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Step-scan FTIR time-resolved spectroscopdFI3R TRS) in acetonitrileds has been used to probe the acceptor
ligand in metal-to-ligand charge transfer (MLCT) excited states of amide-substituted polypyridyl complexes of
Ru' and in analogues appended to polystyrene. On the basis of ground-to-excited state s{fsQ) of —31

cm! for the amide group in [RUbpy)(bpyCONHEt)]?" (bpyCONHEt = 4'-methyl-2,2-bipyridine-4-
carboxamide-Et Et = —CH,CH,BzCH,CHzs) (1) and in the derivatized polystyrene abbreviaf{éts—[CH-
CH,NHCObpy-RU'(bpy)]20} 4°" (3), the excited-state dipole is directed toward the amide-containing pyridyl
group in the polymer side chain. Smaller shifts #C=0) of —17 cnt?! in [RuU"(4,4-(CONEb).bpy)-
(bpyCONHEY]?" (2) and in the derivatized polystyrene abbreviatgedS—[CH,CH,NHCObpy-RU"(4,4-
(CONERbB)2bpy)]20} 4% (4) indicate that the excited-state dipole is directed toward one of the diamide bpy ligands.
The nearly identical results fdrand3 and for2 and4 show that the molecular and electronic structures of the
monomer excited states are largely retained in the polymer samples. These conclusions about dipole orientation
in the polymers are potentially of importance in understanding intrastrand energy transfer dynamics. The excited-
state dipole in3 is oriented in the direction of the covalent link to the polymer backbone, and toward nearest
neighbors. In4, it is oriented away from the backbone.

Introduction artificial photosynthesis are leading toward complex multichro-

Step-scan FTIR time-resolved spectroscop§FISR TRS) mophore arrays. o
has been used extensively to study the excited-state properties We report here the application of?STIR TRS to the
of transition metal complexés# This specific time-resolved determination of excited-state dipole orientation in two 20-mer
IR (TRIR) technique offers the advantages of molecular structure POlystyrene samples derivatized with 'Rpolypyridyl com-
specificity, broad spectral range, spectral multiplexing, the ability Plexes. The repeat units of these polymers are illustrated below
to access time scales from milliseconds to nanoseconds, andlong with the structures of models, [Rapy,(bpyCONHE!)]**
relatively short data acquisition times. Although TRIR in general (0PyCONHEt = 4'-methyl-2,2-bipyridine-4-carboxamide-Et
has found widespread use in examining the excited-state Et = ~CH:CH2BzZCH,CHg) (1) and [RY (4,4-(CONER)2bpy)-
electronic structures of isolated metal complexes, there have(PPYCONHED]*" (2). The abbreviations used for the derivatized
been few applications to molecular assemblies containing POlystyrenes argPS—[CH,CHNHCObpy-RU' (bpy)]2o} *°*
multiple metal centerdSuch studies are warranted considering (3) and  {PS-[CH,CH,NHCObpy-Ru'(4,4-(CONEb)2-
that synthetic efforts in designing molecular antennas for bPY)lza** (4).
. In previous work, intrastrand energy migration was studied
:gggmcgggyauthor& in the heteropolymerscp-PS—CH,;NHCO—(Ru');5(0g')3]32
* University of North Carolina. (5) and E:O'PS_CH2OC_H2_(RUH)25(O§|)5]6_0+ (6).57 These
(1) (a) Khan, S. |.; Beilstein, A. E.; Smith, G. D.; Sykora, M.; Grinstaff, ~molecules differ from3 in that they contain random styrene
M. W. Inorg. Chem1999 38, 2411. (b) Smith, G. D.; Chen, P.; Chao,  gpacers, and the metal complex linkages to the polystyrene

J. L.; Omberg, K. M.; Kavaliunas, D. A.; Treadway, J. A.; Meyer, T. ; _ ;
J.: Palmer, R. ALaser Chem1999 19, 291. (¢) Chen, P.. Paimer, R.  Dackbone are based on a singi€H,— spacer irb and an ether

A.: Meyer, T. J.J. Phys. Chem. A998 102, 3042. (d) Chen, P.: linkage in6. Furthermore, these molecules are heteropolymers
Palmer, R. AAppl. Spectroscl997, 51, 580. with a random loading of the Ruwr Od' complex in the ratios
(2) (a) George, M. W.; Turner, J. Coord. Chem. Re 199§ 177, 201. indicated. Following Rli— bpy metal-to-ligand charge transfer

(b) Schoonover, J. R.; Bignozzi, C. A.; Meyer, T.Goord. Chem. . L. . . .
Rev. 1997, 165, 239. (c) Bignozzi, C. A.; Schoonover, J. R.; Dyer, R. (MLCT) excitation of the majority RYIsites in5 to give the

B. Comments Inorg. Chenl996 18, 77. (d) Schoonover, J. R.;  MLCT excited state, RU (2.13 eV)8 rapid intrastrand RU
Strouse, G. F.; Omberg, K. M.; Dyer, R. Bomments Inorg. Chem. — RU' energy migration occurs witk > 2 x 108 stin CHs-

1996 18, 165.

(3) Omberg, K. M.; Schoonover, J. R.; Treadway, J. A.; Leasure, R. M.;
Dyer, R. B.; Meyer, T. JJ. Am. Chem. S0d 997 119 7013. (6) (a) Dupray, L. M.; Devenney, M.; Striplin, D. R.; Meyer, T.JJ.Am.

