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Microorganisms release organic macromolecules, such as siderophores, to obtain Fe(lll) from natural systems.
While the relative stabilities of Fe(IH)siderophore complexes are well-studied, the structural environments

of Fe(lll) and ligands in the complex are not well-understood. Using the X-ray absorption spectroscopy (XAS)
at the Fe- and N-K absorption edges, we characterized the nature of Fe(lll) interactions with a hydroxamate
siderophore, desferrioxamine B (desB), and its small structural analogue, acetohydroxamic acid (aHa), as a
function of pH (1.4-11.4). These experimental studies are complemented with DFT calculations. The Fe-
XAS studies suggest that Fe(ahl) the dominant species in aqueous solutions in the pH range oflR.8,
consistent with thermochemical information. However, the N-XAS and resonance Raman studies show that
the chemical state of the ligand in the Fe(agHaymplex changes significantly with pH, and these variations

are correlated with further deprotonation of the Fe(aldamplex. The N-XAS studies also indicate that the
overlap of Fe 3d orbitals with the molecular orbitals of the hydroxamate group is significant. The Fe- and
N-XAS studies of Fe(lll)-desB complexes indicated that Fe(de'sB) the dominant species between pH
values of 1.4 and 11.4, consistent with predicted stability constants. This information is useful in understanding
the role of iron in bacterial transport, siderosis treatment, and actinide sequestration at contaminated sites.
This is the first N-XAS study of aqueous metal ligand complexes, which demonstrates the applications of
soft-XAS in studying the electronic structure of metal complexes of organic macromolecules in aqueous
solutions.

Introduction

o)
H
The hydroxamate functional group (CONROH, R H, N’U\/\WN
OH o)
HN

(CHy)n) is an important ferric iron chelating moiety in microbial

siderophores: organic macromolecules secreted by bacteria in

iron-limiting environmentd3 The hydroxamate moieties in Q. PH

siderophores effectively compete with other organic molecules }NH N
(carboxylic acids, humic substances) for iron because of their © HO \ﬂ/
high binding constants (510 orders of magnitude higher than ©

others)*® The trihydroxamate siderophore, desferrioxamine B RSN
(desB), is one of the most common siderophores in s ( ) ]
concentration) and aqueous (nM concentration) systems and hasis -acetohydroxamic acid Desferrioxamine B
an Fe(lll) binding constant (log) of 32.6 in aqueous solutions o

(Figure 1)6-8 It forms a hexadentate complex with Fe(Ill), and i NH

the Fe(desB) species dominates in the pH range of 12 N

(Figure 2)7 Although the importance of Fesiderophore 5 Q N
complexes in the cellular transport of iron, treatment of siderosis, \\ /o\|/ Fﬁ (’T; (J) o
and sequestration of actinides from radioactive waste repositories /F"\o _~NH CFel /j‘\
has been established, the coordination environment and the 0 / HH /(‘3 ©
structures of metalsiderophore complexes in aqueous solutions N o o N

are not well-understootf:** A previous structural analysis of 7/ \/\/\
these complexes was limited to the isolated crystalline com- NH

pounds in the dry stafé.The identification of the structure and Fe(aHa), Ferrioxamine B

Spe.CIatlon of Fe(lll)_.SIderOphore complexes as a fu_nCtlon of Figure 1. Structrual representations of acetohydroxamic acid, desfer-
pH in aqueous solutions is necessary in understanding the rolejoxamine B, Fe(aHa) and Fe(desB)

of siderophores in the aforesaid processes.

Among different spectroscopic methods, vibrational spec-

:go”estpomﬂi”? gr‘:tho.r : tE-mPaiI: dfdwarqs@"‘.’teS'eya”CO”ege-Ed“- troscopy (infrared, Raman, and resonance Raman) is widely used
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* Department of Geosciences, Princeton University. to explore the structures of ligands, and X-ray absorption

