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both formation and dilution experiments with excess iron(III);
the value at 0.0500M H* is kp = 200 + 9 M lsec™l and leads to
A, = 0.498 + 0.035, in agreement with the value determined in
th; equilibrium measurements as well as with the value obtain;
ed from formation experiments with high HN3 (see Figure 5),
(3) the formation experiments with high HNj gave the correct
value for k} because the first reaction is formation of mono-
azildo complex; diazido forms more slowly and in a stepwilse
manner from monoazido, (4) interference of appreciable di-
azidoiron(III) ion in the equllibriﬁm studies with high HN3
and in the kinetic dilution studies with high HN3 led to

wrong values for k}'and QNB' and (5) the two incorrect values
for Quj at high HN3 (equilibrium, 0.60; kinetic dilution,
0.67) are not equal; the kinetic value contains a larger con-
tribution from the diazido complex since the diazido complex,
which probably aquates faster than the monoazido, has a con-
centration relative to monoazido that is greater at the start
of a dilution experiment than it is at equilibrium,

Azidoiron(III) formation kinetics

The form of the rate constant for aquation Eq 8 and the
equilibrium quotient for the net reaction lead to the forma-

tion rate law given by Eq 70. Experiments were done that

d[Feiiy®*] _ (k Kor I+ AN 0
—— 1f +[E¢] ) [Fe ]LHNJ] (70)

evaluated the quantity kie + kpe/[H*] at [H*] = 0.05M and 25°,
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es described above; the value is 200 # 9 M~lsec=l, The value

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

lows, The aquation data demonstrated that the kj,, term
accounts for less than 2% of the aquation rate at 0.05M HY,
The principle of microscopic reversibility dictates that the
opposing kjs term must similarly account for less than 2% of
the formation rate at 0.05M 4. The small value for ks

2.6 N-lsec™l, can be calculated from the value kz¢ = 10.1
sec™t at 0.05H H*, and from Eq 71, relating the various equil-

librium and kinetic parameters. Table 47 presents a summary

Vet
kyp _ kpp _ Kp[H']
!

(71)

QN3 = =
klaq k2aq kaq

of these parameters.,

Table 47, Xinetic and equilibrium properties of FeN32+ in
Fe3*-ili3 solution at 25°, 1.00H ionic strength

Parameter ' Value

Kpaq,» sec™l 20.0 £ 0.9

ko, sec~l 10.0 + 0.2

Kigqs M-lsec™l 5.1 + 1.3 i
kip, H-lsec™l 2.6 + 0.8

U, 0.51 + 0.01

¢1 (46008), H-lom=1 4400 + 160
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Reaction mechanlisms

The rate equation for formation of FeN32+ indicates

parallel activation processes as shown by Eqs 72 end 73.

Fe3* + HNg = [FelN33*]" = FeN32* 4 gt (72)

Fel* + HN [FeN32+]* + ot (73)

it

(An acflvation process 1s defined(59) as the formation of an
activatsed complex from the predominant specles present, ané
includes any steps such as gain or less of protons that occur
prior to formation of the activated complex.) The tfansitlon
state fof the first reaction probably needs no explanation
beyond noting the stabllizing 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 74 pertains, the measured rate constant is kor =

(Hp0)gFed* + N3~ = (Hp0) sFeN32* + Hp0 (74)

(Hp0) sFeOHZ* + HN3 = (Hp0) gFeN32+ + Hp0 (75)

k7uQ;. where Q; 1s the acld dissoclation constant for HNj,
If Eq 75 is cd’rect. then the measured rate constant is

kaf = kpgsQu. For hydrazoic acid, Q4 is 7x107°M (31) and for
aquoiron(III), Qg is 1.65x10"3M (45). The rate constant
calculated for the reaction of F63+ and Ny~ (kpy) 1is 1.4x10°
M~lsec !, and that calculated for the reaction FeOH2t + HN 3

(k75) 1s 6.1x107 M‘lsec'l. These formulations are not
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kinetically distinguishable, since the acid dissociation
'reactioﬁs of iron(III) and hydrazoic acid are quite fast.

Seewald and Sutin (31) noted the similarity of rate cor-
Stants for reactions analogous to Eq 75 for a series of iron
(II1) complexes where the ambiguity connected with the role
of hydrogen does not exist (i.e., the reactions of FeJ¥ with
c1-, Br~, NCS™, HF, and HNB); values of k all lie in the
range 2.0 (for Br~) to 127 M-lsec~l (for NCS=). Moreover,
these rate constants are substantlally lower than those found
for processes analogous to reaction 74, again considering
unambiguous reactions (1.e., the reactions of FeOH®¥ with c1-,
Br~, NCS™, and 8042‘). The second-order rate constants for
the latter reactions lie in the range 10“-3x105 M-lsec-1,
These two groups of rate constants presumably represent sub-
stitution on Fe(HZO)3+ and on (H20)5Fe0H2+, respectively (31). -
The calculated value for Fel* + N3~ lies outside the range of
values for other substitution reactions of Fe3+ by a factor of
> 103, whereas the value for FeOHz* + HN3 gives a value close
to the range observed for substitution on Fe0H2+. Seewald and
Sutin (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 (H20)5FeOH-HN32+..

