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ALKALI/TX 2 CATALYSTS FOE CO/H 2 CONVERSION TO CI-C 4 ALCOHOLS 

SUMMARY OF TECHNICAL PROGRESS 

New preparations of RuS2 catalysts have been prepared using RuCl 3 and 

Li2S reactants in methanolic solution. These catalysts have been 

characterized by elemental analysis, XRD, and BET surface area measurements. 

The elemental analysis of {his catalyst gave a sulfur to ruthenium mole 

ratio of 2.11. XRD of the ,pretreated form of this catalyst showed 

diffraction iines due to mainly RuS 2 and only a small amount of Ru(O). BET 

measurement of the same sample gave a surface area of 7.0 m2/g . 

Thermodynamic calculations on the stability of the TS 2 compounds under - 

reactor conditions hav~ been extended to other sulfides to check for 

periodic trends. The stability of the TS 2 compound toward its corresponding 

.metal, T, has been calculated. Reduction of TS 2 by the reactant gas H 2 

would result in the formation of bulk metal, T. The stability of the TS2 
II 

compohnd toward its corresponding oxide has also been calculated. Oxidation 

of the TS 2 b~ any H20 present in the reactor would result in the formation 

of ~he corresponding transition metal oxide, T~Oy. When these two tests for 

stability are used the sulfides found to be most stable under reactor 

• conditions are the following: HoS2, WS 2 and RuS 2. 

The angle resolved ESCA study of a natural crystal' of HoS 2 ihas been 

repeated using a conventional Mg K~ anode. This study,, is being carried out 

=o differentiate diffraction peaks from forward focused peaks in the Area Mo 

3d vs. polar angle graphs at constant azimuthal angle. ' Preliminary' use of 

the Bragg equation indicates that peaks at polar angles of 16 °, 32 o and 48 ° 

obtained using A1 K= radiation will be shifted to corresponding polar angles 

of 19 °, 39 ° and 62 ° using Mg,K= radiation. 
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A~empts were made to prepared niobium disulfide b~ three different 
,I ! 

methods. The products were characterized by XRD and elemental analyses, and 

all nobium sulfide preparations have ~esulted injsubst6ichiometric 
ii / 
! , 

quantities of sulfur in the compounds2" 
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TEGHNICAL PROGRESS 

A. KutheulumDisulfide Catalysts 

i' Discussion of Thermodynamic Stabilit~ 

:. 
Th@ stability of the TX 2 catalysts under reactor conditions is very 

J 

important. Thermodynamic calculations can he used to predic~ the stability 

of the iTX2 compounds toward reduction and oxidation. In the reactor, H 2 gas 
I, 

K' 

is pre~ent as one of the reactants present in the synthesis gas used for 

higher alcohol synthesis over these catalysts. The water gas shift reaction 

(Reaction i) and production of hydrocarbons (Reaction 2) are both reactions 

that will produce H20 in the reactor. The stability Of the catalyst toward 

its corresponding metal and most stable oxide form can be calculated from 

available thermodynamic data. I'3 

CO2(g ) + H2(g ) ~ CO(g) + H20(g) AG(298K) = 6.683 kcal/mole (I) 

CO(g) + 3H2(g) ~CH4(~) + H20(g) AG(298K) = -33.97 keel/mole (2a) 

General Equation: nCO(g) + (2n+l)H2(g) * CnH2n+l(g) + nH20(g) (2b) 

The overall reaction for the redueti6n of transition metal disulfides 

by H 2 to the corresponding metal andH2S is shown in Equation 3. Calculated 

Gibbs free energies at 298K and 1 arm pressure are given in Table i. The 

most stable TS 2 compound will be the one with the most positive AG. One 

precaution must be observed when comparing these numbers. The 

thermodynamics discussed are bulk thermodynamic properties. The surface 

thermodynamics, where catalysis occurs, may be very different due to 

dangling bonds and'unshared valencies. Of the layer compounds, NbS 2 has the 

most positive free ener~y~.for reduction to its metal. For the pyrite 

compounds, RuS 2 is the most stable toward reduction. The general trend in 



layer compounds is a decrease in stability as one proceeds across and down 

the periodic table (order of stability: Nb > Ta > Mo > W > Tc > Re). 

Pyritic compoundsseem to decrease in stability as one proceeds across the 

periodic table as well (order of stability: Mn> Ru > Fe > Co > Os > Ni). 

TS2(s) + 2H2(g) * T(s) + 2H2S(g) (3)  

TABLE I 

Calculated Gibbs Free Energy (kcal/mode) for Reaction 3 at 298K and 1 arm 
for th~ ~ransi=ion Metal Sulfides as a Function of Position in the Periodic 
Table. ~'~ 

v_A vi.._.~s vii___s_ vii__! 

. . . . . . . .  ~nS2(37.8 ) FeS2(22.3) 

NBS2(66.8) MbS2(~7.7) TCS2(35.7) RUS2(30.5) 

TAS2(66.5) WS2(A3.8) RES2(23.9) 0sS2(16.3) 

vn___! vn__! 

• COS2(18.8)  N i S 2 ( 1 4 . 1 )  

When the stability of the TS 2 compounds are compared t o  the 

corresponding stable oxide forms (Table 2), the trend is markedly different. 
L .. 

The general overall reaction is shown in Equation 4 and the calculated Gibbs 

I, 
/ 

MS2(s) + (y/x) H20(g) ~ (l/x) MxOy(S) + 2 H2S(g) + (y/(x-2)) H2(g) / (4) 

free energy values at 298 K and I arm pressure' are given in Table 3. In 

general the trend is opposite to that found for the corresponding reduction, 

as represented by Equation 3. The layer compounds increase in stability as 

one proceeds across the periodic table, predicting that TcS 2 and ReS 2 are 

the most stable. The pyrite-type;~.compounds seem to increase in stability as 

one goes across and down the periodic table. Thus, 0sS 2 is the most stable 

pyritic compound using this test of stability. Since the trends in 

stability are opposite for the two tests, both stability criteria must be 



considered when choosing a catalyst. From ~his analysis, the compounds with 

intermediate values of Gibbs free energy, for example layer compounds MoS 2 

and W$ 2 and pyritic EuS 2, should promise to be the most stable under 

catalytic cond£t£ons. 

TABLE 2 

Moltstable oxide form of the transition metals. 4 

v_B V!__! VIIB ~n___/I 

~ - ~ . . . .  . . . .  : . - ~ . .  . . . . . . . . . . . . . . .  Mn304  .... -_=~.  . . . . . .  iFe3O4-(Ee203~ . . . . .  

