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In the presence of moderate to high concentrations of electrolytes, the emission(fdpRi*~ (where pop

= u-pyrophosphiteR,P') is quenched by the complexes [Co(GX)?*~ (where X= N3~ I, Br~, CI, but not

CN™). The salt effects on the emission decay lifetime quenching rate constants between these anionic species
have been studied in the presence of MCICM, or R,NH4-Cl (where M, M, and R represent alkali, alkaline

earth metals, and alkyl respectively,= 0—3) and KX (X = CI~, Br-, NOs~, SQ?2", [Co(CN)]*", n =

1-3). At 0.5 M cation concentration, second-order quenching rate constgrase in the “nearly diffusion-
controlled” range, 16-1C° L mol~* s, andk, decreases by an order of magnitude across the series of
guenchers [Co(CNJIj3~ > [Co(CNXNz]®~ > [Co(CN)Br]3>~ > [Co(CNXCI]3~. On the basis of a detailed

study of [Co(CN3I]3, the quenching efficiency increases with background electrolyte concentration and the
measured rate constants are in good agreement with predictions based on the ®rabjiechowski and
Debye-Eigen equations for diffusion-controlled formation and dissociation in ionic solution of an encounter
pair, together with a rate constant of 1x21(° s* for the quenching step. However, the analysis provides
further evidence for the OlserSimonson effect; that is, in the presence of multivalent electrolyte ions, the
salt effects are determined by the counterion concentration, here the cation, rather than by the ionic strength.
Specific cation effects are observed such that the quenching rate constants increase in the following
sequences: [ < Na™ < KT < Csf; Mg?" < C&" < SPT < Ba&2"; NHs™ < MeNHz;™ < MeNH,™ <
MesNH™; EiNHT < ENH,™ < EtNH;*; n-PrNHs™ < EtNH;™ < MeNHs*™. For the alkali or alkaline-earth
cations the large effects seen require participation of the cation in the transition state for the quenching step;
the alkylammonium cations are also effective in this role, but the small differences in their efficiencies can
be rationalized in terms of their effects on water structure.

Introduction variety of anions that can be used without problems caused

There has been a continuing interest in the study of the by insolubility, acid/bas_e_ equ_ilibria, or redox Processes.
influence of added electrolytes on reactions between ions of S0M€ examples of specific anion effects on redox reactions
the same and opposite charges. Most often these have involved®&tWeen cationic coordination complexes are el and
ground electronic states, but the effects seem to apply equallylOsLal** (L = bpy and its derivativesy, [FeLs]** and [Oslg]**
well to reactions involving excited state species in the few (L = 4.4-dimethyl-2,2bipyridyl),"*and [Co(NH)¢]** and [Co-
examples that have been studied. As an example, the recenfNHa)e]**.* In other studies, specific cation effects with rate
detailed studigsby Chiorboli et al. have clearly set out the ~constant trends such as'Li Na" < K* < Cs" for alkali metals
factors that can be of importance. They concluded that for their and Mg* < Ca* < SP* < Ba?* for alkaline-earths, have
system, which involved the quenching of excited state [Ru- been reported for a number of thermal electron transfer reac-
(bpy)]2t by other cations, the Debye&Smoluchowski and  tions occurring between anionic complexes: [Fe(g})and
Debye-Eigen equations give valid predictions of diffusional [Fe(CN)k*~,*® MnOz>~ and MnQ",¢ [Co''O,W1,036]~ and
rate constants up to high electrolyte concentrations. However, [Co" OsW1203¢]°~,1” and [W(CN}]3~ and Ad".18 Only a few
they found that the important variable was not the ionic strength examples have been reported for specific ion effects involving
as is usually assumed, but the concentration of the mainthe quenching reactions of excited state complexes. These are
counterion; this is the OlsenSimonson effect. The Olsonr- *[Ru(bpy)s]?" and [Co(sepfi™,1* *[Ru(bpy)s]>t and methyl
Simonson effect has been previously noticed in thermal reactionsviologen21929*[(Mo ¢Clg)Clg]2~ and [IrCk]2~,2 and *[Pt(pop)y]*+~
between reactants of like charge such as [Co(3ephd and [Mo(CN)]4~.22
Cr(Hz0)e]**,*[MO(CN)g]*~ and I',* S,0>~ and [Fe(CNj]*~,5° In the course of earlier work from this laboratory, we
CZHF’COZ%OZ_ and OH’ SZE?COZCZ'EC.OZ_ and OH"® and observed?24specific cation effects on the ratio of photoaquation
[Fe(CN)ﬁL and [Fe(2(EI\1Ig] 7in S406” disproportionation to 4 photoanation by thiocyanate in some acidopentacyanocobal-
give Sioﬁ and 2%06 .~ and als:rol|ln the quenching of excited tate(lll) complexes. Our ability to study these, and the general
state [Ru(_bpya] by [Co(seg)} ’ e salt effects, was severely restricted by the precision of the
thé:r(;lgtr:cz)“netth?)l.sglivoa;eﬁ%riiec(;sobmeﬂ?ge(;:iﬁi&mn ?)fffiicr:(sj’inbma product analysis. We therefore sought a superior experimental

y y 9 system in which to clarify the salt and specific cation effects
associated with the interaction of these anionic complexes. We
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T University of Victoria. have found that they act as efficient quenchers of the triplet
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TABLE 1: Electronic Absorption Spectra Data Amax, NM (€)
of [Co(CN)sX]3~ Complexes in Aqueous Solution at Room
Temperature

