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as described above; the value is 200 + 9 M-^sec"!. The value 

10.1 sec~l can be shown to be essentially k2f, as fol­

lows. The aquation data demonstrated that the term 

accounts for less than 2t of the aquation rate at 0.05M ff*". 

The principle of microscopic reversibility dictates that the 

opposing kif term must similarly account for less than 7.% of 

the formation rate at 0.05M The small value for 

2.6 M~lsec~^, can be calculated from the value k2f = 10.1 

sec"^ at O.O^W and from Eq 71, relating the various equi­

librium and kinetic parameters. Table 4? presents a summary 

Q5,3 = ÏLF = = 11̂ 2 (71) 

^laq ^2aq ^aq 

of these parameters. 

Table ^7. Kinetic and equilibrium properties of FeN]^"^ in 

Fe3+-HI^I^ solution at 25°» l.OOH ionic strength 

Parameter Value 

k2aq, sec-1 20.0 0.9 

k2f, sec~l 

o
 

o
 

(—
i 

CM O
 

klaq. M-lsec-l 5.1 

0
^
 1—

1 

kif, K-^sec-l 2.6 4- o
 

0
0
 

0.51 + 0.01 

Gi(4600A), M-lcm-l 

O
 
o
 160 
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Reaction mechanisms 

The rate equation for formation of PeN^^"*" Indicates 

parallel activation processes as shown by Eqs 72 and 73. 

Pe3+ + HN3 = [FeHN33+]'^ = FeN^^^ + H+ (72) 

Pe3+ + HN3 = [FeN32">-]* + H+ (73) 

(An activation process Is defined(59) as the formation of an 

i 
activated complex from the predominant species present, and 

includes any steps such as gain or less of protons that occur 

prior to formation of the activated complex.) The transition 

state for the first reaction probably needs no explanation 

beyond noting the stabilizing role of hydrogen ion commonly 

found in the substitution reactions of basic ligands (1,56, 

60-64). The transition state for the second process could 

reasonably form by either of the elementary steps, Eq 7^ or 

75. If Eq 7^ pertains, the measured rate constant is kgf = 

(H20)6Fe3+ + N3- = (H20)^FeN3^+ + H2O (74) 

(H20)3Fe0H2+ + HN3 = (H20)^FeN32+ + H2O (75) 

where is the acid dissociation constant for HN3. 

If Eq 75 is correct, then the measured rate constant is 

^2f = For hydrazolc acid, is 7xlO""^M (31) and for 

aquoiron(III), is 1.65x10^3# (45). The rate constant 

calculated for the reaction of Fe3+ and N3" (kyi^.) is 1.4x10^ 

M~^sec"^, and that calculated for the reaction FeOH^"*" + HN3 

(ky^) is 6.1x1O3 M'^sec"^. These formulations are not 
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kinetically distinguishable, since the acid dissociation 

reactions of iron(III) and hydrazolc acid are quite fast. 

Seewald and Sutln (31) noted the similarity of rate con­

stants for reactions analogous to Eq 75 for a series of iron 

(III) complexes where the ambiguity connected with the role 

of hydrogen does not exist (i.e., the reactions of Pe^* with 

CI", Br", NCS", HP, and HN^); values of k all lie in the 

range 2.0 (for Br") to 127 W^sec""^ (for NCS"). Moreover, 

these rate constants are substantially lower than those found 

for processes analogous to reaction 7^. again considering 

unambiguous reactions (i.e., the reactions of PeOH^"*" with CI", 

Br", NCS", and SO^^"). The second-order rate constants for 

the latter reactions lie in the range 10^-3x10^ M"lsec"'l. 

These two groups of rate constants presumably represent sub­

stitution on Fe(H20)3+ and on (H2O) ̂FeOH^"*", respectively (31). 

The calculated value for Pe^* + N^~ lies outside the range of 

values for other substitution reactions of Pe^"*" by a factor of 

> 10^, whereas the value for FeOH^"*" + HN^ gives a value close 

to the range observed for substitution on PeOH^"*". Seewald and 

Sutln (31) concluded then, that Eq 75 is probably the correct 

formulation. On the basis of this reasonable conclusion, the 

rate determining feature of Eq 73 can be viewed as elimination 

of water in the outer-sphere complex (H2O) ̂PeOH-HN^^'*'., 

The data on iron(III) substitution rates obtained In 

this work provide better values for the ligands and Br" 
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than were used by Seewald and Sutln (31)f and also provide 

previously unreported rate data for the llgand NCO"". These 

data can be used to extend the reactivity comparisons pre­

sented by oeewald and Sutin (31). The measured equilibrium 

and rate data for formation of FeNCO^'*' were obtained at 1.6°. 

The calculated value of the second-order formation rate 

constant assuming the mechanism involves reaction of Fe^^ 

and ?]C0~ Is 2. ] X1 0 ̂ m t 1.6°. Tho vol urn is p.stlmatod 

to be 4x10^^ M^^sec"^ at 2$°, using the activation enthalpy 

for FE^^ + NCD", 20.2 kcal/mole (40). This value lies con­

siderably outside the range of rate constants, 2-127 W^sec"!, 

noted for other substitutions on Fe^*. Using the alternate 

formulation, the second-order rate constant for FeOH^"*" + HNCO 

is 1.6x10^ at 1.6°. The value is estimated to be 1,9x10^ 

M~^sec"^ at 25°, using the activation enthalpy for FeOK^"^ + 

HNKN, 16.7 kcal/mole. (The value I6.7 is the sum AH2^q + 

AH°, obtained from Table 3 and the report of Wallace and 

Dukes (32) respectively.) The value 1.9x10^ lies within the 

range of rate constants 2x10^ - 3x10^ noted for substitution 

on FeUi!^'*'. 

