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The nonstoichiometric chalcogenides with NaCl-type structure were prepared and the physical and structural properties 
were studied. The homogeneous range and the structural change were studied based on X-ray powder diffractions 
using Rietveld-type full-profile fitting technique. Wide homogeneous ranges were observed in Y-S and Y-Se systems, 
and relatively narrow homogeneous ranges were observed in Yb-S and Yb-Se systems. Both in Yb—S and Ybi-xSe, 
a vacancy ordering transition occurred in (111) plane direction. The ordered superstructure had cubic symmetry 
(Fm3m) with doubled unit cell "a” parameter compared to the original NaCl-type. The superlattice developed in 
a continuous second-order transition was characterized by the reduced waved vector ^=(a*+/ )*+c*)/2.  Y-S system 
had metallic, and YSe, YbSe systems had semiconducting properties in their homogeneous ranges. It was observed 
that the change of electronic transport properties in extended homogeneous range did not depend on the relative 
ratio of metal to nonmetal, but on the quantities of vacancies.

Introduction

The transition metal chalcogenides with NaCl-type struc
ture have been studied for the subjects of much interest 
because of their interesting properties such as conductivity, 
magnetic, thermodynamic properties and effectiveness as ca
talysts. Often, these chalcogenides have been observed to 
have some range of homogeneity which can be ascribed to 
vacancies on anion or cation sites, or on both. Furthermore, 
the vacancies in these solids are observed to order when 
samples are cooled slowly, and as a result, the symmetry 
of materials are lowered.1-10 The understanding of such struc
tural change is important, because such structural changes 
.are frequently associated, directly or indirectly, with interes
ting and useful properties of materials. For example, the 
electronic properties of these NaCl-type materials vary from 
semiconductor to metallic conductor and even to low tem
perature superconductor in a homogeneous range.11,12 For the 
discussion of many interesting properties, it is necessary that 
the structural phase transitions involving vacancy ordering 
are to be investigated. Although n나merous efforts have been 
made to explain the nature of vacancy ordering phase transi
tion in defect solids,l3^15 not so many give reliable knowledge 
concerning these interesting phenomena.

During the investigation of NaCl-type transition metal and 
rare earth metal chalcogenides, new vacancy ordered phases 
in Yb-S and Yb-Se were found. The nature of these vacancy 
ordering phase transition explained based on Landau theory 
of symmetry and phase transition.1519 The electronic proper
ties are studied over the homogeneous ranges in Yb-X and 
Y-X (X=S, Se) systems.

Experimental

The samples were prepared directly from yttrium or ytter
bium metal (99.9% purity from Strem Chem.) and elemental 
sulfur or selenium (99.999% purity from Strem Chem.). The 

desired amount of metal and nonmetal (for samples with 
starting composition in the range (0.5<X/M<1.5) were pla
ced in the outgassed fused sillica tubes which were evaqua- 
ted, sealed and heated in a tube furnace at about 900 to 
lOOOt for 5-7 days. After heating, the samples were ground, 
pelletized and annealed in the sealed fused silica tubes to 
achieve homogeneity. For the initial phase analysis of sample, 
the X-ray powder patterns were taken using 0-20 diffracto
meter (Siemens D-500). The diffraction data were taken 
using stepscan procedure with step size of 0.01-0.02 in 20, 
and for the structure analysis a full-profile pattern fitting 
Rietveld-type program DBW-PC90 was used.21 The parame
ters refined for each diffraction data were scale factor, unit 
cell parameters, back ground parameters, atomic positions, 
zero point and overall isotropic thermal parameters.

The electronic resistivities were measured using standard 
four probe method in which sintered pellets were used and 
four wire were bound to the sample by indium contacts.

Final compositions of sulfides and selenides were determin
ed by oxidizing them to their highest oxidizing forms in a 
pl가inum crucible in air at about 1000t： .

Results and Discussion

The Vacancy Ordering in Yb-X (X=S, Se). The 
study of the vacancy ordering in defect Yb「*X  (X=S, Se) 
was undertaken as one of the series of investigations of 
phase transition in defect NaCl-type solids. The structures 
of the stoichiometric YbS and YbSe are NaCl-type. The X- 
ray powder patterns of the samples of different compositions, 
YbXx (X=S, Se, x=0.9-1.0), were examined and obtained cell 
parameters are shown in Figure 1. From the linearity of 
the cell parameters vs compositions, we concluded that the 
relatively narrow homogeneous range exists in chalcogen de
ficient region. In this range, any evidences of vacancy orde
ring were not observed. However, the metal deficient samp
les (Ybo^Se and Ybo.^S) cooled slowly from 950t to room 
temperature over several days of period gave evidence of 
vacancy ordering. These phases with metal deficient site were
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Figure 1. Lattice parameter as a function of composition for 
YbSet (open circle) and YbS* (closed circle). Sample compositions 
were taken from combustion analysis.

in common with Sc, Zr, Y, Lu monosulfides and Y mono
selenide. It has been reported that Sc—*S,  Zi、—£, Yi_*S,  
Lui-xS and Yi-^Se have high concentrations (upto-25%) of 
metal vacant site on the parent NaCl-type structure.1-8

The powder patterns of Ylio^Se and Ybo.^S were similar 
to those of ideal 1:1 composition (Yb : S=Yb : Se= 1: 1) ex
cept weak extra reflections. The weak reflections could be 
indexed with twice the NaCl-type "a” parameter, thus the 
new phase can be considered to have superstructure with 
broken symmetry (some symmetry elements of NaCl-type 
structure are lost) resulting fi'om vacancy ordering. Such sy
mmetry breaking transitions occur when a structure changes 
continuously and these transitions are categorized to be se
cond order.16-19

If a structure changes continuously, Landau theory can 
be applied to solve unknown superstructures. The superstruc
tures are due to the long j-ange ordering of defect sites 
along particular direction. It is almost impossible to find the 
way how the defect sites arranged based on geometry alone, 
but if Landau's four criteria fcr symmetry breaking transition 
is applied the number of possible solutions can be greatly 
reduced.

