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X-ray powder and single-crystal diffraction have been used together with thermogravi- 
metric compositional analysis to determine the crystal structure of the superstoichiometric 
intercalation compound Hgl.24TiSz a t  ambient temperature. Hg1.24TiS2 forms a n  unusual (3 + 1)-dimensional layered misfit compound, which can alternatively be described as 
interpenetrating three-dimensional Tis2 and Hg sublattices. The symmetry of each sublattice 
can be described by the monoclinic space group C2/m. These sublattices share commensurate 
a and c axes but are incommensurate with each other along the b axis [a = 5.9223(9) A, 
~ T ~ s ~  = 3.4076(2) A, b~~ = 2.7566(1) A, c = 8.862(1) A, andP  = 102.33(3)”1. Hg forms infinite 
one-dimensional chains within the nearly trigonal prismatic sulfur channels created by host- 
layer restacking. The Hg chains exhibit metallic intrachain guest-guest bonding, with a 
bond distance of 2.76 A. Comparison of the intrachain Hg-Hg bond distance to the Hg”+- 
Hgn+ bond distances for compounds containing linear Hg chains with a known ionic valence 
indicates the intercalated Hg in Hg1.24TiS2 has very little ionic character. Unlike other 
transition-metal dichalcogenide intercalation compounds that possess primarily ionic guest- 
host interactions, this compound exhibits weak covalent guest-host interactions and very 
little ionic charge transfer. 

Introduction 
1T-TiS2 is a model two-dimensional material whose 

chemical and physical properties are largely governed 
by its bonding anisotropy. Like many other layered 
transition metal dichalcogenides (TMDs), it consists of 
chalcogenide-TM-chalcogenide lamella1-3 and crystal- 
lizes in the CdI2 structure (space group P g m l ,  a = 
3.4073 A, c = 5.6953 AX4 Each Tis2 lamella is composed 
of a hexagonal titanium layer whose atoms are located 
at the octahedral sites defined by its neighboring 
hexagonal close-packed sulfur layers. Within the Tis2 
lamella strong covalent titanium-sulfur bonds are 
formed, whereas interlayer bonding consists of weak van 
der Waals (vdW) interactions. Due to the electron- 
accepting potential of Tis2 and the weak interlayer 
interaction between the lamella, a broad spectrum of 
atomic and molecular guests can be intercalated be- 
tween the host  layer^.^,^.^ 

One of the most intensely investigated classes of 
guests that form TMD intercalation compounds 
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(TMDICs) are the elemental  metal^.^,^ These intercal- 
ants are generally believed to form ionic guests and 
occupy discrete lattice sites in the vdW gap. However, 
recent studies have revealed that mercury-intercalated 
TMDICs possess some novel properties that cannot be 
explained within this general description.6-12 These 
properties include the ability to intercalate “super- 
~toichiometric”~~ levels of Hg in monolayer form (e.g., 
HgTiS2, where x > 1.00) with an interlayer expansion 
of -3 A, weak electronic guest-host interactions that 
appear to  be primarily covalent in character, and the 
indication of unusually complex structures based on 
X-ray powder diffraction, which suggest a fundamental 
difference from other metal (M)-TMDICS.~-~J~ Previ- 
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Mercury-Intercalated Titanium Disulfide. 1 

ous investigations also indicate the presence of an 
incommensurate Hg sublattice, for which several inter- 
layer structural models have been ~uggested.~J 'J~ Al- 
though the Hg-TMDICs Hg3bSe2 and H&TaS2 were 
first prepared in the early 197Os,l5J6 no complete 
structure analysis has been published for any of these 
compounds. 

An unusual structural feature of some mercury- 
containing compounds is the presence of nearly linear 
incommensurate mercury chains formed by relatively 
strong mercury metal-metal bonding. Such chains 
were first reported for the nonstoichiometric compound 
Hg2.82AsF6 by Brown et al. in 1974.17 Although some 
related compounds have been discovered since then,18-21 
the formation of solid-state structures containing in- 
commensurate metallic mercury chains (Le., with me- 
tallic intrachain bonding) seemed to  be limited to  the 
Hgs-sMFs (M = As, Sb, Ta, Nb) family of compounds.21 
Recently, we have discovered that the nonstoichiometric 
mercury intercalates of titanium disulfide also contain 
similar, nearly linear, chainlike mercury arrange- 

which suggests that the formation of infinite 
Hg chains in solids is a more general phenomenon than 
previously realized. Herein and in the following pa- 
per,22 we present the mercury intercalates of titanium 
disulfide as the first example of a new class of com- 
pounds in which similar chainlike Hg arrangements are 
found. 

To investigate the complex structural properties of 
these new materials, we have combined the comple- 
mentary techniques of X-ray diffraction (XRD) and high- 
resolution transmission electron microscopy (HRTEM). 
In this paper (1) we report the structure of Hg1.24TiS2 
as determined by X-ray powder diffraction (XPD) and 
confirmed by single-crystal XRD. In the following paper 
(2), we describe our HRTEM investigation of the evolu- 
tion of the intercalate structure during Hg deinterca- 
lation. 
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temperature by mixing the disulfide with a slight excess of 
liquid mercury under inert conditions. Ambient-temperature 
Hg intercalation occurred spontaneously and rapidly for both 
powders and single crystals and was typically complete in 
several minutes, as judged by the vanishing of the added Hg 
and a slight darkening of the golden color of the host. To 
ensure complete intercalation as well as the long-term stability 
of the intercalation product, samples were stored in contact 
with excess Hg. Exact molar ratios of Hg and TiSz (1.24:l.OO) 
were also reacted to form XPD samples of Hgl.zdTiSz. For these 
studies, highly stoichiometric Tis2 (Til.OO&) was sealed to- 
gether with the appropriate amount of Hg in a sealed quartz 
ampule at Torr. The ampule was then heated a t  593 K 
for a few days followed by slow cooling to ambient temperature. 
The resulting intercalate was a free-flowing powder.6-s 

