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A series of luminescent transition metal complexes using the pH-sensitive ligand 5-carboxy-1,10-phenanthroline
has been synthesized and characterized. The complexes, based on Ru(ll) and Re(l), show monotonic changes in
both luminescent intensity and lifetime with pH values over the range 2 < pH < 9. The impact of various structural
features on both the range of pH sensitivity and dynamic response was studied using both intensity and lifetime
measurements. It was possible to predictably tune the pH sensitivity range over about 1.5 pK, units. While significant
variation in the dynamic response range was observed, the correlation with structural features needs further study.

Introduction Luminescent transition metal complexes have been ex-

. y i _—y
The use of luminescent transition metal complexes as Plored as possible sensors for oxygen concentratuid,

sensors continues to attract considerable intéfdataddition chloride’ and CQ con_ce_ntratmﬁ, and temperatur%_.The

to the signal-to-noise advantages inherent in all luminescent™easurement of pH is important for areas ranging from
measurements, transition metal complexes have some phopardlac cntlca_l care to acid rain pollution of strgams. Because
tophysical properties that make them especially attractive as?f its central importance, pH measurement via luminescent
sensors. These include significant Stokes shifts for easyse_nsors 'has been an area Of, cons_ldergble St“‘?'y- A ”“”_‘ber
separation of excitation and emission, emission color shifts of mtens!ty-based gystems using primarily organic dyes with
with changes in the local environment, and relatively long pH-sensitive functlonallt_y have been suggeste®ather
lifetimes compared to their purely organic counterpafthis fewer systems_ employing metal complexes hav_e been
latter attribute allows considerable simplification in the '€POrted. A variety of metal ions have been used in both
detection schemes used for lifetime-based monitoring. It is single and multicomponent systers.

becoming clear that lifetime-based detection has significant - —

advantages vis-gis intensity methods in that the lifetime @) kﬁ'ﬁ,’gﬁig&ﬁggﬁ?&pﬁf ,é’f,bf,'s“,?gfiﬁ”gv‘j $§fkf”l°§§§ Ayd ed.;
methods are relatively insensitive to source variation, pho- (5) Demas, J. N.; DeGraff, B. A.; Coleman, P./&nal. Chem1999 71,
tobleaching of the probe material, and changes in the (6) K/Elga?lﬁl;?g(.)ﬁélever, H. G.; Keyes, T. E.; Vos, J. G.; Dressick, W. J;
efficiency of the optical system. This insensitivity greatly MacCraith, B. D.Sens. Actuators, B00Q 67, 89—95.

reduces the need for repetitive calibration, a real problem (7) Huber, C.; Kiimant, I.; Krause, C.; Wolfbeis, O./&nal. Chem2001,
73(9), 2097-2103.

for remote sensing applicatiofis. (8) Mills, A.; Eaton, K.Quim. Anal.200Q 19, 75-87.
(9) Demas, J. N.; DeGraff, B. AProc. SPIE-Int. Soc. Opt. End.992
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jmu.edu (B.A.D.). Phone: 540-568-6246. Fax: 540-568-7938. (10) (a) Ireland, J. F.; Wyatt, P. A. FAdv. Phys. Org. Cheml976 12,
(1) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. 131-49. (b) Whitaker, J. E.; Haughland, R. P.; Prendergast, F. G.
J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, TChem. Re. 1997, Anal. Biochem.1991 194 330-344. (c) Gillies, R. J.; Martinez-
97, 1515-1566. Zaguilan, R.J. Biol. Chem.1991, 266, 1551-1556. (d) Lobnik, A.;
(2) Demas, J. N.; DeGraff, B. ACoord. Chem. Re 2001, 211, 317— Oehme, I.; Murkovic, |.; Wolfbeis, O. $Anal. Chim. Actal998 376,
351. 159-165. (e) Greiner, G.; Maier, . Chem. Soc., Perkin Trans. 2
(3) Demas, J. N.; DeGraff, B. AAnal. Chem.1991 63, 829A—837A. 2002 1005-1011 and references therein.
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The general approach for the design of pH-sensitive
luminescent metal complexes is to modify a core ligand for
pH sensitivity. Typically, either a 2,2-bipyridine or 1,10-
phenanthroline structure is used and an alcohol, acid, or
amine function attached to provide the pH-sensitive element.
Complexes based on the platinum metal iong'ROST,
and Re are among the most commonly used. Complexes
with these metals are normally luminescent, photochemically
robust, exhibit either near UV or visible absorption, and can
be “tuned” by a variety of synthetic methods.

Despite the interest in and potential of pH measurement
via luminescent metal complexes, there seems to be little
exploration of how one can structurally manipulate the

response to tune the pH response range or the dynamic range
available. Further, there is a need to assess the similarities

and differences in the intensity and lifetime dynamic response

for these probes. This paper addresses some of these issues
through the synthesis and evaluation of a series of complexes

based on a simple pH sensitive ligand, 5-carboxy-1,10-
phenanthroline. Various Re(l) and Ru(ll) complexes were
prepared with the intent of exploring the range over which
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Figure 1. Structures of [Ru(5-COOHphen)(bp}d" and Re(5-COOHphen)-

both the pH response and the dynamic response could bgCO)XCN.

tuned. In addition, both intensity and lifetime data are
reported so that the correlation between the two detection
approaches could be evaluated.

