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Introduction
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Experimental Section

Materials. Nag[Fe(CNlNH;]-3H,O was prepared from sodium
nitroprusside (Merck, reagent grade) according to standard proc&dures
and characterized by UWis and IR spectroscopy. The purified and
dried yellow crystalline sample was stored under nitrogen in the dark
at 5°C to prevent oxidation and any light-induced reactions. All other
chemicals were of analytical grade. Demineralized and doubly distilled
water was used throughout this study.

Procedure and Instrumentation. Solutions of Fe(CNNHz*~ were
freshly prepared for each experiment by dissolving[Ne(CN)NH3]+-
3H.0 in Ar-saturated water to yield a concentration o&k21073 M.

The reaction pH was maintained by the use of Britt&wobinson buffers

or by addition of NaOH, HCI, and ascorbic acid. Its value was
determined before and after each reaction using an N517 (Meratronik)
pH-meter and an appropriate glass electrode.

The UV-vis spectra were recorded and spectrophotometric titrations
were carried out in normal or tandem optical cells of 1 cm and 0.88
cm path length, respectively, thermostated at 29840.(), using
Shimadzu UV-2100 or Hewlett Packard HP 8453 spectrophotometers.

Pentacyanoferrate complexes are often used as models in The equilibrium constantk?) for the formation of the ammine

fundamental and applied studies. The numerous kinetic inves-

complex, Fe(CNNH33~, was determined from the spectrophotometric
titration of Fe(CN3H.O*~ with agueous Nkl These experiments were

tigations involving these complexes have contributed consider- 4o, using a pH jump technique. The Fe(G@#D* solution was
ably to the understanding of the mechanisms of ligand substi- prepared by the addition of ascorbic acid (g+5) to the deoxygenated

tution and electron transfer procestes. The common precursor

solution of Fe(CNJNHz2~ in the presence of an appropriate concentra-

employed in the synthesis of substituted pentacyanoferrate(ll) tion of NH,Cl. The pH of the solution was then jumped to the desired

complexes is NgFe(CN)NH3]-3H,0, which can in aqueous

value in the range 6:59.0 by mixing rapidly with an appropriate buffer.

solution undergo aquation to yield the aquapentacyanoferrate-AscorbiC acid was added to prevent possible oxidation of the aqua

() ion. Although this reaction has in many investigations been

used as the source of the Fe(GNYO®~ ion, its kinetics and

complex. Blank experiments indicated that there was no reaction
between ascorbic acid and the aqua complex within the time scale of
these experiments. The concentration of\¥s calculated from the

thermodynamics are still not well described. Several side equilibrium NH* = NH; + H*, pka= 9.2. The observed change in
reactions such as dimerization and/or polymerization, oxidation, absorbance aimax of either Fe(CNgH,03~ or Fe(CN}NHs*~ with
and photochemical decomposition, as well as outer-spherechange in concentration of added Nitas analyzed as described in

interactions with other species in solutitr$, can occur when

the Supporting Information. No evidence for dimerization, oxidation

reaction conditions are selected incorrectly, and can thus lead®" 2 other disturbing side reactions was observed under the selected

to an incorrect interpretation of the obtained data.

conditions and time scale of the experiments.
Kinetic measurements at ambient pressure were performed on a

_Ourinterest in the catalytic and photocatalytic conversion of stopped-flow spectrophotometer SX-17MV from Applied Photophysics,
nitric oxides into dinitrogen, using pentacyanoferrate complexes and on a home-made high-pressure stopped-flowiiat pressures
as catalysts, has led us to reexamine the substitution behaviowup to 150 MPa. Both instruments were thermostated to witnl

of Fe(CN)L3~ (where L= NHj3 or H,O) in aqueous solution.
In contrast to earlier studi€s!* we have now performed a

detailed kinetic and thermodynamic study of the overall system
at ambient and high pressure, which enables us to report not

°C in the range 288313 K and attached to an on-line data acquisition
system using Pro/Kineticist or Olis Kinfit programs. The formation
of aguapentacyanoferrate(ll) was followed at 440 nm, whereas the
formation of Fe(CNgNH33~ was followed at 400 nm.

only activation parameters but also a complete volume profile Raguits and Discussion

analysis.
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Spectral Properties and Thermodynamics. The visible
spectrum of deoxygenated aqueous solutions of amminepenta-
cyanoferrate(ll) ion varies with pH as shown in Figure S1
(Supporting Information). The spectral changes are consistent
with the overall equilibrium (1). The aqua complex has a

N K,
Fe(CN)sNH;"™ + H,0 ==——= Fe(CN)sH,0" + NH;