Thermogravimetric analysis (TGA) was performed using 
either a Perkin-Elmer TGS-2 thermogravimetric analysis 
system or a Setaram TG92 thermal analysis system. A 
Perkin-Elmer DSCQ was used for differential scanning calo- 
rimetry experiments. Intercalate compositions were deter- 
mined by TGA in a n  inert Ar or He atmosphere, as described 

XPD measurements were performed using the Debye- 
Scherrer geometry on an INEL powder d i f f r a c t ~ m e t e r ~ ~ a ~ ~  
equipped with a position-sensitive, curved CPSl20 detector 
and a bent quartz monochromator. The incident X-ray beam 
was monochromatic Cu K-L3 radiation (1 = 1.540 598 A) 
generated by a sealed copper X-ray tube operated a t  40 kV 
and 30 mA. The diffractometer was calibrated with cubic Naz- 
Ca&F14 to give an overall accuracy of about 620 = 0.009°.26 
To minimize the effects of preferred orientation and the high 
absorption coefficient of Hg, crystalline powders of less than 
50 pm grain size were attached to the exterior of small 
Lindeman capillaries (0.d. = 0.1 mm) with vacuum grease. 
Some measurements were also performed in the Bragg- 
Brentano geometry on a Siemens D5000 diffractometer. Es- 
sentially the same results were obtained for the Rietveld 
refinement of data taken with either diffractometer. However, 
preferred orientation was a problem with the latter diffractom- 
eter. As a result, the data taken with the INEL diffractometer 
was chosen for the final data analysis presented herein. The 
XPD patterns obtained with the INEL diffractometer were 
calibrated to a constant 20 step width of 0.03" using the 
PROLIX and/or PXRAY  program^,^^,^^ together with the known 
reflections of cubic NazCa3AlzF~. The structure analysis was 
based on a Rietveld-type refinement of the entire pattern and 
was performed using both the MPROF-program chainz8 and 
the FULLPROF program.29 

Single-crystal X-ray diffraction studies were performed 
using a Weissenberg camera ( R  = 2.8648 cm, Cu K-Lz3 
radiation). 

Experimental Section 
TiSz single crystals and powders were prepared directly from 

the elements a t  913 K using excess XPD was 
routinely employed to confirm the synthesis of highly stoichio- 
metric host materials, since the c lattice parameter of titanium 
disulfide is a function of composition The host 
material was prepared and handled under inert conditions, 
since prior air exposure of the host inhibits Hg intercalation. 
Mercury intercalation was usually carried out a t  ambient 
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Results 

Characterization. The compositions of the inter- 
calates prepared with excess Hg(1) at  ambient temper- 
ature were difficult to determine by TGA alone, since 
the transition from the vaporization of Hg(1) to the 
deintercalation of Hg;TiS2 is hard to  resolve. The 
inability to resolve these events is associated with the 
similar enthalpies (14 kcaYmol of Hg) for the heat of 
vaporization of Hg(1) and the deintercalation of Hg from 
H G T ~ S ~ . ~  However, samples with a nominal composi- 
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Figure 1. Observed (points) and calculated (solid line) X-ray 
powder diffraction patterns for Hg1.24TiS2 at ambient temper- 
ature. The calculated pattern is generated by Rietveld refine- 
ment using the two-phase composite crystal approach dis- 
cussed in the text. The difference profile is shown at the 
bottom. An enhanced view of the region from 43 to 60" is 
shown in the upper right corner. The reflections were sepa- 
rated into two groups: (1) those solely associated with the Tis2 
sublattice and those common to both sublattices and (2) those 
only due to the Hg sublattice. The upper marks between the 
observed pattern and the difference profile correspond to the 
Tis2 sublattice and common peak positions. The lower marks 
correspond to the Hg sublattice peaks. 

tion of x < 1.23 did not exhibit a thermal event a t  the 
Hg solid-liquid phase transition (244 K) during DSC 
analysis, whereas those with x > 1.23 did, indicating a 
maximum value of x near 1.23. This is within experi- 
mental error of the maximum possible Hg uptake 
corresponding to  x = 1.24 based on the observed 
structure, as discussed later, indicating the presence of 
an equilibrium between Hg1.24TiS2 and Hg(1) for samples 
prepared at ambient temperature. This value for the 
maximum uptake of Hg is somewhat lower than the 
value of Hg1.2gTiS2 reported previously for samples 
prepared a t  593 K and slowly cooled to ambient tem- 
perature.@ However, the latter composition was de- 
termined by TGA alone, which is less precise than using 
the TGA/DSC procedure described above. 

