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The pressure dependence of the crystal structure of cubic

tetrakis(trimethylsilyl)methane C[Si(CH3)3]4 (TC) (P <

16.0 GPa, T = 298 K) is reported using high-resolution

angle-dispersive X-ray powder diffraction. The compound

has crystal structures with the molecules in a cubic-close-

packed (c.c.p.) arrangement. It shows three phase transitions

in the measured pressure range. At ambient conditions, TC

has space group Fm�3m (Z = 4) with a = 12.8902 (2) AÊ , V =

2141.8 (1) AÊ 3 (phase I). Between 0 and 0.13 GPa TC exhibits a

®rst-order phase transition into a structure with space group

Pa�3 (phase II). A second ®rst-order phase transition occurs

between 0.2 and 0.28 GPa into a structure with space group

P213 (phase III). Under non-hydrostatic pressure conditions

(P > 10 GPa) a transformation is observed into a c.c.p.

structure that is different from the face-centred-cubic

structure at ambient conditions. A non-linear compression

behaviour is observed, which could be described by a Vinet

relation in the range 0.28±4.8 GPa. The extrapolated bulk

modulus of the high-pressure phase III was determined to be

K0 = 7.1 (8) GPa. The crystal structures in phase III are

re®ned against X-ray powder data measured at several

pressures between 0.49 and 4.8 GPa, and the molecules are

found to be fully ordered. This is interpreted to result from

steric interactions between neighbouring molecules, as shown

by analysing the pressure dependence of intramolecular

angles, torsion angles and intermolecular distances. Except

for their cell dimensions, phases I, II and III are found to be

isostructural to the corresponding phases at low temperatures.
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1. Introduction

The compound tetrakistrimethylsilylmethane C[Si(CH3)3]4

(TC) belongs to a class of crystalline molecular compounds

with non-polar almost spherically shaped molecules in a close-

packed stacking (Fig. 1). Solid-state NMR studies (Dereppe &

Magill, 1972; Aliev et al., 1993, 1994; Helluy et al., 1998) have

established that at room temperature the molecules in crys-

talline TC undergo rapid (kHz scale) reorientational jumps

about ®xed centres of mass forming so-called `rotator-phases'

or `plastic' crystals (Parsonage & Staveley, 1978).

The molecular structure of TC in the gas phase has been

determined by electron diffraction (Beagley et al., 1988, 1989).

In the gas phase the molecule has 23(T) symmetry, with �18�

cooperative twisting of the trimethylsilyl groups from a fully

extended staggered Td con®guration to reduce steric

hindrance between methyl groups. This conformation has

been corroborated by force-®eld calculations (Iroff & Mislow,

1978; Beagley et al., 1988). The high symmetry of the free



molecules is retained in the solid state at room temperature,

where the crystal structure of TC has space group Fm�3m with

molecules showing approximately sixfold orientational

disorder (Dereppe & Magill, 1972; Dinnebier et al., 1999).

Upon cooling, TC undergoes two ®rst-order phase transitions

into structures of increasing order, as evidenced by X-ray

powder diffraction, differential scanning calorimetry and

NMR (Dinnebier et al., 1999). The phase transitions occur at

268 K into a structure with space group Pa�3 and with twofold

disorder of the molecules, and at 225 K into a fully ordered

structure with space group P213 (Fig. 4).

In this work we have investigated the pressure dependence

of the crystal structure of TC. For this purpose, in situ X-ray

powder diffraction measurements were performed at room

temperature and elevated pressures using a diamond anvil cell

(DAC).

2. Experimental

2.1. Sample preparation

Our sample of TC was kindly donated by G. Fritz, Karls-

ruhe. The polycrystalline samples consisted of ®ne equi-

dimensional colourless grains without discernible facets. They

are stable in air. Owing to the softness of the material,

grinding was not possible and instead a razor blade was used

to produce a ®nely powdered sample.