The revised and extended series of calculations are 

shown In Table 48. The results support the previous conclu­

sions (31). It is concluded that all the basic anions, 

, F", and NCO", probably substitute on 

iron(III) in the acid independent step by the method sug-
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Table 48. Rate constants for formation of PeL2+ complexes 
at 250 

L k, M-^sec-l k, M-^sec-l Ref 

Pe3++ L PeOH2++ L 

ci- 1.1x10^ 31,48 

Br~ 2.0 1.9X1O3 This work 

KCb- 127 1.0x10^ 31.40 

(6.4xlo3)* 3x10^ 31,65 

(1.4x10))" 31,65 

P- (5.0xl03)* 31,56 

HF 11.4 (3.1x103)* 31,56 

N3- (1.4x10^)^ This work 

HN3 2.6 (6.1xlo3)* This work 

MCO- (4xlO^)&'b This work 

HNCO (1.9x10^)*' 
b This work 

^•Calculated values, using measured rate constants and 
acid dissociation constants, 

^Corrected to 25°; the correction is described in the 
text. 

gested by Seewald and Sutin (31). This method involves reac­

tion of the protonated anion, HX, with hydroxolron(III). 

8romoiron(III) 

The equilibrium and rate parameters found in this study 

for substitution of Br" on Pe(III) are markedly different 

from those reported previously (36,37). The equilibrium data 
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of Lister and Rlvlngton (36) agree with data obtained under 

similar conditions In this study, but the earlier data (36) 

were treated In terms of a single complex. The earlier v^.lue 

(36), Qqp = 0.61 at 25°, 1.2M Ionic strength was actually 

the sum and can be compared with the sum = 

0.37 measured in this study at 25°. 

The kinetic parameters for Eq 55 actually measured by 

Matthias and Wendt (37) at 22 + 2°, I.7M ionic strength, were 

aquation rate constants, since the concentration of PeBr^"*" 

formed was quite small relative to the reactant concentra­

tions, However, these workers presented their results In 

terms of formation rate constants (kf = ) » Since they 

(37) used the value Qgp = 0,625 M"^, (from the reports of 

Lister and Rlvlngton (36) and Rablnowltch and Stockmayer (35)) 

their results are necessarily Incorrect, The values k^ = 

(20 + 3l/[H^]) M~^sec"^ reported by Matthles and Wendt (37). 

together with the value of Qgj, used In their computations 

permits calculation of their observed aquation rate, k^q = 

(32 + 50/[(^^]) sec"^. This expression leads to k^^ = 82 sec"^ 

in 1,0 M H"*" at 22 + 2°, 1,7M ionic strength, which Is not 

inconsistent with the values 55.6 and 10,7 sec"^ in 1,0 MH^, 

l.OM ionic strength, measured in this study at 15.8 and 1,6°, 

respectively. Thus, consideration of the outer sphere com­

plex of ion pair Fe^'^«Br" apparently removes the discrepan­

cies between this work and the earlier reports (36,37). 
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Iron(III) Reduction 

Discussion of Iron(III) reductions will be concerned 

with several questions. The question of what reaction path­

ways are followed, both in the absence and in the presence of 

complexlng anions, will be considered. The form of the rate 

laws describing the several paths will be considered, in 

order to learn the compositions of the activated complexes* 

Questions concerning the atruetures of the activated complex 

will be discussed, first in terms of the direct evidence 

available from identification of the products of Cr^"^ reduc­

tions, and then in terms of indirect evidence available for 

the Su2+ reductions. The Marcus relation (1,23) will be used 

to estimate the rate constant for electron exchange between 

Eu(II) and Su(III), Finally, the rate patterns for a series 

of oxidation-reduction reactions will be considered in an 

attempt to understand the influence of ligands X" on the 

rates of reduction of the metal complexes MX . 

Iron(III) Reductions In Perchlorate Solution 

Mechanism of aquoiron(III) reduction by europlum(II) 

The rate equation found for the reaction of Pe^"*" and 

Eu^"*" in acidic aqueous solution consists of two terms (see 

Eq 21) suggesting a mechanism Involving two parallel reaction 

paths. However, the question of whether the term is an 

actual reaction pathway should be considered. It has been 
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noted several times (9,66-71) that medium effects can intro­

duce rate law terms that do not correspond to reaction path­

ways, even at constant ionic strength. In the Eu(II)-Fe(III) 

reaction, the rate term k2[Pe3+][Eu^*][H^]"l carries most of 

the reaction, although at [H^] = l.OOM at 1.6°, the term 

ki[Pe3+][Eu^'*"] accounts for 60% of the observed rate. If the 

k% term represents an activity effect only, then the effect 

can be accounted for empirically by a Harned-type correction 

factor (72), The observed rate constant k' can be represented 

as the product of an intrinsic rate constant and a correc­

tion factor, according to Eq 76, For small values of [H^], 

k* = k2[H*]"l exp(B[H+]) (76) 

Eq 76 becomes Eq 77. According to this model the rate term 

k' = k%[H+]"l  (1+3[h+] ) = k%[H+]"l  + k° (77) 

In Eq 21 is solely a medium effect. The data given in Table 8 

were fitted to this functional relationship, assuming k^ 

obeyed the Eyring relation (Eq 9) and that 3 = P® (1+aT) where 

a is a temperature coefficient and T is the temperature in °C, 

Values of the constants which best reproduce the data are 

k^ = (HT/Nh)exp[(0.7±1.4)/R - (12000+^00)/RT] and P = (O.96 + 

0.10)[l-(0.027+0.005)t3. The data in Table 8 were reproduced 

with a mean deviation of 8.0%, compared to 8.6# based on the 

two-term model of Eq 21. The two models fit the data about 

equally well and predict the same functional dependence of 
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rate on [H^]. The value of the Earned factor P Is, however, 

abnormally large (66,70,71). (A reasonable value of P would 

be 0,1, not 1 (66)), It Is concluded that medium effects are 

not the sole contributors to the rate effect, and that the 

term in Eq 21 almost certainly represents a genuine pathway. 