8 Lawrence Berkeley National Laboratory. spectroscopy (XAS) is used to study the metal coordination in

10.1021/jp053349n CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/21/2005



10250 J. Phys. Chem. A, Vol. 109, No. 45, 2005 Edwards and Myneni

Fe(lll)/aHa speciation diagram

logC

logC

pH

Figure 2. Thermodynamic speciation diagrams for Fe(lll) aHa and desB in equilibrium with ferrihydrite. Fe{HB diagram calculated for
[Fe(ll)] = 17 mM and [aHaJ= 50 mM. Total iron ), Fe(aHad™ (»), Fe(aHa)™ (x), Fe(aHa (<), Fet (O), Fe(OHY" (+), Fe(OH¥" (---), and
Fe(OH)~ (O). Fe(lll)—desB speciation diagram calculated for [Fe(I)]25 mM and [desB}= 25 mM. Total iron (), Fe(HdesB)? (x), Fe-
(desBY (»), FE™ (O), Fe(OH)Y" (+), Fe(OH¥" (---), and Fe(OHy~ (O). Ferric hydroxide precipitates in alkaline solutions, and this corresponds
to the dip in total iron in the system.

agueous metalorganic complexe%13Our previous infrared and ~ However, vibrational spectral interpretation of-Federophore
resonance Raman spectroscopic studies of Fe(lll) desferriox-complexes is complicated by the presence of multiple functional
amine complexes in aqueous solutions showed that the vibra-groups in biomacromolecules with multiple absorbance bands.
tional modes of the reactive oxime groug£o, ¥n-o) in desB The element-specific soft-XAS (e.g., the C- and N-XAS)
changes significantly upon Fe(lll) complexation. These studies alleviates these problems and provides direct information on
also indicated more electron delocalization in the hydroxamate the electronic state of the ligand and its metal compfel€ In
(CONO) core of the Fe complex than in the uncomplexed form this investigation we show how soft-XAS, specifically the near-
of desB® A detailed understanding of electron delocalization edge X-ray absorption fine structure (NEXAFS) spectroscopy,
in the reactive moieties of these biomacromolecules is important at the nitrogen K-edge is used to study the functional group
for predicting the nature of siderophermetal interactions. chemistry of organic macromolecules and their metal complexes
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in aqueous solutions. The extended X-ray absorption fine photodiode (Hamamatsu Corporation). The N-NEXAFS spectra
structure (EXAFS) spectroscopy at the iron K-edge is also usedwere collected with a 0.2 eV step size in the pre- and postedge
to complement the structural information obtained from soft- regions and with a 0.05 eV step size close to the main absorption
XAS.17 edge. The spectra were normalized to the incident photon flux,
The spectroscopic studies of Fe(tH)lesB complexes are  lo, measured simultaneously in the vacuum part of the beamline.
complemented with the spectroscopic studies of acetohydrox- The sample spectruni{lo) was also normalized with a blank
amic acid (aHa; Figure 1), a small siderophore analogue thatwater spectrum to remove scattering contributions of water, and

contains the reactive hydroxamate functional gr&uphe absorption in the EXAFS region of the sample spectrum was
complexation constant of aHa with Fe(lll) is about 4 orders of setto 1. All spectra were calibrated using one of the transitions
magnitude smaller than the binding constant of FefitigsB of N2 gas (1s— z* transition at 401.1 eV§° The experimental
complex in aqueous solutions (Igyfor aHa= 28.8)18 The spectra were deconvoluted using the software PeakFit (Jandel

lower complexation ability of aHa when compared to desB is Scientific, CA). The pre- and postedge transitions were fit with

attributed to a lower electron delocalization in the hydroxamate Gaussian functions, while the edge feature was modeled with
binding pocket of aH&8 This study gives insight into the  an arctangent function during spectral deconvolution. In this
structures of Fe(lIl-hydroxamate siderophore complexes and study the intensity variations of pre-edge features were consid-
shows the applications of soft-XAS in studying metatganic ered since they can be obtained accurately from spectral

macromolecule complexes in aqueous solutions. deconvolution procedures. The intensities of spectral features
in the main edge region were difficult to estimate and to correlate
Experimental Details to chemical changes in the molecule because of the uncertainty

of arctangent energy.

