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The molecular dynamics of tetramethylstibonium hexafluorophosphate, [Sb(CH;),]PFg, is inves-
tigated over a broad temgerature range. NMR spin lattice relaxation times T; and the NMR second
moments of the 'H and '°F nuclei were determined in the range 8.6 < T/K < 332.3 for polycrystalline
[Sb(CH,;),]PF,. The complex cation undergoes isotropic tumbling for T >260 K and thermally
activated methyl group rotation in the temperature range T < 196 K. The activation energies for the
transition from methyl group rotation to cation reorientation, as derived from NMR wideline
(18.1 kJ/mol) and relaxation (22.7 kJ/mol) measurements, match. At very low temperatures pseudo
classical line narrowing is observed, indicating tunneling motions of the methyl groups. The exis-
tence of two crystallographically inequivalent methyl groups is found by X-ray structure analysis at
room temperature. The space group is P6;mc, Z=2; a="738.6 pm, c=1089.3 pm. It is confirmed by
two steps in the temperature dependence of the signal intensity of the quasielastic line in neutron
fixed window measurements in the temperature range 2< 7T/K <148. The low temperature spin
lattice relaxation times can be explained qualitatively by contributions of two crystallographically
inequivalent methyl groups. Apparent activation energies for the two crystallographically different
methyl groups are estimated.

The complex anion undergoes isotropic tumbling in the temperature range 95 < T/K <330. Above
330 K additionally translational motion is activated. Below 95 K the rotational motion of PF? is
freezing in via an uniaxial state in range 40 < T/K <80. Activation energies for both isotropical
tumbling (10.5 kJ/mol) and uniaxial rotation (5.8 kJ/mol) have been derived from !°F NMR spin
lattice relaxation.

Key words: Complex compounds, Molecular dynamics, Rotational tunneling, Nuclear magnetic
resonance spectroscopy, Quasielastic neutron scattering.

Introduction

Solids containing the highly symmetric species
X(CH3), show several degrees of molecular motion.
At high temperatures thermally activated overall tum-
bling as well as methyl group rotation about the three-
fold symmetry axes can be detected and described
classically. At very low temperatures quantum me-
chanical tunneling of the methyl groups may domi-
nate if the rotational barrier of the methyl groups is
low and the classical approaches are not adequate to
explain the results. This was found e.g. for molecular
Sn(CH,3), [1, 2] and ionic [Sb(CH3),]I [3, 4].
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In combination with complex anions containing
nuclei with a considerable magnetic moment (BF2,
PF?), both independent and coupled relaxation of
cationic and anionic spin systems can occur [5, 6].
Using nuclear magnetic resonance (NMR), second
moment (M,) and spin lattice relaxation time (7))
techniques, cationic and anionic motions can be re-
solved and motional parameters derived.

Only few investigations are known where an analy-
sis of the rotational behaviour by means of second
moments and relaxation times has been executed from
the limit very high temperatures to liquid helium tem-
peratures [7, 8].

The present study was undertaken to determine the
molecular dynamics of tetramethylstibonium hexa-
fluorophosphate, [Sb(CH,),]®PF®, over a broad
temperature range and to compare the cationic dy-
namics with those of tetramethylstibonium iodide,
[Sb(CH,),]®I°, where a large activation energy for
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the transition from methyl group rotation to overall
cation tumbling was found. Rotational tunneling of
the methyl groups in [Sb(CH;),]I was manifested by
M,(*H), T,” } (*H), and inelastic neutron scattering [4].
The activation energy for isotropical PF® reorien-
tation has been determined for a series of alkali hexa-
fluorophosphates APF,, A=Na, K, Rb, Cs, and found
to depend on the cation size [9]. Substituting the
Sb(CH,)@ cation, this correlation can be proved.

Experimental
T, Measurements

Proton and fluorine spin lattice relaxation times
T,(*H) and T, (*°F), respectively, of tetramethylstibo-
nium hexafluorophosphate, [Sb(CH,),] PF,, prepared
as described in a previous paper [3], were measured at
two different Larmor frequencies w,/2 7= 21.02 MHz
and w,/27=36.55 MHz. A temperature range 8.6 <
T/K <£332.3 was covered. Temperatures were con-
trolled by a continuous flow cryostat. For T>73 K
liquid nitrogen and for T<73 K liquid helium was
used as coolant. At a given temperature the sample
was equilibrated thermally for at least 15 min. A cop-
per-constantan thermocouple (N, cooling) and a
NiCr—Au 0.02 atom% Fe thermocouple (He cooling),
respectively, were employed to monitor the tempera-
ture near the sample site. The polycrystalline sample
was sealed in a glass ampoule under helium as heat
exchange gas. Spin lattice relaxation times were mea-
7—90° pulse sequences and
determined by an exponential fitting procedure [10].
Errors of the T, values measured are estimated to be
+ 5%, while those in the temperature measurements
are +0.2 K.

1ACall

Wideline Measurements

Proton and fluorine NMR second moments
M,(*H) and M, (*°F), respectively, have been mea-
sured down to 8 K using a modified Robinson-oscil-
lator [11] operating at a constant frequency of
28.55 MHz by slowly varying the magnetic induction
B, . Spectra of polycrystalline specimen were recorded
by lock-in technique. The line widths AB were taken
as separation in Tesla between the extrema of the
derivative curves. M, values were calculated using a
numerical integration procedure. Correction due to
finite field modulation broadening was considered
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[12]. Temperatures were controlled by a continuous
flow liquid He cryostat and measured near the sample
site with a NiCr—Au 0.02 atom% Fe thermocouple.
The sample was thermally equilibrated at least for
10 min at a given temperature. The variation of the
temperature during the data acquisition was +0.5 K.

