
LL0CT absorption band (Figure 6). These features are
very similar to those seen in the radical cation of the
mononuclear complexes (Figure 5), indicative of a co-
ordinated semiquinone fragment. However, for [1]•þ, a
new strong absorption band in theNIR region is observed
at 1425 nm (ε=19100 M-1 cm-1), with a shoulder at
1150 nm, which has no counterpart in the spectra of the
oxidizedmononuclear complexes. Themost likely assign-
ment of this is an intraligand catecholatef semiquinone
transition associatedwith the [cat/sq] formof the bridging
ligand. In a localized description of the mixed-valence
state, this would be a transition from the HOMO of the
catecholate fragment (on one aromatic ring) to the singly
occupiedmolecular orbital (SOMO) of the semiquinoidal
fragment (on the other), a ligand-based intervalence
charge-transfer (IVCT) transition. In a delocalized de-
scription, this would be a π-π* transition of the entire
bridging ligand systemwith no vectorial electron transfer.
Such π-π* transitions of “class 3” mixed-valence com-

pounds are characteristically narrow, and the full-width
at half-maximum (fwhm) of the absorption band corre-
sponding to this transition is consistent with this assign-
ment. Equation 1, which holds for class 2 (localized)
mixed-valence species, predicts that the value of Δν1/2
for a class 2 IVCT transition at 1425 nm should be ca.
4000 cm-1.63,64 In fact, the observed value of Δν1/2 is
clearly much less than this: the width at half-height of
this low-energy absorption manifold is ca. 2000 cm-1,
and because there is clearly a shoulder on the high-energy
side, this will be an overestimate of the value of Δν1/2.
Thus, the small fwhm of the low-energy absorption is
indicative of class 3 (fully delocalized) behavior for the
mixed-valence cat/sq state. This is also consistent with the
redox splitting of 340 mV between successive cat/sq
couples, which implies substantial delocalization in the
ligand-centeredmixed-valence state; this, in turn, might be
expected to require the cat/sq bridging ligand to be planar.

Scheme 3. Proposed ProcessesAccompanyingOxidation of Binuclear
Complex 2 [M = Pt(bpyam)] in CH2Cl2

Figure 5. (a) Spectral changes accompanying the first reduction process
of 5 in CH2Cl2 with 0.2 M Bu4NPF6 at 253 K. Note the thermochromic
shift of the absorptionmaximumto640nmat253K if compared to that at
room temperature. The extinction coefficients (103 L mol-1 cm-1) of the
principal bands of 5•- are as follows: 370 nm (16.5), 468 nm (sh, 4.74),
500 nm (6.77), 536 nm (9.06), 595 nm (4.71). (b) Spectral changes
accompanying the first oxidation process of 5 in CH2Cl2 with 0.2 M
Bu4NPF6at 253K.Color code: black, initial spectrumofaneutral species;
red, spectrum of 5•þ; green, spectrum after the rereduction of 5•þ to 5.

Figure 6. Absorption spectraof1 in different redox states: black, neutral;
red, one-electron-oxidized species 1•þ obtained by the chemical oxida-
tion with Fcþ; blue, two-electron-oxidized species 12þ obtained by the
chemical oxidation withMe4NBr3 in CH2Cl2 at room temperature. The
spectrum of the electrochemically generated radical cation of 5 is shown
for comparison (green line). Extinction coefficients (103 L mol-1 cm-1)
of the principal bands are as follows. 5•þ: 460 nm (7.4), 483 nm (7.1), 575
nm (4.3). 1•þ: 435 nm (16.1), 465 nm (14.2), 640 nm (7.8), 685 nm (7.4),
1160 nm (7.2), 1425 nm (19.1). 12þ, 375 nm (7.7), 586 nm (7.1). Red sticks
represent the calculated spectrum of the radical cation [{Pt(bpy)}2-
(biscat)]•þ. Inset: Spectral changes accompanying the chemical oxida-
tion of {Pt(tBu2bpy)}2(biscat) in CH2Cl2 with Me4NBr3.

(62) Krej�cik, M.; Vl�cek, A. A. J. Electroanal. Chem. Interfacial Electro-
chem. 1991, 331, 243–257.

(63) Creutz, C. Prog. Inorg. Chem. 1983, 30, 1–73.
(64) Richardson, D. E.; Taube, H. Coord. Chem. Rev. 1984, 60, 107–129.
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We return to this point later.

Δν1=2 ¼ ð2310EÞ1=2 ð1Þ
The second oxidation process leads to the disappearance
of this NIR absorption band, confirming its intraligand
nature, and the involvement of both semiquinone and
catecholate components. This oxidation process gener-
ates the bridging ligand in the [sq/sq] state, which, as
described earlier, is expected to be planar with substan-
tial CdC double-bond character between the rings.9 This
redox process is also accompanied by the appearance of
new bands of modest intensity at ca. 600 and 375 nm.
The two bridging ligand-centered processes are fully

chemically reversible, as confirmed by a full restoration
of the original spectral profile upon rereduction of the
system and identical CV profiles for the neutral and one-
electron-oxidized species. Chemical oxidation of 1 by titra-
tion with Me4NBr3 also allowed us to generate both
mono- and dioxidized species [1]•þ and [1]2þ by chemical
means, and evolution of the electronic spectra was iden-
tical with that observed in the spectroelectrochemical
experiment.

EPRSpectra of [1]•þ and [1]•-.EPR spectra of [1]•þ and
[1]•-were recorded to examine further the extent of metal
contribution to the frontier orbitals and the possibility of
charge delocalization. The experiments were performed
in CH2Cl2 for solubility reasons. In the reduction experi-
ments, samples for study were removed from the electro-
lysis cell after the passing of one electron per molecule
(i.e., one electron per two Pt centers) and the frozen-
solution X-band EPR spectrum was recorded at 77 K.
The spectra obtained were generally consistent with the
spectral profile obtained from reduction of analogous
mononuclear [Pt(4,40-R2-bpy)(cat)] complexes. The spec-
trum was satisfactorily simulated using three g compo-
nents (gxx=1.999, gyy=2.034, and gzz=1.923). Plati-
num hyperfine coupling was distinguished on the gxx and
gyy components of the signalwith values obtained from the
simulation of Axx=78.4 � 10-4 cm-1 and Ayy=60.8 �
10-4 cm-1. For gzz (1.923), which appeared as a broad
feature, well-resolved coupling was not observed, but the
shape was better reproduced by the inclusion of some
metal hyperfine contribution (Azz = 39.5 � 10-4 cm-1;
Figure 7).
The presence of hyperfine coupling to only one Pt center

confirms that the diimine-based radical anion is localized
at one end of the complex, which is consistent with the
electrochemical data (two diimine-based reductions coin-
cide) and is to be expected given the distance between the
two diimine termini. Attempts to generate [1]2- by further
reduction were unsuccessful because of slow decomposition
of the product on the slow time scale of bulk electrolysis.
The electrochemical oxidation of a 1 mM solution of

