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Luminescent Ru(phen)(bps)-n2"~4 Complexes i = 0—3) as Probes of Electrostatic and
Hydrophobic Interactions with Micellar Media

Introduction

Electrostatic and/or hydrophobic interactions arising from
amino acid residues often control the structure and function of
biological systems. These forces not only dictate the secondary
and tertiary structure of proteins and enzymes but also direct
the binding among proteins, enzymes, and nucleic &citin
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The Ru(phenybpsk-2"* (n = 0—3) complexes (phes 1,10-phenanthroline, bps disulfonated 4,7-diphenyl-
1,10-phenanthroline) were prepared to probe the hydrophobic and electrostatic interactions with cationic DTAB
(n-dodecyltrimethylammonium bromide), anionic SDS (sodium dodecyl sulfate), and neutral Qt2&8dcy!
octaoxyethylene glycol monoether) surfactants. The measured emission maxima and lifetimes are consistent
with the population of the Ru~ phen MLCT (metal-to-ligand charge transfer) excited state in Ru(gheahd

the lower-lying Ru— bps MLCT excited state in Ru(phefdpsk-2"* (n = 0—2). Premicellar aggregates with
oppositely charged surfactants lead to decreased overall emission intensity for all complexes. In particular,
aggregates formed by Ru(bgk) with DTAB exhibit a 22-fold decrease in emission intensity and marked changes

in the electronic absorption spectrum, with a concomitant appearance of a shorter lifetime component. The
photophysical characteristics of the premicellar adduct can be explained by changes in the relative energies of the
emissive®MLCT state and thézz* state of the bps ligands, such that more effective deactivation ciMh&€T

through the®zz* state is possible. The results show that complexes possessing at least one bps ligand do not
exhibit significant changes in their spectral properties upon addition of DTAB, C12E8, and SDS micelles, compared
to those observed for Ru(phef), interpreted as reduced interaction between bps-containing complexes and the
micellized surfactants. The interactions (inferred from changes in spectral properties) between Bii{jpinein)

the cationic DTAB system are greater than those of Rugfpis¢n¥~ with the anionic SDS surfactant, although

both complexes possess overall charge of equal magnitude. These observations can be explained in terms of the
differences in the hydrophilicity of the complexes.

Much effort has been devoted to the fundamental understand-
ing of these noncovalent interactions in model systems at a
molecular level. The noncovalent binding of photoreactive
components to the interior and surface of microheterogeneous
systems, such as vesiclés!® micelles!’2! polymers?2-24and

addition, these interactions play an important role in enzymatic glog Chgrg. A K Warsrllel, ABi?chemistrr)]/l%G 25, 1675.
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starburst dendrimer$, has been widely utilized in energy association of the probes to the various micellar systems. The
conversion and storage relays that mimic those found in highly emissive series Ru(phgpsk-n2"* (n = 0—3; bps=
biological assemblie¥2° The binding of photoactive metal  disulfonated 4,7-diphenyl-1,10-phenanthroline), possessing over-
complexes to proteins and DNA has also been the focus of muchall charges of+2, 0, —2, and—4, was chosen to probe the
recent researck:3! The utilization of highly emissive probes interactions of the various complexes with anionic SDS (sodium
whose photophysical properties vary with those of their sur- dodecyl sulfate), cationic DTAB¥dodecyltrimethylammonium
rounding has proven a very useful tool in studies aimed at bromide), and neutral C12E8&-fodecyl octaoxyethylene glycol
probing the environment of supramolecular hosts at the probe’smonoether) surfactants. The complexes and micelle-forming
binding site3233 Systematic changes in the hydrophobicity of agents have been chosen such that their electrostatic properties
the probes can be attained through variation of the ligation can be systematically varied and monitored utilizing the optical
sphere about a metal center, while keeping the overall chargeproperties typical of Ru(ll) complexes.

of the probe molecules constant. One example is the series of

Ru(ll) complexes possessing substituted 1,10-phenanthrolineExperimental Methods

(phen) ligands to form the homoleptic Rugt) series, with L Materials. The ligands 1,10-phenanthroline (phen) and disulfonated
= phen, 5-Mephen, 4,7-Mphen, 5,6-Mgphen, Maphen, and 4 7_giphenyl-1,10-phenanthroline (bps), as well as Ru@id the
4,7-Phphen?* It was shown that the differences in hydropho-  chioride salt of Ru(pheg?", were purchased from Aldrich. SDS,
bicity of the various complexes has a significant effect on the DTAB, and C12E8 were purchased from Sigma and were used without
binding to anionic micelles, although it is believed that the further purification.

electrostatic interactions have a greater effect on the associa- Ru(phenj(bps) was prepared by refluxing 0.1 g Ru(ph€t) with
tion3* However, the changes in the probe’s absorption and 0.2 g bps ligand in 60 mL of a 3:1 ethanol/water mixture, followed by
emission spectral profile and intensity upon systematic variation Solvent removal in a rotary evaporator. The orange complex was

of its charge in the presence of both ionic and neutral micelles Séparated from the water soluble bps ligand using a Sephadex G-15
has not been thoroughly addressed column in water. Ru(phegl, was synthesized from the reaction of

