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A series of [Ru(bpy)2J>* complexes linked by a controlled number of azine units (one to seven) were synthesized
and studied in the solution phase. Polymers and dimer model compounds were examined by cyclic voltammetry
and IR, NMR, and visible-NIR spectroscopies. The NMR spectra and the cyclic voltammograms indicated that the
Ru?* sites influenced the main chain properties at least 15 A from the metal site. The first oxidation in each
material was assigned to a ligand-centered process, but DFT calculations suggested that the Ru?* has an important
influence. The first oxidized state of the polymers has a spectroscopic band that is consistent with an intervalence
transfer (IT) transition, but this absorption is not seen in the dimer model compounds. Thus, the IT feature is
assigned to a ligand—ligand transition that spans several repeat units in the polymer.

Introduction

The study of the electron-transfer properties of dimetal
R complexes has had a long histdry. These types of

complexes have been shown to have ideal properties to study
theories of charge-transfer, and work continues to refine our

understanding of the role of the geometry in determining
the interaction between metal sites, including both distafte

and angular parametei&s3® In general, the coupling between
metal sites is strongest when the interacting orbitals are
parallel and as close to each other as possible.

More recently, oligomeric and polymeric complexes
containing R&" and other metal ions have been investi-
gated®-52 Such systems may allow directed transport along
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Characterization of [Ru(bpyj2t Modified Polyazines

the macromolecular backbone or provide amplification of
chiral or optical behaviot®—>° This is particularly interesting

N—N bond® Despite this, under solution conditions the
conjugation length of the polyazine is on the order 6fl®

if the polymeric system is conjugated so that charge transportdouble bonds. This combination of properties leads to a band

may occur either directly from metal-to-metal or along the
delocalized polymer chain.

Our interests have been in the polyazine family of
polymers, -[N=C(R)-C(R¥=N]y-.5%-%> The diimine site in the
polymer is ideal for binding to metal ions, so $#€° and
other§”-%° have been studying metal complexes containing
this diimine unit. The purely organic polyazines are conju-
gated but only modestly delocalized and do not readily
oxidize with mild reagents such as For those oligoazines

gap of 3.3 eV for the polyazines.

Even though the NN bonds are conformationally labile,
the C-C bonds are rigid and in thetransconformation in
polyazines. This means that direct complexation of metal
ions to the diimine unit is not energetically feasible. To form
complexes of polyazines, monomer complexes must be
prepared first and then condensed into the polyih&ve
have previousl§f studied a variety of R complexes that
contain azine units, including [Ru(bp®DDH]?" (bpy =

and polyazines that can be dissolved in organic solvents,2,2-bipyridine and BDDH= 2,3-butanedione dihydrazone)

NMR evidence shows multiple conformations in solution that

and [Ru(bpy;BADA]?" (BADA = biacetyl diazine), which

are attributed to the low energy costs for rotations about the can both be used to form polyazines containing the Ru-
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(bpy)?* complex. [Ru(bpyBDDH]?*" and [Ru(bpyBADA] 2

both are similar to [Ru(bpy)*" spectroscopically and
electrochemically so are useful starting materials to build
polymers that can be examined for comparison to the well-
studied [Ru(bpyg?". In this paper, we report our initial
synthesis and solution characterization (NMR, vis-NIR,
cyclic voltammetry) of polyazines containing Ru(bgy)
substituent groups at well-defined intervals along the polymer
backbone. For comparison purposes, we also synthesized a
number of dimer model compounds.

The presence of the metal complex has remarkable effects
on the physical and chemical properties of the polyazines.
The polymer complexes become water-soluble, and the
ligand is oxidized at low potentials. The ligand can be
reversibly oxidized as long as the Rus not oxidized, but
formation of R¥" induces rearrangement of the polymer
structure. The influence of the Ruions is long range,
extending at least 15 A down the polymer chain, as indicated
by both the electrochemical potentials and the NMR chemical
shifts. Oxidation of the polymers leads to an intervalence
transfer (IT) band in the NIR that is not found in oxidized
dimers. This suggests that the IT absorption is associated
with an intraligand, dimer-to-dimer transition. We support
our conclusions using PM3 and DFT calculations. The
geometries found by the PM3 calculations suggest that the
polyazine backbone is significantly twisted, leading to a
helical polymer. The DFT calculations confirm that the first
oxidation should be ligand based and that there is substantial
delocalization of the oxidation.

Experimental Section

Reagents and ChemicalsRu(BADA)(bipy).(PF;). and Ru-
(BDDH)(bipy)(PFs). were synthesized according to previously
published method¥ All the bridging ligands were prepared by
literature method&5 Acetonitrile was purchased from Aldrich,
and acetic acid was purchased from Fisher.

