Studies of Successive Phase Transitions and Molecular Motions
in [Mg(H20)6][SiF6] by 12H and YF NMR*
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The successive phase transitions of [Mg(H,0)s][SiFs] were studied by measuring *H NMR
spectra. The quadrupole coupling constant e? Qq/h and asymmetry parameter 1) changed drastically

at each transition temperature. '*’H and '°F NMR 7T} were measured for this compound to study the
relation between the molecular motions and the successive phase transitions. The activation energy

FE, and the pre-exponential factor 7o for the reorientation of [SiFs]*~ were estimated as 28 kJmol ™
and 6.0x 10™"* s, and those of the 180° flip of H,O as 33 kJmol ™' and 4.0x 10~'* 5. These two
motions occur rapidly even in phase V. For the reorientation of [Mg(H20)s]**, E, = 62 kJmol ™!
and 7o = 1.1x107'¢ s were obtained from the simulation of ’H NMR spectra. The jump rate of

this motion is of the order of 10*-10° s™!

in phase II. These results suggest that the successive

phase transitions are closely related to the motion of [Mg(H,0)s]**.

Introduction

For most of the [M(H,O)c][SiF¢] type crystals,
the structural phase transitions have been reported.
Although these phase transitions are considered to
be due to the order-disorder of [M(H,0)s]** and
[SiFg]>~ [1], a systematic interpretation was not ob-
tained. Especially, [Mg(H,O)¢][SiFg] is known to
have five stable phases [2]. Phase II is the incom-
mensurate phase. The modulated structure in phase II
has been studied by use of ESR spectroscopy, and a
drastic change in the modulation amplitude at 343 K
has been reported [2 - 4]. Although the investigations
have been performed with the diffraction methods, a
detailed analysis of the modulated structure in the in-
commensurate phase has not been done [5 - 8]. These
phase transitions can be considered to be related to the
motions of H,O, [Mg(H,0)s]** and [SiF¢]>~. Stud-
ies about the motions of [Mg(H,0)¢]** and [SiFg]*~
have been carried out by means of 'H and '°F NMR
[2,9, 10]. Because of the cross relaxation between 'H
and '°F, information about the motion of H,O has not
been obtained from 'H NMR. In the present work, in
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each phase ’H NMR spectra and T} have been mea-
sured. For [Mg(HZO)(,]z*, the reorientations about C,
C5 and Cj, axes are considered. We clarified, which
motional mode occurs most frequently and estimated
the jumping rate in the incommensurate phase from
the spectral simulation. From H NMR T, the 180°
flip of H,O and the reorientation of [Mg(H,0)¢]**
were investigated. By measuring 'H and '°F NMR
Ty, the differences in the motion of [Mg(H,0)s]**
and [SiFg]?>~ between the protonated and the deuter-
ated compounds were studied.

Experimental

[Mg(D,0)s][SiF¢] was prepared by the recrystal-
lization from heavy water. ’H NMR was measured
by a CMX-300 spectrometer with a 10 mmg glass
sample tube at 45.825 MHz. For ’H NMR spectra,
the (7/2), — 7 — (m/2), — T-acq pulse sequence was
used. The 7/2 pulse width and 7 were set at 2.0 ps and
40 ps, respectively. 'H and '°F NMR were measured
by a home-made pulse NMR spectrometer at 25.000
MHz. The inversion recovery method was used for
the measurements of 7.

Results and Discussion

2H NMR Spectra

Figure 1 shows >’H NMR spectra of each phase. The
spectrum at 255 K showed the typical shape of a large
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Fig. 1. HNMR spectra in each phase of [Mg(H>O)¢][SiF¢].

7 value due to the rapid 180° flip of H,O molecules.
The temperature change of the spectral lineshape can
be caused by the reorientation of [Mg(H,0)s]**. Fig-
ure 2 shows the temperature dependences of the aver-
aged e?Qq/h and 7, which were estimated from the
spectral width shown in Fig. 1 by the equations [11]
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Fig. 2. Temperature dependence of the motional averaged
quadrupole couplmg constant e’Qq /h and the asymmetry
parameter 7 in [Mg(D,0)¢][SiF¢].
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€2Qq/h and 7 changed continuously at the I-II and
the III-IV transitions and discontinuously at other
transitions. The continuity of e>Qq/h and 7 at the
I-1I phase transition is consistent with the fact that
the normal-incommensurate transition is of second
order. For the III-IV transition, a large change in
the structure between phase III and IV has not also
been observed by ESR [2]. Additional discontinu-
ities of e>Qq/h and 7 were observed at 343 K.
A drastic change of ESR spectra has been reported
at the same temperature [2 - 4] and the existence of a
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phase transition is predicted. For the reorientation of
[Mg(H,0)s]** can be considered to occur most fre-
quently around the Cj3 axis, since the spectra at high
temperature showed an axially symmetric lineshape
and only one component of ¢>Qq/h and n [11]. Asim-
ulation of 2H NMR spectra in phase II was performed,
using the three-site jump model around the C axis of
[Mg(H,0)6]** with the averaged e>Qq/h and 7 val-
ues due to the fast 180° flip of H,O. e*Qq/h = 127
kHz and 1 = 0.9 were obtained from the spectrum at
255 K. The principal axes system of the EFG tensor
(3,2,1), averaged for the fast 180° flip of H,0, was
assigned as follows: The 1 axis is perpendicular to the
water molecular plane, the 2 axis stays in the water
plane and the 3 axis is parallel to the bisector of HOH.
For the static quadrupole principal axes (z, y, ) it was
assumed that the 2 axis is parallel to O-H bond and
the y axis perpendicular to the water molecular plane.
The site frequency w; is written by the second-order
Wigner rotation matrix D(TLZT):(Q) [12] as