The ki term may include a contribution from medium effects, 

but this contribution cannot be resolved at present, 

Since the rate terms in Eq 21 are believed to represent 

Independent reaction paths, parallel activation processes are 

postulated. Net activation processes consistent with the 

kinetics are described in Eqs 78 and 79- The first of these 

Pe(H20)63+ + Eu^q2+ = [PeEu(H20)m5+] (78) 

Fe(H20)53+ + Eu^q^^ = [FeEu(H20)j^0H^] +H+ (79) 

reactions is most simply accounted for by the elementary step 

Involving direct reaction between Fe3+ and Eu2+. Several 

possible sequences of elementary reactions could account for 

the second of these reactions. The sequence considered most 

plausible Involves formation of hydroxolron(III) ion in a 

labile equilibrium, with reaction between Eu^* and PeOH^*, 

according to Eqs 80 and 81. The empirical rate constant k2 

Fe(H20)53+ ;± (H20)5FeOH2+ + H+ (rapid, Q^) (80) 

(H2O)^FeGH^"*" + Eu2+ - (rate determining, kpgon) (#1) 
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was defined In terms of concentrations of species predominant 

under the conditions of the experiments. In terms of the 

sequence Eqs 80 and 81, kpgOH can be calculated from the rela­

tion kpgQfj = kg/Qa' Mllburn (45) gives values for Q* as a 

function of temperature at l.OOM ionic strength. Activation 

parameters for can be calculated from the relations 

AHpgoj^ = AH2 - AH°, and ASp^gy = AS2 - AS°, where the sub­

script 2 refers to the empirically measured rate constant k2 

and the subscript a refers to the acid dissociation described 

in Eq Bo. Values and activation parameters for kpeOH are 

given in Table 4-9. 

Table 49. Calculated values and activation parameters for 
kpeOH for the reduction of PeOH2+ by Eu2+ at l.OOM 
ionic strength 

Quantity 1— Temperature-—, AH^ or AH° or A3° Quantity 
1.6" 15.8° 25.0° kcal/mole eu 

10-3k2, sec-1 2.28 7.16 14.2 12.2+0.5 1.3+1.8 

10^Qa. M 0.381 0.954 1.65 10.2+0.3 21.5+1 

10~^kpgOH' 6.0 7.5 8.6 2.0+0.8 -20+3 

1—
1 

1 0
 

0) CO 
1—

1 

k
 

Mechanism of the reduction of aquolron(III) by chromium(II) 

The reaction between Pe^* and Cr^* was studied in detail 

by Dulz and Sutin (I6), at 25° and l.OOM ionic strength, mf.in 

talned with MaClOij,, These workers reported a two term rate 

law (Eq 25) exactly analogous to that found in this study for 
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the reaction between Fe3+ and Eu^"^, The work of Dulz and 

Sutln (16) was extended In this study to Include the temper­

atures 1.6 and 15.8° as well as 2$°. Lithium perchlorate was 

used to maintain ionic strength In this study; the results 

were Interpreted in terms of the rate law reported by Dulz 

and Sutin (I6). The evidence that the term In Eq 25 

corresponds to a true reaction pathway is weaker than it was 

for the Pe3+-Eu2+ reaction. The k]_ term represents 23'^ of the 

observed rate at 1,6°, l.OOM H"*" for the Cr^^ reaction,, as com­

pared to 60% for the Eu^* reaction; the k]^ term represents 

29^ of the observed rate at 25°, l.OOM H"*" from the work of 

Dulz and Sutin (I6) using Na"*" media, but only 7% under the 

same conditions in this study, using Li"*" media. Neverthe­

less, by analogy with the Eu^» reaction, at least part of the 

k]^ term in Eq 25 is assumed to arise from a reaction pathway, 

leading to a mechanistic interpretation identical In form to 

that for the Pe3*-Eu2+ reaction (and also identical to that 

proposed by Dulz and Sutin (I6)). Values for kp^o^ and the 

associated activation parameters are presented in Table 50. 

Table 50. Calculated values and activation parameters for 
kpeOH for the reduction of PeOH2+ by Cr2+ at l.OOM 
ionic strength 

Quantity ' Temperature , AH+ or A3* or AS° 
1.6° 15*8° 25.0° kcal/mole eu 

10-3k2,sec-l 0.804 3.21 7.33 14.8 + 0.3 8.8 + 0.9 

lO^Qa, M 0,381 0.954 1.65 10.2 + 0.3 21.5 ± 1 

10-^kpeOH. 2.1 3.4 4.4 4.6 + 0.6 -13 ± 2 

M-lsec"! 
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Reduction of Iron(III) In the Presence of Complexlng Anions 

Mechanisms of chromlum(II) reductions 

The formation of CrX^* as the chromium product In Cr^"*" 

reductions of Pex2+, and the form of the rate expression, 

-d[Pex2+]/dt = kFex[FG%^*][Cr^*]' Prove the net activation 

process Is that described In Eq 82, where X occupies the 

(H20)^PeX2++ CrtHpCO^Z* = [ (H2O) ̂CrXFeC H20)5^] +H2O (82) 

inner coordination sphere of both metal Ions, The formation 

of CrX^^ was verified In this study for the anions F" and Br". 

The formation of CrX^* has previously been verified (I6) for 

Cl~; formation of CrSCN^^ (or possibly a mixture of CrSCN^^ 

and CrNCS^"*") has been reported (52)^. 

The Interpretation of the reactions involving cyanate, 

iron(III), and chromlum(II) requires qualification; the 

product of the reaction between Iron(III) and HNCO was not 

clearly Identified, and neither was the product of the reac­

tion between Cr(II) and the iron(III) complex. The evidence 

relating to the iron(III)-cyanate reaction will be discussed, 

followed by speculation concerning the possible products of 

the Cr(II)-lron(III) complex reaction. 

The evidence relating to the cyanate reactions consists 

of some cobalt(III)-cyanate measurements by Sargeson and 

Taube (73)1 and rate and spectral data obtained in this study. 