2.2. X-ray diffraction measurements

For the X-ray powder diffraction experiments the sample

was loaded into a membrane-driven DAC (Letoullec et al.,

1988) with silicon oil as the pressure medium. The DAC was

equipped with 600 mm culet diamonds and stainless-steel

gaskets with 250 mm-diameter holes. The pressure was deter-

mined by the ruby luminescence method using the wavelength

shift calibration of Mao et al. (1986). High-pressure X-ray

powder diffraction data were collected at room temperature at

beamline ID30 of the European Synchrotron Radiation

Facility (ESRF). Monochromatic radiation for the high-pres-

sure experiment was selected at 29.200 keV (0.4246 AÊ ). A

(111) channel-cut Si monochromator, operated in vacuum

(water-cooled), was irradiated by synchrotron radiation from

two phased undulators of period 40 mm. The X-ray beam, with

an initial size 0.3 � 0.3 mm after the monochromator, was

collimated down to a FWHM of 0.080 � 0.080 mm using

tungsten carbide slits.

An angle-dispersive powder diffraction technique with an

online fast-readout two-dimensional image-plate detector

(Thoms et al., 1998) was used. Exposure times between 20 and

25 min were chosen. Data reduction was performed using the

program FIT2D (Hammersley et al., 1998), resulting in

diagrams of corrected intensities versus the scattering angle

2�. It was observed that the diffracted intensity was quite

uniformly distributed over the Debye±Scherrer rings, ruling

out severe grain size effects and preferred orientation.

2.3. LeBail and Rietveld refinements

The dependence of the scattering pro®le on pressure

provides evidence for three ®rst-order phase transitions

(Fig. 2). The phase (phase I) with symmetry Fm�3m which is

stable at ambient conditions is retained up to at least

0.07 GPa. A transition into a phase with symmetry Pa�3 (phase

II) is observed to occur between 0.07 and 0.13 GPa. Above

0.28 GPa and at least up to 4.8 GPa a

structure is stable with symmetry P213

(phase III). Owing to the freezing of

the pressure medium at�5 GPa, non-

hydrostatic conditions were met

above this pressure. On increasing

pressure, broadening of the diffrac-

tion maxima was observed, and peaks

shifted towards positions that did not

conform to any lattice. Nevertheless,

at pressures above 10 GPa the

diffraction pro®le was found to

contain only maxima corresponding

to a face-centred-cubic (f.c.c.) lattice

(phase IV), and a fourth phase was

thus con®rmed to be present under

these conditions.

The powder patterns of phase I and

of phase II (Fig. 3) are characterized

by a rapid fall-off of the diffracted

intensity with increasing scattering

angle indicating rotational disorder of

the TC molecules (Dinnebier et al.,

1999). The information contained in

these scattering pro®les appeared to
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Figure 1
Left: cup model of TC in the conformation attained in the crystal at a pressure of 4.8 GPa with the H
atoms at calculated positions. Right: ball-and-stick model of TC [only the central C atom, C0, and the
two crystallographically independent trimethylsilyl groups, (Si1, C11, C12, C13) and (Si2, C21, C22,
C23), are shown]. Indicated are the bond lengths t1 and t2, the molecular coordinate system {xm, ym,
zm}, and the tetrahedral angle  = 109.471�. The molecular zm axis corresponds to the 111 axis of the
crystallographic coordinate system. Three orientational degrees of freedom were re®ned: rotation of
the ®rst trimethylsilyl group around the C0ÐSi1 bond, rotation of the second trimethylsilyl group
around the C0ÐSi2 bond, and rotation of the second trimethylsilyl group around the C0ÐSi1 bond.
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be insuf®cient to re®ne the crystal structures, but it could be

used to obtain accurate values for the cubic lattice parameters

by full-pro®le ®tting using the LeBail method. The powder

patterns of phase III (e.g. Fig. 3c) contain a suf®cient amount

of resolved diffraction peaks to allow Rietveld re®nements of

the structures. A more detailed analysis of phase IV was not

possible, owing to the poor quality of the data.

