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Abstract. We used EXAFS and DFT calculations to investigate the structure of
[Ru(bpy)(AF')4]2+ and [Ru(bpy)z(AP)z]2+ (bpy=2-2’-bipyridyne, AP=4-aminopyridyne) in
aqueous solution (10 mM). These derivatives are of potential interest since, upon direct
irradiation, they can form reactive aqua-species able to bind to macromolecules. An attempt
has been made to determine with EXAFS the structure of the photodissociation product of the
[Ru(bpy)z(AP)2]2+ complex, where a water molecule fill the coordination vacancy left by an
AP ligand resulting in [Ru(bpy).(AP)(H,0)]**. Unfortunately, co-presence in the experimental
sample of both original and photodissociated complexes, causes the failure of the analysis. This
failure was due to the structural complexity of both systems and to the similarity in their
EXAFS signals. This work underlines the potentialities and the limits of EXAFS spectroscopy
when dealing with highly diluted samples where the local environment of the adsorbing atom
is characterized by structured ligands: the local environment of Ru is correctly reproduced
when dealing with homogeneous samples, while the co-presence of two or more different
species makes the data analysis highly critical.

1. Introduction

Since the discovery of the antitumoural properties of cisplatin in 1965,' transition-metal-based
compounds have been widely used in clinic as chemotherapeutic agents. Recently, it has been
demonstrated that light can be used to activate anticancer metal complexes. Photochemical activation
of an appropriate precursor provides a procedure for controlling the site, timing, and dosage of the
metal complex, reducing undesired effects in other tissues or organs. Light-irradiation of metal
complexes can induce, for example, the formation of very reactive species, as well as promoting
selective interaction between metal complexes and target macromolecules (DNA, proteins).®
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In our attempt to develop photoactive metal complexes and study their excited-state chemistry,’
two Ru-derivatives of potential interest for chemotherapy and their photodissociated products were
studied with EXAFS." The experiment was performed at ESRF beamline BM29, acquiring data both
in transmission and in fluorescence mode. In particular solutions of [Ru(bpy)z(AP)z]2+ and
[Ru(bpy)(AP),]** in water before and after light exposure were investigated (bpy=2-2’-bipyridyne,
AP=4-aminopyridyne). Although the transmitted spectra were characterized by an edge jump of only
0.03 and 0.05, the quality of the x(k) function is impressive and in perfect agreement with
corresponding function extracted from fluorescence data. The EXAFS results are compared with the
structural data obtained by density functional theory (DFT) calculations.

2. Experimental and Methods
Details on the materials preparation are reported elsewhere.’

2.1. EXAFS data collection

X-ray absorption experiments, at the Ru K-edge (22117 eV), were performed at the BM29 of the
ESREF facility (Grenoble, F). The white beam was monochromatized using a Si(111) double crystal;
harmonic rejection was performed by detuning the crystals at 20% of the rocking curve. Energy
calibration was at 23222 eV using a Rh metal foil. [Ru(bpy);]Cl, model compound was measured in
transmission mode by uniformly diluting the sample in BN and preparing a self-supported pellet of
optimized thickness. An EXAFS cell, specifically devoted to liquid samples, was filled with an
aqueous solution of [Ru(bpy)(AP)4]Cl, or [Ru(bpy),(AP),]Cl, just below the saturation limit (10 mM).
Corresponding liquid complexes were thus measured in their cationic forms: [Ru(bpy)(AP),]** and
[Ru(bpy)z(AP)2]2+. Due to Ru dilution, EXAFS spectra were collected in fluorescence mode, by means
of a 13-element germanium monolithic detector, collecting the Ru K, ; fluorescence lines in the
18500-19500 eV range. To limit the flux of elastically-scattered photons (21800-23500 eV), a Mo
filter (acting as a low-band pass filter with threshold at 20000 eV) was inserted between the sample
and the fluorescence detector. This insertion allowed the sample-to-detector distance to be minimized
(thus maximizing the solid angle seen by the detector and consequently the Ru Kg; 3 fluorescence
photons). The intensity of the incident beam was monitored by an ionization chamber. The beam
transmitted through the sample passed further through a second ionization chamber, resulting in a
transmission EXAFS spectrum characterized by edge jump of 0.03 and 0.05 in the two cases. The
XANES part of the spectra was acquired with an energy step of 1 eV and an integration time of 2
s/point. The EXAFS part of the spectra was collected with a variable sampling step in energy,
resulting in Ak = 0.03 Afl, up to 18 105(1, with an integration time that linearly increases with k from 2
to 20 s/point to account for the low signal-to-noise ratio at high k values. The extraction of the y (k)
function was performed using Athena programs.’ For both samples, three consecutive EXAFS spectra
were collected, resulting in three px spectra (obtained by integrating the counts of the 13 elements of
the detector), and corresponding (k) functions were averaged before data analysis.