Dimer Syntheses Dimer2 was prepared by reacting 95.4 mg
(0.1 mmol) [Ru(bipy)BADA](PFg), with 2.43uL (0.05 mmol) of
hydrazine hydrate (N#NH,-H,O) in 20 mL of 3:1 (v/v) acetonitrile/
acetic acid. The mixture was stirred and heated at@%under
nitrogen for 15 days. The reaction solution was then filtered, and
the filtrate was rotary evaporated to remove the solvent (hexane
can be added to help the removal of acetic acid). The sticky liquid
was transferred to a thimble and Soxhlet extracted with dichlo-
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romethane for 2 days. The solution in the flask was collected and bpy). Poly7: 47.7 mg (0.05 mmol) of [Ru(bipBADA](PFe)2; 22.1
evaporated to get a deep red and sticky liquid. A deep red coloredmg of (0.05 mmol) GoHz4N1,, 15 days’ reaction time. Yield 24.4
solid can be obtained after vacuum-drying. Yield 39.4 mg, 41%. mg, 36%. IR: 3351, 3216, 2923, 2850, 1707, 1663, 1465, 1384,
IR: 3415, 2920, 2850, 1696, 1663, 1465, 1375, 1124, 1084, 772 1264, 1124, 1084, 772 cth 'H NMR (DMSO-dg): 6 0.86 (br),
cm1 'H NMR (DMSO-dg): 6 vs TMS, 0.80 (m), 1.75 (s), 1.83  1.239, 1.754, 1.836, 2.071, #9.0 (unresolved, bpy).
(s), 2.07 (s), 2.46 (s), 8.68.67 (m, bpy). The other dimers were Measurements IR spectra were measured as KBr pellets on a
prepared analogously. Dimer3: 47.7 mg (0.05 mmol) of [Ru- perkin-Elmer model 1650 FTIR spectrometer at 2 &nesolution
(bipy).BADA](PFg)2; 2.9 mg (0.025 mmol) of butanedione dihy-  petween 450 and 4000 cfh *H NMR spectra were obtained in
drazone (GHioN4). Yield 19.6 mg, 38%. IR: 3405, 3196, 2925, DMSO-ds at room temperature on a JEOL Eclipse 400 spectrometer
2851, 1701, 1669, 1457, 1384, 1262, 1084, 1029, 803, 77E.cm  at 400 MHz and are referenced against TMS.-t%§6—NIR spectra
'H NMR (DMSO-dg): 6 vs TMS, 0.87 (m), 1.23 (s), 1.75(s), 1.83  were obtained in acetonitrile on a Perkin-Elmer Lambda 900
(s), 2.07 (s), 8.069.67 (m, bpy). Dimer4: 47.7 mg (0.05 mmol)  spectrometer. Spectra were deconvoluted using the fitting routines
of [Ru(bipyBADA](PFe)2; 4.9 mg (0.025 mmol) of diacetylazine  in SigmaPlot v5.0. Oxidation titrations were typically done using
dihydrazone (H1eNe). Yield 22.0 mg, 43%. IR: 3433, 3193,2921, 0.01 M ceric ammonium nitrate and ¥OM [Ru2] (accurately
2850, 1690, 1465, 1375, 1273, 1123, 1084, 772%crtH NMR measured) dissolved in acetonitrile; spectra were measured after
(DMSO-dg): 6 vs TMS, 0.86 (m), 1.24 (s), 1.85 (s), 2.07 (s), 8:06  each addition of L of oxidant in a cell with total initial volume
9.67 (m, bpy). Dimer5: 47.7 mg (0.05 mmol) of Ru(bigBADA]- of polymer solution of 2.0 mL. Emission spectra were measured
(PFs)2; 6.9 mg (0.025 mmol) of &H22Ns. Yield 18.6 mg, 35%. using a Spex Fluorolog spectrometer in nitrogen degassed aceto-
IR: 3372, 3143, 2918, 2850, 1696, 1646, 1457, 1402, 1125, 1084, nitrile at room temperature. Cyclic voltammetry was run using a
770 cmt. *H NMR (DMSO-0g): 0 vs TMS, 0.86 (m), 1.23 (S),  BioAnalytical Systems CV-27 with a platinum button working
1.75 (s), 1.86 (s), 8.069.67 (m, bpy). Dimer6: 47.7 mg (0.05 electrode, platinum wire counter electrode, a Ag/AgCI reference
mmol) of [Ru(bipy}BADA](PFe)2; 9.0 mg (0.025 mmol) of  electrode in a 0.1 M LiCl@Qacetonitrile solution at 25C using a
CieH28N10. Yield 20.0 mg, 36%. IR: 3351, 3181, 2925, 2852, 1672, scan rate of 100 mV/s.
1445, 1392, 1265, 1125, 1084, 772°¢m'H NMR (DMSO-de): 0 Theoretical calculations were run using Spartan 02 (Build 114)
vs TMS, 0.86 (m), 1.24 (s), 1.76 (s), 1.84 (s), 8:@667 (M, bpy).  for Linux 2.270 Geometries were optimized using the PM3 metHod.
Polymer SynthesesPolyl was prepared by reacting 47.7 mg No negative frequencies were found, indicating that the structures
(0.05 mmol) of [Ru(bipyJBADA](PFe), with 40.9 mg (0.05 mmol) were minima. The presence of the ruthenium ion requires the use
of [Ru(bipy),BDDH](PFs). in 20 mL of 3:1 (v/v) acetonitrile/acetic ~ of the PM3 method, but our previous work has shown that AM1
acid. The mixture was stirred and heated at’@5under nitrogen and PM3 give similar geometries for polyazir$é§>Using the PM3
for 28 days. The reaction solution was then filtered, and the filtrate optimized geometry, the electronic structure was calculated using
was rotary evaporated to remove the solvent (hexane can be addedensity functional theory using the B3LYP hybrid functioiiaf
to help the removal of acetic acid). The sticky liquid was transferred and the 3-21G* basis set.
to a thimble and Soxhlet extracted with dichloromethane for 2 days.
The solution in the flask was collected and evaporated to get a Results
deep red and sticky liquid. A deep red colored solid can be obtained
after vacuum-drying. Yield 18.6 mg, 21%. IR: 3436, 2923, 2854,  Synthesis.Polyazines are synthesized by condensation of
1707, 1457, 1378, 1125, 1084, 769 ¢m*H NMR (DMSO-ds): a diketone with a dihydrazorté:% For the metal-containing
0 0.86 (br), 1.239, 7.29.7 (unresolved, bpy). The other polymers  polymers, direct reaction of a polyazine with a metal complex
were prepared analogously. Poly2: 47.7 mg (0.05 mmol) of [Ru- does not give reaction because the diimine linkage is in the
(bipy).BADA](PFs)2; 2.43uL (0.05 mmol) of hydrazine hydrate g transconformation rather than the requireetisconforma-