H lT pK.=92

NH,' M

maximum absorbance at 444 nen=t 660 M~! cm™1) and the
Fe(CN}NHz%~ ion at 400 nm ¢ = 450 M1 cm™1). These
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values as well as the isosbestic point observed at 412 nm are in
good agreement with that reported by other auth®t%1® The
degree of conversion of the ammine complex to the aqua
complex as a function of pH is presented in the inset in Figure
S1. The influence of pH on the spectra of deoxygenated
solutions of Fe(CN)H,O®~ ion (containing ascorbate) revealed
the existence of a second reversible pH dependent equilibrium
(PKa~ 2.9). This equilibrium is characterized by an isosbestic
point at 424 nm and the formation of a new species Witk

at 413 nm (see Figure S2, Supporting Information). The
observed K, value (see inset in Figure S2) agrees with the
reported K, (2.62% that was assigned to the protonation of a
coordinated cyanide ion to form the HFe(GNYO?~ complex.

The stoichiometry and equilibrium constakt for the
formation of the ammine complex (eq 2) were determined

K2 _
Fe(CN)H,0% -+ NH, = Fe(CN}NH,>" + H,0 (2)

guantitatively by spectrophotometric titration of a 320M
deoxygenated solution of aquapentacyanoferrate(ll) withy NH
in the pH range 6.59.0 at 298 K. Analysis of the data at pH
< 7.5 showed deviations presumably due to ion-pair formation
with NH4™, such that the values &%, could only be determined
approximately (see Figure S3, Supporting Information). Nev-
ertheless, the results established a stoichiometry of 1:1 with log
K, = 4.7 (pH= 6.5), logK; = 4.6 (pH= 7.0), and logK, =

4.4 (pH = 7.5). These values agree quite well with those
determined in an indirect way(log K, = 4.3 at pH= 7.0 and

log K, = 4.2 at pH= 7.5). At pH> 7.5 the data were more
accurate and, for instance, lsg = 3.9 at pH= 9.0 (see Figure
S4, Supporting Information).

Kinetics. It has been show18.19.2%hat ligand substitution
reactions in complexes of the type Fe(GINY in general exhibit
saturation kinetics with respect to the concentration of the
entering ligand (D), in which case the release of L becomes
the rate-limiting step. The kinetics of the aquation reactions
of Fe(CN}L"™ (eq 3) have up to now been studied in an indirect

Fe(CN)L" + H,0=Fe(CN}H,0* +L  (3)
way from the rate of displacement of L by a stronger coordinat-
ing base L (often the methylpyrazinium cation). The rate
constant for the dissociation of ammonia from Fe(€NH3%~
determined in this way was reported to be 12.303s™1 (pH
=72,1=10M,T=298 K)1°

In this study we followed the kinetics of the aquation and
reverse complex formation reactions in (1) directly, by monitor-
ing the changes in concentration of aguapentacyanoferrate(ll).
The reaction was investigated in a wide range of pH, NH

temperature, and pressure. The observed first-order rate con-

stant,kops Strongly depends on the pH (see Figure 1) and the
concentration of the added ammonium salt (i.e.,s8H (see

Figures 1a and 2). The observed rate constant turned out to be

pH independent in the range-8 (the upper pH limit depends
on the NHCI concentration, see Figure 1a). In the lower pH
range (pH< 3), kops decreases slightly with increasing TH
probably due to the protonation of the cyano ligand on
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Figure 1. Plots ofkoss versus pH for the reaction Fe(CMNH33~ +
H,0 < Fe(CN}H,0* + NHz at T =298 K,| = 0.1 M, in the pH
range 9 (a) and 712 (b): @) in the presence of % 1073 M NH,-
Cl; (+) without added NHCI.
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Figure 2. (a) Plots ofk.ps versus [NHCI] for the reaction Fe(CNINHz®~
+ H,O < Fe(CN}H0%" + NHj3 as a function of pH: ) pH 4.0, ©)
pH 6.0, &) pH 6.7, () pH 7.0; T = 298 K,| = 0.1 M. (b) Plots of

kobs versus [NH] for the reaction Fe(CNHO*~ + NH; <
Fe(CN}NHz*~ + H,0 at pH 11.5] = 0.1 M, T = 298 K.

Fe(CN}H,O%~. The K, value estimated from Figure la lies
between 2.5 and 2.7, which is in good agreement with our
spectrophotometric result (compare Figure S2), as well as with
the data reported by other authtSrdor the formation of
HFe(CNjH,0?~. At pH > 6.5,kopsincreases significantly with
increasing pH (Figure 1) and increasing [ACH] (Figure 2).