The data on iron(III) substitution rates obtained in

this work provide better values for the ligands N3~ and Br-
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than were used by Seewald and Sutin (31), and also provide
previously unreported rate data for the ligand NCC™, These
data can be used to extend the reactivity comparisons pre-
sented by Seewald and Sutin (31). The measured equilibrium
and rate data for formation of FeNCO2* were obtained at 1.6°.
The calculated value of the second-order formation rate
constant assuming the mechanism involves reaction of FelT

and NCO™ 1s 2.1x1073 M~lsec=l at 1.6°, The value is estimated
to be ltxl()LL nlsec=!l at 25°, using the activation enthalpy
for Fel¥t + MCs™, 20.2 kcal/mole (40). This value lies con-
siderably outside the range of rate constants, 2-127 M‘lsec'l.
noted for other substitutions on Fe3+. Using the alternate
formulation, the second-order rate constant for PeOHY + HNCO
is 1.6x107 at 1.6°. The value is estimated to be 1,9x10%
M-lsec-1 at 250, using the activation enthalpy for FeOH2+ +
HNNN, 16.7 kcal/mole. (The value 16.7 is the sum AHZaq +
A1°, obtained from Table 3 and the report of Wallace and
Dukes (32) respectively.) The value 1.9X104 lies within the
range of rate constants 2x107 - 3x105 noted for substitution
on FeOH2+.

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,
5047, HSO4™, F”, N3~, and NCO™, probably substitute on

iron(III) in the aclid independent step by the method sug-
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Table 4B, Rate constants for formation of FeLZ+ complexes

at 259
L x, M-lsec-l k, M-lsec~l Ref
Fedt+ L FeOH2H+ L

c1- 9.l 1.1x10% 31,48
Br- 2.0 1.9x107 This work
NC3™ 127 1.0x10% 31,40
30,2 (6.4x107)® 3x107 31,65
H30),” (1.4x102)% 31,65
- (5.0x103)2 31,56
HF 11.4 (3.1x103)8 31,56
Ny~ (1.4x10°)8 This work
Hiig 2.6 (6.1x107)8 This work
NCO= (4x10%)2. D This work
4YNCO (1,9x10u)a’b This work

@Calculated values, using measured rate constants and
acid dissociation constants,

SCorrected 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 hydroxoiron(III).

Bromoiron(I1II)

The equilibrium and rate parameters found in this study
for substitution of Br~ on Fe(III) are markedly different

from those reported previously (36,37). The equilibrium data
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of Lister and Rivington (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), Qpr = 0.61 N~1 at 25°, 1.2M ionic strength was actually
the sum Qér + Qgr and can be compared with the sum Q%r + Qgr =
0.37 M'l measured in this study at 250.

The kinetlé parameters for Eq 55 actually measured by
Matthies and Wendt (37) at 22 + 2%, 1.7M ionic strength, were
aquation rate constants, since the concentration of FeBr2+
formed was quite small relative to the reactant concentra-
tions, However, these workers presented thelir results 1h
terms of formation rate constants (ke = Qérkaq)' Since they
(37) used the value Q%r = 0.625 M~1, (from the reports of
Lister and Rivington (36) and Rabinowitch and Stockmayer (35))
their results are necessarily incorrect. The values k% =
(20 + 31/[4*]) M~lsec™l reported by Matthies and Wendt (37),

together with the value of Qﬁr used 1n thelr computations

]
aq ~
(32 + 50/[H+]) sec™l, This expression leads to k;q = 82 sec~l

permits calculation of their observed aquation rate, k

in 1.0 ¥ HY at 22 + 2°, 1.7M ionic strength, which is not
inconsistent with the values 55,6 and 10.7 sec~! in 1.0 Mu*,
1.0M ionic strength, measured in this study at 15.8 and 1.6°,
respectively. Thus, consideration of the outer sphere com-
plex of ion pair Fe3+-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 queétlons. The question of what reaction path-
ways are followed, both in the absence and in the presence of
complexing anions, will be considered, The form of the rate
laws describing the several paths will be considered, in
order to learn the compositlons of the activated complexes,
Questions concerning the structures of tne activated comple
will be discussed, first in terms of the direct evidence
‘avallable from identification of the products of Cré¥ reduc-
tions, and then in terms of indirect evidence available for
the Eu* reductions. The Marcus relation (1,23) will be used
to estimate the rate constant for electron exchange between
Eu(II) and Eu(III). PFinally, the rate patterns for a serles
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 MX2+.

Iron(III) Reductions in Perchlorate Solution

Mechanism of aguoiron(III) reduction by europium(II)

The rate equation found for the reaction of Fe ¥ 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 k] 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 kp[Fe3*]J[Eu?*][H*]~! carries most of
the reaction, although at [H*] = 1,00M at 1.6°, the term
k1[Fe3*J[Eu?*] accounts for 60% of the observed rate. If the
k1 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 kg gnd a correc=

tion factor, according to Eq 76. For small vaelues of . [H'],

k' = k%[H*]‘l exp( B[ uH*]) (76)

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

k' = k00Tl (e B[at] + ooee) = Q0T 4 i (77)

in Eq 21 is solely a medium effect. The data given in Table 8
were fitted to this functional relationship, assuming kg
obeyed the Eyring relation (Eq 9) and that 8 = B (1+aT) where
a 1s a temperature coefficient and T is the temperature in °C,
Values of the constants which best reproduce the data are

k3 = (RT/Nh)exp[(0.7+1.4)/R - (12000+400)/RT] and B = (0.96 +
0.10)[1-(0.02740.005)T]. 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 Harned factor P is, however,
abnormally large (66,70,71). (A reasonable value of B 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 kj
term in Eq 21 almost certainly represents a genulne pathway.
The ki term may 1nciude a contribution from medium effects,
but thls contribution cannot be resolved at present.

