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Many attempts to obtain single crystals appropriate for X-ray diffraction analysis of the Ln(tpp)(acac) derivatives
(where Ln = Gd or Sm, tpp = tetraphenylporphyrin and acac = acetylacetonate) have failed so far. A suitable
way to get structural parameters for these monoporphyrinates is to use extended X-ray absorption fine structure
(EXAFS) spectroscopy. We recorded spectra of the monoporphyrins, Ln(tpp)(acac) and Gd(tpyp)(acac) (where
tpyp = tetrapyridylporphyrin), and the bisporphyrin GdH(tpyp). in the solid state. We particularly focused our structural
analysis on Gd(tpp)(acac), applying both molecular modeling and EXAFS, which allowed us to get accurate results
about the local environment of the central atom. The Gd®* ion of the complex at room temperature was found to
be bonded to four monoporphyrin nitrogen atoms at an average distance R(Gd-N,,) = 2.48 A and to three or four
oxygen atoms at R(Gd—04,) = 2.38 A from an acetylacetonato anion and a water molecule. The presence of the
second water molecule in the coordination sphere was barely discernible by EXAFS analysis. Molecular modeling
has provided further information about the coordination core geometry of the Gd(tpp)(acac) monoporphyrinate,
including a bishydrated coordination sphere. Also, it has enabled the construction of a 3D structural model on
which multiple scattering analyses were attempted. Monte Carlo simulation was used to validate the adjustments.
EXAFS spectra analysis was carried out on the derivatives, displaying slight distortions in the lanthanide central-
atom coordination geometry.

Introduction and intense interdisciplinary research are devoted to tetrapyr-
rolic macrocycles because they play a major biological role
in molecular binding, catalysis, and electron and energy

ransfer$

The monoporphyrinate complex Ln(porphyrinate)(acac)
(where Ln= Gd or Sm and acae acetylacetonate) is
essentially the precursor to the synthesis of many asymmetri
double or triple deckers of strong importance and use in
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A large number of experimental papers was published on agreement with an octacoordination for this type of com-
rare earth porphyrins in the last yeats!® based on XRD  plex2%2” Hence, it appears that the question of the number
data for symmetrical or asymmetrical dimers like'foep), of coordination for these rare earth elements is still open.
CéeV(oep)(tpp), Gl H(oep)(tpp), and StrH(oep)(tpp) (where In this paper, we present an extended X-ray absorption
tpp = tetraphenylporphyrin and oep= octaethylpor- fine structure (EXAFS) study for the Gd(tpp)(acac) complex,
phyrin)1%-22 However, there is a lack of structural data for combined with molecular mechanics/molecular dynamics
monomeric species and the first X-ray crystal structure of a (MM/MD) modeling to obtain consistent local structural
lanthanide(lll) monoporphyrinic complex was determined information. EXAFS spectroscopy was chosen because it is
only in 1997 by Coutsolelos et al., on a terbium compound a powerful tool that provides direct structural information
[Th"(B-Clgtpp)(O.CMe)(Me:SO)].2 Nonetheless, in the case  on cluster core geometry in any state up to 5 A, while
of the monoporphyrinates Gd(tpp)(acac) and Sm(tpp)(acac),molecular modeling enabled the construction of a 3D model
only the lattice parameters have been obtained and XRDto examine the contribution in the spectra of the multiple
analysis by Jiang et al. for the detailed structure has notscattering long paths. As we have underlined above, only
provided a complete characterizatin. one monomeric crystal structure is availablend it is not