Nb205 MoO 3 Tc207 Ru02 

Ta205 WO 3 Re207 OsO 4 
,. 

,: TABLE 3 

Calculated Gibbs Free En~r~ (keal/mole) for Reaction 4 at 
298K and 1 arm pressure. .. 

V B 

NbS2(-7.55) 

TaS2(-2A. 85) 

vI_/B 

"%. 

~osz(52.389) 

~s2(2~.528) 

.° 

MnS2(14.1 ) FES2(19.800) 

TAS2(I15.85) RUS2(79.635)" 

EES2(87.2595) 0sS2(163.194) 

The thermodynamic calculations "given above predict that besides Mo$ 2, 

RuS 2 should be one of the more stable catalysts. As described previously, 

RuS 2 possesses a-very different structure than that of MoS 2. Catalytic 

ability may be enhanced by a pyritic structure due to the probability that • 
\~ 

all of =he exposed surface may b~, active. With the layered MoS 2 , only the 

edge planes are actlve whereas th~ basal plane is relatlvely znactzve. 

.: 
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Experimental 

The EuS 2 catalysts we[e prepared by the method of Pecoraro and 

Chianelli. 5 This method was modified so that =-RuCI 3 could be used instead 

of RuCI~. Lithium sulfide, Li2S, was used as the sulfide source. ~Two 

different solvents were used, ethyl acetate and methanol. The =-RuC13 was 
? 

obtained from ALDRICH and from STREH. All Other chemicals were obtained 

from ALDRICH. The preparations were performed in an N2-filled glove box 

that was vented a the hood. The N 2 was needed due to the pyrophoric nature, 

• of the amorphous RuS2. ~ The general procedure involved mixing the a-RuCl 3 

with" =300 ml of the solvent. An appropriate amount of Li2S was dissolved in 

a separate 100 ml quantity of solvent to form a yellow solution. The Li2S 

solution was then added to the a-RuCl 3 slurry while stirring. The reaction 

was allowed to suIv for =16 hr. At the end of 16~hr , the stirrer was 

turned off and the precipitate was allowed to settle. Decantation of the 

solvent andwashing of the preclpate was followed by filtering in a Buchner 

funnel. Portions of a 12% acetic acid/ethyl acetate solution were used to 

wash the precipitate while in the funnel. The :precipitate was then dried 
u 

by suction of N 2 through the Buchner funnel. "~ 

Pretreatment o~ the amorphous precipitate was carried out at 500°C (I- 

2 hr) using 14.8% H2S/H 2 at'a flow rate of =60 cc/min. Approximately 1-2 g 

of the amorphous precipitate was dispersed over pyrex beads and loaded into 

a quartz tube under N 2. Stopcocks were attached to the ends of the quartz 

tube to prevent air exposure. The quartz tube was attached to the 14.8% 

H2S/H 2 lines, which had been flushed prior to the attachment to avoid air 

exposure of thecatalyst. The required flow rate of the H2S/H 2 mixture was 

set, and this flow maintained over the catalyst ~t room temperature for 15- 

30 min. The temperature was then raised to just above the boiling point of 



the sg lven t  (BP(CH3OH) = 65°C, BP(e~hyl., a c e c ~ 9 )  - 76.5-77.3°C, BP(ace t ic  

acid) - I16-I18°C) for 30 min. The t~mperature was then raised to 500°G and 

kept at this temperature for I-2 hr.: The heat was turned off and the tube 

allowed. 'to cool under flowing H2S/H 2. Unioading of the tube occurred in the 

glove box under N 2. 

The X-ray diffraction patterns for the samples were obtained using a 

Phillips Diffractometerdonsisting of a XRG "3100 X-IL~.y generator coupied 

: with an APO 3600 control unit. Cu:K~ radiation of wavelength 1.54060 A was 

used to irradiate the sample, and scans ~ere conducted using a step size of' 
" ,j . . 

0.020 and scan rate of 1.0°/min. The ~SD was used for peak identification 
~f 

and determination of the particle size using the Scherrer equation.. 

X-ray photoelectron spectroscopy was conducted using a high resolution 

SCIENTA ESCA-300 instrument equipped with a monochromatic A1 K~ rotating 

anode. The general parameters used for survey scans were pass energy, 300 

EV; step size, 0.5 eV; and slit width, i.i mm. The general parameters used 

for regional scans were pass energy, 75 eV; step size, 0.05 eV; and slit 

width, I.I ram. The pressure in the sample chamber remained in the low 10 -9 

to high I0 "I0 (mbar) range. The samples studied were ~ loaded 'into the ESCA 

using N2-filled'glove bag to avoid air exposure. .: 

An~le resolved ESCA of. a MoS 2 single crystal was carried out with the 

SCIENTA ESCA-300 instrument. The single crgstal was cleaved under N 2 to 

expose, a fresh surface plane. ~is sample was loaded onto a sample holder 

such that the MoS2, when placed into the instrument, was positioned at the 

epicenter of the polar angle .rotational'axis (tilt axis). "This ensured that 

the MoS 2 was tilted around a single line and did not swing upon polar angle 

incrementation. Parameters used to obtain the spectra were a pass energy of 

75 eV, I.I mm slit width, swept mode, and with spatial lens. The general 



procedure involved choosing an azimuthal angle and designating it to be'some 

arbitrary angle. The sample at this position was subsequently noted. The 

Mo 3d, S 2s and S 2p spectra were obtained at this azimuthal angle for' 

different polar angles. The polar angle was increased in 2 ~ increments from 

-20°(340 a) to +70 °. At a polar angle of O °, the sample surface was 

perpendicular to the detector. At polar angles of =56 ° , the cap that "~as 

placed on' top of the sample to hold it in place, begins to interfere with 

the intensities of the collected peaks. Prior to azimuthal angle 

incrementation, 'the spectra for a polar angle of -20 ° was duplicated to. 

check the reproducibility of the instrument. The azimuthal angle was then 

incremented by I0 ° and the whole procedure was repeated at this azimuth. In 

all, spectra for I0 azimuthal angles were collected, resulting in 450 data 

files. The area under the peaks could be found from a curve fitting routine 

and plotted vs. polar angle or azimuthal angle. The first angle resolved 

ESCA study discussed previously employed the monochromatic A1 K~ rotating 

anode of energy 1486.6 eV. 6 The second study :employed the 

nonmonochromatized Mg K~ conven'~ional anode of energy 1253.6 eV. A Laue 

diffraction pattern of the MoS 2 single crystal used in these studies will be 

used to gain knowledge about the orientation of the crystal surface. • 

Five-point BET surface areas were obtaln6d using a Digisorb "2500 

instrument. Helium was used to calibrate the dead volume and the adsorbate 

was N 2 . Elemental analy'ses were carried out by Gailbraith Laboratories. 

