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oxidative electrolysis of the solution at 0.8 V, the initially yellow
solution turned blue, then gradually dark red, and finally yellow.
This color change corresponds to the oxidation of yellow [Pt,-
(NH;)4(C4HgNO),]?* to blue [Pty(NH;)s(C,HNO),]** and dark
red [Pty(NH;)s(C,HgNO),]¢* and finally to yellow [Pt,-
(NH;)3(C4HgNO),1%*,2 which was confirmed by UV-visible
absorption spectra. Bulk coulometry of the solution shows that
the single wave at 0.53 V corresponds to a 4-electron redox process
as a whole. The peak separation between Ep. and E, in the cyclic
voltammogram could not be decreased less than 0.07 V at any
scan rate from 0.001 to 0.5 V s™1. A separate electrochemical
study of [Pty(NH;)s(C,HgNO),]¢* shows the cation also undergoes
a single redox process at 0.53 V.2* These facts, together with the
color change during the bulk electrolysis of [Pt,(NHj),-
(C,HgNO),]?* and the very rapid isomerization from H-H to H-T,
suggest that the redox reaction of [Pt,(NH,),(C,H¢NO),]** at
0.53 V is irreversible and consists actually of two or more very
closely lying processes. The appearance of blue color in the bulk
oxidative electrolysis signifies that at least the first oxidative step
would be a 1- or 2-electron process

[Pt,(NH,),(C;HENO);12* > [Pt,(NH,),(C,HNO),**

or

[Pty(NH;,)4(C{HeNO),J2* —== [Pt(NH,)(C,HNO), |+

The blue [Pt,(NH,;)s(C,H¢NO),]** cation would be formed by
either one of the two following reactions:

[Pt(NH,;)(C,HgNO),13* + [Pty(NH;)4(C,HgNO),| > —
[Pt,(NH,)g(C,HgNO),**
[Pt(NH;)4(C,HgNO),]** + 3[Pty(NH;),(C{HgNO),]** —
2[Pty(NH;)g(C,HgNO),**
It seems that H-H and H-T [Pt,(NH,),(C,H¢NO),]** isomers

have very close or almost identical redox potentials or oxidation
of either isomer triggers very rapid isomerization and the oxidation
proceeds almost exclusively via either one of the isomers. It also
seems that some isomerization occurs following oxidation of the
compound, since the cyclic voltammogram becomes less reversible
with the peak separation between E,, and E, being increased,
though the E, potential is retained, as the acidity of the solution
is decreased.

Conclusion

Lippard et al. reported a possible relationship between structural
features, such as the Pt-Pt distance and the torsional angle about
the Pt-Pt vector, and the ease of linkage isomerization.* The long
Pt-Pt distance in the present complex may result in the rapid
isomerization of the complex. However, the torsional angle in
this complex is not so large; therefore, it seems that rapid isom-
erization does not always result from strong torsional strain. The
isomerization seems also to be related to the nature of the amide
ligand. The relative contributions of the keto and enol forms of
the amidate ligand influence the relative degrees of the coordi-
nating abilities of amidate oxygen and nitrogen atoms and thus
affect the isomerization rate.

The present study clarified the solid and solution structures of
a cis-diammineplatinum(II) a-pyrrolidonate complex, which was
synthesized by the reduction of the tetranuclear Pt(II) and Pt(III)
mixed-valent complex [Pt,(NH,)s(C,HgNO),]6*.
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The complexes RuL4?*, where L is a 3,3’-polymethylene-2,2’-bipyridine ligand containing one to four bridging methylene units,
were studied by using resonance-enhanced Raman spectroscopy. Lifetimes and emission spectra were measured at room tem-
perature and at 77 K. Complexes with the monomethylene-bridged ligand show results distinctly different from those of the
dimethylene-, trimethylene-, and tetramethylene-bridged ligand complexes, which form a series showing systematic variations in
the resonance Raman and emission spectra that correlate with the degree to which the polymethylene bridge distorts the planarity
of 2,2"-bipyridine. As the bridge length increases, the relative quantum yield for emission at 25 °C drops. Twisting about the
2,2’-bond may result in a weakening of the ligand field leading to lower lying ligand field states, which provide a route for more
facile radiationless deactivation. Both the relative intensity pattern in the resonance Raman spectra and the intensities of the
low-energy shoulders in the 77 K emission spectra suggest an increase in the number of ligand normal modes capable of efficiently
coupling ground and excited states as the number of methylene units increases from 2 to 4. This is consistent with increased rates
for nonradiative deexcitation, most likely through these same high-frequency “acceptor” modes.

