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Synthesis and Structure of an Iron(lll) 
Sulf ide-Ferri tin Bioinorgan ic Nanocomposi te 
Trevor Douglas,* Dominic P. E. Dickson, Steven Betteridge, 

John Charnock, C. David Garner, Stephen Mann? 

Amorphous iron sulfide minerals containing either 500 or 3000 iron atoms in each cluster 
have been synthesized in situ within the nanodimensional cavity of horse spleen ferritin. 
Iron-57 Mossbauer spectroscopy indicated that most of the iron atoms in the 3000-iron 
atom cores are trivalent, whereas in the 500-iron atom clusters, approximately 50 percent 
of the iron atoms are Fe(lll), with the remaining atoms having an effective oxidation state 
of about +2.5. Iron K-edge extended x-ray absorption fine structure data for the 500-iron 
atom nanocomposite are consistent with a disordered array of edge-shared FeS, tetra- 
hedra, connected by Fe(S),Fe bridges with bond lengths similar to those of the cubane- 
type motif of iron-sulfur clusters. The approach used here for the controlled synthesis of 
bioinorganic nanocomposites could be useful for the nanoscale engineering of dispersed 
materials with biocompatible and bioactive properties. 

T h e  nanoscale synthesis of inorganic par- 
ticles is currently of great interest in mate- 
rials chemistry (1 ). One possible route to 
the preparation of such materials involves 
the use of preorganized biomolecular archi- 
tectures as chemically and spatially con- 
fined environments for the construction of 
inorganic clusters and nanoparticles (2) .  
The 8-nm polypeptide cage of the Fe stor- 
age protein ferritin has been used to prepare 
nanocomposites containing pure phases of 
magnetite [Fe,O, (magnetoferritin)] (3), 
amorphous uranium oxide (4), and amor- 
phous MnOOH (4, 5). An advantage of 
this biomimetic approach is that the inor- 
ganic nanoscale materials can be rendered 
biocompatible by virtue of thelr intimate 
association with the surrounding polypep- 
tide assembly. Thus, if appropriate synthetic 
routes could be developed, bioinorganic 
nanoparticles might be useful as biological 
sensors and markers, drug carriers, and di- 

T Douglas and S Mann, School of Chemstry, Unversty 
of Bath, Bath BA2 7AY, UK. 
D. P. E D~ckson and S Betteridge, Department of Phys- 
cs,  Un~versity of L~verpool. Liverpool L69 3BX, UK. 
J Charnock, Daresbury Laboratory, Warrington, Cheshire 
WA4 4AD, UK. 
C. D. Garner, Department of Chemistry, University of 
Manchester, Manchester M I  3 9PL, UK. 

*Present address: Department of B~ological and Physcal 
Sciences, Montana State University, Bilngs, MT 58101, 
USA. 
tTo whom correspondence should be addressed. 

agnostic and bioactive agents. For example, 
magnetoferritin shows potential as a con- 
trast agent for magnetic resonance imaging 
of tissue ( 6 )  and uranium oxide-loaded fer- , , 

ritin could have use in neutron-capture 
therapy (7). 

The synthesis of metal sulfides within 
ferritin could be a feasible route to the con- 
trolled construction of semiconductor and 
nonstoichiometric particles with technolog- 
ical, and perhaps biological, importance. 
The transformation of the hydrated iron(II1) 
oxide [ferrihydrite (Fe00H.nH20)] core of 
native ferrit~n to an iron sulfide has been 
investigated under alkaline (pH 8.9) reac- 
tion conditions (4, 8). Electron diffraction 
(4) and 57Fe Miissbauer spectroscopy (8) in- 
dicated that the product consisted of a thin 
surface coating of amorphous iron(I1) sulflde 
on an essentially unmod~fied crystalline fer- 
rihydrite core. 

In this revort. we describe a method for 
the in situ sinthesis of iron sulfides in fer- 
ritin that results in the corn~lete transfor- 
mation of native or reconstituted iron oxide 
cores. An approach involving dernetalla- 
tion. reconstitution. and chemical reaction 
allows control over the particle size. The 
reaction product is a highly unusual amor- 
phous sulfide consisting predominantly of 
trivalent Fe; insight into the local structure 
has been gained by extended x-ray absorp- 
tion fine structure (EXAFS) analysis, a 
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technique that has been used successfully to 
probe the local environments of metals in 
ferritin (9). 