X this work ref 33 ref 24 ref 30
Nz 220 (1.23x 109 2204, (1.08 x 109

281 (9.48x 10°) 280 (8.36x 10%)

382 (824) 380 (749) 380 (600)
| 223 (8.27x 10%)

262 (1.79x 104 260 (1.75x 10%)

331 (2.85x 10°) 330 (2.95x 10°) 334 (2.93x 10%)

408 (267) ~440,,(~200) 408 (255) 448 (200)

500 (93) 500 (95) 500 (107)
Br 242 (1.71x 10% 242 (1.32x 10%)

290 (1.02x 10°%) 295 (822)

397 (190) 395 (170) 398 (172) 398 (177)
Cl 210(1.83x 109 224 (1.61x 109

384 (215) 392 (200) 390 (201) 390 (200)

acidopentacyanocobalt(lll)ates. We will describe separ&t&ly

Cai et al.

under nitrogen) in 45 mL of H,O was heated under nitrogen
for abod 3 h in a 100°C glycerol bath with occasional
replenishment of the water content. During the heating process,
the color of the solution gradually changed from red to brown,
then to yellow-green. Since drying in an oven led to a low
product yield, the solution was left in the 100 bath and dried

by N, flow. The solid that remained was washed with methanol
and acetone to remove unreactegPBs. Purification was by
dissolving in a minimum amount of degassed water, filtering
(medium porosity filter (10 to 2@m) plus a 0.45%m Micron

Sep membrane filter), and reprecipitation by degassed methanol
followed quickly by acetone. Fine yellow powder formed, and
the degassed, sealed system was cooled in a refrigerator
overnight. The resulting yellow-green solid was filtered off
under N, washed with methanol, acetone, and ether, and
vacuum dried, yield 45%. The dry sample was air stable.
Solutions in degassed water were stable for several hours, but

the reactive quenching which is found in these systems, while aerated solutions turned purple or even black within an hour.

here we report the study of the salt and specific cation effects

The electronic absorption spectrum of fpbp)]*~ in aque-

using a large range of electrolytes, comparing the results to oys solution hadima, NM €): 245 (3.1x 108), 271 (1.5x

theory.

Experimental Section

Preparation and Characterization of Compounds. Potas-
sium Acidopentacyanocobaltateg[®0o(CN)X] (X = N3, I, Br,
Cl). Literature methods were used for the synthesis of the
precursors [Co(Nk)sN3]Cl227 and Kg[Co(CN)N3]-2H,0.28 The
latter complex was carefully recrystallized to remove potassium
chloride?® Flor and Casabo’'s method was used for the
syntheses of the acidopentacyanocobaltate compéxast
further purification was needed, especially for the chloro
complex. The crude product was dissolved in thiimum
amount of water (for the bromo and iodo complexes) or 50%
ethanol (for the chloro complex) and filtered. The filtrate
formed an oil when mixed with cold ethanol {C), and the

purest products were obtained via these oils, rather than via the

solids obtained when larger initial water quantities were used.
The oily product was vigorously stirred to break it into small

108), 304 (1.0 x 10°), 368 (3.4x 10%, 453 (1.15x 109, in
good agreement with literature data of 244, 270 (£.403),
303 (8.5x 10?), 368 (3.5x 10, 452 (1.2x 10?).3" These
absorption bands have been assigned as the 6, transitions
(244 and 271 nm), e d transition (303 nm), fully allowed
TA1g — Ay transition (368 nm), and spin-forbiddéA g —
A, transition (450 nm$8-40 Excitation of a room temperature
aqueous solution at 330, 370, or 452 nm resulted in an intense
green emission at 514 nm, which originates from #e,
excited staté¥*1and is rather long-lived (lifetime > 9 us in
aqueous solution at 224€C). 3P NMR: 6 68.9 ppm,1J(31P—
19pt) = 3076 Hz. The'®Pt NMR of the prepared compound
confirmed this value of thé'P—1%9Pt coupling constant.

General Physical and Analytical Measuremenihe pH of
solutions was determined withth0.01 pH units with a Fischer
“Accumet” 910 digital pH meter and Ingold LOT electrode
calibrated with appropriate buffers.

UV/vis spectra were run on a Phillips PU 8740 UV/Vis, Cary

droplets and the supernatant discarded. This cold ethanol®: OF Cary 1 UV-Vis-NIR Spectrophotometer using 1 cm silica

washing was repeated until the oil solidified. The final
precipitate was then filtered off, washed with cold ethanol,

cells. All solutions were filtered through 0.26m Micro Sep
membrane filters to minimize scattering.

acetone, and ether, and vacuum dried in a desiccator. For the Emission and excitation spectra were obtained from an

chloro complex only, the above purification procedure was
inefficient, resulting in a low product yield.