Introduction

The effect of varying steric and electronic factors in diimine
type ligands on the properties of their ruthenium(II) complexes
remains an active area of investigation.! Because of the capability
of Ru(bpy),?* (bpy = 2,2’-bipyridine) to act as an excited-state
redox reagent,? the degree to which ligand properties can influence
the excited-state properties of these complexes is of considerable
interest.

*Queens College.
*University of Houston.

Recently reported® NMR and X-ray data concerning the ru-
thenium(II) complexes of a series of 3,3’-polymethylene-bridged
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2,2’-bipyridines (1a~d) indicate that this series provides a well-
defined set of structurally similar tris complexes which vary with
respect to the dihedral angle defined by the halves of the bipyridine
ligand. The widest variation in properties was found for the

(CH2),,

\
\¢? $_/
1a,n=1

b,n=2
¢, n=3
d,n=4

luminescence intensity in fluid solution at room temperature. For
Ru(1a),2* no luminescence was detected, as previously reported.*
For Ru(1b);?* luminescence was comparable to that of Ru-
(bpy);?*, for Ru(1¢);** it was reduced by about 1 order of
magnitude, and for Ru(1d);3* it was barely detectable and was
red-shifted with a maximum at about 680 nm.
Resonance-enhanced Raman spectroscopy of ruthenium(II)
diimine complexes’ has played an important role in elucidating
both ground- and excited-state properties of these molecules.
Vibrational frequencies yield information about the ground-state
geometries of the coordinated ligands, while intensities can be
indicative of the specific normal modes that are most efficient in
coupling® the ground and excited states during absorption, and
also during emission, if one can assume that the emissive and
absorptive excited states are similar. We therefore have recorded
the resonance Raman spectra of the series of complexes Ru(la-
d);2* using excitation near the peak of the visible metal-to-ligand
charge-transfer (MLCT) absorption. The results provide the basis
for a confirmation of the degree of structural variation of the
coordinated ligands 1a—d as the bridge length varies, as well as
an indication of the changing character of the normal modes most
efficient in vibronically coupling the ground and excited states
in absorption. In addition, we report lifetime measurements at
room temperature in solution and at 77 K for the series.

Experimental Section

The complexes were prepared and purified as previously reported.
For Raman spectroscopy, solutions were prepared in acetonitrile at metal
complex concentrations of about 10™* M. Absorption spectra were re-
corded with a Perkin-Elmer Lambda 3 spectrophotometer to determine
concentrations. Emission spectra and lifetimes were measured with use
of dilute (~ 1075 M) solutions in acetonitrile. For lifetime measurements,
the solutions were deaerated by flushing with dry nitrogen.

Resonance Raman spectra at room temperature were obtained with
a Spectra-Physics Model 164-08 argon ion laser. Scattered light was
collected at 90° and dispersed by the first half of a SPEX 14018 double
monochromator. A Princeton Instruments OSMA system with an
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Figure 1. Resonance Raman spectra of Ru(bpy),** (bottom) and Ru-
(1a);?* (top) at room temperature in acetonitrile solution at ~10™* M
(excitation wavelength 457.9 nm). The spectra have been normalized to
the peak height of the most prominent peak to facilitate relative intensity
comparisons.
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Figure 2. Resonance Raman spectra of Ru(bpy):** (A), Ru(1b);** (B),
Ru(1e¢);* (C), and Ru(1d);** (D) at room temperature in acetonitrile
solution at ~10™* M (excitation wavelength 457.9 nm). The spectra have
been normalized to the peak height of the most prominent peak to fa-
cilitate relative intensity comparisons.

ST-100 detector controller and an IRY700G microchannel plate image
intensified photodiode array was used to collect and process the signal
at this point. The spectra were calibrated with use of toluene as a
wavelength standard.