The X-ray spectra of Fe(aHa)vere also computed using a
DFT code, StoB&! Energy optimized structures of Fe(akfa)
complex used for these calculations were generated using
Gaussian 92 at the DFT B3LYP/6-31G* level of theéfylhe

Samples.Desferrioxamine B, acetohydroxamic acid, iron-
(Il chloride (FeCk-6H,0), hydrochloric acid (HCI), and
sodium hydroxide (NaOH) were obtained from Sigma-Aldrich
and used without purification. The Fe(HpaHa solutions

m&pifg;%u;g ;(r? dsfztru:j elgcsmnc :rﬂgoszgnglsgomgoigg g? 20107 StoBé! calculations performed at the N-edge used the g_radient
mM aHa and 33 mM FeGi6H,0. The Fe(lll)-desB solutions corrected exchange functional by Be€keand correlation
were prepared by mixing equai amounts of 25 mM desB and _functional by Perdew* A detailed description of the calculation

FeClr6H;0. The sample pH was adjusted with 0.2 M HCl and is explained in a previous pap&To calibrate thg calculated
0.2 M NaOH, and the sample pH was measured using an OrionSpeCtra’ the absolute energy scale was shifted usiniioan—

525A pH meter and a probe. All samples were stored &t 4 Sham QKS) approach, which computes the energy difference

until used. Samples prepared at pH10 showed visible iron between the ground state and a one-electron core hole excited

A R .
oxide precipitates. The supernatants of these samples WereStatez' The ‘value of the ionization potential was_further

examined after the precipitates were removed by centrifugation. 'mpfo"ed by z;lddmg a relativistic correction of .0'3 ev at _the
All solutions were prepared using high-purity 18Mcm-t nitrogen edgé® The nature of molecular orbitals involved with

water (Milli-Q Plus, Millipore). different electronic transitions were evaluated using the program

26
Details of Spectroscopy StudiedN-NEXAFS Spectroscopy: Molden:

Nitrogen K-edge NEXAFS spectroscopy was performed on EXAFS Spectroscopfihe EXAFS spectra of Fe(laHa

beamline 8.0 at the Advanced Light Source (LBNL, Berkeley, @nd—desB complexes were collected for the Fe K absorption

CA), using the soft X-ray end station for environmental research €d9€ on beamline 4-3 at the Stanford Synchrotron Radiation

(SXEER). This chamber was optimized for soft-XAS studies !_ak_)oratory using a Si (220) double-crystal monochromator. The

of aqueous solutions under ambient conditions (1 afithe incident beam was detuned by 50% above the Fe K-edge to

atmospheric pressure was maintained inside the sample chambei€moVe higher order harmonics. The slits were set to 20

by placing a 0.1G:m silicon nitride window between the sample MM for the collection of the EXAFS spectra. Aqueous samples

chamber and upstream ultrahigh vacuum environment. The Were placed in 5 mm thick acrylic holders and contained using

aqueous samples were placed in a polypropylene straw and were<-raY clean Kapton tape. The sample holder was placed‘at 45

exposed directly to the X-ray beam through a small slit in the with respect to th(_e incident beam, and the fluorescence spectra

straw. The straw was placed at approximately 3 mm from the Were collected with a 13-element Ge-detector. Eaph samp!e

silicon nitride window and oriented at #8vith respect to the ~ SPectrum was an average of 10 scans and was calibrated with

incident beam. The sample chamber was filled with research the iron foil (first inflection point at 7112 eVy!

grade He (99.9995%) to improve X-ray transmission and to ~ The EXAFS spectral analysis was conducted with EXAFS-

minimize contamination by the atmospherig. M low-energy ~ PAK.?” The spectral background was subtracted using a first-

grating (380 lines/mm) was used for all N-NEXAFS spectro- order polynomial, while the postedge region was fit with a third-

scopic studies. The entrance and exit slits were set tarb0 order spline. The resultingk) and their Fourier transforms were

for aHa and 25:m for desB to minimize beam-induced sample fit with calculated phase and amplitude functions for the single

alterations. Sample decay was noticeable for Fe{l§sB (not ~ and multiple scattering paths of +© and Fe-C/N generated

for Fe(lll)—aHa) after one scan (i.e., after 5 min) with 50/50 using FEFFZ2 An energy-minimized Fe(aHagomplex model

um slits. When there was sample decay, the pre-edge intensitiesvas used to generate the theoretically derived phase and

increased with additional features in the pre-edge region. To amplitude functions. During the fitting of EXAFS data, the

alleviate this problem for Fe(ll}desB, the entrance and exit coordination number (CN), bond distand®),(Debye-Waller

slits were closed to 2am. factor (@?), and the phase shifAE,) were used as adjustable
Ten reproducible NEXAFS scans were collected and averagedfitting parameters. The amplitude reduction fac®f)f was set

for each sample. The samples were replenished after five scangt 0.9 for all the fits.