Aminco SPF 125 double monochromator spectrofluorometer,
using a 1 cmsilica fluorescence cell. The light source was a

Elemental analysis was not applicable since these compounds<eénon lamp.

form refractory nitrides and carbides leading to irreproducible
analytical result8?-32 The identity and purity of the complexes

IH NMR, 13C NMR, 3P NMR, and!®*Pt NMR were run on
a Bruker AMX 360 MHz NMR spectrometer or a Bruker

were therefore established by reversed-phase HPLC (a singléB-ACS60 300 MHz NMR spectrometer. The chemical shifts
peak with an appropriate, different retention time was seen for (0 ppm) were reported relative to tetramethylsilane (TMS) for

each), UV~vis spectra, and X-ray powder diffraction. A
comparison of our electronic absorption results with literature

IH NMR and*C NMR and 85% HPO, for 3P NMR.
The X-ray powder diffraction photographs of the[&o-

data, Table 1, confirms the identity of the compounds, and our (CN)sX] complexes (X= CN, ClI, Br, Ns, I) were taken using
somewhat higher molar absorptivity values are consistent with a Guinier camera with Cu & line (1 = 1.542 A) radiation.
the high purity suggested by the chromatographic results. The For analysis of the complexes [Co(GX]3~ (X = CN, Cl,

strong charge transfer absorptioms>( 16 L mol~1 cm™) in

the near UV and the weaker long wavelength spin-allowed d
transitions,!A; — 1E, of the complexes have been previously
assigned?—35 Each complex had an X-ray powder line pattern
similar to potassium hexacyanocobaltate(lll), but with different

Br, N3, I) by ion pair reversed-phase HPLC, a Varian 5000 liquid
chromatograph with a variable wavelength Ywis detector was
used in conjunction with a 25 0.46 cm Chromatographic
Sciences ODS2 1@m C;g column. Two eluents were made
up containing 25 mMn-octylammonium as ion interaction

line spacings, and the samples were free of potassium halide reagent and 25 mM sodium citrate as modifier using water, A,

which is the likely impurity and highly distinguishable if present.
Potassium Tetrakigtpyrophosphite-P,Bdiplatinate(ll) Di-

hydrate, K[Pt(u-P,0sH5)4] -2H,O. This complex was prepared

by modifying a literature proceduf§. A stirred solution of 0.8

g of K,PtCl, and 3.0 g of HPG; (fresh 97% material stored

and 50% v/v aqueous methanol, B, as solvents. The pH of these
eluents was adjusted to 6.5 to ensure that the citrate was present
in the 3— form. It was found that an isocratic combination of
the eluents with 80% B, flowing at 2 mL n1i&, gave the best
separations. The detection wavelength was 240 nm.
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Emission Decay Lifetime Measuremeni&. PTI PL 2300 1 o
Nitrogen Laser of pulse energy 1.5 mJ at 337 nm, filtered
through a Corning CS 7-54 filter, was used at 3 Hz. As fill
gas, 99.999% nitrogen was further purified by hydrocarbon and
13 X molecular sieve Moisture Traps (Chromatographic Spe-
cialties Inc.). At 337 nm [RB{pop)]*~ has a much smaller molar
absorptivity than the cobalt quenchers [Co(€X}~ so that o
use of this wavelength at appropriate quencher angdéiy]*~ ©e
concentrations would have led to enormous inner filter effects
in the Stern-Volmer studies. Quinine sulfate in ethanol was
therefore used as a wavelength shifter. It has a strong absorption
between 320 and 340 nm (lag= 4) and emits with a short
fluorescence lifetimé? 19.2 ns, at 370 nm, wheeg[Pt(popy]*")
> ¢([Co(CNXl]3). The laser beam was interceptedsi 1 cm —7—1—
rectangular cell containing quinine solution in contact with the 0.0 0.2 04 06 08 10 12x10°
sample cell. The absorbance of the ethanolic quinine sulfate (Co(CN)sIT>", M
solution at 337 nm was adjusted to 3.0 (cax 30~ M), and
fresh solution was used for each quenching experiment. Both
cells were held in a thermostated cell compartment maintained ] cs*
at 22.0+ 0.1°C. Presaturated nitrogen was bubbled into the 2.5
working solution for degassing and mixing after the addition ]
of quencher. The [Rfpop)]*~ emission was filtered by a ]
Corning CS 3-72 glass filter, a;Kr,O; solution filter to remove
wavelengths shorter than 500 nm, and a neutral density filter
to avoid overloading the photomultiplier. The emission decay of
was detected at right angles to the laser beam by a Jarrel-Ash
82-410 monochromator set at 514 nm/Hamamatsu R928 GaAs
photomultiplier/Tektronix 2230 digital storage oscilloscope
detector system (connected with 20D load resistor) with a
GPIB interface to an ATARI 1040 microcomputer. Lifetimes

NH4*

were evaluated by weighted linear regression on a plot of In- : T T T T T T L

(intensity) versus tinfé over 1024 channels of decay. 00 02 04 06 08 10 12 1.6x10
Kinetic Data and Salt and Cation Effect&olutions of MCI [Co(CN)sN3]>, M

(M = Li*, Na*, K*, Cs"), M'Cl; (M' = Mg*", Ca*, SF, Figure 1. Stern—Volmer plots for quenching of *[Bfpopk]*~ by

B&?"), RiNH4-Cl (R = H, Me, Et,n-Pr,n = 0—3), or K;X (X [Co(CN)X]3 in 0.50 M MCI/0.010 M HCIQ solution. (a) X= I; (b)

= Br-, NO;7, SQ2-, [Co(CN)]3~, n = 1-3) electrolytes X = Na. Markers, experimental points; lines, fits to the SteXfolmer
(usually 0.500 M in cation concentration) were prepared in 0.010 equation.