Emission spectra at both room and liquid-nitrogen temperature were
recorded on a Perkin-Elmer Hitachi MPF-2A spectrophotometer.
Lifetimes were measured with a Quanta-Ray DCR-2A Nd:YAG laser
as the excitation source and a Bausch & Lomb 33-86-76 monochromator
to disperse the 90° scattered light. Detection was accomplished with an
RCA C31034 PMT connected to a Tektronix 7834 oscilloscope.
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Table I. Measured Lifetimes for RuL;?* Compiexes (L = bpy, 1a-d)
at 25 °Cand 77 K

lig frozen lig frozen
complex  soln, ns? soln, us? complex  soln, ns? soln, us?
Ru(bpy),** 620 5.3 Ru(l1¢);?* 455 2.7

Ru(la),®* ¢ 5.5 Ru(1d);>* 4 3.6¢
Ru(1b),>* 630 5.4

@ Approximately 1075 M solutions in acetonitrile at 25 °C. *Same as
in a, but frozen solutions in cold finger Dewar at 77 K. ¢No emission
observed. ?Signal too weak to measure lifetime at reported 680-nm
emission maximum. ®Maximum at 77 K is 606 nm.

Results

In Figures 1 and 2, the resonance-enhanced Raman spectra
from 1000 to 1700 cm™!, obtained with 457.9-nm excitation, are
displayed for acetonitrile solutions of the four tris complexes of
Ru(II) with 1a—d, as well as Ru(bpy),**. Figure 1 compares the
spectrum for Ru(1a),** with that of Ru(bpy),?*, while Figure 2
compares the spectra of the tris complexes of the other three
bridged ligands with that of Ru(bpy),**. The 457.9-nm excitation
corresponds closely to the MLCT maximum for all the complexes
and provides the maximum resonance enhancement in each case.
As previously reported,® the visible MLCT transition maxima
of the bridged ligand complexes fall within the range 437-462
nm, each with a shoulder 5~10 nm to the blue. Other usable argon
ion excitation lines available in our laboratory (e.g. 488.0 nm)
produce essentially identical resonance-enhanced spectra. The
1374-cm™! band of the solvent acetonitrile serves as an internal
intensity marker, demonstrating that for all complexes the reso-
nance Raman enhancement with 457.9-nm excitation is compa-
rable.

Emission spectra of all five complexes at 77 K are presented
in Figure 3. In order to facilitate discussion of the nature of the
low-frequency shoulder seen in each spectrum, the emission in-
tensities are normalized to the same arbitrary scale. The results
of lifetime measurements are displayed in Table 1.

Discussion

Inspection of the resonance-enhanced Raman vibrational spectra
(Figure 2) indicates a continuous change in pattern with increase
in the number of bridging methylene groups from Ru(bpy),* to
Ru(1d)?* with the exception of the spectrum of Ru(1a),** (Figure
1), which is distinct from the others. Leaving this latter spectrum
aside, note the correspondence of the bands at 1607 and 1563 cm™!
in the bpy complex spectrum (bottom of Figure 2) to a shifted
pair at 1589 and 1570 cm™ in the spectrum of Ru(1b);2* to a
peak at 1581 cm™ with a 1569-cm™! shoulder in the spectrum of
Ru(1¢);%, and finally to a single peak at 1576 cm™ in the Ru-
(1d);>* spectrum (probably two unresolvable bands). The
prominent 1489-cm™ bpy band shifts to 1480 cm™ for Ru(1b),%*
to 1467 cm™!, with asymmetric broadening on the low-frequency
side, for Ru(1¢);2* and finally we see a 1458- and a 1468-cm™!
pair for Ru(1d),**. The 1275, 1320 cm™ pair for bpy are slightly
shifted for the dimethylene-bridged complex, move closer for the
trimethylene-bridged one (1290, 1308 ¢cm™), and coalesce to an
unresolved pair at 1297 em™! for the tetramethylene-bridged
complex. The 1173-cm™ bpy band appears to split into two
components at 1171 and 1187 cm™ for the tetramethylene-bridged
complex, after showing asymmetric broadening to the high-fre-
quency side for the trimethylene-bridged complex. In addition,
a new band emerges at 1434 cm™ in the spectrum of Ru(1¢);2*.
This band is also seen at 1432 cm™! for Ru(1d)42*. Finally, the
tetramethylene-bridged complex spectrum shows a new band at
1357 cm™ and a low-frequency shoulder on the 1297-cm™ band.

