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Improvements of XAFS (X-Ray Absorption Fine Structure) measurements in the time domain are summarized
and several examples of structure determination of reaction intermediates by the EXAFS (Extended X-Ray Absorption
Fine Structure) method are given. The local structure around the copper(Il) or cobalt(I) ion is described in the reaction
intermediate in the metal substitution reaction of the homodinuclear mercury(Il) porphyrinato (5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrin; Hetpps) complex in an acetate buffer determined by the stopped-flow EXAFS (SF-EXAFS)
method, which was developed by us. Comparison of the bond lengths in the intermediates with those in the reactants and
the products of the metal substitution reaction, the structure of which has been determined by the same method, revealed

the cause of the instability of the reaction intermediates.

Structures of stable species in solution are now routinely
analyzed by the solution X-ray diffraction and/or EXAFS
(Extended X-Ray Absorption Fine Structure) methods. Such
structural information is essential to elucidate the static be-
havior of chemical reactions in solution, i.e., thermodynamic
properties are reasonably explained based on the microscopic
structure of solutions. However, reaction processes have
usually been studied kinetically and dynamically. Studies of
reaction mechanisms often suggested the formation of short-
lived reaction intermediates with elongated bonds at the re-
action site and the structure of the intermediates was usually
estimated from spectrophotometric data. Knowledge about
the structure of reaction intermediates, such as bond lengths
and the coordination number, is very important to elucidate
reaction mechanisms. Therefore, direct structure analysis
of reaction intermediates is necessary. To determine such
structure parameters, solution X-ray diffraction and EXAFS
measurements should be carried out within a certain time do-
main. Many people have attempted to study time-resolved
structural analysis of reaction intermediates. However, struc-
tural information of reaction intermediates in the literature is
very limited.

If one can select a suitable reaction system and apply an

appropriate method in a given time domain to determine the
structure of a reaction intermediate, variation of bond lengths
between a reaction center and an entering or leaving atom
and the coordination number of a short-lived reaction inter-
mediate formed in the course of the chemical reaction can

be obtained. Such structural information is invaluable to
understand the reactivity of reaction intermediates and will
allow us to develop novel chemical reactions by controlling
well-designed reaction intermediates. Time-resolved struc-
tural determination should be more and more important in
studies of reaction mechanisms and the structural analysis
of reaction intermediates will be a very important subject in
chemistry. )

In this report we deal with the structure analysis of re-
action intermediates by the XAFS (X-Ray Absorption Fine
Structure) method. The solution X-ray diffraction method
is not suitable for fast reactions at the present stage. A
book about X-ray crystallographic measurements in the time
domain' and the current topics and perspective?® for time-re-
solved X-ray crystallography are good references for studies
on reaction intermediates in a crystalline state. However,
such references include no information about reaction inter-
mediates in solution. In the present report we first describe
briefly the background for the time-resolved structural anal-
ysis; then, some examples of the structural determination of
reaction intermediates by the EXAFS method so far reported
are reviewed. Finally, our results obtained by combining
the EXAFS method with a stopped-flow technique, which
has been developed by us, are presented.> The stopped-
flow EXAFS (SF-EXAFS) method has been successfully
applied to the determination of the local structure around
the copper(Il) or cobalt(Il) ion in the short-lived reaction
intermediate formed during the metal substitution reaction
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of the homodinuclear mercury(Il) porphyrinato (5,10,15,
20-tetrakis(4- sulfonatophenyl)porphyrin : Hgtpps) complex
with copper(Il) or cobalt(Il) ion in an acetate buffer. We
compare the bond lengths in the intermediates with those in
the reactants and the products of the metal substitution reac-
tion and discuss the instability of the reaction intermediates.

1. XAFS Measurements in the Time Domain

In an early stage of the development of measurements
of XAFS spectra in the time domain, the energy-dispersive
method was examined.”~"* Use of an X-ray dispersive ge-
ometry and a position-sensitive detector makes simultaneous
measurement at many data points possible and one could eas-
ily expect that the energy-dispersive mode is suitable for fast
measurement of XAFS spectra. By combining an energy-
dispersive type XAFS spectrometer with an X-ray film and
then with an electronic linear photodiode array detector, one
can obatin an EXAFS spectrum with the measurement time
less than 1 s. From a practical point of view, a time scale of
ca. 100 ms can be used.

Energy-dispersive XAFS experiments had been examined
by combining a stopped-flow technique in 1986."! XANES
(X-Ray Absorption Near Edge Structure) spectra for the re-
duction process of Fe(Ill) by hydroquinone were recorded
with a time resolution of 25 ms. Later, the time resolu-
tion was improved to 5 ms and this method was employed
to study the fast reactions of Fe(Ill) with catechol or thio-
sulfate as well as with hydroquinone.'>'* The time-resolved
EXAFS measurement was demonstrated for the Fe(III)-thio-
sulfate system.'> However, although all of the experiments
could follow changes of XANES and EXAFS spectra with
time, the works were unsuccessful in obtaining the relevant
spectra of reaction intermediates.