1 in CH2Cl2 containing either [Bu4N][BF4] (0.4 M) or
[Bu4N][PF6] (0.1 M) was performed at the applied poten-
tial 0.44 V vs SCE, sufficient to complete the first oxida-
tion only and generate the cat/sq state of the bridging
ligand. This process resulted in the formation of a green
solution and the precipitation of a dark-green solid. EPR
spectroscopy of the solution at ambient temperature gave
a weak signal at giso = 2.0005 with no obvious metal
hyperfine coupling.Upon cooling the solution to 77K, no

signal was observed, suggesting aggregation/dimeriza-
tion of the cations upon cooling (cf. the behavior of 2 in
CV experiments, see above).
This result, along with the results of the CV studies,

indicates that the oxidation and, therefore, the HOMOof
the neutral species are localized on the bis-catecholate
ligand but with no detectable contribution from the Pt
center. This behavior is different from that observed for
several mononuclear platinum(II) diimine catecholate
compounds for which the EPR spectrumof amonocation
shows that the SOMO contains a contribution of several
percent from the Pt center.54

IR Spectroscopy and IR Spectroelectrochemistry. The
IR spectra of all of the complexes studied are dominated
by the vibrations related to the catecholate moiety, as is
evident from the similarity between the spectra of the
dppe complex 6 and the diimine complexes (Figure 8),
which have only the catecholate ligand in common; the
assignments given below are supported by DFT calcula-
tions. Themononuclear catecholate complexes 3-6 show
a characteristic pattern of two strong bands, due to ν(CO)
stretches coupled to the catecholate ring vibration, at
1240 and 1280 cm-1. Two weaker bands are also present
at 1201 and 1320 cm-1 [skeletal catecholate ring vibra-
tions/ν(CO)]. The positions of these bands are virtually
unaffected by the change of the diimine/dppe coligand.
Another characteristic pair of bands, at 1420 and 1440
cm-1, is due to ν(CO)/ν(CC) (cat), with weaker bands at
1470 and 1481 cm-1 having ν(CC) (cat)/δ(CH) character.
The dinuclear biscatecholate complexes 1 and 2 show
strong bands at 1252 and 1474 cm-1, which are assigned
to the skeletal modes of the entire biscat unit involving
ring stretches, ν(CO), δ(CH), and ν(CC) of the bridging
-CC- bond linking the two catecholate units. Weak
bands due to catecholate units are also present at ∼1600
and 1570 cm-1.
In complexes 1-5, weak bands attributed to bipyridine

vibrations are present in the 1520-1580 cm-1 range. The
band due to the bipyridine ring stretching/CN vibration

Figure 7. (a) EPR spectrum of the monoanion of {Pt(tBu2bpy)}2-
(biscat), which was generated electrochemically from ca. 1 mM solution
in CH2Cl2 in the presence of 0.4 M Bu4NPF6 at room temperature (thick
black line). The spectrumwas recorded at 77K. Thin red line: simulation
with the parameters specified in the text andGaussian line shapeswith line
widths of 13, 12, and 30 G in x, y, and z, respectively. (b) EPR spectra of
the binuclear complex {Pt(tBu2bpy)}2(biscat) obtained after one-electron
oxidation by electrochemical (black) and chemical (red) routes.
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appears at 1620 cm-1 in the diimine complexes, but in the
spectra of 2 and 5, it is obscured by ν(CO) of the amide
group at 1639 cm-1.
Upon one-electron reduction, the behavior of the

bpyam-containing complexes [Pt(bpyam)Cl2], mono-
nuclear 5, and binuclear 2 were all very similar, with a
decrease in ν(CdO) of the amide group by 19 cm-1

(Figure 9). Such a decrease in the energy of ν(CdO) is
due to population of the LUMO, which is a diimine-
centered π*-antibonding orbital, resulting in a weaker
CdO bond and a shift to lower energy.
Oxidation of complexes 2 and 5 resulted in only a

very small shift of ν(CdO) (<3 cm-1) consistent with
the HOMObeing catecholate-based and therefore hardly
affecting the terminal diimine ligands. Instead, oxidation
of the complexes results in noteworthy changes occurring
in the catechol-dominated mid-IR region from 1200 to
1600 cm-1, as shown in the example of oxidation of 4
(Figure 10) performed in CD3CN in the presence ofKPF6

as the supporting electrolyte. Upon one-electron oxida-
tion of 4, the bands attributed to the coordinated cate-
cholate ligand at 1243, 1288, and 1319 cm-1 diminish in
intensity, and the intensity of the 1470 cm-1 and 1484
cm-1 bands also decrease, which confirms transforma-
tion of the catecholate form of the ligand in accordance
with the HOMO being catecholate-based.
DFT calculations predict two CO/CC stretches for the

neutral form of 1 and 4, at ca. 1600 and 1570 cm-1 after
application of a typical scaling factor of 0.98. Impor-
tantly, vibrational displacement analysis points out that
there is no direct equivalent of the 1570 cm-1 band in the
IR spectrum of the cations [1]•þ and [4]•þ. According to

calculations, the 1600 cm-1 ν(CO/CC) band is predicted
to shift to lower energies upon oxidation of the catecho-
late ligand to the semiquinoidal form; this accounts for
the band at 1575 cm-1 detected in [4]•þ and also accounts
for the vibration detected in this range in the triplet
excited state (see the TRIR section below).
The formation of this new band, in the range 1565-

1585 cm-1, was observed for the radical cations of all
complexes studied. In all cases, spectra were assigned, by
comparison with the IR spectra of the catecholate ligands
andwith the aid ofDFT calculations, to intraring stretch-
ing vibrations of the semiquinoidal form of the catecho-
late ligand. This band is significant for the purpose of the
present study because it will be used as a marker of
the catecholf semiquinone transformation in the TRIR
studies described below.

3. Excited-State Structure and Dynamics Studied by
Ultrafast Transient Spectroscopy. Picosecond TRIR
Studies. TRIR65-84 was used to probe the nature and
dynamics of the excited state of the binuclear complexes 1
and 2, theirmononuclear counterparts 4 and 5, and one of
the corresponding chloride precursors [Pt(bpyam)Cl2] in
the spectral range from 1490 to 1670 cm-1.

Pt(bpyam)Cl2.. Excitation at 400 nm with a 150 fs
laser pulse populates the PtII f bpyam 1MLCT excited

Figure 8. IR spectra of 1 (a), 4 (b), 6 (c), and 5 (d) in Nujol mull. Black
lines correspond to the positions of the main Nujol bands.

Figure 9. Changes in the IR spectra accompanying one-electron reduc-
tion of complexes 2 and 5 inCH2Cl2 containing 0.2MBu4NPF6: (a) [2]

•-;
(b) neutral 2; (c) [5]•-; (d) neutral 5.
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state directly. The spectrum after 1 ps shows a bleach of
the parent ν(CO) of the amide group at 1640 cm-1 and
formation of a transient band at 1624 cm-1 as resolved by
a multi-Lorentzian fit to the data (Figure 11). The weak
band at 1545 cm-1 was also bleached upon excitation,
being replaced by a broad transient manifold over the
range 1515-1540 cm-1, whose low intensity precluded
following its dynamics. The shift of the main ν(CO) to
lower energy by 16 cm-1 upon formation of the excited
state is consistent with the MLCT assignment of this
excited state,67,68 in which population of the bpyam π*
orbitals increases the electron density in the antibonding
orbital of the CO group. The position of ν(CO) in the
excited state corresponds closely to ν(CO) in the radical
anion [Pt(bpyam)Cl2]

