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The structure of the recently discovered systematically reproduciblgSMamanowires has been
determined from the atomic pair distribution function (PDF) analysis of powder X-ray diffraction data.
This total scattering approach was required because the nanowires are not perfectly crystalline and,
therefore, the structure cannot be obtained crystallographically. Several nanotube and nanowire models
were fit to the PDF data. The resulting best-fit model structure consists of nanowiressafckéhedra
that are bridged by sulfur and terminated on the outside by iodine. This demonstrates the power of total
scattering methods in accurately resolving structural issues in nanostructured materials where traditional
crystallographic methods fail.

Introduction nanowires that can be relatively easily dispersed in a variety
of solvents to isolate the individual nanowifeshe ease of
systematic production of these materials has resulted in rapid
progress in investigations of the functional properties and
applications. To date, it has been determined that these

Since the discovery of fullerenes and carbon nanotubes,
there has been significant interest in making use of their
remarkable properties to realize their wide range of potential

applications. It has also been found that other inorganic ‘ o , -
compounds can form tubular and wirelike morphologdies. materials exhibit large Young’s and small shear moéluli,
which facilitate the potential use of these materials as

The ability to use nanometer-sized devices is dependent on T i ) *
the capability to reproduce them systematically on a large ultralow-friction lubricants’, as strength-enhancing additives
810 : A
scale with tunable physical and functional properties. Un- © CSmp05|te§, and as easily processed field-emission
fortunately, the intrinsic inhomogeneity of bulk synthesized UPS-" They have also been observed to exhibit magnetic
material and the difficulty in separating the as-synthesized Properties when doped with lithitthand are a candidate

material has hampered attempts to take full advantage of theirf®" hydrogen storagé. This range of properties has been

propertie$® obtained from using different synthesis stoichiometries to

Recently, molybdenum-based nanowire materials with the produce the nanowirés.From the literature, this observation
general for;'nula M@Y,X, (Y = chalcogen, X= halogen}” seems to result in a variety of structural configurations and/
y/Nz - y /AN

were discovered and found to grow in bundles of identical or interstitial specie’”** However, detailed structural
knowledge has not been obtained as rapidly, and this is a

limiting factor in understanding and controlling the functional

* Author to whom correspondence should be addressed. E-mail: paglia@

msu.edu. properties of these materials.

T Department of Physics and Astronomy, Michigan State University. The original study of this material concluded it to be

+ Josef Stefan Institute. L.

s Faculty of Mathematics and Physics, University of Ljubljana. composed of (3,3) armchair single-walled nanotubes of MoS
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ties as a function of tube diametéiThe synthesis techniques
have evolved from using a catalyzed transport mettiod

Chem. Mater., Vol. 18, No. 1, 200601

nanocrystalline materialé. The advantage of using this
technique over the traditional Bragg diffraction analysis is

producing the molybdenum-based nanowires to a morethat it incorporates all components for the diffraction
efficient procedure that involves direct synthesis from the intensities; both Bragg and diffuse scattering contributions
individual elementg.With these developments, the view of are considered equally, which is imperative when accurate
the structural configuration has changed from that presentedstructural information about poorly crystalline materials is
previously to that of a nanowire structure similar to that found required. Because the PDF produces quantitative information
in Chevrel phases'* However, unlike the well-ordered from materials that scatter diffusely, it is used here to assess
Chevrel phase¥, these molybdenum-based nanowires are the structure of Mg5,l, nanowires.
arranged incoherently with respect to each other, making ) .
structure solution difficult. Experimental Details