The coordination geometry of Ln(lll) monoporphyrinates suitable as a model because it concerns a Th complex with
has raised a lot of questions concerning the existence of aligands different from the ones of our compound. Such a
bonding between the metal and two water molecules. Yet, crossed approach combining EXAFS spectroscopy and
much was unknown about Ln(tpp)(acac) monoporphyrinates molecular modeling is not so frequently used because of the
because they were inter alia formulated as hexacoordinatedime needed, but it has been recently successfully applied to
specie$?!! Actually, the mass spectra of those monopor- metalloproteins for near-edge structural studfes.
phyrins did not show, in all the cases, the presence of the In this work, derivative complexes of Gd(tpp)(acac) were
neutral ligand HO. Buchler et af®> suggested however that also studied to investigate if the structures are conserved
these complexes should be regarded as octacoordinatedvhen the metal is changed (comparison between Gd(tpp)-
species Ln(tpp)(acac)@®),, in view of the size of the  (acac) and Sm(tpp)(acac) or when the ligand is changed, tpp
lanthanide ions and by analogy to crystal structure determi- being replaced by tpyp (tetrapyridylporphyrin), keeping or
nations of rare earth monophthalocyanin&te=surthermore, not the acac ligand. The results on the selected monopor-
some measurements with infrared spectroscopy and XRDphyrinates may help to understand the differences on the
on other Ln monoporphyrins and phtalocyanines are in redox properties and the arising—x interactions in the
corresponding bisporphyrinates (see Figure 1, the schematic
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have been synthesized from procedures well established by
Wong et alt! The free base (porphyH{with porph= tpp or
tpyp) was synthesized according to the literature methéd,
and 1,2 4-trichlorobenzene was purchased from Aldrich.
The synthetic route for monomeric species allowed us to
achieve the synthesis of analogous hydrophilic complexes
or the preparation of homo- and heteroleptic double deckers
by direct reaction of the monoporphyrinates with in situ-
prepared dilithium octaethylporphyrinate(dep)® Actually,
we have also synthesized a hydrogen bis[5,10,15,20-tetrakis-
(4-pyridyl)porphyrinato] gadolinium(lll), GdH(tpyp)->22
EXAFS Measurements.The microcrystalline powders of
Gd(Ill) and Sm(lll) derivatives mixed with cellulose were
finely ground and pressed into a pellet at 10 tons of pressure.
The homogeneous and 1 mm thick pastilles (to avoid
saturation effects and reach the value of the absorption jump
between 0.5 and 1) were held into a cardboard spacer with
Kapton tape windows. Related to the low aqueous solubility
of the complexes, we could not record the solution spectra
which would have given too noisy data.
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Gd Acetylacetonate Tetraphenyl Monoporphyrinate

Gd(tpyp)(acac) Gd(tpp)(acac) Gd(tpyp)>

Figure 1. Schematic diagrams of the (acac), (tpp), and (tpyp) ligands interacting with lanthanide Ln metal ions. For the porphyrinic ligand, the carbon
atoms of the pyrroles are labeled, @, and G for the meso atoms and,Cfor the first carbon of the phenyl or pyridyl groups. For the acac ligand, the
oxygen atoms are labeled,Qs; and the carboxylate carbon atomg£&

X-ray absorption measurements were performed for all chromator. The range of thezledge Es = 6716 eV)
samples at the LURE-DCI storage ring (Orsay, France) on EXAFS is limited by the presence of the Sm édge E,,
XAS 2 and XAS 13 beam line stations with positron beam = 7320 eV). Therefore the experimental spectra were
energy of 1.85 GeV and mean current of 300 mA. The collected in the energy range from 6600 to 7300 eV with a
spectrometers were equipped with a double-crystal mono-step of 1 eV, count ratef@ s per point, and energy resolution
chromator using air-filled ionization chambers for transmis- (fwhm) of 2.0 eV. The slit width was studied and adjusted
sion measurements and a solid-state Canberra germaniunto render the spectra well defined for the data analysis.
7-element array detector for fluorescence measurements. EXAFS Data Analysis. The EXAFS oscillations were
Internal energy calibration was performed at the Fe K edge extracted using standard techniques and refinement proce-
(7147 eV) close to the Gdzledge (7241 eV), and harmonic  dures?® The experimental data were analyzed with the LASE
rejection was achieved by slightly detuning the parallelism program, providing new tools for statistical error evaluation
of the crystals to 30% of the maximal intensity. of the refined paramete?8The background contribution was

To decrease an excessive influence of the Debye Wallerestimated by a Victoreen-like function and subtracted from
(DW) factor and reduce the thermal agitation and damping the experimental spectrum, whereas the atomic-like contribu-
effects on the EXAFS signal, the samples were cooled in tion was calculated by a combined polynomial/cubic-spline
liguid nitrogen and kept at 80 K throughout storage and data technique to have a precise removal of the EXAFS signal
collection. baseline®'*2 For all the complexes, the EXAFS signgk)

The Gd L edge spectra were recorded in transmission Wask? weighted to enhance the impact of higtata because
mode at room and low temperatures (RT and LT, respec- Of the decay of the photoelectron wav€ (veighting gave
tively) for the Gd(tpp)(acac) complex with a Si(311) double- t00 noisy data).
crystal monochromator (XAS 13 station), whereas for the  Calculations of the EXAFS function were performed for
Gd complexes with tpyp ligands, data were collected both the first coordination sphere, based on the single-scattering
in transmission mode and fluorescence only at room tem- (SS) curved-wave formalism. By fitting on the filtered first
perature (RT) with a Si(111) monochromator increasing the peak of the FT transform, it was impossible to distinguish
reflected beam intensity with the drawback of a loss of between models accounting for one or two water molecules.
resolution (XAS 2 station). Previous calculations had shown that multiple scattering