•- obtained spectroelectrochemi-
cally, further supporting the MLCT assignment. The
excited state recorded with TRIR is likely to be a vibra-
tionally hot 3MLCT state due to ultrafast intersystem
crossing from the initially populated 1MLCT state, which

for this type of complex is anticipated at the time scale of
several tens of femtoseconds.85-87

Several components contribute to the excited-state
dynamics (Figure 11, inset). The main intense 1624 cm-1

ν(CO) transient band decays with a lifetime of 1.9 ps. This
lifetime is attributed to back electron transfer in the
3MLCT excited state to create a vibrationally excited
ground state that relaxes through intramolecular vibra-
tional relaxation and cooling. The transient IR spectrum
of Pt(bpyam)Cl2 does not decay completely on this time
scale but generates a residual longer-lived weak and
broad transient band in the range 1611-1625 cm-1,
which decays completely with a lifetime of 17 ( 4 ps.
Recovery of the parent spectrum occurs in a biexponen-
tial fashion with lifetimes of 1.9 ( 0.4 and 17 ps, exactly
matching the two decays of the transient bands from
the excited state. A similar observation was made pre-
viously while investigating the excited-state dynamics
of Pt(4,40-{CO2-nonyl}2-2,2

0-bpy)Cl2 by a combination
of TRIR and TA spectroscopies.68 Two tentative assign-
ments of the longer lifetime were proposed that cannot be
distinguished on the basis of our data.One suggestionwas
to attribute the longer lifetime to the d-d excited state,
through which decay of CT excited states is postulated to
occur in this type of complex. Another possibility is that
the longer (17 ps) lifetime is due to decay of a vibrationally
hot electronic ground state. Such a state is likely to be
formed in the course of back electron transfer in the
3MLCT state because approximately 2 eV of energy will
be dissipated in the course of 2 ps, and we therefore favor
the latter interpretation.

Catecholate Complexes. Excitation of a solution of
dinuclear 1 or 2 or their mononuclear analogues 4 and 5
in dichloromethane at 400 nm, using a∼150 fs laser pulse
(2 and 5) or a ∼40 fs pulse (1 and 4), leads to instant
depletion of the ground-state IR bands and formation of
transient bands shifted to lower energies (Figure 12).
In amide-containing 2 and 5, the 1639 cm-1 ν(CO)

band of the bpyam ligand shifts to 1625 cm-1 upon pro-
motion to the excited state, confirming the CT-to-diimine
nature of the lowest electronic transition that populates a
bpyam ligand-basedπ* orbital, which is antibondingwith
respect to the carbonyl group of the amide ligand. This
negative shift observed for ν(CO) is very similar to that
observed by IR spectroelectrochemistry upon forma-
tion of the corresponding radical anions [2]•- and [5]•-

(Figures 9 and 12). The fact that the change in energy of
ν(CO) in the excited state is virtually identical for 2 and 5
and also with that of the electrochemically generated
radical anion strongly indicates that the (bpyam)•- units
formed in every case are in essentially the same chemical
environment and that in the excited state of the dinuclear
complex the reduced (bpyam)•- unit is valence-localized,
as shown by the electrochemical and spectroelectrochem-
ical results earlier. (In principle, the same result could be
observed if both PtII centers in 2 were simultaneously
promoted to the excited state upon excitation, with both
bpyam ligands transiently reduced to (bpyam)•-; this

Figure 10. (a) TRIR spectrum of 4, recorded in CD3CN at a 2 ps delay
after a 400 nm, 40 fs laser pulse. (b) Changes in the IR spectra accom-
panying one-electron oxidation of complex 4, Pt(tBu2bpy)(Bu2cat), in
CD3CN in the presence ofKPF6. Color code: black, neutral species; blue,
oxidized species. The asterisk indicates the areaof insufficient background
subtraction.

Figure 11. (a) Ground-state FTIR spectrum and (b) a series of TRIR
spectra of Pt(bpyam)Cl2 in CH2Cl2, recorded at 1, 2, 3, 7, 15, 20, and
25 ps time delays after initial excitationwith a 400 nm,∼150 fs laser pulse.
The inset shows the kinetic traces recorded at 1642 cm-1 (parent bleach
recovery) and a transient decay at 1612 and 1627 cm-1. Solid lines on the
kinetic traces correspond to biexponential fits to the data with 1.9 ( 0.4
and 17( 4 ps lifetimes in all cases.

(85) Cannizzo, A.; van Mourik, F.; Gawelda, W.; Zgrablic, G.; Bressler,
C.; Chergui, M. Angew. Chem., Int. Ed. 2006, 45, 3174–3176.

(86) Damrauer, N.H.;McCusker, J. K. J. Phys. Chem. A 1999, 103, 8440–
8446.

(87) Cannizzo, A.; Blanco-Rodriguez, A. M.; El Nahhas, A.; Sebera, J.;
Zalis, S.; Vlcek, A.; Chergui, M. J. Am. Chem. Soc. 2008, 130, 8967–8974.
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scenario is, however, extremely unlikely given the very
low photon densities used. The data are therefore inter-
preted assuming that only one PtII center per molecule of
binuclear complex is excited at any one time.)
In the case of 1 and 4, which have no amide substitu-

ents, the ν(CN) band of the coordinated bipyridyl ligand
at 1624 cm-1 was not obscured by the intense ν(CO) as
in the bpyam complexes. Upon excitation, this ν(CN)
band is bleached and shifted to 1600 cm-1, in accordance
with population of the π*-antibonding orbital of the bpy
ligand in the LL0CT excited state. For all of the catecho-
late complexes studied, formation of a 1564-1575 cm-1

transient band in the excited state was also observed,
attributed to a combined ν(CO/CC) vibration due to the
presence of a semiquinoidal unit (cf. the ground-state IR
spectroelectrochemical data). TheTRIR spectra of 4were
also recorded inCD3CN in the region 1200-1700 cm-1 in
order to access the modes associated with ν(CO) of the
catecholate ligand (Figure 10). The bleach of the band of
the ground state at 1289 cm-1 attributed to ν(CO) of the
coordinated catecholate ligand is indeed observed.
Overall, the IR spectra of the excited states of 1, 2, 4, and

5 contain both the semiquinone-based bands associated
with the radical cation (as obtained from IR spectroelec-
trochemical studies; Figure 10) and those of the coordi-
nated diimine radical anion, confirming the catecholate-
to-diimine LL0CT nature of the lowest excited state.
A global fit of the kinetic data resolved three lifetime

components for the excited-state dynamics for all com-
plexes studied. An ultrafast component (<1 ps) is present
that is tentatively attributed to vibrational relaxation of
the initially formed MLCT/LL0CT state, perhaps syn-
chronous with completion of the charge separation. This

state is expected to be formed vibrationally hot following
400 nm ultrafast excitation.
All transient bands, apart from those at 1564-1575

cm-1, exhibit further two-exponential decay with life-
times of several picoseconds and several hundreds of
picoseconds; parent bleach recovery occurs with the same
lifetimes. Specifically, the fast-dynamics component has a
lifetime of 12 ( 2 ps for 1, 14 ( 2 ps for 2, 8 ( 2 ps for 4,
and 12 ( 2 ps for 5 and corresponds to the values typical
for vibrational relaxation of excited states. The overall
spectral profile decays with a lifetime of 690( 15 ps for 1,
285 ( 9 ps for 2, 420 ( 6 ps for 5, and 630 ( 12 ps for 4,
which is attributed to the back electron transfer in the
primarily LL0CT excited state to regenerate the ground state.
However, the band at 1564-1575 cm-1 exhibits a