Notes

The observed pH and [Nf€l] dependences ds suggest
the following reaction scheme depicted in eq 4.

k)
Fe(CN)sNH;* + H,0 ==—— Fe(CN);H,0" + NH;

-

(C)]
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Table 1. Rate and Activation Parameters for the Reaction

k.
Fe(CNYNH.*™ + H,0 — Fe(CN)}H,0° + NH,

kobs x 107 (Sfl)

H HK T (K) p(MPa) [NHCI =0 [NH4CI] = 0.01M
HFe(CN)sH,0>  NH.' 288.0 0.1 0.72
290.5 1.06 1.11
For pH > 3 this scheme can be simplified to eq 1 dags 293.0 1.56 1.62
can be expressed by 295.5 2.32 2.30
298.0 3.12 3.20
Kyps= Ky + K[NH] (5) 159
2.18!
where 10 2.90
35 2.50
INHJ =—={NH,J; and % T
Kot [H'] i 105 1.77
[NH,Jr = [NHJ + [NH, "] (6) w05 o1 a3 ads
303.0 5.90 6.78
Figure 1la shows thdtnsincreases significantly with increas- 308.0 13.0 13.3
ing pH at pH> 7, especially in the presence of NEl. With 313.0 23.6 23.8
increasing pHkops becomes much larger whereas the overall — AH* (kJ molY) 1024+ 1 101+ 1
absorbance change becomes smaller due to the more efficient 102+ 1°
back reaction. At high pH (pH> 8), the reaction progress 93+ 5°
cannot be followed by conventional spectrophotometric methods AS" ( mol*K™) 68+4 67+ 4
anymore since it is totally controlled by the back reaction. Under gii ?W
these conditions it should be possible to follow the overall  Av* (cme mol?) 16.4+ 0.6  13.54 1.1

process by starting from Fe(C#i)O%~ and adding NH/NH4*,
thus studying directly the back reaction. There will be a small
contribution of the forward reaction, but it will become less
important at higher pH; in fact one would expédgtsto reach

a maximum at pH> 9.2 (the X, value of NH;™), where all
NH4* is converted to NBl We performed such experiments

2This work, pH= 5.0,1 = 0.1 M (NaCl).? See ref 19, pHv 9.2,
| = 1.0 M (NaCl), reaction with pyridin€: See ref 22, pH= 7.2,1 =
1.0 M (NaClQ), reaction withN-methylpyrazinium iodide? See ref
9,pH 9.4,1 =1.0 M (NaCl).®See ref 9, pH 9.4, = 1.0 M (NaCl),T
=313 K.TT =298 K.

by using the pH jump technique. A typical set of spectra calculated from the kinetic data is in good agreement with that
recorded for the back reaction are presented in Figure S5(determined spectrophotometrically in this and earlier studdies.
Supportin Information). Combining the data for the forward The thermal activation parameterAH* and ASY) were

and back reactions enabled us to construct the complete pHdetermined in the usual way, whereas the pressure parameter
profile for the overall process (see Figure 1). A fit of the data (AV*) was calculated from the slopes(—AV*/RT) of a plot of

in Figure 1b to eq 7 resulted ik = 9.20 andk, = 452+ 5
M~1s71 which is in excellent agreement with available literature
dat&3 (pKs = 9.24 for NH;™ < NH3 + HT)

K
k,————[NH,]; @)

k, +

At the low-pH limiting condition (pH< 6), ho complex-
formation reaction occurs, whereas at the high-pH limiting
condition (pH > 11), the forward aquation reaction can be
neglected. Therefore rate constants for the aguatgnapd
complex-formation reactiong4) were measured at pH 5 and
pH = 11.5 as a function of [Nk}, temperature and pressure,

In Kops vs pressure. The latter plot was linear within the
experimental error limits (see Figure S6, Supporting Informa-
tion). The values ofAH* and ASF for both aquationky) and
complex-formationky) reactions found in the present study are
in good agreement with the values obtained in an indirect
way!®22 (see Tables 1 and 2).

For both substitution reactions (aquation and complex-
formation) the activation entropy and activation volume are
significantly positive, which underline the operation of a
dissociative mechanismAV* (k) must be corrected for the
influence of pressure on the equilibrium hH= NH3z + HT,
since this will affect the concentration of Nkh solution and
in consequence the values lof and AV* (k). According to

respectively, for which the data are summarized in Tables 1 available partial molar volumes

and 2. As mentioned befor&gys is independent of [Nh] at

pH = 5, such thatk,,s = ki according to eq 5. The linear
dependence d,,son [NHs] at pH= 11.5 (see Figure 2b) results
in ak, value of 460+ 21 M~1s 1 at 298 K, which is in excellent
agreement with a value of 452 5 M~1 s71 obtained from
Figure 1b under these conditions. The overall equilibrium
constantK; = ko/k; = (1.44 0.1) x 10* M~1 (log K, = 4.2),

(23) Fasman, G. DHandbook of Biochemistry and Molecular Biology,
Physical and Chemical DatLRC Press: Cleveland, OH, 1976; Vol.
1.