The energy-dispersive method is essentially applicable to
transmission experiments. Dilute samples such as many pro-
tein solutions must be measured by the fluorescent detection
in combination with an angular-dispersive XAFS spectrom-
eter, despite a disadvantage originating from an angle scan
of the monochromator crystal. A new concept for time-
resolved measurement was presented using the angular-dis-
persive method, i.e., by synchronizing a pulsed laser with
an SR (synchrotron radiation) pulse in the single bunch
mode, time resolution variable from nanoseconds to 1000
us was achieved.” Then, 100 ps resolved XANES spectra
of photolyzed carboxymyoglobin were measured for the first
time.!>1

All attempts described above were made at SR facilities.
This is because SR can supply a structureless X-ray spectrum
with intense flux, small beam divergence and polarization.
However, the use of SR facilities imposes some restrictions
on users. Therefore, a laboratory-scale XAFS spectrom-
eter is needed for daily research. The first in-laboratory
XAFS spectrometer for measurement in the time domain
was an energy-dispersive type using a self-scanning photodi-
ode array.>* Later, an angular-dispersive spectrometer with
a solid-state detector was developed.!” These spectrometers
were combined with a stopped-flow unit and were success-
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fully adopted to the structural determination of the reaction
intermediates having a lifetime of a few seconds, which was
limited by the low photon flux emitted from a rotating anode
X-ray generator. It should be noted that the structural deter-
mination of reaction intermediates was successfully carried
out not in the SR facility but in our laboratory.

Recently, SR was again employed as an X-ray source and
the angular-dispersive method in transmission mode com-
bined with a stopped-flow device was applied to the fast re-
dox reaction of [Fe(CN)g >~ with L-ascorbic acid in an acidic
aqueous solution to check the time-resolution ability.'® The
shortest sampling time of the technique was found to be on
the order of 1 ms; the rate constants derived from the time-
resolved XANES spectra agreed well with those determined
by UV-vis spectroscopy.'* However, no structural data have
been obtained for any species having such a lifetime.

2. Structure Analysis of Reaction Intermediates

To determine the structure of reaction intermediates, it is
not always necessary to perform measurements in the time
domain. A good example was shown by the structural deter-
mination of the photoexcited species of carboxymyoglobin
(MbCO) at 4.2 K.2°?! Steady irradiation increased the amount
of the photoexcited species MbCO* up to 70% and EX-
AFS spectra were measured by a usual method. The Fe-N
and Fe—C bond lengths in MbCO* are slightly longer by
3—5 pm than those in MbCO, showing the small displace-
ment of the CO molecule on photolysis. Similarly, XAFS
spectra of (7-cyclopentadienyl)nitrosylnickel(I), [Ni(CsHs)-
(NO)], in 3-methylpentane solution were measured at 20 K.
The Ni—N and Ni—C distances in the ground state [Ni(CsHs)-
(NO)] are 165 and 215 pm, respectively. By irradiating with
365 nm light, the photoexcited state [Ni(CsHs)(NO)]* was
converted into the charge-transfer state [Ni(CsHs)(NO)]¢T.
The analysis of the XAFS spectra revealed the conversion
extent to the charge-transfer state [Ni(CsHs)(NO)IT to be
43% and the Ni-N and Ni—C bond lengths to be 177 and 215
pm, respectively. The elongation of the Ni-N distance in
[Ni(CsHs)(NO)]T is reasonably explained by the decreased
Ni—N bond order resulting from electron transfer from Ni
to NO. Also, the linear Ni-N-O geometry in the ground
state changes upon photoexcitation to become the bent con-
figuration (Ni-N-O bond angle was estimated to be 142—
152°).

In 1993, for the first time, two papers were published
about the structure of reaction intermediates in a solution
phase.*?* In both cases the XAFS measurements were per-
formed in the time domain. One report concerns the structure
of a short-lived excited species in solution.”® By combining
the fluorescent EXAFS method with the rapid-flow laser
spectroscopy, the structure of the triplet excited species of
[Pty(P,H,05)4]*~ with a lifetime of about 4 pus was deter-
mined at 16 °C. The 4.7 pm contraction in the Pt—P bond
length in the excited species was found relative to that in
the ground state structure. A drastic change occurred in
the Pt---Pt distances. In the excited state, the Pt---Pt dis-
tance is much shorter, by 52 pm, than that in the ground
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state. However, such analytical results should involve very
large uncertainties because the amount of the photoexcited
species formed does not exceed 18%, which is almost a limit
or out of limit of concentration suitable for structural deter-
mination. The other report® presented the structure of the
heterodinuclear reaction intermediate, [Hg(tpps)Cu]?>~, de-
tails of which will be described in the following section. The
intermediate is formed during the metal substitution reaction
of the homodinuclear mercury(II) porphyrinato complex with
copper(Il) ion.