. . 0.2 g of RuC} with a 2-fold excess of phen in 25 mL of anhydrous
Owing to the vast current knowledge of the photophysical DMF in the presence of 0.3 g LiCl. Water was added following

removal of the DMF and the insoluble Ru(phgdl} was collected
through filtration. The solid was dissolved in @i, and was extracted

properties of Ru(ll) complexe®;3%as well as on the composi-
tion, size, and shape of micelléssystematic studies involving

the complexes as emissive probes of hydrophobic and electro-with water to remove Ru(phesiJ until the aqueous phase was colorless.
static interactions can be undertaken. To this end, we haveRu(bps)Cl,*~ and Ru(bps)f~ were prepared by refluxing 0.056 g of
prepared a series of Ru(ll) complexes with varying overall RuCkand 0.29 g of bps (2-fold molar excess) in 30 mL of a 3:1 ethanol/
charge and monitored the changes in the absorption and emissioMvater mixture with 1.0 g LiCl. Since both complexes are water soluble,
characteristics of the complexes to obtain information on the they were separated using a Sephadex G-15 column. The orange
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Ru(bps)*~ eluted first and was collected, whereas unreacted ligand
and RuC} eluted very slowly. The second component was the broad
band of the purple Ru(bpg}l,*~ with remaining Ru(bps}~; the
mixture was passed through a second Sephadex G-15 column for further
separation. Ru(bpgpheny- was prepared by refluxing Ru(bp€)*~

with excess phen in a 3:1 ethanol/water mixture Ru(fpbenf~
overnight. The reaction mixture was dried, and Ru(ip$sen¥~ was
precipitated from acetone with ether.

The NMR spectra of all the complexes possessed peaks in the
aromatic regior#® In the mixed-ligand complexes, the overlap of the
resonances for phen and bps protons made it difficult to obtain
independent integrated areas, although the ratio between the phen 4,7-H
(8.75-8.85 ppm) and those in the 8:38.43 ppm region, corresponding
to overlapped phen 5,6-H and bps 2,9-H, were consistent with the
expected integrated values for Ru(ph€mps) and Ru(bpsjphen¥.

The identity of the complexes containing bps ligands was ascertained
by mass spectrometry. The parent ion peaks of the neutral complex
Ru(phen)(bps) were detected using FAB MS with positive ion detection
(m/z = 953, Ru(phenfbps)yH*; 975, Ru(phen)bps}Na'), and elec-
trospray with negative ion detection for Ru(bygghen¥~ (m/z, z 630.6,

—2; 1263.8,—1) and Ru(bps}~ (m/z, z 392.8,—4; 524.2,—3; 785,

—2). In addition the expected ligand-centerad* and MLCT
transitions in the electronic absorption spectra were observed, as well
as the strong emission in the 66650 nm spectral region.

Instrumentation. Absorption measurements were performed in a
Hewlett-Packard diode array spectrometer (HP 8453) with HP8453Win
System software installed in an HP Vectra XM 5/120 desktop computer.
Emission spectra were collected on a SPEX FluoroMax-2 spectrometer
equipped with a 150 W xenon source, a red-sensitive R928P photo-
multiplier tube, and DataMax-Std software on a Pentium microproces-
sor. The decay of the emission was measured following sample
excitation with the 532 nm output from a frequency-doubled Spectra-
Physics GCR-150-10 Nd:YAG laser (fwhm 10 ns, 3 mJ/pulse). The
emission was collected through a 570 nm cutoff filter (Oriel OG-570),
collimated and focused with two fused silica plano-convex lenses (f/4,

(38) Ackermann, M. N.; Interrante, L. Mnorg. Chem.1984 23, 3904.
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Table 1. Absorption @ab9 and EmissionAem) Maxima and