(4) (a) Omberg, K. M.; Smith, G. D.; Kavaliunas, D. A.; Chen. P Chem. Soc1997 119, 10243. (b) Dupray, L. M.; Meyer, T. Inorg.
Treadway, J. A.; Schoonover, J. R.; Palmer, R. A.; Meyer, Thatg. Chem 1996 35, 6299.
Chem 1999 38, 951. (b) Maxwell, K. A. Ph.D. Dissertation, UNC (7) Jones, W. E.; Baxter, S. M.; Strouse, G. F.; Meyer, 7. Am. Chem.
Chapel Hill, 1999. Soc 1993 115, 7363.

(5) See, for example: Balzani, V.; Campagna, S.; Denti, G.; Juris, A.; (8) Dupray, L. M. Ph.D. Dissertation, University of North Carolina, Chapel
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that excited-state molecular and electronic structure are largely
retained in the polymeric arrays.

Z c
Q HC, i Experimental Section
CH, NH ] 2+
HC o:C Et
'NH S N-Et IR Measurements. The spectra reported here were measured on a
°°\ /ﬁ = Qb step-scan modified Bruker IFS88 spectrometer at 6 'cspectral
N PN \f"}&u“‘% resolution. The samples were dissolved in acetonitfilat sufficient
~n N(l] E‘N‘ S g ° concentrations to give an IR absorbance of 8:0% in a 25Qum path
CN(EU'N\\/J B S U E‘/N.E‘ length cell for the amide band analyzed. This gave an approximate
JU oC. concentration of 6 mM for Ruchromophores in each sample. The
Et Nt solutions were sparged with argon for 50 min before being loaded by
. 2 syringe into a Caf-windowed cell. Ground-state spectra were recorded
by using the standard rapid-scan mode and corrected for absorption
H due to trace amounts of water picked up during sample handling. As
W 20 noted in other similar work, no adverse effects from these trace
\H @ amounts of water were detected in the transient spectra.
MEgZO CHp For time-resolved measurements, the samples were excited with the
W H2C\NH third harmonic (355 nm, 10 ns, 10 Hz) from a Q-switched Quanta-
HZC,CHz o¢ = 2 Ray DCR-1A Nd:YAG laser. The lifetime dependence on excitation
'NH h C,N‘ power dictated that lower irradiance (3 mJ/(pulse?yrbe used for
OC\ \{11 T \Nf e polymer sample8 and4 compared to that used for samptesind 2
:‘/'*N ~ 1 e / L;’I?O".N/ ) (5 mJ/(pulse cr)) in order to achieve a sufficient signal-to-noise ratio
(N, N5 gN-C AN S c© (SNR). By reducing the laser irradiance, the longer lifetimes for the
4 N7 b b ° Lg g E polymer samples allowed more postexcitation time slices to be averaged.
g O'EtiNﬂ The remaining experimental details for collecting time-resolved data
have been fully described elsewhéte.
3 4 The interferogram response before and after each laser flash was
digitized at 10 ns intervals. In a typical experiment, data from 240 to
h/ de 2400 laser flashes were averaged at each of the 369 interferogram
| iﬁ‘ﬁ 0 points. The AA) spectra were calculated from the single beAin
1 @ O transforms by the relatiodA(w,t) = —log[1 + Al(@,t)/I(¥)], where
i Csz I(v) is the intensity before the laser flash ant(7,t) is the change in
HN o} intensity at timet. For the AA “snapshots,” 510 time slices
(‘c;]o Gre immediately following laser excitation were averaged to improve the
| {
\{ﬂ “‘2 h \CNT@ I SNLri\:‘.etime Measurements All CH3CN i i
M) e 3CN solutions were sparged with
TN',\‘J " S " argon for 50 min before emission measurements were performed.

CN at 298 K® By contrast, energy migration following MLCT

M =Rult0s? (13:3)

5

M = Ru™:0s" (25:5)
6

excitation of Rl in 6 is slow, withk < 1 x 106 s717
A possible explanation for the dramatic difference in energy beam from the laser was used to irradiate the sample perpendicular to

Emission lifetimes as a function of incident laser irradiance were
measured by using a series of neutral density filters to reduce the power
of a 10 Hz Surelite 1I-10 (Continuum) Nd:YAGOPO laser system
with a pulse width of 6 ns (fwhm) as an excitation source. The excitation
wavelength was 460 nm, and the irradiance of the beam (defocused to
~7 mm in diameter) at the sample was varied randomly from 0.9 to
8.7 mJ/(pulse cA) with a pulse width of 57 ns (fwhm). The excitation

migration rates, based on a difference between the expectedhe optical axis of an f3.4 monochromator and Hammamatsu R446
excited-state dipole orientations, has been propose8, tine PMT. The output from the PMT was coupled to a LeCroy 7200A
excited-state dipole is predicted to be oriented toward the amide-0scilloscope interfaced with an IBM-PC. The solution absorbance was
containing ligand because of the electron-withdrawing effect 0-2° at 460 nm fol and3. Kinetic traces foi3 (average of 500) with
of the amide substituent. This would orient the excited-state 46C2Y 105 lifetimes of the excited state were fit to the triexponential
dinole toward the polvmer backbone. and therefore toward decay function in eq 1. Average lifetimes 8y [z[] were calculated

P t neiahb plﬁy b hould b ’ th tor li d by using eq 2. A single-exponential decay function was used to fit the
nearest neighbors. 1o, bpy S, ou e the acceptor 'g"?m lifetimes for 1 at all incident laser irradiances.
because of the electron-donating effect of the ether substituent.
In this case, the excited-state dipole would be oriented away
from the backbone.