3ince the rate terms in Eq 21 are belleved 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

Fe(H0)63* + Bu, 2% = [FeEu(Hz0)p*] (78)

q

Fe(Hp0)3* + Bug 2+ = [FeEu(Hp0) 08 ]  +h* (79)

reactions 1s most simply accounted for by the elementary step
involving direct reaction between Felt and Eu?¥, Several
possible sequences of elementary reactions could account for
the second of these reactions. The sequence considered most
plausible involves formation of hydroxoiron(III) ion in a
labile equilibrium, with reaction between Eult and Fe0H2+.

according to Eqs 80 and 8l. The empirical rate constant kjp
Fe(Hp0)g3* = (Hp0)sFeOH?* + H' (rapid, Q) (80)

2+ 7yt -
(Hp0) sFeOH*™ + huaq (rate determining, kpeoy) (81)
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was defined in terms of concentrations of specles predominant
under the conditions of the experiments. In terms of the
sequence Eqs 80 and 81, kpeoy can be calculated from the rela-
tion kpeoy = kz/Qa. Milburn (45) gives values for Qg as a
function of temperature at 1.00M ionic strength. Activation
parameters for Kpegy can be calculated from the relations
Mipgog = Mp = AH, and ASpeoy = ASp - ASg, where the sub-
script 2 refers to the empirically measured rate constant kp
and the subscript a refers to the acld dissociation described
in Eq 80. Values and activation parameters for kpeoy are
given in Table 49,

Table 49, Calculated values and activation parameters for

KFeOH for the reduction of FeOH2+ by Eult at 1,00M
ionic strength

Quantity ~—— Temperature-— AH* or AH® AST or 45°
1.6°  15.8° 25.0° Kkcal/mole eu
10-3kp, sec~l 2,28 7.16  14.2  12.2+0.5 1.3+1.8
103q,, M 0.381 0.954  1.65 10.2+0.3 21,5+l
10~Ckpe0ms 6.0 7.5 8.6  2.040.8  =20%3

M"'lsec"1

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

The reaction between Felt and Cr?* was studled in detall
by Dulz and Sutin (16), at 25° and 1.00M ionic strength, mein-
tained with NaClOy. 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
Sutin (i6) was extended in this study to include the temper-
atures 1.6 and 15.8° as well as 25°, Lithium perchiorate was
used to maintain ionic strength in this study; the results
were interpreted in termé of the rate law reported by Dulz
and Sutin (16). The evidence that the ky term in Eq 25
corresponds to a true reaction pathway 1s weaker than it was
for the Fe3*-Eu2+ reaction. The Kkj term repreSents 23% of the
observed rate at 1.6°, 1.00M §* for the Cr2¥ reaction, as com-
pared to 60% for the Eu2+ reaction; the kj term represents

29% of the observed rate at 25°, 1.00M H* from the work of
Dulz and Sutin (16) using Na* media, but only 7% under the
same conditiohs in this study, using LAY media. Neverthe-
less, by analogy with the Eul+ reaction, at least part of the
ky term in Eq 25 is assumed to arlise from a reactlon pathway.
leading to a mechanistic interpretation identical in form to
that for the Fe3*-Eu2* reaction (and also identical to that
proposed by Dulz and Sutin (16)). Values for‘kFeOH and the

associated activation parameters are presented in Table 50.

Table 50, Calculated values and activation parameters for
KFeQH for the reduction of FeOHZ* by Cr2+ at 1.00M
lonic strength

Quantity — Temperature—  AH} or AH®  AS* or AS©
1,6° 15.8°  25.0° keal/mole eu
10"3k,,8ec™l  0.804 3.21  7.33 14.8 + 0.3 8.8 + 0.9
107Qa, M 0.381 0.95% 1.65 10.2 + 0.3 21.5 +
10~%%pe o, 2.1 3.4 b 4.6 +0.6 -13 %2

M-lsec~1
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Reduction of Iron(III) in the Presence of Complexing Anlons

Mechanisms of chromium(II) reductions

The formation of CrX2¥ as the chromium product in Cr2+

reductions of FeX2+. and the form of the rate expression,
-d[Fex?*]/dt = kpey[Fex2*][cr*], prove the net activation
process 1s that described in Eq 82, where X occuples the

(Hp0) sFeXZ++ Cr(Hp0)g%* = [(Hp0) 5CrXFe(Hp0)s*™] +Hz0  (82)
inner coordination sphere of hoth metal lons. The formation
of Crx2* was verified in thls study for the anions F~ and Br~.
The formation of CrXx2* has previously been verified (16) for
Cl1=; formation of CrSCN®’ (or possibly a mixture of CrSCNZ+
and CrNC52%) has been reported (52)%.