Fixed Window Measurements

Quasielastic neutron scattering (QNS) experiments
were carried out at the Institute Laue-Langevin (ILL),
Grenoble, using the backscattering spectrometer
IN10. Identical material as in the NMR experiments
was used. The IN10 spectrometer was set to zero en-
ergy transfer and the intensity of the elastic line was
measured in the temperature intervall 2.5 < T/K <147
(‘fixed window scan’) with an energy resolution JE,
=0.5 peV.

Results
LH and **F NMR Spin Lattice Relaxation Times

The experimental proton and fluorine spin lattice
relaxation rates 1/7T; of polycrystalline [Sb(CH),]PFg
observed at 21.02 MHz and 36.55 MHz, respectively,
are shown in Fig. 1-4 as semilogarithm plots versus
inverse temperature.

The spin lattice relaxation rates of the fluorine nu-
clei parallel those for protons over a wide temperature
range. Within the intervall 35< T/K <40 nonexpo-
neniial relaxation was observed. The deviation from
single exponential relaxation was small and all relax-
ation times have been described by a single relaxation
time T, (*°F) and T, (*H), respectively, within the lim-
its of error.

The spin lattice relaxation times of the protons
(Figs. 1 and 2) are always higher than the fluorine
relaxation times (Figs. 3 and 4), except in the limits
of very high and very low temperatures (i.e. for
T>277 K and T<34 K at 36.55 MHz, respectively),
where T, (*H) becomes shorter than T, (*°F).

The proton relaxation rates 1/T; (*H) = f (T) show
four and the fluorine relaxation rates 1/T;(*°F)
= f(T) three maxima. The maximum on the high tem-
perature side is higher for 1/T;(*H) and located at a
higher temperature (see Fig. 1) than the maximum of
1/T, (*°F), Figure 3.

In the intermediate temperature range the relax-
ation curves show a broad maximum at 145K for
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Fig. 1. Proton spin lattice relaxation rates 1/T,(*H) of te-
tramethylstibonium hexafluorophosphate, [Sb(CH,),]PF,,
as function of the inverse temperature in the range 2.4 =
1000 K/T < 14. Open and filled symbols represent 1/T,(*H)
at the two Larmor frequencies w,/2n=36.55 MHz and
/2 t=21.02 MHz, respectively. The lines correspond to
the theoretical description given in the text.

1/T, (*°F) and 112K for 1/T, (*H) (Figs. 1 and 3). At
very low temperatures a 1/T, (*°F) maximum at 45 K
is observed, whereas for 1/T,(*H) two maxima are
found, a large one at T=39 K and a very broad one
at at T~10 K. The maxima for both, 'H and '°F
nuclei are frequency dependent.

'H and *°F NMR Second Moments

To attribute the various maxima in the 1/T, relax-
ation curves of the protons and fluorine nuclei to any
molecular/ionic motion in [Sb(CH ;),]PFj, the second
moments M,(*°F) and M,(*H) were measured for
T <95 K and for T >330 K. The experimental results
are shown in Figs. 5 and 6 together with the values
given previously for 95 < T/K <330 [3].

For T>325K M,(*°F) decreases from 0.6 x
1078 T? to 0.3 x 108 T2 (see Figure 6). The step in
M, (*H) at T=325 K is less pronounced. Below 120 K
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Fig. 2. Same as Figure 1 but for the temperature range 14 <
1000 K/T <128.

M, (*°F) raises with constant but a less steep slope in
the range 40 < T/K <70. At the lowest temperature
reached experimentally, M, (°F) attains its maximal
value M, (7.6 K)=11.4x 1078 T2

In contrast to M, (*°F), the linewidth AB (*°F) does
not show any sign of a plateau in the range 40 < T/K
<70 (see Figure 5). By further decreasing the temper-
ature to 30 K, AB(*°F) increases only slowly, and for
T <30 K it increases strongly to a maximum value at
T=17.6 K (see Figure 6). The line shape of the '°F
resonance signal changes drastically. In Fig. 7 the de-
rivative absorption curves at various temperatures are
given. An asymmetry of the curves due to chemical
shift anisotropy, as observed for the '°F line shape of
NH,PF, [13], was not observed. For temperatures
T>130 K the signal can be described by a single
Gaussian curve. On decreasing the temperature, the
wings of the absorption line gain intensity (cf. Fig. 7
for T=77.1K and T=60.1K). At T=304K a sec-
ond, broad component with an intensity equal to the
center line arises, and at T=7.6 K the center line is
vanished completely. The whole intensity is trans-
ferred into the outer component. The jump-like step in
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Fig. 3. Fluorine spin lattice relaxation rates 1/T,(*°F) of
tetramethylstibonium hexafluorophosphate, [Sb(CH),]PFy,
as function of the inverse temperature in the range 2.4 =<
1000 K/T < 14. Open and filled symbols represent 1/7, (*°F)
at the two Larmor frequencies w,/2 7 =36.55 MHz and
/2 n=21.02 MHz, respectively. The lines correspond to
the theoretical description given in the text.

the AB('°F) vs. T diagram (scc Fig. 6) is due io ihe
transition in maximum intensity from the narrow
vanishing to the broad growing component.

At lowest temperatures a constant plateau has not
been reached neither in M, (*°F) nor in AB('°F).

Both, M,(*H) and AB('H) show a small step
around T~100K. The M,(*H) plateau increases
from 7.8 x 1078 T2 t0 8.5x 1078 T? for T<120 K (see
Figure 5). As can be seen from Fig. 8, there is no
significant change in line shapes of the proton reso-
nance signals for T<190 K. At the high temperature
limit a further decrease of M, (*H) from 0.6 x 10~ 8 T2
to 0.5x 1078 T2 at 325 K is observed.