^N. Sutin, Upton, New York. Isomeric thlocyanatochrom-
ium(III) species. Private communication, 1967. 
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The lron(III)-cyanate reaction Is postulated to be a sub­

stitution reaction, as shown in Eq 38, but Sargeson and Taube 

(73) found the cobalt(III) reactions described by Eqs 83 and 

84, where en represents ethylenediamine and where @ represents 

0 

(NHjijCoGHg]* + NCO" = (NH3 ) 5CofiC-NH2^'*' (83) 

0 
cls-(en)?Co(@H9)93+ + NCO" = (en)2Go('^NH2^"^'t- HgO (84) 

water labeled with 0^®. Reactions 83 and 84 occurred in basic 

solution; net reaction 84 occurred in a stepwise manner, with 

addition to one water molecule, followed by displacement of 

the other in a chelation step. Both reactions were followed 

by hydrolysis, in solutions that were neutral before addition 

of NCO", to form carbonatocobalt(III) species. The half-time 

for water exchange with cis-(en)2Co(OH2)2^'*' was 25 minutes, 

while the half-time for formation of the carbonato complex, 

after addition of NCO" was only 14 minutes (73)• The substi­

tution Inertness of Co(III) is probably the cause for reaction 

83 and the first step of reaction 84 being preferred over an 

actual substitution. Substitution on iron occurs much more 

rapidly however; the value of the rate constant calculated 

for substitution of HNCO on FeOH^"*", shown in Table 48, is 

consistent with the lron(III)-cyanate reaction being an actual 

substitution reaction. Even if HNCO does form a complex 

directly with Fe(III), it could be proposed that carbamate 
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is formed nevertheless, after the substitution. That proposal 

does not seem likely In view of the high rate of aquation of 

Iron(III) complexes relative to the rate of carbamate forma­

tion noted by Sargeson and Taube (73)• The visible absorption 

peak for the product of the lron(III)-cyanate reaction, at 

about 3400A, with e about 2000 M"^cm"^ Is consistent with a 

pseudohalolron(III) complex. 

The following paragraph Is presented as a possible 

explanation for the behavior of the chromlum(III) product 

of the reaction between PeNCO^^ and Cr(II). 

The initial product is probably CrOCN^"*" and possibly also 

contains CrNCo2+, by analogy with the similar PeNCS^"*" reduc­

tion (13) and from the observation that the product has a 2+ 

charge. This study did not definitely establish however, that 

the Cr(III) product even contains the cyanate ion. The spec­

tral changes that the freshly separated (from 3+ ions) chrom-

lum(III) product exhibited could be due to carbamate formation 

by 0-bonded cyanate to give a chelate like the product of Eq 

84, The chelate would have to be protonated to account for 

the 3+ charge observed for the complex. Finally, the very 

slow spectral changes that the Cr(III) product was still 

exhibiting after a week could be caused by aquation or hydrol­

ysis of the chelate; Sargeson and Taube (73) noted that aqua­

tion of the monodentate cobalt(III) product of Eq 83 was only 

half complete in about 10 hours in 1.0 MH^ at 25°, The entire 
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reaction scheme that has been described Is presented In the 

following diagram, where no evidence was obtained for the two 

Isomeric cyanatochromlum(III) species or for their Intercon­

version by Cr2+, 

FeOH^+ + HNCO FeNCO 

CrOCN2+ CrNCO 

CrOgCNHj Cr3+ + CO2 + NH4+ 

E+ 

Cr3+ + CO2 + Nh^ 

The formation of CrX2+ in reductions of Fe(III) by the 

anion path (see Table 12) and the form of the rate expression, 

d[CrX2+]/dt = kx[Fe3+][Cr2+][X-] do not constitute sufficient 

evidence to establish all the details of the atomic configur­

ations during the reactions. These facts do establish the 

composition (exclusive of solvent molecules) and charge of 

the activated complex (FeCrX^), and that X" is coordinated 

to Cr(II) In the activated complex. The additional fact -

that Fe(III) is not sufficiently labile for X" to enter its 

inner coordination sphere during the time of the oxidation-

reduction reaction establishes that X" Is not coordinated to 

Fe(III) in the activated complex. Several activation reac­

tions are consistent with the above observations, and are 

listed in Eqs 85 through 89. None of these reactions are 
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CrXXHgO)^* + Fe(H20)63+ = [(H20)4XCr(H20)Pe(H20)j4+] 

+ H2O 

Cr(K20)5^+ 4. Pe(H20)63+!X- = [(H20)ipCCr(H20)Pe(H2Q)5^+] 

+ 2H2O 

Cr(H20)62+ + Fe(H20)63+.X"" = [CrX(H20)5'Pe(H20)6^] 

+ H9O 

Cr(H20)62+'X- + Pe(H20)/3+ -t [(M-CO^XCrfHzCOFefHgO)^^»] 
( 88 ) 

+ 2H2O 

Cr(K20)62+.X- + Fe(H20)63+ = [CrX(H20)3'Fe(H20)6^] (89) 

+ H2O 

distinguishable from the others; Eq 90 states all the known 

Information unambiguously, 

Cr(H20)62+ + X^q + PetHaGOa^* = [FeCrX(H20)n^] + mHgO (90) 

The transition states for the two anion catalyzed paths 

(see Table 12) have different structures, but the same charge 

and the same composition (disregarding the unknown number of 

solvent molecules); they are Isomeric. The anion path was 

not of measurable Importance for fluoride Ion; In acidic 

solution the concentration of F~ Is negligibly small. Exper­

iments were not performed to search for the anion path 

Involving or NCO". The nearly complete protonation of 

P~f N^" and NCO" In acid solution probably prevents their 

(85) 

(86 )  

(87) 
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participation in a measurable anion reaction, even though the 

specific kjf rate constants could be large. The possibility 

of catalysis by the protonated anion, to give a rate constant 

probably has no precedent; rate terms for similar reac­

tions containing the factor kyx/[H'^] have been found (9), but 

the empirically identical factor kp[F"] Is preferred (9). 