The sample composition of materials prepared using 
a 1.24:l.OO molar ratio of Hg:TiSz was determined by 
inert-atmosphere TGA.6-8 The resulting sample com- 
positions are summarized by the formula Hg1.24*0.01TiS2. 
The intercalation process was thermally reversible both 
compositionally and structurally, as judged by oxidative 
thermal analysis and XPD of the deintercalated Ti%, 
respectively.6.8 

X-ray Powder Diffraction. XPD patterns for Hg1.24- 
Ti&, as shown in Figure 1, contain sets of sharp and 
broad reflections that can be generally associated with 
the Ti& and Hg sublattices, respectively. These sub- 
lattices have no simple commensurate relation and have 
been previously indexed to  separate monoclinic lattices 
rotated by 5" with respect to each 0ther.l' However, a 
parallel nonequilibrium investigation of partially deinter- 
calated H&TiS2 by HRTEM revealed monoclinic Ti& 
and Hg sublattices that share common a and c axes and 
are only incommensurate along the b axis.22 Following 
similar reasoning for the equilibrium compound Hg1.24- 
Ti&, a complete integer indexing of the entire XPD 
pattern is possible in (3 + 1)-dimensional s u p e r ~ p a c e . ~ ~  
The positions of the Bragg reflections can thus be 

Table 1. X-ray Powder Diffraction Data for Hg,.z,TiSz 
h k l  1 k 2  doha (A) dhki (A) l o b s  Icaic 

0 
0 

-2 
2 
0 

-1 
-2 

2 
-1 

1 
-1 

1 
-2 
-1 

2 
-1 

0 
1 

-1 
1 

-2 
2 
1 
0 

-1 
-3 

0 
3 

-3 
0 
1 

-2 
-3 

3 
2 

-3 

0 
0 
0 
0 
0 
1 
0 
0 
1 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
2 
1 
1 
2 
1 
0 
0 
0 
0 
0 

1 
2 
1 
0 
3 
1 
2 
1 
2 
0 
1 
1 
3 
2 
2 
3 
4 
2 
3 
3 
4 
3 
3 
5 
4 
1 
0 
0 
2 
1 
4 
5 
1 
0 
4 
2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
0 
1 
0 
0 
0 
1 
1 
0 
0 
0 
1 
0 
1 
0 
0 
0 
0 
0 
0 
0 
1 
1 
0 
1 

8.663 
4.328 
2.939 

2.887 

2.684 
2.583 
2.565 
2.488 
2.452 
2.335 
2.304 
2.247 
2.198 
2.179 
2.165 
2.076 
1.976 
1.954 
1.943 
1.855 
1.804 
1.732 
1.713 
1.707 
1.703 
1.679 
1.672 
1.657 
1.649 
1.605 
1.578 
1.574 

8.6400 
4.3247 
2.9370 
2.8906 
2.8843 
2.8752 
2.6829 
2.5817 
2.5609 
2.4874 
2.4507 
2.3341 
2.3025 
2.2474 
2.1970 
2.1787 
2.1632 
2.0756 
1.9755 
1.9542 
1.9427 
1.8540 
1.8038 
1.7309 
1.7123 
1.7076 
1.7031 
1.6778 

{:::E 

{:::E 

1.6579 
1.6484 
1.6043 

1.5752 

100 
72 
18 
10 
29 
3 

15 
31 
6 

17 
15 
12 
12 
10 
2 
4 

11 
7 
6 
2 
2 
6 
4 
2 
3 
2 
1 
1 
1 
1 
1 
6 
3 
2 
4 
2 

LOO 
69 
16 
9 

26 
3 

16 
30 

7 
15 
15 
12 
12 
11 
2 
3 

11 
8 
6 
2 
1 
7 
4 
2 
3 
2 
1 
1 
1 
1 
2 
6 
2 
2 
3 
2 

a The observed d spacings, dabs, have been determined by single 
reflection refinements using the Prolix program.25 The dhk i  
spacings as well as the intensities l a b s  and Icalc were obtained from 
the final Rietveld refinement using the MPROF program.28 

described by the vector expression H = ha* + klb*TiSz 
+ IC* + k 2 b * ~ ~ ,  with b * ~ ,  = a(b*TiSJ and a 1.236. 
The incommensurability of the b lattice parameters 
accounts quantitatively for the 5" rotation found be- 
tween the Hg and Tis2 (hk0)-sublattice reflections 
[arctan(albH,) - arctan(ahns,) = 5"1.11 

The indexing of the d spacings for Hg1.24TiSz is shown 
in Table 1, while the lattice parameters and relevant 
crystallographic data are summarized in Table 2. The 
systematic absence of reflections with h + k1 t 2n and 
h + k2 t 2n indicates that the Tis2 and Hg sublattices 
are C-face centered, respectively, which suggests the 
three-dimensional space group C2 or C2lm for each 
s u b l a t t i ~ e . ~ ~ . ~ ~  

A composite crystal approach was used for the initial 
refinement of the average structure. This approach 
involves the separation of the XPD reflections into three 
subsets: (1) the (h,kl,Z,O) reflections with k l  > 1 that 
are generated only by the Ti& sublattice, (2) the 

(30)  Janssen, T.; Janner, A,; Looijenga-Vos, A,; Wolff, P. U. In 
International Tables for Crystallography; Wilson, A. J. C., Ed.; Kluwer 
Academic Publishers: Dordrecht, Holland, 1992; p 797. 

(31) Thompson, P.; Cox, D. E.; Hastings, J. B. J .  Appl. Cryst. 1987, 
20, 79. 