(NH2NH2-H0), 15 days’ reaction time. Yield 16.7 mg, 35%. IR: tion. To obtain the desired s :
. ynthetic goal, the metal complex
3391, 3188, 2917, 2851, 1703, 1665, 1603, 1463, 1377, 1122, 1084Was synthesized followed by condensation to give the

772, 743 cmt. 1H NMR (DMSO-dg): 6 0.85 (br), 1.239, 1.756,
1.835, 2.081, 7.29.0 (unresolved, bpy). Poly3: 47.7 mg (0.05 polymer. Two metal complexes could be used as monomers,

mmol) of [Ru(bipy,BADA](PFs), with 5.7 mg (0.05 mmol) of one containing amine end groups or one containing_ ketone
butanedione dihydrazone {8:0N.), 15 days’ reaction time. Yield ~ €nd groups. Both complexes have been synthesized, as
19.6 mg, 38%. IR: 3415, 2922, 2852, 1669, 1465, 1384, 1124, previously reporte& by substitution of the chloride ligands
1084, 771 cmt. *H NMR (DMSO-dg): 6 0.86 (br), 1.237, 1.759,  in cis-[Ru(bpy)Cl;] giving either [Ru(bpy)BDDH]?* (NH,
1.836, 2.191, 7.29.0 (unresolved, bpy). Poly4: 47.7 mg (0.05 end groups) or [Ru(bp¥BADA] %" (C=0 end groups). For
mmol) of [Ru(bipy»BADA](PFe)2; 9.8 mg (0.05 mmol) of acetyl-  polymerization, we found that [Ru(bpBADA]?" was
azine dihydrazone ({16N¢), 15 days’ reaction time. Yield 22.8  sjgnificantly more reactive, so this monomer was used in
mg, 41%. IR: 3404, 3197, 2925, 2852, 1690, 1669, 1465, 1385, 5| of the syntheses reported here, as shown in Scheme 1.
1122, 1084, 1031, 803, 771 ct *H NMR (DMSO-s): 6 0.87 We presume that the lower reactivity of [Ru(bggDDH]?"