Addition of aaueous sodium sulfide un- 
der an Ar atmospkere to acidic (pH = 5.4) 
solutions of native horse spleen ferritin 
(3000 Fe atoms per molecule) resulted in a 
distinct color change from yellow-brown to 
dark green ( 10). Ultraviolet-visible spectra 
showed the formation of a new material 
that exhibited absorption maxima at 426 
and 338 nm (Fig. 1). These spectra are 
similar to the visible absorption spectra of 
cluster compounds such as [Fe4S4(SR),I2- 
and [Fe2S2(SR)4]2- (R, alkyl) (1 I). The 
reaction was rapid and reached steady state 
after approximately 40 min. At this stage 
the reaction solution was homoeeneous. but - 
after roughly 48 hours, in the presence of 
excess sulfide, some precipitation was evi- 
dent. Removal of the excess sulfide by di- 
alysis against deaerated acetate buffer (pH 
5.4) markedly increased the stability of the 
nanocomposite in the absence of air. Trans- 
mission electron microscopy (TEM) of the 
transformed native ferritin (1 2) showed dis- 
crete electron-dense cores -6.5 nm in di- 
ameter (Fig. 2), similar in size to the unre- 
acted ferritin biomineral. The sulfided cores 
exhibited no discernible electron diffraction 
reflections, whereas the unreacted ferritin 
cores showed six lines corresponding to the 
mineral ferrihydrite. Energy-dispersive x-ray 
analysis (EDXA) showed that the amor- 
phous ferritin cores contained Fe and S. 

Reaction of a solution of reconstituted 
ferritin containing ferrihydrite cores of 
-500 Fe atoms per molecule (13) with an 
acidic sulfide solution also resulted in the 
formation of a homogeneous deep green sol. 
TEM images showed that the reaction prod- 
uct consisted of discrete irregular particles of 
<2 nm that showed no evidence of crvstal- 
linity by electron diffraction and, according 
to EDXA, contained both Fe and S. The 
EXAFS analysis of the sulfided sample (14) 
showed that the Fe atoms were coordinated 
to four S atoms at 2.22 A, with no evidence 
for 0 or other light atoms in the first coor- 
dination shell (Fig. 3A). The Fourier trans- 
form of the EXAFS spectrum (Fig. 3B) 
showed a distinct second peak that was best 
fitted with a shell of one Fe atom at 2.75 A, 
with some contributio; from several light 
atoms ( 0  or N) at 3.07 A. These light atoms 
may have been derived from water or pro- 
tein atoms surrounding the core. The Fe-S 
and Fe-Fe distances are comparable to the 
edge-shared FeS, tetrahedra of cubane-type 
clusters such as [Fe4S4(SPh),I2- (Ph, phe- 
nyl) (1 5). However, the occupation number 
of the Fe coordination shell is significantly 
lower than values typically required to in- 
terpret the Fe K-edge EXAFS of discrete 
[Fe4S4(SR),I2- clusters, suggesting that the 
500-Fe atom sulfided cores are best de- 
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Fig. 1. Ultraviolet-visible spectra showing the in 
slu subidation of native ferritin iron oxide cores. 
The unreacted ferrihydrite cores show no absor- 
bance in the range 300 to 800 nm. Spectra were 
recorded at intervals of approximately 7 min with a 
protein concentration of 1 0-6 M. 

J . ,  , , . . . , . . I  
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Fig. 2. TEM micrograph showing discrete iron 
sulfide-ferritin nanocomposites containing ap- 
proximately 3000 Fe atoms per protein molecule. 
Scale bar = 40 nm. 

scribed as a disordered array of edge-shared 
FeS4 units. 