Samples were weighed under"N 2 prior to any exposure. 

:C,' 
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• Results and Discussion ., 

• "-. . The' RuS 2 catalyst was initially prepared by the method of Pecoraro and 

Chianelli. 5 This method employed u-EuCl 2, Li2S, ethyl acetate solvent, and 

a 12% acetic acid wash. The acetic acid wash was used to remove all of the 

LiCI product impurities. Some problems were e~icountered with this 

preparation. 0he problem'consisted of the. insolubility, of the EuCl 3 in the 

ethyl, acetate. A second problem was that the acetic, acid wash did not 

remove :all of the LiCI impurities and could not remove any other 
t 

contaminants. Other contaminants' would include unreacted ~-RuCl 3 and Li2S. 

The amorphous form of this catalyst was designated RUS2-300, while the 

l 

crystalline, pretreated form was. designated EUS2-310. Elemen~al analyses of 

these catalysts are shown in Table 4. The RUS2-310 was pretreated for 1 hr 
t s 

at 500°C. The sulfur ruthenlum>mole ratios are. very 10w in these two 
, ........ 

"catalysts probably due to the presence of unreaoted RuCI 3 and Eu(0).' 
I . 

TABLE 4 
C ," 

Results ~ of elemental analyses of different RuS 2 preparatiofis. 
the table are weight percentages. 
from the weight percentages. 

.The values in 
The S/Ru ratio is a mole ratio calculated 

Elemen£ Theoretical RUS2-306 RUS2-310 RUS2-340 RUS2-520 RUS2-610 

%Ru 61.18 38.83 53.24 61.33 "57.65 56.81 

%S 38.82 . , .  22.29 29.71 33.30 38.29 37.98 

%Li" ;-- 0.947 ' 1.29" : 0.055 ~ 0.95 1.32 

%Gi --- 8.33 11.4" <0.16 1.81 1.49 

Tota!~..~ I00 70,397 95.64 94.845 98.70 97.60 

S~u 2.000,: 1.809 1.760 1.710 2.094 2.11 

*These values'were calculated from the ruthenium/lithium, chlorine mole 
ratio of the RUS2-30Q. 
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A cleanup of the products of the preceding preparation was attempted 

using methanol. Methanol was chosen because ~-CuGl 3 is sparingly soluble, 
, 5 

Li2S is soluble, LiGl is soluble to 42.36 g/100 cc, and RuS 2 is insoluble in 

this solvent. The procedure was to add the precipitate to =300 ml of CH30H 

and stir for 2 hr. The precipitate was allowed to settle, the CHsOH was 

decanted, and =300 ml CH30H' again added." This time the solution was stirred 

2. 

for 16 hr. The precipitate was allowed to settle prior to the second 

decantation of the CH30H. In the next step, the precipitate was filtered 

and washed with two portions of '=35 ml solvent. The precipitate was allowed 

to dry under N 2. A small portion of this sample was pretreated for I hr and 

designated RUS2-340. The elemental analysis of this sample is shown in 

Table 4. The CH30H cleanup removed a majority of the Li and cl impurities. 

However, the mole ratio of $/Ku - 1.71 indicates an excess of ruthenium. XRD 

and ESCA analyses of this sample:were carried out to probe the nature of the 

excess ruthenium. , : 

The XRD pattern of t~e RUS2-340 is shown in Figure I. Peaks could be _ 

assigned to Ru(0) and RuS 2 as noted in the pattern. The excess ruthenium is 

present in the bulk as ruthenium metal. However, this sample was pretrea~ed 

with 14.8% H2S/H 2 and the surface ,may have a very different character than 

that of the bulk.. ESCA was used to stud~ the surface and will" be discussed 

in the following paragraphs. Particle sizes, t, of the RuB 2 and Ku(0) can 

be calculated from the XRD patterns using the Scherrer equation (5). 7 A 

preliminary particle size can be obtained if the full width at half maximum, 

• FiK~[, of a high'ly crystalline sample, w , is considered to be much smaller 

than the FWIL~ of the peaks under consideration, The FWHM of the peak is 

physically measured from an enlarged version of the XRD pattern. The 

average particle sizes calculated for the RuS 2 and Ru(0) are given in Table 

12 
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5. A.surface area can be calculated from" the particle size assum'ing that 

the particles are approximatgly spherical. The densit~ of the RuS2"can b9 
!, 

• ' t 

calculated from=the lattice cell dimensions and the number of>m6~ecul~s[ of 
'%2' 

RuS 2 per unit cell as shown in Equation 6. An estimated RuS 2 surface area~ 

Equation 7, can bo. calculated from the density and particle sing assuming 

. of the-spherical spherical particles. The particle size is '~ the diameter 

C 
particle. ~ .. 

t - 
0.89~ 

?" 

(Wx 2.w' 2) i/2cose ".~m" 

(s) 
-'. 

t - diameter of'the particle in 
A ~ wavelength of radiation (1.5~060 ~). 

Wx," FWHM of peak in radians 
w = F~M of highly crystalline sample (instrumental FWHM) 
~8"- Bract angle of~diffraction (1/2 angle between diffracted 
~ and transmitted beam) <" 

i unih cell 

45.6096 A) 3 

4 molecules "RuS 2 1 165.ig-g RuS 2 
X X -- X • 

/;~it cell N A mole RuS 2 .. 

: 

• :. p, 

Area (sphere) I" 4~r 2 
Volume(sphere) x - ~ 3 x 1 ~ 3 p 4/3~r p . : : :  rp 

- .6.22x10"24g RuS2/A3 
(6) 

; 

_6 '" ';~ ( 7 )  
t p  .. 

--'" : 

~J 

RUS2-340 

RUS2-520 

RUS2-610 

<~>RuS2A/! 1 <t>~u(~) 

TABLE 5 ' 

Particle sizes (t) and surface areas ~ (SA) of the RuS 2 samples listed. 

Estimated RuS2SA~2Zg_ml~uS 2 ~ET SA(.~2Zgl 

1 7 0  1 3 0  5 7  : - - -  

180 .... : 54 . . . .  