For the lipophilic Gd(tpyp)(acac), six spectra were col- (MS) effects would appear beyond the first coordination
lected in transmission mode Wit 1 eVstep a 2 s pepoint  Sphere in porphyrinic complexésTherefore, we decided
count time, and an energy scan from 7100 to 7900 eV, but to fit the unfiltered data and to include MS effects.
the data were truncated at 7750 eV because of the signal- To reach this aim, we needed a 3D structural model, which
to-noise level. Five spectra were recorded in fluorescencewe obtained by molecular dynamics simulations. All the
mode, wih a 1 eVstep and a 10 s per point count time. For (29) (a) Co, M. C.: Hodgson, K. Gl. Am. Chem. Sod.981 103 3200.
fluorescence measurements, we had to reduce by 1/3 the mass  (b) Jalilehvand, F.; Lim, B. S.; Holm, R. H.; Hedman, B.; Hodgson,

i _ ; K. O. Inorg. Chem.2003 42, 5531.
of sample 'Fo avoid self-absorption eff_e_cts. The quores_cepce 30) (3) Curis, E.. Beaseth, SJ. Synchrotron Radia200Q 7, 262. (b)
technique is known to be more sensitive than transmission, http://www.esrf.fricomputing/scientific/exafs/lase.html.
especially for the study of dilute systems or low concentrated (31) (&) Rocca, F.; Kuzmin, A.; Purans, J.; Mariotto, Rhys. Re. 1994
| but th titative inf ti ible via th B50, 6662. (b) Kuzmin, A.; Purans, J.; Benfatto, M.; Natoli, C. R.
samples, but the quantitative information accessible viathese  ppys Rre. 1993 B47, 2480,
two modes of recording remains identical. (32) Agondanou, J. H.; Spyroulias, G. A.; Purans, J.; Tsikalas, G.; Souleau,
For the Sm derivative, the measurements were performed,s, C.; Coutsolelos, A. G.; Beazeth, Sinorg. Chem2001, 40, 6088,

. = . . Poncet, J. L.; Guilard, R.; Friant, P.; Goulon-Ginet, C.; Goulon, J.
in transmission mode at RT with a Si(111) crystal mono- New J. Chem1984 8, 583.
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ligation shells that have been shown to contribute to the shown in earlier studié$*546that the local environments of
overall signal were used to simulate EXAFS spectra for the the G&* center are greatly similar in solution and in the
Gd metal with the ab initio FEFF (7.02 versi&hprogram. solid state.

The calculations are based on self-consistent final-state A constant temperature of 300 K and pressure of 1 bar
potentials. The scattering potential is approximated by were applied by coupling to an external b&tRarticle-mesh
overlapped spherical muffin-tin potential (including a core Ewald was used for long-range electrostatics with a 1.4 nm
hole, Teore-hote = 3.5 €V for 2z level in the case of the Gd  direct space cutoff, and long-range dispersion corrections
Ls edge). Many body effects are incorporated approximately were applied for energy and pressure.

in terms of a complex, energy-dependent self-energy. The An OPLS methanol (to take into account the very low
Dirac—Hara energy-dependent potential was used with the aqueous solubility of the complex) periodic cubic box was
addition of the photoelectron mean-free path contribution built with a 5 nmedge length and allowed to equilibrate

automatically included in the scattering amplitude function Until constant density was reached. Tetraphenylporphyrin and
using the complex HedinLundqvist exchang® acetylacetonate models were also built with standard OPLS

parameters except that Wangord partial charges were
computed by Mopac software at the AM1 (Austin Model 1)

was built up and validated, a new goal was to estimate the .
- . . level of theory. The tetraphenylporphyrin and the acetylac-
uncertainties on the fitted parameters. Mainly three methods e
etonate molecules were placed together with &'Gdom

are proposed in the literature, but the Monte Carlo error .

. . . . in a periodic cubic box of 5 nm edge, and solvated first with
analysis method is the most appropriate when the experi- " .
e : j 90 TIP3 water molecules at random positions and then with
mental distribution model is knowd$:*” Here, as the data

. . . 1690 methanol molecules from the above-mentioned equili-
collection was repeated at least 5 times, this Monte Carlo

) ) ) . rated methanol box. A first constrained dynamics run
simulation can be used, generating 1000 pseudo-experiment llowed the system to relax to remove bad contacts, followed

spectr_a following a Gaussian d|§tr|but|on, and using the by unconstrained equilibration run of 2 ns and a production
experimental error bars determined. The detail of the |1 of 6 ns with steps of 1 fs

procedure has already been publisfeend the estimated The force field was further calibrated and adjusted through
errors correspond to the statistical uncertainty. However, thecomparison between experimental spectra and simulated
values obtained did not include systematic errors that cannotgy apg spectra calculated using the FEFF program in
be estimated by any of the methods. By this procedure, we compination with atomic coordinates from MM/MD energy
obtained not only average values and errors but also theminimization. Through the comparison between experimental
complete population distribution of the different solutions, ang calculated EXAFS data, the coordination environment
especially informative in cases of multimodal solutions that best matches the metal binding site can be idenfified.
resulting from numerical instability.