[Hg:(tpps)I*~ +Cu®* — [Hg(tpps)Cul®~ +Hg™
—> [Cu(tpps)]'™ +2Hg™ (1)

In Eq. 1 the formation of the intermediate reached almost
100% under a suitable condition and the EXAFS spectra were
measured by an in-laboratory energy-dispersive spectrometer
combined with a stopped-flow apparatus. This may be the
first successful determination of the structure of a reaction
intermediate with reasonable accuracy.

Much effort has been devoted to develop instruments, but
only a limited number of successful structure determina-
tions of reaction intermediates have been reported. Success
in measuring time-resolved EXAFS spectra of good quality
does not always mean successful structural determination of
reaction intermediates. The amount of intermediate formed
is essentially important, regardless of the lifetime of interme-
diates. Thus, sufficient knowledge of both reaction kinetics
and XAFS measurements is necessary. The selection of
suitable systems to determine the structure of intermediates
must be done on the basis of sound knowledge of solution
chemistry.

A further example is the structural determination of the
peroxochromium(VI) intermediate which appears during the
reduction process of Cr(VI) by hydrogen peroxide.?*

HCrOs~ +2H,0; + H* == Cr0O(0,), + 3H,0 2)

2CrO(02), + 6H' == 2Cr** +30, +H,0, +2H,0 (3)

The structure of the reaction intermediate, [CrO(0O;),], was
determined by using an angular-dispersive spectrometer
combined with a stopped-flow unit. The Cr(IV) center in
the intermediate is coordinated with one oxo group, two per-
oxo groups, and one water molecule. The six-coordinate
pentagonal pyramidal structure of the intermediate was pro-
posed.

3. Structure of the Reaction Intermediates Formed in
the Metal Substitution Reaction of the Mercury(Il) Por-
phyrinato Complex

3. 1. Formation of Reaction Intermediates. The rates
of formation of metalloporphyrins are usually very slow.
However, the addition of large metal ions such as mercury-
(D), cadmium(Il), and lead(Il) accelerates the metallation of
medium-sized metal(Il) ions.* We used 5,10,15,20-tetrakis-
(4-sulfonatophenyl)porphyrin : Hetpps because of its high
solubility in water. The following reaction mechanism has
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been proposed for the catalytic action of mercury(Il):>*

ki
(Hg, (tpps)]*~ — [Hg(tpps)l* ™ +Hg™" )

-1

k
[Hg(tpps)]*” + M —— [He(tpps)M'T*~
ks It 4— 2
— [M(tpps)]" +Hg
(Final product) 5)

The large mercury(I) ion cannot accommodate in the por-
phyrin ring and sits above and below the porphyrin ring to
form the homodinuclear mercury(Il) complex. The dinuclear
complex partially dissociates to the mononuclear complex
and the hydrated mercury(Il) ion. Then the mononuclear
complex reacts with metal(Il) ion to form the heterodinu-
clear intermediate, which decomposes to the metal(Il) por-
phyrinato complex and the hydrated mercury(Il) ion. The
rate constants at 25 °C are practically independent of the
nature of the incoming metal ions:*? e.g., k; = 1.95x10%
mol~!dm? s, ky/k 1 =7.14 and k3 = 1.00x 1072 s~! for
copper(Il) and k; = 1.02x 108 mol~! dm3s~ 1, kp /k_1 =0.14
and k3 = 1.09x10~2 s~! for zinc(Il).

For the copper(Il) system, in the absence of any catalysts
the metallation is very slow.

very slow

Cu® +Haotpps*™ — % [Cu(tpps)]*~ +2H ®

In the presence of mercury(Il), the copper(Il) ion rapidly
forms the [Cu(tpps)]*~ complex through the formation of
the heterodinuclear [Hg(tpps)Cu]?~ reaction intermediate.

[He(tpps)]*~ +Cu® — [He(tpps)Cul®~
B, [Cutpps)t +Hg® (7)

It is reasonable to assume from the kinetic data that the short-
lived heterodinuclear intermediate [Hg(tpps)Cu]?>~ formed
on mixing a solution containing the mercury(Il) porphyrinato
complex with an aqueous solution of copper(Il). The amount
of the intermediate increases up to 100% in a time range
which is suitable for our measurements by the SF-EXAFS
apparatus. Thus, the structure determination of the reaction
intermediate was examined by the SF-EXAFS method. The
structure of the reactant (Cu?* in an acetate buffer) and the
product ([Cu(tpps)]*~) was determined by the same method
as employed for the intermediate in order to compare the
structures of these complexes.

With cobalt(Il), the [Co(tpps)]*~ complex is formed as
the product, but the complex is further oxidized by dissolved
oxygen to [Co™(tpps)]*~.