Fixed Window Measurements

The intensities of the fixed window scans of tetra-
methylstibonium hexafluorophosphate as obtained at
a detector angle 2 @ =130° are shown in Figue 9. Two
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Fig. 4. Same as Fig. 3 but for the temperature range 14=<
1000 K/T £32.

steps at T=17.0 K and T=46.0 K were found. They
can be attributed to jumps of two crystallographically
inequivalent methyl groups across the rotational bar-
rier [4, 14]. The temperature dependence of the quasi-
elastic line width I, can be described by an Arrhenius
Ansatz

I (T) =TI, exp (= E,/RT). (1)

I, is connected with correlation time constants as
obtained from the high temperature side of the relax-
ation curves [14]. At that temperature T ,, where half
of the height of the quasielastic line is transferred out
of the elastic energy window, the condition I, = 6E .,
is valid and the barrier hight given by [2]

E,=RIn(l4/0E ) Ty)2. @

Discussion
Determination of the Motional States

For tetramethylstibonium hexafluorophosphate the
temperature dependence of M,(*H) and M, (*°F) in
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Fig. 5. Second moment M, (o) and linewidth AB (o) of the
proton NMR signal of tetramethylstibonium hexafluo-
rophosphate at constant Larmor frequencies w,/2 n = 28.55
MHz and w,/2 = = 8.10 MHz (96 < T/K < 324), respectively,
as function of temperature. Values at 8.10 MHz were taken
from [3]. (Lines serve as guide for the eye.)

the range 96 < T/K <324 has been measured previ-
ously [3]. A change in the motional state of
[Sb(CH,),]PFg has been found. It was attributed to
the freezing-in process of the isotropic [Sb(CH;),]®
cation tumbling in the range 196 < T/K <260, which
leads to an increase of M, (*H) from 0.6 x 10~8 T2 for
T>260K to 7.8 x 10~ 8 T? for T<196 K.

M, (*°F) is influenced via H—F dipolar interactions
and reflects the transition in the cation motion by a
small step from 0.6 x 1078 T2 to 1.4 x 1078 T2 in the
same temperature region, 196 < T/K <260. The com-
plex anion PF® reorientates isotropically over the
whole temperature range 95 < T/K <330. Reorienta-
tions about unique axes (two-, three-, and fourfold
symmetry axes) can be excluded. The second moments
calculated on the base of crystal structure data are
consistent with the values observed experimentally [3].

693

©
o

M("°F) /107012
=
o

bl
=]

=]
o
1,-01/(dg,)9

{2l
o

T/K

Fig. 6. Second moment M, (o) and linewidth AB (o) of the
fluorine NMR signal of tetramethylstibonium hexafluo-
rophosphate at constant Larmor frequencies w,/2 & = 28.55
MHz and w,/2 7 =8.10 MHz (96 < T/K < 324), respectively,
as function of temperature. Values at 8.10 MHz were taken
from [3]. (Lines serve as guide for the eye.)

Combining the results of the 'H and '°F NMR
wideline measurements of tetramethylstibonium hex-
afluorophosphate found in this study, the following
picture is obtained:

In the high temperature limit of the temperature
range investigated, the [Sb(CH3),]® cations and the
PF® anions perform isotropic reorientations about
random axes with simultaneous rotation of the methyl
groups about their threefold (C;) axes in the cation.

The decrease of the second moments M, (*°F) and
M, (*H) for T > 330 K is due to the onset of additional
motion. Since all degrees of rotational freedom are
excited, we assume that translational motion sets in.
Because the change in M, (*°F) from 0.6 x 10~8 T? to
0.3x 1078 T2 is larger than the one in M,(*H) from
0.6x1078T? to 0.5x1078 T2, the steps must be
caused by translational diffusion of the PFS anions.
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Fig. 7. Derivative absorption curves of the !°F NMR reso-
nance of [Sb(CH,;),]PF; at selected temperatures. The signal
amplitudes are normalised to unity (B,=0.21 T).

An onset of diffusion of the cations would have a large
effect on M,('H) and a small influence on M, (*°F)
since 12 protons and only 6 fluorine nuclei would be
involved and the H-F dipolar interactions are
smaller than the H-H dipolar interactions. Thus,
cation diffusion can be excluded.

Not only from the value of M,(*H), but also from
the line shape of the proton resonance signal at the
limit of very low temperatures it can be seen that the
rotational motions of the methyl groups are not
frozen in (see Figs. 5 and 8). The M, value of an isolated
rigid methyl group, neglecting dipolar inter- and in-
tramolecular/-ionic interactions, is 21.3 x 108 T2 and
by no means reached by [Sb(CH,),]®PFS . The small
change in M, (*H) at T ~10 K, which can also be seen
in AB(*H), must be caused mainly by a change of the
rotational motion of the PF anion.
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Fig. 8. Derivative absorption curves of the '"H NMR reso-
nance of [Sb(CH,),]PF; at various temperatures. The signal
amplitudes are normalised to unity (B,=0.19 T).
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Fig. 9. Fixed window measurement of the elastic scatter-

ing from tetramethylstibonium hexafluorophosphate,
[Sb(CH,),] PF, at a momentum transfer Q =1.94 A1,
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As can be seen from M, (*°F) and the line shape of
the resonance signal of the fluorine nuclei at T =
7.6 K (see Figs. 6 and 7), the rotational motion of PF®
is freezing in at the low temperature limit. The value
for the second moment of an isolated rigid regular
PFS octahedron with a P—F bond length of 158 pm
is given by M, (F-F) =10.52 x 10~ T2 plus M, (F-P)
=1.68 x 108 T2 [3], the sum for which being in good
agreement with M,(*°F)=11.4x10"8T? observed
experimentally at 7.6 K. The plateau of ca. 7 x 10~ 8 T2
in the narrow temperature range 40 < 7/K <70 indi-
cates that the transition from isotropic tumbling to
stationary PF® anions must be connected with rota-
tion about an unique axis. Since the intermolecular
M, (*°F) contributions are not expected to change
these ratios grossly and the difference between the
experimental value and the calculated one is largest
for fourfold reorientations, it may be assumed that in
the range 40 < T/K <70 the PF® anions undergo two-
or threefold reorientations before any motion is freez-
ingin. A clear decision about the symmetry axis on the
base of M, measurements can not be done.