When the theory was firs: suggested, Landau used the 
order parameter 门，as a basis for the expansion of the Gibbs 
free energy:

G = G°+At]2 + Cti4

Then, the order parameters which minimize the Gibbs free 
energy are determined, which give the information about 
symmetries of the solids. In an effort to solve the superstru
cture, the following four Landau's conditions must be consi
dered: ① The space groups of two crystalline structures 
related by such a transition must be in a group-subgroup 
relationship.② The change of the crystal should correspond 
to a single irreducible representation of the space group of 
higher symmetry.③ In Gibbs free energy expansion, there 
must be no third-order term of the basis functions invariant

Figure 2. The possible superstructures arising continuously 
from the NaCl-type. For the clearity only metal positions are 
아)own. a), b) The rhombohedral (a = (3/2)1/2aNacb a=cos-1(5/6), 
R-3m) superstructure observed for 岛是 and the cubic super
structure (a — 2aNaCi, Fm-3m) observed for Ybi-xSe and Ybi-xS. 
c) The cubic superstructure (a — 2aNacb Fd-3m) observed for 
Yt-.Se.

under the symmetry operation of the group.④ For commen
surate superstructure, the possible wave vectors to which 
a second-order transition corresponds must be the high sym
metry points of the first Brillouin zone. Since Landau sugge
sted the Landau theory of symmetry and phase transition, 
Franzen18 applied and developed the method to characterize 
the symmetry breaking transition in defect solids.

For NaCl-type structure, T, X, W, L points in the first 
Brillouin zone are high symmetry points to be considered 
according to the fourth condition above. At L point, three 
possible space groups are R-3m, Fm-3m and Fd-3m. The 
detailed theory and technique are contained in other litera
tures.1718 The possible superstructures arising continuously 
are shown in Figure 2. For clarity non-metal sites are omit
ted and only metal sites are shown, and cubic unit cells 
are doubled in Figure 2(a), (b). The cell inscribed in doubled 
unit cell (Figure 2(a)) illustrated the rhombohedral unit cell 
which is a superstructure resulting from metal vacancy orde
ring in alternate plane along the (111) direction. The closed 
and open circles indicate the sites with different occupancies. 
The first solution, R-3m, has been observed in the metal 
deficient Sc—4 In these two systems, vacancies are rando
mly distributed at high temperatures and order in alternate
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Table 1. Refined Parameters for Ybo^S in Fm-3m Space 
group
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7
 
9
 
0
 
0
 
1

2
 
9

a

 
9

1
 
1

丄

4
 
4

248

24 

O

1/2
1/4
1/4O

 

O

1/2
1/4
1/4O

 

O

1/2O

1/4
1/4 

Yb
Yb
Yb
se
se

R=9.3% (R = 100X \yi —ya \ /S \yt I, the pattern R-factor, where y, 
=observed intensity at ith step, = calculated intensity at ith 
step.), aSuper—2fZsub= 11.281(2) A.

Table 2. Refined Parameters for Yb^Se in Fm-3m Space 
group

Atom x y z Multiplicity Occupancy (%)
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Figure 4. Comparison of calculated (top) and observed (bottom) 
powder diffraction for Ybo^Se. The first set of vertical strokes 
indicate calculated Bragg peak positions for Yo^Se and the se
cond set for Yb2Se3 phase.
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Figure 5. Resistivity as a function of temperature for Ybo^Se 
and Ybo&S. Resistivity is normalized to 1 at 292 K.

In our research, we found that the defect sites on ytter
bium in Ybo.92S and Ybo.sgSe ordered to (111) plane direction 
with a doubled unit cell. The space group of the superstruc
ture was Fm-3m. This superstructure solution was fitted well 
to the observed X-ray pattern (Tables 1, 2, Figure 3, 4). This 
observed superstructure was consistent with Landau theory 
and these materials were the first example of the metal de
fect solids with symmetry breaking transition among NaCl- 
type lanthanide chalcogenides. Additional high temperature 
X-ray work is required to determine the exact temperature 
at which the transition occurs from NaCl-type substructure 
to superstructure.

The results of resistivity measurement suggested that

R=13.4%,(知时=2£5=1丄74(乂2) A.
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Figure 3. Comparison of calculated (top) and observed (bottom) 
powder diffraction for Ybo^S The diffraction peaks at asterisk 
is the strongist peak of Yb2S3 phase. The first set of vertical 
strokes indicate calculated Bragg peak positions for Y0.89S and 
the second set for Y2O2S phase.