2.2. Computational details

All ground-state geometry optimization calculations were performed with the Gaussian 03 code’
employing the DFT method with Becke’s three parameter hybrid functional’ and Lee-Yang-Parr’s
gradient corrected correlation functional® (B3LYP). The LanL2DZ basis set’ and effective core
potential were used for the Ru atom and both the split-valence 6-31G** and 6-311G** basis sets'’
were applied for all other atoms. Geometry optimizations of both complexes were determined in water
solution; the conductor-like polarizable continuum model method was employed to mimic solvent
effects.'’ Figure 1 reports the so optimized structures.
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Figure 1: Ruthenium
complexes [Ru(bpy)(AP),]**
and [Ru(bpy),(AP),**
structures, obtained by
optimization of DFT
calculation part (a) and (b)
respectively. The violet
central atom is the Ru, the
blue atoms represents the N
and the grey ones are C.

3. Results and Discussion

3.1. EXAFS data analysis

For both samples, three consecutive EXAFS spectra were collected, resulting in three px spectra
(obtained by integrating the counts of the 13 elements of the detector), and corresponding % (k)
functions were averaged before data analysis. Analogously, the three EXAFS spectra, simultaneously
collected in transmission mode, were extracted and corresponding (k) functions averaged before data
analysis, resulting in the k*(k) function reported in Figure 2.
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Figure 2. k>-weighted (k) function obtained averaging along the three scans the fluorescence (red top

curves) and the transmission (blue middle curves) EXAFS spectra. The bottom black curves report the