Experimental Section

Except as noted, all chemicals were obtained from Sigma-Aldrich
and used without further purification. The Ru(llI}tH,O was
obtained from Johnson Matthey Cois-Ru(2,2-bipyridine}Cl,-
2H,0 was purchased from Strem Chemical Co. The ligands

5-chloro-1,10-phenanthroline and 3,4,7,8-tetramethyl-1,10-phenan-
throline were purchased from GFS Chemicals. The solvents used

were obtained from Fisher Chemical and were HPLC grade or
better. Ligand abbreviations used in this report are (1)-2,2
bipyridine = bpy, (2) 1,10-phenanthroline phen, (3) 3,4,7,8-
tetramethyl-1,10-phenanthrolinre Meyphen, (4) 5-carboxy-1,10-
phenanthroline= 5-COOHphen, and (5) pyridine pyr.

All the complexes were prepared by adapting well-known
literature preparation€:13Figure 1 shows representative complexes.
Structures were verified b$?C NMR, IR, and UV~vis spectra.

(11) (a) Grigg, R.; Norbert, W. D. J. Al. Chem Soc., Chem. Commun.
1992 1300-1302. (b) Zheng, K. G. Y.; Wang, Y.; Rellema, D. P.
Inorg. Chem.1996 35, 7118-23. (c) Murtaza, Z.; Chang, Q.; Rao,
G.; Lin, H.; Lakowicz, J. RAnal. Biochem1997, 247,216—222. (d)
Kosch, U.; Klimant, I.; Werner, T.; Wolfbeis, O. 8nal. Chem1998
70, 3892-3897. (e) Xie, P.-H.; Hou, Y.-J.; Zhang, B.-W.; Cao, X.
Photochem. Photobiol., 2999 169-174. (f) Blair, S.; Lowe, M. P.;
Mathieu, C. E.; Parker, D.; Senanayake, P. K.; KatakynBrg. Chem.
2001, 40, 5860-5867. (g) Ellerbrock, J. C.; McLoughlin, S. M.; Baba,
A. I. Inorg. Chem. CommurR002 5, 555-559. (h) Gunnlaugsson,
T.; Leonard, J. P.; Senechal, K.; Harte, AJJAm. Chem. So2003
125 12062-12063. (i) Vicente, M.; Bastida, R.; Lodeiro, C.; Macias,
A.; Parola, A. J.; Valencia, L.; Spey, S. Fiorg. Chem.2003 42,
6768-6779. (j) Wong, K. M.-C.; Tang, W.-S.; Lu, X.-X.; Zhu, N,;
Yam, V. W.-W. Inorg. Chem.2005 44, 1492-1498. (k) Ressalan,
S.; lyer, C. S. PJ. Lumin.2005 111, 121-129.
Ru(ll) complexes: (a) Giordano, P. J.; Bock, C. R.; Wrighton, M. S.
J. Am. Chem. S0d.978 100, 6960-65. (b) Baggot, J. E.; Gregory,
G. K,; Pilling, M. J.; Anderson, S.; Seddon, K. R.; Turp, JJEChem.
Soc., Faraday Trans. 2983 79, 195-210.
(13) Re(l) complexes: (a) Morse, D. L.; Wrighton, M. Am. Chem. Soc
1974 96, 998-1003. (b) Leasure, R. M.; Sacksteder, L.-A.; Nesselrodt,
D.; Demas, J. N.; DeGraff, B. Anorg. Chem1991 30, 3722-3728.

(12)

Assignments for'3C NMR spectra were facilitated by model
complex spectra using 5-chloro-1,10-phenanthroline as the proxy
for the 5-carboxy-1,10-phenanthroline. The model complexes were
synthesized using unambiguous routes. For complexes with multiple
isomers and broken symmetry, an unambigu§GsNMR assign-
ment could not be made. Authentication for these materials was
via elemental analysis supplemented with other spectral data. All
complexes were purified by column chromatography and gave
materials for which Thin-layer chromatography (TLC) showed only
one spot with two different solvent systems. Emission purity was
established by lifetime measurements, that is, a single lifetime in
CH3OH, and an acceptable excitation spectra riftiwhich was

flat to within 3%.

NMR spectra were obtained using a Bruker ERX 400 MHz
instrument. U\~visible spectra were obtained with a Hewlett-
Packard 8452A diode array spectrometer. Corrected emission
spectra were obtained using a Spex FluoroMax instrument, while
IR spectra were recorded on a Midac FT-IR instrument. Lifetime
measurements were made using a locally constructed apparatus
utilizing an LSHVSL nitrogen laser (3 ns pulse width) as the
excitation source. The decay curves were analyzed using a
Marquardt-based nonlinear least-squares fitting routine. Quantum
yields were based on the accepted value of 0.042 for Ru{Gpy)
in degassed watép,and the appropriate refractive index corrections
were applied.

Preparation of 5-Carboxy-1,10-phenanthroline.Though this
ligand has a Chemical Abstracts registry number (630067-06-0)
and is available in small quantities from AKos Consulting and
Solutions, GmbH, to our knowledge, its synthesis has not been
reported in the open literature. The pH-sensitive ligand, 5-carboxy-
1,10-phenanthroline was prepared using an extension of the work
of Kishnart® and Sullivart’ The 5,6-epoxy-1,10-phenanthroline was
prepared by treatment of 1,10-phenanthroline with chlorine bleach

(14) Sacksteder, L.; Demas, J. N.; DeGraff, B.lAorg. Chem1989 28,
178792.