X-ray diffraction (XRD), which is the primary technique MogS,l, nanowires were obtained via direct synthesis from the
used to facilitate structural solutions, produces diffraction elements, using a solution stoichiometry of ¢8ge.” These samples
patterns that contain significant diffuse components. TheseWeré packed and sealed with Kapton tape in flat plate sample
characteristics arise because of the lack of Iong-rangeg‘)'delrS 160 mmdth'CK- ?(',?,D data "‘:j’?“t? %Oll,emefd ust',”g t?spr\e;grllzt)ly

i P . A eveloped rapid acquisition pair distribution function -

zg:g;rg (_I)_rr?eerrg(litnltsvlvrg;ﬁrs;tl\IAHGZE:Ié/tcg;lyﬁgIIEr%\[:/)izrelc(;dlc technique?? using an incident energy of 87.005 keV= 0.142479

insiaht into the skeletal struct f | ina Rietveld A) at the 6-IDD beam line at the Advanced Photon Source (APS)
insight into the skeletal structure of 8], using Rietve at Argonne National Laboratory in Argonne, IL. A two-dimensional

analysis of XRD data and extended X-ray adsorption fine cjrcyjar image plate camera (MAR345) 345 mm in diameter was
structure (EXAFS) measurements. From an initial synthesis mounted orthogonal to the beam with sample-to-detector beam path
stoichiometry of M@Sls, they determined the stoichiometry  calibrated to be 208.857 mm. This procedure facilitates the
to be MaSosds.s6 However, their final structure yielded a  collection of data in greatly reduced time. Instead of the average 8
weighted parameteR,,, of 15% from Rietveld analysis, h required to collect data using conventional X-ray measurement
which is large by Rietveld analysis standatéi$his result protocols, the RA-PDF procedure allows a data set to be collected
is not surprising, given that the XRD pattern contains broad in as Iittlg as 3 min. Here, three scans of SQO s each were performed.
peaks and a large diffuse component, suggesting structurafrhe_m”|_t'ple scans were performe_d to av_md d(_atector saturation and
coherence at the nanometer-length scale. to yield |r_nproved counting stat|§t|cs. Using FltZEthe raw data

It has recently been shown that the structure of such sets obtained were averaged to improve the statistical accuracy and

tructured terial be elucidated th h th reduce any systematic error in the experimental setup, normalized
nanos rgc ur(_—:- r_na_erle_ls can ? elucidate rOL_’g € US&yith respect to the monitor counts, and then integrated to produce
of atomic pair distribution function (PDF) analysi&’ 192

) i ' one-dimensional XRD data. The XRD pattern obtained for the
The atomic PDF is formally defined as nanowire sample is shown in Figure 1, which also displays the
diffraction pattern for crystalline MoSor comparison. The MoS
(Figure 1b) exhibited a lower background and well-defined Bragg
peaks up to a high wave vector @~ 15-20 A1 (Q = 4x sin
(6/2)), which is due to the material being highly crystalline. By
comparison, the Mgg1, nanowire sample contains fewer Bragg-
like features and a considerably larger diffuse component. This is
particularly evident when viewing the inset of Figure la, which
shows the highQ data on the same expanded scale as the inset in
Figure 1b. Diffraction patterns such as that for the ¢Blb,
nanowires are characteristic of materials with nanoscale éfder.

G(r) = 4ar (p(r) — po) 1)
wherep(r) is the atomic-pair density, the average atomic
number density, andthe radial distancé- The PDF is the
probability density of finding pairs of atoms separated by a
distancer. It is obtained by a sine Fourier transformation of
the reciprocal space total scattering structure funcH@),
which is obtained from a diffraction experiment. This
approach is widely used to study liquids and amorphous
materials but has recently been successfully applied to Generation of Pair Distribution Function (PDF) Data

It is important to ensure that the processed PDF data
* contains signal stemming solely from the san¥jlelence,
data encompassing an empty sample holder and the scattering
environment were collected for background subtractions. The
total scattering function§Q), extracted from the total
diffracted intensity according to

(15) Seifert, G.; Terrones, H.; Terrones, G.; Jungnickel, M.; Frauenheim
T. Phys. Re. Lett. 200Q 85, 146-149.

(16) Sergent, M.; Fischer, Q.; Decroux, M.; Perrin, C.; Chevrell.’Solid
State Chem1977, 22, 87.

(17) Billinge, S. J. L.; Kanatzidis, M. GChem. Commur2004 749—
760.