Luminescence Lifetimest) of the Ru(phenybpsk-.>"* (n = 1—3) (a) DTAB —=—Ru(phen);™”
Series of Complexes in Water 1.8r ~# Ru(phen)y(bps)
—— Ru(bps),(phen)>
complex AapdNM (e/x 10 M~L cm?) AendNM?  7/us® o 1.6F —o—Ru(bps)s 8
Ru(pheny* 262 (116.), 420 (18.6), 447 (19.4) 603 1.1 2 a4l
Ru(phen)(bps) 265 (62.9), 277 (sh), 423 (10.1), 626 4.6 < ‘
430 (10.5) ~ 121
Ru(bps)(phen}~ 265 (sh), 276 (82.7), 435 (17.9), 627 4.7 2
458 (17.7) < 10
Ru(bps)* 277 (72.6), 438 (16.1), 465 (16.2) 629 4.6 ~
aEmission corrected for instrument and detector respdnigeni- 038
tored at emission maximumid = 532 nm; 3 mJ/pulse; fwhm- 10 0.6 L L L L -
ns). (b) C12E8 —— Ru(phen);
20 ~-#-- Ru(phen);(bps) -
1 in. diameter) into the entrance slit of a Spex H-20 single monochro- _© —C— Ru(bps)y(phen)™
mator (1200 gr/mm grating blazed at 500 nm). The emission was B 1.8 —e— Ru(bps);* |
detected utilizing a Hamamatsu R928 photomultiplier tube powered if,
by a Stanford Research PS325 power supply; the signal was digitized =~
on a Tektronics 400 MHz oscilloscope (TDS 380) equipped with a 8
floppy drive. The ASCII data were transferred to a PowerMac 7600/ $
132 (Apple), and the fits were performed utilizing KaleidaGraph plotting
software. Attenuated scattered laser light yielded an overall instrument
response function with fwhre 12.5 ns. ‘
. . © —s—Ru(phen);>*
Results and Discussion 18} obS =@ Ru(phen)y(bps)
Photophysical Properties in Water. The absorption maxima 2 - ‘D'R“("Psbgl_’h“)z_-
and extinction coefficients for the Ru(phefijpsk—,2"4 (n = 2 161 —&—Ru(bps); T
0—3) series of complexes are listed in Table 1. The spectral g
differences in the 256300 nm region are indicative of the @
variations in the ligation sphere of the complexes. Thenz® ;%
transition of phen appears at 262 nm in Ru(pb€n)and that ~
of bps appears at 277 nm in Ru(bgs) the relative intensities
of each of these peaks in Ru(phgbps) and Ru(bpsjphen¥- . . ]
are consistent with the number of phen and bps ligands in each 0 20 40 60 80 100
complex. The broad absorption in the 40800 nm region
observed in all complexes is due ta’d(Ru-phen and/or Ru- [Monomer] / mM
bps) metal-to-ligand charge transfer (MLCT) transitions. Figure 1. Changes in the maximum of the MLCT absorption, (Abs),
The emission spectra of the four Ru(phgbps)_2"* (n = of each complex (Table 1) as a function of (a) DTAB, (b) C12ES8, and
0—3) complexes was collected in deoxygenated aqueous So|u_§g)b§)?s concentration relative to that in the absence of surfactant,

tions with 440 nm excitation, with maximaem, and lifetimes

listed in Table 1. The spectra of the bps-containing complexes take place below the critical micelle concentration (cmc) of each
exhibit emission maxima in the 62629 nm range, shifted to  syrfactant, where the reported cmc values for SDS, C12E8, and
lower energies from that of Ru(pheft) at 603 nm. In addition, DTAB are 8.0, 0.1, and 16 mM, respectivéf?2 Although
the emission lifetimes of all the complexes possessing bpsthe plots in Figure 1 are for a single wavelength in the broad
ligands are in the 4:64.7 us range (Table 1), which are  MLCT absorption band, the use of other wavelengths in the
approximately four times greater than that of Ru(pg&nj1.1 400-500 nm region leads to similar results with the exception
us). These observations are consistent with emission from theof Ru(bps)*~ and Ru(bps)phen§~ with DTAB. Similar trends
Ru(ll) — phen MLCT state in Ru(phesf), and from the lower-  gre also observed in the 25850 nm range for each system.
lying Ru(ll) — bps MLCT state in the mixed-ligand complexes  The changes in the absorption spectra as a function of
and in Ru(bpsf~. Such behavior is typical of emissive MLCT  monomer concentration for the Ru(ph@ijSDS system are
states of mixed-ligand Ru(ll) complexes, where the emission small. Such small changes were observed for all systems with
arises from the lowest-lying staté3® the exception of Ru(bps) and Ru(bps(phen¥ upon addition
Spectroscopic Changes upon Addition of Surfactant. of DTAB. Although the molar extinction coefficient of both
Electronic Absorption. The relative changes in the absorption thesa* and MLCT bands of Ru(pheg)™ change upon addition
of the MLCT transition of all four complexes as a function of of SDS, the peak positions and bandwidth remain relatively
added cationic, neutral, and anionic micelle-forming agents are unchanged. It should also be noted that the largest changes in
shown in Figure 1. Since in all cases the Ru(ll) complex the absorption spectra in SDS are observed above the cmc,
concentration was kept constant, the observed changes aréndicating that premicellar aggregates are either not formed or
indicative of variations in the extinction coefficient in the the association does not to cause changes in the absorption
premicellar and micellar environments. Changes in the absorp-

tion interpreted as premicellar interactions with the complexes (40) Burrows, J. C.; Flynn, D. J.; Kutay, S. M.; Leriche, T. G.; Marangoni,
D. G. Langmuir1995 11, 3388.