The interpretation of the reactions involving cyanate,
iron(III), and chromium(II) requires qualification; the
product of the reaction between iron(III) and HNCO was not
clearly 1dentified, 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)-iron(III) complex reaction.

The evidence relating to the cyanate reactions consists
of some cobalt(III)-cyanate measurements by Sargeson and

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

1N. sutin, Upton, New York. Isomeric thiocyanatochrom-
fum(III) species. Private communication. 1967,
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The iron(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

I
(NHy) sCoftHy ¥ + NCO™ = (NHj) sCofC-NHp 2 (83)

0
cis-(en)aCo(RHy) 7 + NCO™ = (en)Col ‘oNH2%4 Hy0  (84)
— o

water labeled with 018, Reactions 83 and 84 occurred in basic
solution; net reactlon 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 fori carbonatocobalt(III) species. The half-time
for water exchange with cis-(en)éCo(OHZ)z3+ 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, 1is
consistent with the 1ron(III)-cyanate reaction being an actual
substitution reaction. Even 1f HNCO does form a complex

directly with Fe(III), it could be proposed that carbamate
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is formed nevertheless, after the substitutlon. That proposal
does not seem likely in view of the high rate of aquation of
1ron(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 iron(Ill)-cyanate reaction, at
about 3&002. with € about 2000 M‘lcm‘1 1s conslstent with a
pseudohaloiron(III) complex.

The following paragraph 1s presented as a possible
explanation for the behavior of the chromium(III) product
of the reaction between FeNCO2* and Cr(II).

The initial product is probably CrOCN2* and possibly also
contains CrNCO2*, by analogy with the similar FeNCS2T reduc-
tion (13) and from the observation that the product has a 2+
charge. This study did not definitely establish however, that
the Cr(II1) product even contains the cyanate ion. The spec-
tral changes that fhe freshly separated (from 3+ ions) chrom-
jum(III) product exhibited could be due to carbamate formation
by O-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 cyanatochromium(III) species or for their intercon-

version by Crc¥,

FeOH2F + HNCO —=  FeNCOZ"

crlt cplt
CrocNé* ——  CrNco3*
Ht H*
} crogNE; cr3* + Cop + NHF
H+

cr3* 4 Cop + Niy”

The formation of CrX2+ in reductions of Fe(III) by the
anion path (see Table 12) and the form of the rate expression,
dferx2r]/dt = k[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 (FeCrX4+). 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 oxlidation-
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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CrX(Hp0) s* + Fe(Hz0)67* = [(H0)4XCr(Hp0)Fe(Hp0) 5*]

(85)
+ H20
Cr{Hp0)g2*t + Fe(lp0)gd* X~ = [(Hp0)yXCr(Hp0)Fe(H0) 5™ ] (86)
' + 2H20
Cr(Hp0)g2% + Fe(Hp0)g3++X~ = ECrX(Hzo)SoFe(H20)54+] (87)
+ H20
Cr(H;0) 28t ¥ 1 Pe(H.0)s3t = [{Nnﬁ\lYPV(HAO)FG(HAO)H4+]
R A ¢ < ARV ASAY i R A e R A R A (88)
+ 2H,0 :
Cr1520)62+3x- + Fe(H20)63+ = [CrX(HZO)S'Fe(HéO)64+] (89)
+ H20

distinguishable from the others; Eq 90 states all the known

information unambiguously.

Cr(H0)g2* + X3 + Fe(Hp0)g3* = [FeCrX(ip0),™] + miz0 (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 acldic
solution the concentration of F~ is negligibly small, Exper-
iments were not performed to search for the anion path
involving N3‘ or NCO~., The nearly complete protonation of

r, N3' and NCO™ in acid solution probably prevents their
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participation in a measurable anion reaction, even though the
specific ky rate constants could be large} The possibility
of catalysis by the protonated anion, to give a rate constant
Ky probably has no precedent; rate terms for similar reac-~
tions containing the factor kyyx/[H'] have been found (9), but

the ‘empirically identical factor kz[F™] is preferred (9).

Mechanisms of europilum(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(III). The rate of reduction of FeXx?¥ by Eul*
is of the form kFex[FeX2+][Eu2+] (the same form observed for
the Cr2+ reductions). The Eu2+ reductions appear to be inner
sphere and X-bridged, on the basls 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, azlde-bridged reactions normally proceed much
faster than thilocyanate-bridged reactions; an exception is
the inner sphere, anion-bridged oxidation of Co(CN)53' by

Co(NH3) gN42* and Co(NH3)5Ncs2+

s in which the N3‘ 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)sSCN3= (74) while
the nitrogen-bonded form is the stable isomer for CO(NHB)S-

NCS2t (74), permitting stable configurations for thiocyanate



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 1.69, 1.00M ionic

strength

Iden- - Eu?* - . cre+. ‘
tity kx 105kpex set Ast kyx 10-kFex AgE A ¥
of X =lsec=l N lsec~t kcal/mole eu -Zsec-l Malsec-l kcal/mole eu
2,50 0.034 3.5 -29 A 0.0025 5 -30
oH~ 60 2.0 -20 21 4,5 -13
Br~ 5400 14 5.3 -11 3900 >200

c1- 6200 20 2400% 17

F~ <3x10° 190 8

NC3” 3.1 L.b -18 200

NCO~ 16 4,2 2.9 -22
N4~ 120 200

8rstimated from the data of Dulz and Sutin (16), usinz AHgl =

= AHp,. for the Eu(II)-Fe(III) reaction.