Molecular Dynamics Simulations.Molecular dynamics ~ Results and Discussion

simulations were pel’formed USing the parallel 3.1.4 version Gd(tpp)(acac) Comp|ex_ Among all the Compounds

of the GROMACS packag¥;*°on a dual processor Athlon  reported here, we studied extensively the Gd(tpp)(acac)
computer, under a Linux operating system. The OPLS complex. The detailed structural analysis performed on this
(optimized potentials for liquid simulations) all-atom force complex will serve as reference for the investigation of the
field*t*2includes rare-earth paramet&rand was used for  other derivatives.

all calculations. Here, arises the question of comparing The experimental EXAFS spectra at room and low
EXAFS solid-state spectra and MM/MD calculations oper- temperatures are presented in Figure 2a. Sharp multielectron
ated in solution. We have assumed that, relative to the resonances above the édge of G@" ion are observed with
structural rigidity of the tpp and acac ligands, their geometry the presence of anomalous peak at about 8. But, the

will be conserved in both states. Furthermore, it has beendistortion in the experimental EXAFS structural oscillations
is very low and moreover the contribution of this double-
(34) (a) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, RLC.  excitation is beyond the region of interest at about 5 A.

Monte Carlo Statistical Errors Analysis. Once the model

Am. Chem. Socl99], 113 5135. (b) Zabinsky, S. I.; Rehr, J. J.; ; _ _chift- i

Ankudinov, A Albers, R. C.. Eller, M. Bhys, Re. 1695 B52 2095. The magnitude of the non-phase-shift-corrected Fourier
(35) Kuzmin, A.; Obst, S.; Purans,dl.Phys. Re.: Condens. Mattef 997, transforms (FTs) of the EXAFS spectra for Gd(tpp)acac

9, 10065. complex is displayed in Figure 2b. The FT is composed of

(36) IXS Standard and Criteria Subcommittee Reports: Error Reporting . k labeled A and . fl ks f
Recommendationsnternational XAFS Society: Camerino, Italy, ~ON€ Main peax labele anda a series of lower peaxs from

2000; http://ixs.iit.edu/subcommittee_reports/sc/index.html. 2.6t0 4.5 A. The low intensity of the FT signal above 5.5 A

88 Curis, E.; Beazeth, 5. gﬂgmgggﬂ 533588? PR indicates that the noise in the experimental spectrum has a
(39) Lindahl, E.; Hess, B.; van der Spoel, ID.Mol. Model.2001, 7, 306.

(40) Berendsen, H. J. C.; van der Spoel, D.; van DrunerGdp. Phys. (44) Dubost, J. P.; lger, J. M.; Langlois, M. H.; Meyer, D.; Schaefer, M.

Commun.1995 91, 43. C. R. Acad. Sci. Ser 111991, 312 349.

(41) Jorgensen, W. L.; Maxwell, D. S.; Tirado-RivesJJAm. Chem. Soc. (45) Benazeth, S.; Purans, J.; Chalbot, M. C.; Nguyen-van-Duong, M. K.;
1996 118 11225. Nicolas, L.; Keller, F.; Gaudemer, Anorg. Chem.1998 37, 3667.

(42) Kaminski, G. A.; Friesner, R. A.; Tirado-Rives, J.; Jorgensen, W. L. (46) Moreau, J.; Guillon, E.; Pierrard, J. C.; Rimbault, J.; Port, M.;
J. Phys. Chem. B001, 105, 6474. Aplincourt, M. Chem=Eur. J. 2004 10, 5218.
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XAFS %K) K

®)

Fourier transform module

Distance R (A) Figure 3. (a) Gd(tpp)(acac) complex scheme from molecular modeling
Figure 2. (a) XAFS spectra and (b) FTs (modulus part) of the Gd(tpp)- (MD) with calculated average distances of the oxygen atoms from the acac
(acac) complex at RT (dotted line) and LT (solid line) and simulated from ligand R(Gd—0,) = 2.390 £ 0.056 A, from the two water molecules
the MM/MD calculations (crossed line). The spectral simulation from MM/ R(Gd—0,) = 2.5144 0.076 A, and the four tpp-nitrogen atorR§Gd—
MD model closely resembles the experimental data within noise, even for Na) = 2.4414 0.047 A. (b) The reconstructed radial disribution function
the scattering pattern (feature B)lat= 8.5 A-1, (RDF) from MD simulations. This RDF provides additional insight into all
different ligation shells and structural parameters for the Gd(tpp)acac-metal

o hita? P . . coordination structure up to 5 A.
white” character. The absence of any significant contribution P