(41) Hobson, R. A.; Grieser, F.; Healy, T. W. Phys. Chem1994 98,

(39) Mukerjee, P.; Mysels, K. Lritical Micelle Concentrations of Aqueous 274.
Surfactant SystemsNational Standard Reference Data System; (42) Moulik, S. P.; Haque, M. E.; Jana, P. K.; Das, A.RPhys. Chem.
Washington, DC, 1971. 1996 100, 701.
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(a) [DTAB]/ mM 30T (@ o 277nm ]
0.5 i ° 25} —=— 326nm
o ~40 1 e > ]
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g <
§ 03 ’\&,‘
2 02 <
0.1
0'0 1 1 1 L 1
KQ o
0.5 20k 435nm |
o —&— 492 nm
o 04 g
g r <
g 03 Z
8 2
2 0.2 g
] ;
< <
0.10F
00}, 0.5 7
0.5 0 20 40 60 80 100
g 04 [DTAB}/ mM
g L Figure 3. Relative changes in the absorption of Ru(lapsin the (a)
£ 03 LC zz* transition of the ligand and (b) MLCT region, showing both
Q ; the decrease in free complex and the formation of premicellar and
2 02R% micellar adducts.
0.11% These shifts can be correlated with hydrophobic interactions
00‘ between the bps ligands and the long alkyl chain of DTAB
) monomers. Since the same behavior is not observed with the

300 400 500 600 700 800 neutral C12E8 system, it is likely that the cationic head group

A/nm in DTAB plays an important role in the association. However,
Figure 2. Spectral profile of Ru(bps)~ as a function of increasing  i0Onic interactions upon addition of various salts, including
DTAB at premicellar (top), micellar (bottom), and intermediate (middle) tetramethylammonium chloride and tetrabutylammonium chlo-
concentrations. ride, do not appear to affect the absorption characteristics. It

is known that Ru(phes3" binds electrostatically to the surface

spectra. Similar changes in the spectra were observed for allof the anionic SDS micelles, however, as discussed above the
the complexes with SDS and C12E8 and for Ru(pkérand spectral changes in the electronic absorption observed in this
Ru(phen)(bps) with DTAB, where there was an increase in system are smafl.28

absorption without significant spectral shifts. Emission Intensity. SDS and C12E8.The changes in the

In contrast, large spectral changes were observed for theintegrated emiss_ion i_ntensity)(relative to the intensity in water
anionic Ru(bpgf™ and Ru(bps)(phen§~ complexes upon addi- (o), are shown in Figure 4 for all four Ru(pha®psk-""*
tion of the cationic DTAB, especially at premicellar concentra- (N = 0—3) complexes in the presence of SDS and C12E8. The
tions. The observed spectral changes upon addition of DTAB SMall relative emission intensity changes measured {110,
were more pronounced for Ru(bgh) (Figure 2) than for the = 1.6) as a function C12E8 concentration for all Ru(ll)

less negative Ru(bpgpheny~. The greatest spectral changes complgxes (Fig.ufe 4b) result frgm.the observed chapges In the
shown in Figure 2 take place at premicellar concentrations of extinction coefficient at the excitation wavelength (Figure 1b).

a . - Similar results were obtained for all the complexes with SDS,
Erl—)girs(gr\:g (;1alneg(regl\:ltzlatftrliihrﬁ;tae?yd:gcs)zItoifn 2£Apzclt(re§r?"|ssitr?1ilar with the exception of Ru(phegfy (Figure 4a). Although the
? . lati h i f Ru(pk€n)n the MLCT
to that observed in water. These data point to a strong pre relative changes in absorbance of Ru(pgenjn the c

. 7 ; . “region were in the 1:861.2 range for [SDSk 80 mM, a slight
micellar Ru(bpsf" /DTAB aggregate, with a complesmicelle decrease in emission at premicellar SDS concentrations was

adduct that is either weaker or that does not lead to spectral jparved followed by a-56-fold increase at [SDSt 10 mM.
changes. In the premicellar aggregate, a large hypochromic shiftrnerefore, the increase in emission intensity in the Ru(pfigh)

is observed for the bpsz* peak, which shifts from 277 nmin  gps system is not derived from the changes in the probe’s
water to 298 nm in the presence of 2.0 mM DTAB, with & extinction coefficient, and cannot be attributed to a salt effect,
smaller red-shift of the broad MLCT peaks from 465 to 475 sjnce the emission of Ru(pheft) does not increase significantly
nm (Figure 2). As shown in Figure 3, the relative changes in ypon addition of similar concentrations of NaCl or 48 in
absorption in therz* and MLCT regions are similar, both in deoxygenated solutions. As determined by other groups,
the decrease of the initial spectrum and in the increase at theshielding from solvent upon surface micelle binding leads to
new red-shifted maxima at 326 and 492 nm. In both cases itis the increased emission owing to a decrease in the rate of
apparent that the largest changes take place at [DTAERD nonradiative excited-state deactivation, believed to operate
mM. through coupling to the OH vibrations of water molecules in
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—e— Ru(phen);?*
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---fl--- Ru(phen),(bps)
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-
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[Surfactant] / mM

Figure 4. Integrated emission intensity)(as a function of (a) SDS
and (b) C12E8 concentration relative to the free complgx (

1.0
05Ff
~ 0.0 P = = y
=
=
2 sk —m— Ru(phen);2*
—e— Ru(phen),(bps)
10k —o— Ru(bps)y(phen)”
—a— Ru(bps)s*
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[DTAB]/ mM

Figure 5. Changes in the relative emission intensity as a function of
DTAB concentration of all the complexes plotted as ldg) vs
[DTAB].

the second and third coordination sphe¥esOur data are
consistent with this explanation.