Co™ + Hptpps*™ ", [Co™(tpps)]*~ +2H"
0, slow 11 3—
— [Co ™ (tpps)]” (3)
The rate of the metallation is much slower than that of the
oxidation, and hence, the determination of structural param-
eters of the [Co(tpps)]*~ complex is impossible by the usual
EXAFS method owing to the slow rate of the reaction and
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the small amount of formation of the complex. Since the
presence of a small amount of mercury(Il) as catalyst en-
hances the formation rate of the [Co(tpps)]*~ complex, we
can employ the laboratory-scale SF-EXAFS method in the
determination of the structure of not only the reaction inter-
mediate, [Hg(tpps)Co"]>~, but also [Co'(tpps)]*~

[He(tpps)]*~ +Co”™ —— [He(tpps)Co" 1

k: 03, slow
—— [Co™(tpps)]*” +Hg* —— [Co™(tpps)]*~
(Final product) (9)

_ The structure of the [Hg(tpps)Co"]>~ intermediate is deter-
minable by a similar procedure to that employed for the
copper(ll) system, because the formation process of the in-

“termediate is not influenced by the kind of metal(Il) ions.
The oxidation process was checked by a preliminary exper-
iment. We found that, in the presence of a small amount
of mercury(Il), the formation of the [Co™(tpps)]*~ complex
reaches 100% within 300 s, and in the absence of an oxi-
dant the cobalt(Il) complex is preserved for at least 1500 s.
However, the lifetime of the complex in air is too short to
determine the structure of the complex by the usual proce-
dure. The SF-EXAFS method is a useful tool for a structural
determination of such an unstable species. The structure
of the finally oxidized product, stable [Co™(tpps)]*~, was
determined by using the same method.

3. 2. Sample Solutions.  All chemicals of reagent grade
were used without further purification. For the structure
determination of the reaction intermediates, sample solutions
listed in Table 1 were prepared.

An aqueous solution of copper(Il) porphyrinate was pre-
pared by mixing copper(Il) acetate and Hgtpps which had
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been neutralized with a stoichiometric amount of NaOH in
water, and then by heating the resultant solution on a water
bath for several hours to complete the metallation reaction
(solution CU-B). A cobalt(Ill) porphyrinate solution was pre-
pared by a similar method by using cobalt(IT) acetate and on
the heating process cobalt(Il) was oxidized to cobalt(Il) by
dissolved oxygen. The concentrations of the copper(Il) and
cobalt(IIl) ions in the solutions were 0.1 mol dm—3.

Aqueous solutions of copper(Il) sulfate, cobalt(I) perchlo-
rate and hexaamminecobalt(Ill) chloride were prepared as
structure standards for the EXAFS analysis. The concentra-
tions of the metal ions were 0.2 mol dm~ for copper(Il) and
0.1 mol dm—3 for cobalt(Il) and cobalt(IIl).

3. 3. SF-EXAFS Measurements. EXAFS spectra were
measured around the copper or cobalt K edge on a laboratory
EXAFS spectrometer of the energy dispersive type com-
bined with a stopped-flow apparatus.>** Molybdenum was
used as the target of the X-ray source and a rotating anode
X-ray generator (RU-300, Rigaku) was operated at the volt-
age of 12 kV and the current of 160 mA. A stopped-flow
cell was located near the X-ray generator. Two windows,
each having a thickness of 150 pm, of the stopped-flow cell
were made of pyrolytically prepared boron nitride. A white
X-ray beam was first passed through the stopped-flow cell
and then reflected by a flat LiF(200) crystal. The resulting
polychromatic X-rays were detected by a position-sensitive
self-scanning photodiode array (S3904-1024Q, Hamamatsu
Photonics).

X-Ray intensities I and / transmitted through the stopped-
flow cell filled with water and a sample solution, respectively,
were measured for a given time of opening of the shutter (gate
time). Before measuring transmitted intensities, the dark
current of the photodiode array was measured for the same
gate time and this value was subtracted from the transmitted

Table 1. Composition of Sample Solutions

Solution Solute Concentration Solution Solute Concentration
mol kg“l moldm ™3
CU-A Cu(CH3COO0), 0.20 CO-A Co(CH3COO), 0.20
CH3COONa 1.58 CH3COONa 1.58
CH;COOH 0.20 CH3;COOH 0.20
CU-B Cu(CH3COO0), 0.10 CO-B CH3;COONa 1.58
Hetpps 0.10 CH3;COOH 0.20
CH3COONa 0.50
CH3COOH 0.20
NaOH 0.66
CU-C Hg(CH3COO0), 0.20 CO-C Hg(CH3COO), 0.20
Hetpps 0.20 Hetpps 0.20
CH3;COONa 1.61 CH3COONa 1.61
CH3;COOH 0.20 CH3;COOH 0.20
NaOH 1.01 NaOH 1.01
CO-D Hg(CH3COO), 0.0021
Hetpps 0.20
CH3COONa 1.61
CH;COOH 0.20

NaOH 1.01
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intensities as blank. The maximum gate time of the detection
system of the present SF-EXAFS apparatus was 30 s, because
accumulation of intensities of X-rays and dark currents on
the position-sensitive photodiode array gave rise to saturation
after 30 s. The apparent absorbance was obtained as In (Iy/]).