(about 25 min). The absorption spectra were recorded by Resonance Raman Spectroscoaman and resonance

detecting sample fluorescence (F) using a gallium arsenide Raman spectra were obtained using an excitation wavelength
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of 407 nm (Spectra Physics krypton laser) and a°2y&ck- of Fe(lll)—aHa and Fe(lll)-desB solutions were compared with
scattering sample geometry. The laser beam (power 20 mW)the spectra of acidic Fe(lll) solutions containing the [Fe-
was focused with a cylindrical lens onto a thin-walled glass (H2O)e]3t complex. Close examination of the absorption edges
capillary tube containing samples, and the scattered light wasof these solutions indicate that the energies of white lines are
collected and focused onto a single spectrograph (Chromex)similar for all these solutions, which indicates that a majority
equipped with a charge-coupled device (CCD; Princeton Instru- of Fe in aHa and desB complexes is in the ferric form. However,
ments). All samples were scanned 20 times (each 30 s) andthe EXAFS spectra of aqueous solutions of Fe(lll) in the
averaged. Raman bands NN -dimethylformamide at 1662,  presence and absence of the organic ligands are dissimilar. The
1439.7, 1406.6, and 1092.4 cihwere used to calibrate all EXAFS spectra of Fe(lll-aHa and Fe(lI}»-desB show asym-
samples. The Raman spectrum of water was used to subtracinetry in their oscillations when compared to that of aqueous

water contributions from the sample. solutions containing [Fe@#D)e] 3", indicating that scattering from
nearby atoms is different in these samples (Figures 3 and 4).
Results and Discussion However, the EXAFS spectra of Fe(HaHa and Fe(lIl}-desB

In aqueous solutions, the solubility of Fe(lll) is extremely solutions are similar in acidic and alkaline solutions.
low close to neutral pH and the Fe(lll) concentration increases ~ The Fourier transforms of the EXAFS spectra of solutions
in acidic and alkaline solutions (Figure 2). The concentration Containing [Fe(HO)s]*" exhibit a strong peak at 1.5 A (uncor-
of Fe(lll) close to neutral pH is approximately #0and 1015 rected for phase) without any other prominent features (Figure
M in the presence of amorphous (ferrihydrite) and crystalline 3)- The spectral fits of these EXAFS spectra with the theoreti-

(goethite) Fe(llly-oxyhydroxides, respectively. However, Fe- cally derived phase and amplitude functions il_wdic_ate that the
(Il) solubility is significantly enhanced in the presence of Fe—O bond distance is 2.01 A and the coordination number

Siderophores because of their h|gh aff|n|ty for Fe(?ﬂ) with O is estimated to be close to 6. In contrast, the Fourier

The complexation constants of aHa indicate that Fe(lll) reacts transforms of Fe(lll)-aHa solutions exhibit two distinct shells
with aHa and forms Fe(aHa)(n = number of ligands at 1.5 and 2.2 A (not corrected for phase). The first shell fits of