(Ill) planes when samples are cooled slowly (rhombohedral 
cell in Figure 2(b)). The third solution, Fd-3m has been 
found in Yi^Se, and in this system, vacancies order as 
사iowd in Figure 2(b). For the first solution, one C3 symmetry 
among four C3 symmetries (63^+?+^ C3(—*”+z), C^—y+z), 
Cstx+j-z)) is retained and other three C3 symmetries are lost. 
For second (as shown in Figure 2(a)) and third solutions, 
four C3 symmetries are retained, but some translation sym
metries such as a, b. c, are lost.
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were taken from combustion analysis.
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Figure 7. Resistivity as a function of temperature for Y—*S. 
Resistivity is normalized to 1 at 281 K.

these materials were semiconductor and band gaps were 0.23 
and 0.32 eV for YbS and YbS, respectively (Figure 5). The 
band gap of YbSe was greater than that of YbS and this 
may be due to the difference in covalency of metal-nonmetal 
bond. Because the bonds in YbSe are more covalent than 
those in YbS, the band near tlie Fermi level is expected 
to be more dispersive and the band gap might be greater 
in YbSe.

The Defect Chemistry in YS and YSe. It has been 
reported that the vacancies in defect yttrium monoselenides 
order at lower temperature (275± 25t： ),4 and this ordering 
corresponds to the L point of the first Brillouin zone. As 
in the case of Yb—X (S, Se), the ordering corresponds to

a combination of all four equivalent k vectors ((a*+Z 广+c*)/2,  
(—〃* + £，*+ c*)/2,  — 广一户)/2) in Yi^Se.
However, the order parameters in Yb— and Yi_xS are diffe
rent as illustrated in Figures 2(a) and (b).

In this research, a wide homogeneous range in sulfur defi
cient region was found in Y-S system. Y5S7 and NaCl-type 
structures exist in metal deficient range. The cell parameters 
changed linearly in 0.72<S/Y<1.06 range (Figure 6(a)) and 
this result indicated that the Material retained the NaCl st
ructure with 20% defect in sulfur. The electric resistivities 
were measured for various compositions in homegeneous 
range. The resistivities vs temperatures were normalized to 
the value at 281 K. The electronic properties of YSi-x were 
metallic conductor. It was observed that material became 
to a poor conductor when x increases (Figure 7), even the 
relative quantity of metal was increased. This result indicates 
that the change of electron transport properties in extended 
homogeneous range does not depend on relative quantities 
of metal and nonmetal, but depend on absolute quantities 
of vacancies.

A wide homogeneous range in selenium deficient region 
was found in Y-Se system (Figure 6(b)). The electrical proper
ties were semiconducting and the band gaps were 0.035, 
0.027, 0.003 eV for YSeg YSeo.93, YS4.73, respectively (Figure 
8). When the concentration of defect sites on selenium in
creased, the band gap decreased.

In summary, we found a new superstructure in YbS and 
YbSe systems. The new superstructure has a doubled pero- 
dicity in a, b, c directions and the space group was Fm-3m. 
The superstructure was consistent with Landau's condition 
for second order phase transition. This system is the first 
example of metal deficient material with such transition 
among NaCl-type lanthanide chalcogenides.

A wide homogeneous range in sulfur deficient region was 
found in Y-S and Y-Se systems. The change of electronic 
transport properties in extended homogeneous range does 
not depend on relative quantities of metal and nonmetal,
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MeSi(SiM르3)3 ----------- Me-Si-SiN：ej + Me3SiSiMe3 (major pathway)

I II

:SiMe3 + Me^i (SiMe3)3 (minor pathway)

(MejSi)2heSi, + ,SiM루3 (minor pathway)

III
Scheme 1.

lanes.5*9 Photoproduced silyl radical has directly been detec
ted by EPR spectroscopy.8,9

So far, however, clear evidence for the photochemical ge
neration of the silylenes and silyl radicals from I has not 
been presented in the literature, to our knowledge.

We have studied the photochemical behaviors of I upon 
UV (mostly, 254 nm) irradiation and the reactivities of photo
fragments such as silylene and silyl radicals etc.. By employ
ing the appropriate trapping agents, we were able to trap 
the silylene and silyl radical and to isolate all observed pro
ducts, and to obtain their unambiguous spectral data inclu
ding 'H-NMR and ma옪s spectra.

Trapping studies could provide information about the pho
toinduced decomposition pattern and the photodissociation 
efficiencies of permethylated oligosilanes. Labelling experi
ment employing CH3OD also h시ps to identify the i가erme・ 
diate species, especially, silyl radical III involved in the pho
todissociation of I.

In an attempt to estimate the energetics of various reac
tions observed here, we have performed semiempirical calcu
lations using the PM3 method1213 on 사le thermochemical val
ues of the reactive species and stable products observed or 
inferred. Only the PM3 results are reported here since in 
this system, the PM3 calculation is found to be superior 
to 하le AMI calculation.14,15 The PM3 calculation is quite use
ful to infer the electronic and vibrational states of the silicon 
species involved in this study.

Expericnental

General Data. lN-NMR spectra were recorded on a 
Bruker AC-80 FT spectrometer. Gas chromatograph-mass 
spectra (GC-MS) were recorded on a Shimadzu GCMS-QP 
1000, and/or on a Hewlett Packard GC/MS spectrometer con
sisting of a HP 890 series II gas chromatograph and a HP 
5970 series mass selective detector (MSD) operating at an 
ionization voltage of 70 eV. Flame ionization detector (FID) 
and thermal conductivity detector (TCD) instruments were 
employed for analytical gas chromatography. The FID instru
ment was Varian model 3300. The TCD gas chromatograph 
was Gow-Mac Series 30. The TCD in마rument was also used 
routinely for separation of reaclion mixtures and yield deter
minations. Yields were based on the amount of unrecovered 
starting precursor I and were determined with the use of 
I as an external standard. Chromatographic response factors 
in the TCD instrument were determined for isolated produ
cts or for hydrocarbons with the similar molecular weight 
as the observed products. All the products were separated 
by using a 13 ft XI"' 20% OV-17 on chromorsorb WHP, 
105t ,16