DTAB. The changes in the relative emission intensity as a
function of increasing DTAB concentration for all four com-
plexes is shown in Figure 5, where owing to the magnitude of
the observed changes the data were plotted adolbggs
[DTAB]. For the neutral Ru(pheglbps) complex, the changes
in the overall emission are not significant for [DTAB] 20
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change significantly in the presence of cationic DTAB micelles
([DTAB] = 20 mM).

In the case of the cationic Ru(phet) complex, its emission
intensity increases significantly with increasing DTAB concen-
tration. The increase is relatively constant for all DTAB
concentrations investigated, whether premicellar or above the
cmce, and it is greater than the increase in the extinction
coefficient at the excitation wavelength. Increased emission of
Ru(phenj?* was also observed upon addition of tetramethyl-
ammonium chloride and tetrabutylammonium chloride, but the
emission intensity remained constant in deoxygenated solutions
when NaCl or NaSO, were added.

Effect of Noncovalent Interactions on Spectroscopic
Properties. Ru(phen}?*. The spectral and intensity changes
of the emission observed upon addition of anionic SDS to
deoxygenated solutions of Ru(phgti) are indicative of ag-
gregates at premicellar concentrations and those above the cmc.
Owing to the opposite charges on the probe and SDS, the
interactions can be interpreted as being mostly electrostatic.
However, comparison of the spectral profiles upon addition of
SDS and a nonmicellizing agent such a$8@, suggest that
other interactions must be present in the micellar aggregates.
Furthermore, the overall increase in relative emission intensity
in the micellar SDS system by a factor of 5 is much greater
than that observed with similar N&O, concentrations, where
I/l ~ 1.2. Therefore, it can be concluded that although driven
by electrostatic interactions, the binding in the Ru(pk&mn)
SDS systems is partly hydrophobic in natéfé®

The importance of hydrophobic interactions associated with
the binding of Ru(pher)* to micellar media is also apparent
in the increase in absorption cross section and emission intensity
observed in the presence of the neutral C12E8 and cationic
DTAB. In C12ES8, the emission intensity changes follow the
variations of the extinction coefficient at the excitation wave-
length. Although no electrostatic forces are present in the Ru-
(phen}?*/C12E8 system, the probe is sufficiently hydrophobic
to interact with the micelles. A similar effect was observed
for the cationic complex with DTAB, although in this case there
was an additional increase in the emission quantum yield that
was not related to the increase in the absorption at the excitation
wavelength. Since a similar but less pronounced effect was
observed upon addition of tetramethylammonium chloride and
tetrabutylammonium chloride, it can be concluded that the
enhanced emission is partly related to the presence of the
guaternary ammonium salts in addition to hydrophobic probe/
surfactant interactions.

Ru(phen)(bps). No changes in the absorption or emission
spectral profile were observed for Ru(phghjps) above the cmc
for ionic and neutral micelles, or at premicellar concentrations
of C12E8 and SDS. By comparison to the related Ru(pfen)
it may be concluded that the sulfonated bps ligand provides
greater water solubility or hydrophilicity to the complex. These
properties provide the probe with added stability in the aqueous
phase in the presence of micelles and premicellar aggregates,
and therefore optical changes attributed to hydrophobic interac-
tions between the complex and micelles are not observed. Small

mM, although a slight decrease in intensity is observed at changes in the absorption and emission intensity were recorded
premicellar concentrations. Similar but more pronounced results for premicellar aggregates of Ru(phgbps) and DTAB, where

were obtained for Ru(bpgphen¥~ and Ru(bps)~, where at
premicellar DTAB concentrations the MLCT emission markedly
decreases. In fact, for Ru(bg$) the emission decreases by a
factor of 22 at [DTAB] = 2.0 mM. Although these two

the long hydrophobic chain of the surfactant may interact with

the aromatic ligation sphere while the cationic head groups
experience electrostatic attraction to the anionic part of the bps
ligand.