14 kcal/mole

9Nt
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at both ends of the [(CN)5CO-SCN-CO(NH3)5']* 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{IIIl) complexes,

3

P

In contrast to the rate dependence on the identivy 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 ligand is normally not much different than the
effect of thiocyanate on similar reactions that occur by

outer sphere mechanlsms,

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 speciflic rate patterns
noted for H,0, OE~, C17, N3'. and NCS™ ligands are presented
in Table 52. The similarities noted between the Eu?t rate
pattern and that for the inner sphere reducing agents Cr2+ and
Fe2* are taken as evidence that the Eu2* reactions also occur
by inner sphere mechanisms. Specifically, Eult end the other

inner sphere reducing agents show large rate enhancements due

to OH™ and C1™ in contrast to the outer sphere reducing agent
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\ad reactions, where N3“ has a smaller effect (or about the

same effect) than NCS™ does.

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

Iron(IIT) ' kpe (111)/¥pe (1150) g ———
complex e Reducing agent, mechanlism

Cr2+.1nner V2+.outer Fe2t, inner Eu2+
Fe(iip0)g " 1.0 1.0 1.0 1.0
(420) gFeor?*  7.8x107 <22 §.2x10° 1.8x103
(Hp0) sFeC1?? 1x107 26 <3.8 5.1x102
(Hp0) sFenics?t  >8x10™ 3P 13 9.1x102
(Hp0) sFeN42+  >8x10™ 29° 3.1x103 3.5x103
References 16, This 6 19,26,33, This work

work 75,76,77

8Relative rates at 1.00M ionic strength and 25° for all
the reducing agents except Eul* at 1,69, and Fel+ at 200,

PIontc strength 0.5M.

Clonic strenzth 0.55M.

Less direct evidence is available concerning the structure
of the activated complex for the anlon catalyzed reduction of
FeJ* by Eu(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

Bug 2t + X~ + Pe(Hp0)g3* ~ [FeBuX(H,0),"*] +m(H50)  (91)
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X~ 18 not coordinated to Fe(III) and might or might not be
coordinated to Eu(Il), describes formation of the activated
complex,

Electron exchange between Evu(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, < 3x10~5 at 25° can be calculated from the work of
Meler and Garner (18), in mixed C1=-Cl0j~ media, A value that
1s possibly better can now be calculated, using the theory of
Marcus (29). This theory was derived for outer sphere elec-
tron transfer reactions, but Sutin and co-workers (1,17) have
demonstrated that many inner sphere rate constants are also
predicted with moderate accuracy. Equation 92 would normally

be used for calculating klz' the rate constant for electron

kK12 = (kllkzzKlzf)% (92)
transfer between two metal lons, where kj; and koo are the
rate constants for electron exchange for the two metals, K;,
1s the equilibrium constant for the electron transfer reaction;
f 1s defined by Eq 93, where Z is the collision frequency of

(log K12)2

log f = (93)
b log(ky kpp/Z2)

two uncharged molecules in solution, and is taken as 10ll M-1
sec~1 (17). The electron exchange and electron transfer reac-

tions are of the form shown in Eqs 94 through 96.
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M13+ + I‘112+ = M12+ + M13+ (kll) (94)
M23+ + M22+ = M22+ + M23+ (kzz) (95)
My 3T+ Mp2T = w2+ Mp3t (kyp) (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(IIl)-Fe(III) reaction by the
lack of Bu(lI)-8u(III) exchange data., The electron exchange
rate constant for the Eu(II)-Eu(III) system can be calculated
from the same equation however using the kj, values for the
Eu?* reductions of Cr3* and V3t as well as Fe3¥, The calcula-
tions are presented in Table 53. Values for ky, were calcu-

lated from the EC data presented by Latimer (79). The k2o

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

at 250
M1 Mp k22 k12 k11
i~1lsec-1 M-lsec-1 M-lsec-1
Eu Fe 4,28 6140° 9x10-11
Eu Cr <2x10-5° <1.7%10~52 <7x10-6
Eu v 1.0x10-2¢ 9.0x10-3% 1x10~5

8Reference 19,
OMeasured in this work.
CReference 78.
dReference 10.

€leference 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 K*, The calculated k11 values, at least
those derived from the Fe and V systems, are for direct reac-
tion between Eu?? and Eu3*, rather than between hydroljzed
species, Meler 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 materlally
to knowledge of the Eu(II)-Fu(III) exchange, except to con-
firm that the exchange is very slow.