Materials. Preparation of (Me3Si)3SiCH3: synthesized by 
the method of Barton.17 This compound is identified from

Table 1. Thermochemical values derived by 나le PM3 semiempi
rical method

Silicon Species AH} (kcal/mol)
PM3 Experiment

MeSi(SiMe3)3 -152.6
Me3SiSiMe3 -83.2 -87.0±2.1fl
Me-Si-SiMe3 0.4
:SiMe2 26.6 2伊
Me2Si(SiMe3)2 -116.7
MeHSi(OMe)SiMe3 -124.9
•SiMe3 -15.0 -11.7± 24
• SiMe(SiMe3)2 -71.9
MeHSi(SiMe3)2 -99.8

官이』 -68.8

[Me(Me3Si)HSi]2O
Me4Si

-206.3
-54.1± 1.1S 一 554

■OCH3 -6.8 一0.伊
CH3OCH3 -48.3 一 440
CH3OH -51.9 — 481

X
22.2 18.10± 0.24'

X
56.2

aJ. B. Pedley and J. Rylance, Sussex-N. P. L. Computer analyzed 
thermochemical data: Organic and organometallic compounds, 
University of Sussex, 1977. frR. Walsh, Ace. Chem. Res. 14, [1981], 
246. CL. Szepes and T. Baer, J. Am. Chem. Soc. 106, [19841 
273,叮.L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron, 
K. Draxl, and F. H. Fi이d, Natl. Stand. Ref. Data Ser., Natl. Bur. 
Stand., No. 26 (1969). eJ. O. Cox and G. Pilcher, Thermochemistry 
of Organic and Organometallic Compounds, Academic Press, New 
York, 1970.

】H-NMR, mass, IR, Raman, and UV spectra. 】H-NMR (CDC13): 
8-0.083 (s, 3H, SiCHj, -0.045 (s( 27H, Si(CH3)3). Mass (70 
eV) m/z (relative intensity): M+ 262 (13), 247 (9), 189 (16), 
174 (48), 159 (22), 131 (19), 116 (3.9), 101 (3.4), 73 (100), 
59 (10)t 45 (23), 43 (8.9). FT-IR (cm-1) (r이ative intensity): 
2951.1 (vs), 2893.2 (s)t 2816.1 (w), 1427.3 (m), 1400.3 (m), 
1249.9 (vs), 837.1 (vs), 783.1 (vs), 740.7 (m), 690.5 (s), 621.1 
(s), 4B6.1 (s). Raman (cm-1) (relative intensity): 2944 (vs), 
2886 (vs), 1430 (vw), 1400 (w), 1254 (w), 1234 (m). 862 (w), 
832 (w), 736 (m), 678 (s), 656 (s), 612 (vs), 444. (m), 344 
(w), 262 (w), 216 (m), 168 (vs). UV absorptions in a 5X10~4 
M cyclohexane solution:入g=230 nm, 277 nm.

Neat photolysis of MeSi(SiMe3)3. 2.0 g (7.6 mmol) of I and 
5 m/ of cyclohexane were placed in a cylindrical quartz ves
sel (o.d. 21 mm, length 340 mm). The reaction mixture was 
thoroughly degassed three times by the freeze-pump-thaw 
method. The quartz tube was placed in a Rayonet reactor. 
The samples was irradiated for 70 hr by medium-pressure 
mercury lamps. 28% of the starting material was consumed. 
The excess solvent was removed by a simple distillation. 
Final purification of the products was achieved by gas chro
matography. The stable products obtained were Me3SiSiMe3
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2886 (vs), 1430 (vw), 1400 (w), 1254 (w), 1234 (m). 862 (w), 
832 (w), 736 (m), 678 (s), 656 (s), 612 (vs), 444. (m), 344 
(w), 262 (w), 216 (m), 168 (vs). UV absorptions in a 5X10~4 
M cyclohexane solution:入g=230 nm, 277 nm.

Neat photolysis of MeSi(SiMe3)3. 2.0 g (7.6 mmol) of I and 
5 m/ of cyclohexane were placed in a cylindrical quartz ves
sel (o.d. 21 mm, length 340 mm). The reaction mixture was 
thoroughly degassed three times by the freeze-pump-thaw 
method. The quartz tube was placed in a Rayonet reactor. 
The samples was irradiated for 70 hr by medium-pressure 
mercury lamps. 28% of the starting material was consumed. 
The excess solvent was removed by a simple distillation. 
Final purification of the products was achieved by gas chro
matography. The stable products obtained were Me3SiSiMe3
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Me3SiSiMe3 Mass: M+ 146 (10), 131 (22), 115 (1.8), 73 (100), 59 (3.4), 45 (17), 43 (9쇼), 32 (3.4).

Table 2.】H-NMR“ and mass" spectral data for the products

H
1 

Me3Si-Si-SiMe3
Me

】H-NMR (GDQ: 8 0.03 (s, 18H, Si(CHj3), 0.30 (d, 3H, ；=5.0 Hz, SiCHj, 3.25 (q, 1H, ；=5.0 
Hz, SiH); mass: M+ 190 (12), 175 (10), 131 (5.8), 116 (28), 115 (6.6), 102 (27), 101 (19), 73 
(100), 59 (13), 45 (24), 43 (14), 32 (18).