M HCIO, aqueous solution. The solutions were kept in

polyethylene bottles to avoid leaching of quenching impufties  of [Pt(pop)]*~ in pH 7 buffer. Instead, the quenching study
from glass containers. [fpopy]4~ solution was freshly  was performed in a 0.010 M HClOnedium to ensure that more
prepared in the appropriate electrolyte to give an absorbancethan 90% of [Pi{pop)]*~ existed as the4 anion (Ka1= 3.0,

of about 1 h a 1 cmpath at 370 nm (about 8 107> M). The pKaz = 8.0"). It was found that no [Rpop}]*~ quenching
solution was then purged with nitrogen until the lifetime reached occurred with any of the cobalt complexes in the absence of
a constant upper limit;°. The quencher, also dissolved in the added electrolyte.

appropriate electrolyte, was delivered into the;(Bop)]*- The kinetics of the quenching were used to study: (i) the
solution in 7-12 aliquots, 5-20uL in volume, and each lifetime ionic strength effect in the presence of potassium chloride at
was determined at least five times. They[Bop)]*~ lifetime various concentrations, (i) the anion effect and the Olson

was reduced by about half overall, at which point, even for the Simonson effect in the presence of potassium salts of various
strongly absorbing iodo and azido complexes, the fraction of anions with different charge types, such as KCI, KBr, KNO
light absorption by quencher was less than 50%. The quenchingk,S0,, and K[Co(CN)]s, and (iii) the specific cation effects

rate constark, was obtained from the slope of a Steiviolmer in the presence of 0.500 M cation solutions of MCI,Q¥, or
plot of 7°/7 versus quencher concentration, and each quenchingr,NH,-.Cl (M = Li*, Nat, K*, Csf, M' = Mg?t, C&", Sk,
experiment was repeated-3 times. Ba2t; R = H, Me, Et,n-Pr; n = 0-3).

Within the experimental decay lifetime uncertainty of @sl,
the hexacyanocobaltate ion, [Co(GNJ did not quench with

Quenching Rate Constantsin a thoroughly deaerated any electrolyte. In contrast, for each of the acidopentacyano-
aqueous solution with no quencher, APbpy]*~ showed an cobaltate complexes in solutions containing various alkali metal
emission decay lifetime of 9.is, in good agreement with the  chlorides, efficient [P{pop)]*~ quenching was observed and
literatureé®4445value. The lifetime was shortened te-8 us linear Stern-Volmer plots were obtained as shown for
in acidic media, but on addition of CIno change was observed [Co(CN)l]3~ and [Co(CN}N3]3~ in parts a and b of Figure 1,
within the experimental error 0.1 us. No self-quenching  respectively. The derived second-order rate constants were
of phosphorescence was observed under our experimentafound to range from 10to 1® L mol~1 s71. The logarithmic
conditions, where [Bfpopk]*] ~ 3 x 107> M, and this is values of the quenching rate constants in the presence of each
consistent with the report by Kalyanasundafathat it occurs cation at 0.500 M concentration are listed in Tables 2 and 3
only at [Pt(pop)]*~ concentrations greater than¥M. Buffer and Table 1 in the Supporting Information. These constants
solutions were not used because of the repéftdgtomposition decrease, Table 2, across the complex series [Ca(EN)>

Results
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TABLE 2: log 10 kq for Quenching of *[Pt(pop)s*~ by
[Co(CN)sX]3~ (X = Ng, I, Br, Cl)2

M
X Lit Nat K+ NH4* Cs'

I 7.91+0.01 8.10+£0.01 8.33+0.03 8.35+:0.01 8.70+0.01
Ng 7.73+£0.06 7.914+0.03 8.10 8.13+0.04 8.48

Br 7.39+£0.02 7.594+0.01 8.02+0.03 7.99+0.02 8.41+0.04
Cl 6.8+0.2 7.12+0.12 7.48+0.05 7.84+0.01

a Conditions: 0.010 M HCI@0.500 M MCI aqueous solutions at
22 °C. b Two coincident measurements. The rest are based-én 3
measurements.

TABLE 3: log kq for the Quenching of *[Pt,(pop)s]*~ by
[Co(CN)sl] 3~ with Different Potassium-Containing
Electrolytes®

electrolytes [K], M u, M log kq

KCI 0.50 0.51 8.33t 0.03
KBr 0.50 0.51 8.60t 0.01
KNOz° 0.50 0.51 8.3@: 0.02
KoSOy 0.50 0.76 8.28: 0.01
KsCo(CN) 0.50 1.01 8.36: 0.01

a Conditions: 0.010 M HCI@0.50 M K" aqueous solutions at 22
°C. " KNO;s itself quenches *[R{pop)]*~, log kg = 5.9 at 22°C.
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Figure 2. Dependence of log k, on ionic strength in quenching of
*[Pty(pop)]*~ by [Co(CN)I]®~ in KCI/0.010 M HCIQ, aqueous
solution. Markers: experimental points. (a) Dotted line, 14084
calculated from eq 3; dashed line, fit to ladg using eq 3 and 7 for
ks andk-_q with eq 2 forkg andk; = 1.2 x 10° s7%; solid line, fit to log
kq using eq 9. (b) Solid line, fit to log kq using eq 10.

[Co(CN)XN3]3~ > [Co(CNXBr]3~ > [Co(CN)XCI]*~ and also
show a dependence on the nature of the cation.

Cai et al.
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Figure 3. Specific cation effects on lag ky for the quenching of
*[Pta(popy]4~ by [Co(CN)I]3~. Conditions: 0.50 M cation/0.010 M
HCIO, solution. Markers, experimental points; lines, linear regression.
(a) logio ky versus crystal radii; (b) log ky versus polarizability.