We report here the use offSTIR TRS to unequivocally
determine the orientation of excited-state dipoles in the deriva-
tized polymers3 and4. The application is based on the use of
v(C=0) of amide substituents to confirm the acceptor ligand, ) o
and thus the orientation of the excited-state dipole. These resuItsan21’:g:;ucgslar0 fgﬂ(;%“zgw;ge;%mg‘;xzzg Stsritr‘]‘;t”;:’j digfe dl?\;‘r'{‘/g
tpf:g\ggge;?grvlligggg :Q/elfleiIr’ll(z:?)rtli']:iteihrﬁuﬁ-cchhr;?rﬂ?)pchaonrelierggg parameters and CAChe software. In these calc_ulations, the pendant

: : >1 complexes were modeled as open spheres of diameter 14 A and net
and that substituent effects can be used to change the orientatios_ charge with carbon skeletons of the polymer backbone between
of the excited-state dipole in a predictable manner. Our work them? A schematic representation of the resulting models with the
also appears to be the first application of this technique to suchtethered complexes projected onto the spheres is available as Supporting
large metal complex assemblies and provides direct evidencelnformation.

Ity =ae “ +ae® + g * (1)

ak, T+ ak, T+ ak
a, +a,+ a,

@
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Table 1. Ground-State (gs) and Excited-State (es) Band Energies and Shift€4r0) for the AA Spectra in Figure 1

v»(C=0), cn?
samplé Vgs Ves AV = Ves— Vgs
[Ru'bpy,(bpyCONHE)] 2+ (1) 1672 1641 -31
[RU'((CONE®)-bpy)(bpyCONHED)] 2+ (2) 12;3 12% ~+1g'
{ PS—[CH,CH.NHCODbpy-RU' (bpy)] 20t ** (3) 1672 1641 -31
{ PS—[CH,CH.NHCObpy-RU'(4,4-(CONEb):bpy)]2ct 0+ (4) 1672
1637 1620 —-17
aAs PR~ salts in acetonitrilegs. ® Uncertain due to poor SNR.
Wavenumber (cm™) Wavenumber (cm™) N
1800 1700 1600 15001800 1700 1600 1500 880 1
1 1 1 1
o 0154 0} - 040 o 830 .
g Fo3 & .
£ 0107 L o2 & < 780
g _ i § 3 .
g we 2 & 730
0.00 - - 0.00 v b
0.002 - 0003 680 4 .
0.001 — 0.001 P - ..
g 0.000 4 :':vgg‘; 4 630 . .
0.000 I -0.003 580 T T T —
-0.002 [ -0.005 0.0 20 40 6.0 80
§ 020 {® @ o 3 Incident Energy (mJ/pulse-cm?)
£ - 020 E
-;'; 0.10 4 L oo 2 Figure 2. Average lifetime of the MLCT excited state 8fin CH;CN
5 ) z at 298 K as a function of irradiance following 460 nm laser flash
000 7 oo < excitation.
0.001 ~ - 0.0015 . . .
- p shift of —17 cnt! to 1620 cm® for »(C=O0) in the excited
< 00007 - 00000 g state in both spectra. Because of the dilute solutions used, the
0.000 ~ L .0.0015 changes in the bpy bands were not generally observable.
‘ T T T However, a bleach of the ground-state monoami@@=0) at

1800 1700 1600 1500 1800 1700 1600 1500

Wavenumber (cm'l) Wavenumber (cm'l)

Figure 1. Ground-state IR and’5TIR AA spectra for monomers (a)
1 and (b)2 and polymers (cB and (d)4 in acetonitrileds at 298 K.

Results

Ground-state IR andA snapshot spectra for monomelrs
and2 and polymers3 and4 in the mid-infrared region from
1500 to 1800 cm! are shown in Figure *ad, respectively.
Table 1 listsy(C=0) ground- and excited-state band energies
and excited-state shifts for each sample.

For 1 and3, with a single amide substituentC=0) in the
ground-state spectra appears at 1672%m@and bpy ring modes
occur at 1622, 1605, and 1541 (split) cmFor the diamide
substituents ir2 and4, an additional ground-stai¢C=0) band
appears at 1637 cm. This mode is the asymmetrigC=0)
for the diethylamide substituents on the nontethered bpy ligands.

1672 cnr! with a positive feature appearing at 1682 ¢nsan
be distinguished above the noise in the AA spectrum.

The SNRs of theAA spectra for the model and polymer3
are 7.9 and 2.8, respectively, as calculated by taking the absolute
values of the signal strengths of the bleach at 1672camd
dividing by the peak-to-peak average noise of the baseline from
1800 to 1700 cm. The spectra were obtained by using a similar
number of coadditions on solutions having comparable con-
centrations of chromophore. The lower SNR for the polymeric
sample3 is a consequence of a shorter average excited-state
lifetime. Furthermore, as illustrated by the data in Figure 2, the
average lifetime for3 decreases as the laser irradiance is
increased. The average lifetime of the MLCT excited stat in
was found to decrease from 900 to 590 ns as the excitation
irradiance was increased from 0.9 to 8.7 mJ/(pulsé)ychihere
was no laser power dependence for the single-exponential
lifetime (1.5us) for model complex.