The resonance-enhanced Raman spectrum of Ru(1a),>* (Figure
1) serves to emphasize the fact that this complex is distinct from
the others, although still related to Ru(bpy);?*. It shows a set
of seven bands that likely correlate one-to-one with the seven bands
in the bpy complex spectrum. the five highest frequency bands
are downshifted from their bpy counterparts (bpy/1a): 1607/
1600, 1563/1511, 1489/1452, 1320/1279, 1275/1232 cm™. The
broadening of the 1279-cm™ band is likely due to normal-coor-
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Figure 3. Emission spectra at 77 K of frozen acetonitrile solutions of
Ru(bpy);®* (A) Ru(1b);2* (B), Ru(1c);** (C), Ru(1d);** (D), and Ru-
(1a);** (E). The data have been normalized to display the same maxi-
mum peak intensity for all spectra.

dinate mixing of a methylene carbon to ring carbon stretch (-
CH,-C, ring) with resonance-enhanced ring-stretching modes at
nearly the same frequency, thereby creating an additional reso-
nance-enhanced mode. A similar effect is observed in spectra of
4,4’-dimethyl-2,2’-bipyridine complexes of ruthenium(II) and for
the rest of the complexes discussed below. The 1173- and
1027-cm™! bands of Ru(bpy),** are found at approximately the
same frequency for all complexes reported here. They are as-
signed® as in-plane C-H deformation mixed with symmetric
in-plane ring stretching, involving simultaneous distortion of all
ring bonds.

The X-ray structure® of Ru(bpy),(1d)?* shows that the dihedral
angle between the planes of the two coordinated pyridine rings
of 1d is 30.4°, reduced from an estimated 80° in the free ligand
because of the constraints imposed by chelation to the metal.
Probably more relevant to a discussion of the vibrational fre-
quencies, the two pyridine rings are found to be significantly
distorted from planarity. Structures for the other complexed
methylene-bridged ligands are not available, but interpretation
of NMR data indicates that there is a steady progression of
structural change along the series with 1d being the most distorted.
Also, the NMR data® indicate the uniqueness of 1a, where in-
plane distortion is most important, resulting in an opening of the
bite angle of the ligand. This interpretation is consistent with the
X-ray structure of Ru(bpy),(1a)?*, which shows an N-Ru—N bite
angle of 80.1° and a dihedral angle of 7.1° between the pyridine
rings. The changing band patterns in the resonance Raman spectra
(Figure 2) are indicative of the continuous structural variation
in the coordinated ligand along the series 1b—d.

The pattern of frequency shifts and intensity changes evident
in Figure 2 may be interpreted with reference to the vibrational
spectrum of biphenyl.® In this comparison, the xy plane is the
biphenyl molecular plane {D,;), with the x axis along the inter-ring
C—C’ bond. For chelated 2,2’-bipyridine (Cy,), xz is the molecular
plane, with the x axis again along the inter-ring C-C’ bond. In
this case, the biphenyl (D,) A; and B,, in-plane modes correlates
as A, modes in C,, and may be subject to resonance enhancement
by excitation within a MLCT band. As previously demonstrated,’®
the frequencies of biphenyl are recognizable in the resonance
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Table II. Correlation of Ligand Modes (1000-1700 cm™') for
Coordinated 2,2’-Bipyridine and Polymethylene-Bridged 2,2’-Bipyridines
with Biphenyl Modes

sym (D,;) Dbiphenyl® Ru(bpy),**® Ru(lb);** Ru(lc),** Ru(1d);?*

Ay 1612 1607 1589 1581 1576
Ba, 1570 1563 1570 1569 1576
A 1507 1489 1480 1467 1468
B 1432 1448¢ 1460 sh 1458
B, 1383 1434 1432
-(CH,),~ 1336 1357
C; ring

A, 1285 1320 1318 1308 1297
B, 1272 1275 1267 1290 1297
A, 1190 1173 1181 1185 1187
By 1156 1109 1185 1171
By 1074 1067¢

A, 1030 1041¢

A, 1003 1027 1035

“From ref 5g and 7. ®Our frequencies in acetonitrile. ¢From ref 5h,
observed with near-UV excitation.

Raman spectra of coordinated bipyridines. When coordinated

2,2’—bipyridine undergoes a twist about the inter-ring C,~Cy bond,

the symmetry drops to C, (possibly lower when ring nonplanarity
is considered). Although some new totally symmetric modes would
become Raman allowed, reference to biphenyl indicates that these
out-of-plane (A, and B,;) modes (in D) are below 1000 ¢cm™
and would not appear in spectra reported here. However, modes
that were weakly enhanced (or even undetectable) for the more
planar geometry may now show detectable enhancement as the
ligand distorts from planarity. Frequency shifts accompany these
intensity changes and may be due to bonding changes induced
by a change in dihedral angle between the pyridine rings and/or
changes in coupling between normal modes. Table II lists the
detailed frequency correlations, With regard to intensity, for
example, the coordinated bpy bands at 1607/1563 cm™ (A,/B,,
pair for biphenyl at 1612/1570 cm™) shift to 1570/1589 ¢m™!
for coordinated 1b but maintain almost the same relative intensity.
For coordinated 1c, the 1569/1581-cm™! pair have again shifted
and reversed relative intensity.