The Olson-Simonson effect and the anion effect were tested
at 0.5 M cation concentration by comparing the lifetime
guenching in 0.50 M KN@or KBr, 0.25 M K;SOy, and 0.167
M K3[Co(CN)]s electrolytes. The derived logarithmic rate
constants are shown in Table 3 and reveal that the quenching
rate constant is linked to the concentration of cation and is
independent of the nature of the anion except for bromide as
discussed later.

Specific cation effects ranging over an order of magnitude
were observed in the quenching rate constants such that Li
Na" < K+ < Csf, Table 2, and Mg§" < Ca&+ < S+ < Ba2t
(numerical values and uncertainties for this latter series are in
Table 1 of the Supporting Information). For the series of alkali
and alkaline earth metal cations, the logarithm of the rate

The effect of ionic strength on the quenching rate constant constants was linear with the crystal radfusf the cation/c,

was studied using [Co(CM]}3" in KCI solutions with the results

Figure 3a, or the cationwater distanc® (dv-o), Figure 1ain

shown by the marker points in Figure 2 (numerical data with the Supporting Information. Poor linear correlation was found,
uncertainties are in Table 2 of the Supporting Information). however, for logds, vs the reciprocal of either the Stokes raditis,
Quenching efficiency increased with an increase in ionic rs, or the hydrated radig$ of the cation,r,, Supporting
strength, as would be expected for a collisional process involving Information Figure 1b,c. Figure 3b shows that there was also

two species having like charge.

a smooth nonlinear dependence on the polarizabiijyof the
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8.6 Me 5.2 x 10" to 4.1 x 10® M~ s71 as the concentration of KCI
8 was increased from 0.1 to 0.8 M. First consider this effect in
terms of the effect of electrolyte concentration on a reaction
8.5 between charged species, assuming the usual kinetic mechanism
for quenching between two species via diffusion-controlled
formation of an encounter complex. That is, for dynamic
g4 guenching either by energy or electron transfer between excited
5 ’ state A and a quencher Q
2 ks k
83 A+Q o {A---Q} — Products Q)
the overall bimolecular quenching rate constant is
82 . .
=k|—F—— 2
K, kd[K " kd] ()
8.1
0‘4 016 ols 1'0 | 2xll 0B with kg andk—4 dependent on salt concentration, conventionally

S 3 via the ionic strength.

Polarizability, cm™ mol Exploration of the lonic Strength EffeciThe rate constants
Figure 4. Specific cation effects on lag kg for the quenching of ks andk_q and the encounter pair equilibrium constant can be
*[Pta(pop)]*~ by [Co(CNJ)I]3~. Conditions: 0.010 M HCI®/ 0.50 M calculated using the Deby&moluchowski, DebyeEigen, and
solutions of RNH.—+Cl (R = H, Me, Et, n-Pr; n = 0-3). Markers, Fuoss equations, respectively. We give these equations fol-
experimental points; lines, linear regresssion. lowing Chiorboli et al but with the numerical constants

. . . . . - appropriate for Sl units. Thus
cation®1-53 consistent with the proportionality of polarizability pprop

with cation volume for simple spherical ions. 2000TN[  ry
. L . - Q
It is worth mentioning that only two sets of polarizability 3 2+ —+=
; : ! i r Ia o
data for crystal alkaline or alkaline-earth metal ions were ky= Q (M lg 1) (3)
available31-53and the values for a given ion differed as much al“r2e W(r,u) d
as 40%. In contrast, the crystal cation rddiic, and cation- L X kT

water distance® dy_o, are more reliable. These gave good
fits to the experimental data, as shown by flfevalue; for whereW(r u) is given according to DebyeHiickel theory by
example, these range from 0.0002 to 0.0077 forrthittings.

For the alkylammonium cations,,RH4—,", the situation is zAzQe2
more complex although all the effects seen were small, as shown WI(ru) = ———f(r.u) ) (4)
in Figure 4. Here the data have been plotted versus polariz- 87D
ability as many of these ions are quite nonspherical and the
measured polarizability is likely to be a relevant effective

volume estimate. The quenching rate constants increased in exp(BOA«//t) exp(BoQ\/u) exp(=rv/u)

wheref(r,u) and are defined by

the sequence NFf < MeNHz" < Me;NH,t < MesNHT, f(r.u) = 5
triangles in Figure 4. Contrasting trends occurred when the size ) 1+ ﬁUA“//" 1+ ﬂOQ\/ﬂ r ©)
of alkyl group increased from methyl to ethyl oipropyl. The

rate constants then decreased with increasing size and polariz- 87N€Ep, . o1

ability, EtNHs™ > EtNH,t > Et;NH*, open squares, and Y (mol “kg m™) (6)
MeNHz* > EtNHs™ > n-PrNHs™, open circles in Figure 4. 4me DkgT

Discussion In these and the following equatiorig, = 1.381x 10723 ]