At the lower concentrations necessary to obtain reasonable SNF?Discussion

for the strong 1637 cm band, only the most intense bpy band
at 1541 cm' was observed.

The AA spectra forl and3 are identical within experimental
error. A bleach of the ground-state band at 1672 tris
observed, and(C=0) shifts —31 cnT! to 1641 cnTl in the

The AA spectra of model complexesand 2 in Figure 1
illustrate the power of this transient IR technique in identifying
the acceptor ligand in asymmetrical polypyridyl complexes, in
this case based on shifts ufC=0) of the amide substituents.

excited state. Changes in the bpy ring modes are also observed he shift iny(C=0) for the monoamide ligands ihand3 of
at lower energy. Analogous bands have been noted previously—31 cnt! is comparable to the value ef26 cni? reported

in the analysis of thé\A spectrum of Ru(bpyj".2
The AA spectra for2 and4 are also similar. A bleach of the
ground-state diamide(C=0) is observed at 1637 crhwith a

(9) (a) Friesen, D. A;; Kajita, T.; Danielson, E.; Meyer, Tldbrg. Chem
1998 37, 2756;1999 38, 3442. (b) Morimoto, T.; Takahashi, T.;
Sekiya, M J. Chem. Soc., Chem. Comm@@84 794. (c) Nakahama,
S.; Hirao, A.Prog. Polym. Sci199Q 15, 299. (d) Suzuki, K.; Hirao,
A.; Nakahama, SMakromol. Chem1989 190, 2893.

earlier for [RU (bpy)(4-CONEb-4'-CHsbpy) 2" .42bThese shifts
are consistent withr* acceptor levels of the amide-containing
ligands that have considerable CO character.

Similarly, in the bis(diamide) complex&and4, the bleach
of the ground-state(C=0) at 1672 cm! and its shift of—17
cm1, approximately half that found fdr and3, are indicative
of a diamide-bpy ligand as the accept®iGiven the small
energy difference between the reduction potentials for the
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monoamide-bpy ligand and diamide-bpy ligand in these results of a study currently in progress show that there are
complexed? there might exist some possibility for interligand  differences in energy migration rates betw@samnd4, but that
electron transfer on a fast time scaleZrand 4.1° However, they are less dramatic than betwe®rand 6, indicating that
even if this is the case, the diamide-bpy ligand is shown by there may be significant contributions to energy migrations from
these experiments to be the dominant MLCT acceptor. both through-space and through-bond mechanisms in metal-
The larger shift imy(C=0) for the monoamide complexes lopolymers 3 and 4. These results will be reported in a
relative to the diamide complexes points to extensive localization subsequent paper.
of the excited electron on the pyridine ring bearing the amide  The transient IR spectra df and 3 are similar, as are the
substituent. The smaller shift for the diamides and the presencetransient spectra ¢ and4. This similarity is important in that
of a single excited-state diamide band in thé& spectrum are it demonstrates that the excited states of bound pendant groups
consistent with delocalization of the excited electron over both in the polymeric samples have the same electronic and molecular
of the amide-substituted pyridine rings, at least on the time scalestructures as the model complexes. These results also demon-
of this experiment¥ 10 ns). These same conclusions have been strate that the acceptor ligands and local orientation of excited-

reached previously for [Rigbpy)(4-CONEp-4'-CHzbpy)P+ and
[Ru"(bpy)(4,4-(CONEB)bpy), whereAy (C=0) was found
to be —26 and—15 cnt?l, respectivelyt

The apparent shift im(C=0) of ~+10 cnt! for the
monoamide in2 is consistent with the previous statements
concerning electron distribution in the excited state. The
monoamide-bpy ligand changes from the acceptor ligant in
to a spectator ligand i. In the conversion from ground state
[Ru''(4,4-(CONEb)-bpy)(4-CONEL-4'-CHsbpy) ] to excited-
state [RU'(4,4-(CONEL),bpy)(4,4-(CONEL),bpy)(4-CONES-
4'-CHzbpy)J?*, partial oxidation at the metal center results in a
frequency shift inv(C=0) for the spectator ligand because of
the loss in & — pa*(bpy) back-bonding. As shown earlier,
oxidative quenching of the MLCT excited state of [Riopy)-
(4-CONEp-4'-CHsbpy)?™ by methyl viologen results in a
comparable shift in(C=0) of ~+10 cnT14

The average excited-state lifetime for polyn3adiminishes
with increasing excitation irradiance, as shown by the data in
Figure 2. This effect has been observed previously for polymers
5 and6 and attributed to a multiphoton effect arising from local
polarization and excited-stat@xcited-state quenchirfg.’

Aside from the variation in substitution on the nontethered
bpy ligands, there is another, more complex, structural dimen-
sion in the polymers arising from the orientation of the excited-

state dipoles are retained in the metallopolymers and can
potentially affect their intrastrand energy transfer dynamics.