230 ' - -- • 42 7.0 
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A third preparation using CH30H as the solvent was attempted. The 

~-RuCI 3 starting material was mixed with =300 ml of solvent. An appropriate 

amount of Li2S was dissolved in =i00 ml of solvenu to form a yellow 

solution. This Li2S solution was added, while stirring to the RuCl 3 slurry. 

The reaction was allowed to proceed for 16 hr. The precipitate was allowed 

to settle before decantation of the solvent. Successive washings followed 

by filtering and drying under N 2 followed. The 1 hr pretreatment proceeded 

as "~ before and the crystalline RuS 2 obtained was designated RUS2-520. The 

elemental analysis of this compound is shown in Table 4. Very 

stoichiometric EuS 2 was obtained by this procedure as seen by the S/Ru mole 

ratio. However, significant amounts of Li and C1 remain. The XRD ,-of the 

RUS2-520 indicates only the presence of crystalline RuS2, and particle sizes 

and estimated surface areas were calculated as shown in Table 5. 

A larger scale RuS 2 preparation (designated RUS2-610) was also 

performed using CH3OH as the solvent. The same procedure was used as in the 

preceding paragraph, but, the pretreatment was extended to 2 hr. Elemental 

analysis, as seen in Table 4, showed a much higher S/Ru mole ratio of 2.11. 

Impurities of Li and C1 still remained at significant levels. The XRD 

pattern shown in Figure 2 indicates only the presence of RuS 2, and that no 

bulk Ru(0) existed in the catalyst. The surface area was measured by a 5- 

point BET and also calculated from the XRD pattern (shown in Table 5). The 

large discrepancy between the experimental and the calculated surface areas 

might, be due to error inherent in the Scherrer equation. 

The impurity levels seem to depend on the dryness of the solvent. 

During the last preparation, the Li2S initially formed a yellow solution 

when mixed with the CH3OH solvent. After a few minutes, a white precipitate 

formed that was insoluble in the CHBOH. Although the precipitate has not 

14 



been tested, its presence can be attributed to H20 contaminating the CH3OH. 

The Li2S will react with H20 to form Li0H and H2S, and standard references 

: indicate that LiOH is sparingly soluble in alcohols. The presence of high 

levels of Li in the products can be attributed to formation of" LiOH. The 
t 

presence of C1 can be attributed to incomplete reaction of RuGl 3 . Future 

RuS 2 preparations will rigidly exclude the presence of H20 in the solvent. 

Although Peeoraro and Chianelli discuss their preparation, e.g. 

Equation 8, in detail, a chemical equation for a starting material of ~- 

RuCl 3 is not as simple. A chemical equation sequence (Equations 9a and 9b) 

can-be proposed that accounts for the formation of Ru(0) particles in some 

of the preparations. If the sulfidization is not complete, .Eu(0) will be 

seen in. the XRD pattern, e.g. as seen in the sample EU52-340. The longer 

sulfidization (2 hr pretreatment) of the RUS2-610 effectively eliminated the 

bulk Ru(0). 

RuC14(s ) + 2 Li2S(s) ~ RuS2(s) + 4 LiCl(s) (8) 

4 RuCl3(s) + 6 Li2S(s) ~ 3 RuS2(s) + Ru(s) + 12 LiCl(s) (ga) 

g u ( s )  + 2 t t 2 S ( g )  -. guS2(s)  + s H 2 ( g )  ' (gb) 

A preliminary high pressure reactor study was carried out with the 

KUS2-310 catalyst. This catalyst had a bulk S/Ru mole ratio of 1.760, and 

the conditions used were outlined in the experimental section. During the 

entire testing procedure the total floiw fluctuated by not more than 4%. 
41 . 

After pressurization, the temperature'"of the catalyst bed was increased to 

250°C. No significant activity was seen a6 reactor temperatures between 

250"C-300°C. A~ temperatures above 300°C (up to a maximum temperature of 

15 



320"C), trace amounts of lower hydrocarbons and CO 2 were produced. 

HR-ESCA Analyses of the Catalysts. Valence band spectra have also been 

obtained for polycrystalline RuS2, MoS 2 and NbS 2 by high resolution ESCA. 

The experimental valence bands can be compared to the theoretical valence 

bands available in the literature. In an attempt to attain better valence 

band spectra, the phenomena of charging was investigated for the RuS 2 

sample. The nature of the ESCA experiment causes a depletion of the 

electrons on the surface of the sample. Due to a partial positive charge on 

the surface, electrons will be held tighter~by the surface atoms causing a 

corresponding increase in the binding energy. This causes a broadening and 

shifting of the photoelectron peaks to higher binding energies. Metallic 

conductors will not charge since electrons are available in the conduction 

band to replace the electrons lost in the ESCA experiment. Insulators, on 

the other hand, do not have electrons in the conduction band available to 

replace the lost electrons and charging results. A flood gun can be used to 

partially neutralize this positive charge by flooding the surface of the 

sample with electrons. 

KuS 2 is a small band gap semiconductor and could be expected to have 

a small amount of charging. The flood gun was used to try to neutralize any 

charging. The RuS 2 proved to be insensitive to the flood gun and thus 

charging does not seem to be a problem with this sample. The experimental 

valence band of RuS 2 is shown in Figure 3, of MoS 2 in Figure 4 and of 

NbSI.75 in Figure 5. The semiconductor nature of the RuS 2 and H0S 2 can he 

seen in the indicated spectra since the electron density falls to zero 

before a binding energy of 0 eV is reached. The conduction level is 

unfilled at room temperature. However, the NbSI.75 valence band spectra 

shows the characteristic shape of a metallic Fermi edge of finite width at 

16 



the zero of binding energy. Thus, an occupation of the conduction levels at 

room temperature is indicated. The intense peak right below the fermi level 

in RuS 2 is attri1>uted to the crystal field split triply degenerate 4d t2g 

level of the ruthenium. This level is fully occupied by ~ix electrons/Ru +2. 

The remaining peaks at higher binding energies are attributed to the S 3p 

bands. 

The MoS 2 valence band spectra also exhibits this characteristic 4d 

level split by the crystal field. This time the level is a nondegenera~e 

dz 2 band occupied by two electrons/Mo +4. The lower intensity of the Mo dz 2 

when compared to than of the Ru t2g band to a first approximation can be 

caused by the different number of electrons in this band. The RuS2 contains 

$22" (i0 S 3p valence electrons) species and the MoS 2 contains 2 S 2" (12 S 

3p valence electrons) species. An approximate comparison of the valence 

bands can be obtained from a comparison of the ratio Area Metal 4d/Area S 

3p. The experimental Ru Ad/S 3p ratio is 0.9819, the ratio for MoS 2 is 

0.3121 and the ratio for the NbSI,75 is 0.1701. If the differences in these 

ratios are attributed to the number of electrons in the M 4d and S 3p levels 

then the ratio for RuS2/MoS 2 should be close to the theoretical ra%io of 

(6/10)/(2/12) or 3.6. The experimental ratio '(Ru 4d/S 3p)/(Mo 4d/S 5p) - 

3.146, which is very close to the predicted ratio of 5.6. The ratios of 

MoS2/NbS 2 and RuS2/NbS 2 can also be calculated and are shown in Table 6. 