D
Me3Si-Si-SiMe3 

1 
Me
Me

MeaSi-Si-SiMea 
1 

Me

】H-NMR (CgDe): 8 0.16 (s, 18H, SiCHjj, 0.41 (s, 3H, SiCH3)； mass: M+ 191 (6.8), 176 (11), 
131 (4.1), 116 (32), 103 (32), 102 (10), 101 (19), 85 (2쇼), 73 (100), 60 (7.1), 59 (9.0), 45 (28), 
43 (17).

'H-NMR (CeD6)： 8 0.19 (s, 18H, Si(CH3)3)f 0.66 (s, 6H, SiCH3); mass: M+ 204 (14), 189 (10), 
145 (1.9), 131 (62), 116 (35), 115 (9.8), 101 (8.3), 99 (2.3), 73 (100), 59 (94), 45 (30), 43 (13).

、厂八/Me

7 SiMe3
(IV)

lH-NMR (CQQ： 0.07 (s, 9H, Si(CH3)3), 0.14 (s, 3H, SiCHj, 1.39 (s, 3H, CCH3), 1.62 (s, 2H, 
CH2), 1.77 (d, 2H, CH2), 5.02 (m, 1H CH=C); mass: M+ 184 (15), 169 (100), 141 (11), 111 
(42), 110 (24), 109 (29), 101 (16), 95 (13), 73 (97), 69 (7), 59 (24), 45 (33), 43 (37).

H
Me-Si-SiMe3

OMe
(V)

D
Me-Si-SiMe3

OMe
(V-d)

H H
I I

Me3Si-Si -0- Si-SiMe3
I I

Me Me 
(VI)

D D
Me3Si-Si-O-Si-SiMe3 I I 

Me Me 
(Vid)

Et3SiSiH2Me

】H-NMR (CQQ： 6 0.16 (s, 18H, Si(CH3)3), 0.12 (d% 3H, ；=3.9 Hz, SiCHj, 3.38 (s, 3H, OCH3), 
5.24 (q, 1H, J=3.9 Hz, SiH); mass: M+ 148 (5.6), 147 (15), 133 (96), 117 (11), 103 (15), 89 
(13), 73 (100), 59 (97), 45 (47) 44 (7), 43 (25), 32 (13), 31 (6.0).

'H-NMR (CQQ: 6 0.16 (s, 9H, Si(CH3)3), 0.12 (s, 3Ht SiCH3), 3.38 (s, 3H, OCH3); mass: M+ 
149 (4.7), 148 (13), 134 (93), 118 (6.0), 117 (3.8), 104 (14), 103 (5.6), 89 (11), 76 (10), 74 (23), 
73 (100), 60 (27), 59 (70), 46 (18), 45 (36), 43 (25), 32 (5.6), 31 (5.6).

】H-NMR (CGQ： 0.10 (s, 18H, Si(CH3)3), 0.30 (d, 6H,/=3.9 Hz, SiCHj, 5.20 (q, 2H,/=3.9 Hz, 
SiH); mass: M+ 250 (1.0), 235 (5.6), 205 (32), 176 (15), 161 (22), 147 (8.4), 133 (14), 117 (69), 
103 (20), 73 (100), 59 (22), 45 (34), 43 (15).

】H-NMR (CQQ： 0.13 (s, 18H, SKCHjj, 0.42 (s, 6H, SiCH3); mass: M+ 252 (1.9), 237 (9.4), 
205 (48), 179 (13), 177 (20), 162 (21), 147 (8.5), 134 (16), 117 (76), 104 (20), 73 (100), 60 (19), 
59 (6.6), 45 (32), 43 (13), 32 (9.4).

】H・NMR (CeDe)： 0.13 (t, 3H, J=5.1 Hz, SiCH3), 0.57 (m, 6H, SiCH2)f 0.97 (m, 9H, CCH3), 3.71 
(q, 2H, J=5.1 Hz, SiH2); mass: M+ 160 (14), 131 (10), 115 (100), 103 (27), 87 (94), 75 (14), 
73 (7.1), 59 (28), 45 (7.1), 43 (7.1).

“80 MHz. "70 eV) m/z (r이ative intensity).

Et3SiSiHMe2 Mass: M+ 174 (31), 145 (13), 117 (31), 115 (100), 103 (7.1), 89 (29), 87 (94), 73 (7.1), 59 (28), 
45 (7.1), 43 (7.1).

Me3SiSiEt3 丽-NMR (CQQ： 0.15 (s. 9H, S1CH3), 0.57 (m, 6H, SiCH2), 0.99 (m, 9H, CCH3); mass: M+ 188 
(56), 173 (11), 159 (34), 145 (10), 131 (53)f 115 (93), 103 (49), 87 (100), 73 (36), 59 (36), 45 
(13), 43 (7.1).

H 
1 

Et3Si-Si -SiMe3
E-NMR (CgDg): 0.20 (s, 9H, SiCH3), 0.20 (d, 3H, /=5.3 Hz, SiCHj, 0.64 (m, 6H, SiCH2), 1.01 
(m, 9H, CCH3), 3.46 (q, 1H,丿=53 Hz, SiH); mass: M+ 232 (52), 217 (15), 203 (16), 189 (8.1),

1 
Me 175 (16), 158 (39), 147 (27), 130 (41), 115 (80), 102 (100), 87 (95), 73 (44), 59 (35), 45 (12), 

43 (6.7).

Et3SiSiEt3 Mass: M+ 230 (54), 201 (56), 173 (46), 145 (38), 115 (100), 87 (87), 59 (37).
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(50%) and (Me3Si)2SiMe2 (8.7%). AH these products were ide
ntified by JH-NMR and mass spectroscopy. The NMR and 
mass spectroscopic data are given in Table 2.