different behavior, growing in with a lifetime of 10-14 ps
and decaying with the same lifetime as that of the longer
component of the decays of other transients and of the
parent recovery (hundreds of picoseconds). This band is
associated with the transiently formed semiquinone unit
following formation of the catf bpy LL0CT excited state
and is the low-energy transient, which originated from the
∼1600 cm-1 ν(CO/CC) catecholate-based vibration of
the singlet ground state, as derived fromDFT calculations.
The grow-in of this band can be interpreted in one of

two ways. The first possibility is that excitation at 400 nm
is not selective for the low-energy LL0CT transition but
also forms some Ptf diimineMLCT excited state as well
(the absorption maximum of the MLCT transition lies in
the 400 nm region; see above). Collapse of the higher-
lying MLCT state to the lower-lying LL0CT state on a
time scale of a few picoseconds would result in the
observed grow-in of the sq-based IR transient at ≈1570
cm-1. The 1625 cm-1 ν(CO) transient associated with the
bpyam ligands in 2 and 5 would not be expected to show
the same behavior because relaxation of the MLCT state
to the LL0CT state [effectively, a cat f PtIII LMCT
process] does not change the electronic structure of the
bpyam ligand, which remains as a radical anion in both
cases.
Alternatively, grow-in of the sq-based transient at 1570

cm-1 could be associated with reorganization of the sq
unit immediately after the cat f diimine LL0CT process,
associated with vibrational cooling to the structure anti-
cipated in the CT excited state. This would be expected if
the structural reorganization required for conversion of a
catecholate unit to a semiquinone unit in its equilibrium
geometry is particularly large. TA spectra (see the next
section) provide some evidence for this, and we note that
this rise time correlates well with the 10-14 ps decay
process of other transients that are assigned to vibrational
cooling.
In either case, the ν(CO/CC) transient band in the 1570

cm-1 region, originating from the sq ligand fragment in
the excited state, can serve as a marker of the presence of
the semiquinoidal form and, moreover, can be used to
monitor the dynamics of formation of this form in the
course of photoinduced electron transfer and the subse-
quent structural reorganization.

Ultrafast TA Studies. The dynamics of the excited state
in 1 were further investigated by TA spectroscopy, with
detection in the 420-760 nm range. Excitation with a
395 nm,∼120 fs pulse resulted in an instantaneous bleach

Figure 12. TRIR data obtained in CH2Cl2 following excitation with a
400 nm, ∼150 fs laser pulse: (a) a series of TRIR spectra for the mono-
nuclear complex 5, recorded at-50, 1, 2, 3, 7, 35, 100, 200, 400, and 1000
ps time delays after the laser pulse; (b) a series of TRIR spectra for the
binuclear complex 2, recorded at 2, 3, 7, 15, 35, 75, 200, and 400 ps time
delays after the laser pulse; (c) initial parts of the kinetic trace recorded at
1570 cm-1, whichdemonstrate the presenceof a grow-in component for 2,
the parent bleach recovery of ν(CO) at 1639 cm-1 for 5, and the decay of
the corresponding transient band at 1620 cm-1 for 5.
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of the ground-state LL0CT absorbance at ∼600 nm and
formation of new transient bands in the visible region.
The TA spectrum at zero time, reconstructed through a
global fit analysis, shows a broad structureless absorption
with a maximum at around 470 nm, interpreted as a local
CT excited state. The first excited state evolves with a
lifetime of ca. 0.8 ps into the second excited state, the
spectrum of which is slightly structured and can be very
well approximated by the sum of the absorption spectra
of the radical cation and anion and a negative ground-
state spectrum taken in a 1:1:1 ratio based on their
extinction coefficients (solid line, Figure 13). The second
excited state undergoes very minor spectral changes with
a lifetime of 12 ps, forming the final spectrum, which then
decays with a ca. 690 ps lifetime. Thus, TA data confirm
the presence of the radical cation and anion features in the
lowest electronic excited state of 1 and show the same
three-component dynamics as that observed in the TRIR
spectra.
Significantly, the presence in the TA spectrum after just

1 ps of a feature clearly ascribable to a sq fragment (460
and 480 nm) implies that the catf diimine LL0CT state is
formed effectively instantaneously and there is no slow
conversion of an initially generated Ptf diimine MLCT
state to the LL0CT state. Thus, the≈10-14 ps grow-in of
the TRIR transient band at≈1570 cm-1, associated with
formation of the sq fragment, likely arises from slow
vibrational cooling of the LL0CT state associated with a
substantial geometric reorganization of the dioxolene
fragment after electron transfer (see the previous section).

DFT Calculations. In order to elucidate the nature of
the frontier orbitals of the mono- and binuclear com-
plexes and to help in the understanding of the vibrational
and electronic spectra of the complexes, DFT calcula-
tions were performed on the mononuclear complexes 4
and 6, dinuclear complex 1, and also the model dinuclear
complex [{Pt(bpy)}2(biscat)] 1

0 (analogous to 1 but with
no tBu substituents on the bpy ligands for computational
simplicity).
Geometry optimization for the mononuclear com-

pounds was done using the X-ray data for 3 and 6 as a
starting point. For [{Pt(bpy)}2(biscat)], geometry optimi-
zation was performed as described in the Experimental

Section. The dihedral angle between the two catecholate
rings is calculated as 32� in the singlet ground state, in
accordance with the behavior of biphenyl-type units in
general.58,59

The lowest triplet LL0CT excited states of 10 (denoted as
[10]*) and also its one-electron-oxidized radical cation
[10]•þ show structures very similar to one another with a
19� twist between the halves of the central ligand. This
similarity in structure is not surprising given that the CT
triplet state can be envisaged as a combination of the
complex radical cation with an excess of electron density
on one of the bipyridyl ligands. Importantly, the singlet
ground state, triplet excited state, and radical-cation state
all have a flat structure as a transition state for rotation
around the central C-C bond; this flat geometry with
a 0� dihedral angle was found to be a saddle point by
frequency analysis. The rotation barrier calculated as
Etwist- E0� is very small: 1.75 kT for the singlet state,
0.45 kT for the triplet state, and 0.4 kT for the radical-
cation state, implying an effectively free rotation at room
temperature in the triplet and cationic states. The flatten-
ing of the structure in [10]* and [10]•þ compared to 10, as
shown by both a reduced dihedral twist and a lower
barrier for adoption of a flat structure in the bridging
ligand, is significant because it will facilitate electronic
delocalization between the halves of the monooxidized
(sq/cat) ligand, in agreement with the UV/vis spectro-
electrochemical data for 1 (see earlier), which indicate a
fully delocalized structure for the monooxidized sq/cat
form of the bridging ligand.
With respect to the calculated electronic spectra of 10,

the calculations show that, in the singlet ground state, the
HOMO is indeed delocalized over the entire bridging
ligand (see the Supporting Information), while the LUMO
is localized principally on the terminal bpy ligand with
some Pt contribution. Thus, DFT calculations confirm
the CT nature of the lowest excited state in the biscate-
cholate complex.
Time-dependent DFT (TD-DFT) calculations of the

electronic absorption spectrum of [10]•þ show excellent
agreement with the experimental data (Figure 8); the
main transitions are summarized in Table 2, and the key
orbitals are shown in Figure 14. The calculations confirm
the notion that the intense NIR transition is due to an
intra(bridging ligand) transition that is fully delocalized
and, therefore, does not have end-to-end cat f sq CT
character that would arise in a valence-localized descrip-
tion. This is clearly demonstrated in the pictorial repre-
sentation of the frontier orbitals (Figure 14 and Support-
ing Information). The transition at 770 nm is, therefore, a
LL0CT process originating from the monooxidized sq/cat
bridging ligand to the diimine π*. The high-energy
shoulder at ca. 1200 nm on the main NIR transition
may plausibly be ascribed to a vibrational fine structure
because it is not accounted for by theDFT calculations of
the electronic transition and is 1000 cm-1 away from the
peak maximum, which is a value typical of a skeletal
vibration for an aromatic ligand.
In the triplet excited state [10]*, the HOMO (which is a