(br), 1.243, 1.758, 1.837, 2.081, #9.0 (unresolved, bpy). . - .
i . . arises because of the reduced nucleophilicity of the amine
Polys: 47.7 mg (0.05 mmol) [RUbIBBADAI(PFe) with 13.9 groups near the cationic metal. The choice of comonomer

mg (0.05 mmol) of GH,:Ng, 15 days’ reaction time. Yield 22.1 i .
mg, 37%. IR: 3421, 3206, 2923, 2850, 1701, 1663, 1465, 1384, allowed us to prepare materials with 1 (Polyl) to 7 (Poly7)

1124, 1084, 772 cnt. *H NMR (DMSO-dg): & 0.88 (br), 1.240, azine spacers between metal sites. The nominal metetal

1.756, 1.835, 2.078, 7-2.0 (unresolved, bpy). Poly6: 47.7 mg
(0.05 mmol) of [Ru(bipy)BADA](PF¢)2; 18.0 mg (0.05 mmol) of (70) Spartan for Linux, Wavefunction, Inc., 18401 Von Karman Ave., Ste.
CigH2eN1o, 15 days’ reaction time. Yield 26.8 mg, 42%. IR: 3438, 1) gg\}vg‘r’t'”? f%gzggnzq ltts'éhenﬂgsg 10209
2922, 2850, 1670, 1457, 1384, 1124, 1084, 842, 772cH NMR (72) Becke, A 'D.I'Dhy's. Re.pA 1988 38, 3098. '

(DMSO-dg): ¢ 0.87 (br), 1.240, 1.836, 2.079, %2.0 (unresolved, (73) Perdew, J. PPhys. Re. B 1986 33, 8822.
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Scheme 1
12+
Aol ] Y
N N=N HNN g N NHy | —— N-\
(bpy)2 (bpy)2 bPY)z .
[Ru(bpy),BDDH]?* Poly1
Na@V
|\ X
YL N, N~N>\( + H2N<N\w)\ >NH2 ¥ Ru < )\(
(bpy (bpy)2 n
X
[Ru(bpy),BADA]* Polyn
n=2-7
Scheme 2
H H N H 0
AT b A
(bpy)z -2 (bpu) h (bpy),
Dimern
n=2-6
distances in these polymers range from at@®i in Poly1l near 0.86 and 2.08 ppm. The weak absorptions are assigned
to about 32 A in Poly7, based on molecular models. to methyl groups on polymer or dimer termini based on the

In contrast to the purely organic polyazines, which are assignments known for [Ru(bpBADA] 2* where the ketone
insoluble in all common solvents, the ruthenium-containing methyl group is found at 2.07 ppm and the adjacent imine
polymers are all hygroscopic and water soluble. All of the methyl group resonates at 0.81 pfmThe broad and
complexed polymers are also modestly soluble in polar unresolved bands in the aromatic region arise from the bpy
solvents such as acetonitrile, DMSO, and methylene chlorideligands. These bands are not sufficiently resolved for a
but are not soluble in alcohols. detailed assignment, but the pattern is consistent with

We also synthesized dimer model compounds by using coordinated 2,2bipyridine. Finally, the remaining strong
stoichiometric control of the reactants, as shown in Schemebands are assigned to methyl groups on the bridging azine
2, with two (Dimer2) to six (Dimer6) azine units between linkage. The peak at 1.24 ppm is assigned to the methyl
metal sites. In principle, we should be able to make Dimer1 group adjacent to the metal-chelate ring because the relative
by reacting excess [Ru(bpBDDH]?* with butanedione. intensity of this peak decreases as the length of the bridging
However, this reaction was unsuccessful in all of our group increases. The peaks at 1.75 and 1.84 ppm are assigned
attempts. to methyl groups along the bridging azine linker. The relative

IR Spectroscopy.The IR spectra for all of the dimers intensity of these two features changes in an unsystematic
and polymers were consistent with the proposed structures pattern as the length of the bridge increases, indicating that
Organic polyazines typically have strong absorption bands the degree of nonplanarity of the azine units varies for each
near 1120, 1360, 1440, and 1600 ¢rand weaker bands in ~ compound. The resonances for the methyl groups on the
the C—H stretching region below 3000 crh®®-62 All of the diimine chelate ring are hidden under the solvent peak in
materials synthesized here have bands at H2B(1381- DMSO-ds at 2.5 ppm except for Dimer2 where the chelate
(+4), 1461&4), 1667 (4), 2852(2), and 292144) cnr L, ring resonance is observed at 2.46 ppm. For the polymers,
typical of polyazines. In most of the compounds, there are the degree of polymerization (DP) was estimated using the
also prominent absorptions in the 3268400 cn1! region, integration of the entire methyl region compared to the entire
indicative of water of hydration and/or NHend groups. In  bpy region. This gave DP values typically of 8, depending
the dimers, absorption bands are also found near 1706 cm upon the sample, indicating molecular weights on the order
arising from the carbonyl end group. In some of the of 4000-5000.