Mechanisms of europlum(II) reductions 

The immediate Eu(III) product of the anion catalyzed 

Eu(II) reduction of Fe(III) is not identifiable, owing to the 

lability of Eu(IIl). The rate of reduction of FeX^"*" by Eu^"*" 

is of the form kpg%[Pex2^][Eu2+] (the same form observed for 

the Cr2+ reductions). The Eu^* reductions appear to be inner 

sphere and X-brldged, on the basis of the rate patterns shown 

in Table 51. The general observation has been made that 

inner sphere, bridged electron transfer reactions proceed at 

rates very dependent on the identity of the bridge (1), 

Particularly, azide-brldged reactions normally proceed much 

faster than thlocyanate-brldged reactions; an exception is 

the Inner sphere, anlon-bridged oxidation of Co(CN)^3" by 

CO(NH2) and Co(NH-j) in which the bridged 

reaction is faster by a factor of less than 2 (15). These 

reactions have an unusual feature however, in that the sulfur-

bonded form is the stable isomer for Co(CN)^SCn3~ (74) while 

the nitrogen-bonded form is the stable Isomer for Co(NH|^)^-

(74), permitting stable configurations for thlocyanate 



Table 51. A summary of rate parameters for reduction of Fe(III) by Eu(II) and 
Cr(II) in the presence of various anions at 1.6^\ l.OOM Ionic 
strength 

Iden­
tity 
of X 

Eu 2+ /-i_2+ 
Iden­
tity 
of X 

kx 

K-^sec" 

loSkpex 

^ M-lsec-l kcal/mole 

AS+ 

eu 

kx 
-2 -1 
M sec 

lO^kpeX 
AH* 

kcal/mole 
A6* 
eu 

H2O 0.034 3.5 -29 0.0025 5 -30 

OH" 60 2.0 -20 21 4.6 -13 

Br~ 5400 14 5.3 -11 3900 >200 

CI" 6200 20 2400* 17 

F" <3x106 190 3 

NCS- 3.1 4.4 -18 200 

NCO" 16 4.2 2.9 -22 

N3- 120 200 

a 

= AHsr 
Estimated 
for the 

from the data 
Eu(II)-Fe(III) 

of Dulz and 
reaction. 

Sutln (16), usIn g AHJi = 14 kcal/mole 
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at both ends of the [(CNl^Co-SCN-CoCNH^)^"] activated com­

plex for electron transfer. The reactions observed in this 

study probably cannot attain the stability described above 

for thiocyanate bridging because the nitrogen-bonded form is 

stable both for Fe(III) (13,75) and Cr(III) (74) complexes, 

and probably also for Eu(III) complexes. 

In contrast to the rate dependence on the identity of 

bridging ligands shown by inner sphere reactions, a smaller 

rate dependence on the identity of non-bridging ligands is 

shown by outer sphere reactions (1), . Particularly, the effect 

of azide as a llgand is normally not much different than the 

effect of thiocyanate on similar reactions that occur by 

outer sphere mechanisms. 

Rate comparisons among aquo, hydroxo, and chlorometal 

Ions may also be diagnostic of mechanism (6,16,21,75); large 

rate enhancement over water-bridging is often caused by 

hydroxide and chloride-bridging. The specific rate patterns 

noted for H^O, OH", Cl~, N3", and MCS" ligands are presented 

pi 
in Table 52. The similarities noted between the Eu rate 

P + 
pattern and that for the inner sphere reducing agents Cr^ and 

Fe^"*" are taken as evidence that the Eu2+ reactions also occur 

by inner sphere mechanisms. Specifically, Eu^"*" and the other 

inner sphere reducing agents show large rate enhancements due 

to OH" and Cl~ in contrast to the outer sphere reducing agent 
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V^"*" reactions, where N3"* has a smaller effect (or about the 

same effect) than NCS" does. 

Table 52. Relative reactivities^ of dipositive metal ion 
reducing agents toward iron(III) complexes 

Iron(IIl) ' kpe(III)/kpe(H20)63+ ' 

complex « Reducing agent, mechanism , 

Cr^*,inner outer Pe^*,inner Eu^* 

Pe(H20)63+ 1.0 1.0 1.0 1.0 

(H20)$FeOH2+ 7.8x10^ <22 8.2x10% 1.8X103 

(H20)^FeCl^"^ lxlo3 26 <3.8 5.1x10% 

(H20)5PeNC3— >8x10^ 3^b 13 9.1x10% 

(H20)5PeN32+ >8x10^ 29® 3.1X1O3 3.5X1O3 

References 16, This 
work 

6 19.26,33. 
75.76,77 

This work 

^•Relative rates at l.OOM ionic strength and 25° for all 
the reducing agents except Eu2+ at 1.6°, and Pe2+ at 20°. 

^lonic strength 0.5M. 

Clonic strength 0.55M. 

Less direct evidence is available concerning the structure 

of the activated complex for the anion catalyzed reduction of 

Pe3+ by Ëu(II) than for the similar Cr(II) reduction; the 

Eu(III) product is labile, so that identification of the 

immediate Eu(III) product is not possible. Equation 91. where 

2Uaq2+ + X" + Fe(H20)53+ - [PeEuX(H20)n^+] +m(H20) (91) 
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X" Is not coordinated to Pe(III) and might or might not be 

coordinated to Su(II), describes formation of the activated 

complex. 