K™, N =6.022x 102 mol}, e = 1.602x 107 C, =

These results show that added electrolytes promote theg gsgx 1071231 C2m1, Tis the temperaturea andZg are
quenching of triplet excited state Ptopk]*~ by the acido-  the respective charges of the reactants, variaipresents the
pentacyanocobaltate complexes. All four compounds quench gistance separating the two reactanisandrq are the radii of
to give small quantum yields of redox products, and the the reactantsa = ra + ro. 0a (OF 0g) is the sum radius (m) of
mechanistic details of these reactions are still under investigationreactant A (or Q) and the dominant counterion present,and
using laser flash kinetic spectroscopy. We are still explo_rlng is the ionic strength (mol kg). For water at 298 Kps = 997
the extent of atom/electron/energy transfer for the various kg m—3 D = 78.54,5 = 1.002x 103N s nT2,
complexes, but we have reportéthat for the iodopentacyano The rate constant for the separation of encounter phigs,
system a novel iodine atom transfer from Co to Pt occurs. The can be determined from the DebyEigen equation:
guenching rate constant decreases by about an order of

magnitude across the series [Co(GINJ™ > [Co(CN)N;]3~ > keT [1  1][expMl(au)]
[Co(CN)XBr]3~ > [Co(CNXCI]®, a feature which will be 2 r_+r_] [?
discusse®f in the context of the reactivity studies. Here the K = 2mai’a 'q B sYH @)
discussion is focussed on the salt effects on the quenching rates. al“r2 ex;{W(r’ﬂ) d
Salt Effects. There are substantial salt effects on the a KgT

guenching of *[Pi(popy]*~ by the acidopentacyanocobaltate
complexes. For the anion [Co(ClF~, for example, the The Fuoss equation fdf.q of the encounter pair is obtained
second-order rate constant increased by a factor of 7.8 fromfrom the ratio of eq 3 to eq 7:
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. a=ra + rq, the rate constant is not sensitive to small changes
ea” k 3 KeT M) (8) in eitherog or a. For example, a decrease in thevalue from
—d 0.43 to 0.33 nm results in a slightly smaller slopeZaZg =

For our comparisons with theory, the diffusion-controlled rate 10 £ 1, still in reasonably good agreement with the charge

constantsks, k- and encounter pair equilibrium constaf, product. The DHB model is therefore valid for rationalizing
for the rea(’:tants *[Bfpopy]*~ and [Co(CN}I]3~ in KCI/H+ the relationship between the rate constant and ionic strength

media were calculated at a temperaure of 295 K for various @nd gives the correct slope.

K

2 [-w
_ ks _ 4000tNa exp[ (au)

ionic strengths. To allow for the fact that piiop)]*~ and The familiar Debye-Brgnsted limiting equation (DB)
[Co(CNl]3~ ions, particularly the former, are not truly spheri- Y

cal, their radii were estimated from= 0.5(ddyd,)*3, where _ o % ]

dy, dy, d; are the dimensions measured along the three molecular logk=logk + ZAZQ 1+Vu (10)

axes of space-filling models generated by Chem-3D (Cam-

bridgeSoft), givingra = r([Pta(popy]*”) = 0.43 nm,rq = the expression often applied, leads to a reasonable linear fit of
r([Co(CN)I]®") = 0.47 nm. The radius of the main counter the data as shown in Figure 2b but fails to give a reasonable
ion wasrg+ = 0.13 nm. An obstacle to the general use of the slope, the value being 48 0.2. This is clearly because both

above equations is the need to evaldétg) over the appropri- reactants are large complex anions. The closest approach
ate range of. Here the function was numerically integrated between these two reactants is 9 A, much larger than the 3 A
(Igor Pro 2.02 software, Wavemetrics) over the rangefodm typical of reaction between simple ions and required to obtain

ato 30ain increments of 0.014% which was checked to be an  fa = 1 and give the DB equation. The calculations show the
adequate range and increment to get the limiting value of the danger of using an oversimplified model when treating reaction
integral to less than 0.1% uncertainty. between large coordination complexes.

The calculated values of ldg are plotted as the dotted line The Olson—Simonson Effect. Unfortunately, the electrolytes
in Figure 2a (numerical results are given in Supporting which can be used for exploring the OlseBimonson effect
Information Table 3). The experimental quenching rate con- in this system are very limited in number. This is because many
stantsk, are substantially lower than the calculatedvalues,  of the commonly used multivalent anions are either strong
kg < ka, Figure 2a, and quenching of *#pop)]*~ by conjugate bases of weak acids (e.g.sPQCO2~, C,0.2")
[Co(CN)I]*~ belongs to the “nearly diffusion-controlled” regime  which will protonate in acidic media and change their charge
becausé ~ k-q. A best fit of the experimental data for Idg type, are complexes which have strong absorptions at the
was obtained from eq 2 withe = 1.2 x 10° s7%, and the  excitation wavelength (e.g. [Cr(CHY"), or are strong oxidizing
calculated values dky andk-g, and is shown as the dashed reducing agents such ag8?~ and $Oz2~ which will react®
line in_ Figure 2a. The satisfgctory _fit implies that the numeri- with excited state *[P{popk]*~. The results for the suitable
cally integrated DE expressions give reasonable estimates ofg|ectrolytes that were available nevertheless provided clear
the diffusional parameters for ionic strength values as high as eyidence that the OlserSimonson effect operates in this
0.8 M KClI in the systems studied here. Similar conclusions system. For the quenching at pH 2.0 of *[Pty(pop)]*~ by
have been reached elsewhet®* and they are particularly  [Co(CN)sl]3-, essentially the same quenching rate constant, log
noteworthy as the DebyeHuckel theory makes several as- kq = 8.32, was obtained in 0.167 MafCo(CN)], 0.25 M K-
sumptions that are strictly valid only in very dilute solutions SOy, 0.500 M KClI, and 0.500 M KN@ These have a common
(<0.01 M), suggesting a fortunate cancellation of errors. K+ concentration but an ionic strength that varies over a factor