complexes possess an overall negative charge, their emission Ru(bps)*™ and Ru(bps)(phen)~. There were no changes
intensity increases slightly and their spectral profile does not in the electronic absorption and emission spectra of the anionic
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Table 2. Emission Decay Parameterfer Ru(bps)*~ upon (DTAB),. The changes in the relative amplitude of each
Addition of DTAB component as a function of added DTAB in the premicellar
[DTAB)/mM %(72) 7dns %) Tlus concentration range are consistent with this explanation (Table
0.10 100 46 2). Similar results were reported for Ru(bgs)bound to CTAB
0.25 100 4.8 (cetyltrimethylammonium bromide), where the measured life-
0.50 23.2 180 76.8 4.4 time was 8.1us in the presence of micelles and 19.7 ns at
0.75 42.3 181 57.7 4.2 premicellar concentratiorf8. However, in addition to the
i-g gg-g iég gg-g 2-% differences in the micellar systems employed, the reported
20 618 151 38.2 40 lifetimes were deduced from fits of the decays to a more
30 62.6 166 37.4 4.2 complex kinetic model, with variables that included the two
4.0 43.8 190 56.2 4.3 lifetimes, the micellar and premicellar binding constants, and
a Fit to biexponential decay of the for exp(—t/zy) + B exp(—t surfactant aggregation number, _and therefore cannot be directly
7)), where %) = 100N(A + B) and %) = 100B/(A + B). ® Fit by correlated to those obtained in the present work. Above
settingza = 180 ns. [DTAB] = 4.0 mM the overall emission intensity and absorption

spectra begin to resemble that observed for the free complex,

complexes in the presence of C12E8 and SDS. As discussedndicating that if there are interactions between the probe and
above for Ru(phenfbps), the sulfonated ligands appear to make the micelles or DTAB aggregates present (Scheme 1), these
the complexes highly water soluble, and therefore hydrophobic interactions do not lead to significant spectral changes. The
interactions that give rise to changes in the absorption and/orlifetime decay is monoexponential at DTAB concentrations well
emission spectra with neutral and anionic micelles and their above the cmc. A lifetime of 5.8s was measured at [DTAB]
premicellar aggregates are not observed. Even in the presence= 100 mM, thereforee,™ = 1.7 x 10° st (Scheme 1).
of DTAB micelles ([DTAB] = 16 mM), the interactions The biexponential decay with lifetimes relatively independent
measured by optical methods between the anionic complexesof surfactant concentration is indicative of slow binding kinetics
and the cationic micelles do no appear to be large (see Figurewith respect to the decay of the excited states in the free and
4). aggregated Ru(Il) complek,’ andks2, respectively, wittkd{S],

However, the premicellar DTAB aggregates lead to a large k-s << kJf, ko? (Scheme 1). The binding constant for up to two
decrease in the emission intensity for these complexes. Thesurfactant molecules with Ru(bgs), Ks, was be determined
emission intensity of the Ru(bp$)/DTAB system was reduced  to be 2.5x 10 M~ from changes in the absorption spectrum
up to a factor of 22 at DTAB concentrations below the cmc of 10uM Ru(ll) complex as a function of DTAB concentration
(IDTAB] < 16 mM), and although there is a slight decrease in up to 2.0 mM?#* Above 2.0 mM DTAB the absorbance began
the extinction coefficient at the excitation wavelength, these to increase, probably due to the formation of higher surfactant
changes do not account for the observed decrease in emissionaggregates, perhaps including micelles (Scheme 1). Fits to the
This system will be discussed in detail below. absorption data utilizing the binding of one surfactant molecule

Ru(bps)*/DTAB System. Scheme 1 shows the premicellar per complex did not yield satisfactory fits. Another method of
aggregation of DTAB monomers to the anionic complex leading obtaining binding constants that does not rely on the knowledge
to the formation of stable species in the ground state, which of the extinction coefficient of the Rusurfactant aggregates
possesses photophysical properties different from the free
Ru(bps)*~ complex in water. At small concentrations of %) gﬂgﬂqei'gggvgg Eggg‘ S. L; Demas, J. N.; DeGraff, B.JAPhys.
DTAB, the emission decay is biexponential, with lifetimes of (44) The equation [DTABJ(ea — ) = [DTAB] o/(eb — ) + L/(Kn(en —
4.1-4.8 us and 156-190 ns (Table 2). The long lifetime €r) can be utilized to obtaily, whereea = [(Aobd[RU]o) — €] and the
component can be attributed to free Ru(lgps)n water ¢ = ratio of the slope and intercept from the plot of [DTARa — &) Vs

£ " . [DTAB], equalsKy, (Wolfe, A.; Shimer, G. H. Meehan, Biochem-
1/kJ'), whereas the short lifetime corresponds to premicellar istry 1987, 26, 6392). Data and fits to the various models are shown

aggregates shown in Scheme 4, & 1k, Ru(bps)*/ in Supporting Information.
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Figure 6. Scaled emission spectra of Ru(bfs)(lexc = 440 nm) in
water and in the presence of 2.0 mM DTAB (multiplied by a factor of
22).

yieldedKs = 1.9 x 10* M1, which appears too high for the
interaction between two molecules in a high dielectric meditim.
Since the addition of water to premicellar samples of DTAB
containing Ru(bps}™ results in the regeneration of the emission,
irreversible sample decomposition can be ruled out. Further-
more, addition of NaCl or pentanol to Ru(bgs) samples in
the presence of 2 mM DTAB leads to the recovery of the
emission, pointing to the dissociation of the premicellar ag-
gregates. Quenching of the excited state of the complex by
DTAB via electron or energy transfer can be excluded, since a

decrease in the emission intensity was not observed upon

addition of tetramethylammonium chloride and tetrabutylam-
monium chloride, which possess similar redox and electronic
properties to DTAB.