SOMO originating from the LUMO of the ground state)
is clearly localized on the bipyridine, as is the LUMO
(Figure 15). Importantly, the first (triplet) excited state
from this lowest triplet state (obtained via a TD-DFT

Figure 13. TA spectra of 1 in CH2Cl2, obtained following excitation
with a 400 nm, ∼120 fs laser pulse. The solid line represents a 1:1:1
combination of the absorption spectra of the radical cation and anion and
a negative ground-state spectrum of 1. TA spectra are reconstructed by a
global fit with lifetimes of 0.8, 12, and 690 ps (see the text for details) in the
A(-O-)fB(-4-)fC(-3-) model: (O) zero-time spectrum.
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calculation on [10]*) lies only 0.074 eV higher in energy
and is mainly an excitation from HOMO to LUMO,
which means that the LUMO and HOMO are near-
degenerate. As a result, a linear combination of these will

also be a solution of the Schr€odinger equation with an
energy very similar to the one obtained in our calculations.
The HOMO-2 (-5.108 eV) and HOMO-1 (-4.670 eV)
are delocalized across the entire bridging ligand (formally

Figure 14. Orbitals involved in the major electronic transitions on the β manifold of the monocation [{Pt(bpy)}2(biscat)]
•þ.

Table 2. Electronic Spectrum for the Cationic Species {Pt(bpy)}2(biscat)
•þ a

no. energy (cm-1) wavelength (nm) oscillator strength major contributions

1 7 186 1391 0.366 HOMO(β) f LUMO(β) (73%)
5 12 970 771 0.210 HOMO(R) f LUMO(R) (31%), HOMO(β) f Lþ2(β) (54%)
7 14 264 701 0.193 H-2(β) f LUMO(β) (82%)
41 24 443 409 0.067 H-3(R) f Lþ1(R) (11%), H-1(R) f Lþ5(R) (20%)
43 24 550 407 0.123 HOMO(R) f Lþ8(R) (12%), H-8(β) f LUMO(β) (64%)
50 26 740 374 0.256 HOMO(R) f Lþ8(R) (40%), H-8(β) f LUMO(β) (10%)

aCut-off on oscillator strengths: 0.04. Total number of states in the calculation: 50.

Figure 15. Frontier molecular spin orbitals for the triplet state of the complex [{Pt(bpy)}2(biscat)] (R-manifold). Orbital energies for these orbitals are
-0.18775, -0.171 63, -0.117 87, and -0.111 11 au, respectively.
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in the sq/cat oxidation level) and are only 3530 cm-1 apart
in energy. Therefore, in this case, calculations do not
clearly predict whether the triplet structure has “loca-
lized” or “delocalized” nature with respect to the bridging
ligand, but on the basis of the discussion above, we
assume that the monooxidized bridging ligand is fully
delocalized in [10]*, as it is in [10]•þ.
Vibrational spectra calculated for the singlet, triplet,

and cationic forms match the experimental spectra with
scaling factors of 0.98, 0.98, and 0.975, respectively; the
detailed data are given in Supporting Information.
These data support the presence of the ν(CO/CC) vibra-
tion in the cationic and triplet states of mono- and
biscatecholate complexes at ca. 1570 cm-1 (0.98 scaling
factor), which originates from a ca. 1600 cm-1 vibration
of the singlet ground state that is downshifted when the
bridging ligand is oxidized, either transiently (TRIR
data) or electrochemically (IR spectroelectrochemistry
data).

Conclusions

A series of mono- and dinuclear platinum(II) diimine
catecholate complexes have been prepared and extensively
studied. A combination of UV/vis absorption, UV/vis/NIR,
IR, and EPR spectroelectrochemistry and TA studies, com-
bined with DFT calculations, has provided a complete pic-
ture of the behavior of several mononuclear complexes of
the type [Pt(cat)(diimine)] in which the lowest excited state
is cat f diimine (ligand-to-ligand) CT. For the first time,
the structure and dynamics of the LL0CT excited states in
{Pt(diimine)(cat)} complexes have been studied by pico-
second TRIR spectroscopy and, in the case of 1, also by fem-
tosecond TA spectroscopy. The excited states show transient
IR spectra, which include features characteristic of both bpy
ligand radical anions and semiquinone species, in agreement
with their LL0CT nature. The TRIR transient spectra decay
with two time constants of ca. 10 ps (vibrational cooling) and
hundreds of picoseconds (back electron transfer). One parti-
cular IR transient associated with the formation of a semi-
quinone unit grows in on a time scale of ca. 10 ps.
Information obtained from the mononuclear complexes

has been used to understand the properties of the (new)
dinuclear complexes based on the biscatecholate bridging
ligand. These dinuclear complexes show several interesting
properties, as follows:
(i) There is a substantial separation between the two

successive bridging-ligand-based oxidations, indicative of an
intermediate “cat/sq” state that is strongly delocalized; UV/
vis/NIR spectroelectrochemistry confirms this, showing a
relatively narrow, intense, and low-energy IVCT transition
(1425 nm, ε 19100 L mol-1 cm-1) that is a π-π* transition
delocalized over the bridging ligand. DFT calculations sup-
port this, showing that the monooxidized cat/sq form of the
bridging ligand can adopt a near-planar conformation with
fully delocalized frontier orbitals.
(ii) Aggregation in solution in one case (complex 2) results

in two “half-electron” transfers for the second ligand-based
oxidation (sq/cat f sq/sq) of a dinuclear complex.
(iii) In the LL0CT excited state, the transiently oxidized

bridging ligand (formally in the cat/sq state) is also likely to
be fully delocalized over both rings of the bridging ligand
because it is in the chemically oxidized state, whereas the

reduced diimine ligand is localized at one terminus of the
complex.
Thus, this paper describes the most detailed analysis of the

ground- and excited-state electronic structures and the first
study of excited-state dynamics, with the use of ultrafast IR
and UV/vis TA techniques, of platinum(II) diimine mono-
and biscatecholate complexes. It notes the overwhelmingly
strong NIR absorption of the one-electron-oxidized binu-
clear complexes and identifies an IR band in the fingerprint
region that could serve as a marker for following the dyna-
mics of formation/decay of the semiquinoidal structure in the
oxidized state and in the excited state of both mono- and
binuclear platinum(II) chromophores, with the properties
underpinning the rich electrochemical and photochemical
behavior of this class of complexes.