Photolysis of MeSi(SiMe3)3 in the presence of 2-methyl-l,3- 
butadiene. 1.0 g (3.8 mmol) of I, C.26 g (7.6 mmol) of 2-me- 
thyl-l,3-butadiene and 5 mZ of cyclohexane were placed in 
the cylindrical quartz vessel. The reaction mixture was tho
roughly degassed three times by the freeze-pump-thaw me
thod. The sample was irradiated for 60 hr by medium-pres
sure mercury lamps. 47% of the starting material was consu
med. The excess solvent was removed by a simple distilla
tion. Final purification of the products was achieved by gas 
chromatography (the same column and temperature for the 
neat photolysis system). The products obtained were Me3Si- 
SiMe3 (77%), (Me3Si)2SiHMe (11%), (Me3Si)2SiMe2 (12%), and 
IV (73%). All these products were identified by 】H-NMR 
and mass spectroscopy. The NMR and mass spectral data 
are given in Table 2.

Photolysis of MeSi(SiMe3)3 in the presence of methanol. 
2.0 g (7.6 mm이) of I, 0.97 g (3.0 X10 mmol) of CH3OH and 
7 m/ of cyclohexane were placed in the cylindrical quartz 
vessel. The reaction mixture was thoroughly degassed three 
times by the freeze-pump-thaw method. The sample was ir
radiated for 50 hr by medium-pressure mercury lamps. 50% 
of the starting material was consumed. The excess solvent 
was removed by a simple distillation. Final purification of 
the products was achieved by gas chromatography. The pro
ducts obtained were MesSiSiMea (65%), V (33%), (Me3Si)2Si- 
HME (11%), (Me3Si)2SiMe2 (9.4%), and VI (19%).18 All these 
products were identified by HNMR and mass spectroscopy. 
The spectroscopic properties of the product compounds are 
given in Table 2.

Photolysis of MeSi(SiMe3)3 in the presence of methanol
di (CH3OD). 2.0 g (7.6 mmol) of L 1.0 g (3.0 X10 mmol) of 
CH3OD and 7 ml cyclohexane were placed in the cylindrical 
quartz vessel. The reaction mixture was thoroughly degassed 
three times by the freeze-pump-thaw method. The sample 
was irradiated for 70 hr by medium-pressure mercury lamps. 
69% of the starting material was consumed. The excess sol
vent was removed by a simple distillation. Final purification 
of the products was achieved by gas chromatography. The 
products obtained were Me3SiSiMe3 (94%), V-d (48%), (Me3- 
Si)2SiDMe (16%), (Me3Si)2SiMe2 (6.4%), and VI-d2 (12%). All 
these products were identified by 】H-NMR and mass spec
troscopy. The spectroscopic properties of the product com
pounds are given in Table 2.

Photolysis of MeSi(SiMe3)3 in the presence of trie나iylsi・ 
lane. 2.0 g (7.6 mmol) of I, 2.7 g (23 mmol) of triethylsilane 
and 5 mZ cyclohexane were placed in the cylindrical quartz 
vessel. The reaction mixture was thoroughly degassed three 
times by the freeze-pump-thaw method. The sample was ir
radiated for 60 hr by medium-pressure mercury lamps. 89% 
of the starting material was consumed. The excess solvent 
was removed by a simple distillation. Final purification of 
the products was achieved by gas chromatography. The pro
ducts obtained were Me3SiSMe3 (70%), (Me3Si)2SiHMe (3.4 
%), (Me3Si)2SiMe2 (1.7%), EtSiSil42Me (1.5%), Et3SiSiHMe2 
(0.4%), Me3SiSiEt3 (2.7%), Et3SiSiHMe(SiMe3) (36%) and Et3- 
SiSiEt3 (0.5%). All these products were identified by 】H-NMR 
and mass spectroscopy. The spectroscopic properties of the 
product compounds are given in Table 2.

Calculation. The calculations were performed using the 
PM3 methods as implemented in the MOPAC 6.0 package.13 
A microvax computer at the College of Natural Science of 
Chungnam National University was used for these PM3 cal
culations.

Results and Discussion

Since the UV absorption spectrum of I in a 5X10-4 M 
cyclohexane solution exhibits two maxima of 入兀婭=230 and 
277 nm, we employed medium-pressure mercury lamps emi
tting mostly 254 nm wavelength.

When I was photolyzed using UV-light in a cyclohexane 
solution in the absence of trapping agents, only two stable 
products, MegSiSiMea and (Me3Si)2SiMe2 were observed.

I kv： 7° hr > Me-Si-SiMe3+ Me3SiSiMe3 - 66.0 kcal (1) cyclohexane

II 50%

t :SiMe2 + Me2Si(SiMe3)2-62 kcal (2)

8.7%

It is noted that all the reported yields in this paper are based 
on the amount of the unrecovered starting material, and the 
energetics reported in this paper is based on the experimen
tal and/or theoretical (if the experimental data are not avai
lable) values of the enthalpies of formation given in Table
1.

These products have previously been observed in the re
cent study11 and occur by reductive elimination: chain abrid
gement concomitant with extrusion of silylene II (process 
1) and chain scission followed by a Me-shift with simulta
neous loss of: SiMe2 (process 2). Process 1 involving loss 
of the internal silicon atom is much more efficient than reac
tion 2 arising from the competing loss of the terminal silicon 
atom although process 1 is more endothermic than reaction
2. This low reaction efficiency may arise from a high energy 
barrier for a Me-Shift in process 2. A previous theoretical 
study19 showed that the Me-shift concomitant with the for
mation of MezSi: involves a high energy barrier.