(15) Caspar, J. V.; Meyer, T. J. Am. Chem. S0d983 105 5583-5590.

(16) Kishnan, S.; Kuhn, D. J.; Hamilton, G. A. Am. Chem. S0d.977,
99, 8121-8125.

(17) Shen, Y.; Sullivan, B. Pnorg. Chem.1995 34, 6235-6236.
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under slightly basic conditions (pH 8.5). The epoxide was then  [5-COOHphen] 125.2 125.2, 129.8, 131.3, 131.%, 137.5,
converted to the 5-cyano-1,10-phenanthroline by stirring at room 138.4, 139.6, 149.6, 149.%, 152.6, 154.Q; (COOH) 171.%. IR:
temperature with excess KCN in water. Suitable H NMR and C (carboxyl) 1687 cm!. UV—Vis Amax (CH;OH): ~425 nm. Anal.
NMR spectra along with a gas liquid chromatography analysis (as CH ester) Calcd for RugH4:NsO1oClo: C, 54.61; H, 4.15; N,
confirmed the desired products and their purities. The 5-cyano- 8.31. Found: C, 54.25; H, 4.22; N, 8.25 [Midwest Microlab].
1,10-phenanthroline product was smoothly hydrolyzed in 6 M Preparation of [Ru(5-COOHphen)s](CIO), (3). 0.100 g of
NaOH by overnight reflux. The cooled reaction mixture was RuCk:xH,0 (4.13x 104 mol), 0.463 g of 5-COOHphen (2.06
extracted several times with GBI, to remove residual starting 103 mol, 66% excess), and 15 mL of ethanelater solvent (3:1)
materials. Precipitation of the acid followed adjustment of the were refluxed for about 6 h, at which time, TLC (alumina plates,
reaction mixture to a pH of+5 with 6 M HCI. The acid was  CH;OH/H,0, 80:20%) showed only a single luminescent complex.
recrystallized from methanol. Typical overall yields were 40% based The solvent was stripped and the desired complex obtained by first
on starting 1,10-phenanthroline. The major loss occurs in the initial triturating the solid mixture with CEDH, in which the complex is
epoxidation step*C NMR (CD,OD/ppm): 124.4, 124.9, 127.3, readily soluble. This solution, after concentration, was dripped into
128.2, 129.4, 137.4, 137.5, 138.5, 146.6, 146.8, 150.%, 151.5, saturated NaCl@ The collected precipitate was then passed through
174.5. IR: (COOH) 1718 cm!. Anal. (as CH ester) Calcd for  a neutral alumina column using GBIH with increasing amounts
C1aH1N2O2: C, 70.58; H, 4.32; N, 11.76. Found: C, 70.07; H, of H,O to elute the tris complex. The desired complex was the last
4.19; N, 11.68 [Midwest Microlab]. Mp (ester) 14450 °C; mp material to elute’3C NMR (CD;OD/ppm): 126.§ 127.2, (128.2,
(acid) 335-337 °C (decomp). 128.3, 128.3, 128.3), (131.Q, 131.Q, 131.Q), (131.%, 131.%,
Preparation of [Ru(bpy).(5-COOHphen)](ClO,), (1). 0.100 131.%), 138.5, (138.4, 138.4), (140.3, 140.4), (149.3, 149.3),
g of Ru(bpy)}Cl,:2H,0 (2.78 x 10~4mol), 0.125 g of 5-COOHphen  (149.4, 149.4), (153.3, 153.3), (153.6, 153.7%); (COOH) 172.8.
(5.56 x 1074 mol), and 5 mL each of 0 and GHsOH were The complex forms two equally weighted geometric isomers.
refluxed until TLC [alumina, CHCN/CH,CI, (1:1)] showed that (carboxyl) 1624 cmt. UV—Vis Ana{CHsOH): 446 nm. Anal. (as
all the cis starting material had reacted (usually abet6 #). The CH;z ester) Calcd for RugH3z0NeO14Clo: C, 49.70; H, 2.96; N,
solvent volume was reduced t&2 mL, and then, the bright orange ~ 8.28. Found: C, 49.25; H, 3.02; N, 8.35 [Midwest Microlab].
solution was dripped into a stirred saturated NagZ$@ution. The Preparation of Ru(5-COOHphen),(CN), (4).0.068 g of RuG
product precipitate was collected via suction filtration and washed xH,O (2.90 x 10~4 mol), 0.130 g of 5-COOHphen (5.89 104
with cold water. After drying, the product was further purified by mol), and 5 mL of N,N-dimethylformamide were stirred at reflux
column chromatography using neutral alumina with acetone, for 4.75 h. TLC [silica gel plates, acetone/water eluant (60:40)]
acetone/methanol, methanol, and methanol/water as the successivehowed conversion of virtually all the starting material. The solvent
eluants. The desired, bright orange luminescent complex was thewas stripped and a slurry of the product prepared by adding a small

IR:

last material to elute’3C NMR (CDs;OD/ppm): [bpy] 125.6,
125.6, 128.8, 128.9, 139.3, 139.3, 152.8, 152.9, 158.7%, 158.%,
167.%; [5-COOHphen] 127§ 127.9, 129.3, 130.9, 134.2,
137.4, 149.3, 150.3, 152.9, 153.6, 155.2, 158.5; (COOH)
167.%. IR: (carboxyl) 1702 cm!. UV—Vis Amax (CH3OH): 452
nm. Anal. (as CH ester) Calcd for RugH sNeO10Clo: C, 47.97;

H, 3.06; N, 9.88. Found: C, 47.42; H, 2.98; N, 10.01 [Midwest
Microlab]. WARNING!: perchlorates are potentially explosiand
require care. Do not heat to dryness, and use small amounts.]