(32) By definition, there is no three-dimensional space group that 
describes the total symmetry of an incommensurate composite crystal. 
An appropriate symmetry description of the Hgi.24TiS2 crystal structure 
requires a ( 3  + ll-dimensional space However, the symmetry 
of each sublattice can be described by the three-dimensional space 
groups used herein. 
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Table 2. Crystallographic Data for Hg,.z,TiSz 
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Table 3. Atomic Coordinates and Thermal Parameters of 
H g l d i S z  

(a) (Tis21 and (Common) Part 
Positional Parameters 

atom position n y z B,,, (A*) occupancy 
Ti 2(a) 0 0 0  1.9(3) 1 
S 4(i) 0.387(1) 0 0.166(1) 1.0(2) 1 
Hg 4(D 0.25 a 0.5 0.617(4) 

Anisotropic Thermal Parameters 

atom U11 U22 U33 UIZ u13 u23 

Hg 0.038(1) 20a 0.0020(3) 0 -0.0018(4) 0 

(b) (Hg) Part 
Positional Parameters 

chemical formulaa Hgl 24TiSz 
formula mass (amu) 360.0 
space groupb C2/m (No. 12) 
cell parameters 

a (A, 5.9223(9) 
b n s z  (A) 3.4076(2) 
bH (A) 2.7566( 1) 
c (1) 8.862(1) 
/3 (deg) 102.33(3) 

VTiSz (A3) 174.7(1) 
V H g  (A3) 141.3(1) 
Z 2 
pcalc (g/cm3Ia 6.84 
XPD diffractometer INEL, CPS120 detector 
radiation Cu K-L3, quartz monochromator 

abs coeff. pa (cm-l) 131.3 
calibration external Na2Ca3Al~F14 standard 
2&” 115” 
temp (K) 293 
refinement method Rietveld least-squares analysis 

no. of parameters 43 
line-shape profiles 

(A, 1.540 598 

weighting scheme 1h’obs + Yback) 

TiSz part split Pearson VI1 
Hg Pad  parametrized pseudo-Voigtc 

R I ~  6.13 
Rwpd 7.43 
X Z d  5.34 

a Calculated from the lattice parameters. For each sublattice. 
Defined as RI = 100XLIZL - ZctlELIILl, R,, = 

100dZLw,cYL - ~ ~ ~ ) ~ / z ~ w ~ ~ ~ ,  and x2 = (RWdR,d2. 

(h,O,Z,k2) reflections with k2 > 1 that arise solely from 
the Hg sublattice, and (3) the (h,O,Z,O) reflections com- 
mon to both sublattices. Because the Hg and Tis2 
sublattices are incommensurate, there is on average no 
constructive interference between the three reflection 
subsets, so they can be analyzed in terms of three 
different phases. The three parts were refined concur- 
rently, while constraining the individual a ,  c, and ,8 
lattice parameters to be common to each subset. The 
line shapes of the Tis2 and common reflections were 
described by a Split-Pearson VI1 profile,34 and the Hg 
reflections were described by a parameterized pseudo- 
Voigt profile.31 To reduce the number of free param- 
eters, the scale factor and profile parameters for the Tis2 
reflections were constrained to be equal to those for the 
common reflections in this refinement. A slight modi- 
fication of the classical composite crystal approach, 
creating a two-phase model, was then applied avoiding 
the latter constraints in the final refinement. In this 
model, the TiSz sublattice reflections and the reflections 
common to both sublattices are treated as a single 
phase. This was accomplished by incorporating a highly 
anisotropic temperature factor of UZ 2 = 20 for the Hg 
atoms in the Tis2 sublattice in order to simulate a 
uniform Hg-atom distribution along the b-axis direction. 

Compared with the classical-composite-crystal ap- 
proach, the two-phase model resulted in slightly better 
values for RI, Rwp, and x2 and reasonable values for the 
atomic thermal parameters. The atomic scattering 
factors and dispersion corrections for Ti, S, and Hg were 
taken from the “International Tables for X-Ray Crystal- 
l ~ g r a p h y ” . ~ ~  The observed XPD intensities were cor- 
rected for Lorentz and monochromator polarization 

Thompson et aL31 

(34) Toraya, H. J .  Appl. Crystallogr. 1986, 19, 440. 
(35) MacGillavry, C. H., Rieck, G. D., Eds. International Tables for 

X-ray Crystallography: Kynoch Press: Birmingham, England, 1968; 
VOl. 111. 

atom position x y z ~i~~ (A21 occupancy 

Hg 2(a) 0 0 0 4.1(2) 1 

a The y coordinate of Hg was chosen as 0.25 together with a 
fixed value of Uz.2 = 20 to simulate the random y coordinates of 
the Hg positions in the Tis2 sublattice due to  the incommensurate 
b axes of the Tis2 and Hg sublattices. 

effects prior to refinement, and the diffuse background 
of the XPD pattern was fitted with a Fourier polynomial 
of the 12th order. The atomic positions calculated for 
a hypothetical 3R mercury titanium disulfide intercala- 
tion compound with AbC CaB BcA host-layer stacking 
were used as a starting point for the refinements. 
Either C2 or C2/m was used for the space group for both 
the two-phase and three-phase reflection subsets. Since 
the symmetry of the Hg and Tis2 sublattices are equally 
well described by the space groups C2 and C2/m, the 
distinction between C2 and C2/m is relevant only for 
common reflections and for constraining the origin of 
the Hg sublattice. If the origin is located on the special 
crystallographic position (‘/4#,’/2) relative to  the Tis2 
sublattice shown in Table 3, then the space group is C2/ 
m. The choice of they coordinate is arbitrary, since the 
reflections common to  both sublattices consist only of 
(h,0,1,0) reflections, consistent with the Hg and Tis2 
sublattices being incommensurate along their parallel 
b axes. The final results of the two-phase Rietveld 
refinement are summarized in Tables 1-4.36 An il- 
lustration of the observed and calculated XPD patterns 
and their difference profile is given in Figure 1. Sche- 
matic illustrations of the crystal structure, depicting the 
nearly trigonal-prismatic stacking of the host layers 
about the parallel Hg chains are shown in Figure 2. 