(18) Note the agreement factd®y,, for the PDF fit is defined in ref 30.
The definition is similar to that used in Rietveld analysis, but the
functions being fit are significantly different. Hence, direct comparison
of Ryp values from PDF and Rietveld analysis should not be made.
Rup values are a useful measure of the goodness of fit when comparing
how different models fit to the same data. For Rietveld analysis,
acceptable fits exhibRyy, values 0f<5%. In contrast, fits to the PDF
exhibit larger Ryp values than Rietveld fits. For well-crystallized
samples, PDIR,, values are typically 10%20%. For example, fitting
the correct structural model to the crystalline Mafata shown here
resulted in arRyp value of ~19%. For disordered materials, &3y
value of 30% is still considered quite successful.

(19) Petkov, V.; Billinge, S. J. L.; Heising, J.; Kanatzidis, M. &.Am.
Chem. Soc200Q 122, 1157+11576.

(20) Petkov, V.; Trikalitis, P. N.; Bam, E. S.; Billinge, S. J. L.; Vogt, T.;
Kanatzidis, M. G.J. Am. Chem. So002 124, 10157.

(21) Warren, B. EX-ray Diffractiort Dover: New York, 1990.

coh, _ 1 2
Q) ~ YellQF, |

5= |zcifi(Q)|2

)

wherel°®{Q) is the measured scattering intensity andnd

(22) Chupas, P. J.; Qiu, X.; Hanson, J. C.; Lee, P. L.; Grey, C. P.; Billinge,
S. J. L.J. Appl. Crystallogr.2003 36, 1342-1347.

(23) Hammersley, A. P.; Svenson, S. O.; Hanfland, M.; Hauserman, D.
High-Pressure Resl996 14, 235-248.

(24) Egami, T.; Billinge, S. J. LUnderneath the Bragg PeaksStructural
Analysis of Complex Materigl$?ergamon: Amsterdam, 2003.
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Figure 1. Experimental powder X-ray diffraction (XRD) patterns for (a)
MosSyl; nanowires and (b) crystalline MgShe latter of which is shown
for comparison. Insets show amplified view k§€)) data at highQ. —— T T T

(a)

Figure 2. Experimental reduced structure functions for (a) ¢8ib,
nanowires and (b) crystalline M@Shown for comparison.

fi(Q) are the atomic concentration and X-ray scattering factor,
respectively, for atomic speci@g?*was derived for each
sample. Both long-range atomic order represented by sharp
Bragg peaks and local nonperiodic structural imperfections
manifested in the diffuse components of the diffraction
pattern are reflected in tH&Q). It is convenient to represent
the data in real space to facilitate simpler interpretation of
the structural information. A Fourier transformation of the
reduced total scattering structure functiéifQ) = Q(S(Q)

— 1), produces the real-space PDF:

-2-10 1 2 3 4 5 6 7 8

G(A™®

10 12

G =2 [FQQ - Usn@)NdQ  (3)

8

_6

Here,Q is the magnitude of the wave vector§ the angle
between the incoming and outgoing radiation, anthe
wavelength of the X-ray radiation. The success of the PDF
to provide fine structural details from disordered materials
is dependent largely on the ability to access Hgkialues,
typically >20 A~% This can be achieved from most
synchrotron and high-intensity neutron sources. For this o 2z &+ & 8 10 12 12 16 18 =20
experiment, the reduced structure functioR$Q), were r (8)

truncated aQmax = 25 A%, before the PDF was calculated. Figure 3. Experimental PDFs for (a) M&,l, nanowires, and (b) crystalline
Conversion of the XRD data to the scattering functions and Mo$;, the latter of which is shown for comparison.

PDFs was performed using PDFget®2.

The reduced structure functions and PDFs obtained are
shown in Figures 2 and 3, respectively. The peaks in the
PDF data belo 2 A are nonphysical and can be neglected.
They originate from unavoidable systematic errors in the data
arising from noise at higlp and termination effects due to

4

2

-4 -2 0

the finite Qmax Used. They are shown for the purpose of
gauging the quality of the PDF and can be seen to die out to
the level of the noise before the first physical peak (Mg)

at 2.43 A. Comparison between the data in FiguresS 1
illustrates why this approach yields quantitative local struc-
tural information in nanostructured materials. First, the data-