First, aqueous solutions containing copper(Il) sulfate,
copper(Il)-tpps, cobalt(Il) perchlorate, hexaamminecobalt-
() chloride, and cobalt(Ill)-tpps were each measured
through the mixing chamber by the stopped-flow process
in order to check the reproducibility of the measurements in-
cluding the mixing process. The results obtained were com-
pared with those obtained by the usual EXAFS and solution
X-ray diffraction methods without the mixing process. Then,
a cobalt(Il) acetate solution (solution CO-A) and an acetate
buffer (solution CO-B) were introduced to the stopped-flow
cell through a mixing chamber. We found no disturbance
caused by the mixing process.

The heterodinuclear intermediate, [Hg(tpps)M™"]>~, was
formed where solutions CU-C and CO-C were mixed with
solutions CU-A and CO-A, respectively. We know from the
kinetic data that after mixing the rate of formation of the
reaction intermediate is fast enough that all the copper(Il) or
cobalt(Il) ions form the intermediate 1 s after the mixing of
the two solutions and that the intermediate exists for 10 s in
the solution without significant decomposition. Thus, the 10
s measurement with a delay of 1 s after mixing was repeated
several (> 100) times to accumulate the EXAFS data.

Formation of [Coll(tpps)]*~ was completed after 300 s of
mixing. Therefore, the EXAFS data for the [Co'(tpps)]*~
complex were obtained by a 30 s measurement with a delay
of 300 s after mixing an aqueous cobalt(Il) acetate solution
(solution CO-A) with an equivalent solution (solution CO-
D) of porphyrin containing a small amount of mercury(Il),
and the 30 s measurement was repeatedly carried out 14
times during 1500 s after mixing of the solutions, because
the [Co'(tpps)]*~ complex was present without significant
oxidation in this period.

Background absorption other than that of K-shell absorp-
tion was estimated by the least-squares fitting Victoreen for-
mula to the pre-edge data, and then subtracted from the
total absorption in the post-edge region by extrapolation.
The smooth K-shell absorption yy was evaluated by fitting
a smooth curve to the observed absorption spectrum using
a sixth- or eighth-order polynomial function. The EXAFS
pattern y (k) was then extracted and normalized as

(k) = {uk) — po(k) }/ o k), (10)

where k is the photoelectron wave vector and given as
2m{2m(E—Eo)}'/?/h. The parameter E represents the en-
ergy of the incident X-rays. The threshold energy of a K-
shell electron, Ey, was selected as the position of the inflec-
tion point of the edge jump in each sample. Other notations
have the usual meanings. The y(k) values weighted by &’
were converted to the radial structure function F(r) as

F(r)= (1/2m)"/ / O Wexp (—2ikr)dk, (1)

‘min
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where W(k) is the window function of the Hanning type.”’
The model function y(k)cacq 1 given by the single-electron
and single-scattering theory?®—! as

Z(k)ca]cd = Z {n,/(krf)}exp (_20}.2](2 _ 2,}/1)
x Fj(m, k)sin (2kr; + ¢(k), (12)

where Fj(m,k) is the backscattering amplitude from each of
n; scatterers j at distance r; from the X-ray absorbing atom.
The parameter oj is the Debye—Waller factor, A is the mean
free path of the photoelectron and ¢;(k) is the total scat-
tering phase shift experienced by the photoelectron. The
values of Fj(s,k) and ¢;(k) in Eq. 12 were quoted from the
literature.*>* The structure parameters were determined in
the k-space by comparing the Fourier filtered &y (k) curve
with the model function to minimize the error-square sum
SkS(y(K)opsa — ) (K)eatea)®. The Ey and A values were eval-
vated from EXAFS spectra of standard samples. The pa-
rameters were then used as constants in the course of the
subsequent structure analysis of unknown samples, while
the r, 0, and n values were optimized as variables.

3. 4. Copper(I) Complexes. Figure la shows the
extracted EXAFS oscillations y(k) weighted by k> of the
copper(ll) complexes. The radial structure functions F(r)
uncorrected for the phase shift are depicted in Fig. 1b; these
were obtained by the Fourier transformation of k3 y (k) values
in Fig. 1a. The first intense peaks around 150 pm in the | F(r)]
curves are due to the Cu—O and/or Cu—N bonds within the
copper(Il) complexes. The [Hg(tpps)Cu]?>~ intermediate and
the [Cu(H,0)s]** ion locate the position of the first peak at
154 pm and the [Cu(tpps)]*~ complex at 143 pm, showing
the different structure of the [Cu(tpps)]*~ complex.