Experimental Section

Synthesis. All starting materials were obtained from com-
mercial sources and used without further purification. 3,30,4,40-
Tetrahydroxybiphenyl (H4biscat)

6,88 and Pt(DMSO)2Cl2 were
prepared according to the literature methods; Pt(diimine)Cl2
complexes were prepared as previously described,56 from Pt-
(DMSO)2Cl2 and the corresponding diimine ligand, and puri-
fied by column chromatography using CH2Cl2/MeOHon silica.

Synthesis of Platinum(II) Complexes. Mononuclear {Pt(cat)-
(diimine)} complexes 3-5 were prepared following the general
procedure described herein. A mixture of the appropriate Pt-
(diimine)Cl2, 3,5-di-tert-butylcatechol, and

tBuOK in a 1:1:2
molar ratio was stirred at 50 �C in degassed CH3OH (25mL) for
20 h under nitrogen. The reaction mixture was cooled to room
temperature and diluted with hexane (50 mL or more) to give a
dark precipitate, which was filtered and washed with hexane.
The product was purified by column chromatography on silica
using 2% of CH3OH in CH2Cl2. A minor red impurity was
removed, followed by the major blue fraction. This fraction was
reduced in volume, and the product precipitated by the addition
of hexane.

Pt(bpy)(Bu2cat) (3).Agreen-yellow solutionof tBuOK(40mg,
0.36mmol) and 3,5-di-tert-butylcatechol (124mg, 0.56mmol) in
dry CH3OH (20mL) was transferred to a solution of Pt(bpy)Cl2
(211 mg, 0.50 mmol) in dry CH3OH (20 mL) and the mixture
stirred at 50 �C for 20 h in an inert atmosphere. The resultant
purple solid that formed was filtered. Purification by column
chromatography (SiO2, 1.75%CH3OH in CH2Cl2) gave a deep-
blue fraction that was reduced in volume and precipitated by the
addition of hexane. The precipitate was filtered andwashedwith
hexane before being dried in vacuo. Yield: 68 mg, 0.12 mmol
(24%). Calculated (found) for PtC24H28N2O2 (CH2Cl2)0.25: C,
49.13 (49.18); H, 4.85 (4.67); N, 4.73 (4.72). MALDI-TOF MS
[PtC24H28N2O2 (MW 571.57 g mol-1)]: m/z 571. 1H NMR
(DMSO-d6): δ 1.21 (s, 9H), 1.46 (s, 9H), 6.26 (d, J=1.2Hz, 1H),
6.46 (d, J = 1.3 Hz, 1H), 7.75 (t, J = 6.82 Hz, 1H), 7.86 (t,
J=6.82Hz, 1H), 8.36 (dt, J=4.6 and 7.9 Hz, 2H), 8.54 (d, J=
8.34Hz, 2H), 9.19 (t, J=6.22Hz, 2H).We note that in acetone-
d6 the signal at 9.19 ppm appears as a pair of doublets.

Pt(tBu2bpy)(Bu2cat) (4). A mixture of 3,5-di-tert-butylcate-
chol (85 mg, 0.38 mmol) and tBuOK (88 mg, 0.79 mmol) was
degassed, and MeOH (20 mL) added. The solution was stirred
for 80 min before Pt(tBu2bpy)Cl2 (201 mg, 0.38 mmol) was
added. The reactionmixturewas refluxed at 70 �Cunder an inert
atmosphere for 19 h. The solvent was removed, and then the
product was redissolved in CH2Cl2 and purified on a silica
column with 0.25-0.5% MeOH in CH2Cl2. Yield: 167 mg,
0.24 mmol (64%). The NMR and elemental analysis data are

(88) Iyoda, M.; Otsuka, H.; Sato, K.; Nisato, N.; Oda, M. Bull. Chem.
Soc. Jpn. 1990, 63, 80–87.
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consistent with those reported previously.56 IR (Nujol mull):
534, 598, 640, 724, 755, 826, 844, 903, 981, 1025, 1120,
1158, 1201, 1240, 1288, 1316, 1367, 1415, 1439, 1468, 1560,
1620 cm-1.

Pt(bpyam)(Bu2cat) (5). Pt(bpyam)(Bu2cat) (150 mg, 0.24
mmol) and 3,5-di-tert-butylcatechol (55 mg, 0.24 mmol) were
added to CH3OH (30 mL). tBuOK (54 mg, 0.49 mmol) was
added, and the solution was stirred at 70 �C for 20 h in an inert
atmosphere. The dark-blue solution was reduced and purified
by column chromatography (SiO2, 1.5% CH3OH in CH2Cl2).
The blue fraction eluted was precipitated by the addition of
hexane. The precipitatewas filtered and dried in vacuo.Yield: 68
mg, 0.09 mmol (37%)

Calcd for PtC34H46N4O4 (MW 769.83 g mol-1): C, 53.05; H,
6.02; N, 7.28. Found: C, 51.65; H, 6.05; N, 7.02. Calcd for
PtC34H46N4O4 (CH2Cl2)0.3: C, 51.80; H, 5.91; N, 7.04.MALDI-
TOF MS: m/z 769. 1H NMR (DMSO-d6): δ 1.09 (dt, J = 2.4
and 7.1 Hz, 6H), 1.18-1.24 (m, 15H), 1.46 (s, 9H), 3.24 (q,
J=7.0 Hz, 4H), 3.50 (q, J=7.1 Hz, 4H), 6.27 (d, J=2.2 Hz,
1H), 6.48 (d, J = 2.2 Hz, 1H), 7.72 (dd, J = 1.7 and 5.8 Hz,
1H), 7.85 (dd, J = 1.6 and 5.8 Hz, 1H), 8.69 (t, J = 1.7 Hz,
2H), 9.23 (dd, J= 3.4 and 5.9 Hz, 2H). IR (Nujol mull): 551,
587, 639, 727, 755, 810, 850, 915, 946, 978, 1024, 1066, 1104,
1216, 1240, 1285, 1316, 1360, 1385, 1414, 1443, 1456, 1472,
1540, 1560, 1634 cm-1.

Pt(dppe)(Bu2cat) (6). A mixture of 3,5-di-tert-butylcatechol
(49 mg, 0.22 mmol) and tBuOK (51 mg, 0.46 mmol) was
degassed, and degassedMeOH (30mL) was added. Themixture
was stirred for 50 min before Pt(dppe)Cl2 (153 mg, 0.23 mmol)
was added, and the reaction was heated to 50 �C under nitrogen
for 2 h. The mixture was cooled and reduced in volume, and the
product was precipitated by the addition of hexane. The product
was filtered, washed with hexane, and dried under vacuum.
Yield: 33 mg, 0.04 mmol (18%). 1H NMR (CDCl3): δ 1.33 (s,
9H), 1.40 (s, 9H), 2.34-2.53 (m, 4H), 6.61 (d, J=2.21 Hz, 1H),
6.94 (d, J = 2.27 Hz, 1H), 7.34-7.46 (m, 12H), 8.02-8.10 (m,
4H), 8.12-8.19 (m, 4H). 31P NMR: δ 32.11, 31.99, 30.43, and
30.31. Pt satellites: δ 48.82, 47.11, 15.17, and 13.76. J(31P-
195Pt): 3403 Hz. Calcd for PtC40H44P2O2 (CH2Cl2)0.25 (found):
C, 57.89 (57.76); H, 5.37 (5.25). ESþ MS. Calcd for PtC40-
H44P2O2: 813.80 g mol-1. Found: 814 g mol-1 (M - Hþ). IR
(Nujol mull): 535, 573, 617, 651, 668, 692, 714, 748, 809, 877,
976, 1027, 1105, 1193, 1241, 1281, 1321, 1354, 1386, 1411, 1436,
1456, 1472, 1505, 1557, 1575 cm-1.

