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Red-Emitting Ru(ll) Metal-Ligand Complexes
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A series of Ru(N-N)dcbp or mcmabp) complexes were synthesized where N-N represents a di-
imine ligand, dcbp is 4,4dicaboxylic 2,2-bipyridine, and mcmabp is 422 -bipyridine mono-
carboxy amide. The N-N ligand was either'20®pyridine (bpy), 4,4dimethyl-2,2-bipyridine

(dmbp), or 4,45,5-tetramethyl-2,2bipyridine (tmbp). We observed a red shift in both the ab-
sorption and emission with the presence of dcbp in the mixed ligand complex when compared to
Ru(bpy). Conversion of one of the carboxylic groups in dcbp to amide resulted in further red shifts.
A red shift in the absorption and the emission was also observed with increasing numbers of elec-
trons donating methyl substitutions on bpy. The lifetimes of the complexes decreased as expected
with the red shift emission. The tris heteroleptic Ru (tmphen)(tmbp)(dcbp or mcmabp) were the
most red-shifted among the complexes. Because of the red shift in the absorption, the maxima in
the fundamental anisotropies of the mixed ligand Ru complexes are now coincident with the max-
ima in the absorption. Overall we have been able to make an Ru complex which emits at about
700 nm in all aqueous environment and has a lifetime of about 220 ns.
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INTRODUCTION 1,10-phenanthroline (phen) emit around 600 nm. One
characteristic of these MLCs is that the nature of the
There has been considerable progress in developdigands on a Ru(ll) complex affects the photophysical
ing and adapting Ru- and Re-based metal-ligand com-properties of the complex. Typically, the lifetimes fol-
plexes (MLCs) as suitable luminophores for biochemical low the so-called energy gap law [10,11] which results
and biophysical applications. These MLCs have lifetimes in a decrease in the lifetime and the quantum yield as the
of a few 100 ns to several microseconds in solution, goodemission shifts to longer wavelengths. Hence, we are at-
photostability, large Stoke’s shift in the emission, and in- tempting to develop Ru(ll) complexes, that emit beyond
trinsic polarization (see reviews in references [1—4]). The 680 nm and have reasonably high quantum yields.
long lifetimes allow suppression of background fluores- There are several advantages in using red-absorbing
cence, which typically decays in less than 10 ns. Theand red/near-infrared (NIR)-emitting fluorophores. The
longer lifetimes also facilitate measurements of slower biological materials are significantly more transparent and
events in macromolecules not seen using nanosecondthere is much less background fluorescence at red and
lifetime fluorophores. These include domain motions in NIR wavelengths. There are red-emitting MLCs that are
proteins, diffusion in membranes, and hydrodynamics based on Os with diimine ligands with emission max-
of large macromolecules, [5-9]. Most Ru(ll) complexes ima approximately 750—-800 nm. However, these Os com-

that are made up with either 2Ripyridine (bpy) or
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plexes are also short-lived, with lifetimes typically less EXPERIMENTAL

than 50 ns in aqueous solution and quantum yields less

than 0.005 (unpublished results). The goal to make Ru All of the chemicals were obtained from Aldrich and

complexes that absorb and emit significantly to the red used as such unless noted otherwise. The absorption spec-

of Ru(bpy) with marginal loss in quantum yield and life- tra were taken on a HP8453 diode array spectrophotometer

time is an open area of research [12,13]. (Hewlett Pachard). The steady-state fluorescence mea-
The excited-state properties of these MLCs are de-surements were carried out with a Cary Eclipse fluores-

pendent on the pattern of empty low-lying electronic lev- cence spectrophotometer with the slits set at 5 nm. The

els that are ligand dependent, and in particular dependenabsorption of the solutions was near 0.05 optical density

on the ligandr* energies and therdlevels at the metal  (OD). The lifetimes were measured on a ISS K2 fre-

[1-4]. For mixed ligand Ru complexes, it is therefore quency domain instrument with a blue light-emitting diode

possible to some extent fine tune the photophysical prop-(LED) light source in a setup similar to that used by Si-

erties by the choice of ligands. For example, the use ofpior et al. [19]. The excitation was selected through a

a ligand with electron-withdrawing subsititution such as— 450-nm centered bandpass filter. Rhodamine B aqueous