nearR = 1 A indicates a good removal of the signal. In and XRD data from a lutetium phtalocyaninate comglex,
the major first peak, a sharper feature for the LT spectrum the expected distances GN must be larger than for a Lu
is observed in comparison to the one at RT, for which the ion (mean value LuN = 2.34 A) according to the ionic
magnitude of the further peaks decreases more rapidly beingadii and the well-known lanthanide contraction effect.
more sensitive to thermal disorder as expected. Even if the residual is smaller for the two water molecule
Single-Scattering Approach First, we focused on the first  model, the difference is too small to accept this model
coordination sphere in a single-scattering approach via peakwithout further evidence, which we present later in this paper.
A inverse Fourier transform analysis. We wanted to distin- We assumed that the one or two water ligands are at longer
guish the contribution of the nitrogen atoms belonging to distances than acac and more loosely bound. So the mean
the porphyrinic ring from the oxygen atoms of the acetyl- oxygen shell merging § and Qgac corresponds to a
acetonato anion and water molecules. Therefore, we carrieddistribution with high DW factor. These phenomena are
out various fitting procedures using the scattering amplitudes confirmed by the water molecule RDF, computed from the
and phases calculated by FEFF7: (1) a one-shell fitting model of the dynamics simulation, for which the peak is
merging the nitrogen and oxygen neighboring atoms, (2) a strongly damped and rather broadened in comparison to the
two-shell fitting discriminating N and O with respect to their peak of the Q. (Figure 3).
characteristic distances, and (3) a three-shell fitting where Molecular Dynamics Results.We built, by molecular
we tried to show the water molecule bonding. dynamics simulation, a 3D model necessary to compute the
We found that the use of the two-shell fit model (procedure MS. Molecular dynamics confirm that there is no steric
2) agreed fairly well with the experimental values for the hindrance for water coordination on the &datom simul-
Gd(tpp)(acac) complex, when considering seven or eight taneously to tpp and acac ligands. The number of th& Gd
(four N at 2.46 A and three or four O at 2.39 A, two from neighbors closer tma3 A remains constant at eight over the
the acac ligand and one or two from water ligands) atoms 6 ns trajectory. The first coordination sphere is composed
close to the G# ion. The fitting weighted residuals values by the two acetylacetonate oxygen atoms at the shortest
are 0.022 and 0.018 for one or two water molecules, distance with a mean value of 2.390.06 A, the four tpp-
respectively. The resulting distances for the oxygen atoms nitrogen atoms at an average distance of 2444.05 A,
are relatively close to the one found by Jiang ef“al. and two oxygen atoms from two water molecules at a mean
However, the distance value obtained by Jiang ét fir distance of 2.54 0.08 A (Figure 3a). These Gt—N and
the nitrogen atoms shelRgq—n = 2.33 A) appears to be too  Gd**—Ogcacaverage distances are similar to the ones found
small compared to our result. On the basis of our analysis by EXAFS SS analysis. Two water molecules are found with
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Table 1. Structural Data Obtained from the Best-Fit Analysis on the

Raw Data of the Gd(tpp)(acac) Complex (RT), with a Monte Carlo Y @
Statistical Errors Analysis Taking into Account All SS and MS Paths 2
= [
paths N R(A) 0% (A?) S
path 1: G&-N—Gd 4  2.38+0.06 0.017+ 0.016 H
path 2: Ga-O—Gd 4 2.48+0.03 0.009+ 0.006 ¥
path 3: G&-C,—Gd 4  3.40+0.26 0.011+ 0.004 o [
path 4: Ga-OgacacCacacGd 4 359+ 0.01 0.0002+ 0.0003 E r
path 5: Ga-Cs—Gd 8 4.42+0.67 0.049t 0.007 s
path 6: Gd-Cs—N—Gd 16 4.68£0.22 0.007+ 0.01 .
path 7: G&-Cgp1—Gd 4  5.26+ 0.64 0.009+ 0.04 -
| | | | |
aFor pathways 6 and 7, large uncertainties on the DW factor are found. 2 4 6 10
Both pathways are necessary for the adjustment as they improve the fitting Wave vector k (A")

results, but their contribution to the signal is too weak to be determined

with accuracy. - A ®)

this MM/MD simulation but at a greater distance than the
EXAFS SS analysis result, where no discrimination between
O atoms from water or acac was possible. Discrepancies
between experimental and modeled coordination numbers
have previously been described and assigned to dilution and
ion-pairing effect® or many body effect4 The tpp macro- ‘
cycle presents distortions from planarity and thesephenyl i ' ¥
groups are tilted from the tetrapyrroles plane, as observed - SEE—
in the Cambridge Structural Databank tpp structures (mean
tilt CompUted from, 1138 structures). Figure 4. (a) Experimental (solid line) and least-squares fitted (dashed

Multiple Scattering Approach. We used the 3D model line) EXAFS raw data at RT of the Gd(tpp)(acac) complex and (b) the
from MM/MD to generate the MS paths. First, we checked corresponding Fourier transforms.
that the model coordinates gave a calculated EXAFS close ] ]

broad signal in the FT (about 20 paths wiRh= 3.63-4.49

to the experimental one, except for thgand Debye-Waller i St
that we adjusted (Figure 2). The simulation model reproducesA)’ leading to a very small contribution to the total EXAFS

well the overall beat pattern of the Gd(tpp)(acac) data and signal. Actually, no significant improvement of the fit was
especially the beat node lat= 8.5 A~ (feature B in Figure observed when these pathways were introduced, and they
2a). can be neglected.