The excellent agreement between the peak intensities, 
as shown for the representative lower-angle reflections 
in Table 1, for all of the reflections demonstrates the 
reliability of the general structure. However, as il- 
lustrated by Table l and the inset in Figure l, although 
the overall peak intensities (and positions) are well 
described by the refinement, many of the peak shapes 
are not, providing the primary contribution t o  the 
relatively high values for Rwp, and x2. The Hg1.24TiS2 
diffraction peaks are often much broader and more 

(36) Other host-layer stacking schemes, such as AbC BaC AcB, with 
nearly octahedral coordination of the guest layers are also consistent 
with the monoclinic host sublattice parameters and can explain all of 
the diffraction peak positions. However, they cannot account for the 
peak intensities. Structure refinements for such arrangements were 
unable to reduce x2 below 35. 
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Table 4. Atomic Distances and Angles for Hg1.24TiSf 
distance (A) angle (deg) 

3.4076(2) 
3.4163(2) 
2.443( 5) 
2.436(5) 
3.4076(2) 
3.4 16( 7) 
3.483( 7) 
3.481(9) 
2.7566(1) 
3.2663(2) 

Ti( 1)-Ti( 1)-Ti( 1) 
Ti( l)-Ti(2)-Ti( 1) 

180 
59.83 gl a 
88.8(2) 
88.9(2) 
91.1(2) 
91.2(2) 

49.9 
180 

a The Hg-S distance depends on the actual position of the Hg 
atom with respect to the Ti& sublattice and varies continuously 
between d m i n  = 3.23 A at y H g  = 0 and d,,, = 3.36 A at YHg = 0.269 
(see Figure 5). 

0.20 0.2 5 0.30 
Hg 

X 

Figure 3. x cross section through the x2 surface of the Rietveld 
refinement showing the similar fit for 0.23 I x I 0.27 in the 
three-phase refinement (RI = 7.46, R,, = 7.84, x2 = 5.78) 
suggesting the x coordinate of the Hg chains is not well defined. 
The x coordinate of the Hg chains could not be refined with 
the two-phase model, because of its strong correlation with 
u1.1. C 

C C2 was chosen instead of C2/m as the space group 
for the common part of the three-phase refinement in 
order to refine the x and z coordinates of the Hg 
positions. As expected from symmetry considerations, 
the z coordinate remained a t  z = 0.5. However, the x 
coordinate was found to vary between 0.22 and 0.28, 
depending on the refinement procedure. The x2 surface 
confirms the x coordinate of the Hg positions is not well 
defined, as shown in Figure 3,  with x2 being essentially 
independent of x for 0.23 2 x 2 0.27. In the two-phase 
model used for the final refinement this observation 
corresponds to the fairly large anisotropy of the Hg 
temperature factors (U1.1 >> U3.3, Table 3) .  Both the 
poorly defined x coordinates of the average Hg positions 
in the three-phase refinement and the large value of 
U1.1 resulting from the two-phase model can be related, 
as discussed later, to  a-axis modulations of the Hg 
positions (transverse to  the b,  Hg chain, axis) similar 
to those observed for Hg;TiS2.22 Both the x2 surface 
shown in Figure 3 and the anisotropy of the Hg 
temperature factors are consistent with such modula- 
tions having an amplitude of the order of 0.2 A. The 
two-phase refinement allowed a slightly better descrip- 
tion of these modulations. However, such modulations 
cannot be generally described by the composite crystal 
approach and, hence, contribute to  the relatively high 
refinement controls. 

Another factor which may contribute to the magni- 
tude of RI, Rwp, and x2 is the value used for the 
absorption correction. This value, ,uaR = 1.65, is a best 
estimate, since it was not possible to accurately measure 
the thickness of the crystalline layer coating adhered 
to the exterior of the glass capillary. 

Single-Crystal X-ray Diffraction. Due to the 
deterioration of crystal quality that accompanies Hg 
intercalation, the Weissenberg films exhibited streaking 
of diffraction spots characteristic of the presence of 
stacking faults. However, on rotating-crystal films the 
reflections were spotlike and were used as a stringent 
test of the XPD indexing. The films were analyzed 
using the SIMWEIS program,38 which simulates Bragg 

- -tz.,, A 

Figure 2. Schematic illustrations of the Hg1.24TiS2 crystal 
structure: (a) projection along the b axis showing the inter- 
layer structure viewed parallel to the Hg chains; (b) a projec- 
tion along the a axis showing the interlayer structure viewed 
perpendicular to the chains; (c) a projection perpendicular to 
the layers showing the relative intralayer arrangement of the 
Hg atoms with respect to a neighboring S layer; (d) superposi- 
tion of the Tis2 and Hg inplane unit cells showing the 5" 
rotation between the (a + b ) H g  and (a 4- b ) T i S n  sublattice 
diagonals. 

asymmetric than those observed for pristine Ti&. For 
example, the reflections from the Hg sublattice usually 
exhibit a Hendricks-Teller-like behavior,37 with most 
of these reflections broadening considerably with in- 
creasing diffraction angle, while others, such as the 
(0,0,0,2) reflection, remain sharp. Such peak profiles 
typically indicate the presence of high concentrations 
of intrinsic structural imperfections, such as the stack- 
ing faults and Hg-sublattice domains observed for 
HaTiS2 by HRTEM in paper 2.22 Since these intrinsic 
structural imperfections cannot be incorporated into the 
refinement, their effects on the resulting peak shapes 
will increase the values of R,, and x2.  