The structure parameters, r, g, and n, of the copper(Il)
complexes in the first coordination sphere were finally deter-
mined by a least-squares calculation applied to the Fourier
filtered &> y(k) values in the region 4.5x1072 < k/pm~! <
8.0x1072. The inverse Fourier transformation of the F(r)
values was carried out over the r range to include the main
peak in the radial structure functions for each sample. To
modify the values of the theoretical backscattering ampli-
tude and phase shift, the £y and A values were estimated
in advance from EXAFS spectra of an aqueous copper(Il)
sulfate solution involving the [Cu(H,0)¢]?* ion of known
structure.** The Cu-O bond length within the [Cu(H,0)]**
ion was also allowed to vary in order to check the repro-
ducibility of the value; the Cu—O bond length obtained agrees
well with the literature value.>* Thus, the Ey and A values
are well approximated in the present study. The r, ¢, and n
values for the acetato and porphyrinato complexes were then
refined by adopting the Ey and A values thus determined.
The best fit values are listed in Table 2. The solid lines cal-
culated using the parameter values obtained reproduce well
the experimental points, as depicted in Fig. 1c.

An EXAFS analysis by using SR of copper(Il) acetate in
an acetate buffer has evidenced an axially-elongated octahe-
dral structure of the copper(Il) ion.** Thus, in the course of
the refinement of the structure parameters of the copper(Il)
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Fig. 1.

(a) The EXAFS spectra in the form of © (k) for the copper(Il) solutions. (b) The Fourier transforms |F(r)| of the K x(k)

values shown in (a), uncorrected for the phase shift. (c) The Fourier filtered K x (k) curves for the copper(I) solutions. The observed
values are shown by dots and calculated ones using parameter values in Table 2 are shown by solid lines.

Table 2. Structure Parameters for the Copper(Il) and Cobalt(I)/(III) Complexes in Water?

Complex Interaction r/pm o/pm n
Copper(Il) complexes
[Cu(CH;CO0),]*7* Cu-Ogq 196 (1) 5.5 (0.3) 4»
Cu—Oq 225 (3) 8.9 (0.7) 2
[Hg(tpps)Cul*™ Cu-Neq 204 (1) 8.0 29
Cu-Ocq 195 (1) 8.2" 29
Cu—O4x 238 (2) 16.4 (0.7) 2»
[Cu(tpps)]*~ Cu—N 200 (1) 8.0 (0.6) 3.8(0.2)
[Cu(H,0)6)* Cu—Ocq 196 (1) 8.1(0.2) 4>
Cu—Oxx 229 (3) 11.8 (0.4) 29
Cobalt(II)/(III) complexes
[Co™(CH;COO0),]?=P* Co"-0 212 (1) 8.4 (0.1) 6.4 (0.1)
[Hg(tpps)Co" >~ Co-N 212 (2) 1.3(0.2) 29
Co™-0 221 (2) 1.3 (0.2) 3.6 (0.3)
[Co"(tpps)1*~ Co''N 203 (1) 2.7 (0.4) 4%
Co"-0 215 (1) 2.7(0.4) 2.3(0.1)
[Co"(H,0)6]** Co-0 210 (1) 6.9 (0.3) 6
[Co™(tpps)]>~ Co™-N 189 (1) 1.0(5.7) 49
Co"-0 197 (2) 1.0 (5.7) 1.8(0.1)
[Co™ (NH3)]™* Co'-N 194 (1) 5.6(0.2) 6”

a) Standard deviations of curve fits are given in parentheses.

acetato complexes, the numbers of the Cu—Ocq and Cu—O,yx
bonds were kept constant at 4 and 2, respectively. The de-
termined Cu—Ogq and Cu—-O,, bond lengths are practically
the same as those in [Cu(H,0)]** within experimental un-
certainties. Under the present conditions, the copper(II) ions
form the di-, tri-, and tetraacetato complexes on the basis of
the stability constants of the copper(Il) acetato complexes so
far reported.*® Four equatorial positions of the copper(Il) ion
seem to be occupied by acetate ions and/or water molecules,
and two water molecules are interacting in the axial position.

The number of the Cu—N bonds in the [Cu(tpps)]*~ com-
plex converged to almost 4; thus, there should be no Cu—-OH,
interaction in the axial positions of the copper(Il) ion. The

b) The values were kept constant during the calculations.

Cu-N bond length is 200(1) pm and is in good agreement
with the length determined by SR* and in the crystalline
phase (5,10,15,20-tetraphenylporphyrinato and tetrapropyl-
porphyrinato complexes).*’*