Syntheses

Materials. Diethyl ether (Mallinckrodt), CHCN (Burdick & Jack-
son), chloroformd (Cambridge Isotope Laboratories, 99.8 atom % D),
acetonitrileds; (Cambridge Isotope Laboratories, 99.96 atom %NDIN-
bis(trimethylsilyl)lithium amide (1.00 M in hexane), chloromethyl
methyl ether, and all other materials were used without further
purification unless otherwise stated. Amirgcid coupling reagents,
benzotriazol-1-yloxy tris(dimethylamino)phosphonium hexafluorophos-
phate (BOP, Nova Biochem), 4-(dimethylamino)pyridine (DMAP,
Aldrich), 4-methylmorpholine (NMM, Aldrich), and 1-hydroxybenzo-
triazole hydrate (HOBT, Aldrich) were also used as received. Aceto-
nitrile-d; (99.6 atom % D), NHPFs, andsecBuLi (2.5 M in THF)
were obtained from Aldrich. Styrene and 4-(chloromethyl)styrene
(Aldrich) were passed through short alumina columns to renteste
butylcatechol inhibitor. The styrene was then passed through three
freeze-pump-thaw cycles and distilled from dibutylmagnesium (Al-
drich, 1.0 M in heptane) before polymerization. TitrationsezBulLi
used as initiator in the living anionic polymerizations was performed
(three times) using\-pivaloyl-o-benzylaniliné® as an indicator in dry
THF distilled from Na/benzophenone. Dimethylformamide (DMF,
Fisher), CHCI, (Mallinckrodt), cyclohexane (Fisher Scientific, stirred
over concentrated #30, for at least 1 week), and diethylamine
(Aldrich) were freshly distilled from Cagbefore use. Hydrated Rugl

state dipoles relative to the polymer backbone that appears towas obtained from Janssen Chimica. SP-Sephadex C25 resin was

play an important role in intrastrand dynamics. The monoamide

tether defines the covalent linkage to the backbone and the

relative spatial projection of the complex toward the acceptor

ligands on adjacent complexes. The transient IR results clearly

show that the MLCT excited-state dipole is oriented toward the
tether in3 and away from it (toward one of the diamide-bpy
ligands) in4.

Molecular modeling of these polymer-bound complexes has

purchased from Pharmacia Biotech. 4-Methyl=hpyridine-4-car-
baldehyde (bpyCHOY 4-carboxylic acid-4methyl-2,2-bipyridine
(bpyCOOH)* 4,4-dicarboxylic acid-2,2bipyridine (bpy(COOHy),*3
and [RU (bpy)(bpyCOOH)](Pk).f>1? were synthesized according to
published procedures.

4,4-Diethylamide-2,2-bipyridine (4,4'-(CONEt,).bpy) was pre-
pared according to a related published proceétiBay(COOH) (3.55
g, 14.6 mmol) was added to a flame-dried 500 mL round bottom flask.
To the flask was added SOGP00 mL), and the reaction mixture was

been used to examine the orientation of the excited-state dipolerefluxed and stirred for 22 h. The solvent was removed by vacuum

relative to other complexes along an 18-mer chain (illustration
available in Supporting Information). In the 18-mer analogue
of 3, the orientation of the dipole along the chemical link directs

it toward the polymer backbone and toward nearest neighbors.

In the analogue ofl, the dipole is oriented away from the

distillation, and the residue was dried under vacuum. The reaction flask
was purged with argon, and dry, distilled &8, was cannulated onto
the yellow-brown solid. The mixture was refluxed to enhance the
solubility of the acid chloride in CKCl, and then cooled to room
temperature. Freshly distilled diethylamine was slowly added to the
mixture. The reaction mixture was stirred at room temperature for 30

backbone and away from nearest neighbors. Orientation of themin and then refluxed for 30 min. The solvent was removed by rotary

excited-state dipole toward the backbon@igreatly decreases

evaporation, and the brown oil was purified by column chromatography

the through-bond distance to nearest neighbors relative to the(alumina; 2% MeOH in CkCl,). Solvent was again removed by rotary

dipole orientation in polyme#d. With the diamide acceptor

evaporation, and hexanes were added to precipitate a yellow solid. The

ligands in4, the through-space distance to nearest neighbors ispure product was afforded by recrystallization with diethyl ether/

decreased.

The earlier results comparing amide-linked copoly&weiith
ether-linked copolymes point to the importance of the relative
orientation of the excited-state dipole to intrastrand energy

transfer, at least in these 1:1 random styrene copolymers. The

(10) Malone, R. A.; Kelley, D. FJ. Chem. Phys1991, 95, 8970.

(11) Suffert, J.J. Org. Chem1989 54, 509.

(12) Peek, B. M.; Ross, G. T.; Edwards, S. W.; Meyer, G. J.; Meyer, T. J.;
Erickson, B. W.Int. J. Pep. Protein Red 991 38, 114.

(13) Launikonis, A.; Lay, P. A.; Mau, A. W.-H.; Sargeson, A. M.; Sasse,
W. H. F. Aust. J. Chem1986 39, 1053.

(14) Mecklenberg, S. L.; Peek, B. M.; Schoonover, J. R.; McCafferty, D.
G.; Wall, C. G.; Erickson, B. W.; Meyer, T. J. Am. Chem. Soc.
1993 115 5479.
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hexanes. Yield: 2.74 g, 53%d NMR, ¢ (chloroformd): 1.09-1.14
(3H, t, CHy), 1.25-1.28 (3H, t, CH)), 3.19-3.27 (4H, q, CH), 3.51—
3.59 (4H, q, CH), 7.27-7.30 (2H, dd, 5,5bpy), 8.39 (2H, s, 3,3
bpy), 8.69-8.71 ppm (2H, d, 6,6bpy). Anal. Calcd for GoH26N4Ox:
C, 67.77; H, 7.39; N, 15.81. Found: C, 69.06; H, 7.62; N, 16.21.
Ru" (4,4 -(CONEt,).bpy).Cl,2H,0 was synthesized according to
a procedure for Ru(bpy¢lz-2H,0 with the following modificationg®
The reaction was monitored by UV/visible spectroscopy (4.5 h, Abs(395
nm):Abs(568 nm)= 1.05). DMF was removed by vacuum distillation,
and the remaining oil was dissolved in water and extracted with- CH
Cl, (500 mL, six times). The CkCl, was removed by rotary