Preparation of [Ru(Mesphen)(5-COOHphen)](ClOy); (2). cis-
Ru(Meyphen)Cl, was prepared from RugkH,O and a stoichio-
metric amount of the ligand by refluxing the materials in dimethyl
formamide (DMF) with excess LiCl for 4.5 h in accordance with
literature guideline$3 The DMF was stripped, and the deep purple
complex was washed repeatedly with cold water and dried to give
an amorphous solid. U¥vis andH NMR spectra were consistent
with the desired product. Then, 0.100 g of Ru(jgteen}Cl, (1.55
x 1074 mol) and 0.104 g of 5-COOHphen (4.65 10~ mol) in
12 mL of 95% ethanol and 4 mL of water were refluxed for 6.5 h.
TLC [alumina plates, CECN/CH,CIl, (1:1)] showed complete
reaction of the Ru(Mghen}Cl,. The solvent was stripped, and
the resulting solid redissolved in a minimum quantity of hot water.
This solution was slowly dripped into saturated Naglwith
vigorous stirring. The orange precipitate was collected by suction
filtration. This product showed three TLC spots and the desired
product obtained by column chromatography with neutral alumina
as the support. The initial eluant was @HN with increasing
amounts of CHOH. The desired product was the middle fraction
and was the most copious. The yield waS0% based on the Ru-
(Megphen)Ch. 13C NMR (CD;OD/ppm): [Mephen] (CH)15.Q;,
(CH3)17.8, 126.%, 126.%, 126.5, 126.5, 130.5, 130.5, 130.6,
130.6, 135.%, 135.7%, 135.8, 135.8, 145.5, 145.5, 145.5, 145.6,
147.6, 147.4, 147.%, 147.8, 153.3, 153.7, 153.8, 153.9;

6664 Inorganic Chemistry, Vol. 44, No. 19, 2005

amount of water. The solid was isolated by suction filtration and
washed with small amounts of water and acetone. TLC (silica gel
plates, methanol with 3« 10-3M HCI eluant) showed a single
product. This product and 1.030 g of KCN in 30 mL of water were
refluxed for 6.5 h during which the color changed to red-orange.
The solvent was stripped and the residue triturated with@HH
in which the complex is soluble. TLC showed several luminescent
components, and these were separated by column chromatography
using neutral alumina. The separation started with purgGtHas
an eluant and continued with increasing amounts of water up to
15%. The desired product was the most copious fraction. This
complex has three isomers (1:2:1) and a very complexNMR
spectrum. IR: (COOH) 1622 cr, (CN) 2066 cnl. UV—Vis Amax
(CH;0OH): ~ 450 nm. Anal. (as Cklester) Calcd for RuggH2oNeO4:
C, 57.19; H, 3.18; N, 13.34. Found: C, 57.67; H, 3.12; N, 13.15
[Midwest Microlab].

Preparation of [Re(5-COOHphen)(COXx(pyr)]CIO 4 (5).0.100
g of Re(CO)CI (2.76 x 10~*mol) and 0.066 g of 5-COOHphen
(3.04 x 10~*mol) were refluxed fo2 h intoluene. Recrystallization
from CH;OH yields Re(5-COOHphen)(Ceyl. 13C NMR (DMSO/
ppm): (5-COOHphen) 127¢1 127.23, 127.%, 128.8, 129.4,
132.6, 138.2, 140.9, 146.5, 147.4, 153.9, 155.4; (COOH)
166.6;; (carbonyls)190.0 197.%, 197.8. IR: (COOH) 1707 cm?;
(COs) 1921, 1943, 2027 crh A total of 0.107 g of the chloro
complex (2.06x 10~ mol) was dissolved in THF, and then, 0.046
g (2.06 x 10~*mol) of AgCIOsH,O was added. The mixture was
stirred at room temperature overnight in the dark. The reaction
mixture was then centrifuged and the liquid carefully separated from
the powdery AgCl. To the liquid was added excess pyridine, and
the mixture was refluxed until TLC [alumina plates, §&HN/CH,-
Cl, (20:80)] showed complete reaction of the starting material. The
solvent was removed and the components of the resulting solid
separated by column chromatography. A silica gel column was used
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with acetone as the initial eluant. The eluant was gradually enrichedon H,SO;, KHSO,, and KSO, This buffer yielded results

in CH3;0OH. The desired product was eluted with a CHH/H,O
mixture (85:15)1C NMR (CDs;OD/ppm): (5-COOHphen) 1278
128.Q, 128.2, 130.8, 131.6, 139.8, 141.2, 141.§, 147.4, 147.6,
155.2, 155.6; (carboxyl) 172.1; (pyridine) 127.@, 140.9, 152.8;
(carbonyl) 192.3 196.3, 196.4. IR: (COOH) 1630 cm?; (COs)
1888, 1911, 2022 cm. UV—Vis Amax (CH3OH): ~375 nm.