polymers, weak bands were also found near 1700'cm Electrochemistry. Cyclic voltammetry experiments were
indicating the presence of carbonyl end groups. All of the run for each of the dimers and polymers, and all of the
compounds also have sharp peaks at 1084 and:aj I * materials gave similar results. Reductions of the complexes,
that are due to the RF counterions. which were typically around-0.8 V (vs Ag/AgCl), were ill

NMR Spectroscopy.The'H NMR spectra for the dimers  defined and unresolved. The observed oxidation potentials
and the polymer are quite different from either of the are listed in Table 1. Three oxidations were observed, near
constituent monomers. Strong resonances are found at 1.240.5, 0.8, and 1.5 V, with the exception of Poly3, which only
1.75, and 1.84 ppm, a broad range of bands are observedghowed two oxidation peaks at 0.59 and 1.55 V. If scans
between 7.2 and 9.0 ppm, and weaker features are foundwere reversed at 1 V, then the 0.5 and 0.8 V oxidations were
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Table 1. Electrochemical and Spectroscopic Parameters for the Dimers

and Polymers 11 WA Poly3
E” (V,vs  Amax(nm) o (fit,  Amax fox (IT
compound Ag/AGCl) (eM~tcm™) cm™) IT (nm) max)
[Ru(bpypBDDHJ2* 1.11 413 23480 Izo uA
(ref 66) 151 (16500) 24620
[Ru(bpy,BADA)] 2+ 1.22 442 22500
(ref 66) 152 (7640) 22580
Dimer2 0.52 438 18220
0.82 (12300) 22720
1.53 (irrev) 23230
Dimer3 0.57 444 19680
0.81 (6500) 21180
1.48 (irrev) 22630
Dimer4 0.57 446 19530
0.81 (17000) 22400
1.48 (irrev) 22930 S pA
Dimer5 0.50 439 20840 Poly6
0.80 (12000) 22960
1.49 (irrev) 25490
Dimer6 0.49 448 20610 2 pA
0.81 (5100) 22050
1.55 (irrev) 23310
Polyl 0.49 436 19680 14120 0.021
0.82 (880) 21870
1.55 (irrev) 22810
Poly2 0.58 441 19400 13720 0.057
0.81 (7300) 22710 : ‘ : :
1.46 (irrev) 24370 0.0 0.5 1.0 15 20
Poly3 0.59 462 16600 6530 0.25
(4100) 18880 V vs. Ag/AgCl
1.55 (irrev) 21100

Figure 1. Cyclic voltammograms for Poly3 and Poly6 in 0.10 M LiGIO

Poly4 ggg (‘;3;500) 2132588 14140 0.18 in acetonitrile at 25C and a sweep rate of 100 mV/s. Note the change in
l' 47 (irrev) 24100 reversibility of the low potential peaks when the switching potential changes
Poly5 0'55 443 18100 13930 0.26 from 1 to 2 V. The feature at 1.2 V is due to water of hydration.
g'ig (irrev) (12000) 21293?675) similar for all of the dimers and polymers (except Poly3)
Poly6 0.48 447 19640 13810 0.16 and are comparable thn.x found for the monomer [Ru-
082 (3100) 222122(5) (bpy):BADA]?" but red shifted compared to [Ru(bpy)
Poly? %"z('”ev) 436 0640 BDDH]2*. Poly3, which hasim. = 462 nm, is significantly
0.74 (4600) 23010 shifted to lower energy from the other compounds. Other
1.48 (irrev) than the anomaly with Poly3, there is no apparent trend in