(38) Ganal, P. "Computer Simulations of Weissenberg Photographs", 
unpublished results. (37) Hendricks, S.; Teller, E. J .  Chem. Phys. 1942, 10, 147. 
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Figure 4. Rotating-crystal photograph of a Hgl.24TiS2 single 
crystal taken with a Weissenberg camera is shown on top (a). 
The crystal was rotated along a hexagonal axis, a h ,  of the Tis2 
host lattice. Within the pseudo-hexagonal description, this 
corresponds to the diagonal (a + b h ~ , .  A computer simulation 
of a rotating-crystal photograph using the XPD crystal struc- 
ture information given in Table 3 and the same rotational axis 
as in (a)  is shown on the bottom (b). The reflections from the 
Tis2 host lattice and those common to both sublattices are 
represented by the larger spots. All of the reflections on the 
experimental film can be accounted for by the presence of three 
symmetry-related Hg domains rotated by 120" with respect 
to each other, as discussed in the text. 

and Weissenberg film patterns for a given set of lattice 
parameters. Using the crystal shape as a guide, the 
single crystals were usually oriented such that the 
rotation axis of the Weissenberg camera was parallel 
to a hexagonal axis of the original Tis2 host lattice (i.e., 
the ah axis). This corresponds to either the monoclinic 
b axis or the Tis2 sublattice diagonal given by (a + b)ns 
for Hg1.24TiS2. The corresponding diagonal of the Hg 
sublattice, (a + b ) ~ ~ ,  is rotated by about 5" from (a + 
b)TIs2, as shown in Figure 2d. Therefore, each Tis2 layer 
line should be closely associated with two layer lines 
arising from the Hg sublattice, which is exactly what is 
observed experimentally, as shown in Figure 4. Further 
confirmation of the structure derived from the refine- 
ment of XPD data comes from the alignment of the 
rotation axis along the Hg sublattice diagonal and the 
a and 6 axes of the monoclinic lattice. All of these 
rotating-crystal film studies were in excellent agreement 
with the crystal structure determined by XPD. 
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Figure 5. Nearest-neighbor Hg-S distances are indicated by 
the dark line as a function of the y coordinate of the Hg 
position, Y H ~ ,  within the Tis2 sublattice unit cell. The continu- 
ous variation between 3.23 and 3.36 8, depends on the local 
incommensurate Hg position in the Tis;! sublattice. 

Discussion 

Structure of Hgl.~TiS2. Tis2 intercalation is often 
accompanied by a restacking of the host layers from 
octahedral to trigonal-prismatic coordination of the 
guest sites in the vdW gap associated with the formation 
of a 3R structure with AbC CaB BcA stacking." A 
similar host-layer restacking is found for Hg1.24TiS2, in 
which the nearest-neighbor Tis2 host layers are shifted 
along the a-axis direction of the monoclinic Tis2 sub- 
lattice by approximately 2a/3 to provide nearly trigonal 
prismatic coordination of the guest sites. This results 
in a planar network of linear sulfur channels rotated 
by 120" with respect to each other in the vdW gap. The 
intercalated Hg atoms form infinite one-dimensional 
chains that occupy these relatively open sulfur channels. 
The relatively short Hg-Hg distance along the direction 
of the chains, b = 2.757 A, is associated with Hg-Hg 
bonding and is much smaller than the interchain Hg- 
Hg distance of 3.266 A. Since the Hg and Ti& sublat- 
tices are incommensurate along 6 ,  the y coordinates of 
the Hg positions vary from one host-layer cell to another 
and, therefore, cannot be defined relative to the Tis2 
sublattice. This results in nearest-neighbor Hg-S 
distances varying continuously between 3.23 and 3.36 
A, depending on the local Hg position in the Tis2 
sublattice, as shown in Figure 5. Complete space filling 
of these channels by the Hg chains gives a maximum 
theoretical Hg uptake for the ambient-temperature 
Hgl.24TiS2 structure of 1.24 mol of Hg/mol of Ti&. 

The Hg chains can also be viewed in terms of their 
three-dimensional ordered sublattice structure. The 
parallel chains in Hg1.24TiS2 are separated by 2.961 A, 
as shown in Figure 2c. Both their intrachain Hg-Hg 
distances and their interchain separation offer interest- 
ing comparisons with those observed for the perpen- 
dicular, nonintersecting Hg-metal chains in Hg+,bMFs 
(M = As, Sb, Ta, Nb), where these distances are 
significantly smaller (2.67 f 0.01 A) and larger (3.23 f 
0.01 A), respectively.18-21.39 The longer intrachain Hg- 
Hg distance in Hgl.24TiS2 can be related to its reduced 

(39) Pouget, J. P.; Shirane, G.; Hastings, J. M.; Heeger, A. J.; Miro. 
N. D.; MacDiramid, A. G. Phys. Reu. R 1978, 18, 3645. 
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Hg valence, as discussed below, whereas the much 
shorter distance between the chains can be related to  
stronger interchain ordering interactions. Unlike 
Hga-bAsFs, where the Hg chains only order a t  low 
temperatures (I 120 K),39 the Hg chains in Hgl.zQTiSz 
are ordered at  ambient temperature. These stronger 
interchain interactions in Hgl,z4TiSz are not surprising, 
as its planar arrangement of parallel Hg chains with a 
smaller interchain distance should allow stronger in- 
terchain interactions than the more widely spaced, 
orthogonal stacking of nonintersecting Hg chains in 