(25) Qiu, X.; Thompson, J. W. Billinge, S. J. . Appl. Crystallogr2004 reduction step to obtaiR(Q) results in an amplification of
37, 678. the important diffuse signal at higld, which provides
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critically important information about the local structure. This curvature necessarily results in interwire disorder, similar
is somewhat neglected in the XRD pattern ofd9g, (Figure to the turbostratic interlayer disorder observed in nanopar-
1a), which is dominated by strong Bragg peaks at @w ticulate \,0s.2° If the bending is mild on the nanometer-
and illustrates how traditional XRD is predominantly sensi- length scale (as it is here), the aforementioned effect may
tive to long-range order. In the case of the crystalline MoS be limiting the structural coherance.
the sharp Bragg features throughout the XRD pattern To determine the structure of the MBI, nanowires,
translate to much-sharper features in &), giving it a several models were fit to the experimental PDF and the
spectrum that is characteristic of highly crystalline materials. parameters were refined to obtain the best agreement to the
These amplified features of tHgQ) are transferred into  data using PDFFIT?
the real-space PDF, which contains far more directly Several structural analogues were attempted following the
measurable features than the original XRD patterns. Thus,initial suggestion that the structure was that of a (3,3)
the resulting PDFs are often sharp, well-defined functions armchair Mo$ nanotube with interstitial | atoms stacked
in real spacé??6Hence, the enhanced sensitivity to the local according to theP6; space group.MoS, nanotubes have
atomic ordering in the PDF makes it well-suited for the been considered as a two-dimensional (2D) layer of MoS
structure determination of materials with limited structural from the crystalline model conformally mapped against the
coherence. After the PDF is obtained, an approach similar surface of a cylinder to form a tuBeln the present case,
to Rietveld analys#® can be followed? The effectiveness  this was approximated by assuming a fragment of the nano-
of this method of solving the structures of disordered tube which consists of two MgSlayers separated by a

materials has been demonstrated previotfsi§?° distance representing the presumed tube diameter; this is an
approach that has been used successfully by Petkovet al.
Results and Discussion in the case of YOs nanotubes. The models that have been

tested incorporated various tube diameters and were refined
against the PDF data undBd symmetry. The diameters
ranged from 10 A, as suggested by the data in the Remskar
et al. study® to 20 A, which was suggested by Seifert et
al’® to result in a tube of minimal energy. The nearest-
neighbor Me-S and Moe-Mo distances in these models were

) : SHAE F approximately consistent with those determined from EXAFS
in the region below 12 A, indicating a well-ordered local by Meden et al'4 at 2.43 and 2.68 A, respectively. lodine
stucture, compared to a total structure that exhibits limited ;< incorporated into the models in two ways. Initially, it

structural coherance, as discussed below. However, it shoquNaS inserted interstitially, as originally suggestdsth on

be noted that the peaks in the region are not as sharp agne inside and outside of the tube. The distance at which |
those in the equivalent region of the highly crystalline MOS 415 ms were placed from Mo atoms in the starting models
PDF, suggesting that there is some structural disorder ONranged from 3.15 to 2.78 A, with the latter distance being

the local atomic scale. This region is dominated primarily ihe value determined from EXAFS.The second manner

by atomic interactions within individual nanowires. Interac- i \which I atoms were incorporated into the models was by
tions between neighboring nanowires contribute to the signal substituting them for Mo and S atoms in the MdSple
in the region of the PDF above the shortest interwire atom layers until the synthesis stoichiometry of Mals was

atom distance of-4 A, although they do not become 5chieved, with the Me' distance being set at 2.78 A in the
dominant until higher values. The first Bragg peak from  garing model. The stoichiometry was also varied for several
the XRD data (Figure 1a), & = 0.7841 A%, indicates @ of the refinement trials, to allow for different possible
nanowire spacing of-8 A. Examination of the Meden et compositions. None of these series of models provided a

al* model shows the centecenter distance between nano- g ,ccessful refinement to the data. The refinement fits proved
wires to be 9.45 A. The nearest-neighbor distance betwee”unreasonable, often producing negative scale factors, and