coordinated to Fe(lll)), with#” varying between 0 and 3 based ~ the Fe(lll)-aHa complex and [Fe(#@®)e]** complex are similar
on the solution pH. Each hydroxamate group forms a five- (Table 1). Tr_\e small sgcond shell feature is fit with scattering
membered ring with Fe(lll) (Figures 1 and 2). Thermodynamic from approximately 6 lighter atoms, such as C, N, or O, at a
speciation of Fe(lll-aHa solutions (concentration of Fe(lll) ~ distance of 2.84 A. The Debyenaller parameter is also small
= 17 mM and aHa= 50 mM) in equilibrium with solid for t_)oth the first and second sheI_I fits, which suggests that Fe-
ferrihydrite is shown in Figure 2a. The complexation constants (1) is nearly octahedral and the distances to second shell atoms
indicate that Fe(aHacomplex dominates in the pH range of ~do not vary significantly (Table 1). Based on the second shell
3-9.5, with Fe(aH&)" and Fe(aHa) in acid solutions and solid ~ fitS, the complex is identified as Fe(aHajn the case of Fe-
ferrihydrite in alkaline solutions. This speciation diagram differs (Ill) —aHa solutions, the sample pH did not modify their Fe-
from a previous study, which used different initial aHa and Fe- EXAFS spectra, which indicates that the coordination environ-
(Il concentrations ([aHa]/[Fe(lll)l 10) and did not consider ~ ment of the Fe(lllj-aHa complex does not change in the pH
a solid iron specie% Equilibrium speciation with amorphous ~ range of 2.8-10.1. Although accurate determination of coor-
Fe(lll)—oxide is a better representation of the solution speciation dination number for weak backscatterers is poor with the
because of its ubiquitous presence in the near neutral pH rangeEXAFS spectral analysis, the Fourier transform magnitude for
Desferrioxamine B forms a hexadentate complex with Fe(lll) the second shell did not change as the sample pH was changed.
with the formation of 3 five-membered rings within the The predicted bond distances and the coordination number from
hydroxamate group (Figure 1). Speciation calculations conductedthe EXAFS spectral analysis are also similar to those measured
for the solution conditions examined in this study (concentration for the crystalline Fe(aHausing X-ray diffraction’
of desB and Fe(lll)= 25 mM) indicate that the Fe(desB) The EXAFS spectra and their Fourier transforms of Feflll)
complex is dominant in the pH range of-12 (Figure 2). desB and Fe(lll-aHa complexes are similar (Figure 4a,b). The

The XAS studies of Fe(lI-aHa and Fe(ll)-desB solutions ~ Fourier transforms Fe(llfydesB complexes showed three
were conducted at the Fe- and N-edges. The XAS studies atdistinct shells at 1.5, 2.2, and 3.5 A (uncorrected for phase).
the Fe-edge focused on the EXAFS spectral features, which The coordination number and the bond distance estimates are
provided information on the structures of -Fsiderophore ~ ~6 O atoms at 2.01 A for the first shell ands C/N/O atoms
complexes and the changes in the coordination environment ofat 2.84 A for the second shell, respectively (Table 1). However,
Fe(lll), whereas the N-NEXAFS provided clues on the structural theo?for the second shell is smaller for the Fe(#jesB com-
changes of the ligand. During the preparation of the alkaline plex when compared to that of the Fe(tHaHa complex, which
Fe(llll—aHa and—desB complexes, a significant concentration suggests that the Fe(l#)desB complex is more rigid with small
of Fe(lll) precipitated out (probably as amorphous iron hydrox- Vvariations in the second shell atom distances. Although the third
ide or as ferrihydrite) of solution. However, these solutions shell could be fit with close to 13 C/N/O atoms at 4.06 A, it is
exhibited brick red color after centrifugation and removal of difficult to estimate the coordination number of light atoms this
the precipitate. This solution color is indicative of the presence far from the absorber. It should also be noted thatdhéor
of Fe(ll)—ligand complexes in aqueous solutions when com- this shell is high. Fits with multiple scattering paths for this
pared to the yellowish color of free aqueous Fe(lll). These shell were also poor. The parameters derived from EXAFS
supernatant samples were used for XAS analysis of alkaline spectral analysis are also consistent with the previously deter-
solutions. A summary of XAS studies indicated that the coordin- mined X-ray diffraction analysis of crystalline ferrioxaminéB.
ation environment around Fe(ll1) did not vary for both aHa and The EXAFS spectra of Fe(If)desB solutions are also invariant
desB (from Fe-EXAFS), while the electronic state of the aHa with the sample pH (1411.4), which suggests that Fe(H)
changed significantly (from N-NEXAFS) as a function of pH. desB complex is stable in the examined pH range.