Inorganic Chemistry, Vol. 39, No. 5, 200897

0.164 mmol), BOP (145 mg, 0.327 mmol), HOBT (33 mg, 0.25 mmol),
NMM (100 uL, 1.4 mmol), and DMAP (25 mg) in dry DMF~3 mL)

at room temperature, followed by precipitation in aqueous;
rinsing with water and ether, and purification by cation exchange
chromatography (same method as described fol (/R4 -(CONEL).-
bpy)(bpyCOOH)](PK). above, elution with 0.2 M NaClH NMR,

o0 (acetonitrilees): 1.03-1.21 (27H, m, ®3CHAr— and ligand
—CON(CH,CHa),), 2.56 (5H, m, bpy-El; and CHCH,Ar—), 2.86-
2.91 (2H, t,—ArCH,—), 3.12-3.29 (8H, m, ligand-CON(CH,CHj),),
3.42-3.68 (10H, m,—CH,CH,—NH— and ligand—CON(CH,CHs)>),
7.03-7.23 (4H, m, Ar), 7.59-7.36 (5H, m, bpy), 7.50 (1H, br t, NH),

evaporation, and the remaining DMF was removed under vacuum (100 7-59-7.72 (4H, m, bpy), 7.787.88 (3H, m, bpy), 8.458.49 (5H, m,

°C, 4 h). The residue was dissolved in a minimum amount of@H

bpy), 8.74 ppm (1H, s, bpy). IRy(C=0) = 1636 (diethylamide) and

and triturated with hexanes overnight. Violet crystals resulted and were 1669 cnt* (monoamide). UV-vis (CH,CN) 4 (¢): 250 (38 700), 298

used without further purification. Yield: 1.42 g, 92%.

[Ru" (4,4-(CONEt,).bpy).(bpyCOOH)](PFe), was synthesized ac-
cording to the procedure for [R(bpy)(bpyCOOH)](Pk)..6>12 Ru'-
(4,4-(CONEbL)2bpy)Cl*2H,0 (1.356 g, 1.479 mmol) and bpyCOOH
(0.380 g, 1.78 mmol) were refluxed in 75% EtOH/water for 17 h. A
portion of the product250 mg) was dissolved in50 mL of CHs-

CN and added slowly te~500 mL of deionized water containing a
0.01 M NaHPQy/0.01 M NaHPOQ, buffer. The solution was filtered
and product separated-3 times by cation exchange chromatography
(SP-Sephadex C25, 6-@.2 M aqueous NaCl gradient; containing
buffer). The desired product was eluted with a 0.1 M solution of NaCl.
The complex was precipitated by addition of excessRid in water,
acidified with dilute HCI, and cooled to TC for 2 h. The product was
filtered on a fine porosity frit and rinsed with dilute aqueous/RF
(acidic) and diethyl ether. Crude yield: 9096 NMR, ¢ (acetonitrile-
d3): 1.03-1.24 (24H, dt, ligand-CON(CH.CHj3),), 2.57 (3H, s, bpy-
CHj), 3.21-3.54 (16H, dq, ligand-CON(CH,CHj),), 7.32-7.38 (5H,
m), 7.60-7.62 (1H, d), 7.69-7.72 (2H, dd), 7.86-7.83 (3H, m), 7.94
(1H, d), 8.46 (4H, s), 8.56 (1H, s), 8.90 ppm (1H, s). IRC=0) =
1636 (diethylamide) and 1731 crh (acid). Anal. Calcd for
RuGs:Hs:N100sPsF12: C, 47.53; H, 4.76; N, 10.66. Found: C, 45.87;
H, 4.67; N, 10.05.

[p-CH3CHCeHsCH,CH,NHCI] was synthesized by the hydroge-
nation of 4{2-[N,N-bis(trimethylsilyl)amino]ethyistyrene in ethanol
with Pd/C as catalyst at 30 psig for 12 h to yield the mostly deprotected
amine, which was allowed to react with HCI in THF for 20 min to

ensure complete deprotection and quaternization of the amine. The

hydrochloric salt was stored under nitrogen for further dseNMR,
0 (D;0): 1.01-1.08 (3H, td, CH), 2.44-2.54 (2H, qd, CHCH,AT),
2.79-2.86 (2H, td,—ArCH,CH,—), 3.08-3.15 (2H, td,—CH,—N-),
6.99-7.24 ppm (4H, m, Ar).