The experimental ratio for the Ru/Nb is very low, and one reason for this 

low value could he due to the extra niobium atoms in NiSI.75. The extra 

niobium atoms are probably intercalated in between the layers and contribute 

electrons ~o the conduction band of the sulfide. This contribution will 

lower the experimental ratio by making the Nb 4d area larger. 

17 



TABLE 6 

Theoretical Electron Ratios Compared to Experimental Area Ratios. 

Ratio Theoretical Electron Ratio 

Ru 4d/S 3p 3.6 
Mo 4d/S 3p 

Experimental Area Ratio 

• 3.146 

Mo 4d/S 3V 2.0 1.835 
Nb 4d/S 3p 

Ru 4dis 3D 7.2 5.772 
Nb 4d/S 3p 

A curve fitting procedure was used'-to examine the valence band of RuS 2 

in greater detail. The Eu 4d t2g peak was fit to a Gaussian centered at a 

binding energy of 1.67 eV. A FWHM of 1.40 eV was obtained. The peaks from 
/ 

=3-10 eV are due to the S 3p electrons, and those :centered around 15 eV are 

attributed to the S 3s electrons. This spect1~a can be compared to the 

present theoretical density of states as calculated by Holzwarth et el. 8 

The experimental spectra compares favorably with the theoretical density of 

states. 

The MoS 2 valence band, Figure 4, can also be fit to Gaussians using the 

same curve fitting ro'utine. A FWHM for the dz 2 band of 1.23 eV is obtained. 

This value compares very well with the theoretical dz2 level of 1.3 eV found 

by Bullett. 9 Qualitatively, the experimental valence band spectra compares 

well with the theoretical results. Some important features are that the dz 2 
i 

level overlaps the wide S 3p bands to a finite extent and the S 5s bands are 

widely separated from the S 3p. 

The NbSI.75 valence band spectra shown in Figure 5 can be discussed in 

terms of stoichiometric NbS 2. Extra Nb atoms may be present in between the 

layers of this sample. As mentioned previously, the extra Nb atoms can 

cause electron donation" to the dz2 band. Since the HoS 2 and NbS 2 compounds 

¢ 

lem 
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have approximately the same structure-, the valence band can be compared. 

Again, a wide S 5p region is obtained that is widely separated from the S 3s 

region. However, there are some finite differences in the two S 3p band 

regions. These differences may be due to the lack of stoichiometric NbS 2 
%, 

and/or due to the different stacking in the c dlrectlon. This phenomena 

needs further investigation prior to reaching a definite conclusion. The 

valence band regions of EuS 2, MoS 2 and NbS 2 are being investigated by use of 

the computer program EHMACC. The program is used to calculate the energies 

and Bloch functions for specific high symmetry points in the lattice. The 

'end result is a calculated density of states that can be compared to the 

experimental valence band regions obtained by ESCA. The experimental dz 2 ': 

band of the' NbSI.75 has a FWH~ of 1.12 eV. The value is comparable to the 

theoretical band width obtained by Bullett for NbSe 2 (I.i eV). 9 The 

metallic character of the NbSI.75 can be seen at the binding' energy of O. eV. 

A Fermi edge width, Figure 6, can be calculated by finding the difference in 

binding energies at 88% maximum height of the edge and at 12% maxlmum 

height. From this type of calculation, a Fermi edge width of 0.66 eV is 

obtained. The instrumental Fermi edge width is 0.33 eV under the conditions 

used for this experlment. 

The angle resolved ESCA studies of the MoS 2 single crystal are still in 

the preliminary stages of investigation. More thought must he given to the 

properties of the emitted photoelectron. Can the photoelectron be truly 

represented by a spherical wave (like an electron in ans orbital) or do the 

actual quantum mechanics of the situation dictate that the change in angular 

momentum, AI, be ±i? If the Mo 3d electron is incremented by -I, a p-type 

orbital results. The inclusion of this section rule int6 the theory could 

change the interpretation of the previous experiments in the literature. A 
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solution to the debate of forward focusing vs. shadowing of the 

photoelectrons is sought. Theoretical calculations predicting the angular 

behavior of photoelectrons emitted from MoS 2 in the forward focusing regime 

must be attempted. The theoretically predicted angle resolved pattern can 

then be compared to the experimental study. 

A preliminary prediction as tO where forward focusing of the Mo 3d 

electrons will occur can he made. Figure 7, displays the geometry of the 

..basal plane of MoS 2. This surface of this plane is known to contain exposed 

and unsaturated sulfur ligands. The Ho (referred to here as the second 

atomic layer) lies below the exposed sulfur ligands (referred to as the 

first atomic layer). A photoelectron from the Mo 3d level of the second 

atomic,layer can be forward focused (according to the theory) by the sulfur 

ligands that lie above it. The angle between the perpendicular to the basal 

plane and Mo-S bond is 49.1 ° . Forward focusing of the second  layer Mo 3d 

electrons should occur at a polar angle of 49.1 ° for three different 

azimuthal directions (which are 120 ° apart). A graph of the Mo 3d5/2, S 2p 

and S 2s areas vs. polar angle for an arbitrary azimuthal angle of I0 ° is 

shown in Figure 8. Maxima occur for polar angles: -18~ 0, 16, 34 and 54. 

A similar graph for an azimuthal angle of 50 ° is shown in Figure 9. Maxima 

occur atsomewhat different polar angles: -14, 0, 50, 50. A peak occurring 

at 49.1 ° is predicted from forward focusing arguments. The intense peak at 

a polar angle of 50 ° appears in the plot for azimuthal angle of 50 ° and not 

for that of i0 °. A different way to plot the data was used to examine this 

feature. The area Mo 3d5/2 vs. azimuthal angle, Figure I0, was plotted for 

polar angles of 0°," and 480 . For a polar angle of 0 ° the line connecting 
• j 

the points shows small deviations with azimuthal angle. 

in the Mo 3d5/2 area with azimuthal angle are seen. 
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is largest at an azimuthal angle of 50 °. If more spectra had been obtained 

at different azimuthal' angles, two more intense peaks at azimuthal angles of 

170 ° and 290 ° should have been seen as predicted. 