Whereas x-ray absorption near-edge 
structure (XANES) is commonly used for 
determining metal oxidation states in oxides 
and other compounds containing "hard li- 
gands," there is no such clear correlation 
with iron sulfides (16). Thus, although the 
XANES profile observed for the K-edge of 
the sulfided ferritin sam~le was consistent 
with Fe in an environment of S atoms, no 
unequivocal determination of the formal ox- 
idation state could be obtained by this meth- 
od. Therefore, we used 57Fe Mossbauer spec- 
troscopy to determine the oxidation state 
and magnetic properties of the iron sulfide 
nanocomposites. Spectra obtained at 77 K of 
the sulfided native ferritin containing 3000 
Fe atoms per molecule showed a single quad- 
ruple split doublet with a narrow linewidth 
(0.27 mm s-') (Fig. 4A) (1 7). The isomer 
shift values and quadrupole splitting param- 
eters were 0.28 and 0.38 mm s-', respective- 
ly. These data indicate the presence of an Fe 

Fig. 3. Iron K-edge EXAFS (A) of sulfided recon- 
stituted ferritin containing 500 Fe atoms per mol- 
ecule (-) and a simulation (----) [backscattering 
from4S, 1 Fe, and4Oat2.22,2.75, and3.07A, 
respectively, with associated Debye-Waller pa- 
rameters (213) of 0.010, 0.004, and 0.039 &I, 
together with (6) their Fourier transforms. In (A), x 
is the k3-weighted EXAFS amplitude, where k is 
the photoelectron wave vector. The uncertainty in 
the occupation number of the S shell is estimated 
as 2 1, and the occupation number of the Fe shell 
is considered to be in the range of 0.5 to 2.0. 

s~ecies sienificantlv different from unreacted 
iative f k t i n ,  fo; which the ferrihydrite 
cores give isomer shift and quadrupole split- 
ting values at this temperature of about 0.5 
and 0.7 mm s-', respectively (1 8). 

The 77 K smctrum of the sulfided ferritin 
loaded to 500 Fe atoms per molecule was 
more complex, showing two overlapping 
quadrupole-split peaks (Fig. 4B). One of 
these was a relatively narrow doublet (line- 
width = 0.39 mm s-') with isomer shift 
and quadrupole splitting values of 0.34 and 
0.61 mm s-', respectively; the other was a 
more broadened doublet (linewidth = 0.52 
mm s-') with isomer shift and quadruple 
splitting values of 0.48 and 1.26 mm s-', 
respectively. Spectra recorded at 4.2 K 
showed clear evidence of magnetic ordering 
(with a mean magnetic hyperfine field of 
about 26 T) in the 500-Fe atom sulfide 
cores, whereas the sulfided native ferritin 
(3000 Fe atoms Der molecule) showed onlv 
an indication of the onset of magnetic order: 
ing (Fig. 5, A and B). These data, like those 
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obtained at 77 K,  are very different from the 
Daralneters determined for unreacted native 
ferritin; the 4.2 K spectriun for ferritin shows 
a well-resolved sextet with a magnetic hy- 
perfine field of 49 T. 

The isomer shifts of the sulfided samples 
of native and reconstituted ferritins are too 
low to correspond to tetrahedral Fe(I1) but 
fall within the established range for high- 
spin Fe(II1) in tetrahedral sites (19). Thus, 
both nanocornposites can be classified as 
predominantly amorphous ferric sulfides, al- 
though the smaller clusters appear to be 
more structurally and magnetically ordered. 
The higher values of the quadrupole splitting 
parameters of the sulfided ferritin containing 
500 Fe atoms as compared with those that 
contain 3000 Fe atoms ner molecule could 
originate from their larger surface-to-volume 
ratio, which increases the average asvmmetrv 
of the environment around each F; cente;. 
Furthermore, the smaller cores contain an 
additional component (approximately 50%) 
with a higher quadrupole splitting and iso- 
mer shift (0.48 mm s-') that can be assigned 
to a tetrahedral Fe center with an effective 
mean charge of approximately f2.5, suggest- 
ing that there is significant mixed-valence 
character in the 500-Fe atorn clusters (19, 
20). The nonintegral valency suggests that 
there is facile delocalization of snin elec- 
trons, possibly by superexchange charge 
transfer through the Fe(S),Fe bridges indi- 
cated bv the EXAFS data. Similar Mossbauer 
data hive been observed for partially re- 
duced states of Fe-S  rotei ins, which also 
have metallocenters based on edge-shared 
FeS4 tetrahedra (21), and we speculate that 
this similarity in the local structure and ox- 
idation state might indicate that the 500-Fe 
atom ferritin nanocomvosite could be uti- 
lized in biornolecular reactions involving 
electron transfer. 