The program package GSAS (Larson & Von Dreele, 1994)

was used for all re®nements. For all phases in the pressure

range between 0.07 and 4.8 GPa (phases I, II and III), precise

lattice and re¯ection pro®le parameters were determined

using the LeBail full-pro®le re®nement technique. Low-angle

peaks of phase I had a full width at half-maximum of 0.04� in

2�, which is close to the instrumental resolution. The back-

ground was modelled manually. The peak pro®le was

described by a pseudo-Voigt function (Thompson et al., 1987).

To account for the barely detectable peak asymmetry, an

empirical function as implemented in GSAS (pro®le function

#2) was used.

For the Rietveld re®nements the lattice and re¯ection

pro®le parameters were kept at the values as obtained from

the LeBail ®t. The single independent molecule was placed at

the origin with one of the bonds, CÐSi1, directed along the

threefold h111i axis. Using space-group symmetry only, there

are seven independent non-H atoms with a total of 16 inde-

pendent positional parameters. To account for the contribu-

tion to the scattering power of the H atoms of the methyl

groups, the occupation values of the C atoms were set to 1.5, as

discussed by Dinnebier et al. (1999). Unconstrained re®ne-

ment of the positional parameters of the non-H atoms using

the starting coordinates of the corresponding low-temperature

phases (Dinnebier et al., 1999) did not converge due to the

reduced amount of information in the X-ray powder diffrac-

tion pattern at high pressure. Instead, two rigid bodies were

used, representing the two crystallographic independent

trimethylsilyl groups (Table 1, Fig. 1). With the tetrahedral

angle between the two rigid bodies kept at 109.47�, and ®xing

the average SiÐC bond length at 1.889 AÊ (Bartell et al., 1970),

the number of re®nable parameters was reduced to three

rotations. These can be described as follows: rotation ' of the

entire TC molecule around h111i, rotation �1 of the tri-

methylsilyl group on the h111i axis about this axis, and rota-

tion �2 of the second trimethylsilyl group about its CÐSi2

bond. The tetrahedral angle between the two trimethylsilyl

groups was released at the ®nal stage of the re®nement

process, but it did not change signi®cantly. A single overall

temperature factor for the TC molecule was re®ned. The ®nal

weighted pro®le Rwp converged to values close to that of the

best LeBail ®ts.1

3. Results and discussion

X-ray scattering on TC at various pressures has provided the

lattice parameters as a function of pressure. From these results

the pressure dependence of the relative volume has been

derived (Fig. 4). Whereas the volume V decreases at most by

3.5% with temperature (Dinnebier et al., 1999), it decreases by

23.5% at 4.8 GPa, indicating a very soft and highly compres-

sible material. The volume/pressure relation represents the

equation of state (EoS), which can be described analytically by

series expansions of Eulerian ®nite strain (Birch±Murnaghan

EoS) or cohesive energies in a condensed system (Vinet EoS).

The data for phase III could be adequately ®tted to several

widely used EoS using the program EOSFIT (Angel, 1999).

The best results were obtained by the Vinet EoS (Vinet et al.,

1986) de®ned as

P � 3K0

1ÿ fv� �
f 2

v

exp 3
2 K0 ÿ 1� � 1ÿ fv� �� �

; �1�

where fv � �V=V0�1=3, with the volume at zero pressure V0, the

bulk modulus K0, and its pressure derivative at zero pressure

and ambient temperature K0. Alternatively, the data were

Table 1
Rigid-body coordinates of a trimethylsilyl group with the origin located at
the central C0 atom.

The multipliers t1 and t2 for the two vectors needed to build the rigid body are
equivalent to the SiÐC bond length (from Dinnebier et al., 1999).

t1 = 1.89 t2 = 1.89

Si1 0 0 1 0 0 0
C11 0 0 1 �2�1=2=3 ÿ�2�1=2=3 1/3
C12 0 0 1 0 2�2�1=2=3 1/3
C13 0 0 1 ÿ2�2�1=2=3 ÿ�2�1=2=3 1/3

Figure 2
Scattered X-ray intensity of TC as a function of diffraction angle 2� and
pressure. The wavelength was � = 0.4246 AÊ . Phases identi®ed are in order
of increasing pressure: Fm�3m (0 < P � 0.07 GPa), Pa�3 (0.13 � P �
0.2 GPa), P213 (0.28� P� 4.8 GPa), f.c.c. (P� 10.2 GPa). The two peaks
at approximately 5.5� 2� and pressures <1 GPa are due to scattering of
the DAC. The higher-angle part starting at 5� 2� is enlarged by a factor of
®ve. Note that the pressure scale is non-linear.