Then, we carried out the calculations with a cluster of 34 _ 1he MS contribution is important for the outer coordina-
atoms within a radius of 5 A, taking into account all SS and 10N spheres. Indeed, only three single-scattering paths-(Gd

MS paths up to 6.5 A. We obtained 427 pathways (34 SS Ca—Gd, Gd-C;—Gd, and Gé-Cq;—Gd) contribute to this
and 393 MS) that were combined by geometrical analogies 910N, together with two MS paths (Table 1 and Figure S1).
(successive shells of identical atoms with a difference in Other single-scattering paths, such as-GHc-Gd and
distance up to 0.1 A and in angle up to’20Thus, 83 groups ~ Gd—C,—Gd, refine to very high DW factors and do not
of pathways out of the total 427 paths were obtained, for IMProve the fit, mainly, because of destructive mterft_arences
which only 68 paths gave a contribution higher than 4%, with the MS paths. For example, the double-scattering path

compared to the highest contribution of the shortest path Gd = G8~Oacac~Cacac=Gd (which significantly improves the fit)
Oucacand Gd-N. has its frequency very close to the one of the-@&g..c—Gd

After consistency checking and validation of the different (R = 3.60 A) single-scattering path, and they both therefore
paths with various fits, seven paths having the most contribute to the same region Rspace. The two signals
preponderant contributions to the overall EXAFS signal are Were found out-of-phase with similar amplitudes leading to
selected as listed in Table 1; their contributions are given in & cancellation of the GelCacacGd contribution. Such a
the Supporting Information in Figure S1. With those paths cancellation interference effect has already been observed,
we reached a good agreement between the simulated mMm/especially for ions in solution EXAFS signafsSuch results
MD model and the experimental raw data (see Figure 4). @ré not in contradiction to the existence of carbon atoms in

For the first coordination sphere, the two N and the coordination core geometry of the Gd metal but show

Gd—O0 single-scattering paths contribute to the first peak (A) that this second shell contribution can be strongly damped
of the FT, with four oxygen atoms (two from acac and two M EXAFS because of the cancellation interference effect with

from water molecules) and the four nitrogen atoms of the other multiple-scattering signals. The characteristic beat

monoporphyrin at average distancesR¢Gd—0) = 2.48 A feature B in Figure 2a is the result of the interferences

andR(Gd—N) = 2.38 A respectively. The MS effects related Petween the single paths 6€,—Gd and Ga-C;—Gd and
only to atoms of this first coordination sphere (group of the MS path Ge:N—C;—Gd. Omission of any of these three

pathways of -Gd—0, O—-Gd—N, and N-Gd—N) give a paths leads to the fit failing to reproduce the beat pattern.
After the achievement of the fitting procedure, an estima-

(48) Kerdcharoen, T.; Morokuma, K. Chem. Phys2003 118 8856. tion of the uncertainties has been made with a Monte Carlo