Fe-EXAFS SpectroscopyTo identify the oxidation state and The Fe-EXAFS spectroscopy results are not entirely consis-
the coordination environment of Fe, the X-ray absorption spectra tent with thermodynamic speciation discussed above (Figure
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Figure 3. Fe-EXAFS -weighted) and their Fourier transforms of Fe(HgHa solutions at pH= 2.8 (a) and pH 10.1 (b). The EXAFS spectrum
of 0.1 M FeC} is shown in (c).
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Figure 4. Fe-EXAFS E-weighted) and their Fourier transforms of Fe(tJesB solutions at pH1.4 (a) and pH 11.4 (b). The EXAFS spectrum
of 0.1 M FeC} is shown in (c).

2). Although it is difficult to distinguish Fe(aHaand Fe(aHa) (especially for coordination number). This is not observed in
complexes in acid solutions using Fe-EXAFS alone, the spectral our experimental EXAFS spectral analysis. In the case of desB,
fits do not indicate any variations in the coordination environ- the total dissolved iron does not correlate with the Fedll)
ment of the second shell. In acid solution, multipléFeaHa desB speciation diagram at high pH values. According to the
complexes and uncomplexed3eare expected from thermo-  diagram, all of the iron in the system is in the dissolved state
dynamic speciation and this should result in changes in theuntil a pH of 12. However, we found visible solid iron
second shell parameters in the EXAFS spectral analysis precipitate in high pH Fe(lIb-(desB) solutions. These results
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TABLE 1: Structural Parameters Derived from EXAFS Spectral Analysis?

Fe—0 shell Fe-CIN Fe—-C shell

sample CN R(A) o2 (A) CN R(A) 0?2 (A) CN R(A) o2 (A) AE, (eV)
0.1 M FeC} 6.6 2.04 0.007 —-1.2
Fe(lll)—aHa 6.1 2.02 0.008 6 2.82 0.01 —5.2
pH=2.8
Fe(lll)—aHa 6.1 2.01 0.008 5.4 2.85 0.008 —4.8
pH=10.1
Fe(lll)—desB 6.3 2.01 0.007 54 2.84 0.004 12.6 15.5 —5.8
pH=1.4
Fe(lll)—desB 6.9 2.01 0.006 6.2 2.84 0.004 4.06 4.06 —5.8
pH=11.4
Fe(aHay’ 6 2.01 0.0013 6 2.831 0.0014
Fe(desB) ¢ 6 2.01 0.0009 6 2.84 0.0017

a CN = coordination number#17 %),R = interatomic distance0.01 A),62 = Debye-Waller factor.? Data taken from X-ray crystal structure
of Fe(aHay, Failes and HambleyAust. J. Chem200Q 53, 879.¢ Data taken from X-ray crystal structure of Fe(desEPhungana et all. Biol.
Inorg. Chem.2001, 6, 810.

TABLE 2: Experimental N-NEXAFS Spectral Transitions of
aHa, desB, Fe(lll)-aHa, and Fe(lll) —desB
aHa Fe(llly-aHa
Fe(llD-alla energy (eV) intensity energy (eV) intensity
H =10.1
’ - pH=1.6 402.5 1 pH= 2.8 402.4 1
403.5 0.7 404 0.2
413.4 1 411 0.3
_ pH=8.6 401.1 01 pH=6.0 399.8 0.7
E] Fe (1Il)-aHa 402.5 1.2 400.9 0.2
& PH=60 of O 403.6 0.6 402.3 1.3
2 ' 4135 1.2 403.4 0.3
':>; © pH=11.0 400.9 0.3 pH-10.1 413.5 1
8 402.2 15 399.5 0.1
g | Fe(DaHa 4134 1.2 400.9 0.6
g | M 402.3 1.1
_g 404.2 0.1
w @ 412.1 0.6
desB Fe(lll}-desB
PRI energy (eV) intensity energy (eV) intensity
© pH=4.9 401.2 0.4 pH=1.4 401.3 0.3
402.6 0.6 402.5 0.5
403.3 0.2 413.1 1
pH=16 pH=8.2 401.2 0.4 pH=4.3 401.3 0.3
- R . , 402.5 0.5 402.5 0.4
395 400 405 410 415 420 425 403.2 0.1 413.9 13
pH=10.3 401.2 0.3 pH-11.4 401.3 0.3
Energy (eV) 402.3 0.6 4025 0.5
Figure 5. N-NEXAFS spectra of aHa and its Fe(lll) complexes. The 406 0.3 414.5 11