Rate trends

The rate constants for reduction of pentaamminehalocobalt
complexes by Cr2* have been shown (80) to follow the normal
order (1,80) (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 pentaaquohaloiron(III)
complexes, but different trends have been observed in other
systems, as shown by the data in Table 54. The trends de-
scribed in Table 54 doubtlessly result from a host of influ-
ences, most of them probably related to the reorganization of
ligands and solvent molecules that is required for formation
of the activated complex. Some factors in the reorganization

are as follows: (1) F~ complexes are expected to be smaller



Table 54, Hate trends for the reduction of halometal(III) complexes. The order
is denoted N for normal (fluoride slowest) or I for inverted

Oxidizing agent, reference

Reducing Mechanism

agent Crx2* (NHB)Sch2+ (NiH4) sCox2? Fex2™*

v+ outer nNe NO(14)

cr2+ inner N (81) N (82) N (8C) N, this work
Eul*t inner(?) N (4) I (1%) I, this work
Cut unknown NP

rel+ inner I (12) I (19,83)
Co(CN)53- inner N (15)

Ru(NH4)g2* outer N (21)

20, J. Parker, G. Antos, and J. H. Espenson, Ames, Iowa. Reduction of
halochromium(III) by vanadium(II). Private communication. 1968,

bO. J. Parker and J. H. Espenson, Ames, Iowa. Reduction of cobalt(III)
complexes by copver(Il). Private communication. 1968,

26T
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and more rigld 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 54, Eowever, comparison of the reducing agents Crlt
and Eu?t 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 Progrsm for Calculating Concentrations of Reactants

and Products as a Function of Time for the Reduction of

Iron(III) by Chromium(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, C,

k1
A+B =

Ky
B+A+F——D+H

ks

B+ F——>G+ H

F, G, H, and D denote the species Br-, Fe3*, FeBr?*, crl+,
crl+, Fe2t, and CrBr2+, respectively.

The Runge-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 Xp4j = Xh + (RK) At, Ynel =

¥yq * (RT)At, and Zpgl = 2p * (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 varliables RK, RJ, and RH; welghted
averages of these varlables 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 glven 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.,
NINT 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.

ITP 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,*e Molar absorbance for each specles times optical
path length,

IA, IB,<**" Initial congcentration of each species.

Ry, Rp,*- Known values of the five rate constants,

8In 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 40, and then
by 50, 60, 72, °****, if necessary to meet RKTEST. The
actual evaluation 1s 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.

st

A listing of the computer program is given on the next

pages.



Figure 17, Computer listing forCr (II) + Fe(III) reactions
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RUNGE=YUTTA CALC FGR CR{I!) REDUCTIUN OF FERR
nE- ¢ FE3+ =  FEBR24 R1 SEC ORDERy K2 FIRST ORDER
FEHR2+4 (24 « (RNBR24 + FE2+ R3
Ff3+ +HR- + CiR2r = CRBR2+ + FE2+ R4
FE3+  + L[R2+ = Cr3+ + FE2+ R5
A==, (aFFA+, (sFEBR2+, FuCR2+4, GmCR34, H=FE2+,0=CRBR2+
COMMIN REIyR24RIWRH,RSyTAyTH,TC,TF TGy THy 1D
[ FURMAT (416 ,42ELcaT
2 FORMAT(6FL2.T)
1201 FURMAT(LAAG)
DIMENSTEON ALBO) R (BD),CIAO) yF{BO)yTITLE(LR)DENIBO),G{8BO),HIBO),DI
AN
9 PEAL {1 LO0D)VITITLELY ) 1=Y,18)
CFAL Ly THIPROB G NINT o JTRy ETPRNT  TINTRKTEST
TR (I 100, 100,37
31 FAL (L2 EAENGFCHEF ELLEHLEDN
TEAD (Ly2) A1 BI,CHF1 01 HT D]
HEAD (Le2)RLyRe M2y R4,1G
MKTEST=RKTESTeHI
A1) =0l
dil) =01
cl1)=Cl
Flly=FI
501)1=1,1
L) =l
DE1Y =i}
CENCII=ALL) o DA B L) wFReCLL)sECHFIL)@EF4GIL) eFL+HIL) oFHAD( 1) #FD
[STLUN=1]
I (ITeenNT=1)139,34,39
I ARITE (3,4 K1 F24RI4RAIIS,RKTFST
A FURMATIINL g THyQFFDOR2Y =CRI¢ RXN®/ 2 TOy@RL1IR2)RIZR44RYS = a2y IPSFL2.5/
1o ThyaPKIEST = wyl0f12.%)
39 10 16 L=l NINT
) 1 N=9,1 TR
rasalL}
FdshiL)
et
[F=F(L)
Ta=0(1)
Tod=pitL)
10=ull)
CALL FMRTIN K, TINN)
IF (1TPIyT~=1)2P,27,28
27 w11t (3,29 Ky TAGTRYTCy TRy TGy THTOWL
25 FORMAT(INIyThyDKm oy 12/,76,ACONC. ARE Dy LIPTEL12.5/,TLyAATTER RNKUTA
L CALGy INT. = 3612}
20 CUNLTE=ARS{TS5TCUN=TY)
IF {CONDTF=RKTESTY13,13,16
Lo T5000H=TR
[ RIe R
[TPeNT=[TPRNT4]
1r Chiwear=-1)u, 8,2
Wl (3, 1001 CVITLECL) =118}
WOl U3 1220640402, 3,748
Foo FURMATLINGy 1A QFTRR2Y ChR24+ HXND/ 4 T6,uRL2 GLPR1IDLY/,16,dR25 A1PELC.
LiZydeyutds JIPELOLY/ ,Thy R4 SIPCL0.3/4T6,dRS= ZIPELODL3)
WRITE {(3,1%)1TR
LS TOAMATLLHGy TARAND CONVERGENCE IN 212, ITERATIONSE)
wilthe U3, 22)C0REIF,RRTIEST
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22 FORMAT(LHOyT6yaCONDIF AND RKTEST ARE J1PEl2.5,3 AND alFEl2.5)
WRITE (3,310)Ky1AyTByTCoTF TGy FH,TD