The presence of significant guest-host interlayer 
interactions follows directly from the observation of 
three-dimensional, ordered guest and host sublattices. 
These three-dimensional interactions are probably not 
associated with interlayer electrostatic repulsions, since 
these intercalates exhibit at most only very weak ionic 
character, as discussed in the following section. Instead, 
it seems more probable that the three-dimensional 
ordering of the Hg and Tis2 sublattices is related to  local 
structural modulations associated with Hg-S inter- 
actions.22 

As suggested by the reversibility of the intercalation 
process,6-8 the Tis2 layers are little affected by Hg 
intercalation, with the Ti atoms retaining their octa- 
hedral sulfur coordination. However, the Ti-S bond 
lengths for Hg1.24TiS2, shown in Table 4, are slightly 
longer than those for Ti& (2.4279(1) A),4 which is likely 
a direct effect of Hg-S bonding. 

Hg-S bonding may also be associated with the poorly 
defined x coordinate of the Hg chains indicated in Figure 
3. This behavior may be correlated to a modulation of 
the Hg positions transverse to  their chain-axis direction 
t o  optimize the combined Hg-S guest-host and Hg- 
Hg guest-guest interactions. Such an in-plane modu- 
lation has been observed directly by HRTEM for H g .  
Tis2 intercalates.22 Similar undulations have been 
observed for the infinite Hg chains relative to the MFs 
framework in Hg3-dMF6 (M = As, Sb, Ta, NbIsz1 

In contrast to the general behavior of M-TMDICs, 
the crystal structure of Hg1.24TiS2 also exhibits a 
pronounced monoclinic distortion, which further under- 
scores the unusual guest-host interactions in this 
compound. This distortion from the ideal 3R structure 
has two components. First, the host-layer restacking 
glide shift of the Ti& lamella differs by about 0.1 A from 
that expected for an ideal 3R stacking sequence. Sec- 
ond, there is a slight 0.02 A elongation of the a axis, 
which breaks the hexagonal symmetry of the Ti& 
layers. These distortions indicate there is some, pre- 
sumably covalent, interaction between the incommen- 
surate Hg chains and their sulfur environment depicted 
in Figure 2a-c. The imperfect glide shift is probably a 
result of attractive interactions between the Hg chains 
and their S channels. In contrast, the a elongation may 
be associated with a repulsive interaction between 
nearest-neighbor Hg chains. 

As mentioned earlier, the Hg chains can be oriented 
along any of three symmetry-related directions in the 
nearly trigonal prismatically coordinated sulfur chan- 
nels. This suggests the possibility of three equivalent 
Hg domains rotated by 120" with respect to  each other, 
which have been observed directly by HRTEM.22 Such 
domains had to  be included in the modeling of the 
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single-crystal X-ray data in order to  completely repro- 
duce the experimental patterns. 

The structure of Hg1.24TiS2 also provides new insight 
into a recent time-differential perturbed angular cor- 
relation study of Hg,TiS2.14 The observed asymmetry 
of the electric-field gradient, q = 0.41, in this study 
apparently arises from the different directions of the two 
sublattice contributions, with the contribution from the 
incommensurate Hg chains being directed along the b 
axis and the contribution from the TiSz layers mainly 
oriented along the c axis. It is also apparent that Hg 
does not occupy a single site, as suggested previ0us1y.l~ 
This is likely associated with the inability to resolve the 
continuous shift of the Hg sites relative to the host 
lattice in the former study, which may be partly due to 
the off-chain-axis modulation of the Hg positions as- 
sociated with local Hg-S interactions. 

Guest-Host Electronic Interactions. There is 
substantial Hg-Hg bonding in Hg1.24TiS2 based on the 
intrachain Hg-Hg distance. This bonding appears t o  
be analogous to that found in the low-temperature 
crystal structure of /3-Hg.40 In particular, the (110) 
planes of /3-Hg bear a strong resemblance to  the intra- 
layer arrangement of Hg chains in Hgl,24TiS~, with the 
former material having similar intrachain and inter- 
chain Hg-Hg distances of 2.825 and 3.158 & respec- 
tively. This suggests that Hg1.24TiS2 possesses similar 
metallic Hg-Hg bonding to  that found in the neutral- 
Hg structure. 

Previous ion exchange, redox intercalation, and host- 
layer S diameter studies suggest the presence of at most 
a very low level of ionic charge transfer and the 
possibility of weak covalent electron exchange for 
HgTiS2.6,8 A subsequent magnetic susceptibility in- 
vestigation of HgTiS2 indicates the presence of signifi- 
cant guest-host interactions but could not conclusively 
determine the nature of the interacti~ns.~Jl  A parallel 
X-ray absorption near-edge structure comparison of 
Hg1.24TiSz with LiX+TiSzX- revealed that the guest-host 
interaction is not a simple ionic interaction but instead 
is better described as primarily covalent in n a t ~ r e . ~ J l  
This follows from the position of the Ti K edge for Ti& 
being essentially unaffected by the intercalation of Hg, 
which is in contrast to the behavior observed for the 
ionic intercalates Lix'TiSzX-, where the Ti K edge 
continuously shifts to lower energies with increasing 
x.9,11 