spectra “a*“c” correspond to the Fe(llfyaHa solutions at pH 10.1,
6.0, and 2,8, respectively. The spectra “d” and “e” correspond to aHa

at a pH of 11.0 and 1.6, respectively. Vertical solid lines for “b” are . . .
the normalized intensities for different electronic transitions calculated 1Zation in the hydroxamate core (CONO) to accommodate excess

using Fe(aHa)model. The inset highlights the pre-edge features in negative charge from deprotonation. Téey—o transition at
spectrum “b”. 403.5 eV disappears after deprotonation, although calculations

indicate that it becomes weak and shifts to high energ§04
indicate that the complexation constants may not accuratelyeV). All aHa sample spectra also exhibit a broady-c
represent the stabilities of different complexes at low and high transition at~413 eV, which is invariant with aHa protonation
pH values. and Fe(lll) complexation (Figure 5).

N-NEXAFS Spectroscopy. The hydroxamate functional The N-NEXAFS spectra for the Fe(IhjaHa complex as a
group is common for both aHa and desB, and its correspondingfunction of pH are shown in Figure 5 and the peak energies are
7*c=oyno transitions are expected to be similar in both givenin Table 2. The calculated Fe(aklagnsitions are shown
molecules as a function of pH and Fe(lll) complexation. in Figure 5b and Table 3. At low pH, the iron complex exhibits
Desferrioxamine B also exhibits additional features that cor- an intense transition at 402.4 eV, consistent withvthg—ojno
respond to the amide and amine, which are absent in aHa. transition at 402.5 eV in the calculated model (Figure 5). At

The N K-edge NEXAFS spectrum of aHa exhibits a distinct higher pH values, ther* c—ojno transition shifts to 402.3 eV
7* c=o)no transition at 402.5 £0.1 eV) eV and ac*n-o (Figure 5a,b), which is similar to the deprotonated aHa (Figure
transition at 403.5 eV in acidic solutions (Figure 5, Table 2). 5d)1° This decrease in energy as a function of pH may be
Upon deprotonation of the oxime (NDH) group, the peak  ascribed to more electron delocalization in the hydroxamate
corresponding to the ks * c—ojno shifts to lower energy by group and an increase in complex strength. The transition around
0.3 eV. This shift is caused by the increased electron delocal- 404.0 eV is constant for all pH values and is attributed to a

a Peak locations were determined using the program PeakFit.
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TABLE 3: Calculated Transitons and Orbital Structures at
the N K-Edge for Fe(aHa)

osl®
0.00024

osl?
0.0046

energy (eV)
400.8

energy (eV)
403.6

*
T (C=0ND

a osl = oscillator strength.

combination of 6*n-nH, 0*n-0, and o*c—ojnon transitions
(Figure 5b, Table 3).

The Fe(lll)-aHa spectra also exhibit pre-edge transitions
corresponding to the interactions of Fe 3d orbitals with the
molecular orbitals of aHa (Figure 5&; Table 3). The pre-edge
appears as a weak feature~at00 eV in acid solutions, and as

J. Phys. Chem. A, Vol. 109, No. 45, 20080255

Te(II)-desB
pH=114

Fe(lll)-desB
pH=43

Fe(Ill)-desB
H = 1.4

@

Fluorescence yield (a.u.)

pH=103

pH=43

405 410 415 420

Energy (eV)
Figure 6. N-NEXAFS spectra of desB and its Fe(lll) complexes. The

” o«

spectra “a>“c” correspond to the Fe(llFydesB solutions at pH 11.4,
4.3, and 1.4, respectively. The spectra “d” and “e” correspond to desB
at a pH of 10.3 and 4.3, respectively.