Dinuclear Complexes 1 and 2, (Pt(diimine))2(biscat). A mix-
ture of tetrahydroxybiphenyl and tBuOK in a 1:4 molar ratio
was stirred in degassed CH3OH for 40 min. A total of 2 equiv
of the appropriate Pt(diimine)Cl2 was added and then stirred at
70 �C for 20 h under nitrogen. The reaction mixture was cooled
to room temperature, and the resulting precipitate was filtered.
The product was purified on silica using 2.5% CH3OH in
CH2Cl2 as the eluent. A minor yellow impurity was removed,
followed by themajor blue fraction. This fractionwas reduced in
volume and precipitated by the addition of hexane (minimum of
50 mL).

{Pt(tBu2bpy)}2(biscat) (1). A mixture of tetrahydroxybiphe-
nyl (52 mg, 0.24 mmol) and tBuOK (88 mg, 0.79 mmol) was
stirred in CH3OH for 40 min. Pt(tBu2bpy)Cl2 (199 mg, 0.37
mmol) was added, and the solution was stirred at 70 �C for 20 h
in an inert atmosphere. The product was filtered and purified by
column chromatography (SiO2, 2.5% CH3OH in CH2Cl2). The
deep blue fraction was reduced in volume and precipitated by
the addition of hexane. The precipitate was filtered and dried in
vacuo. Yield: 70 mg, 0.06 mmol (32%). Calcd for Pt2C48H54-
N4O4 (CH2Cl2)0.25 (found): C, 48.86 (49.59); H, 4.73 (4.97); N,
4.82 (5.13). MALDI-TOFMS [Pt2C48H54N4O4 (MW 1141.12 g
mol-1)]: m/z 1141.

IR (Nujolmull): 559, 598, 652, 736, 802, 850, 878, 903, 1020, 1079,
1124, 1158, 1201, 1254, 1370, 1421, 1474, 1541, 1567, 1619 cm-1.

{Pt(bpyam)}2(biscat) (2). Amixture of tetrahydroxybiphenyl
(21 mg, 0.1 mmol) and tBuOK (43mg, 0.38mmol) was stirred in
CH3OH for 40 min. Pt(bpyam)Cl2 (120 mg, 0.19 mmol) was
added, and the solution was stirred at 70 �C for 20 h in an
inert atmosphere, resulting in precipitation of the product. The
product was filtered and purified by column chromatography
(SiO2, 2.5% CH3OH in CH2Cl2). The deep-blue fraction was
reduced in volume and precipitated by the addition of hexane.
The precipitate was filtered and dried in vacuo. Yield: 50 mg,
0.04 mmol (42%). MALDI-TOF MS [Pt2C52H58N8O8 (MW
1313.22 g mol-1)]:m/z 1312 (M-Hþ). 1HNMR (DMSO-d6): δ
1.09 (t, J=6.9 Hz, 12H), 1.21 (t, J=6.8 Hz, 12H), 3.24 (q, J=
7.4Hz, 8H), 3.51 (q, J=6.7Hz, 8H), 6.41-6.56 (m, 4H), 6.71 (d,
J= 1.6 Hz, 2H), 7.74 (t, J= 5.5 Hz, 4H), 8.70 (d, J= 1.32 Hz,
4H), 9.23 (dd, J= 3.5 and 5.8 Hz, 4H).

Materials and Equipment. CV was carried out using an
Autolab potentiostat 100 controlled by a PC running software
GPES, version 4.9. The working electrode was a platinum disk,
the counter electrode a piece of platinum wire, and the reference
Agþ/AgCl.

UV/vis spectroscopy studies were carried out using a Cary 50
Bio controlled by a PC running CaryWinUV Scan Application,
version 3.00.

IR spectroelectrochemistry was performed using a Perkin-
Elmer FTIR spectrophotometer controlled by a PC running
Perkin-Elmer’s own software Spectrum, version 3.02.

The optically transparent thin-layer electrochemical (OTTLE)
cell used was similar to that used by Hartl et al. UV/vis/NIR
spectroelectrochemistry experiments were conducted using a
Cary 5000 spectrophotometer controlled by a PC running
WinUV Scan Application, version 3.00. An OTTLE cell was
used. The working electrode was platinum gauze in the path of
the beam, the counter electrode was platinum wire, and silver
wire was used as the reference electrode. The potentiostat used
was EG&G Applied Research potentiostat/galvanostat model
273A.

EPR spectra were recorded on a Bruker EMX spectrometer
fitted with a frequency counter. Spectral simulations were
accomplished using WINEPR SimFonia version 1.25 (Bruker
Analytische Messtechnik GmbH).

X-ray Diffraction. Data were collected on a Bruker Smart
CCDareadetectorwith anOxfordCryosystems low-temperature
system. Reflections were measured from a hemisphere of data
collected of frames, each coveringω=0.3�. All reflections were
corrected for Lorentz and polarization effects and for absorp-
tion by semiempirical methods based on symmetry-equivalent
and repeated reflections. The structure was solved by direct
methods and refined by full-matrix least-squaresmethods onF2.
Complex scattering factors were taken from the program pack-
age SHELXTL,89 as implemented on an IBM PC. Hydrogen
atomswere placed geometrically and refinedwith a ridingmodel
(including torsional freedom for methyl groups) and with Uiso

constrained to be 1.2 (1.5 for methyl groups) times Ueq of the
carrier atom. Data in common: T = 150(2) K, λ = 0.710 73 Å.
Complex scattering factors were taken from the program
package SHELXTL,89 as implemented on the Viglen Pentium
computer.

Crystal data for C24H28N2O2Pt (3): M = 571.57 g mol-1. 3
crystallizes by the slow diffusion of hexane in a dichloromethane
solutionaspurpleplates; crystaldimensions0.26� 0.12� 0.01mm3;
monoclinic, a = 13.6241(10) Å, b = 11.8742(9) Å, c =
13.5310(10) Å, β = 90.795(3)�, U = 2188.8(3) Å3, Z = 4,
Dc=1.735 Mg m-3, space group P21/c, Mo KR radiation (λh=
0.710 73 Å), μ(Mo KR) = 6.432 mm-1, F(000) = 1120. Refine-
ment converged at a final R1 = 0.0160 (wR2 = 0.037 59, for
all 6693 data, 268 parameters, mean and maximum δ/σ
0.000, 0.004) with allowance for the thermal anisotropy of all

(89) Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112–122.
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non-hydrogen atoms. Minimum and maximum final electron
densities -0.555 and 1.937 e Å-3 (the latter being 0.84 Å from
Pt1). Aweighting schemew=1/[σ2(Fo

2)þ (0.176P)2þ 1.3135P],
where P = (Fo

2 þ 2Fc
2)/3 was used in the latter stages of

refinement.
Crystal data for C41H45Cl3O2P2Pt (6);M=933.25 gmol-1. 6

crystallizes from chloroform as yellow blocks; crystal dimen-
sions 0.35� 0.25� 0.25mm3;monoclinic, a=12.948(5) Å, b=
28.783(5) Å, c= 24.459(5) Å, β= 95.743(5)�,U= 9070(4) Å3,
Z = 4, Dc = 1.367 Mg m-3, space group P21/c, Mo KR radia-
tion (λh=0.710 73 Å), μ(MoKR)= 3.371mm-1, F(000)=3728.
Refinement converged at a finalR1=0.0413 (wR2=0.0905, for
all 20 719 data, 895 parameters, mean and maximum δ/σ 0.000,
0.000) with allowance for the thermal anisotropy of all non-
hydrogen atoms. Minimum and maximum final electron den-
sities -0.887 and 1.880 e Å-3. A weighting scheme w = 1/[σ2-
(Fo

2) þ (0.0326P)2 þ 0.2593P], where P = (Fo
2þ2Fc

2)/3 was
used in the latter stages of refinement.