Electron exchange between Eu(II) and Eu(III) 

Only an upper limit has been established for the Eu(II)-

Eu(III) electron exchange reaction in perchlorate media* The 

value kg^ < 3x10"^ at 25° can be calculated from the work of 

Meier and Garner (16), in mixed Cl°-C10i^" media, A value that 

is possibly better can now be calculated, using the theory of 

Marcus (29). This theory was derived for outer sphere elec­

tron transfer reactions, but Sutln and co-workers (1,1?) liave 

demonstrated that many inner sphere rate constants are also 

predicted with moderate accuracy. Equation 92 would normally 

be used for calculating ki2' the rate constant for electron 

ki2 = (kllk22Kl2fl* (92) 

transfer between two metal ions, where kn and k22 are the 

rate constants for electron exchange for the two metals, Kj-g 

is the equilibrium constant for the electron transfer reaction; 

f Is defined by Eq 93. where Z is the collision frequency of 

log f = *12) ̂  (93) 

4 log(k2^^k22/z ) 

two uncharged molecules in solution, and is taken as 10^^ W"^ 

sec"l (17). The electron exchange and electron transfer reac­

tions are of the form shown in Eqs 94 through 96. 
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Ml3+ + Mi2+ = Mi2+ + Ml3+ (kii) (94) 

N23+ + «#2+ = M22+ + Mgj* (k22) (95) 

Mi3+ + ̂ 2^+ = Mi2+ + Mo?* (ki?) (96) 

Though a rate constant for electron transfer between two 

different metals has traditionally been calculated from Eq 92, 

for comparison to the observed rate constant, such a calcula­

tion is made impossible for the Eu(II)-Pe(III) reaction by the 

lack of Ku(II)-Eu(III) exchange data. The electron exchange 

rate constant for the Eu(II)-Eu(lII) system can be calculated 

from the same equation however using the ki2 values for the 

Eu^"*" reductions of Cr3+ and v3+ as well as Pe^*, The calcula­

tions are presented in Table 53» Values for ki2 were calcu­

lated from the data presented by Latimer (79). The k22 

Table 53. Calculation of the electron exchange rate constant 
for the Eu(II)-Eu(III) system in perchlorate media 
at 250 

Ki Vi2 k22 kl2 kll 
M-lsec-1 M-lsec"! M-lsec-1 

Eu Fe 4.2% 6l4ob 9x10-11 

Eu Cr <2x10-5^ <1.7x10-5^ <7x10-6 

Eu V 1.0x10-2® 9.0x10-3^ 1x10-3 

^Reference 19. 

^Measured in this work. 

^Reference 78. 

Reference 10. 

^Reference 30. 
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values reported for Fe and V are those for the acid indepen­

dent path only; the value for Cr Is probably a composite, 

measured in 0,5M The calculated kn values, at least 

those derived from the Fe and V systems, are for direct reac­

tion between Eu^^ and Eu^*, rather than between hydrolyzed 

species, Meier and Garner (18) found no evidence for hydro­

lyzed species in the chloride catalyzed Eu(II)-Eu(III) 

exchange. The calculated exchange rates listed In Table 53 

vary widely; the calculations probably do not add materially 

to knowledge of the Eu(II)-Eu(III) exchange, except to con­

firm that the exchange is very slow. 

Rate trends 

The rate constants for reduction of pentaammlnehalocobalt 

complexes by Cr^* have been shown (80) to follow the normal 

order (l,8o) (fluoride-bridged reactions are the slowest of 

the halide complexes) while the corresponding Eu^+ reductions 

follow the inverted order (14). Similar trends have been 

observed in this study for reduction of pentaaquohalolron(III) 

complexes, but different trends have been observed in other 

systems, as shown by the data In Table $4. The trends de­

scribed in Table 5^ doubtlessly result from a host of influ­

ences, most of them probably related to the reorganization of 

llgands and solvent molecules that is required for formation 

of the activated complex. Some factors in the reorganization 

are as follows; (1) P" complexes are expected to be smaller 



Table 5^. Hate trends for the reduction of halometaKIII) complexes. The order 
is denoted N for normal (fluoride slowest) or I for Inverted 

Reducing 
agent 

Mechanism 
Crx2+ 

Oxidizing 

(#H2)cCrx2+ 

agent, reference 

(NHg)2Cox2+ Pex2+ 

V2+ outer M (14) 

Cr2+ inner N (81) N (82) N (80) N, this work 

Eu2+ inner(?) N (4) I (14) I, this work 

Cu+ unknown 

Pe2+ inner I (12) I (19,83) 

Co(CN)c3- inner N (15) 

RU(NH3)62+ outer N (21) 

^0. J. Parker, G. Antos, and J. H. Espenson, Ames, lovia» Reduction of 
halochromium(III) by vanadium(II). Private communication. I968. 

^0. J. Parker and J. H. Espenson, Ames, Iowa. Reduction of cobalt(III) 
complexes by copper(I). Private communication. I968. 
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and more rigid and thus more difficult to perturb, (2) reac­

tions with small negative free energy change require more 

reorganization energy than those with a large negative change, 

(3) lengthening of the M(III)-X bond probably requires signif­

icant energy, and (4) shortening of the X-M(II) bond is 

probably also significant. These (and possibly other) con­

flicting influences seem to be delicately balanced, as indi­

cated by the non-systematic reversals in the trends listed in 

Table However, comparlsoii of the reducing agents 

and Su^^ does seem to indicate that factor (3) above is more 

important for Cr2+ than for Eu^**". This difference could be 

due to the differences in lability; the very labile Eu(III) 

product could be detached from X before significant lengthen­

ing of the M(II)-X bond in the product occurs. 
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APPENDIX A 

Computer Program for Calculating Concentrations of Reactants 

and Products as a Function of Time for the Reduction of 

Iron(III) by Chromlum(II) In the Presence of Bromide 

This program is patterned after that described by 

Espenson and Parker (84). The program solves the differ­

ential equations for the following reaction scheme, using 

the Hunge-Kutta iteration procedure. The symbols A, B, G, 

kl 
A + B :—" C 

^2 

C + P ^ D + H 

kij, 
B + A + F » D + H 

B + F ^ G + H 

F, G, H, and D denote the species Br", Fe^"*", FeBr2+, Cr^"*", 

Cr3+, Fe2+, and CrBr2+, respectively. 