MesSiSiMe3^ M^Si: +SiMe4—58 kcal (3)

Log A = 13.70± 0.70, & = 67.14± 0.76 kcal/mol

This activation energy is calculated to be 9 kcal/mol in ex
cess of the overall endothermicity of reaction 3.

When I was photolyzed in the presence of a two-fold ex
cess of 2-methyl-l,3-butadiene, l,3-dimethyl-l-(trimethylsi- 
lyl)- l-silacyclopent-3-ene (IV) is observed as the major pro
duct, along with Me3SiSMe3 and Me2Si(SiMea)2 and an unex
pected product of (Me3Si)2HMe.

It is invoked that HSiMe(SiMe3)2 arises from silyl radical 
III via acquisition of a H-atom from 2-methyl-l,3-butadiene 
since the product is not observed in the neat photolysis. 
This observation is consistent with that of Davidson et al.n 
but contrasted with that of Karatsu et al? who has observed 
that primary radicals formed in the homolytic cleavage of 
polysilanes -(R2Si)„-(R= hexyl) undergo a radical dispropor
tionation.

An addition of Me2Si: to the diene substrate has not been 
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by, 60 hr
I ----------------------------- - Me-Si-SiMe3 + Me3SiSiMe3

cyclohexane

I 77 \

IV, 73 %

-*  :SiMe7 + M은2S호(S보Me3)z

12 %

Me3Si- +

III
©

HSiMe(SiMe3)2

11 %

Scheme 2.

observed in that trapping experiment since the yield of the 
adduct may be under our gas chromatographic detection li
mit. But the silylene is identified by trapping with triethylsi
lane. This is detailed below.

Product IV is formed in a comparatively large yield since 
the product is likely to be quite sta바e upon the UV irradia
tion, and the addition to 2-methyl-l,3-butadiene is exother
mic and efficient.3,4

Me3Si ■노/ Me3Si 、 厂、＜
,Si: + J zSi ij +87.3 kcal (4)

Me / Me 5“

Formation of HSiMe(SiMe3)2 could be accounted for via 
H-abstraction from 2-methyl-l,3-butadiene by silyl radical III, 
process 5.

(Me3Si)2MeSi- + JT (Me3Si)2MeSiH+ ^-10.2 kcal (5)

If a C5H7 radical with a structure shown in process 5 is 
involved in the intermolecular H-shift, silyl radical III re
mains in an vibrationally and/or electronically excited state 
due to process 6 since reaction 5 is endothermic.

MeSi(SiMe3)3 - Me3Si- + -SiMe(SiMe3)2-69.0 kcal (6)

Process 5 is energetically possible in this photolytic system 
since the 254 nm photon corresponds to 113 kcal/mol and 
only 69.0 kcal is necessitated in the homolytic cleavage, pro
cess 6. Or another photoabsorption of radical III could initiate 
process 5. The thermochemical data given in process 5 is 
determined by assuming that the radical shown in process 
5 has a minimum energy among all possible structures with 
the chemical formula of C5H7.

Silyl radical III is also implicated by the isolation of HSiMe 
(SiMe3)2. Process 7 could account for its formation.

(Me3Si)2MeSi-+HOMe —

(Me3Si)2MeSiH + • OMe -19.7 kcal (7)

We also observe one interesting product 1,1,1,2,4,5,5,5-octa- 
methyltetrasiloxane (VI) whose formation seems puzzling, but

hpt 50 hr
I---------------------- - Me-Si-SiMe, + Me3SiSiMe3 65 %

cyclohexane

I H-OCH3

H H H
I. V I I

Me_Si-SiMe) ---- - Me.Si—Si—O-Si—SiMej + MeOMe
I I I

OMe Me Me

V, 33 % VI, 19 %

- :SiM은2 + MezSi(SiM으3)2

9.4 %

-» Me3Si- + - SiMe(SiMej)2

I HOCH,

HSiMe (SiMe3)2

II %

Scheme 3.

apparently arises from a coupling of two molecules of 1-me- 
thoxy-l,2,2,2-tetramethyldisilane (V) with simultaneous ext
rusion of one molecule of dimethyl ether as shown below 
in Scheme 3. This is further discussed below.
The occurrence of process 7 strongly indicates that silyl ra
dical III formed in process 7 lies in the vibrationally and/or 
electronically excited state. Actually VI is always observed 
in appreciable yields in the trapping systems employing me
thanol, ethanol and 이.卸 Process 8 is likely to
be involved in the formation of VI although the reaction 
mechanism for the formation of VI is not evidenced so 
far.

부 부 부
2 Me3Si-Si-OMe Me3Si-Si-O-Si-SiMe3I I I

Me Me Me
V VI

+ CH3OCH3+0.5 kcal (8)

The coupling reaction seems to be favorable since the reac
tion is almost thermoneutral. Even though reaction 8 may 
involve a high activation energy, the reaction is possible si
nce at least 77.2 kcal/mol is left in the internal energy via 
process 9.

HI
Me3Si(Me)Si: +H-0Me — Me3SiSiOMe+77.2 kcal (9)

Me
II V

To clarify the coupling mechanism, it is necessitated to 
observe dimethyl and diethyl ethers as the counterparts of 
product VI. Note that we were actually indifferent to the 
ether products since quite recently product VI was identi
fied and the mechanism for the formation of VI is elucidated. 
Failure to observe the ethers has prompted us to examine 
another trapping experiment employing prop-2-en-l-ol in the 
hope that bis(2-propenyl) ether is easily isolated since the 
ether is less volatile than dimethyl and diethyl ether. In 
the prop-2-en-l-ol system, bis(2-propenyl) ether and its coun
terpart VI are observed.21 The similar coupling reaction, pro
cess 10 could account for the photodissociation.
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H
.. hoch3 I

Me-Si-SiMej 5브 CH3=SiHSiMe3--------------- - CH3-Si-SiMe3

OMe
I DOCHj

HI
CH2D-Si-SiMe3I

OMe

Scheme 4.