Preparation of [Re(5-COOHphen)(COXCN] (6). 0.100 g of
Re(CO}CI (2.76 x 10* mol) and 0.066 g of 5-COOHphen (3.04
x 1074 mol) were refluxed fo 2 h in toluene. Recrystallization
from CH;OH yields Re(5-COOHphen)(Cell (vide supra). A total
of 0.107 g of the chloro complex (2.06 10-4 mol) was dissolved
in THF, and 0.046 g (2.06 10~* mol) of AgCIO,-H,O was added.
The mixture was stirred at room temperature overnight in the dark.
The reaction mixture was then centrifuged and the liquid carefully
separated from the powdery AgCI. The liquid was stripped and
the solid dissolved in a 1:1 BsOH/H,O mixture to which was
added 1.0 g of KCN. The mixture was refluxed overnight and the
solvent evaporated. The obtained solid was triturated withGHH
to obtain the desired complex. The complex was purified via column
chromatography with neutral alumina using £HH with gradually
increasing amounts of 40 as the eluant3C NMR (DMSO/ppm):
(5-COOHphen) 1260 126.6, 127.2, 130.%, 130.2, 139.5,
139.9, 141.%, 146.Q, 146.3, 153.3, 153.6;,(COOH) 167.5; (CN)
139.%; (carbonyls) 191.§ 196.%, 196.%. IR: (CN) 2127 cn?;
(COOH) 1631 cm?; (COs) 1894, 1917, 2022 crth UV—ViS Amax
(CH3OH): ~375 nm.

pH Titrations. Stock aqueous solutions of the various complexes
were made by stirring-100 mL of deionized water with an excess
of the appropriate complex for abiosh atroom temperature. The
solution was filtered through a Gelman 0.45 Acrodisc. The
filtered stock served as the basis for both intensity and lifetime
measurements.

The buffer solutions used employedROy, KH,POy, K;HPO,,
and KsPOy in varying proportions. The buffer concentration was
0.1 M. The buffer pHs were determined using a Corning model
440 pH meter. Typically, 1 mL of the stock solution of the complex
and 4 mL of buffer were combined for the intensity or lifetime

measurement. There was no detectable pH difference between the

pure buffer solution and the test solution. The test solution was
transferred to Wheaton 2 mL ampules, which are very uniform and

indistinguishable from those of the phosphate buffer system.
Data Fitting/Analysis. Except as noted above, all the lumines-
cence decays observed in this study were satisfactorily fitted with
a single exponential decay with no evidence of a second component.
At the high buffer concentrations used, this is not unexpected and
is completely consistent with the experiments being done in the
rapid exchange limit. A simple kinetic scheme is then applicable.

*

HA —o A"+ H
v || kin A | ke )]
Ka
HA A"+ HY

In the fast exchange limit, it is assumed that the excited-state
equilibrium between HA* and A* is maintainedt® Under these
conditions, only a single decay is seen, characterized by a single
observed lifetimerqps Which implies a single observed decay rate
constantk,,s This allows for very simple expressions for the
observed intensity and lifetime variations as a function of the
fraction of each species present:

lobs = fral Al )

Kobs = frakia + faka 4)

where thef variables are the fractions of HA* andA present,
ImaXjs the emission intensity when only that species is present, and
the k variables are the decay rate constants for the species. The
fraction of each species present will depend on the pH &at gf

the excited state of the complex. When this dependence is
incorporated into eqs 3 and 4, one obtains

Intensity:

Lifetime:

lops = lpa ™1 + 1OPH PR M1 — (1 + 10PH PR Y
(%)
Kobs = LiTgps = Kua(1 + 10° P71 i [1 — (1 + 10777 7
(6)

In the rapid exchange limit, these expressions are rigorously

transmit to 290 nm. The luminescence intensity and lifetime correct and make no assumptions regarding the excitation wave-
measurements were made with air-saturated solutions. length; only the limiting intensities or decay rates are required.
All intensity measurements were made on corrected emission Values for thel™> and k variables were obtained from the
spectra. The lifetimes were measured using an average of 64 tracesaPpropriate data at the limits of the pH range used where both the
The composite trace was analyzed using an in-house Marquardt-intensity and lifetimes had reached a constant value. Fitting the
based nonlinear least-squares fitting program, which fit the decays experimental data using a Marquardt approach required only a single
with one to three exponential terms. All the decays proved to be floating parameter, i6:*, the pK, of the excited state. The fact that,
single exponential with the exception of one complex at pH3. with one exception (vide supra), all decays could be fit with a single:
For Ru(5-COOHpheR|CN),, the preexponential weighted lifetime, ~ €xponential suggests this simple model is adequate. The experi-
eq 1, was used mental data were fitted with either eq 5 or 6 using PSI Plot software.
Toe= » (A Y AT €Y

The fits were all satisfactory, gave internally consistent values of
where A is the preexponential for thigh lifetime and} A is the

pKa (i.e., intensity vs lifetime), and provided chemically reasonable
values.

sum of the preexponential terms. Only two exponentials were Results and Discussion

required for a satisfactory fit of Ru(5-COOHphgi@N), at low

! _ ; The ligand is pH-sensitive, as shown in Figure 2. There
Sﬂ’gggt:]z;?g:ﬁ ?rtomgt:eer S:;gﬁ;;;'}ng][e;ggonem'al' The IOWis little change in the absorbance with pH but significant

To test specific ion effects, a limited number of both intensity changes of bothmax and intensity in the emission. The

and lifetime titrations were also done using a buffer system based anionic form islthe strqnger emitter. A dgtermination of the
apparent K, using the integrated emission gave a value of

(18) Peterson, S. H.; Demas, J.NAmM. Chem. Sod976 98 (24), 7880~
7881.