(24) Millero, F. J. InWater and Aqueous Solutions; Structure, Thermo-
dynamics, and Transport Processedprne, R. A., Ed.; Wiley
Interscience: London, 1972; Chapter 13.

AV =V(NH,") — V(NH,) — V(H") =
17.9—24.8— 0= —6.9cnm mol*

(see refs 9 and 25).

Thus increasing pressure will cause a decrease ing]NH
accompanied by a decreasekis under such conditions. It
follows that the correctedV* (k) = (21.34+ 1.0)-6.9= 14.4
+ 1.0 cn® mol~%, which is indeed remarkably close to the
limiting value expected for the dissociative release of a

(25) Swaddle, T. Winorg. Chem 1983 22, 2663.
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Table 2. Rate and Activation Parameters for the Reaction

k.
Fe(CN}H,0®™ + NH; — Fe(CN)NH;®~ + H,0

p [NH4CI]
T(K) (MPa) (M)  kopsx 1072(s™Y) ke (M7ts™)
288.0 0.1 0.030 4.86 163
293.0 0.1 0.030 8.33 279
298.0 0.1 0.010 4.55 468 21
0.020 9.71
0.030 14.3
0.040 19.4
0.050 22.6
0.010 4524 5°
0.00 365
5 0.030 9.79
30 0.030 8.81
60 0.030 6.33
90 0.030 4.65
120 0.030 3.79
150 0.030 2.98
303 0.1 0.030 24.3 815
310 0.010 14.8 1436 82
0.020 314
0.030 46.5
0.040 61.8
0.050 71.1
AH* (kJ mot?) 78+ 2
61.5
AS (I moFtK-Y) 67+7
10.1
AV* (cn® mol™) 21.3t 1.0

2 This work, pH= 11.5,1 = 0.1 M (NaCl). " This work, calculated
from Figure 1b.° See ref 18, pH 89,1 = 0.1 M (LiCIO,).

coordinated water molecule in an octahedral complexz.,
+13.1 cn¥ mol~L.  Similar AV* values were reported for a series
of related complex-formation reactiofs.

A volume profile (see Figure 3) can now be constructed for
reaction 1. The very similar volumes of activation for both the

forward and reverse reactions result from the rather close partial

molar volumes of NH (24.8 cn? mol~1) and HO (18.0 cn¥
mol~1) and the insensitivity oAV* for a limiting D mechanism
toward the size of the leaving grodpThe overall reaction
volume of 14 2 cn® mol~! can be considered to be practically
zero.

In the present study it was possible to investigate the
substitution reactions of Fe(CM)*~ (L = NHs, H,O) in a direct
way and to obtain a correlation between thermodynamic and

(26) Estrin, D. A.; Baraldo, L. M.; Slep, L. D.; Barja, B. C.; Olabe, J. A;;
Paglieri, L.; Corongiu, Glnorg. Chem 1996 35, 3897 and references
cited therein.

(27) Stochel, G.; Chatlas, J.; Martinez, P.; van Eldik|ri®rg. Chenl1992
31, 5480.

Notes

=

£ | |

5

- [Fe(CN),” + NH,+ H,OT

E

=}

>

E + 13.5%1.1 +14.4+1.0

=]

=]

3 3- N

E  |Fe(CN),NH; +H,0 Fe(CN);H,0 + NH;
S ...... F—
2 | |

=

o Reactants  Transition state Products

Reaction coordinate
Figure 3. Volume profile for the overall reaction Fe(C{H3®*~ +
H.0 < Fe(CN)}H0%" + NHa.
kinetic data. In general a good agreement with available
literature data exists, except in the case of the aquation rate
constank;. The deviations with the literature valueskaf(see
Table 1) depend on the direct or indirect way in which the
aquation was studied, and on the composition of the reaction
medium (especially the ionic components and ionic strength).
In general, aquation reactions measured in the presence of
pyridines, isonicotinamide, ad-methylpyrazinium iodide are
slower than those measured directly in this study. We have
repeated some of the experiments and found data similar to that
reported in the literatur® We and other$28 have observed
that the reactivity of such cyanide complexes can depend
significantly on specific medium effects. The aquation is
sensitive toward the presence of different cation%,(Ki*, Nat,
Cs', and RNT) in solution as demonstrated by some preliminary
measurements performed in this study. Finally, the reported
volume profile presents the first such analysis for ligand
substitution reactions of pentacyanoferrate(ll) complexes and
clearly supports the operation of a limiting dissociative (D)
mechanism.
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