k2x(k) function obtained averaging the fluorescence and the transmission y (k) functions. Parts (a) and
(b) refer to [Ru(bpy)(AP)4]2+ and [Ru(bpy)z(AP)2]2+ complexes, respectively.
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The quality of the % (k) functions obtained from the transmitted spectra (blue curves in Figure 2) is
impressive for samples with so low edge jumps, and is due to the high homogeneity of the liquid
samples and on the high stability of BM29 beamline. For both samples, the EXAFS data analysis
performed on the fluorescence and transmission data sets resulted, within experimental errors, in the
same values for all optimized parameters (not reported for brevity). Consequently, the fluorescence
and transmission data sets were averaged, resulting in the black spectra in Figure 2. The same data
analysis was repeated for the final averaged data set, (vide infra Figure 3 and Table 1), resulting in
optimized parameters compatible with those obtained in the two previous analyses, but characterized
by smaller error bars. EXAFS data analysis was performed using the Arthemis software.” Phase and
amplitude functions were calculated by FEFF6 code'” using as input the structure obtained from DFT
calculations (see Figure 1). Phase and amplitudes were successfully checked with [Ru(bpy);]Cl, as a
model compound, measured in transmission mode with the same sampling procedure described for the
liquid sample (only two spectra were collected in this case). For each sample the averaged k*x(k)
function was Fourier transformed in the Ak = 2.00-18.00 A" interval. The fits were performed in R-
space in the AR = 1.00-5.00 A range (2AKAR/mt > 40). Due to the complexity of the structure, more
than 150 single scattering (SS) and multiple scattering (MS) paths contribute to the overall EXAFS
signal. By excluding the paths having an amplitude smaller than 5% of the most intense one (the
Ru—N SS path around 2.11 A for the closest bpy unit), more than 70 paths were included in the fit. To
limit the number of optimized variables, all paths were optimized with the same amplitude factor (S,?)
and with the same energy shift parameter (AE). Moreover, both the AP and bpy ligands were
considered as rigid molecules for which the only degree of freedom is a radial translation along the
corresponding Ru—N axis. The different AP ligands are assumed to behave in the same way, and the
same was inferred for the two bpy rings of the [Ru(bpy),(AP),]** complex. As a consequence, the only
two structural parameters optimized in the fit are Rgy-nap) and Rry-nepy), being the lengths of all other
paths computed from the Rgy—n(ap) and Rru-npy) Values according to geometrical constraints imposed
by the rigidity of the AP and bpy entities. Neglecting the inter-ligand vibrations of the AP and bpy
units, only two Debye-Waller factors were optimized, Ogry-nap) and Ory-nwpy)» fOr all the SS paths
involving AP or bpy atoms, respectively. MS paths involving atoms of different AP (or of different
bpy) units were simulated with a Debye-Waller factor of oys = 46ru-n(ap) (0r Of 40ru-Nwpy)); MS paths
involving atoms of a AP and of a bpy units were simulated with a Debye-Waller factor of oys =

ORu-N(AP) + ORu-N(bpy) +28GI't[Oru-N(AP) ORu-Nbpy)]-

3.2. EXAFS results on the [Ru(bpy);]Cl, model compound

The quality of the fit obtained for the [Ru(bpy);]Cl, model compound can be observed in the top
spectra of Figure 3. Looking to the optimized parameters (Table 1), we obtain a negligible energy
shift, an S, equal to unit within the experimental incertitude, a Debye-Waller Factor of 0.0028 A” and
a Ru—N distance that is shorter by 0.05 A with respect to the value obtained from DFT calculations.
The quality of the fit can be further confirmed by the very low values of the associated errors and by
the low correlations among the 4 fitted parameters: So2/c = 0.75 and AE/Rg,n = 0.71, all other
correlations are below 0.25 in absolute value.

3.3. EXAFS results for the [Ru(bpy)(AP),J°* and [Ru(bpy)(AP),]** complexes

Once the EXAFS of the [Ru(bpy);]Cl, model compound was correctly reproduced, we proceeded on
the analysis of the EXAFS spectra of [Ru(bpy)(AP)4]2+ and [Ru(bpy)z(AP)2]2+ complexes as described
in Section 3.1.
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(a) . (b) Figure 3. Comparison
between experimental
(scattered curves) and
corresponding best fits

1A%

[Ru(bpy),ICl,

% x “« (solid lines) for, from top
= . = to bottom: [Ru(bpy);]Cl,
iy [Ru(bpy)(AP),] T [Ru(bpy)(AP),]*,

E  [Ru(bpy)(AP),]*" and

[Ru(bpy)>(AP)(H,0)]**
complexes. Parts (a) and
(b) report the modulus
and the imaginary parts,
respectively. For
quantitative values of the
parameters optimized in
the fits, see Table 1.

[Ru(bpy),(AP),1**

Table 1. Summary of the parameters optimized in the fitting of the EXAFS data (Figure 2) on the
[Ru(bpy);]Cl, model compound, on the [Ru(bpy)(AP)4]2+ and [Ru(bpy)g(AP)z]2+ complexes and on the
photodissociated product of the latter: [Ru(bpy)z(AP)(Hzo)]2+. The fits were performed in R-space in
the 1.0-5.0 A range over k*-weighted FT of the (k) functions performed in the 2.0-18.0 A interval.