(19) Vos, J. GPolyhedron1992 11 (18), 2285-2299.
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Table 1. Selected Emission Photophysical Properties for the Complexes in Organic Sblvents

lifetime lifetime O,
emission z(air) us 7(Ar) us kg x 10°°
metal compleX Amax (NM) CH3OH CH30OH M-1gt @

[Ru(5-COOHphen)(bpy)(ClO4)2 (1) 608 0.19 0.74 1.8 0.13
614

[Ru(5-COOHphen)(MgPhen)](ClO,)2 (2) 614 0.16 1.75 2.7 0.1
608

[Ru(5-COOHphenj(ClOJ); (3) 593 0.16 0.6% 2.2 0.056
604 0.060

Ru(5-COOHphenCN; (4) 634 0.15 1.8% 2.8 0.05¢
660

[Re(5-COOHphen)(CQJpyn)]ClOs (5) 556° 0.43 1.85 0.86 0.068
578 0.054

Re(5-COOHphen)(CGEN (6) 566 0.24 1.68 1.7 0.18
568

a0.4 mM KOH.P Complexes are present as the anionic form of the acid functg®QO"). ¢ Solvent= CHzOH. 9 Solvent= CHzCN. € Solvent=
CH3SO,CHs.

1.0 1.20
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Figu!’e 2_. Absorption and emission spectra for 5-carboxy-1,10-phenan- Figure 3. Absorption and emission spectra for [Ru(5-COOHpHEB)O.)2
throline in aqueous buffer at pH 1.17 ¢) and pH= 10.53 ¢ - ). in agueous buffer at pkk 1.17 (- - -) and pH= 9.07 ). Normalized to
Normalized to pH= 1.17. pH = 9.07.

pKo(apparent)~ 5.76. A direct pH titration with NaOH , o

yielded a value of 5.65. The former is the excited-state value, The Re(l) complexes’ emissions show some solvato-
while the latter is for the ground state. The value~ds.7 ~ Chromism, as does the Ru(ll) cyano complex. The quantum
can be compared with values for benzoic acida p- 4.19, yields, ¢, are typical for these types of complexes and are
and for 4-pyridine carboxylic acid K ~ 4.962° The impact somewhat solvent-dependent. All the complexes were bright
of the heteroatoms can clearly be seen in the comparison ofénough to provide good signal-to-noise, eventkt con-

the benzoic and pyridine carboxylic acidKgvalues. Thus, centrations. The susceptibility to oxygen quenching, as shown
while a shift in [Ka for 5-COOHphen compared to its by thek, values, is near diffusional for most of the complexes

hydrocarbon analogue is expected, its magnitude is somewhagtudied. Unfortunately, the higk, values coupled with the

surprising in light of the lesser aromatic character of the 5 rather long lifetimes lead to significant oxygen quenching
and 6 positions of 1,10-phenanthroline. in air-saturated solutions. However, the lower solubility of

oxygen in water,~0.265 mM for air-saturated watér,

Table 1 shows selected photophysical properties of the : X
compared to those of most organic solvents ameliorates the

various complexes in organic solvents. To ensure a single
form of the carboxyl group, anionic, the solutions were 0.4 Problem somewhat.

mM in KOH. The majority of the measurements are made As shown in Figure 3 for the [Ru(5-COOHphelEI0.,).
with CH;OH as the solvent, but some measurements with complex, which is typical, the absorption spectra of both the
CHsCN are provided for comparison. The Rayano com-  Ru(ll) and Re(l) complexes were virtually unaffected by pH
plex had very limited solubility in common organic solvents, in the range studied (i.e., 14 pH < 9.5). For all complexes,
and the measurements were made in dimethyl sulfoxide. Thethe emission intensity was a function of pH. The emission
Ru(ll) complexes all have the metal-to-ligand charge-transfer Amax Was very slightly sensitive to pH, the [Ru(Men)-
(MLCT) absorption in the 416450 nm region, while the  (5-COOHphen)](CI@), complex showing the largeaiimax

Re(l) MLCT absorption peak is less crisp but falls in the ~ 15 nmin the pH region studied. The other complexes all
340-375 nm region. had Almax values < 8 nm. Like the pure ligand, the

(20) Handbook of Chemistry and Physi@dst ed.; Lide, D. R., Ed.; CRC (21) Murov, S. L.Handbook of Photochemistryarcel Dekker: New
Press: Boca Raton, FL, 1990; pp-85, 8-36. York, 1973; p 89.
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12 lifetime responses. We examine the impact of various
structural features on these responses in the paragraphs
10 P T below.

The K, of the pure ligand is near the ideal range for many
applications, particularly those involving physiological and
natural water uses. As expected, complexation with the metal
ions, Lewis acids, resulted in a significargpshift toward
lower values. The positive metal ion center can stabilize the
s charge on the ligand following loss of a proton, and this
facilitates dissociation of the COOH to give the anionic form.
We expected to be able to tune th&,somewhat by altering

0.8

0.6

0.4

Normalized Emission / Lifetime

02 -

T [T [T rrrprrrprrr

ool Lo b b b b b by the formal charge on the metal ion center. To some degree,
! 2 3 4 L 6 ’ § ’ this goal was realized, though clearly, other factors are at
pl
work.