For the determination of the local structure around the
copper(Il) ion in the [Hg(tpps)Cul*~ intermediate, both a
square-planar structure and an axially-elongated octahedral
structure were examined. The error squares sum and R-fac-
tor were 0.76 pm™% and 7.6% for the square-planar structure,
and 0.28 pm~ and 4.6% for the axially-elongated octahe-
dral structure, respectively. Thus, the latter structure better
reproduced the observed data than the former. The Cu-N
bond length in the intermediate was determined to be 204(1)
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pm. The Cu-O interactions were also observed in the inter-
mediate, and acetate ions may bind to the copper(I) ion.
The reaction scheme and structure of the copper(Il) com-
plexes is shown in Fig. 2. The copper(Il) ions in an ac-
etate buffer are present as a mixture of acetato complexes,
which have an axially-elongated octahedral structure. The
mercury(Il) ions also exist as a mixture of acetato com-
plexes but the structure is four-coordinate tetrahedral.® The
mercury(Il) acetato complex reacts with Hytpps*~ to form the
heterodinuclear mercury(Il) porphyrinato complex, in which
each mercury(Il) ion combines with two N atoms of tpps®~
and an acetate ion.*® Upon mixing copper(Il) ion with an
equivalent solution containing homodinuclear mercury(Il)-
porphyrinato complex, the heterodinuclear reaction interme-
diate [Hg(tpps)Cu]?~ is formed. The coordination geometry
around the copper(Il) ion in the intermediate is axially-elon-
gated octahedral. If we simply assume that the nonbond-
ing N---N distance in the porphyrin ring does not change
at the formation of the heterodinuclear intermediate and the
N—Cu—N bond in the final [Cu(tpps)]*~ product is linear, the
copper(ll) ion in the intermediate should be at least 40 pm
off from the porphyrin plane. The reaction intermediate is
decomposed to the square-planar [Cu(tpps)]*~ complex and
a four-coordinated mercury(Il) acetato complex. The Cu—N
bond length in the [Cu(tpps)]*~ complex is 200 pm. The Cu-
N bond length within the intermediate is longer than that in

200 pm

Fig. 2. Reaction scheme and bond length variation of com-
- plexes in the course of the metal substitution.
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the product. The present EXAFS study directly shows elon-
gation of the Cu—N bond in the short-lived unstable interme-
diate compared to that in the product. No significant change
in the Cu—O bond was observed in the [Hg(tpps)Cu]?>~ com-
plex compared with the reactant acetato complexes. This fact
may be caused by the stability of the copper(IT) ion owing to
the Jahn—Teller effect in the distorted octahedral structure.

3. 5. Cobalt(Il) and Cobalt(IIl) Complexes. . Figures 3a
and 3b depict the extracted Co K-edge EXAFS spectra in the
form of k>y(k) and their Fourier transforms, respectively.
The first peaks in the |F(r)| curves in Fig. 3b are due to the
Co—N and/or Co—O bonds in the first coordination sphere of
the cobalt(Il) and cobalt(Ill) ions. The intense peaks in the
|F(r)| curves of the cobalt(Il) complexes appear around 145
pm, while those of the cobalt(Il) complexes are located at an
r-value larger than 150 pm. This is due to the smaller size
of the cobalt(Ill) ion than that of the cobalt(Il) ion. The peak
position of [Co'(tpps)]*~ is 153 pm, which is significantly
smaller than the 174 pm of [Hg(tpps)Co"]?>~ and the 166 pm
of [Co™(H,0)¢]%*. This fact indicates that the structure of the
[Col(tpps)]*~ complex is significantly different from those
of the other cobalt(Il) complexes.

The r, o, and n values of the metal complexes in the
first coordination sphere were finally determined by a least-
squares calculation applied to the Fourier filtered &3y (k)
values in the k-space (4.5x107% < k/pm~! < 9.5x1072).
The standard samples are aqueous solutions involving the
[Co"(H,0)61*" and [Co™(NH;3)e]** ions. The Co"™O and
Co™-N bond lengths finally obtained were 210(1) and 194(1)
pm, respectively. The Co™-O bond length agrees well
with that determined by the solution X-ray diffraction®
and the Co™-N distance with those found in crystalline
[Co™(NH3)]Cls and [Co™ (NH3)g]15.%4

The structure parameters for the acetato and porphyrinato
complexes were optimized as independent variables except
for the number of the Co-N bonds. The cobalt(I) and cobalt-
(1) ions are expected to fully interact with the four nitrogen
atoms of the porphyrin in [Co™(tpps)]*~ and [Co™(tpps)]*~.
Thus, the number of Co™N and Co™-N bonds was fixed
to be 4. Also, the number of the Co"-N bonds in the [Hg-
(tpps)Co"]>~ intermediate was kept constant at the value
of 2, because in the homodinuclear [Hg,(tpps)]*~ complex
each mercury(I) ion is coordinated to two nitrogen atoms.>
The parameters finally obtained are given in Table 2. Fig-
ure 3c shows the agreement between the experimental and
calculated &>y (k) curves.

An n value of practically six was obtained for the cobalt(Il)
ion in an acetate buffer. Similar to the copper(Il) ions in an
acetate buffer, the cobalt(Il) ions are expected to be present as
a mixture of [Co(H,0)s]** and cobalt(II) acetato complexes.
Thus, the structure of [Co(CH;CO0),1P* (p=1,2--) is
octahedral.