terminal atoms of neighboring nanowires waé A. Beyond o)y hecame semi-reasonable below 15 A at the expense
10 A in the MasS,l, PDF, the peaks become increasingly of the structural integrity of the models. The best refinement
broad, reflecting the poor ordering of the nanowires, but also gptained is shown in Figure 4a, exhibiting Bg, value of
indicating that the material has limited structural coherence 5o 5oy

along the length of individual nanowires and suggesting that A second type of structural model was composed of a full
the wires are not perfectly straight in the structure. The single-layered (3,3) Mgl nanotube with a repeat length
electron microscopy imagé¥'indicate the nanowires exhibit ¢ 9 A Refinement of this model to the PDF provided a

some curvature on the micrometer-length scale, which yaasonable fit that reproduced the main features<at.o A
contributes to the long-range structural incoherance. SUChquite well (Figure 4b). The best achievj, value was

39.7%. While the model maintained an approximate nanotube
(26) Peterson, P. F.; Proffen, Th.; Jeong, |.-K.; Billinge, S. J. L.; Choi, ; ; ;
K-S Kanatzidis, M. G.. Radaelli, P. Bhys. Re. B 2001 63, conflguratlon, it was observed that the M8, Mo—Mo, and
165211. Mo—I distances did not closely reflect the EXAFS measured

(27) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65. = values of Meden et &f Furthermore, most of the parameters

(28) Billinge, S. J. L. InLocal Structure from DiffractionBillinge, S. J.
L., Thorpe, M. F., Eds.; Plenum Press: New York, 1998; p 137.

(29) Petkov, V.; Billinge, S. J. L.; Vogt, T.; Ichimura, A. S.; Dye, J. L.  (30) Proffen, Th.; Billinge, S. J. LJ. Appl. Crystallogr.1999 32, 572—
Phys. Re. Lett. 2002 89, 075502. 575.

The PDF allows us to comment directly on the order
within the structure. Despite having significantly broadened
diffraction patterns (compare Figures 2a and 2b), theSylp
nanowires yield sharp features in the PDF (Figure 3), making
it a useful function for examining nanostructures. This is
evident here with relatively sharp peaks in thedgp, PDF
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L R LR model against the PDF data was performed initially with the
(a) ] internal parameters fixed and resulted in the relatively poor
] fit shown in Figure 4c, yielding a larg®,, of 50.4%?8
Thermal parameters had a tendency to become negative
during the refinement, particularly for the S atoms. Attempts
to refine the internal parameters proved difficult and resulted
in significantly higherR,, values. However, the peak shapes
of the calculated PDF were qualitatively determined to match
the data over the entire range, which was not the case for
the other trial models shown in Figures 4a and 4b. The high
Rup value obtained from the fitting of the Meden etal.
model to the PDF data is not surprising, given that it was
derived from a Rietveld analysis of the XRD data, which
results in the consideration of the Bragg scattering component
alone while the diffuse component is ignored. This implies
that the Meden et df model represents an somewhat
I S S H R T TN T idealized structural model of the M8/Ix nanowire topology.
] Therefore, it was decided to pursue the Meden ét al.
model further to obtain an accurate structural model. The
observation of negative thermal parameters for S atoms and
the relative instability when attempting to refine the internal
parameters suggests that some atom species should be
positioned in different locations. Possible atom configurations
were examined by taking individual nanowires of varying
. AN R S T S atom composition and refining them against the PDF data
¢ & 4 6 8 r‘&) 12 14 16 18 20 underP1 symmetry to a maximum range of 10 A. The
approach adopted was to keep theghdotahedra fixed to