The above discussion centered on the data obtained using the 

monochromatic A1 K s rotating anode. An angle resolved study was also ./ 

carried out using the Mg K~ oonventionai anode. _This study was done in an 

attempt to separate any diffraction peaks (in the plots of area vs. polar': 

angle) from forward focused peaks. Using Bragg's Law, which assumes that 

the electrons are plane waves instead of spherical waves, an estimate of the 

polar angle diffraction maxima can be obtained for the different wavelength 

of radiation used. The ratio of wavelengths, AMg/AAI, is inversely 

proportional to the ratio of their energies, EAI/EMg, which is 1.1859. A 

ratio of Bragg's for the two different types of radiation (Equation I0) can 

11' 
b 

I. 185gsineAl - sinOMg • ( l O )  

be used to predict the polar angle of diffraction of Mg K~ radiation, 0Mg, 

from 8AI. Diffraction peaks of 16 °, 32 ° and 4B ° obtained using A1 K s 

radiation will be shifted to corresponding polar angles of 19 ° , 39 ° and 62 ° 

when Mg Ka radiation is used. This research is still in the preliminary 

[ 

stages of examination. More tests need to be done before accurate 
i! ,. 

conclusions can be drawn from the experimental data. Further tests include 
,.. 

Laue diffraction of the single crystal used in the study of angle resolve 
.i 

ESCA .1of polycrystalline MoS 2. The Laue diffraction will lead to information 

about the orientation of the crystal and direction of the Mo-S bond• Angle 

resolved ESCA of polycrystalline M$S 2 can he obtained for polar angles in 

only one azimuthal direction. This last study will rule out the assumption 

that geometrical factors cause the observed variations in polar angle. 
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B. Niobium Disulfide Catalysts 

Analysis of Purchased ,S,amv!e 

The purchased sample sold as NbSI.75 and having the stolchiometry 

NbSI.55 by elemental analysis was characterized by HR-ESCA and XRD. Even 

though the sample was prepared and loaded under nitrogen, oxygen and carbon 

are present (see survey scan in Figure II). 

The valence band spectrum of NbSi.75 (Figure 5) indicates than some 

electrons in the sample are in the conduction band. This is shown in the , 

spectrum when the baseline starts in the negative binding energy region. 

Since the sample was purchased from the same company that supplied the 

National Bureau of Standards, good agreement was obtained in the ]~RD 

pattern. I0 The major difference being that our pattern (Figure 12) shows a 

broad peak for the mylar film that was used to cover the sample (at 26 ° ). 

~Ii other peaks can he assigned to the niobium sulfide. This would suggest 

that stoichiometric ~NhS 2 was not obtained by NBS. 

Preparation of NbS__2 Catalysts. .:'~ 

Efforns to synthesize stoichiometric NbS 2 by precipitation were 

continued. The procedure to reacting NbCl 5 with Li2S was improved by 

filtering out any LiOH formed when Li2S is dissolved in methanol. 

Possibilities of sulfiding NbCI 5 and Nb205 were also explored. 

Preparation of NhS, 2 from NbC15 and LI2_S i ~  

This method proved successful in producing high purity RuS 2. An 

analogous preparation with NbCI 5 was t' tried to determine if NbS 2 would be 

formed. 

A 2.15 g (46.8 mmol) sample of Li2S was weighed and placed,in a 200 ml 

beaker containing a stir bar. Stirring was commenced and i00 ml' of methanol 

2 2  ..:; 



'was added. The methanol contained no more than 0.02% H20" and had been 

freshly opened. A flaky white precipitate forme~, probably LiOH, which 

could not be dissolved and was filtered out of the" solution. 

To a 50 ml beaker, 5.00 g (18.5 mmol) NbOl 5 was added and then 

'dissolved in 50"m1~ methanol. This solution was added to the" Li2S-methanol 

solution while stirring:and the solution turned black. ..Filtering yielded 

0.4 g of a brown solid. After bging pretreated for 1 hr at 500°C in 14.8% 

H2S/H2, the 'compound was characterized by XR/) and elemental analysis. The 

XED pattern did not support the presence of NbS 2 when compared to a standard 

pattern for NbS2. ' Furthermore, elemental analysis gave a stoichiometry:of 

NbS0.51. Therefore, NbS 2 production by this method is not feasible. 

o, 

Pretreatment of NbCI 5 and Nb205 

NbCl 5 and I~D205 were pretreated in IA.8% H2S/H 2 for 1 hr at 50000. The 

NbGl 5 had changed color from yellow to black. The XRD pattern was not 
L 

indicative of a niobium sulfide compound having a 1:2 stoichiometry. In 
! 

addition, the elemental analysis revealed a stoichiometric ratio of 

NbS0. 895" 

The Nb205 turned from white to dark gray upon pretreatment. A homplex, 
,.'" : 

non-typical XRD pattern was obtained. Elemental analysis showed a 

stoichiometry of NbS0.513. These experiments demonstrate that unreaeted 
1 

starting material (NbCI 5) and niobium oxide, formed as a result of exposure 

to' oxygen, cannot be recovered as from NbS 2 by pretreating with 14.8% 

H 2 S / H  2 • 

23 



': REFERENCES 

i. I. Barin :and O. Knacke, "Thermochemical Properties of Inorganic 
Substances," Springer-Verlag, New York (1973). 

2. I. Barin, Oo Knacke, and O. Kubascimwskl, "Thermoehemical Properties 
of Inorganic Substances-Supplement," ilSpringer-Verlag, New York (1977). 

3. K. C. Mills, "Thermodynam:2'c Data forljInorganic Sulphides, Selenides and 
Tellurides," Butterworths ~ Co., London (1974). 

4. N. N. Greenwood and A. Earnshaw, "Chemistry of the Elements,".! Pergamon 
Press, New York (198~). ,[ 

5. T. A. Pecoraro and R. R. Chianeili, J. Catal., 67, 430 (1981). 

6. K. Klier, R. G. Herman, M. Richards, and R. D. Bastian, "Alkali/TX 2 
Catalysts for CO/H 2 Conversion to CI-C 4 Alcohols," Technical Progress 
Report DOE/PC/88933-6 (June 1990).' 

7. B.D. Cullityl "Elements of X-ray Diffraction," 2nd ed., Addison Wesley 
Publishing Co., Inc., Reading,.Mass. (1978)." 

8. N. A. W. Holzwarth, S. Harris, and K. S. Liang, Phys. Rev. B, 32(6), 
3745 (1985), 

, 

i0. 