[Ru"bpy,(bpyCONHELt")](PFs). (1) was synthesized by reaction
of [p-CHsCH,CsHsCH,CH,NH,CI] (167 mg, 0.899 mmol) with [Rix
(bpy)(bpyCOOH)](PR)2*3 (150 mg, 0.164 mmol), BOP (145 mg, 0.327
mmol), HOBT (33 mg, 0.25 mmol), NMM (10@L, 1.4 mmol), and
DMAP (25 mg) in dry DMF €3 mL) at room temperature for 2 h,
followed by precipitation in aqueous NPFs, rinsing with water and

ether, and purification by cation exchange chromatography (same

method as described for [Ri#,4-(CONEb).bpy)(bpyCOOH)](PF)2
above, elution with 0.2 M NaCIfH NMR, ¢ (acetonitrilees): 1.09—
1.20 (3H, m, GisCH,Ar—), 2.52-2.65 (5H, m, bpy-Ei; and CHCH,-
Ar—), 2.85-2.91 (2H, t, —ArCH,CH,N-), 3.58-3.66 (2H, q,
—CH,CH,—N), 7.05-7.09 (2H, m, Ar), 7.147.20 (2H, m, Ar), 7.25
7.27 (1H, d, bpy), 7.357.41 (4H, m, bpy), 7.46 (1H, br t, NH), 7.53
7.58 (2H, t, bpy), 7.677.71 (4H, m, bpy), 7.827.83 (1H, d, bpy),
8.01-8.07 (4H, t, bpy), 8.4#8.50 (5H, m, bpy), 8.72 ppm (1H, s,
bpy). IR: »(C=0) = 1670 cntl. UV—vis (CHCN) 1 (¢): 248
(26 660), 290 (69 800), 456 nm (15 040-Mcm™%). Anal. Calcd for
RuC-H3zoN;OPF12: C, 48.10; H, 3.75; N, 9.35. Found: C, 47.30; H,
3.67; N, 9.15.

[Ru" (4,4-(CONELty)-bpy)2(bpyCONHEL")](PFe)2 (2) was synthe-
sized by reaction off-CH;CH,CsHsCH,CH,NHCI] (167 mg, 0.899
mmol) with [RU'(4,4-(CONER).bpy)(bpyCOOH)](PK). (215 mg,

(15) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem 1978 17,
3334. Note: After the reaction mixture was cooled to room temper-
ature, 250 mL of water, not acetone, was added.

(75540), 464 nm (18620 M cm). Anal. Calcd for
RuGs,H76N1105PF10: C, 51.52; H, 5.23; N, 10.66. Found: C, 50.85;
H, 5.17; N, 10.48.

Poly(44 2-[N,N-bis(trimethylsilyl)amino]ethyl } styrene) parent poly-
mer was synthesized similarly to published proceddréke glassware
and stir bars were washed with HF solution (10%), thoroughly rinsed
with distilled water, dried overnight, and flame-dried with a strong argon
purge. All solvents were purged with argon fo20 min before use
and left under10 psi of argon. Dry THF+200 mL) was cannulated
into a 500 mL round bottom flask. Monomer, {2-[N,N-bis-
(trimethylsilyl)amino]ethy} styrene (10.0 g, 34.3 mmol), was added to
the reaction flask via glass syringe. The stirred solution was cooled to
—78 °C in a dry ice/acetone bath. In a separate flask, a titration of
styrene in THF was performed (0.06 mLs#cBuLi was added before
the characteristic yellow color persisted) to determine the additional
amount ofsecBulLi initiator needed. The polymerization was initiated
by the rapid addition ofeec BuLi (1.45 mL, 1.79 mmol, 1.23 M
solution in cyclohexane, 0.762 mmol)ava 1 mLglass syringe, and
the solution was stirred fo2 h at—78 °C. The polymerization was
terminated by the addition of argon-purged MeOH (2 mL). The polymer
was precipitated by dropwise addition to excess methanol, filtered on
a medium-porosity frit, and rinsed with MeOH. The polymer was
precipitated two more times. Yield~9.7 g. The product was stored
in a desiccator*H NMR, ¢ (chloroformd): 0.2 (18H, s, SiMg), 1.1—
2.0 (3H, br, backbone-CH,—CH—), 2.58 (2H, br,—Ar—CH,—), 2.92
(2H, br, =N—CH,—), 6.0-7.1 ppm (4H, br, aromatic). GPCM,
(calcd)= 5.8 x 10°, My, = 6.4 x 10°, M, = 5.9 x 10° (DP = 20), M,/

Mn = 1.08. DSC: Ty = 43.8°C.

Poly[4-(2-aminoethyl)styrene] deprotected parent polymemwas
prepared similarly to previous methoti$he parent polymer, poly(4-
{2-[N,N-bis(trimethylsilyl)amino]ethyistyrene) (1 g), was dissolved in
THF (30 mL). Concentrated HCN4 mL) was added, and the resulting
white suspension was stirred ferl5 min. THF (~50 mL) was added,
and the hydrochloric salt of the amine was filtered and rinsed with
THF. The white powder was dissolved in water and added dropwise
to a solution of NaCO; (200 mL, 1 M), and a cloudy white mixture
resulted. The pH was adjusted+@ (very important), and the mixture
was cooled for 20 min and poured inte300 mL of cold water. A
white precipitate resulted and was filtered off on a 600 mL medium
porosity frit. The solid was rinsed with water and ether.