the absorption maxima in either the dimers or polymers. The

quasireversible with peak-to-peak separations around 50 mV.apsorption data were deconvoluted into Gaussian line shapes,
When scans were run to higher potentials, the oxidation at gnd these results are given in Table 1. Except for Poly7,
1.5V was irreversible and induced irreversibility in the lower aach of the dimers and polymers gives rise to three peaks in
potential peaks, as well. The well-separated peaks observedhe MLCT region. This is in contrast to the monomers [Ru-
in the forward scan become a broad single peak in the reversqppy),BDDH]?* and [Ru(bpy)BADA] 2" where the MLCT
scan. Examples of this are shown in Figure 1. In comparison ghsorption is accounted for by two pedRs.
to other ruthenium polypyridyl complexes, the oxidation at  None of the dimers or polymers were found to have any
1.5 Vis assigned to the metal site, Ruo Ri**, while the  emjssjon in acetonitrile solution at room temperature. This
lower potentials are assigned to ligand processes. Oxidations similar to the [Ru(bpyBADA] 2" monomer, which also
of the metal apparently also induces a reaction on the s nonemissive at room temperattfrieut different from [Ru-
oxidized ligand. In comparison, the monomer complexes (hpy),BDDH]?*, which has a weak luminescence. The
[Ru(bpy»BDDH]*" and [Ru(bpy)BADA]** only have two  flexible and conformationally labile polyazine ligands are
irreversible OXidationS, a |Igand oxidation at 1.11 and 1.22 ||ke|y responsib|e for rapid nonradiative decay of the MLCT
V, respectively, and a metal-centered oxidation at 1.51 and excited state.
1.52 V, respectively® Many of the voltammograms had a  Oxidation of Poly1 through Poly6 in solution using‘Ce
small, irreversible peak near 1.2 V. While this could be gave rise to a peak in the NIR region consistent with an IT
associated with oxidation of end groups, it was established transition. None of the dimers gave an IT peak nor did Poly7.
that this wave was due to water of hydration since the peak As the reduced solution is titrated with €ethe IT peak
could be increased by addition of water to the solution.  pecomes more intense and then reduces in intensity and then

Electronic Spectroscopy-The visible spectra of the dimers  eventually disappears. The titration spectra showed isosbestic
and polymers are dominated by MLCT transitions around points when the mole ratio of the oxidant was small,
440 nm, typical of Re&" diimine complexes, as shown by indicating that there are probably only two absorbing species
the examples in Figure 2. As given in Table 1, thex are in solution at low oxidation levels. This indicates that even
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g 06 1 : Figure 3. Spectral changes observed during the oxidation of Poly4 (top)
9 ' and Poly3 (bottom) during oxidation by &ein the visible and NIR region.
-] \ The insets show an enlarged view of the IT band that is formed and then
< 04 - '\ Poly1 lost during the titration.
» ———— Poly3
""" calculations predict that the fully reduced dimers are
0.2 1 significantly twisted along the polyazine backbone, with
dihedral angles around the single bonds ranging from 70 to
00 ~ 80°. The structures found are shown in Figure 4 using a view
400 500 600 700 800 down the Ru-Ru axis to emphasize the twisting of polyazine

ligand induced by the nonplanarity of the polymer ligand.
Wavelength (nm) When the compounds are oxidized, in general, thé\Nand

Figure 2. Visible spectra for Polyl, Poly3, Poly5, Dimer3, and Dimer5 C—C bonds become shorter and the=R bonds become
in acetonitrile at 25°C. The top graph compares the spectra of dimers to Ionger

those of the corresponding polymers, and the bottom graph compares the’
spectra of different polymers. Oxidation also induces changes in the dihedral angles,
though the C# ion is thermodynamically capable of usually with a noticeable flattening of one of the dihedral
oxidizing either the R# or the polyazine ligand, only one  angles about an NN bond. The changes in the charge and
site is losing an electron, presumably for kinetic reasons. Spin densities in [Ru(bpyBADA] **, dimer®*, and dimer2"
Examples of the spectroscopic titration are shown in Figure suggest that the first oxidation is mixed between the
3 and the IT peak maxima are listed in Table 1. The fraction ruthenium atoms and the polyazine ligand, consistent with
of monomer sites oxidized,, = [Ce**]/[Ru?], to reach the the electrochemical assignment, and that the second oxidation
maximum intensity for the IT peak was a|WayS below the is located primarily on the Ru atoms, in conflict with the
expected value of,, = 0.5. These values are also given in Previous assignment. In contrast, the calculations imply that
Table 1. both of the first two oxidations occur on the polyazine in
Computations. PM3 and DFT calculations were per- dimer3*. In all cases, there is significant mixing of the
formed on Dimerl, Dimer2, and Dimer3 to better help us ruthenium and ligand orbitals.
understand the experimental observations. Geometries were The energy level diagrams from the DFT calculations for
optimized using PM3 for each dimer in the-45+, and 6+ the reduced and first oxidized states for [Ru(bByDA] %*,
states. These geometries were then used as input for the DF Dimerl, Dimer2, and Dimer3 are shown in Figure 5. In the
calculations to find the electronic structure and charge monomer the highest occupied orbitals are mainly d char-
distribution for each of the model compounds. For compari- acter, while for each of the dimers the HOMOs are mainly
son purposes, we also used the same procedure for thdigand character. Upon oxidation, all of the compounds lead
monomer [Ru(bpyBADA]?" and its first two oxidized to ligand oxidation, consistent with the experimental obser-
states, [Ru(bpyBADA]®" and [Ru(bpy)BADA]**. The vations. In each of the dimers, the spin density indicates that
results for the bond lengths and dihedral angles along thethe oxidation is delocalized over both ruthenium sites,
polyazine backbone and the charge and spin density distribu-although this may be an artifact of the B3LYP functioffaf
tions are given in Supporting Information, Tables4l The In Dimerl and Dimer2 the relative energies of the d orbitals
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Figure 4. PMS3 calculated structures of Dimér] Dimer2*", and Dimer3* viewed along the RteRu axis. The bipyridine ligands have been omitted for
clarity. Notice the developing helical nature of Dimerl and Dimer2 but the coplanarity of the metallocyclic rings in Dimer3.