—COOH or COOGH5 will lead to emission at higher  solution with a lifetime of 1.68 ns was used as a refer-

wavelengths because of their lowerlevels, and hence  ence. To remove dissolved oxygen, nitrogen was flushed

smaller energy gap between the orbitals of the metal  through a closed cuvette for 40 min for aqueous solu-

center and ther* orbital of the ligand. The use of lig- tions. We did not attempt to eliminate the last traces of

ands that have electron-donating substitutions such asoxygen, although we expect solutions to be essentially

methyl groups will stabilize the hole at the metal center free from dissolved oxygen. Mass spectrometry (MS/MS)

and increase the energy gap, which will increase the quandata were obtained using a Finnegan/Thermoquest LCQ-

tum yield and lifetimes. Several such examples have beenMS ion trap instrument in the School of Pharmacy, Uni-

reported [12—-18]. There are Ru(ll) complexes in the lit- versity of Maryland, Baltimore.

erature, as expected, which emit at longer wavelengths

when compared to Ru(bpydr Ru(phen). Almost all of )

the published reports of such red-emitting Ru complexes Synthesis

are in organic solvents and in the absence of oxygen. In

many cases the ligands in these complexes are bulky an@mbp

hydrophobic, which limits their use in biochemical sys- o ] ]

tems. It is also important to consider the different possi- Ten grams of 3,4-lutidine (98%) was mixed with

ble photophysical properties of such complexes in polar 0-8 9 of Pd on carbon (5%). The mixture was allowed
and nonpolar solvents, which can be quite different. to reflux under nitrogen for 4 days. The mixture became

To make brighter red-emitting Ru complexes, we Nighly viscous at the end of this period. It was cooled to
synthesized a series of MLCs in which 4diicarboxylic room temperature and 50 mL of methylene chloride was
acid-2,2-bipyridine (dcbpy) was the lowest* ligand, added. Then the reaction sample was filtered to remove
whereas the remaining ligands were bpy, dimethyl bipyri- the catalyst and carbon. The filrate was collected and the
dine (dmbp), or tetramethyl bipyridine (tmbpy). Because Selvent and the unreacted lutidine were removed under
our main interest is in biophysical applications, we also féduced pressure. The product was recrystallized in ethyl
derivatized one of the carboxyl groups into an amide (4- acetate:H NMR (CDCl;, 300 MHz):3 2.32 (s, 6H), 8.11
carboxy-4-amide bipyridine [mcmabp]) to represent the (s, 2H), 8.38 (s, 2H).
probe when conjugated to a macromolecule. To improve
the quantum yields, we also made a tris heteroleptic Ru
(tmphen)(tmbp)(dcbp) and its amide derivative Ru(bpyiClz Ru(dmbpiClz, and Ru(tmbpk-l,
Ru(tmbp)(tmphen)(mcmabp), where tmphen is tetram- These three compounds were prepared by the method
ethyl 1,10-phenanthroline. The use of 1;pBenanthro-  Of Togandoet al. [20] for Ru(bpy}Cl, and were used
line to replace a 2!ipyridine was based on literature Without purification.
data [1,2], which reported higher quantum yields with
phen ligands. In this_ co_mmur?icat?on_, we r_eport their lu- Ru(N-N)(dcbp)(PR),
minescence properties including lifetimes in aqueous en-
vironment in both the presence and absence of oxygen.  Two hundred milligrams of Ru(N-NEI, (where
Some of the anisotropies at55°C in glycerol are also  N-N is either bpy or dmbp or tmbp) and 1.1 equivalent
reported. of dcbp were dissolved in 30 mL of ethanol/water (1:1
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vol/vol) and heated at reflux for 10 hr to give a red so-
lution. After filtration, the red solution was treated with
an aqueous solution of ammonium hexafluorophosphate
(150 mg in 30 mL of water). A bright orang-red precip-
itate was formed. This precipitate was filtered off, washed
with water, and then washed with ether. The product was
obtained after running a silica gel column with a mixture
of methylene chloride and methanol (1:1 vol/vol) as the
eluent. The Ru(ll) complexes were identified by coupling
two stages of mass analysis (MS/MS) conducted on a
Finnegan/Thermoquest LCQ-MS ion trap mass spec-
trometer. Data obtained were follows: [Ru(bpy)
(dcbpy)](PF), Mol. ion (m/2 calculated: 946.57, found:
946.26; [Ru(dm-bpyfdcbpy)](PFK), Mol. ion (m/2 cal-
culated: 1003.68, found: 1003.44; [Ru(tm-bpy)
(dcbpy)](PF), Mol. ion (m/2 calculated: 1059.78, found: HO
1059.39.