When compared to aHa, desB has additional spectral features
at 401.2 eV and-406 eV that correspond to the amid®&c—
o)nH and amines* y—y transitions, respectively (Figure 6). These
features did not change with pH because they are not involved
in deprotonation. In addition, all the spectral features of aHa at
402.5 (lS—’ -77:*(C=O)NO)1 403.5 (lS—’ U*Nfo), and 413 eV (15
— o*n-c) are also prominent in the N-NEXAFS spectrum of
desB, and the first two transitions exhibit changes with variations
in solution pH. The spectral features of Fe-complexed desB and
anionic desB are also similar. The pre-edge doublet appeared
in the case of Fe(ll-aHa solutions are absent or very weak in
the case of Fe(ll-desB solutions. This may have been due to
the presence of a strong amia®c—oynn band at 401.2 eV,
which overlaps with the low-energy pre-edge features.

395 400 425

two discrete peaks at 399.8 and 400.9 eV in neutral and alkaline Resonance Raman Spectroscop%he resonance Raman

solutions. These transitions are assigned to the N~1=e 3d

spectra for the Fe(llFyaHa complexes in the pH range of 8.5

orbitals, and the doublet at 399.8 and 400.9 eV corresponds t013 are shown in Figure 7. The prominent peaks of the Feflll)

the transitions into g and de- orbitals, respectively (Table
3). In highly alkaline solutions the peak intensity at 400.9 eV

aHa complex at near neutral pH are the resonance-enhanced
amide | band (a combination afc—o stretching andvc-n

increases (Figure 5a), and the calculations indicate that this isstretching frequencies) at 1612 cthand thevy_o stretching

due to ar* c—oyno transition from N-deprotonation of Fe(IH)
aHa complexX?® The major difference between thigf (c=oyo

frequency at 997 crt. There is also a weak feature from the
amide Il band (a combination ofc—y stretching anddn-n

transition and the one from O-deprotonation is that more charge bending modes) at 1540 crh As the sample pH increases, the

is localized on the €N bond in the N-anion than the O-aniéh.

intensities of the amide | and amide Il bands decrease and a

The nonresolved features around 399 eV in the pre-edge regiomew peak appears at 1570 thmBecause these are resonance

indicate that the complex is still intact in alkaline solutions,
but may be in a different form than the Fe(HHaHa complexes

Raman spectra, the new feature is likely due to a new Fe(lll)
aHa complex forming in solution at high pH values. One

at lower pH values (Table 2). The presence of these complexespossibility is an Fe(llly-hydroxamido complex (deprotonated
in alkaline solutions is also supported by the EXAFS spectral N atom in the hydroxamate core), which is consistent with the

data.

The structure(s) of Fe(lltyaHa complex at high pH values,
however, is not fully resolved. The* c—oyno transition at 402.3
eV indicates the presence of the N-protonated Fe(atteplex,

decrease in the amide | band and the decrease in intensity of
the vy—o stretching frequency with increasing pH (calculated
N-deprotonated models of the hydroxamate indicatevthe
frequency decreases and shifts to lower enerdigsjrared

while the transition at 400.9 eV assumes the presence of anspectra in the same pH range (data not shown) do not have the

N-deprotonated complex. Because tigc—o)no transition is
due to contributions from the whole CONO core, it is unlikely

appearance of a new peak in the amide | region; rather, the IR
spectrum resembles the aHa anion in aqueous solithis

that both transitions are from the same aHa ligand. This implies implies that the new complex has a symmetry-forbidden
that there is a mixed (both N protonated and deprotonated) irontransition in IR or is below the detection limits of the IR

complex or a mixture of exclusively N-protonated and N-
deprotonated Fe(llfyaHa complexes.

spectrometer. At a pH of 12.3, the amide | band at 1570cm
is dominant and then—o stretching frequency is almost absent,
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ligand aqueous complexes using soft-XAS in native sample
aHaw/o Fe (Raman) . L .
E;‘LS./\,_‘JU\,_MW conditions. This important development can lead to studies that
. evaluate other natural metabrganic complexes under pristine
. conditions with XAS. Theoretical calculations can also assist
w12z A\ the experimental measurements in the accurate description of
the electronic states of the metdigand complexes.
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