Reduced State found in the uncomplexed oligoazines. Even in Poly7, where
= the Ru ions are separated by more than 30 A, the observed
- chemical shifts are similar to those found in Polyl, where

the interion distance is less than 10 A. Thus, thé'Rans
are able to influence the electronic structure of the polyazine
—_ ligand for distances of at least 15 A. Further, since there is
— no gradual change of chemical shifts with increasing length
- First Oxidized State of bridging ligand, the influence of the ruthenium ions on
- = the bridging ligand cannot be simply due to a charge effect,
since this would wane, probably following a simple power
- law. Thus, the conclusion drawn from the NMR spectra is
- - that the R&" ions are strongly coupled to the azine ligand
- system, which allows the possibility that the metal ions are
- = weakly coupled to each other over long distances.

The electrochemical potentials support this conclusion. The
— ligand oxidation is lower in the multimetal complexes than
0 D3 in the monometal complexes and split into two peaks (except
] =" for Poly3). The first oxidation is bridge length dependent
. but is not monotonically changing as the bridge length
increases. If adjacent metal sites are coupled to each other,
then a consistent assignment of the oxidation potentials can
be made. The first oxidation is ligand centered and is
n primarily located near the metallocyclic ring, but may be
—_ delocalized over two monomer sites. The second oxidation
EE also occurs near a metallocyclic ring but at the site adjacent
S = to the first oxidation. Both of these oxidations are reversible
D1 . . L I
Figure 5. Energy level diagrams for [Ru(bpBADA] 2" (M), Dimer1** if the applied pOter.]tlal is kept below 1 V Atmore po§|t|ve
(D1), Dimer2* (D2), and Dimer3* (D3) and their respective first oxidized  Voltages, the RU sites are formally oxidized to Rt This
states. The energies were found using DFT calculations on structurescauses a change in the structure of the oxidized metallocylic
optimized using the PM3 method. ring, perhaps pushing the oxidation into the center of the
ridge. This changes the potential for reduction of thé'Ru
nd the ligand, accounting for the irreversibility, and likely
ecomposition of the initial compound. Poly3 only shows a
single ligand oxidation, which may be due to the similar
Discussion geometry found at each metal site in this polymer.

The anomalous low energy MLCT band found for Poly3
is probably a consequence of the coplanar geometry of the
adjacent ruthenium metallocycle sites along the polyazine
chain. Since Dimer3 does not show unusual MLCT behavior,
this suggests that the excited states in Poly3 may be
delocalized over several repeat units, which accounts for the
low energy absorption. The spectroscopic anomaly found in
Poly3 extends to the IT band found in the oxidized state,
which is at much lower energy than any of the other
polymers. In fact, though, the spectroscopic behavior of the
(74) Bally, T.. Sastry, G. NJ. Phys Chem. A997, 101A 7923. oxidized state of all of the materials studied here is unusual.
(75) Zhang, Y. Yang, WJ. Chem. Phys1998 109, 2604. For the dimers, upon oxidation there is no band found that
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on each Ru site are nearly degenerate for both the reducecg
and first oxidized state. In contrast, there is a significantly d
larger scrambling of orbital energies for Dimer3.

The polymers studied in this work are best thought of as
organic polymer systems with metal containing substituent
groups. The metalligand groups strongly affect the polymer
solubility, oxidation reaction chemistry, and electronic
structure. The ruthenium ions have a marked, long-range
effect on the properties of the polyazine ligand, as evidenced
by the NMR spectra and the electrochemical potentials.