Previously we reported single crystal X-ray diffrac-
tion studies of some tetramethylstibonium com-
pounds at room temperature [3]. For tetramethylsti-
bonium hexafluorophosphate definitive positions of
the atoms of the anion could not be determined be-
cause of difficulties in locating the phosphorus atom.
Nevertheless, the preliminary crystallographic data
and relative atomic coordinates concerning the
[Sb(CH,),]® cation shall be communicated here. As
will be seen below, results of the determination of the
cation geometry can be discussed in connection with
low temperature 'H NMR spin lattice relaxation and
quasielastic scattering data. From the diffraction ex-
tinctions the space groups P6,mc, P62c, and P6,/
mmc can be deduced. The direct method (Shelx 86)
was used to determine the positions of antimony. The
carbon sites were obtained from difference-Fourier-
syntheses. P, F, and H positions could not be located.

In Tables 1 and 2 the experimental conditions for
the crystal structure determination and the relative
atomic coordinates of the carbon and antimony atoms
based upon the space group P6;mc with Z=2 for-
mula units per unit cell are given. In Table 3 intra- and
some inter-Sb(CH;)$ distances and angles are listed.

The cation consists of a distorted [Sb(CH,),]® te-
trahedron with four methyl groups in the corners and
the Sb in the center. Two crystallographic inequiva-
lent carbon atoms C) and C® in the ratio 3:1 were
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Table 1. Experimental conditions for the crystal structure
determination of tetramethylstibonium hexafluorophos-

phate at T=301 K and crystallographic data.

Formula unit [Sb(CH,),]PFg

Crystal habitus 6-sided prism, colourless
Crystal size/mm? 0.22 x 0.28 x 2.00
Formula weight/g/mol 326.85

Diffractometer Stoe-Stadi-4
Wavelength 4/pm 71.069 (MoKa)
Monochromator graphite (002)
Absorption coefficient y/m~! 2890

Scan w/26
(sin6/7),,,,/pm~* 0.0068

Number of measured reflexions

Symmetry independent

3969

reflexions 750
Reflexions considered 500

Free parameters 19

F (000) 266

R(F) 0.0710

R, (F) 0.0620
Lattice constants:

a/pm 738.6 (2)
¢/pm 1089.3 (3)
Volume of the unit cell

V x 10~ ¢/(pm)? 514.66 (42)
Probable space group C¢,—P6,mc

Formula units per unit cell
Qcalc/ Mgm s

2.109 (T=301 K)

Qpyia/Mgm 3 2.09 (T =295 K)
Point positions
C® in 6¢: X, X, z; X, 2x, z;

2X, X, z; X, x, 1/2+z;
X,2x,1/2+42;2x,x,1/2+z

Sb and C? in 2b: 1/3,2/3, 2; 2/3,1/3, 1/2+z

found. As it is the case in tetramethylstibonium iodide,
space group P6;mc, the Sb—C bond length to the
unique C® atom is greater than to C®. In
[Sb(CH,),]T d(Sb-C®)=208.1 pm, d(Sb-C?)=
211.5 pm [3], whereas in [Sb(CH;),]PFs d(Sb—C™)
=206.0 pm, d(Sb—C‘?) =215.6 pm (in this work the
superscript 1 of a carbon atom or index 1 of a methyl
group denote the more frequently occurring crystallo-
graphically inequivalent C or CHj, respectively).

The ratio of the axes of a hexagonal unit cell is a
measure for the deviation from dense packing of
spheres. For [Sb(CH;),]PFg ¢/a =1.475, which is only
little greater than 1.425 found for [Sb(CH3),]I but
smaller than the ideal ratio for a hexagonal closest
packing of spheres (1.633) [3].

The Sb—C bond length weighted by the ratio of
occurrence, d (Sb—C) = 208.4 pm, for [Sb(CH,),]PF;
is short in comparison with mean bond lengths of
other methylated Sb compounds [15, 16].

From the 'H and '°F NMR second moment mea-
surements it is not unreasonable that the determina-
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Table 2. Positional and thermal parameters of Sb(CH;)? cation in tetramethylstibonium hexafluorophosphate as ob-
tained from a single crystal X-ray structure determination at T =301 K. The temperature factor is of the form
T =exp (=27 (Uy h* a** + Uy, k* b*?* + Uy3 12 ¢** +2U,, hka* b*+2U,; hla*c*+2U,; k1b* c*)). The Uj; are given in

(pm)?; errors are given in brackets (U is the isotropic mean).

Atom x/a y/b z/c U,,,U Uss U,, U,, U U,,
Sb 0.3333(0) 0.6667 (0) 0(0) 532 (40) 527 (52) 936 (12) 0(0) 155 (30) 0(0)
cw 0.1789 (13)  0.8211(13)  0.0533 (14) 1238 (56)

c@ 0.3333(0) 0.6667 (0) 0.3021 (28) 1292 (102)

Table 3. Intra- and short inter-Sb(CH,)$ bond distances and
bond angles of tetramethylstibonium hexafluorophosphate.
Errors and abundance of equal atoms are given in brackets,

respectively.