D. W. Bullett, J. Phys. C: Solid State Phys,., Ii, 4501 (1978). 

Powder Diffraction, Vol. 3, No. I (March 1988). 

24 



/ 

! 

Q . , '  .-___, 

X .  

: i  

l 
m 

• ° 

O] 

I I 

l 

/ 

[D O L~ O L-3 c) tO O ~ O Kr~ 

O 

O 

o 

O 

c) 

u 

-I° 
O 
O3 

O 

O 
£U 

I 
. 

• O 

O 

O 

o 

O 

o O DJ ~ ~3 CU ~3 ~ C~ 

O 

O 

¢ 



I 

e,i~: 
~ Q  

m i i l  
14. ~ 

)< 

m 
0 

0 

0 
01 

I 

C~ 
0 

I 
n l  

CO 

. I  

E; 
.'---I 

- - - I  
!f.Z- 

o 

r - i  
,,-n 

i , • + i i , , ,I I 

cO o cIJ cD CD E~J ~ C~J CO [:D CU 
O C )  CO C~.l t31 . ~  h'3 l'rJ ~-.~ C~ Cb 

X ~  ,-'~ .-'~. 0 0 0 0 0 0 0 

0 0 

0 " o ,  
1~  , OJ 

0 , 0 

0 o 
L.~ : 

° ° 

o ; 0 

- i -  
t+. ,% 

I /  

0 0 

0 0 
r'~ CD 

¢ 

o 0 
i i i l i i i i 

0 0 
o C'~ I ~  I ~  D,,.I o EI...I I ~  C'X.J I ~  
0 L9 C~J CD I ~  LQ ['r~ ~-+ I ~  

• ' O "  

OJ - '~- ,'~: 0 0 0 0 0 0 
0 

. /  

. . . .  X .  • -  • . . . . . .  i * "  . T  + . 



Lr~ 

o m l m  

i m  

m 

m 

Z 

(1J 

('0 

0 
r - - t  

E 
° r - i  
~D 

o 

L ~  

~ j ' l -  

Z 

' --J C_~ 

' - -~W 
~__.1 

C~ 

C ~ J ~  
c ~ n -  

f-T-, 

r_l'j . . ~  r" 

Y 

f--. 
_ J  

I1~ I - - I  

r--i . ~  

r.J'J 
f-- 

._J 

r__ 
! 

" . ~ o  

,. o i  
r ~ D o  

° f - - I  - ~ - - - !  ~ 

" 0  

f 

I 

0 

E~ 
f_. 

f-- 
LU 

E ~  

..--~ 

f-- 
.,.--! 

r-n 

0 

~ - -  r - i  

. . . . . . . .  . . . . .  • . o  . .  . . . . .  ~ . . - -  . . °  ° . o O -  _ ~ . . . . . .  

C~ 

. . . .  o . . . .  . . o . ~ o  o .  



O 

m 

t , -  

m 

-q- 

E.O 
H 
ZE 
L~J 
_.J 

OJ 
D'3 ~-4 

O b J  
~ ' ( _ 3  

Z 
. ~ b L J  
r - - _ _  

rO 

u 3 0 J  

r.._ , 
r_) r_3 

,--~ rJ3 
D o  
r- Z 

r._ 

r - t _ t - )  

o3 
t o  

13.. 

, ,, , ,,~ 

E 

. t - - R  • 

- r " !  

O 3  

e 3 L O  
o 

r _  
• , ~  

r - -  

L t J  

. °  

t - -  

• r - i  O ~  

r - -  

E ~  

r - i  

• 1 ~  '.4J ,, 

(.o 
t.r) 
t - -  

. _ ]  
, ] 

X 

L O  

E O 3  

L O  
° 

r ~  

O 

': j 

t 

o 

~ - -  ° . j . '  

. .  - 

. o 

O 

C~d 

"-4" 

LO 

'J3 

130 

03 

O 
O 

ft.3 

r-- 
G3 
r -  

. , - - t  

"1::3 

[33 



6} 

s m  

{} 
m m  

I1} 

{,,} 

m 

, ' , q  

- r -  

03..- 
Od 
- r -  

.CO 

" ~ ' C O  

--~ ~ j j  

('0 

¢..., 

f_O 

r ~  ,'- ~_]  

C O ~ . _  

Z '" 

' L ~ O  

, ~  ;- 
.~. 

. ' ~  
0 ~ - - ~  
( '~  I 
-~--I 'GO 

I i~3 

D3 

;- 

o ' J .  ~ r - -  

• " \  

0 

~ 0  
-~--I 0 "7  

( - -  

.d 

t -  
o 

r ~  -r-~ 
" I ~  0") 
0 0") 
~ -  - r - I  

0") O0 

OP rO 

, , IJ  

0 
I~_  

I 
~-~  . 

,£. 

. , 2  ~, 

G 
0 

~2U2U~ 

0 
0 
0 
~J  

0 
0 

Q 6 

o 

0 

0 

0 

C- 

l - . .  

. ,--~. 

-,-'-t 

r n '  

• " "  f: 



L~ 

'i,-,I 

Z 

i m  

o 

I i  

E 

EL 

ELI 
"I- 

CO 
CYI 
:E 

.,q. 

i 
E r _ o  

-~-'1 H 
"-1- 

" ~  LL! 
~ ..._J 

I- 

E ..~.-~ 

L~Z 

L.Q~ 
_,'-a 

Z 

• ~ "  t 'Q 

! 0  

.0 
. ~ C ' d  

...-~ rJ'3 
133 

E , ' 3 Z  
Iz3 
Z 

~_ ~ ~ E~O Ill -r4 . . ~  

[~9 '--:-J ," . ~  03 ~,"~ 1"13 
03 -~-~ "~J ~ ~--" C_ 
~'0 ~--~ r-" OD OD I"13 I 

L'~... r ~  L 'J E'~ _ J  r_.. ; ~  
4-1 

ciJ . .  

- 0 ;  

, L.., , - - 1  I F 1 

I 
+! 

I 4.  
I 

. 4 -  
| 

÷i 

1- 
." 4'- 

i÷ 
÷ 

It. 

÷ 

1- 

I-'--I 

-I- 

P 

- r-- 'q 

* r - ' t  
t- 

~ ~ J  
o~ ~ 
%_, 

IGJ 

- I ; • Y 
........ " ":'~-- . . . .  t ................. ~:-'" "-- .......... 