16 FORMAT(IHUTOyIKe D12/4T6yaTAm 3IPEL1245/1T6yaTB= JLPELR2.5/+T648TC
v 21PE12.5/4TH)@TFe QLIPEL2.5/4T64dTG = DLIPEL2.5/+TH9a3TH » ALIPEL2.5
17y76.42TD » Q1PEL2.5)
nC TU 35

23 ALL+L)=TA
PlL+l)eTh
ClL+l)=TC
F{L+1)=TF
G(L+1)eTG
Hi{Lel)aTit
DL+ l)aTD
DENIL+)ImA{L+L)oFA + BIL+1YWER & C{L+1)#EC + F{L+LI®EF + G(L+1)wEG
1 ¢+ HIL+1i3EH + DIL+1):ED

16 CUNTINUE

17 WAITE (3,10CLIITITLE(L)ImLl,y10)
WAITE (34122)R14R29yR34R4yRS
HRAITE (3,1222)EA,EB EC,EFHEGHEN,ED

1222 FURMAT(1MOyT6+PEA » QIPELD.3/,T4,3EB = DLPELO.3/+T64IEC » ILPELQ.3

1/4764QEF = ZIPEL043/TH,REC » DIPELQ.I/yTH6yAEH » FLIPELO.I/ ) TH4RED
le 91PELG.3)
WRITE ()y264) ‘

26 FORMAT(LHO,T10,ATIM B . ¢ F
l 6 H D ABSDRBANCEQ)
LERU=C.0

WRITC (34926)7EPCIRIZCLFIGIyHIHDIDENIL)
26 FORMAT(LMOyTA91PAELS.S)

MINTENINT4+]

00 19 Le2yMINT

TIMCeTINTeRFLOAT(L-1)

WRITE (3926)TIMESJALL)9CILIoFRIL)oGILY oHIL),OIL)DENIL)
19 CONTINUE *

60 TH 35
160 STUP

END
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APPENDIX B

Computer Program for Calculating Concentrations of Reactants

and Products as a Funiction 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
k

1
A+ B¢
k2

K
C+F—2%G+H+A

Ky
B+ F ~——G+H

represent the species Br-, FeJl*, FeBr?*+, Eul+, Eu3*, and
Fe2*, respectively.

Only two differential equations, with the variables X
and Y 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 ki is the composite k' + kgr(Br-]. A

listing of the program 1s given on the next pages.



Figure 18. Computer listing for Eu(II) + Fe(III) reactions



[a¥eaNalal

o

1acl

37

38
4

39

27
25

P

14
7

M

122

15

2?

10

166b

CUNGE=SUTTA SULUTION TH FEBR REOUCTION BY EUsNON-STEADY~STATE FEBR

$R= + [F3+ x FEBRZ+ R1ySEC DRDER, R2y FIRST ORDER
FED2+ + EU2+ = EU3+ +  BR- +  FE2+ R3
FFle + PFU2e = EUY + FE2s Re

COMMOIN R yR2 4RI LR&WTA,TBTC,TFy TG,y TH

AeBR=yRaFEY+,CxFEBR2+ FaEU2+,GaEUI+ HaFE2+

FORMAT (414,2012.7)

FORMAT{4F)12,7)

FORMAT{ LAA4)

DIMENSTGN AL(80),RL80D),CLBO),FIBO)TITLE(18),DEN(8Q),G(8Q),H(BO)
REAL {(110CLHTITLELT),151418)

READ {1y1)IPRORVNINT, ETRy ITPRNT , TINT,RKTEST

LF (IPRUIN)IOD, 100,37

READ (14 2)1EA EBWECEFWEG4EH

EAL {12 AL DT R ALHL

REAC (Ly2)RLWRZ2,RI,P4

PKILHTeRKTESTRD]

All)=Al

BB{1)=n]

Ceiyall

ri1)=¢r]

GL1) =61

ML) K] .

PENEL) =2 (L) ald4 k[ LIwEF+CLL)eEC

TSTCUN=0O]

1F (1TPRIT=11139,38,39

WRITE {4,4)R1\PR2)RA,RG RKTEST

FORMAT(LI1] 4y THhydFEBR+42 ~EU®2 KXNaQ/,T6,adR1,R24R3y AND R& 3 3, 1P4E12.
15/9 T aRKTEST = @y 1PEL2.5)

10 16 L=l yNINT

DO 7 N=9, TR

TA IS THF CURRENT VALUT MF ThE CONCENTRATION NF A, TB ETC.
TA=A (L) .