Intra-Sb(CH;)? Distance/pm
Sb-CW 206.0 (9) (3 x)
Sb-C® 215.6 (16) (1 x)
CW = g2 337.5
CW...cw 3422
Inter-Sb(CH,)® Distance/pm
Sb---Sb 691.7

CW wee Q) 396.6
CcC@...cm 4584
c®...c@® 691.7
(A-B-C) Angle/degree
CH-_Sp-C?® 106.4 (2)
CW-Sb-Cc® 1124 (2)

tion of the PF® structural data failed. The crystal
structure determination has been executed at 301 K,
where the onset of translational motion of the PFE
ions may already be activated. Since at room tem-
perature all rotational degrees of freedom are acti-

;11,2 = %(Tf . (HH) + Tx_ ! (FF))

described by a pair of coupled differential equations
(18],

dM_ (H)/dt = — T, ' (HH) [KM.. (H)) — M, (H)]

— T, ' (HF)[KM_ (F)> — M, (F)] (3
and
dM, (F)/dt = — T,” '(FH) [{M (H)) — M, (H)}]

— T, ' (FF) KM, (F)) — M, (F)], 4

where the quantities (M, (H)), (M, (F))> and M, (H),
M, (F) are the components of the proton and fluorine
nuclear magnetizations in the direction of B, at time
t and at thermal equilibrium, respectively. T,”* (HH),
T, ' (FF), T, *(FH), and T,” ! (HF) are the elements of
the relaxation matrix.

The relaxation times are given by

)

Mo () —<M.H)) _ Aexp(—A,t)+Bexp(—4i,1).

2M,(H)

The same expression with H replaced by F and
reversed 4, and 4, applies to the fluorine nuclei [13].
A and B represent relaxation constants and 4, and 4,
are eigenvalues of the relaxation matrix:

+ 1 /Ty Y(HH) + T, }(FF)? —4 T, ' (HH) T;” ' (FF) +4 T, *(FH) T, ' (HF).

vated and anion diffusion sets in, the state of
[Sb(CH,),]®PF® can be described as a quasi plastic
crystal [17] and therefore a structure determination
should be promising at lower temperatures
(T<200 K, see Fig.5) and with deuterated methyl
groups, if statements about H sites are required.

Reorientational Motion at High Temperatures

The NMR spin lattice relaxation mechanism of
compounds containing 'H and '°F spin system can be

(6)

Two limiting cases can be distinguished. If one of the
diagonal matrix elements 7,”* (HH) or T, *(FF), re-
spectively, predominates over the rest, the variation of
the longitudinal magnetization of the respective relax-
ation rate only is observable and single exponential
relaxation would be observed. In this case it is not
necessary to evaluate T,” ' (FH) and T,”* (HF).

If, on the other hand, all elements of the relaxation
matrix are of the same order of magnitude, cross relax-
ation between the 'H and '°F nuclei must be con-
sidered and nonexponential relaxation behaviour is
expected.
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Because the quadrupole moments of the 121:123Sb
nuclei are quite high it is assumed that the quadrupole
coupling of these nuclei is strong enough to maintain
the Sb spin system in thermal equilibrium with the
lattice.

Since single exponential relaxation was observed
nearly in the whole temperature range studied, the
relaxation rates are given by the equations consisting
of the spectral density functions g (w, ) as [13]

1 2
Tl(lH) =§VI%IAM2(HH)Q(Q)H’ o)
1
+ 5 Vrzi AM ,(HF) g (wy, wg, 1)
1
+§}’12-1AM2(HP)Q(Q’H,COP,TH) (7
1 1,
W 25“/“ AMZ(FH)g(wF, wH,rF). (8)

AM, (IS) is the reduction of the second moment of
the I spins (M, (I)) due to magnetic dipolar interac-
tions with the spins S, which is modulated by the
respective ionic motion; wy, ®g, and wp are the Lar-
mor frequencies of the 'H, '°F, and 3!P nuclei, respec-
tively, and y denotes the magnetogyric constant.

The spectral density functions are given as

(@1 7) = — 5 ©)
w, T;) =
gien 1+wit?  1+4wf7?
( ) =
g\wp, W ,Ti = e
s 1+ (0 —wg)* 17 (10)

31, 61,
T+oft 1+ (o+tws)td’

The temperature dependence of the correlation
times t; (i = H, F) is expressed by an Arrhenius rela-
tionship as

7, =10 ex Eqi
i=T; €Xp RT)

where E; the activation energy for the motions of the
anions and cations, respectively.

The relaxation mechanism for 1000 K/T < 3.8 is as-
sociated with the modulation of H—F dipolar interac-
tions by reorientation of the [Sb(CH,),]® cation.
Methyl group and isotropic PFS rotation are much
too fast to influence the relaxation. Thus, the relax-
ation rates of the proton and fluorine nuclei have been

(1)
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fitted according to (7) and (8) with 7, and 7 as the
correlation time for isotropic [Sb(CH;),]® and iso-
tropic PF® reorientation. The M, reductions are
taken from the M, plateaus M,(*H)=7.8x10"8T?
and M,(*H)=0.6 x 10~ T2. The difference, AM,
=7.2x10"8T? is mainly determined by intraionic
dipolar proton-proton interactions. Starting refine-
ment runs with this initial value, the best fit to the
experimental points is found to be given by AM , (HH)
=6x10"8T? and additionally AM,(HF)=1.0x
10~ 8 T2. Dipolar H—-P interactions are too small to
influence the relaxation curve, and therefore they are
omitted. From the second moment reductions the re-
laxation constants