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: SE0299). Services for accessing these data are described
at the back of the journal.



®tted with the third-order truncation of the Birch±Murnaghan

EoS (BM3 EoS) (Birch, 1947) de®ned as

P � 3K0 fE 1� 2fE� �5=2 1� 3
2 K0 ÿ 4� �fE

� �
; �2�

where fE � ��V0=V�2=3 ÿ 1�=2: The results are given in Table 2.

Both EoS yield the same values within their standard devia-

tions. All parameters show high correlation (>88%) between

each other. Two lines drawn through the volume data in Fig. 4

represent the ®tted Vinet (solid line) and Birch±Murnaghan

EoS (dotted line), respectively. Differences between the two

EoS are apparent only in the extrapolated part before the ®rst

data point at 0.28 GPa, affecting the value of the extrapolated

bulk modulus. Since the Vinet EoS is believed to yield more

accurate parameters for highly compressible materials (Angel
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Figure 3
(a) Scattered X-ray intensity for the low-pressure phase of TC at P = 0.07 GPa as a function of diffraction angle 2�. Shown are the observed pattern
(diamonds), the best LeBail-®t pro®le in Fm�3m (line a), the difference curve between observed and calculated pro®le (line b), and the re¯ection markers
(vertical bars). The wavelength was � = 0.4246 AÊ . The higher-angle part starting at 5.5� 2� is enlarged by a factor of ®ve. The R values are Rp = 1.8%,
Rwp = 3.0%. Steps in the measured pro®le are due to round-off effects resulting from digitalization of the image plate. (b) Scattered X-ray intensity for
the intermediate-pressure phase of TC at P = 0.2 GPa as a function of diffraction angle 2�. Shown are the observed pattern (diamonds), the best LeBail-
®t pro®le in Pa�3 (line a), the difference curve between observed and calculated pro®le (line b), and the re¯ection markers (vertical bars). The wavelength
was � = 0.4246 AÊ . The higher-angle part starting at 5.5� 2� is enlarged by a factor of ®ve. The R values are Rp = 2.9%, Rwp = 4.7%. Steps in the measured
pro®le are due to round-off effects resulting from digitalization of the image plate. (c) Scattered X-ray intensity for the high-pressure phase of TC at P =
3.2 GPa as a function of diffraction angle 2�. Shown are the observed pattern (diamonds), the best Rietveld-®t pro®le in P213 (line a), the difference
curve between observed and calculated pro®le (line b), and the re¯ection markers (vertical bars). The wavelength was � = 0.4246 AÊ . The higher-angle
part starting at 5.5� 2� is enlarged by a factor of three. The R values are Rp = 4.5%, Rwp = 7.7% and R(F 2) = 18.5%. Steps in the measured pro®le are due
to round-off effects resulting from digitalization of the image plate.

& Vaughan, 2000), we use the values determined by this

function.

For phase I, only one data point exists, from which no

information about the compressibility of this phase can be

obtained. For phase II, two data points exist, which allowed

the slope to be determined from a linear interpolation

between them. The higher slope of the volume on pressure

relation for phase II indicates a higher compressibility and

therefore a lower bulk modulus in comparison with the

corresponding values of phase III. This behaviour can be

explained by the smaller packing effect of the dynamically

disordered TC molecules at low pressure.

The data of the relative volume in dependence of

temperature (Dinnebier et al., 1999) were ®tted to empirical

functions of the type

V

V0

T� � � P1� P2 295ÿ T� �� �P3; �3�

with P1 = 1.022 (3), P2 = ÿ0.013 (3) and P3 = 0.0080 (2) for

the high-temperature phase, P1 = ÿ0.2 (8), P2 = 0.12 (5) and

P3 = ÿ0.0067 (10) for the intermediate-temperature phase,

Table 2
Parameters of different equations of state (EoS) for the high-pressure
phase III of TC obtained by least-squares ®ts.