5 . X
\@ S DR .0, 6)D: (o, B, VT,

w; =
n,m=—2
4
3
Tog = \/; €Qq/h, Ty =m/De’Qa/h,  (5)

where (o, 3,7) and (¥, 0, ¢) are the Euler angles for
the transformation from the molecular axes to the
principal axes system of the quadrupolar tensor and
from the laboratory axes to the molecular axes, re-
spectively. 3 = 78.9°, and v = 46.6° were estimated
from the result of the neutron diffraction analysis [8].
The frequencies of the three sites were specified by
a =0°, 120°, and 240°. The quadrupole echo signal
G(t,0, ¢) is written as [13]

G(t,0,0)=P - exp[At]exp(AT)exp(A*T) -1, (6)

A= k iwy — 2k k . (D
k k wy — 2k
P = (P17P25P3)7 1= (11171) (8)

Here, P is a vector of site populations, and we as-
sumed P, = P, = Py = 1/3. The signal of a powder
sample, G(t) was given by averaging over (6,¢) and
the spectra were obtained by Fourier transform of
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Fig. 3. Temperature dependence of ’H NMR spectra in
Phase I of [Mg(D»0)¢][SiF¢]. (a) and (b) show the observed
and simulated spectra, respectively.
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Fig. 4. Temperature dependence of the jumping rate (k) for
the reorientation of [Mg(HzO)(,]2+ in phase II.

G(t). Figure 3 shows the temperature dependence of
the observed and simulated spectra of 2H NMR. The
good agreement between the observed and calculated
spectra shows that the applied model is appropriate.
The temperature dependence of the jumping rate k
for the reorientation of [Mg(H,0)s]** is shown in
Figure 4. Assuming an Arrhenius relation, k is given



456

200
T .7 |
Pl D aIVy V
10° I
5

6 400 300 T/K
108 ,

© *HT, at458MHz |
3 Y ® °F T, at25.0MHz ]
0 ! P Ly 1 1 1 ]
W5 % _7
10K/ T

Fig. 5. Temperature dependence of the *H and '°’F NMR T}
in [Mg(D,0)s][SiFs]. The solid and broken lines show the
theoretical curves.

by
k = koexp(—Ea/ RT), ©)]

where, ky and E, are the jumping rate at infinite
temperature and the activation energy for the reori-
entation around the C axis of the [Mg(H,0)¢]**
ions. By fitting (9) to the temperature dependence
of k, kg = 3.0x10" s~ ! and E, = 62 kimol~" were
obtained.

2H,"F T, in [Mg(D,0)¢][SiFs]

Figure 5 shows the temperature dependences of >H
and '°F T in [Mg(D,0)s][SiFs] (denoted as T'p and
Tir). Both Tip and T} showed a minimum at ca. 306
K, and T|p decreased rapidly with increasing tem-
perature above ca. 390 K. A drastic change of T for
both nuclei was not observed at the phase transition
temperatures. T g can be considered to be determined
dominantly by the fluctuation of the '°F-'°F dipolar
interactions caused by the reorientation of [SiFg]*~.
In this case, T} is written as [14]

T 47g
+ , (10
1+ witd 1 +4wird } e

2
Trs = g'yéAMg {

where wr and 7 are the angular NMR frequency and
the gyromagnetic ratio of '°’F. AM, is the amount of
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second moment reduction, and 7 is the correlation
time of the reorientation of [SiFg]>~, expressed as