Cyn=2/373 AM,(HH) = 2.87 x 10°s 2
Cyr=1/27% AM,(HF) = 3.58 x 10852

and

have been obtained. The parameters describing ther-
mally activated 'H and !°F NMR spin lattice relax-
ation as obtained by least squares methods of (7) to
(11) to the experimental T,(*H) values, using these
relaxation constants, are listed in Table 4. In the fitting
procedure a mean activation energy of 22.7 kJ/mol
was inserted. As can be seen in Figs. 1 and 3, the
resulting theoretical temperature dependence of both,
proton and fluorine relaxation rates is in good agree-
ment with the experimental T,”! values. The small
deviation for T >325 K is due to the onset of addi-
tional translational motion, which was not considered
in the theoretical description.

Translational motion was also observed in the re-
lated compounds (NH,);YF,, Y=Ga, In [19]. As
found by NMR and electrical conductivity measure-
ments in these salts the anions as well as the cations
undergo diffusion.

The activation energies calculated for both Larmor
frequencies agree within the limits of error. The differ-
ent correlation constants reflect the dependence of the
relaxation rates on the Larmor frequency: the lower
Larmor frequency (21.02 MHz) is correlated with the
smaller correlation constants (Tabs. 4—6). The mean
value of the activation energy for isotropic cation re-
orientation (22.7(25) kJ/mol) is in fairly good agree-
ment with the respective value found in wideline mea-
surements (18.1(10) kJ/mol) [3].

The energy for activating of [Sb(CH;),]® tumbling
is small in comparison with values of other tetra-
methylstibonium salts as determined by 'H NMR
wide line and relaxation measurements [20].
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Table 4. Parameters describing the isotropic Sb(CH;)® tum-
bling in tetramethylstibonium hexafluorophosphate from
least squares procedure of the proton spin lattice relaxation
times according to (7) and (8) at high temperatures (standard
deviation is given in brackets).

Isotropic Sb(CH,)$ wo/2 T w27
tumbling =2102MHz = 36.55MHz
Activation energy [kJ/mol] 23.5(25) 21.8 (6)
Ccﬁg:laltllo]n time constant 2.14 (55) 475 (31)
Relaxation constant Cyyy [s™ ] 2.87 x 10°
Relaxation constant Cyg [s~ 2] 3.58x 108
Temperature range 217 < T/K <357

Relaxation Behaviour at Intermediate Temperatures

For 1000 K/T > 4.6 the spin lattice relaxation times
are determined mainly by the PF® reorientation
mechanism. It is assumed that isotropic cation reori-
entation is too slow and methyl group rotation to fast
to influence the relaxation. In this case single exponen-
tial relaxation would be expected, and this is observed
in the experiment. The small deviations from single
exponential relaxation behaviour in the temperature
intervall 205<T/K <240 can be explained by the
change in the relaxation determining motion (iso-
tropic cation tumbling « isotropic anion tumbling).
H-F dipolar interactions are quite small and the
relaxation rate is given by

2
— y,_- AM, (FF)g(wg, 1)

e al

11(19F)

—_

sl Vl%' AM , (FH) g (wg, 0y, T¢)

NS}

1
Ll YIZTAMZ(FP)g(wF’ Wp, TF)

5 (12)

The proton spin lattice relaxation rate 1/T; (*H) is
determined mainly by random modulation of H-F

dipolar interactions due to PF reorientations.
Therefore,
1 2
T (1H) = E 7 AM, (HF) g (wy, o, T¢)

1
= 7 AM,(HP) g (g, wp, T¢). (13)

N

The spectral density functions and second moment
reductions are defined in the same manner as above
(see (9) and (10)), but they are determined by PF®
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reorientations; 1 is the correlation time of the
isotropic anion reorientation.

In the temperature range 100> T/K >83 there is
nearly a linear relation between the logarithmic form
of the relaxation rates of both, proton and fluorine
nuclei and the inverse temperature. The relation of the
rates measured is proportional to the squared inverse
fraction of the Larmor frequencies (36.55 MHz/21.02
MHz)? = 3.0:

'HNMR, T~91K:
T, 1(21.02 MHz)/T,”*(36.55 MHz)
=1.9960s1/0.6793s 1 =2.9;
19F NMR, T~93K:
T, 1(21.02 MHz)/T,” *(36.55 MHz)
=5.58655"1/1.8399 s~ = 3.0.
Thus, the following conditions must be valid on the

low temperature side of the maxima caused by
isotropic anion reorientation:

wtp>1

w)? <o}

(w=wp~wy~wp) and

(wg— (0=wy, wp).

Using the experimental M,(*° F) reduction 5.4 x
10~® T? as initial value, refinement runs yield the sec-
ond moment reductions AM,(FF)=5.1x10"8T2,
AM,(FP)=10x10"8T? and AM,(FH)=20x
1078 T2 The results of the least squares procedure of
the fluorine relaxation rates are given in Table 5.

For both nuclei investigated the agreement the cal-
cuiated (lines 1n Figs. 1 and 3) and measured relax-
ation rates is good. A mean value of 10.4(11) kJ/mol
for the activation energy for isotropic anion tumbling
is obtained from the measurements at the two Larmor
frequencies. The different values for the correlation
time constant reflect the frequency dependence of
T, '(*°F) and T, *(*H) in the right way: the higher
Larmor frequency is correlated with a smaller relax-
ation time constant and a smaller relaxation rate at a
given temperature.