Fourier Transform module

0 1 2 3 4 5 6 7
Distance R (A)
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statistical errors analysis. The estimated uncertainties on the
structural parameters for Gd(tpp)(acac) are listed in Table
1. The Monte Carlo analysis permits us to take into account
fitting instabilities on the distances and the Deby#aller
factors and understand them in terms of structural information
as already exemplified.In fact, we observe that the results
are not unimodally distributed. On the contrary, different
maxima are observed correlated between them. Thus, the
average distances and Deby&eller factors given in Table
1 are only apparent means, not necessarily reflecting the most
probable solution. For example, the two paths of the first
coordination sphere have their maximum probabilities located
at 2.39 and 2.52 A with DebyeWaller factors at 0.005 A
and 0.014 Afor N and O neighbors, respectively. We notice
that in contrast to the apparent mean value, the major mode
N atoms DebyeWaller factor is lower than the one of O
atoms, as expected.
Other Derivatives. The other monoporphyrin derivatives
were also studied with a fitting procedure on their raw data
taking into account all single- and multiple-scattering paths
calculated by FEFF with coordinate sets from MM/MD
simulation on the Gd(tpp)(acac) complex. For the bispor-
phyrin GdH(tpyp), various fits of the experimental data were
performed with theorethal amp“tlfldes and phases eXtrac'[edFigure 5. (a) Experimental EXAFS spectra and (b) Fourier transforms in
from XRD data of the bisporphyrin GdH(oep)(tpp). transmission mode at RT of the monoporphyrin Gd(tpyp)(acac) (solid line)
Sm(tpp)(acac) Complex.The experimental XAFS data  and bisporphyrins GdH(tpyp)dashed line) and GdH(tpp)dotted line).
of the Ln(tpp)(acac) compounds are globally similar, espe- oxygen atoms were kept equal to 3: two from the acac ligand
cially for k below 8 A™* and in the major peak (A) of the and one from the water molecule (considering the steric
FT. The model construction and adjustment encounters thehindrance of the pyridinic groups that precludes a second
same problems as for the Gd(tpp)(acac) complex. Application water molecule coordination). The adjustment interval varies
of analogous procedures yields similar results. For Sm(tpp)- from 2 to 11 A, with N,y = 10 Ak = 9 A and FT
(acac), the fitting procedure has confirmed an octacoordi- windows width AR = 1.5 A). The structural parameters
nation, with 4 nitrogen atoms at a mean distance of 2:48 determined are gathered in the Table S1, following the two
0.02 A and 4 oxygen atoms (2 from acac, 2 frogOM at modes of EXAFS spectra recording: TM (transmission
an average distance of 2.420.02 A (see Table S1). The mode) and FM (fluorescence mode) for which we observed
Gd—0 (2.39 A) distance is slightly shorter than the S@ a perfect accordance. For the first coordination sphere of
(2.42 A) distance in agreement with an increase in the ionic Gd(tpyp)(acac), an average 6N distance of 2.45 A has
radii. This trend is consistent with previous investigations been found, close to the Gd(tpp)(acac)'s one, but the
made on Gd and Sm bisporphyrifis. difference between the two complexes is more marked when
Gd(tpyp)(acac) Complex.The tetrapyridylporphyrin pos-  analyzing the second coordination sphere. For this step, we
sesses almost the same structure as the tetraphenylporphyrirgould not use the MS formalism because we did not perform
except that it has nitrogen atoms instead of carbopaira time-consuming MM/MD calculations on this complex. By
position of the benzymesesubstituents. applying FT differences, we could describe thepeak as
The EXAFS spectra and FTs of Gd(tpyp)(acac) and its @ contribution of the eight Cat 3.46 A, which is slightly
analogue Gd(tpp)(acac) show small differences, the first FT larger than for its analogue with tpp ligand (3.40 A). These
peak of Gd(tpyp)(acac) being of higher magnitude and the subtle differences between the two Gd monomers are
further peaks being slightly shifted toward higher distances correlated to the fact that for Gd(tpyp)(acac), the nitrogen
for Gd(tpyp)(acac). atoms of the pyridyl group can coordinate to the central metal
The fitting procedure was performed using theoretical atom of another porphyrin molecule, playing thus the role
amp"tudes and phases by FEFF with coordinate sets fromOf an axial Iigand, StablllZIng the reactive intermediate but
the Gd(tpp)(acac) MM/MD simulation. During this fitting ~modifying the structural environment of the Gd metal and
procedure, the coordination number for the nitrogen atoms resulting in a stretching of the macrocycfetiowever, an
was kept constant equal to 5 (considering the four nitrogen alternative explanation for this lengthening could be the
atoms of the pyrr0|es and one nitrogen atom be|0nging to aomission of an MS contribution as observed at 3.59 A for
close pyridyl ligand from a neighboring macrocycle, accord- the Gd(tpp)(acac) compound (Table 1).

ing to a previous study® The coordination number of GdH(tpyp)2 Complex. The EXAFS spectra and FTs of
Gd(tpyp)(acac), GdH(tpyp) and GdH(tpp) complexes are

(49) Davoras, E. M.; Coutsolelos, A. G. Inorg. Biochem2003 94, 161. presented in Figure 5. We have noticed on these figures
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important differences between the complexes confirmed by data cannot be obtained. The aim was to determine reliable
the fitting results (see Table S2). coordination numbers and interatomic distances, though the
The values found for the dimer GdH(tpypjorrespond very close nature of the scatterers constituting the shell and
to a Gd photoabsorber, surrounded by eight nitrogen atomsthe water molecules, strong agitation in the crystal, and high
at an average distance of 2.53 A. This result differs thermal motion have increased the difficulties in the fitting
significantly from the one obtained in our previous wrk  procedure. The influence of the acac ligand on the difficulty
with the GdH(tpp) complex, for which we had found an of fitting the system is acute because its EXAFS signal can
average distance of 2.45 A for six nitrogen atoms and two extend on no less than four scattering shells, thus increasing
other imine nitrogens with longer bonding effects resulting the dispersion of distances.
from their protonation at an average distance of 2.66 A. The By coupling EXAFS analysis to molecular modeling, we
influence of the protonation on the first shell around the Gd ¢an suggest the octacoordination core geometry of the
central atom of the GdH(tpypFomplex is not as strong as  |anthanide photoabsorber bonded, in the case of Gd(tpp)-
that for the GdH(tpp)complex, and here, the symmetry is  (acac), to four nitrogen atoms of the tpp porphyrin in a
preserved. This is probably the result of a strong delocal- tetradentate fashion to bidentate oxygen atoms of an acety-
ization of the proton on all the nitrogen atoms of the |5cetonato anion and to two water molecules. The detection
macrocycle even the ones belonging to the pyridyl ligands 1,y EXAFS spectroscopy of the second water molecule has
or in the protonation of one pyridyl instead of a pyrrole  yrgyen difficult because of a loose bonding with the metal.
nitrogen atom. No asymmetry of _dlStf'bUtlon of the distances Therefore, MM/MD modeling has been used as an additional
was observed for the first coordination sphere of the GdH- sgnsitive means to achieve the determination of the whole
(tpyp)- In addition, no longer bonding effect caused by the 5 gination geometry for the monomeric Gd complex,