Ru(tmphen)(tmbp)(dcbp)(PF6)2

This compound was synthesized according to the
method of Heselet al. [21] and purified on a short sil-
ica gel column. Data obtained were as follows: [Ru(tm-
bpy)(tm-phen)(dcbpy)](P4, Mol. ion (m/2 calculated:
1083.80, found: 1083.48. Ru(dmbp)a(memabp)?*

HO—H,CH,CHN

Amidation of the Carboxylic Group

The amidation of one of the carboxylic groups in 0
the bpy ligand was done according to standard proce-
dures. Typically, 5 mg of the Ru complex was reacted
with 1.1 equivalenN,N'-dicyclohexyl carbodimide (DCC)
andN-hydroxysuccinimide in a small volume of dry di-
methyl formamide (DMF). After 24 hr, an equimolar
amount of dry triethylamine and ethanolamine were added yo——H,CH,CHN
and the reaction was allowed to proceed for another 24
hr. The products were isolated on a semipreparative re- (o]
versed-phase high performance liquid chromatography
(RP-HPLC) using the C-18 column and only the central 2+
region of the peak. The gradient was made up of ace- Ru(tmphen)(tmbp)(mcmabp)
tonitrile in water, both containing 0.1% trifluoroacetic Scheme 1
acid. The starting Ru(ll) complex was clearly separated
by its much longer retention time.

the absorption spectra of Ru(bpyRu(dmbp)(mcmabp),

and Ru(tmphen)(tmbp)(mcmabp), which cover the entire
RESULTS AND DISCUSSION range. The Ru(bpy)s characterized by a ligand-centered

absorption around 287 nm, a shallow valley in the 300-

The structures of a bis heteroleptic and a tris het-to 400-nm region, a metal-to-ligand charge transfer

eroleptic Ru complex along with that of Ru(bpwre (MLCT) band (which has a shoulder around 425 nm),
given in Scheme 1. The absorption spectral properties areand a peak at 455 nm. There is little absorption beyond
summarized in Table | and some representative example$20 nm. Upon replacing one bpy with a dcbp, we ob-
are presented in Fig. 1. For clarity, we chose to showserved two changes. There is a significant increase in the
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Table I. Room-Temperature Luminescence Properties of Mixed-Ligand Red Ru Complexes in 1.0 M tris HCI, pH 7.0

Sample MLCT (nm) Nem (NM) RQY* Tair (NS) Tnz (NS)
Ru(bpy) 455 610 1.00 370 583
Ru(bpy)(dcbp) 480 690 0.40 264 315
Ru(dmbp)(dcbp) 474 695 0.35 230 280
Ru(tmbp(dcbp) 480 694 0.25 177 197
Ru(bpyy(mcmabp) 482 690 0.37 256 285
Ru(dmbp)(mcmabp) 490 699 0.24 162 180
Ru(tmbp)(mcmabp) 503 715 0.13 143 119
Ru(tmphen)(tmbp)(dcbp) 485 672 0.35 294 /A
Ru(tmphen)(tmbp)(mcmabp) 505 700 0.31 219 N/A
Os(diSQ_dpphen) 731 0.08 65 N/A

2Relative quantum vyield (RQY) are accuratettd.05.
b Heterogeneouér).

¢These compounds were strongly quenched by oxygen, so the oxygen-free lifetimes were difficult to determine.