The increase of the relaxation rates of the fluorine
spin system at 1000 K/T > 13 can explained by a fur-
ther reorientational motion of the hexafluorophos-
phate anion: from the results of the M, measurements
this is known to be the uniaxial anion reorientation.
The theoretical relaxation rates are calculated using
the same equations as in the case of the isotropic
anion motion. Below 38 K the motion of the !°F spin
system is too slow to influence the relaxation, the
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Table 5. Parameters describing the isotropic PF tumbling
in tetramethylstibonium hexafluorophosphate from least
squares procedure of the fluorine spin lattice relaxation times
according to (12) and (13) at intermediate temperatures (stan-
dard deviation is given in brackets).
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Table 6. Parameters describing the uniaxial PF® reorienta-
tion in tetramethylstibonium hexafluorophosphate from
least squares procedure of the fluorine spin lattice relaxation
times according to (12) and (13) at intermediate temperatures
(standard deviation is given in brackets).

Isotropic PFY tumbling /2T 0,27 Uniaxial PF® reorientation  wy/27 w2 T
=21.02MHz =36.55MHz =21.02MHz =36.55MHz

Activation energy [kJ/mol] 10.8 (7) 10.1 (11) Activation energy [kJ/mol] 5.6 (8) 6.0 (5)
C(E;E)elaltzlc;il time constant 1.51 (12) 321 (39) Ccﬁgelaltslc;? time constant 1.71 (16) 2.46 (15)
Relaxation constant Cgp [s 2] 2.15%x10° Relaxation constant Cgg [s 2] 2.07 x 10°
Relaxation constant Cgp [5'22] 3.17x10% Relaxation constant Cgp [s‘zz] 3.80 x 108
Relaxation constant Cgy [s™°] 6.34 x 108 Relaxation constant Cgy [s™7] 2.85x10®
Temperature range 83<T/K<212 Temperature range 33<T/K<69

anion motion is frozen in and the '°F relaxation rates
increase again on lowering the temperature.

The determination of the activation parameters of
the uniaxial anion rotation can be done from both, the
linear portion of the high temperature side of the max-
imum in the intervall 69 > T/K > 50 and from the low
temperature side (39 > T/K > 33). The first option is
used for measurements at 21.02 MHz (closed symbols
in Fig. 4) and the second one for experimental points
at 36.55 MHz Larmor frequency (open symbols in
Fig. 4). In both cases the second moment reductions
AM,(FF)=49x10"8T? AM,(FH)=1.2x10"8 T2,
and AM,(FP)=0.9x10"8T?, obtained by refine-
ment runs with the initial value from experimental
second moment reduction, were employed. Parame-
ters for uniaxial anion reorientation as obtained from
least squares fit of (12) and (13) are given in Table 6.

The activation energies as obtained from the high
and low temperature side of the maximum of the re-
laxation rate agree within limits of error and confirm
the assumptions made. The mean value for uniaxial
PF? rotation is 5.8 (8) kJ/mol; it is half the value for
isotropic anion reorientation.

A clear distinction between two-, three-, or fourfold
rotation of the hexafluorophosphate anion can not be
done by the spin-lattice relaxation measurements. The
second moment of a rigid isolated PF octahedron
with d(F--- F)=223.4 pm is 12.2x 10~ 8 T? [3]. The
experimental value at 7.6 K nearly matches: M, (}°F)
=11.40 (57) x 10~ 8 T2. Since there are no interionic
contributions considered in the theoretical value, it
may be assumed that the mean F--- F distance is
greater than 223.4 pm. The determination of the spin
lattice relaxation rates by the onset of the uniaxial
anion rotation has been described using the second
moment reductions of the F—H, F-P, and F-F dipo-

lar interactions (1.2x 1078 T2, 0.9 x 108 T2, and 4.9
x 1078 T2, respectively). Subtracting these values
from the maximal experimental second moment re-
sults in M, (*°F)=4.97 x10"8T?, a plateau which
should correspond to the uniaxial rotation state. Since
the experimental value is (6.5 - 7.2) x 1078 T2, the
difference is > 1.5 x 10~ 8 T2. Starting on the other side
from an experimental value M,(*°F)=7.2x10"8T?
for uniaxial rotation, consideration of the second mo-
ment reductions for onset of the isotropic anion tum-
bling (AM,(FP)=1.0x10"8T2, AM,(FF)=5.1 x
1078 T?) results in M,(*°F)=1.1 x 10”8 T? which is
smaller than the experimental value (1.40 x 10~ 8 T2),

Thus, for both transitions (stationary PFS group
—uniaxial PF® rotation; uniaxial PF® rotation —
isotropic PF® reorientation) there are deficits, which
may depend on the distortion of the anion and/or the
detailed arrangement of the fluorine nuclei to the
methyl groups of the cation. Because of the lack of the
point positions of P and F the symmetry axis of the
uniaxial anion rotation can not be determined. Never-
theless, the proton and fluorine relaxation rates can
only be described correctly if a reduction of the dipo-
lar F—P interaction is considered. This contribution
consists mainly of intra-PFg interactions. In the state
of isotropic anion rotation the intraionic F—P contri-
bution is reduced to zero and the M, reduction of the
F-P interaction is identical with M, (F—P) in the case
of uniaxial rotation. Therefore a rotation about the
threefold axis, where the intraionic M, (F—-P) is zero,
seems to be not very probable.

A similar rotational behaviour and mechanism of
the freezing-in process of a complex anion octahedron
via uniaxial rotation was found in [N(C,Hjs),]SbFg
[21]: reorientation takes place at ~ 50 K about a four-
fold symmetry axis with activation energies of 27.6
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kJ/mol for isotropical and 24.3 kJ /mol for C, rota-
tion of SbF?.