~ i  : ÷. 
f ÷ 

i j ~i, 

. t**  ,1, 

/ - 

J 

I 
I 

t 

,, ¢ 

"\ 
\ 

/ 
i 

j' 

f 

4 

÷. 

÷ 
I 

: + 
i 
! 

4 

o 

÷ 

÷ 

| "I'" 

I 

| " I 

' C'J 

I 

I 

0 

~J 

> 
CD 

Z_ 

L-.I 



Figure 7. 
Coordination of Mo by sulfur in MoS?. A polar angle of 4g.l., as 

measured from the surface normal, lea-ds to forward focusing of the 
Mo electrons by the sulfur iigands. 



II 

e- 

~E 
i m  

N 

O 

O 

Q. 
X 

m 

e- 

@ 

b~ 

¢d 

© 

D 

© 

<< 

O 

( 

< 
Lt~ 

J 

C~ O O O 
CD O C) O 
C9 O C9 O 
LO ~- ~0 Oq 

l 
I . I  

0 
0 
C) 

0 

" o 

CO 

m,, " 0 

D 

m - - - -  

- C ~  

- 0-'~ 

- E 
O ,  . <  
C',l 

0 ~°~ 
E_.  0 

° 

- 0 

I 

- 0 
0,1 

I 
0 



. .  i [  

,1~ 

L"~ " 

;= 
P ~.=_ 
N 

i m  

0 

'O 

v ' )  

M 

' ~ 

aP 

b~8 

c~ 

0 
m._m__, 

L ~  

0 - 

f / .  
0 

, p - .  

-__'o 
F- ~_0 

/ 

( o 

o "e 

F 
,'.'9 

F & 

N r 8 F -6 
) 

< 
o D D -  " 
% - . . .  

m 

m 

- C b  

- I 

- 0 
C ' , I  

I 
0 0 0 0 0 C:) 

0 0 0 0 0 
(D O. C:) 0 C:] 
-'"U "¢- r,-) CW -,-- 

oeJv 

o 

. . . . . . .  - o - 



0 

i w  

1.1.. '-- 
w 

© 

bJO 

<: 
8 

' L ~  

E~ 

L© 

Q 

c~ 
© 

' / 

i 

_/ 

b, 

4 
..~F i 

! 
! 

[] 

ill ,J! 
I \m 

i l  ! 

I 

I 

| 

! 
! 

! 

I 

0 0 0 0 0 
ED 0 0 CD 0 
0 0 0 0 0 L.Q "~- 

~ / g P £  oin! D~.IV 

_ 0 

C:) 

O3 
OD 

OD 
"-0 

ETI 
r "  

0 
r,Q 

I 

ID 

Oq 

l',d 



Z 

u 

m 

0 

0 

=E 

>, ,  

0 
,d') 
ILl 

I 

-I- 

CO 
Od 
ZIZ 

CO 

~"~- "i"" 
...~ r......O 

I--'-I 
r'-" Z]Z 

- .""1 L . tJ  
.....1 

. 'E~ 
ED 

f-O 

F._ 
..-.tJ >- "  
-'.¢.0 LL] 
.-.._..~.. 
n r"r" 

LQCO 

.C) 

Od I 

I O8 
O]Z 
nn 
Z 

r _  
0..1 o 
r.-., o 

r~  
13_ 

o l , - I  • 

4.~ 

r-,'3" 

I.U'3 

r- .  

r ' -  
LL I  

-.t-J 

1 ~ 3 o  
. r.-,I 0"3 

r "  

[:3 

i:~ rd"'J 
i:=:= . ,--.t 

1=:::: 
c,o r..,o 
r"-" r - -  

._..1 r.... 
I - -  

r' ~ 

='-,....: 

¢.._ 
! 

X 

r, J 3  
o ' 3  

I:=: 

.4..J, . o 

• o 

133 

I . , ,  ! , T,  I ,  

k"r3 
p , , '  

r . . r J  

k",J 
r.J'3 

J 

! 9_ 

• ! l 

,r"LJ ,&"3 
0 3  ~ C'M 

.r" 

J 

,~'~ L'3 
cM .-' 

. °  

0 
0 
( " d  

C : )  

"=,,T 

0 
C ,  
L O  

C l  

0 

0 
0 

0 -~--! 

, °o 

-..>. 

f . . ,__J  

0 '3  
r _  
63  
r "  

U J  

• ~,--| 

_r'Z_ 
,, , - ' - I  

..,j 

sOTX sq.un03 



CO 
.0 

.Z 

r~ 
n- 

x 

0 

v 

D. 
E 

U? 

x-~-~ 0 0 o 0 o o o 0 0 

0 

o 

o. 
o 

0 

0 

0 

0 

g3 

0 

0 

C) 
0J 

0 

0 

0 

0 

0 

. • m • 

~-~ 0 0 0 0 0 0 0 0 0 



.~=,, 

.=.'-~ o 

= 

..= 
l i l  I lK 0 

,=.,=. - 

! i  ° 

: 
0 O. ~. 

e 

R e p r o d u c e d  b y  
National Technical Information Service 
Springfield, VA 22161 • 

This report was printed specifically for your order 
from nearly 3 million titles available in our collection. 

For economy and efficiency, NTIS does not maintain stock of its 
vast collection of technical reports. Rather, most documents are 
custom reproduced for each order. Documents that are not in 
electronic format are reproduced from master archival copies 
and are the best possible reproductions available. 
Occasionally, older master materials may reproduce portions of 
documents that are not fully legible, if YOU have questions 
concerning this document or any order you have placed with 
NTIS, please call our Customer Service Department at (703) 
605-6050. 

About NTIS 

NTIS collects scientific, technical, engineering, and related 
business information -then organizes, maintains, and 
disseminates that information in a variety of formats- including 
electronic download, online access, CD-ROM, magnetic tape, 
diskette, multimedia, microfiche and paper. 

The NTIS collection of nearly 3 million titles includes reports 
describing research conducted or sponsored by federal 
agencies and their contractors; statistical and business 
information; U.S. military publications; multimedia training 
products; computer software and electronic databases 
developed by federal agencies; and technical reports prepared 
by research organizations worldwide. 

For more information about NTIS, visit our Web site at 
htt P ://www.- nti s- ¢jov. 

O 

Ensuring P e r ~ t T ~ ,  Easy Access to 
U.S. Government Information Assets 



U.S. DEPARTMENT OF COMMERCE 
Technology Adminisl~afion 

National Technical Information Service 
Springfield, VA 22161 (703) 605-6000 