protonation was observed, and so, the octacoordination isg,ggesting the existence of the two water molecules. Indeed,
preserved. the existence of the second water molecule is not only

The metat-carbon distances determined for the bispor- g 04r1ed by the trend of the single-scattering fitting residual
phyrins for the second coordination sphere are very close.but also by the conformation computed by unconstrained

For G;jH(tpyp), an average distance 6@, ﬁf 3.48 A Tas molecular dynamics. In turn, we are confident to this
been found and attributed to sixteeq f@m the two cycles, molecular dynamics model because it reproduces well the

very similar to that of its analogue GdH(tppith a distance  ,\fiered EXAFS spectrum, including MS paths and taking
of 3.46 A (see table S.2). There is also a slight difference in into account two water molecules.

the Gd-C, distances between the values observed for the For the derivati | EXAFS vsis sh d
two bisporphyrinates (mean value 3.87 A for tpyp and 3.78 . or the derivative compiexes, our analysis snowe
significant differences either in the change of the rare earth

A for tpp). The differences between the bisporphyrinates are central atom (Gd to Sm) or the porphyrinic ligand (tpp to

particularly acute for the first coordination sphere and ; For the Sm(t | . f th
obviously less pronounced for the second coordination Pyp)- or the .m( pp)(ac'ac). complex, an increase ot the
distances in the first coordination shell related to the increase

sphere. T .
The electrochemical behavior of these gadolinium(lll) of the ionic radius has been observed.

porphyrin sandwichlike complexes has already been inves- The results for the monoporphyrin Gd(tpyp)(acac) are in
tigated, showing that the tpyp double-decker oxidizes agreement with a chelating proximal nitrogen from a pyridy!
considerably harder but reduces quite easily compared to thedroup belonging to a second tetrapyridylporphyrin, associated
corresponding tpp double-deck8This reflects the fact that ~ With a mean distance for the,@arbon atoms larger than
thermodynamic basicities of porphyrins can be correlated to With its tpp analogue. With the bisporphyrin GdH(tpyp)
their structural parameters. Actually, the tpyp bisporphyrinate We have evidence that the electronic factors such as the
exhibits an extended conjugation, which causes delocal- degree of extended-conjugation are strongly correlated to
ization of the core electron density, thus decreasing the purely structural factors, shedding light on the thermody-
intrinsic basicity of the macrocycfé. The tpyp-complex namic basicity of porphyrin macrocycle and electrochemical
exhibits therefore more symmetrical distribution of distances properties. Therefore, the tpyp double decker has much more
by EXAFS analysis than its tpp analogue. Moreover the symmetric distribution of distances and is less sensitive to
longer coordination distance we found for tpyp compared protonation effects than its analogue with the tpp ligand, as
to tpp is in accordance with the tpyp lower basicity. We have €nhanced delocalization of the nitrogen lone pairs leads to a
evidenced here the correlation between purely structurallesser negative charge at the protonation site.

factors and electronic ones. EXAFS investigation on these porphyrinic systems has
underlined the interest of associating molecular modeling.
Conclusions The construction of 3D models helps to take into account

the multiple scattering paths and yields fit models very close
to the experimental observation. From a methodological point
of view, it appears worthwhile to continue the effort of
(50) Spyroulias, G. A.; De Montauzon, D.; Maisonat, A.; Poilblanc, R.; developing statistical tests that would help to compare the
Coutsolelos, A. GInorg. Chim. Actal998 275 182. models and distinguish between accurate models or random

(51) Finikova, O. S.; Cheprakov, A. V.; Carroll, P. J.; Dalosto, S.; .
Vinogradov, S. Alnorg. Chem2002 41, 6944. fluctuations.

This work has afforded the elucidation of the metal
binding Ln(tpp)(acac) complexes, when X-ray diffraction
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