In contrast to the alkali metal hexafluorophos-
phates a phase transition could not be detected for
[Sb(CH;),] PF, by differential thermal analysis (DTA)
in the range 77 < T/K <330. The phase transition of
the alkali metal compounds occurs in the temperature
range where PFS reorientates isotropically. At very
low temperatures the PF® reorientation is freezing in;
an uniaxial motional state as in the [Sb(CHj;),]® com-
pound was not observed [9, 22]. Since the relaxation
rates of APF;, A=K, Rb, depend strongly on the
sample treatment before the measurements [9], the
activation energies for PFS tumbling are not very well
determined. Omitting therefore A=K, Rb, the activa-
tion energies of the isotropic PF, motion in APF;
decreases with increasing cation size in the order
A=Na>NH,>Sb(CH;), (289, 18.4, 10.4 kJ/mol,
respectively). This can be rationalized by the decrease
of contact areas of close-packed spheres if the size of
the cation sphere increases.

It is interesting that [Sb(CH;),]PF, shows a similar
relaxation behaviour to [Sb(CH,),],SiF, for T >
125 K, and both again show different behaviour to the
series [M(CH;),],SiF, with M =N, P, As [5]. Two flat
minima were found for T;(*H) in [Sb(CH,),],SiF
with M = N, P, As [5]. Two flat minima were found for
T, (*H) in [Sb(CH,),],SiF¢ and have been suggested
to be due to crystallographically inequivalent methyl
groups, whereas the T, (*°F) temperature dependence
could not be described satisfactorily.
the compound investigated in
this study shows that the temperature dependence in
this temperature range is also influenced by the third
term of (12), which leads in the case of [Sb(CH,),]PF;
to maxima in 1/T, (*°F) and 1/T, (*H) with shoulders
on the low and high temperature side, respectively.
The same term should also be responsible for the re-
laxation curves of [Sb(CH;),],SiF,, where the ex-
trema and shoulders are formed weaker.

Comparison with

Rotational Tunneling of the Methyl Groups

In the low temperature range the motional spec-
trum of the methyl groups is dominated by quantum
mechanical tunneling. The tunnel splittings of the tor-
sional ground states of the two crystallographic
methyl groups and their temperature dependences are
not known and therefore a quantitative description of
the relaxation behaviour is not possible. Nevertheless,

G. Burbach et al. - Molecular Motion$ in Solid [Sb(CH),]PF,

since there is a remarkable similarity to the 7, * (*H)
=f(T) diagram of tetramethylstibonium iodide, a
qualitative description can be given by comparing
both compounds, [Sb(CH;),]I and [Sb(CH,),] PF.

The X-ray structure analysis reveals that the cations
of both compounds consist of a distorted tetrahedron
with two crystallographically inequivalent methyl
groups in the ratio of occurrence CH;(1):CH;(2)
= 3:1. The bond length Sb—C of the more frequent
CH;(1) groups in a cation is smaller than of the
unique CH;(2). In the fixed window diagrams of both
compounds, tetramethylstibonium iodide (Fig.3 of
[4]) and tetramethylstibonium hexafluorophosphate
(Fig.9), 2 steps occur. Thus, the rotational potential
and the relaxation behaviour of the methyl groups of
the two tetramethylstibonium salts are assumed to be
similar. The maximum of the proton relaxation rate at
T=39 K in Fig. 2 may then be attributed to CH;(2)
of the hexafluorophosphate compound, and CH,(1)
determines the spin lattice relaxation below T=18 K.
From the temperature dependence in the intervall
45 < T/K <25 it may be deduced that the two maxima
which are caused by the transition within the twofold
degenerated E states (E, and Eg) and the symmetry
changing transition from A to E of the sublevels of
the torsional ground state are close together [14, 23].
The Larmor frequency dependent part of the T, (*H)
=f(T) curve at the low temperature side coincides
with the frequency dependent part lying on the high
temperature side of the curve. The frequency depen-
dence of T,(*H) in the range 40<1000 K/T <55 is
smail; it is assumed to be the result of the overlap of
the T, (*H) contributions of the two crystallographi-
cally inequivalent methyl groups to the resulting ob-
servable T, (*H).

Because of the deviation from classical behaviour
and because no tunneling assisted maxima occurred it
can be deduced that the tunneling splittings must be
larger than the Larmor frequency and the rotational
barrier must be small for both methyl groups in te-
tramethylstibonium hexafluorophosphate.

From the temperatures T;,, in the fixed window
diagram the apparent activation energies of the poten-
tial can be estimated: the correlation frequencies for
the rotational tunneling of methyl groups usually lie
in the order of ~10'?s~! [2]. Regarding the CH,
groups of Sn(CH,), [1] and [Sb(CH,),]I [4], where
there are two crystallographically inequivalent methyl
groups in the ratio CH;(1):CH;(2)=3:1 as in
[Sb(CH,),]PF; the respective correlation frequencies
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are 7(1)=4.0x10"'3s (Sn(CH,),) and t(1)=0.15
x10~'3s ([Sb(CH3),]I). As mentioned above, the
CH,(1) groups of [Sb(CH,),]PF, should behave
similar and their relaxation constant is assumed to
lie within 0.15<7(1)x10'3/s<040. With T,,=
17.0 K an apparent activation energy of the CH;(1)
groups 1.70<E,(1)/kJ/mol <1.22 is estimated for
[Sb(CH,),] PF.

The same procedure with 7(2)=0.6 x 10" !3s and
7(2)=2.2x 10713 s for Sn(CHj), [1] and [Sb(CH;),]1
[4], respectively, and T;,=46.0 K (see Fig.9) yields
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