70 hr
I-------------------------- - M은+ MeijSiSiMej

cyclohexane
94 %

I D-OCH3

SiMej D D
I . v-d I. I..

Me-Si-D ------- ■* MejSi—Si—O-Si-SiMej + MeOMe
I I I

OMe Me Me

v-d, 48 옿 v」%, 12 %

-* :SiMe? + MejSHSiMeOj

6.4 %

-Me3Si- + - SiMe(SiMs!j)2

I DOCK,

DSiMe(SiMe3)3

16 %

Scheme 5.

H H H
2 Me3Si-Si-O-CH2-CH=CH2 -> Me3Si-Si-O-Si-SiMe3

I I I
Me Me Me
vm Vi

+ch2=CH-CH2-O-CH2-C：H=CH2 (10)

It is interesting to deduce the source of the H-atoms in 
HSiMe(SiMe3)2 and VI and to infer the reaction mechanism 
for formation of V since V can be formed via the insertion 
of silylene II into H-OCH3 as shown in Scheme 3 or by 
a silylene-to-silene rearrangement followed by oxidative 
addition of methanol to the silene, as shown in Scheme 4.

Labelling experiment employirig a partially deuteriated 
methanol of CH3OD is quite informative as to these matters.

When I was photolyzed in the piresence of a 3.9-fold excess 
CH3OD under the similar conditions for the CH30H reaction 
system, instead of HSiMe(SiMe3)：:( DSiMe(SiMe3)2 is obser
ved as the exclusive product as outlined in Scheme 5.

In an attempt to trap Me2Si: being formed photochemically 
from I, a trapping experiment employing triethylsilane was 
performed. When I was photolyzed in the presence of a 3.1- 
fold excess of triethylsilane, the ir.sertion of dimethylsilylene 
into triethylsilane is observed as a minor pathway, process 
11.

Me2Si: +H-SiEt3— HMe2SiSiEt3 (0.4%) (11)

The other products are accounted for by the primary sily
lene insertion reactions and/or the secondary photochemical

60 hr ..
------------------------ - Me-Si-SiMe3 + Me3SiSiMe3 70 % 
cyclohexane

I H-SiEtj

H 
I

Me-Si-SiMe3 36 %I
SiEt3

-*  : SiMe2 + Me2Si(SiMe3)2 1.7 옹

；H-SiEt3

Me2HSiSiEt3 0.4 %

I - Me3Si- + - SiMe(SiMe3)2

I H-SiEt3 

HSiMe(SiMe3)3 + - SiEt3

3.4 % ! H-SiEt3 or
• SiEt3

Et3SiSiEt3 

0.5 % 
H
I hv

Me-Si-SiMe3 ------- - MeHSi: + Et3SiSiMe3 2.7 %

SiEt3 I H-SiEt3

MeHjSiSiEtj

1.5 % 

Scheme 6.

I = ((Me3Si)2MeSi- + - SiMe3]

solvent cage

I trapping agent 

(Me3Si)2MeSiH or (Me3Si)2MeSiD 

Scheme 7.

reactions of the primary products.
As seen in the neat photolytic system, the apparent photo

chemical dissociation of I is only 28%, the value being much 
smaller than in the trapping systems, and the total yield 
of the volatile products is only 58.7%, being much smaller 
collection efficiency of the stable products. Without trapping 
agents, the photolytic decomposition of I is very inefficient 
presumably due to the reversibility of the homolytic cleavage 
in the solvent cage as shown in Scheme 7.

Actually, in the trapping experiments employing various 
alcohols of methanol, ethanol and prop-2-en-l-olr the degra
dation of I is 50% for methanol, 41% for ethanol, 90% for 
prop-2-en-l-ol and 89% for triethylsilane due probably to the 
facile radical scavenging by the trapping agents.22
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Rare earth elements (REE) were individual separated by applying the gradient elution via HPLC using a-hydroxy 
isobutyric acid (HIBA) as an eluent. However, the overlap of Y and Dy peaks was too severe to obtain the resolution 
of these two peaks. The target transformation factor analysis (TTFA) was applied to resolve the elution peaks of 
Y and Dy. \_A]Taw formed from the absorbances of mixed solution was factor analyzed. The abstract factor analysis 
(AFA) was used to determine the number of components contributed to the poorly resolved peaks. The error 
theory in the AFA showed that the number of components was 2. The test vectors which correspond to pure component 
were selected from the standard solutions of Y and Dy. TTFA was accomplished by target testing. The results showed 
that the resolution of two peaks as well as the determination of Y and Dy were possible by the factor analysis.

Introduction

The utilization of high performance liquid chromatography 
(HPLC) procedures for the separation and determination of 
rare earth elements (REE) was well documented.1 The REE 
were usually separated using a concentration gradient of elu

ting agent. However, because of close similarity in their che
mical properties, the resolutions of HPLC for the separation 
of individual REE were difficult to achieve. For example, 
the gradient elution by HPLC was applied to separate indivi
dual REE using a-hydroxy isobutyric acid (HIBA) as an 
eluent. However, the overlap of the Y and Dy was too severe