The NMR spectra show that the resonances for thg CH
groups on the bridge never approach the chemical shifts

5390 Inorganic Chemistry, Vol. 42, No. 17, 2003



Characterization of [Ru(bpyj 2t Modified Polyazines

Scheme 3
RU2+ / RU2+ /
\9/ Ru W Ri
\hv
Ru2+ / 2* /
\ / Ru RG

Ru
W
Table 2. IT Band Peak Maxima, Linewidths, Molar Absorptivity, and
Derived Intervalence Couplifig

polymer wmax(cm™)  Awiz(cm™)  emax(M~tem™?)  Vap(cm?)
Polyl 13700 1400 88 46
Poly2 13600 1060 610 110
Poly3 6510 540 910 63
Poly4 13500 850 410 67
Poly5 13300 810 530 60
Poly6 13500 1310 81 22

aThe band maxima and line widths were found by plottig vs w
and fitting to a Gaussian peak shape. The molar absorptivities are uncor-
rected. The intervalence coupling values were found using the Hush formula,
as described in text.

can be attributed to a [Rt, RU**] — [RUd*, RUIZ] IT-type
transition. Since the first oxidation is ligand-based, this may
not be surprising. However, the polymers do exhibit an
absorption band typical of an IT but must be a ligatigand
centered excitation. This IT is also unusual because the
maximum absorption is found at low oxidation levdlg,~
0.25. The IT band might be assigned to a subband gap

distances and angles used in this calculation are rough
estimates, at best, so that the coupling constants that are
reported have large errors. However, the trendgjfindicate

that, despite the spectroscopic dissimilarity to the other
compounds, the coupling constant for Poly3 is similar to all
of the other mixed-valence polymers. This indicates that the
relatively low energy peak maximum in Poly3 arises for
reasons not associated with the donacceptor coupling.

Conclusion

A series of polyazines and dimer model compounds
containing [Ru(bpyj?* complexes at controlled sites along
the polymer chain were synthesized. Thel-N=C bonds
are significantly twisted so that the relative orientation of
the metallocycle sites are not coplanar and depends on the
number of azine repeat units between metal sites. The NMR
spectra indicated that the metal sites had a long-range
influence into the polymer backbone up to at least 15 A.
The cyclic voltammograms of the materials studied showed
two low potential features that were attributed to oxidation
of the ligand near the metal sites, which was also consistent
with DFT calculations. The first oxidized state showed a
spectroscopic transition with behavior similar to the familiar
IT transition found in many diruthenium complexes. How-
ever, the IT absorption was found only in the polymers and
not in the dimers, implying that the transition requires more
than two repeat units. Thus, the IT was assigned to a ligand-
centered doneracceptor transition spanning two metallo-
cyclic units. With this assignment, the coupling constant
between the donor and acceptor sites was found to be small
for all of the polymers but with only a slight decay as a
function of distance up to the conjugation length of the

polaron transition in these conjugated systems, but a polaronbridging unit.

is expected to display three peaks, which is not observed Thus, despite the presence of the transition metal complex
here. Further, upon increased oxidation a polaron is expectedat each repeat unit, the materials studied here behave as
to evolve into a bipolaron, which should have two subband organic polymers. The Ru(bp§j complexes serve as
gap absorptions and this is also not observed. Thus, we assigisubstituent groups that strongly interact with the delocalized

the IT peak to a dimer-to-dimer ligandigand transition for
each polymer, as depicted in Scheme 3.

This is consistent with the electrochemistry, which implies

polymer backbone. The cationic substituent groups promote
solubility in water and determine the oxidation site of the
polymer to be at the ligand. In contrast, the interaction

that neighboring repeat units are coupled. This also explainsbetween repeat units is set by the polymer ligand conforma-

why the IT maximizes af,x ~ 0.25— four repeat units are
required for the transition to occur. The much lovigrfor
the IT maximum shown in Table 1 for Polyl and Poly2

tion, which is twisted at the azine linkages and leads to small
coupling constants.
In future studies, we plan to investigate the solid-state

probably arise because these two materials contain a |argepharacteristics of these materials. In particular, the spectro-

fraction of shorter (DP< 4) chains.

We calculated the donefacceptor coupling using the
standard Hush formulaypush = 0.0205/@ A1 /€ mad! s
using the metatmetal distance between the donor and
acceptor sited 2> and correcting for the dihedral angle
between metal sited/a = c0SE)Vuush'® Using the angles
and distances determined from the PM3 calculations. The
results are given in Table 2. The coupling constants are small.
If an exponential decay is assumed, then a decay constan
of 0.040 Al is found (albeit with a large scatter). The

(76) Davis, W. B.; Ratner, M. A.; Wasielewski, M. R. Am. Chem. Soc.
2001, 123 7877.

scopic and charge transport properties of the polymers should
prove to be interesting. Since there appears to be at least
some coupling between oxidized and unoxidized sites,
reasonable electrical conductivity may be possible.
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