V0 (AÊ ) K0 (GPa) K0

Vinet EoS 2066 (11) 7.1 (8) 10.1 (8)
BM3 EoS 2081 (17) 5.5 (13) 15.0 (34)
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and P1 = ÿ5 (3), P2 = 0.21 (7) and P3 = ÿ 0.0081 (6) for the

low-temperature phase.

Owing to the disorder and the limited amount of data, the

molecular conformations in phases I and II could not be

determined from the X-ray experiments. From the extinction

rules and the similarity of the powder patterns of phases I, II

and III at high pressure to their counterparts at low

temperature, it may be concluded that they are isostructural.

The high quality of the powder patterns of phase III

permitted rigid-body Rietveld re®nements and therefore

allowed the determination of structural parameters in

dependence on pressure. Under the assumption that the bond

distances between C and Si atoms as well as the tetrahedral

angle between the four trimethylsily groups do not depend on

pressure, three intramolecular degrees of freedom remained,

which were re®ned. All three parameters (', �1, �2) show a

high correlation with respect to the temperature factor for

pressures below 0.9 GPa and an almost linear dependence on

pressure between 0.9 and 4.8 GPa (Fig. 5).

The rotation ' of the base plane of the Si4 tetrahedron of

the TC molecule around the [111] axis increases slightly with

pressure, which could be described by the linear relationship

' (�) = 13.386 + 0.560P (GPa). A cooperate-twist of 18� for

TC of the trimethylsilyl groups from the reference (ecliptic) Td

structure was found by electron diffraction studies in the gas

phase (Beagley et al., 1988, 1989). It was shown previously

(Dinnebier et al., 1999) that at temperatures below 225 K an

improved packing was achieved by different twist angles for

the two independent trimethylsilyl groups, leading to 3(C3)

symmetry for the TC molecules. At 150 K the two crystal-

lographically independent trimethylsilyl groups were found to

assume different twists of �1 = 14.4 and �2 = 20.3�, respectively.

Presently we have determined that in the isosymmetric high-

pressure phase these two twist angles �1 and �2 are pressure-

dependent according to �1 (�) = 37.448 ÿ 2.314P (GPa) for

the trimethylsilyl group oriented along the [111] direction and

�2 (�) = 20.906 + 0.061P (GPa) for the second trimethylsilyl

group. For increasing pressure the difference between the

twist angles becomes smaller. It may be speculated that

eventually they become equal, or the transition into phase IV

occurs earlier (Fig. 5).

The structural parameters obtained at different tempera-

tures or different pressures can all be described as a function

of the volume of the unit cell. However, this does not lead to a

simpli®ed description of the twist angles in the low-tempera-

ture structure and the twist angles obtained at high pressure.

One reason not to expect such a relation is that the lattice

parameter of phase III at the lowest pressure for which phase

III occurs is already smaller than the low-temperature value

(Fig. 4). One may speculate that in the regime of compression

down to 95% of the volume of the unit cell at ambient

conditions the structural changes are large, and that they do

not follow the quasi-linear dependence observed at high

pressures. This idea is in accordance with the strong decay of

the twist angles at low pressure (<0.49 GPa). It may be

assumed that in the two disordered phases I and II a similar

Figure 4
Dependence of the relative volume of TC on pressure in the range 0±
5.0 GPa (this work) and temperature in the range 25±300 K (Dinnebier et
al., 1999). The three phases at high pressure are marked by three different
®lled symbols. The three phases at low temperature are marked by open
symbols. The solid and the dotted line correspond to least-squares ®ts of a
Vinet and a Birch±Murnagham equation of state, respectively. Differ-
ences between the two ®tting functions are visible in the extrapolated
pressure range below 0.28 GPa. Note the offset of the two scales of the
relative volume parameter.