Figure 4. Refinement fits of calculated atomic pair distribution functions  maintain the basic framework of the nanowire while refining
(PDFs) (solid line) against M@,l, nanowire data (circles) for (a) the best

fit from model trials incorporating nanotube walls based on triple layers of the anion species iteratively, in groups of four per iteration,
Mo$S;, (b) single-layered (3,3) Mgsls nanotube model, and (c) nanowire  until the minimumR,,, value was obtained. A description
model of Meden et al4 based on the Chevrel p_hases. The solid line below  4f the trial configurations examined, their resulting refine-
each PDF is the difference between the experimental and calculated PDFs. . .
mentR,p values, and a summary of the key observations is
given in Table 1. With the exception of trial 4, all anions
exhibited large correlations during the refinement. As a result, were assigned to fully occupy their designated site positions.
the possibility of the MgS,l, nanowires exhibiting a single-  In all cases, after the anion species were refined, the
layered nanotube topology was discounted. molybdenum was allowed to refine, to determine whether
Meden et al* proposed, from complementary use of its octahedral configuration was maintained. This was
EXAFS and XRD, that the Mg§l, nanowire topology is  observed to be the case, with tRg, values significantly
similar to that of the Chevrel phasésvith octahedra of six ~ reduced to values 0f10%. In the case of trial 4, where the
Mo ions (Mas) forming the building blocks of the wire that | and S atoms were set to partially occupy all site positions
are bridged together by partially occupied S sites and terminalto comply with the M@Ssle synthesis stoichiometry, the
positions of the wire occupied by both S and | atoms. They occupancy was incorporated into the refinement after the
determined the structure to be independent of the synthesisanions were refined. An example of the trial nanowire
stoichiometry, with the final model having a very low sulfur ~ structures is illustrated in Figure 5a.
content, with a stoichiometry of M6 sds.46 The structural All the refinements described in Table 1 reproduced the
model is described using6; space group symmetry and features of the PDF well and resulted in gog, values.
contains shared occupancy between S and | atoms on mosTrial 4 resulted in the highe®,, values obtained, whereas
of the terminal sites of the nanowires. Refinement of the trial 2 produced the best statistical fit to the data. Trials 1

24 1§ 2asm

-6-4-2 0 2 4 6 B

G (k%
.—6-4.-3.0 2 4 6.8.

§3pngeem |

-6-4-2 0 2 4 6 8

Table 1. Summary of Trial Refined Atom Configurations for Individual Nanowires and Resulting Rup

trial Ryp?
number configuration comments (%)
1 MosSsl6 stoichiometry. Both | and S occupy terminal S migrates away from nanowire when refined. 16.0
positions. Also, both | and S trialed in bridging Bridging | migrates away from nanowire
positions between the Mmctahedra. (S does not)-- indicates S is bridging.
2 Only | occupying terminal positions, S occupying bridging  Best fit, all atoms at physically reasonable distances. 15.8
positions.
3 Only I in nanowire, no S. Bridging | migrates away from nanowire. 16.4
4 Virtual Crystal. | and S set to partially occupy all anion S occupancy becomes very smatlq.08) when refined. 19.6

sites according to MgBslg stoichiometry.

aWeighted Rietveld agreement factor. See ref 18 for comments.
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Figure 6. Resulting refinement fit of calculated PDF (solid line) against
MosSyl; nanowire data (circles) for the full unit-cell model with | atoms
occupying only the terminal positions of the nanowires and S atoms only
occupying bridging positions between the Muctahedra.

between the Mgoctahedra, they migrated away from the
nanowire. However, when S atoms were refined in the
bridging positions, they remained in place. Trial 3 also
exhibited iodine that was placed in bridging positions
migrating away from the nanowire during refinement. In all
cases, | atoms placed in terminal positions along the nanowire
remained at physically reasonable distances. Therefore, of
all the trial structures, that of Trial 2 maintained the best
physical integrity of the nanowire structure with the terminal
iodines remaining at physically reasonable distances from
the Ma; octahedra and the two bridging S atoms remaining
in place. This configuration, along with its fit to the PDF
data is shown in Figure 5. It is thus concluded that the
nanowires are composed of Moctahedra bridged by S
anions, with all terminal positions being occupied by | atoms.
Having S atoms occupy only bridging positions results in
an occupancy of 0.0625, which agrees with the result from
the trial 4 virtual crystal refinements. This low occupancy
of the sulfur is also supported directly by the relative
intensities of the peaks in the PDF (Figure 5b). The-Mo
Mo and Mo~ distances of 2.68 and 2.78 A, determined from
(b) EXAFS!“ are represented by a large broad peak centered at
Figure 5. (a) Pictorial representation of the individual nanowires used to 2.76 Ain _the PDF. The MeS distance, a_ls deter_mm_ed by
assess possible configurations of the g8, structure. In this case, the ~ EXAFSMis 2.43 A. The peak corresponding to this distance

trial 2 configuration is shown. (b) Resulting refinement fit of calculated jn the PDF is <10% as intense as that at 2.76 A and,