{PS—[CH 2CH2NHCObpy—RU” (bpy)2l20} (PFe)40 (3) was synthe-
sized similarly to a published meth¥dby reaction of poly[4-(2-
aminoethyl)styrene] (65 mg, 2.1& 105 mol) with [Ru'(bpy)-
(bpyCOOH)](PF)2 (600 mg, 6.54x 10~* mol), BOP (579 mg, 1.3k
1072 mol), HOBT (133 mg, 9.81x 107 mol), NMM (92 uL, 1.3 x
102 mol), and DMAP (80 mg) in dry DMF £3 mL) at room
temperature for 2 h, followed by precipitation in diethyl ether. The
solid was filtered, dissolved in a minimum amount of £, and
precipitated by addition to a solution of NaHg(@-0.5 M). The product
was filtered and washed with water and diethyl ether. The polymer
was further reacted with acetic anhydride (429 4.45 mmol) in CH-

CN at 40°C for 2 h toensure complete conversion of the amines to
amide functionalities. The polymer was purified either by passing a
CHsCN solution through a pipet filled with silica gel or by metathesis
to the chloride salt with LiCl, followed by gel filtration chromatography
on a Sephadex LH-20 resin using a 30 &n® cn? column with MeOH

as eluentH NMR, 6 (acetonitrileds with 2 drops of BO added):
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1.0-1.6 (2H, backbone—CH,CHAr-), 2.2-2.8 (6H, bpy-CH, scanning calorimetry analysis was performed on a Perkin-Elmer DSC-7
backbone —CH,CHAr—, and —ArCH,CH,N—), 3.15-3.55 (2H, with a heating rate of 8C/min. A Bruker AX500 NMR spectrometer
—CH,CH;N—-), 6.0-7.1 (4H,—CH,CHAr—), 7.1-7.4 (5H, bpy), 7.4 with a 30 pulse, a relaxation delay of 1 s, and 256 scans was used to

7.75 (6H, bpy), 7.758.1 (5H, bpy), 8.2-8.5 (5H, bpy), 8.6-8.9 ppm generate high resolutiotdi NMR spectra of3 and4 in acetonitrilees
(1H, bpy). IR: »(C=0) = 1667 cntl. UV—vis (CHsCN) 4 (¢): 248 (99.95 atom % D) with 2 drops of @ (99.96 atom % D) at 323 K.
(27 020), 290 (66 540), 456 (15280 Mcm™). Anal. Calcd for The extent of loading of the Rucomplexes on the polymers was
RupoCaadH7odN140020PacF246. C, 48.24; H, 3.69; N, 9.33. Found: C, determined to be completéAll other 'H NMR spectra were obtained

48.36; H, 3.66; N, 9.20. on a Bruker Aspect 3000 (WM 250 MHz) spectrometer (acetonitrile-
{PS—[CH,CH,NHCObpy—RuU" (4,4-(CONEt;):bpYy)2] 20} (PFs)40 (4) ds;, 99.6 atom % D). UV-visible spectra (CECN solutions) were

was synthesized as described3day reaction of poly[4-(2-aminoethyl)- recorded on a Hewlett-Packard HP-8452A diode array spectrophotom-

styrene] (30 mg, 1.0 105 mol) with [Ru'(4,4-(CONEL).bpy)- eter with quartz cells. The IR spectrum bfvas obtained by using a

(bpy-COOH)](PF)2 (400 mg, 3.04x 10~* mol), BOP (269 mg, 6.08 Mattson Galaxy 5000 series FT-IR spectrometer at 2'amsolution

x 1074 mol), HOBT (62 mg, 4.6x 104 mol), NMM (43 uL, 6.1 x and averaging 25 scans. Elemental analyses were performed by Oneida

10* mol), and DMAP (40 mg) in dry DMF 3 mL) at room Research Services, Inc. (Whitesboro, NY).

temperature for 2 h. The polymer was further reacted with acetic . . . i
anhydride (193.L, 2.05 mmol) in CHCN at 40°C for 2 h.*H NMR, Acknowledgmentis made to the National Science Founda

o (acetonitrileel; with 2 drops of RO added): 0.9-1.3 (26H, backbone tion Graduate Fellowship Program (G.D.S.), Duke University

—CH,CHAr— and ligand—CON(CH:CH3)2), 2.3-2.9 (6H, bpy-CH, (R.A.P.), Bruker Optics (R.A.P.), and the National Science
backbone-CH,CHAr—, and—ArCH,CH,N—), 3.0-3.7 (ligand—CON- Foundation under Grant 9409107 (R.A.P.) for funding associated
(CH2CHg),), 3.7—3.65 (ligand—CON(CH,CHjz), and —CH,CH,NH— with the SFTIR TRS experiments, the National Science
), 6.1-7.15 (4H, Ar), 7.2-7.5 (5H, bpy), 7.5-8.0 (7H, bpy), 8.35 Foundation for a Presidential Faculty Fellowship (J.M.D.:

8.95 ppm (6h, bpy). IR:v(C=0) = 1635 (diethylamide) and 1667  1993-1997), and the Department of Energy under Grant DE-

cm! (monoamide). UW-vis (CH:CN) 1 (e): 250 (26 670), 298 FG02-96ER14607 (T.J.M.).

(50970), 464 (13010 ™M cml). Anal. Calcd for ) ) i ) )

RUGssH76N1:0sPoF12. C, 51.66: H, 5.12; N, 10.65. Supporting Information Available: Schematic drawing of energy-
Measurements. The molecular weights and molecular weight ~Minimized structures of analogues ®and4 (see text). This material

distribution for the trimethylsilyl-protected parent polymer were IS available free of charge via the Internet at http://pubs.acs.org.

obtained by gel permeation chromatography (GPC) on a Waters 150-|~990819H

CV GPC with THF eluent and Ultrastyragel columns of 100, 506, 10

and 18 A porosities. Polystyrene standards (Showa Denko) were used (16) Maxwell, K. A.; Dupray, L. M.; Meyer, T. J.; DeSimone, J. Folym.

to determine the molar mass and molar mass distribution. Differential Prepr. 1997 38 (2), 329.