A single AE, and a single S,> were optimized for all SS and MS paths. Not optimized parameters are
recognizable by the absence of corresponding error bars. Optimized bond distances are compared to
the average values obtained from DFT calculations given in parenthesis.

complex [Ru(bpy);]Cl, [Ru(bpy)(AP),]™* [Ru(bpy)>(AP),I”"  [Ru(bpy),(AP)(H,0)]*"
Nig 40 40 40 40
N 4 6 6 6
Reseior 0.039 0.031 0.032 0.050
Sy’ 1.05 % 0.05 1.03 + 0.06 1.00 +0.05 1
AE (eV) 201404 200404 02+04 0
Ru(opy) (A) 2.056 +0.004 (2.106) 2.09+0.01 (2.114)  2.069 +0.009 (2.114) 2.05+0.01 (2.101)
Onpy (A 0.0028 +0.0004 0.003 + 0.001 0.0029 + 0.0007 0.0026 + 0.0009
Ryap) (A) - 2.09+0.01 (2.188) 2.06+0.03(2.181)  2.10+0.03 (2.166)
Oxiar (A2) - 0.005 % 0.001 0.006 % 0.003 0.004 % 0.003
Ron: (A) - - - 2.06 +0.05 (2.256)
Gom (A% - - - 0.009 + 0.007

As for the model compound, for both aqua complexes we obtained AE and S,* compatible with
zero and unit, respectively. Because bpy units contribute almost twice than the AP ones to the high
distance paths, corresponding distances and Debye-Waller factors are determined with a better
precision. Within the experimental incertitude, that is very small in both cases, the Debye-Waller
factor of bpy units is the same in [Ru(bpy);]Cl,, [Ru(bpy)(AP),]** and [Ru(bpy),(AP),]** complexes
(Table 1). Accordingly to the lower mass, the AP units of the aqua complexes exhibit a Debye-Waller
factor that is almost twice that of the bpy ones. DFT calculations predict that, moving from
[Ru(bpy)]Cl, to [Ru(bpy)(AP),]** (or to [Ru(bpy).(AP),]** ), the insertion of four (two) AP units,
substituting two (one) bpy one, results in an increasing of the Ryppy) distance by 0.008 A. For the
[Ru(bpy)(AP)4]2+ complex, the experimental result confirm a stretching of 0.034 + 0.014 A, for the
[Ru(bpy)z(AP)z]2+ complex the result is borderline with the incertitude (0.013 + 0.013 /OX). The
nitrogen atom of the AP units is located at 2.09 + 0.01 A and at 2.06 = 0.03 A for the [Ru(bpy)(AP)4]2+
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and [Ru(bpy),(AP),]**, respectively. Both values are shorter than the value predicted by the DFT
calculations (Table 1). Curiously, the optimized Ryepy) and Rycap) distances become very close, to be
considered as equivalent owing to the large error associated to RN(AP).B The higher correlation among
parameters occurs for RN(AP)/RRu—N(bpy) =-0.82 (—085), GN(AP)/GN(hpy) = —0.62, (—063), Soz/GN(Ap) =0.64
(0.62), and AE/Rnp) = 0.57 (0.56) for Ru(bpy)(AP)4]2+ ( [Ru(bpy)z(AP)2]2+ ) complex. All other
correlations are below 0.25 in absolute value. Summarizing, we conclude that the EXAFS data
analysis fully confirms the overall structure optimized by DFT calculations, being the experimental
Ru—N distances systematically shorter by some hundredths of A.