FR=pIL)

TCsC (L)

Tr=r (L}

1535 (01)

TH3M (L)

CALL PNKT{N Ky TINT)

[F (ITPANT=1128,27,2R

wRITC (3925)0KyTA TR, TCyTF TGy TH,yL

FORMAT{LHO Ty @k 2402/, T61alONCLARE @49 1POEL2.57,T6,2AFTER RANKUTA
L CALCy INT, = &y 12)

CONDIFsAYSITSTCIN=TR)

TE {CUNDIF=-RKTEST)13,13,14

TSTCHLN=TR

CUONT IMUL

[TPRNT=1TPRNT ]

6 UITeaat=1)0,38,n

RITE U3 1021V CTITLECT )y =1y 1 H)

WOTTE 13,122)R1 R 4R3,1R4

FORMATULHO, TGy PFFRR24+ 12+ RXND/2T6.dR1= 31PEL10.3/,T64aR2= RIPFIQ
Le¥/s Thy3R3a DIPFIG.3/,TA aP4= gLPLL10.3)

WRITE 13,1531 FP

FORGAT LLHDy Thy@NUD CONVERGENGE IN 12,3 ITERATIONSD)

WRITE (3,22YCONLTEZRKTEST

FORMATLIHO.THyaCONDIF AND RKTEST ARE QAlPE12.5,@ AND J1PEL2.5)
WRTTE (3,10)K,TA, TRy TCyTF,4T1G,TH

FORMATLIHO TosaK & 12/ T6,dTA 8 QLPELR2,.5/476,38TH 3 ALPEL2.5/4176,3
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1TC = 21PEL12.5/,104@TF = Q1PEL245¢/9T09dT6 = dIPEL25/¢T6yaTH = @LP
1E12.9)

60 TQ 3%

AfLel)=TA

O{L+1)=TRH

ClL+1l)=TC

F{L*1)=TF

GIL+1)=Th

H{L+))=TH

DEN(L+L)mRIL+L)sEBF(L+L)WEF+C(L+]1)#EC

UNLY R,C,AND F ARSORB

CONT INUE

WRITE (301001 (TITLE(L)yI=1,18)

WRETE (34122)R14R24R3,P&

WRITE (3,1222)FA,FP, TG, FF.EG,FH

FOPMAT(THO Tey JEAY ALPEL0LA/,T6,QEB = ALPCEL0.3/ 4 T64IEC JLIPELDLI/,
LThyaff = 31PELGL,A/,T6,2EGC = A1PELO.3/,T6,3EH = 3LPELC.3)

ARITE (3,26)

FURMAT(1HN,T10,aT IME A A C
1 f G H ABSORBANCE®)
TFR(i=0,0

WREITE {3,261 LERUAT BT C1oFI,GE HT 0ENLL)
FORMATLLINO,; T4, 1PHFL4,5)

MINTSNINT+L

NC 19 L=24MINT

TIMF=TINTeFLOAT(L=1)

WRITE 134200 TIME2ALL)4RLL)Y4CLLYWFIL)oGlL Y yHIL) #DENIL)
CONT INUE

uh TO 3%

STUP

FND

SURZDUTINE RNKT{ifyKyTINT) .
THIS SUBROUTINEG DFFINES INTERVALS AND SLOPES FOR RUNGE-KUTTA
DIMEJSTUN A(RD) W BIRO),C(BO)F(BQ),TITLE(1B),DRN(80),G(8C)(H(RO)
COMMIN R19A24R3)RG,y TAZTRyTC TH, TGy TH
KaleN/2

NCLT=TENT/ZFLOAT (K)

OX/uT IS RATLC JF CHANGE 0OF FERR2+
BY/Z(3T 1S RATF (JF CHANGC NF EACH PROD

DO R MalK

RKI=RK(D40y0C)eDOLT/ 2,0
BILeRJ(2.0,0.0)#DELT/2.0
RKZ¥RKIRKLyRJL)#DELT/2.0)
RJ2=RJIRKLHRIL)#DELT/2.0
2K3eRKIRK2¢2J2) o DELT

RJ 3= (K2, RJ2)#NEL I
"K4=K(4K34RI3) #DEL]
2J4sRJ(RKI,RY3)aNELT

X2 (2,00KK1+4,08K2+2,08RK348K4) /640
Va(2.00R0144,00RJ2+42.00RJ3I4RJI4) /6.0
TA=TA=-X

TB=zTR-x%~Y

TC=1C+kK

Tz (Fey

h=T1hRey

[HeTH+Y

LONT INUE

T TURN

FND
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FUNCTIUN RJIXyY)

DIMENSICN A(RO) 8{A0),CLBU),FIBI)yTITLE(L18),0EN(BO),G(BC},H(BO)
COMmeth %} R24P3, MG, TA, TR, TC,TF, TG, TH

AJab 33 (TCIX) e {TF-Y}+P 4w (TR=K=Y} @ (TF~Y)

RETURN

e

FUNCTIUN RKIX,Y)

LIMONSTON ACHOY,A{80).LI80)F(80),TITLE(L8),DEN(BO),G(80),H(80)
COMMUN RLIpR2yRIVREG,\TATEyTCoTF, TGy TH

RK2KL® [ TA=X} 9 {TB=X~Y)=R2#{TC+X)-R3n{TC4+X ) (TF-Y)

RETUR.

END
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