In the above, the calculated rate constant of the diffusive stepof 2, Table 3.
kg was obtained assuming pseudo-spherical reactants with a e osop-Simonson effect has been observed for ground

geomeitrlc'avergge ra(:luz. This will be most ar(]jequate if all gtate reactions between anions and for one example of excited
mutual orientations of the two reactants in the encounter ..o glectron transfer between cations. With the inclusion of

complex cor_respond to the same r(_aact|on probability. - In the the excited state reaction between anions of this work, it seems
system studied here, however, it is likely that the two reactants evident that the effect is rather general. Thus, in agreement

will need to approac_h each other in a special dir_ecti_on, S_UCh with Chiorboli et al! we conclude that when applying the

that t_he CTX bond IT_es up with t_he open cqordlnanon SIS Debye-Hiickel equations to the reactions between species of
(z-axis) of *[Pe(pop)]*". Under this assumption has the like charge in the presence of electrolytes containing a multi-
same value, but the value of is reduced to 0.33 nm. This valent ion, it is the concentration of the oppositely charged ion-

Vagje Ie?ds tobsllghtly Sml"’l‘”% ag(?c_Kequlues, and Iarng_d s, () rather than the ionic strength that should be used. Taken
andk; values, but an equally good fit to the experimental results. together with the observation that the interaction between

Therefore the assumption of spherical reagents does not Cause[Ptz(pop);]“* and [Co(CN}X] 3~ is unobservable in the absence

a mayor error. of added cations but is strongly promoted in their presence, this

A Iir_1ear fit to the exp_erimental rate constants can be_obtained leads us to conclude that the cation may play an important role
by using the DebyeHickel-Brgnsted (DHB) expression: in the transition state of the reaction rather than just serving as

Vi an “inert” or “supporting” electrolyte. This is discussed in more
logk=logk® + Z,Zq) 7 fa #] ) detail below and is likely the reason for the observation of the

Olson—Simonson effect rather than the general ionic strength
The linear regression line that results, shown as the solid line effect.

in Figure 2a, has a slope of 116 0.8, close to the charge Anion Effects. As shown in Table 3, there is no effect of

product of the reactants, 12, and fits the data as well as, or everthe anion when multivalent oxyanions or a complex anion is

better than, the curve from the more rigorous expressions. Thisused. The nucleophilic bromide anion showed a special effect,

simplified equation is obtained by assuming equalitygfog however. Table 3 shows that the logarithmic quenching rate
andain eq 5, and for these reactants part of this assumption is constant was 8.60 in 0.50 M KBr, larger than the value of 8.33
very good sincea = 0.43~ rqo = 0.47, so thaba = ra + rg+ in 0.50 M KCI. This effect seems explicable in terms of an

~ og. Though these values are still quite a bit smaller than influence of anion nucleophilicity on the rate constantas
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will be discussed in the papéron the electron transfer and latter contrasting with the conclusidAg?of some other work).
atom transfer processes found for these systems. There is also a smooth trend with cation polarizability, Figure

Specific Cation Effects. Extensive studies were made of 3b, but these plots are nonlinear; this nonlinearity is consistent
the cation effect on the quenching rate constant, and Figure 3W|th the theoretical r9|ati0n3hip of polarizability to the cube of
shows that for alkali metal or alkaline-earth cations, the the cation radius. Indeed plots of these logarithmic rate
quenching rate constants increase with cation crystallographicconstants versus the cube root of the polarizability also give
radius or polarizability. Any attempt to use the DebyEgen good straight lines.
equation to explain these cation effects in terms of changes in Table 2 and Figure 3a,b show that the cation effect is in
kq will fail; varying the cation radius used in the calculation of the same direction for all four quenchers, [Co(€B]*",
diffusion-controlled rate constants has only a very small effect, [CO(CN)CI]®~, [Co(CN)I]*~, and [Co(CN3N3]*~. However
negligible in comparision to the observed specific cation effects. they fall roughly into two groups on the basis of their
For examp|e,kd for the reaction between *[E(pop)4]4* and sensitivities to the size of the cation. The quenching rate
[Co(CNXI]3~ should decreaseabout 8% with an increase in  constant increased about-101 times from Li to Cs" in the
cation radius from Li to Cs", completely contradicting the  first group (i.e. [Co(CNgBr]*~ and [Co(CN3CI]*"), but only

experimental results, which show a 6-fofitrease A similar 5-6 times in the second group (i.e. [Co(GN}~ and
phenomenon was reported earlier. [Co(CN)XN3]®"). These results imply that the nature of the

This comparison invites a consideration of the possible effects cation involvement in the transition state varies for the different
of flaws in the DebyeSmoluchowski-Eigen treatment. It guenchers. The cation can assist quenching by forming either

assumes that the solvent is unstructured and isotropic, and onI)/'jl Ilnft_aar ot[_trlanaular Il?n triplet wg%ttge r;actant?, both gf\';:"(:h
considers purely electrostatic interactions between chargedtCon |tghur? lons have been ptrf’pl(_)k I {0 her SYS erps. 't'e't
species, neglecting all other interactions including solvent Wo, the linear arrangement IS fikely 10 show greater sensilivity

substrate interactior!8. This is undoubtedly a problem in Zf tll1_e tquen?fllr:lg ra_lée copstant to tthe size of ttht?l ia.mot?]'
aqueous solutions due to the variations of the solvent structure pplication Of these ideas 1o our Systems Suggests that in the

with electrolyte addition and the presence of other interactions, i( N I?r Cl tgioup;_f;e .Cifl'qon)(r:n?bee In th?hcenterl_of a I_mear
such as H-bonding. ransition state, while in the X I, N3 group the nonlinear ion