It is evident, in a comparison of the Ru(bpy);** spectrum with
the spectrum of Ru(1d);2*, that a significant redistribution of
relative intensities has occurred. The bpy complex spectrum shows
a strikingly dominant band at 1489 cm™!, whereas the Ru(1d);2*
spectrum shows three approximately equal intensity bands at 1576,
1468 (1458), and 1297 cm™!, Examination of the intensities in
the spectra of Ru(1b),2* and Ru(1¢);2* shows that the change
is continuous along the series. The existence of several equally
intense bands in the spectrum of Ru(1d);2* indicates that there
are several equally efficient Franck~Condon-Active vibrational
modes in absorption. If the absorptive and emissive excited states
are similar, the same normal modes would be active in coupling
excited to ground states in emission. The 77 K emission spectrum
(Figure 3) in each case shows a maximum for the 00 transition
with a shoulder for the 1-0 transition, the separation of the
maxima corresponding approximately to the frequency of the
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normal modes most efficient in coupling the excited to the ground
state. Ru(bpy),** shows a clearly defined low-frequency shoulder,
consistent with a single mode being more prominent in coupling
of the excited to the ground state. The spectra for the series of
tris complexes with polymethylene-bridged bpy show progressively
less well-defined low-frequency shoulders, as the bridge lengthens
from 1b to 1d. This indicates that coupling is distributed more
equally over a greater number of vibrational modes as the bridge
length increases.

The measured lifetimes, both in solution at 25 °C and at 77
K (Table I), are remarkably similar for Ru(bpy);?* and for
Ru(1b),**. Spectroscopic probes, including resonance Raman for
the coordinatéd ligand, show that, in both cases, the bipyridines
are similar and interact in a similar way with ruthenium(II). The
similarities in thelr excited-state-related properties should not then
be surprising. For the trimethylene-bridged complex in solution
at 25 °C, the lifetime drops by about 30%, and at 77 K by about
50% (compared to Ru(bpy);?*). The room-temperature solution
emission is weaker by about 1 order of magnitude compared to
that of the bpy or 1b complexes. For Ru(1d);** at 25 °C in
solution, the emission is too weak to allow a lifetime measurement
with our equipment, and at 77 K a large blue shift of the observed
emission occurs and the lifetime is now rather close to that of
Ru(Ic);**. The similarities between the 1d and the 1a complexes
with respect to emission properties have been previously dis-
cussed.’

The large drop in quantum yield for emission from Ru(1b);*
to Ru(1¢);2*, with only a modest lowering of the measured lifetime,
indicates that the nonradiative rate for deexcitation is much higher.
Though we have no room-temperature lifetime for Ru(1d);2*, we
know that the quantum yield for emission is again approximately
1 order of magnitude less than for the trimethylene-bridged
complex, again indicating a further increase in rate for nonradiative
depopulation of the excited state. It has been shown® that the
dominant “acceptor” modes in the nonradiative depopulation of
excited states of bipyridine complexes are ring-stretching modes
in the 1000-1700-cm™ region. Furthermore, their relative in-
volvement in this process is governed by the same type of con-
sideration as the mechanism of resonance Raman intensity en-
hancement. Modes that show significant resonance enhancement
for excitation within the MLCT band are predicted to be efficient
in acting as “acceptor” modes for nonradiative deexcitation. The
resonance Raman spectra reported here indicate that structural
changes due to twisting along the C—C’ inter-ring bond lead to
a situation in which more normal modes share more equally jn
providing overlap between the excited and ground states. These
same modes are those capable of acting as “acceptor” modes and
of depopulating the MLCT excited state via nonradiative processes.

Acknowledgment. This work was supported in part by the
PSC-CUNY Research Award Program and the New York State
Science and Technology Foundation (Grant No. SSF (85)-5).
Support by the National Science Foundation is also acknowledged
(Grant No. CHE-8511727 (H.D.G.) and CHE-8607935 (R.P.
T.).