The results presented in this report indi- 
cate that the reaction of acidic (pH 5.4) 
sulfide solutions with ferritin results in the in 
situ nanoscale synthesis of protein-encapsiu- 
lated iron sulfides. In~aging of the sulfide 
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Fig. 4. 57Fe Mossbauer spectra at 77 K of (A) 
sulfided native ferritin (3000 Fe atoms per mole- 
cule) and (B) sulfided reconstituted ferritin (500 Fe 
atoms per molecule). 

cores by electron microscopy suggests negli- 
gible loss of Fe from the protein cavity during 
reaction, and electron diffraction, EXAFS 
analysis, and "Fe Mossbauer spectroscopy 
indicate that the transformation of the na- 
tive oxide is essentially complete. Synthesis 
of Fe(II1) sulfide at the nanometer scale is 
surprising because most iron sulfides are 
thought to consist of Fe(I1) ions, except for a 
mixed-oxidation state mineral, greigite 
(Fe,S4) (22). However, there are a few re- 
ports of an amorphous Fe(II1) sulfide, 
"Fe,S ," (23). The Mossbauer spectrum of 
this material at 77 K shows two quadrupole 
components with isomer shift values very 
similar to the two components observed in 
the spectrum of the 500-Fe atorn sulfide 
cores (Fig. 4B), but the quadrupole splitting 
parameters are very different (24). 

The key factor determining the extent of 
reaction in our experiments was the optimi- 
zation of the rates of reductive dissolution of 
the ferrihvdrite core (low vH) and iron sulfide , & ,  

precipitation (high concentration of S 2 ) .  In 
general, reaction of iron oxides with sulfide 
proceeds by means of a sequence of steps 
involving the rapid surface adsorption of sul- 
fide, formation of a surface-bound ferric sul- 
fide, electron transfer, and dissoliution of 
Fe(I1) (25). At high pH, this pathway is lirn- 
ited bv the low solubilitv of iron sulfides and 
iron hydroxides; howeve'r, it can readily take 
place under acidic conditions. It appears that 
negligible reduction of the ferrihydrite core of 
ferritin occurs under our reaction conditions 
and that the transformation is pro~noted sim- 
ply by solubility differences established by the 
large excess of sulfide ligands compared with 
the OH- concentration. This pathway seems 
not to be influenced by the reaction environ- 
ment of the protein cavity [similar chemical 
procedures in bulk sol~ution in the absence of 
ferritin also result in the formation of Fe(1II) 
sulfide (26)l. 

Inorganic colloids or sols are used in im- 
munochemistry (ALL) (27),  ulcer treatment 
(BiO citrate) (28), photon emission tomog- 
raphy ("Ga and ""'TcS,) (29), and magnet- 
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Fig. 5. 57Fe Mossbauer spectra at 4.2 K of (A) 
sulfided native ferritin (3000 Fe atoms per mole- 
cule) and (B) sulfded reconstituted ferritin (500 Fe 
atoms per molecule). 

ic resonance imaging (Fe,04) (30). The 
ability to synthesize nanomaterials within 
ferritin might provide both the biocompat- 
ibility and biosignaling often demanded in 
these applications. The interactions of bio- 
inorganic nanoparticles with cellular systems 
and the utilization of their catalytic, redox, 
and photochemical properties in influencing 
biological activity and function are principal 
objectives of future investigations. 
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Dynamics of Carbonium Ions Solvated by 
Molecular Hydrogen: CH,+(H,), (n = 1, 2, 3) 

D. W. Boo, Z. F. Liu, A. G. Suits, J. S. Tse,* Y. T. Lee* 

The dynamics of the carbonium ion (CH5+), a highly reactive intermediate with no equi- 
librium structure, was studied by measuring the infrared spectra for internally cold 
CH,+(H,), (n = 1, 2, 3) stored in an ion trap. First-principle molecular dynamics methods 
were used to directly simulate the internal motion for these ionic complexes. The com- 
bined experimental and theoretical efforts substantiated the anticipated scrambling mo- 
tion in the CH5+ core and revealed the effect of the solvent molecular hydrogen in slowing 
down the scrambling. The results indicate the feasibility of using solvent molecules to 
stabilize the floppy CH5+ ion in order to make it amenable to spectroscopic study. 