A direct comparison of the intrachain Hg-Hg distance 
in Hgl,~4TiSz t o  that in compounds containing structur- 
ally isolated, metal-metal-bonded, linear Hg chains 
with known ionic Hg character should provide valuable 
insight into the electronic guest-host interactions that 
drive the Hg-TiSz intercalation process. Such a com- 
parison of intrachain Hg-Hg distances as a function of 
Hg charge transfer is shown in Figure 6. The observed 
intrachain Hg-Hg distances for each class of com- 
pounds is essentially unaffected by their specific anionic 
environments. Therefore, they are well suited for the 

~ 

(40) Atoji, M.; Schirber, J. E.; Swendson, C. A. J .  Chem. Phys. 1959, 
31. 1628. j 

(41) Torsi, G.; Fung, K. W.; Begun, G. H.; Manatov, G. Inorg. Chem. 

(42) Cutforth, B. D.; Davies, C. G.; Dean, P. A. W.; Gillespie, R. J.; 

(43) Cutforth, B. D.; Gillespie, R. J.; Ireland, P. R.: Sawyer, J. F.; 

1975, 10, 2285. 

Ireland, P. R.; Ummat, P. K. Inorg. Chem. 1973, 12, 1343. 

Ummat, P. K. Inorg. Chem. 1983. 22, 1344. 
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Figure 6. Comparison of intrachain Hgnt-Hgnt bond dis- 
tances as a function of n for compounds containing linear Hg 
chains. The Hg1,z4TiS2 intrachain distance is shown as a 
horizontal dashed line. The data shown are for the three-atom 
Hg32+ ( n  = 2/3) chains in Hg3(AlC14)2 and Hgs(AsF& ( A ) , ~ ~  
the four-atom Hgd2+ ( n  = V 2 )  chains in Hg&4sF& (+),43 and 
the infinite linear (Hg1’3+)_ chains in Hgs-o(MF6) [M = As, Nb, 
Ta (e) and Sb The intrachain Hg-Hg distance used 
for Hg4(AsF& (2.61 A) is the average of the three bond 
distances in its four-atom Hgd2+ chains (2.62, 2.59, and 2.62 
A).43 

analysis of Hg-Hg bond distances as a function of linear 
cation valence to investigate the ionic character of the 
incommensurate chains in Hg1.24TiS2. The Hg-Hg 
intrachain distance observed for Hg1.24TiS2 is shown as 
a straight dashed line. A linear relationship exists 
between the seven ionic compounds having a known Hg 
valence of Hg”’. Extrapolation of this relationship 
suggests very weak ionic character for Hgl.z4TiSz, with 
n - 0.04, consistent with the presence of primarily 
covalent guest-host interactions. 

P-Hg has not been included in Figure 6 because 
interchain interactions, which can increase the intra- 
chain Hg-Hg distance, are important in this compound. 
The intrachain distance for neutral Hg in the low- 
temperature P-Hg structure at  77 K is 2.82 which 
is somewhat larger than that observed for Hg1.24TiS2. 
Inclusion of this point in the analysis shown in Figure 
6 would result in an increased, but still weak, ionic 
component for intercalated Hg in Ti&. However, the 
presence of unscreened bonding between the chain 
atoms in P-Hg and the eight nearest-neighbor interchain 
atoms at  a distance of 3.158 A is likely to contribute 
significantly to the higher intrachain Hg-Hg distance 
in /3-Hg.40 This expectation is supported by the rhom- 
bohedral structure of a-Hg,40,44 where each atom has 
six nearest neighbors at  2.993 A at 78 K. In this case, 
the Hg atoms can also be considered as “chains”, where 
their shorter interchain Hg-Hg distances relative to  

(44) Barrett, C. S. Acta Crystallogr. 1957, IO, 58 

P-Hg can be associated with longer intrachain Hg-Hg 
distances and weaker intrachain bonding. 

Conclusion 

The results of this study demonstrate that Hg- 
TMDICs are very unusual intercalation compounds. 
Hg l~TiSz  has a novel (3 + 1)-dimensional misfit 
structure, unlike any other known M-TMDIC struc- 
ture. This structure can be described as two inter- 
penetrating Hg and Tis2 sublattices that share com- 
mensurate monoclinic a and c axes but are incom- 
mensurate along their common b axis. Metallic guest- 
guest bonding in this compound results in the formation 
of one-dimensional Hg chains. This metallic bonding 
is relatively strong, as the intrachain Hg-Hg bond 
distance of 2.757 A is somewhat shorter than the 
intrachain bond distance in P-Hg (2.825 A).40 Compari- 
son with the intrachain bond distances found for solid- 
state Hg compounds with known ionic character indi- 
cates that intercalated Hg possesses very little ionic 
character, so that Hg-bonding interactions primarily 
involve weak covalent guest-host and metallic guest- 
guest interactions. 

The structural investigation of Hg-TMDICs is com- 
plex. As discussed in this paper, although the peak 
positions and intensities for Hgl.24TiS2 are in excellent 
agreement with the refined structure, the peak shapes 
give rise to rather high values for RI, Rwp, and x2, 
associated with the local modulations of the Hg positions 
and the presence of intrinsic structural imperfections 
that cannot be accommodated in the refinement. The 
identification and structure of these modulations and 
structural imperfections such as three equivalent Hg 
domains rotated by 120” and stacking faults, which have 
been suggested herein, are discussed in the following 
paper on the HRTEM investigation of Hg,TiS2.22 
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