Figure 4. Normalized variation of emission intensity and lifetime with . L
pH for [Ru(Meyphen}(5-COOHphen)](CIlQ); in aerated aqueous buffers: Comparing complexe]s and4 (see Table 2 for definitions

intensity @); lifetime (@). (—) Best-fit line using two-species model. of complexesl—6), the formal charge on the Ru(ll) ion goes
from 2+ to 0 while the X, goes from 3.0 to~4.1. Some,
deprotonated form of the complex was the stronger emitter but not all, of the increase inkg can be attributed to a
and longer-lived species for all the complexes studies. decrease in the Lewis acid character of the metal ion with
The pH response of a typical complex is shown in Figure decreased formal charge. A similar change is seen in the
4. The normalized results for both intensity and lifetime Re(l) series where compléxhas a formal + charge while
variation are shown for [Ru(Mehen}(5-COOHphen)]- that of 6 is 0. The K, again increases with reduced formal
(ClOy),. The general shape of the curves, with plateaus at charge from 3.4 to 3.9, but the effect is less dramatic than
low and high pH, was true for all the complexes studied. in the Ru(ll) series. Even when the formal charge remains
This allowed easy assignment of the required maximum/ the same, electron donating substituents can increas&the p
minimum values for both intensity and lifetime for the fitting Complexesl and2 are quite similar, except that the spectator
to eqs 5 and 6. In all cases, the dynamic range of the intensityligands are considerably more electron ricl2iThis change
measurements was greater than the corresponding lifetimeresults in aApK, of about+1.
variation. The best fit line using the simple two-species model We expected that because (1) the emission measurements
described in the Experimental section is shown also. We were corrected for variation in the absorbance, (2) the change
estimate that thek, derived from our fitting procedure has in the absorbance of the complexes on going from an acidic
error limits of £7%. Using this criterion, thek, values for to a basic environment was minimal, and (3) the shifts in
both intensity and lifetime fits were within experimental error Amax with pH for any particular complex were very modest,
of each other. A summary table, Table 2, shows the best fit that the (K, determined by intensity and lifetime methods
pKa values, dynamic ranges, and useful pH ranges for the should be equivalent. Within our experimental uncertainty,
various complexes investigated. By dynamic range, we imply this is borne out by Table 2. None of the excursions is great
simply the ratio of either intensity or lifetime maximum/ enough to warrant causal speculation.
minimum values over the pH range examined, that is, either  One could infer, on the basis of these examples, that for

I(pH = 8.44)I(pH = 1.17) orz(pH = 8.44)k(pH = 1.17), —OH- and—COOH-based pH-sensing ligands, that (1) the
where thel andr values are taken at pHs that are on the pK,of the complex will be lower than that of the pure ligand,
two observed limiting plateaus. (2) the complex [, can be tuned by choice of both formal

It should be emphasized that our purpose was not to createcharge and spectator ligands, and (3) the structural tuning
the ultimate pH sensing complex but, rather, to explore the range is on the order of-11.5 K, units. Thus, electronic
impact of several structural parameters that might allow tuning of the response does work and, usually, in the
tuning of the complexes’ pH-sensitive range, enhance theintuitively predicted direction. However, the range of tweak-
dynamic response, and allow the comparison of intensity anding by modest structural changes is limited.

Table 2. pH-Dependent Emission Properties in Air-Saturated Aqueous Buffer Solutions

intensity lifetime
pKa dynamic range pKa dynamic range useful
metal complex ()] ()] (7) (7) pH range
[Ru(bpy)(5-COOHphen)](CIQ), (1) 3.0 ~2 N.A2 ~1.2 2-5
[Ru(Mesphen}(5-COOHphen)](ClQ)2 (2) 4.0 9.3 3.6 4.9 36
10.9 8.4
[Ru(5-COOHphery(ClO4)2 (3) 35 1.7 35 13 2555
Ru(5-COOHphenCN; (4) 4.4 4.8 3.8 5.4 36.5
[Re(5-COOHphen)(CQjpyn)](ClO4)2 (5) 3.4 1.8 3.1 15 2555
Re(5-COOHphen)(CQEN (6) 3.9 5.6 3.4 4.0 36

aNot applicable? Ar purged.
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Table 3. Limiting Lifetimes for Complexes at pk= 2.45 and 7.49 in Purged Aqueous Solutions

7 (pH = 2.45) 7 (pH=7.49)
metal complex (us) (us) dynamic range
[Ru(5-COOHphen)(bpy)(ClO4)2 (1) 0.6% 0.8% 1.2
[Ru(5-COOHphen)(MgPhen)](ClO4)2 (2) 0.16, 1.40 8.4
[Ru(5-COOHpheny(ClO.)2 (3) 0.9& 1.4% 1.5
Ru(5-COOHphenCN; (4) 0.16; 1.03 6.3
[Re(5-COOHphen)(CQJpyr)]ICIO, (5) 0.52 0.7% 1.5
Re(5-COOHphen)(CQEN (6) 0.17% 0.7L 4.1