absorption in the 300- to 400-nm region and the MLCT Ru(bpy)(dcbp), Ru(dmbpgjdcbp), and Ru(tmbpg(dcbp).
absorption maxima shifts to red. The values of the max- Upon amidation of one of the carboxylic groups, the max-
ima of the lowest energy MLCT band are 455, 482, 474, ima become 690, 699, and 715 nm, respectively, for the
and 480 nm, respectively, for the series Ru(hpy) complexes containing bis bpy, dmbp, and tmbp. For the
Ru(bpy)(dcbp), Ru(dmbpgjdcbp), and Ru(tmbg(dcbp). tris heteroleptic complexes, the emission maxima are at
Upon converting one of the carboxyls to an amide, a fur- 672 and 700 nm, respectively, for the dcbp and mcmabp
ther red shift is observed. The maxima for the series areligand. As seen in Fig. 2, significantly more emission is
now 482, 490, and 503 nm. In addition, the long wave- observed above 700 nm, and in most of these complexes
length end of the absorption spectrum in the most red-it extends up to 860 nm. For comparison, we have also
shifted derivatives goes past 560 nm. For the tris het-included the emission spectrum of one of the brighter and
eroleptic Ru complex, there is an additional increase in water-soluble Os complexes, Os(di=d@pphen), which
absorption in the 300- to 400-nm region. The shallow has a maximum at about 730 nm.
valley disappears and the maxima for dcbp and mcmabp The red shift in the absorption and the emission with
derivatives are 485 and 502 nm, respectively. the use of dcbp in our Ru(ll) complexes was expected.
The maxima of the emission in a buffer solution of The ligand dcbp has significantly lower levels when
1.0 M tris HCI (pH 7.0) of these complexes are summa- compared to bpy, which in turn will result in lowered
rized in Table | and some representative emission spec-energy gap. A similar red shift in the absorption and the
tra are given in Fig. 2. The emission maxima are 610,
690, 665, and 694 nm, respectively, for Ru(kpy)

> 1.0
'-...
n
0.6 z
'._.
4
1]
- e
<Zt 0.4. =
@ O
o N
8 L
@ 0.2fF &
< =
— (e 0
(| 1 - ‘."-:u.-...
300 400 500 600 WAVELENGTH { nm)
Fig. 1. The absorption spectra of complexes — Ru (hpy)-- Fig. 2. The emission spectra of — Ru (bpy)-- Ru(dmbpyXmcmabp),
Ru(dmbp)(mcmabp), and----Ru(tmphem)(tmbp)(mcmabp) in L.O0M .- Ru(dmbp)(mcmabp), - - - - Ru(tmphen)(tmbp)(mcmabp), and

tris HCI, pH 7.0. The concentrations were K410°° M. -+~ Os(diSQ_dpphen) in 1.0 M tris HCI, pH 7.0.
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emission has been seen in several mixed-ligand Ru com-  0.25
plexes in which the emitting ligand has lower ener-
gies than the ligand it replaced [12—18]. In our case, the@ 0.20
other two ligands in our Ru complexes are the ones with ©
electron-donating groups, such as dmbp, tmbp, and tm-=
phen. The purpose of using electron-donating ligands is <

TROPY

0.15}

to increase the ground statg)energy level of the com- i 0.10¢

plex. Therefore, in our bis heteroleptic Ru complexes & g.g5

containing methylated diimine ligands and dcbp, the &

energy gap between thg, bf ruthenium center and* & 0

of the dcbp is further reduced. Amidation of one of the § . .

. - 1

two carboxylates in dcbp breaks the symmetry of the & 0-0350 200 250 500
ruthenium polypyridyl complexes. The resulting degen-
eration of the excited states also seems to lead to red WAVELENGTH (nm)
shifted emission. Fig. 3. The excitation anisotropy spectra-a60°C in glycerol of