As depicted in Scheme 1, it appears that as the DTAB
concentration is increased the formation of micelles is more
favorable than the premicellar Ru(bgsy(DTAB), aggregates,

since the photophysical properties resemble those of the free

complex. As described above, at [DTAB]100 mM the decay
of the Ru(bpsy*~ emission is monoexponential, therefore it can
be concluded that above the cmc Ru(lps)exhibits only
surface electrostatic interactions with the micelles that do not
result in significant spectral or photophysical changes.
Changes in the relative energies of the nonemissive bps-
centeredzz* and luminescent Ru~ bps MLCT excited states
can be utilized to explain the observed spectral changes, lowe
emission intensity, and shorter lifetime in the Ru(kf9)
(DTAB), premicellar aggregates. The MLCT absorption maxi-
mum of Ru(bpsy*~ at 465 nm is shifted to lower energies by
~1200 cnt?in the presence of 2.0 MM DTAB. The measured
emission spectrum of Ru(bp&) in 2.0 mM DTAB has been
multiplied by a factor of 21.5 for comparison with that obtained
in water, and both are plotted in Figure 6. The emission
spectrum in the presence of 2.0 mM DTAB shown Figure 6 is
slightly blue-shifted with respect to that measured in water. This
behavior is indicative of a displacement of the MLCT potential

r.
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the long hydrophobic alkyl chains-Ci2H2s) that gives rise to
the observed spectral shifts. It can be concluded from these
observations that the overall energy of the emisSM&CT
state does not change significantly in the premicellar aggregates,
and remains at17 000 cnrl.4®

The absorption maximum of the bpsz* transition shifts
from 277 nm in water to 298 nm in 2.0 mM DTAB\(= 2540
cm™1). For the related Pjphen complexes of Rh(Ill) and in
the free ligand (Pfphen= 4,7-diphenyl-1,10-phenanthroline)
the Izz* and 3zx* states lie 27 700 and 20 700 chabove
the ground state, respectivefy. A shift of the bps’zz* state
by 2540 cmt in the DTAB premicellar aggregates would lower
its energy to~18 200 cmtl. The MC3dd states typically lie
above 19 000 crrt in Ru(ll) polypyridyl complexes, and it is
unlikely that changes in solvation would affect the energy of
these state¥48

The interaction of the long alkyl chains with the bps ligands
in Ru(bps)*~/(DTAB), premicellar adducts does not appear to
result in a change of the overall energy of the emis&eCT
state (17 000 cnTd); however, the energy of the bgsz*
excited state is lowered from 20 700 chin water to 18 200
cm™! in the adducts. Such a scenario would lead to lower
activation energy for deactivation of tf&%ILCT through the
nonemissivedza*, resulting in higher rate constant for the
SMLCT to 3zzr* process and therefore shorter emission lifetime
and intensity. From the decrease in the lifetime of Ru@Jps)
in water (4.6us) to that in Ru(bps}~/(DTAB), (~160 ns), a
rate constant of 6.& 10° s~ can be calculated for tiMLCT
to 3zz* deactivation (assuming that the nonradiative rate
constant of the compleX,, is equal in water and premicellar
aggregates). From transition state theory, a rate contast,
related to the activation energia, by k = v exp(—Ea/ksT),
with v ~ 102 s71 andksT = 207 cnt?, a rate constant 6.8
1®® s lyieldsEx = 2490 cntl. This value is not unreasonable
compared to our estimated 1200 ¢nenergy difference between
the two states, and it is significantly lower than those measured
for the deactivation of MLCT states of Ru(ll) complexes through
MC dd state$® Although the scenario above assumes that
the energy of the MLCT excited state is the same in water and
in the presence of DTAB, preliminary emission spectra at 77
K show a shift of the MLCT emission of Ru(bp$) to higher
energies by~1500 cnT!in 2 and 40 mM DTAB compared to
water.

It has recently been found that tRRILCT excited state of
Ru(ll) complexes possessing ligands with low-lyfagr* states
can be effectively deactivated through this nonemissive path-
way?® In Re(bpy)(COIN(CHy),—CHs™ (n= 0—17) complexes
it has been shown that the longer alkyl chains interact more
strongly with the bpy ligand, resulting in a shift of the Re
bpy MLCT excited state to higher energies, thus placing the
SMLCT state near the ligand-centered bpyr* state through

(45) The energy of th8VILCT was taken as that for the related complex
Ru(Phphen}?* (Phyphen= 4,7-diphenyl-1,10-phenanthroline), whose
photophysical properties are closely related to those of Rufbps)
reported in the present work (Lin, C. T.; Boettcher, W.; Chou, M,;
Creutz, C.; Sutin, NJ. Am. Chem. S0d.976 98, 6536).