It is k hat the additi ¢ in el | triplet is more important. We are trying to explore this
tis nolwn It att eha |t||on_o certzln electrolytes caulses supposition further by exploring its possible influence on the
water molecules n the solution to become more or 1€ss gyient of atom and electron transfer reactibn.
structured compared to pure watérlin the presence of alkali

d alkali h cati h lecules in the i di In an effort to quantify such specific cation effects on
and alkaline-earth cations, the water molecules in the Immediate, o, -ions, pethybridge introduced, measured, and tabBated
vicinity of the ion are oriented and partially immobilized by

. ) ; ) Y specific interaction coefficient;; for the interaction between
electrostatic attraction to the cation leading to a shell with

oppositely charged ions and j by defining the activi

increased water structure. The extent of this e_ffect depepds Oncggﬁicien){ of angionfi in the pre]serilce of opgositely chart)g/ed
the charge density of the ion and is therefore inverse with the ions by
“bare” ionic radius, i.e. the structure-making ability of"L¥
Na" > K+ > Cs" and Mg2Jr > Ca2+ > Sr2+> Ba". Ina —|Og fi ZAZ| F(‘L{) — ZBijCj (11)
more structured aqueous solution, the mobility of the reactant T
ions is likely to be lowered, decreasing the diffusion rate
constant K;) and hence the quenching rate constant. This where F(u) is some function of the ionic strength. The
prediction is in the correct direction to agree with our experi- coefficientB;; will be negative or positive depending on whether
mental results. However, the increase in quenching rate constanthere are attractive or repulsive interactions (not including the
from Li* to Cs" (a factor of 6-11 for different acidopentacy- Coulomb attraction) between the ions at close range. Two
anocobaltates) is much too large to reasonably attribute to thesedpposing trendso( and ) of specific interaction coefficients
effects. It is therefore inadequate to use these arguments alonavere found for various reactant anions interacting with alkali
to try explain the specific cation effects. metal, alkaline-earth metal, and tetraalkylammonium salts. For

This leads us to consider the likelihood of a more intimate &nions of high charge density, such as O, and acetate,
involvement of the cation in the transition state for the quenching Bii interaction coefficients become increasingly positive with
process which would influence the overall rate constant by its the increasing size of *bare” cation, ar(or growth) sequence,
effect on the rate constant for electron/atom/energy trarigfer, ~While anions with a well-dispersed charge show the opposite,
Such involvement is supported by the observation of the Gison # (Or decline), trend. Unfortunately such coefficients are not

Simonson effect. The cation will be located between the anionic &vailable for our reactant ions, so these ideas cannot be applied
reagents because of its earlier role to help overcome theduantitatively to our results. The best that can be achieved is

significant Coulombic barrier associated with formation of the 2 rationale based on recognizing that the quenching rate constant
encounter pair. Also extensive desolvation may be expected'S Predicted to vary as

on interaction of the cation with the strongly anionic reactants. . . 4

As evidence of this in analogous systems, positive activation log kq = logk® + 2AF(u) + {B(*[Pt,(pop)]™ ) +

volumes AV* have been reported for the [Fe(GM)/[Fe- B([Co(CN)I]*") — B(ion triplet)} [Coaiod (12)
(CN)g]3~ self-exchange catalyzed by potassium®ioand the
electron transfer reaction between *[(8Qis)Cle]2~ and [IrCk]2~ Both reactants are large anions witlcoefficients that should

in a solution containing Nacation?! The idea of transition  show aB trend. The postulated ion triplet transition state will
state participation by a desolvated cation which can act as abe larger and have a better distributed charg&sQripie: Should
conduit for electron/energy transfer is consistent both with the show an even strong@rsequence. To explain our net overall
linear correlations observed between the quenching rate constanit trend then requires that this last term dominate so that,
and the cation crystal radius, Figure 3a, and with the poor combining the three trend8(*[Pta(pop)}]*~) + B([Co(CNXI]3")
correlations between lol, and the reciprocal of the hydrated — large S(ion triplet) ~ a(overall). In summary, this type of
radii and Stokes radii, Supporting Information Figure 1b,c (the analysis supports our conclusion that the specific ion effects
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observed have their origin in effects on an ion triplet transition data. Financial support was provided by the Natural Sciences
state for reaction. and Engineering Research Council of Canada and the University

The effects of the alkylammonium cations on the rate of Victoria.
constants are somewhat different than those of the simple
inorganic cations discussed above. The effects are quite large, Supporting Information Available: Tables giving effects
with ammonium ion being slightly more effective than potas- ©f cation, concentration, and ionic strength on lagfigures
sium ion, but the variations between different alkylammoniums showing logk, versus catiorrwater distance and reciprocals
are quite small. Figure 4, triangles, shows that the quenching of the Stokes radii and hydrated radii (5 pages). Ordering
rate constants for the methylammonium cations increase by aninformation is given on any current masthead page.
overall 50% with increasing number of methyl groups and
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