Protonated alkanes are hlghly reactlve In- 
terlnedlates that form in the acid-catalyzed 
transforlnat~ons of hydrocarbons as pio- 
neered by Olah and co-workers ( 1 ) .  These 
carbonium ions are known to form a three- 
center, two-electron (3c2e) bond, which has 
pentacoordinated C atoms and bridged H 
atoms (2).  The simplest carbon~um ion, 
CHjt ,  has attracted considerable attention 

from both experimentalists and theoreticians 
during the last two decades (3 ,4 ) .  Recent ab 
initio calculations at the most sophisticated 
level, performed by Schleyer, Schaefer, and 
co-workers (5), pred~cted the eclipsed C5 
(e-Cb) symmetry to be the global minimum 
enerev structure. However, the calculated 

" 1  

energy differences between the e-C5 stnlc- 
ture and others, such as the staggered C,  or 
C2v structures, were very small and became 
negligible when corrected for zero-point vi- 
brat~onal energies. As emphasized by Scuse- 
ria (6, p. 512) recently, these results "clearly 
indicated that for all practical purposes 
CHjt  does not have a unique, stable equi- 
llbriuln structure. The hydrogen atoms are 
predicted to scralnble almost freely among 
multiple equivalent minima." 

Study~ng the dynamics of such internal 
motion is quite challenging. Fourier trans- 
form 1011 cyclotron resonance mass spec- 
trometry has been used experimentally to 
characterne indirectly the structure of 
C H C f ,  but the results were inconclusive , , 
(3). Many attempts have been made to 
obtain high-resolution infrared (IR) spectra 
for CHjt ,  with little success, probably be- 
cause of the scrambling of CHj+ even at 
low temperatures, which caused significant 
spectral congestion. Theoretically, elucida- 
tion of the scrambling motion in CH,- 
requires us to go beyond conventional 
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quantun chemistry methods, which essen- 
tially treat a lnolecular or Ionic system as a 
statlc entity. Molecular dynamics (MD) 
methods (7) would be ideal for such a flop- 
py system, but unfortunately construction of 
a potential surface for such an ion with 
strong and colnplex chemical interactions 1s 
an almost imnossible task. 

We report an attempt to overcome these 
difficulties by a combination of state-of-the- 
art experimental and theoretical techn~ques. 
These efforts have been directed toward a 
study of the dynamics of the scrambling mo- 
tion of core CHjt  in molecular hydrogen- 
solvated carbonium ions, CHjt(H2),, (n = 
1. 2. 3). The motivation was the notlon that , , ,  

the interact~ons between the core CH,+ ions 
and the Hz molecules are weak enough to 
cause only a minor perturbation to CHjt ,  
yet strong enough to slow down the scram- 
bling motions. Prelim~nary experimental re- 
sults on CH,+(H2) (8) indicated the exten- 
sive scrambling of CH,+ and also some slow- " 

ing of the scrambl~~lg by the solvent Hz, but 
the origln of these phenomena could not be 
determined because the soectral features 
were not resolved. 

We used ion tran vibrational nredissocla- 
tion spectroscopy to measure the IR absorp- 
tlon of CHjt(H2),, (n = 1, 2, 3). The ex- 
perimental setup has been described in detail 
(9). Briefly, internally cold CH,'(H2), (n = 

1, 2, 3) was produced from a high-pressure 
and low-current corona discharge source and 
subsequently was allowed to supersonically 
exoand. The ion source was maintained at 
the optimum temperature for each kind of 
cluster ion to maximize the ion intensity. 
After several stages of ion optics to shape the 
beam, the ions were mass-selected by a 60" 
maenet sector analvzer, decelerated to a 
t r a h t i o n  energy of 50.5 eV, and focused 
into a radio-frequency octapole ion trap. The 
ions were trapped there for -2 ms, during 
which time the metastable ions decomposed 
and some radiative cooline took olace for " 

internally hot ions. The trapped, mass-se- 
lected ions were then vibrationally excited 
with a pulsed, tunable IR laser operating 
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