PDF (solid line) against Mgsyl, nanowire data (circles) for the trial 2
structure. The solid line below the PDF is the difference between the therefore, suggests a low sulfur content.

experimental and calculated PDF. The trial 2 Configuration was then incorporatEd into the
full unit-cell model of Meden et ai* Refinement of this
and 4 both indicated that sulfur does not lie in the terminal model resulted in a finalR,, value of 26.3%4% This
positions of the nanowire but rather is centrally located in represents a much-improved fit, compared to all the other
the wire. In the case of trial 4, a refinement of the structural analogues that were tried. The fit of this model is
occupancies resulted in a very small refined occupancy of shown in Figure 6, and the refined structural parameters are
the S atoms €0.08), suggesting that sulfur may not reside summarized in Table 2. The major improvement in the model
in the nanowire. For trial 1, the S atoms that were occupying from that of Meden et ak?4 in addition to the more precise
terminal positions in the nanowire migrated away to unrea- determination of which sites the | and S atoms are situated
sonable distances from the Moctahedra during the refine- in, is that the present model incorporates more distortion
ment, suggesting that they may reside interstitially between within each individual nanowire. The higher root-mean-
neighboring nanowires. Also, for trial 1, when refinements square (RMS) displacements exhibited by the iodine species,
were conducted with | atoms placed in the bridging positions signified by the higher thermal factors in Table 2, are partly
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Table 2. Refined Parameters for the M@S,!, Structure? Conclusion
Space GrouP6s, a, = 16.4100(1) Ac = 11.9154(1) A

We have described the derivation of an accurate structural

aton? X y z UA?) model for the M@S,l, nanowires using atom pair distribution
mg 8-8835% 8-8%38 8-%‘1‘2%?; 8-888;8 function (PDF) analysis. The derived model is based on that
Mo 0.2296(1) 0.5760(3) 0.3482(1) 0.0007(1) of _M(_aden et ak* T_he nanowires consist o_f Mmctahedral

Mo 0.2381(3) 0.5950(2) 0.0563(2) 0.0007(1) building blocks bridged by S atoms that lie at the center of
Mo 0.4240(1) 0.7429(2) 0.5293(4) 0.0007(1) the wire. The Mo atoms are terminated on the outside of the
Mo 0.4338(3)  0.7489(3)  08591(3) ~ 0.0007(1)  \jre py | atoms. These nanowires are approximately

[ 0.2135(3) 0.1885(3) 0.1530(3) 0.0024(2) .
| 0.0452(3)  02118()  0.3317(3)  00024(2)  hexagonally packed, accordingf6; space group symmetry,
I 0.5407(3) 0.8490(3) 0.3595(4) 0.0024(2) although the interwire order is poor. Because of the short
: 83323(3) 8-3382(? g-gggg(g) g-gggi(g) structural coherence, which is due to the poor interwire
| 0'370153; 0'8790233 0‘86598 0'00248 packing and, presumably, curved shape of the nanowires,
I 0.0286(3) 0.2288(2) 0.9983(4) 0.0024(2) the structure could not be solved crystallographically, neces-
I 0.5309(1) 0.6196(4) 0.1820(3) 0.0024(2) sitating a local structural approach, such as the atomic PDF
'§ 8'4288(1) 5-1370(1) 000-55(1)7(3) 0%88;?1()2) method used here. This demonstrates the power of total
st 1/3 213 0.2000 0.0006(1) ;cattering methods in gccurately resquing structural issut_as
st 1/3 2/3 0.7000 0.0006(1) in nanostructured materials where traditional crystallographic
a All species have occupancies set to 1.00. S coordinates were not refinedMethods fail.
to fix the origin.? All Mo and | species occupy Wyckoff@positions, $
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