The Hunge-Kutta method of solving initial-value problems 

utilizes the differential equations to approximate concentra­

tion changes over a small interval of time, At (85). If the 

interval is small enough, then X^+i = + (RK)At, y^^^ = 

+ (RJ)At, and + (RH)At, where X, Y, and Z are 

the changes in the concentrations of C, D, and G, respectively, 

and RK, RJ, and RH are the rates of change with respect to 

time of these concentrations. The subroutine RNKT calculates 
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four values for each of the variables RK, RJ, and RH; weighted 

averages of these variables are used to calculate the new con­

centration Increments, X, Y, and Z, 

The definitions of quantities that were read into the 

program as control information, or data, are given In Table 

55. 

Table 55. Definitions of control symbols and data symbols 
for the Runge-Kutta calculation 

Symbol Definition 

IPROB No entry for IPROB stops the program. 

NI NT Number of equal time intervals (<81) covered 
by the program. 

ITR Controls the number of times a time Interval 
can be subdivided to meet RKTEST. 

I TP If ITP = 0, iterations will not be printed. 
If ITP = 1, Iterations will be printed. 

TINT Number of time units in each time interval. 

RKTEST® Fraction that concentration of B is permitted to 
change in an interval without subdivision of the 
interval and recalculation. 

EA, EB,..' Molar absorbance for each species times optical 
path length. 

lA. IB,'.' Initial concentration of each species. 

Hi, Re»"* Known values of the five rate constants. 

^In preliminary calculations for a new system, the value 
of RKTEST should be progressively decreased until further 
decreases do not affect the results of the calculation. 
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The size of the time Interval (TINT) is not critical; 

the value of TINT is automatically divided by and then 

by 50, 60, 72, •••*, If necessary to meet RKTEST. The 

actual evaluation is done over the smaller intervals, but the 

printed values correspond to the Interval TINT. If the maxi­

mum subdivision permitted by ITR does not result in meeting 

RKTEST, the program will repeat the calculations, with the 

Iterations printed option in effect. 

A listing of the computer program is given on the next 

pages. 



Figure 17. Computer listing for Cr (II) + Fe(lII) reactions 
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Figure 17, (Continued) 
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10(5 S TUP 
CNU 



Figure 1?. (Continued) 
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APPENDIX B 

. Computer Program for Calculating Concentrations of Reactants 

and Products as a Function of Time for the Reduction of 

Iron(III) by Europium(II) in the Presence of Bromide 

This program is similar to that described in Appendix A. 

The program solves the differential equations for the follow­

ing reaction scheme. The symbols A, B, C, F, G, and H 

kl 
A + B ; *' c 

^2 

k-i 
C + F —^ G + H + A 

kZj. 
3 + F G + H 

represent the species Br", Pe3+, FeBr2+, Eu2+, Eu3+, and 

Fe2+, respectively. 

Only two differential equations, with the variables X 

and Ï representing the change in concentration of C and G, 

respectively, were required for the calculations, because the 

products of both bromide paths (see Table 12) are the same. 

The rate constant kz^, is the composite k' + ksp[Br~]. A 

listing of the program is given on the next pages. 



Figure 18, Computer listing for Eu(II) + Pe(III) reactions 



l66b 

c TA SOLUTION rn FEBK ReoucrloN BY eutNON-sreAov-sTArg FEBR 
C JK- + RF1+ » FEBR7+ RL.SEC ORDER, R2> FIRST ORDER 
C KFIV«?+ + EU2+ « EU3+ + BR- + FE2+ R3 
C RF3» 1- •EU?+ « EU)* + FE2+ FT<» 

r.CMt'rN rtl ,l<?,R3,»«,TA,TB,rC,TF,TGiTH 
C A«BK-,rt:.rE.U,C-FEBR?4-,F»EU2 + ,r,»EU3+,H»Fe2+ 

1 i:C«^'4T(i,I6,2C17.7) 
? rORMAT(6Fl?,7) 

lOCl HJHMATI IMA4I 
A(aO) ,R(aO) ,C(SO) ,Ft80) iTITLE( 18) ,DEN(80) ,G{8Q) ,H{80) 

in «CAf (l,lOCl)(TITLr!n,I^lil8) 
r<Ç41) ( 1,1) IP'^CJH.MIVT. ITR, ITPRNT,TINT,RKTEST 
IF I IPRUh) 100,1"C,T7 

37 i<i:An 11 ,?iE4,ER,EC,EF,nr.,eH 
'.tAf; t 1 :?)A1 :IM ;(:! :F! =4! :H! 
'<r.AC ( I ,? IRl .rt2,R3,l". 
PKT 'Tsr . ^ i ' rESTte i  
A(11-AI 
1)1 11 'lU 
C ( 11 »C. I 
r(1)«ri 
r,( 1) =r,i 
nil) -l-i I 
l'CNI 1 ) 11 «IVJOI I r»EF+tl lltEC 
rSICl.N = iW 
IF 1ITPHJT-I)59,38,39 

38 HKITT ( IRl ,R2,R3,W4,RKTCST 
4 FOK^AK nil , r',,a)FEBR + ? -tll*2 KXNi)/, T6, UR 1, R 2 ,R 3 , AND R4 > 3, 1P4E12. 
l')/,r6,;j;%KTEST • al,lPE12.5) 

J9 (10 16 L-l.NINT 
n o  " /  ^  =  9 , 1  T P  

C TA IS rilF CljKRENT VALU'" H F ThE CUNCENTRAIIUN OF A, TO ETC. 
lAoAILI 
TMNUL I 
TC»C(L) 
ir.r II I 
TT.-, (L I 
rH'W t LI 
CALL l'.NKr(N,K,riNTI 
IF I 1 rpj.NT-l 120 ,27,28 

27 hRITC (3,2SIK,T4,T8,TC,TF,TG,rH,L 
2 9 FMKHAn lHa,Th,iK= 3 , I 2/, T6, ilCONC . ARE », 1 P6fc'12. 5 / , T6, DAF TER ANKUTA 

I CALC. INT. = J,t?) 
2P CCNDIF = A".SI rSTCTN- T P . )  

IF ICUUDlF-KKrEST113,13,14 
14 TSTCI,Pi«rii 
7 CU'NT INUC 

I TPira = I rpR-iT* 1 
It t )p, 38,1. 
kMI ir. I 1, 10 Jl ) (11 TLF t I ) , I-l , Ifl) 
W?Mr I },122)R1 ,R?,R3,lt'. 