3.4. EXAFS results on the photodissociated Ru(bpy)z(AP)(HZO)]2+ complex.

From NMR in aqueous solution we know that the photo-dissociation process is not complete and the
sample exposed to prolonged irradiation still contains a fraction of [Ru(bpy),(AP),]** together with its
photodissociated product [Ru(bpy)z(AP)(HZO)]2+. Therefore, the fit reported in the last column of
Table 1 is intrinsically incorrect. The structural model of the photodissociated system differs from the
original [Ru(bpy),(AP),]** one by the loss of a AP ring, substituted by a water molecule. As the
scattering power of the O atom of the additional H,O molecule is virtually indistinguishable from the
N atom one of the lost AP, the main difference between [Ru(bpy)z(AP)z]2+ and its photodissociated
homologue lies in the absence of all SS and MS paths related to the dislodged AP ring. This implies
the addition of two parameters in the fit for the Ru—OH, distance and for its corresponding Debye-
Waller factor. The addition of a further independent contribution in the same R-range of the Ru—N SS
paths of both AP and bpy units results in a fit instability giving rise to excellent mathematical
agreement with the experimental data but with non-physical outputs for distances and Debye-Waller
factors. In order to, at least partially, overcome this problem (at least partially), we have fixed S,* and
AE to 1 and 0 eV, respectively. The decrease of the parameter Gy(ap), from 0.006 to 0.004 A2 is thus a
consequence of the fact that, in average, each Ru atoms has more than one AP ligand, confirming that
a fraction of undissociated molecules is still present. The optimized Roy, distance at the same value
that of the Ru—N distances (shorter by 0.2 A from the DFT value) is a further proof of this statement.
We consequently decided to try a two phase fit."* A phase fraction parameter x was added to the fit,
weighting the signals of the undissociated molecule and of the photodissociated one by (1—x) and x,
respectively. In order to keep limited the number of optimized parameters, for both phases, the
parameters S,> and AE were fixed to 1 and 0 eV, the distances and Debye-Waller factors of both AP
and bpy rings were fixed to the output of the fit obtained from the pure [Ru(bpy),(AP),]** complex.
This fit, having only three free parameters, gave the following results: x = 0.30 + 0.13; Rop, =2.49 £
0.07 A and Gom = 0.002 = 0.007 Az, resulting in Rg o, = 0.047. The extremely high values of the
associated error parameters, as well as the unexpected optimized values, imposes to check the validity
of these outputs.'> We decided to perform eleven fits optimizing only Roy, and Gopp, by fixing x from 0
to 1 by steps of 0.1. The results of these fits are reported in Figure 4. Part (a) reports the optimized
Gomz VS. X, the two horizontal lines define the interval of physical acceptance of the parameter. Figure
4b shows that the optimized Rop, progressively decreases upon increasing x up to x = 0.45; for higher
photodissociated fraction, its value remains very close to the Ru—N distance, clearly evidencing the
lack of N ligand for too high x values.
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The evolution of the R factor of the fits vs. x (Figure 4c), confirms the value of: x = 0.30 obtained in
the fit performed leaving x free, but the shape around the minimum is far to be regular.

4. Conclusions

Ru K-edge EXAFS data analysis on [Ru(bpy)(AP),]** and [Ru(bpy),(AP),]*" in aqueous solution
validates the structure optimized by DFT calculations. Just a small contraction of both R,y and
Rnap) distances of few hundredths of A is observed from experiment. For both complexes the Debye-
Waller factor of the bpy ligand is comparable to that optimized in the [Ru(bpy);]Cl,, while the AP
ligand one scales according to what’s expected from the ligands masses ratio. Notwithstanding the
sample dilution (10 mM), the high homogeneity of both solutions allowed us to refine the complex
structure of both systems with high accuracy up to 5 A around Ru.

The interest of such complexes lies in their ability to lost a ligand upon irradiation, resulting in
reactive aqua-species able to bind to macromolecules. We consequently made an attempt to determine
with EXAFS the structure of the photodissociation product of the [Ru(bpy),(AP),]** complex, where a
water molecule fill the coordination vacancy left by an AP ligand resulting in [Ru(bpy)z(AP)(HZO)]2+.
Unfortunately, co-presence in the experimental sample of both original and photodissociated
complexes, causes the failure of the analysis. In fact the fit of a single data set with two similar models
implies a too high correlation among optimized parameters, making the fit output questionable.
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