Estimated from absorption, fluorescence, and phosphorescence spectra
reported by: Ohno, T.; Kato, 8ull. Chem. Soc. Jpri984 57, 3391.

(46)

energy surface relative to the ground state along the nuclear(47) Lytle, F. E.; Hercules, D. MJ. Am. Chem. Sod.969 91, 253.

coordinate rather than a shift in energy of the state, consistent

(48) Wacholtz, W. F.; Auerbach, R. A.; Schmehl, R.Ihbrg. Chem1986
25, 227.

less polar surroundings of a charge transfer state. Since in thei49) Baba, A. I.; Ensley, H. E.; Schmehl, R. khorg. Chem.1995 34,

presence of DTAB micelles (Scheme 1) the lifetime and spectral
profile of Ru(bps)*~ are not significantly altered, it is likely

that it is not the electrostatic interactions between the complex
and the DTAB headgroups but the solvation of the ligands by

1198.

(50) Reitz, G. A.; Demas, J. N.; DeGraff, B. A.; Stephens, E.JMAmM.
Chem. Soc1988 110, 5051.

(51) Turro, C.; Bossmann, S. H.; Leroi, G. E.; Barton, J. K.; Turro, N. J.
Inorg. Chem.1994 33, 1344.
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which the emissive state was deactivatédin addition, the supramolecular assemblies. The electronic absorption and
reversal of the lowest MLCT state of Ru(bpfd,7-Phphen¥+ emission of the Ru(ll) complexes with varying overall charge
in the presence of SDS has been previously attributed to were utilized to investigate the electrostatic and hydrophobic
hydrophobic interactions between the 4,7ftten ligand and interactions with cationic, anionic, and neutral micelle-forming
the micelles’ interior, thus raising the Rt 4,7-Phphen MLCT agents. Premicellar aggregates of the complexes with oppositely
state above that for the more hydrophilic bpy lig&hdAt the charged surfactants leads to decreased overall emission intensity.
present time, the possibility that some of our observed spectralHowever, in the Ru(bpsi /DTAB system a 22-fold decrease
changes in the presence of premicellar aggregates are due tgq emission intensity and significant changes in the electronic

the formatio;of microprecipitants cannot be ruled out. absorption spectrum were observed, with a concomitant ap-
Ru(phen)s*"/DTAB and Ru(bps)(phenf”/SDS. The in-  pearance of a shorter lifetime component. The stable premicellar
teractions between Ru(phef) and Ru(bps(phenj - with like- aggregate possesses markedly different photophysical properties

charge micellar media can be directly compared owing to the 5 those of the free complex, owing to hydrophobic interactions
opposite overall charge of equal magnitude of the two com- poyyeen the surfactant's alkyl chain and the bps ligands. These
plexes. lItis evident from the changes in the absorption (Figure interactions lead to a shift of the bps-centefad* state to

'1)t andt_ the EI’T:ISSIOH éFlguhreﬁ)S) tZatththeret_ar(_a SI'Dg_PX:gam lower energies, providing a deactivation pathway of the emissive
In efra(i 'OFS hew;ehen t.u(a. 8 a?f_ . ?. cationic by a fact SMLCT state through the nonemissive LC state with a rate
surfactant, where the extinction coefficient increases by a factor . - e a0 105 51

of ~1.4 and there is a10-fold increase in emission intensity. . . . .
However, this is not the case for the Ru(lfsheny~ complex The results are consistent with a reduced interaction between

upon addition of the anionic SDS (Figures 1 and 4), where the the complexes that possess at least one bps ligand with DTAB,
absorption varies by a factor af1.05 and the changes in the C12E8, and SDS, compared to Ru(phéh)where the aromatic
emission intensity parallel the small increase in the extinction ligands are neutral and the ionic charge is in the central metal.
coefficient at the excitation wavelength. The interactions between Ru(phgi)and the cationic DTAB

The differences observed in the two systems can be ascribedsystem give rise to greater spectral changes than those of
to the charged—SO;~ groups on the bps ligands in  Ru(bps)(phenf~ with the anionic SDS micelles and premicellar
Ru(bps)(phen¥~, which make the complex more hydrophilic aggregates, although both complexes possess an overall charge
than Ru(phenft. Although both complexes possess an overall of equal magnitude. These observations point to the importance
charge of equal magnitude, in Ru(phgn) the charge is of the hydrophilicity and hydrophilicity of the complexes in
localized on the central metal and the ligation sphere, which binding to supramolecular assemblies, even in cases where
interacts with the solvating water molecules, is hydrophobic. charged probe molecules and micellar system would be expected
Therefore, the interaction between Ru(ph&hand the hydro- to exhibit strong repulsion.
phobic alkyl chains of DTAB molecules is more favorable than
that of Ru(bps;)(phenjf*' \.Nit.h SDS, sin.ce the Iat.ter.complex Acknowledgment. The authors thank Dr. Rajiv Bandwar
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