DFT Calculations. All of our calculations were performed
using the SMP version of Gaussian 0390 using the B3LYP
functional method.91Gaussian was compiled using the Portland
Compiler 8.0-6 with the Gaussian-supplied version of BLAS on
the EMT64 architecture. In all calculations, we used a Stuttgart/
Dresden pseudopotential on platinum atoms and the D95 V
basis set on all other atoms.92-94 No solvent effects were
included in the calculations. The neutral complex (284 electrons
and 487 basis functions) was treated as a singlet, whereas the
cation was assumed to be a doublet. All optimizations were
performed using ultrafine integrals because, in our experience,
this aids convergence. No symmetry was taken into account in
our calculations. On the basis of the optimized structures, we
calculated the UV/vis spectra of each compound using a single-
point TD-DFT95-97 calculation using tight self-consistent-field
convergence criteria. In each calculation, we calculated at least
50 transitions. The electronic and vibrational spectra were ana-
lyzed using the Gaussum program.98

Our computational procedure was as follows. First, we
optimized the neutral complex starting from the crystal struc-
ture. From the optimized geometry, we calculated frequencies
in the harmonic approximation. Because it is well-known that
B3LYP overestimates frequencies, these were scaled by 0.98 to

obtain better agreement with the experiment. For the biscate-
chol-based species, we ran calculations both from a flat and
from a bent structure to obtain energies for both. Frequencies
were obtained in the usual way. However, for the triplet state,
the analytical frequency calculation did not converge and we
were forced to obtain them numerically using the option
freq=numer.

Obtaining the correlations between the vibrations of the
neutral and cationic complexes can be quite a daunting task, if
done purely visually, if only because of the large number of
vibrations for these complexes. So, to avoid any problems, we
used a mixed approach. We recognize that the displacement
vectors, printed by Gaussian, form an orthonormal set. Addi-
tionally, the moments of inertia do not change significantly
between the two species. This means that the displacement
vectors for both species are expressed in the same coordinate
frame, which means they can be compared without any addi-
tional transformations. Thus, to obtain the correlations between
the vibrations of the neutral and cationic complexes, we calcu-
lated the overlap between the displacement vectors for the two
species by taking the inner product over each of the Cartesian
coordinates separately and summing over the result. An overlap
of 0.7 or better was considered to be a strong correlation. After
the correlations were identified numerically, they were checked
by visual inspection.

TRIR Spectroscopy. The picosecond TRIR studies were
performed on the PIRATE setup in the Rutherford Appleton
Laboratory, the details of which are described elsewhere.71

Briefly, part of the output from a 1 kHz, 800 nm, 150 fs, 2 mJ
titanium sapphire oscillator/regenerative amplifier was used to
pump a white-light continuum seeded BBO optical parametric
amplifier (OPA). The signal and idler produced by this OPA
were difference frequency mixed in a type I AgGaS2 crystal to
generate tunable mid-IR pulses (ca. 150 cm-1 bandwidth).
Second-harmonic generation of the residual 800-nm light pro-
vided 400-nm pulses, which were used to excite the sample.
Probe and pump beam diameters in the sample were around 100
and 150μm, respectively, and the pump energy in the samplewas
3-4 μJ. Changes in IR absorption were recorded by normal-
ization of the outputs from a pair of 64-element HgCdTe linear-
IR array detectors on a shot-by-shot basis. Gratings of 300 lines
mm-1 were used in the spectrographs to achieve a high spectral
resolution (approximately 4 cm-1).

The studies of 1 and 4 were conducted on an ULTRA99

facility, a cluster of sensitive ultrafast IR and Raman spectro-
meters. The IR spectrometer used comprised two synchronized
10 kHz, 8 W, 40 fs and 2 ps titanium sapphire oscillator/
regenerative amplifiers (Thales). These pump a range of OPAs.
A portion of the 40 fs Ti:Sapph beam was used to generate a
tunable mid-IR probe light with around a 400 cm-1 bandwidth.
The 400 nm pump beam was generated from the second
harmonic of the 40 fs laser. Probe and pump beam diameters
in the sample were around 70 and 120 μm, respectively, and the
pump energy in the sample was around 1-1.5 μJ. In this case,
changes in the IR absorption spectra were recorded by three
HgCdTe linear-IR array detectors on a shot-by-shot basis. Two
128 element arrayswere used to collect spectra in the 1200-1700
cm-1 range (approximately 4 cm-1 resolution), and one 64-
element array acted as a reference. All experiments were carried
out in Harrick cells with 2-mm-thick CaF2 windows with 500-
950 μm sample path lengths and a typical optical density of
0.5-1 at 400 nm. All samples were rastered and flowed.

Picosecond TA. Experiments were performed at the B. I.
Stepanov Institute of Physics,Minsk, Belarus, on a pump-probe
spectrometer based on a homemade original femtosecond
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Ti:Sapph pulsed oscillator and regenerative amplifier system
operated at 10 Hz repetition rate.100 A Ti:Sapph master oscil-
lator was synchronously pumped with the doubled output of
a homemade mode-locked picosecond pulsed Nd:YAG laser.
The regenerative amplifier was pumped with nanosecond
Q-switched Nd:YAG laser LS-2134 (LOTIS TII). The pulse
width and energy of the Ti:Sapph system after the amplifier were
ca. 150 fs and 0.5 mJ, respectively, tunable over the spectral
range 760-820 nm. The fundamental output of the Ti:Sapph
system (a 790 nm output wavelength was set for the present
study) was split into two beams in the ratio 1:4. Themore intense
beam was passed through a controlled delay line and, after
frequency doubling (to provide 395 nm radiation), was utilized
for sample pumping. The energy of 395 nm pump pulses was ca.
40 μJ, being focused to a 500� 500 μm spot on the sample. The
second beam of the fundamental frequency was used for the
generation of a femtosecond supercontinuum (by focusing into
a 1-cm-path-length cell with water), which served as the probe
radiation. The continuum probe light was split with a beam
splitter into two pulses (reference and signal), identical in
intensity, and the signal was focused on the sample by mirror
optics. The spectra of both pulses were recorded for each laser
flash by a polychromator equipped with a CCD camera and
transferred to the computer. The time resolution of the setup is

limited by the pump and probe pulse duration and estimated as
ca. 0.2 ps. A solution of studied compounds in CH2Cl2 in a
5-mm quartz cell was bubbled with argon prior to the experi-
ments, and the positive pressure of the inert gas was maintained
over the course of the experiment.
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