Another important parameter for a pH sensor is the anionic forms, and, is the species’ lifetime in the absence
dynamic range of the observed property with changing pH. of quenching. Because of the longer lifetimes of the anionic
We show the limiting lifetimes at the low and high pH forms, the impact of oxygen quenching falls most heavily
plateaus for the complexes under deoxygenated conditionson this form and results in a compressed dynamic range.
in Table 3. The dynamic range, as measured by the lifetimes,When the low and high pH lifetimes are similar (i.e., small
is also included. In all cases, the lifetimes obtained were dynamic range), the difference between the air-saturated and
single exponential with the exception already noted. At the purged dynamic ranges is not expected to be large. We have
limiting pHs chosen, the lifetimes were invariant over several found, however, that when this type of sensor is embedded
pH units. in a polymer support, the effecti, for oxygen quenching

The dynamic range shown in Table 3 for the lifetimes can decrease substantiadfyThis has the salutary effect of
represents the upper limit in the absence of oxygen quench-enhancing the dynamic range for the supported sensors in
ing. Comparing the intensity dynamic range with the lifetime selected polymers.
range, in most cases, the intensity range is greater. This may Structural factors are also important in determining the
be due, in part, to an increasekinthe radiative rate constant, dynamic ranges observed. Complewas the first complex
on going from the protonated to deprotonated complex. The tested, and its dynamic range was a disappointment. Indeed,
emission intensity can be related to the expression for thethe change in lifetime with pH was so muted that we did
quantum yield,p = k/(k: + >ka), where Yk, represents  not feel a valid K, could be extracted from our data.
the sum of all nonradiative decay paths. For the complexesHowever, as shown in Figure 5, the MLCT emission for Ru-
used in this studyp ~ 0.1, so thaf k> k.. Thus, a 2-fold (bpy)?" is lower in energy than that for Ru(5-COO-
increase irk. with no change iny ky will translate into an Hphen)?*. This suggests that, in the mixed ligand complex,
almost 2-fold change in intensity. The lifetime, however, is the MLCT emission involves the bpy’'s and the effects of
given byt = 1/(k: + Yka). Hence, a 2-fold change ik pH on the 5-COOHphen are significantly muted as it is a
will only increase the lifetime on the order of 10%. Further, spectator ligand. As appealing as this suggestion is, the
if only > ks changes, the intensity and lifetime measurements dismal dynamic range of compleX suggests that other
would be expected to have comparable dynamic ranges. Tofactors are also in play. It was hoped, with the same three
test this suggestion, we make use of the fact that the correctepH-sensitive ligands, that complékwould exhibit both a
integrated emission spectrum is related to the quantum yield,broader range of pH sensitivity and a wide dynamic range.
@ = IEK, whereg is the quantum yield, IEs the corrected In fact, neither of these goals was realized. The reasons that
integrated emission, ari€lis a collection of constants. From 3 underperforms relative to both complexeand2 are not
this and the relatiop/t = k;, we can estimate the ratio of obvious. Indeed, compleXis one of the poorest pH sensors
the radiative rate constants for the two forms of the complex in all attributes.

(i.e., acid and anion). For compleX the ratiok.(anion)k;- At this point, it is not possible to unambiguously point to
(acid)= 1.26, while for comple%, the value is 1.19. While  specific structural features that will enhance the dynamic
not huge, the values do suggest that the radiative raterange of a complex to pH changes. Both complekasd6
constants for the two forms are different for both the Ru(ll)
and Re(l) complexes, and this plays a role in the resulting
different dynamic ranges for intensity and lifetime measure-
ments. _

Both environmental and structural features can impact g 8.00ES
luminescent sensor dynamic range. The most common<
environmental factor is the presence of oxygen. The quench-
ing of the excited states by oxygen is expected to reduce§
the dynamic range for both intensity and lifetime techniques.
For all the complexes studied, the lifetimes of the acid forms
were typically 106-250 ns in air-saturated solutions. The
anionic forms exhibited lifetimes in the 46@00 ns range 0.00 |
under the same conditions. The Stekplmer quenching 300 530 600 6% 700 70 800

. Wavelength (nm)
constant for oxygen quenchings,, can be expressed &g, , . . . .
. . . Figure 5. Emission spectra for various Ru(ll) complexes in4Ci: 1
whgrelfq is the bimolecular @ quenching rate constant, (—_ _y[Rru(Mesphen)|(CIO.)z; 2 (- - - -) [Ru(phen))(CIO.)z; 3 (—) [Ru-
which is expected to be the same for both the acid and (5-COOHphery(CIO.)2; 4 (—) [Ru(bpy)](ClO)2.
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are formally neutral with CN ligands and have similar, good  The better of the simple complexes reported here have a
dynamic ranges. That there is likely an additional protonation useful pH range of about 2.5 pH units with a typical dynamic
step for4 due to the CNs muddies the interpretation for this range of 4.5. Depending on the experimental error of the
complex, however. Comple®, while formally 2+, has a intensity or lifetime measurement, resolution to 0.02 pH units
dynamic range that is also quite good. It seems reasonabléshould be possible in the pH range of maximum change.
to expect that the greater the change in the electronic This resolution should be satisfactory for many of the

distribution between the protonated and deprotonated fOfmS,possime pH sensor app”cations of these luminescent com-
the greater the change in intensity or lifetime with pH. Thus, plexes.

structural features that enhance the energy difference between

the two forms should also enhance the dynamic range. The Acknowledgment. We are pleased to acknowledge the
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