122 rORMAri lH0,T(.,?FFnu.2+ tU2+ R)(N3/,T6,aRl« aiPElO. 3/, T6, iR2= IIPFIO 
1.3/, r^, JP.3. ,inPt"lC.3/,Tft,;jP4« aJlPC10.3l 
kRi rc n.isiiri' 

I'i roHi-iAT UHo, r'i,aNu coNVi.KorNCE IN AI2,a i rFRATiiJNsai 
KRIlf (3,22ICHNLIh.RKTEST 

2? FOHNATl IHO.TIS.ÏCONDIF Ann RKTFST ARE aiPE12.5,a AND Î1PE12.5I 
WPI I F I 3, 10)K ,TA,TB,TC,TF,Tr., FH 

10 roRMAI ( lHO,rt),aiK - ai2/iT6,arA • aiPE12.5/,T6,aTH • aiPE12.'j/,T6,î 



Figure 18, (Continued) 



167b 

ne = .:iPE12.5/, Io,3TF » 3lPEl?.5,/fT6,3TC - 31 Pcl2.5/, T6, STH - 81P 
IFIJ-SI 
no TO 3b 

13 nan )»T4 
Ua*ll»TH 
C(L*U»TC 
t-(L*ll = TF 
G(L<-1 l»Tr, 
H1L<-1I»TH 
OeN(L+l)"R(L + l)»eB+F(L + ll»EF + C<L>-n«EC 

C IINLY n,C.AND F ftRSORB 
16 CONTINUE 
17 WKITF (3,10011(TITLE(I 1 I 1-1,10) 

H'<N> ( I, 122IR! .R?,R3IP'F 
Wi<i rc ( 3, i3??)rA,FP,rr.,rF,Fr.,FH 

1222 f-niM-:AT I IHOi Tr.,afA» aiPl;l0.3/,T6,aEtJ « iaiPCl0.3/,T6,3EC« 3lPei0.3/i 
LTis.^rr ' aiPFUj,'*/,T(),:i)EC » iHPElo.3/,Tfc,aEH » SI^PEIO.?) 
MRIIE (3,241 

24 FURMAK 1H0,TI0,3TIME ABC 
IF G H ABSORBANCES) 
ZFKII'O.O 
WRIT? (3,26)£ERl],Al,Bl,r.l,FI,r,I,Hl,0ENtn 

2h rORMAT( lllOiT<i, lPHri4,5) 
••INI «NI NT+l 
nn 1') L«2,MINT 
TIM(-»TIfJT»FLl)AT(L-l) 
WRirr l3,2b)TlME,AtL),R(L),C(L),FIL),GlL)rHtL),DENlL) 

L<) CONTINUE 
I,n TU 19 

ICO STUP 
FNO 

SU'*Ri;tjriNE RNKTI.J.K.TINt) 
C IHIS SL/ITROUTINE HFFINCS INTERVALS AND SLOPES FOR RUNGC-KUTTA 

Pl^h -iSItlN A(BO) ,!?(f>0) ,C(80) ,F(80) ,T[TLE( 18) ,DFN( 30) ,G(80) iH(RO) 
COMM(.N R1 ,1(2 ,R3 ,R4, TA, T", TC ,TF, TO.TH 
K»W«\/2 
i'CLT = TI JT/FLIIAT (K) 

C O*/!;! IS RATC OR CHANGE OF FERR2 + 
r, ny/i>i is RARR OF CHANGE OF EACH PROD 

1)1] H K»1,K 
!(KI«PK(0.O,Cl.CI*OrLT/2.r 
PJl»RJ(0.0,0.0)»nELT/2.0 
.••IK^-RKI UKl ,RJ1 ) •0ELT/2.() 
oj2«riJ(RI<l,PJl)»0ELT/2.O 
:'.KJ<.HKIRK2,:»J2) "OELT 
P.J )»"J ( !(K2,:U? ) »nFL I 
i'K4=:r'K('<K3,RJ3) «DELI 
•!J4«MJ(RK3,RJ3) «nCLT 
*» ( 2 .0«l<Kl+4.Q»RK2 + 2.0»RK3 + RK4) /6.0 
r» (2 .C»HJl + 'i.0»RJ2«-?.O»RJ3-t RJ4) /6.0 
T A = T A- X 
r i i ' Tn -x -Y  
TC'IC^X 
TFMF-Y 
IG'TIfY 
TH'TH+Y 

f  I .OMr iNUF 
prruHN 
» "in 
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FUNCTIU<\ F.J(X,V) 
D I M E - J S I L N  4 ( N 0 )  ( B L F L O )  , C ( 8 Ù )  I F ( E O ) F T I T L E L  1 8 1 , 0 C N ( 8 0 )  T G ( 8 0 L  T H ( 8 0 )  
CI3mI',i:m f<l , R2,P3,i4,Ta,Tm,TC,TF,TG,TH 
U:»'- 1»( TC4X)»( TF-Y I+P',.( TR-X-Y) «(TF-Y) 
m; IU»N 
CMt; 

rilNCTIIIN HK1*,Y) 
â(HO) ,n(80l ,Ll8n) ,F(80) ,TITLE( 181 ,DEN(BO) ,Gt80) ,H(BO) 

COMMUN lU iH?.RS.«'..TA,TG,TCtTF,TG|TH 
KK»kl»l 1 '\-XIMTB-X-Y)-R2«(TC + X)-R3»tTC + X|t(TF-Y) 

I: MO 



169 

ACKNOWLEDGMENT 

The author Is grateful to Dr. James H. Espenson for his -

advice, and to the Atomic Energy Commission and the National 

Aeronautics and Space Administration for financial assistance. 

Some portions of this dissertation have been published (86), 