Figure 5
Temperature factor (right scale) and the three angles de®ning the
conformation of TC (left scale) as a function of pressure. The open circles
denote the deviation of the torsion angle of the trimethylsilyl groups of
TC located around the [111] axis from the staggered conformation. The
closed circles denote the deviation of the torsion angle of the second
crystallographically distinct trimethylsilyl group of TC from the staggered
conformation. The ®lled diamonds de®ne the orientation of the molecule,
described by the rotation of the projection of the C0ÐSi2 bond of the
second trimethylsilyl group in the (111) plane around the [111] axis.
Below 0.9 GPa the different parameters have large standard deviations
and are highly correlated. Dashed lines correspond to results of linear
regression between 0.9 and 4.8 GPa for the three angles, and of an
empirical function of the type f (x) = a + b(x + c)d for the temperature
factor (®lled stars) over the entire range of pressure.



cooperate twist exists as in the gas phase, whereas the change

from molecular T to C3 structure occurs in phase III. In this

case there must be a signi®cant jump for both twist angles.

Assuming for a moment that this change is not abrupt at high

pressure, one would expect a steep but continuous increase of

the value of the twist angles within the high-pressure phase III,

which is in agreement with the experiment (Fig. 5). This would

also presuppose a certain amount of disorder in the high-

pressure phase III below 0.49 GPa, which would explain the

unusual high overall temperature factor in that pressure

region. It should be noted that the variance±covariance matrix

does not show any serious correlation between the tempera-

ture factor and the twist angles.

Alternatively, the entropic contribution to the free energy is

different at different temperatures, and this might be

responsible for different structures with the same lattice

parameter at low temperature and at high pressures, respec-

tively.

The nearest-neighbour distance between C atoms of the

methyl groups of different molecules shows a non-linear

behaviour in the pressure range between 0.65 and 4.8 GPa

which could be modelled by the empirical function CÐC (AÊ ) =

2.548 + (P ÿ 0.619)ÿ0.083 (GPa) (Fig. 6). By adding H atoms at

calculated positions, a minimum distance between the TC

molecules of 1.7 AÊ at 0.8 GPa and of 1.4 AÊ at 4.8 GPa is

obtained. These values are signi®cantly below the expected

value of 2.1 AÊ . A further reduction of the CÐC distance

would inevitably destroy the crystal structure in the present

form (Fig. 7), possibly leading to the loss of long-range order.

In such a case only the centres of the TC molecules would

contribute to long-range order, leading to a cubic-close-

packing (c.c.p.) structure. The latter is observed for phase IV.

Although several analogies exist between quasispherical TC

and spherical C60 regarding the size of the molecules and the

symmetry of the different phases in the solid (Dinnebier et al.,

1999), there are distinct differences in the compressibility of

the two materials. The bulk modulus of crystalline C60,

K(C60) = 14 GPa (Sundqvist, 1999), is about twice that of TC.

This can be explained by the high molecular rigidity and

stiffness of C60 in contrast to TC, which has several intramo-

lecular degrees of freedom. This is also re¯ected in the phase

transitions. Whereas the C60 molecule shows reorientations

only upon cooling or increasing pressure, there is reorienta-

tion and a continuous change in the conformation of the TC

molecule.

4. Conclusions

We have found three phase transitions of crystalline tetra-

kistrimethylsilylmethane in the pressure range 0±16 GPa. The

compressibility and crystal structures of phase III have been

determined in detail for pressures between 0.28 and 4.8 GPa.

Our results show that X-ray powder diffraction at a third-

generation synchrotron source can be used to re®ne the crystal

structure of a molecular solid at high pressures. The use of

rigid bodies for the high-pressure structures was a crucial step

for the high-pressure Rietveld re®nement, since the

constrained atoms shift as a whole and meaningless changes of

individual atoms cannot occur. Re®nements without or with

soft constraints only did not converge to the global minimum

due to the limited amount of data available in the powder

pattern.
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Figure 6
Minimum intermolecular CÐC distance between TC molecules in the
high-pressure phase III as a function of pressure. The dashed line
corresponds to results of an empirical function of the type f (x) = a + (x +
c)d between 0.65 and 4.8 GPa.

Figure 7
Cup model of the crystal structure of TC at 4.8 GPa.
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