The cobalt(II) ion in the [Hg(tpps)Co™]>~ intermediate ex-
hibits coordination number 6, i.e., there exist two Co'N and
four CoO (water and/or acetate) bonds with bond lengths
of 212 and 221 pm, respectively. The cobalt(Il) ion in the
intermediate is situated in an octahedral environment.
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Fig. 3. (a) The EXAFS spectra in the form of &3y (k) for the cobalt(IT) and cobalt(IIl) solutions. (b) The Fourier transforms |F(r)| of

the &%y (k) values shown in (a), uncorrected for the phase shift. (c) The Fourier filtered K3y (k) curves for the cobalt(If) and cobalt(III)
solutions. The observed values are shown by dots and calculated ones using parameter values in Table 2 are shown by solid lines.

The number of the Co"™O (water and/or acetate) bonds
in the [Co'(tpps)]*~ complex was found to be practically 4.
The complex has an octahedral structure with two Co™N
bonds.

The 7 value was nearly two for the Co™-O bonds within
[Co™(tpps)]*~, and the cobalt(Ill) ion is coordinated with
four nitrogen atoms of porphyrin and two additional oxygen
atoms. Thus, the structure of the complex is six-coordinate
octahedral.

Figure 4 summarizes the structure of the cobalt complexes.
The cobalt(Il) acetato complex reacts with the homodinuclear
mercury(Il) porphyrinato complex in an acetate buffer and
the heterodinuclear reaction intermediate [Hg(tpps)Co]*~
is formed. The coordination geometry around the cobalt(Il)
ion in the intermediate and in the reactant is six-coordinate
octahedral. The Co"™N and Co"-O bond lengths in the in-
termediate are 212 and 221 pm, respectively. The Co™-N
bond length is slightly shorter than that within the octahe-
drally solvated cobalt(Il) ion in nitrogen-donor solvents, e.g.,
214 pm in 3-methylpyridine, 216 pm in 4-methylpyridine*'
and 217 pm in 1,3-propanediamine and in n-propylamine.*?
By the decomposition of the reaction intermediate, the six-
coordinate octahedral [Col(tpps)]*~ complex is formed, the
Co"-N and Co"™-O bond lengths in the complex being 203
and 215 pm, respectively. The Co™N bond length within
the [Hg(tpps)Co"]*~ intermediate is 9 pm longer than that
within the [Co(tpps)]*~ product. The electronic configu-
ration of the cobalt(I) ion in the [Hg(tpps)Co]*~ interme-
diate is expected to be high-spin, while the cobalt(Il) ion in
the [Co'(tpps)]*~ complex is in a low-spin state. The dif-
ferent Co™=N bond length mainly results from the different
spin states of the cobalt(Il) ions in the two complexes, be-
cause a low-spin cobalt(I) ion generally has a smaller ionic
radius than a high-spin one.* The Co™O (water and/or ac-
etate) bond length of 221 pm in the intermediate is 9 pm
longer than that in the reactant and 6 pm longer than that in

189 pm l
(0]
Fig. 4. Scheme of the metal substitution and oxidation reac-
tions and bond length variation of species.
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the product. The longer Co™O bond in the intermediate as
compared to that in the reactant and in the product should be
responsible for the instability of the intermediate. Finally, the
[Col(tpps)]*~ complex is oxidized by dissolved oxygen to
give [Com(tpps)]3_, which has an octahedral structure with
the Co™-N and Co™-O bond lengths of 189 and 197 pm,
respectively.

4. Concluding Remarks

The success for the determination of the structure of
the heterodinuclear reaction intermediate [Hg(tpps)MT]>~
is certainly owing to the suitable systems selected. The good
selection means not only finding out a reaction intermediate
having a lifetime suitable for a method of structure determi-
nation but also building up a suitable experimental condition
to obtain the maximum concentration of the reaction inter-
mediate on the basis of the kinetic data.

The local structure around the mercury(Il) ion in the [Hg-
(tpps)M™)?~ intermediate is not open at present because our
SF-EXAFS apparatus does not have enough energy resolu-
tion in the X-ray energy range larger than 10 keV. The reac-
tivity of the heterodinuclear reaction intermediate should be
discussed on the basis of local structures around two metal
centers in the intermediate. We are now planning to deter-
mine the structure of a heterodinuclear reaction intermedi-
ate appearing during a ligand-transfer reaction between two
complexes of different metal ions, both of which are suitable
for our SF-EXAFS method. The direct structural analysis of
a heterodinuclear reaction intermediate is important in an-
other aspect, i.e., the formation of a heterodinuclear reaction
intermediate should occur through an inner-sphere electron
transfer process.

The sampling time of X-ray intensities of our SF-EXAFS
technique is on the order of 1 s. Application of SR will
come to expand this method to a shorter time range and also
to a wider X-ray energy range and a better accuracy of the
measurements.

Chemical reactions are initiated by mixing of two reactant
solutions in a stopped-flow cell in SF-EXAFS measurements.
The mixing process has a deadtime of a few ms; thus, faster
reactions should be initiated by other methods.

Finally, we like to emphasize that the structure analysis of
reaction intermediates in the time domain requires sufficient
knowledge from both instrumental and reaction kinetic points
of view.
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