The relative quantum yield (RQY) in buffer in the ~ — Ru(dbbrImemabp) and---Ru(tmphen)(tmbp)(memabp).
presence of oxygen for all of these complexes is given
in Table I. The complex Ru(bpyyvas taken as unity. In  decline in the anisotropy. The shape and the absolute
the dcbp series, the RQY values decreased to 0.40, 0.35jalues of the fundamental anisotropies seen with these
and 0.25, respectively, for the bis bpy, dmbp, and tmbptwo Ru complexes are similar to those seen with conju-
Ru(ll) complexes. Upon amidation of one of the car- gated derivatives of Ru complexes made up of either
boxylic groups, the values are 0.37, 0.24, and 0.13. Theremono- or dicarboxylic acid bpy [7]. A noteworthy fea-
was little effect of amidation on Ru(bp{cbp) com- ture of these mcmabp derivatives is that both the ab-
plex. This is not surprising because there was also little sorption maxima and the wavelengths of anisotropy max-
change in the emission spectrum. However, in cases ofima are similar. It should therefore be possible to excite
complexes containing dmbp and tmbp, we observe a sig-these complexes with a light source emitting around 490
nificant decrease in the RQY. Because there were alsaam, which is commonly used to excite fluorescein, and
significant red shifts in the emission of these two com- excite the maximum of both the absorption and the lim-
plexes upon amidation, these decreased RQYs are probiting anisotropy of the complex. Because the limiting
ably a direct consequence of the energy gap law [10].anisotropy of the mixed complexes seems to depend on
Overall, we achieved a red shift of approximately 80-90 the ligand with the lowest* energies, it should be pos-
nm with a concomitant decrease in RQY by a factor of sible to obtain even higher anisotropy by replacing dcbp
3. An additional red shift of about 15 nm in the case of with a ligand of lowerr* energy.
Ru(tmbp}(mcmabp), however, also decreased the RQY The lifetime values for all of the complexes in a
by half, a rather steep decline. For the tris heteroleptic buffer solution are given in Table |. The decays were ei-
Ru complexes, the RQY values are 0.35 and 0.31, re-ther monoexponential (the main component greater than
spectively, for dcbp and mcmabp complexes. Even though99% of the intensity) or somewhat heterogeneous, in some
both the Ru(tmbp{mcmabp) and Ru(tmphen)(tmbp) cases involving dmbp and tmbp ligand. However, even
(mcmabp) emit around 700 nm, the tris heteroleptic com- in these cases the main component was the long-lived
plex has a higher RQY value. This may be due to a de-one. In the presence of oxygen in the buffer, the lifetimes
crease of the nonradiative decay rate by using a moreare 370, 264, 230, and 177 ns, respectively, for Ruppy)
rigid ligand (tmphen) in the tris hereroleptic complex. Ru(bpy}(dcbp), Ru(dmbpjdcbp), and Ru(tmbp(dcbp).
There are examples in the lifetime that show that re- For the amidated derivative, the lifetime values in pres-
placement of a bpy by an analgous phen can increasence of oxygen are 256, 162, and 113 ns, respectively,
guantum yields in Ru complexes [12]. It seems that it for bpy, dmbp, and tmbp derivatives. The general trend
still holds true in a mixed ligand Ru complex. is similar to that seen in quantum yields. Upon removal

Figure 3 shows excitation anisotropy spectra for of the dissolved oxygen, the lifetime values increased to
Ru(dmbm)(mcmabp) and Ru(tmphen)(tmbp)(mcmabp) 583, 315, 280, and 197 ns, respectively, for Ru(hpy)
at —55°C in glycerol. The anisotropy values decrease Ru(bpy)(dcbp), Ru(dmbpgjdcbp), and Ru(tmbp(dcbp).
to close to zero in the initial part of the MLCT band In amidated series, the lifetime values are 285, 180, and
from about 425-430 nm and gradually increase to about119 ns in the absence of oxygen. For tris heteroleptic
0.20 around 490 nm. At higher wavelengths there is aRu complexes, the lifetime values are 294 and 219 ns for
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dcbp and mcmabp ligand, respectively, in the presence 5.
of oxygen. It should be noted that the increases upon oxy-
gen removal are more pronounced for longer-lived com- ¢,
plexes, as expected. It is difficult to compare our lumi-
nescence lifetimes in an aqueous environment with
published values for mixed-ligand red-emitting Ru com- 7.
plexes made up with different low* ligands because

all of the published values are in organic solvents. The
main reason is probably that the MLC excited states are g.
sensitive to the local environment.

CONCLUSIONS

We have been able to shift the emission of Ru com- 10.

plexes by 80-90 nm to the longer wavelength with less
than three-fold decrease in the quantum yield. The ac-

companied decreases in lifetimes are less than two-fold.11.

For example, Ru(tmphen)(tmbp)(mcmabp) has a lifetime
of about 219 ns when compared to 370 ns for Rugbpy)
whereas the emission is red shifted by 90 nm. The dcbp

may not be the best ligand of choice. The commercial avail- 1%

ability became the driving factor. We can visualize re-
placing it with 2,2-bipyridine, 5,5-C-C-benzoic acid. This
ligand has even lowet* energies and the excited elec-
tron in the Ru complex made up with this ligand will be
highly delocalized. The electronic delocalization effect re-
sults in both an increase in the lifetime and red-emitting 1
complex [12]. A tris heteroleptic complex provides a great
deal of freedom in tailoring the properties of the final Ru
complex. We believe it should be possible to make even
longer lived, more red, and still brighter Ru(ll) complexes
that are able to conjugate with macromolecules.
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