7r = Tor eXp(Ear/ RT). (11)
The least-squares fitting was performed with (10),
(11) and 7op = 6.0x107"* s and E,r = 28 kJmol ™!
were obtained. T p can be considered to be dominated
by the fluctuation of the EFG due to the reorientation
of [Mg(H,0)s]** and the 180° flip of H,O above and
below ca. 390 K. When the relaxation of the ?H nu-
clear spin is caused by the 180° flip of H,O, Tip
is given by using the static quadrupole interaction
parameters €Qqsa/h and 7 in the absence of av-
eraging by the 180° flip of H,O. Assuming 7 = 0,
Tip can be written as [15]

- ™D 4mp
T7 = C + . (12
e Q { 1 +w,237']% 1 +4w[2)‘rl%} )
1 (3¢2Qqua > . . o2
= — | ——— 13
Cq 10( 5 > (sin243')", (13)

where wp is the angular NMR frequency of 2H. 3’ is
the angle between the O-H bond and the flipping axis.
The correlation time 1p is written as

™ = Topexp(Eap /RT). (14)
Below 360 K, a least-squares fitting was performed
using (12) - (14) with Cq, Top and E,p as parameters.
7op and E,p were obtained as 4.0x10~" s and 33
kJmol~!, respectively. The e2Qgsar /h value was es-
timated to be 240 kHz from the obtained Cq value,
using 3’ = 53.9° given by the neutron diffraction
analysis [8]. The principal values of the EFG tensor
(eqs3, €q22, eqq1), averaged for the 180° flip of H,O,
are written by using eqg and 7, [11] as

1
€qi = _EeQStat(l +775tat)w (15)
1
eqn = Zequal(l —3cos 203") + N (1 + cos 28",
(16)
1
eqz3 = —equal(l +3c0823") + nya(l — cos 23')].

4 (17

In the case of B’ = 53.9°, |eqi1| > |eqaa| > |egss|
holds. From the spectrum at 255 K, using (15) - (17),

€2 Qqstar /h and 7y, were estimated as 248 kHz and
0.05, respectively. The result that the ¢2(Q)qy./h and
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Table 1. Activation energies E, and correlation times 7
at the limit of infinite temperature for each motion in
[Mg(D20)s][SiFe].

Motional mode Eq/KJmol~! 7y/s Method

reorientation of [SiFg]>~ 28 6.0 x 10~14 F T,

180° flip of H,O 33 40x10~ 2HT,

reorientation of 62 (phase IT) 1.1x10~'¢  2H spectra
[Mg(H,0)6]**(C3)

reorientation of 62 (phase I) — 2HT,

[Mg(H,0)61**

Nstar values obtained from 77 measurements agree
with those obtained from the spectrum is considered
to indicate that Tp is determined by the fluctuation
of the EFG due to the 180°flip of H,O in this tem-
perature range. Above 390 K, an activation energy F,
for the reorientation of [Mg(H,0)s]** was obtained
as 62 kJmol~! from the slope of the logTip vs. 1/T
plot. The 7y and E, values for the 180° flip of H,O
and the reorientations of [SiF¢]*~ and [Mg(H,0)s]**
obtained from 7 and the spectra are listed in Table
1. Here, 7y for the reorientations of [Mg(H,0)s]** in
phase II was obtained by converting k to 7y with the
relation 7 = (3k)~!. A large change of E, for the re-
orientation of [Mg(H,0)s]** between phase I and II
was not observed. The correlation time for the reori-
entation of [Mg(H,0)s]** changes from the order of
1073 sto 10~7 s in phase II. On the contrary, those for
the 180° flip of H,0 and the reorientation of [SiFg]>~
become the order 10~% s in phase V. Therefore, the re-
orientation of [Mg(H,0)s]?* about the C5 axis can be
considered to play an important role in the successive
phase transitions.

'H,'°F T\ in [Mg(H,0)s][SiFs]

The magnetization recoveries of both 'H and '°F
showed a non-exponential time dependence due to the
cross relaxation between 'H and '°F [16]. In phase
V, those of both nuclei could be separated into two
components, and T; of each component could be es-
timated. In the other phases, however, 7| was deter-
mined from the initial portion of the magnetization
recoveries, which showed an exponential time depen-
dence, since the separation of the two components
was difficult. Figure 6 shows the temperature depen-
dences of 'H and '°F T;. At low temperatures, T}
may be determined by the reorientation of [SiFg]*~
[10]. Above ca. 340 K, 'H T} decreased rapidly. In
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Fig. 6. Temperature dependence of the 'H and '°F NMR T}
in [Mg(H>0)¢][SiF¢]. The solid lines show the theoretical
curves.

this temperature range, the relaxation of 'H is proba-
bly dominated by the reorientation of [Mg(H,0)s]*"*.
The observed relaxation rate T,_' can be explained by
the eigen values (R, R;) of the relaxation matrix [17]

Ry RHF)
R= 18
( Rey Rp )’ (18)
where
Ry = Cunvig(wu, ) + CupYigu(war, 1) (19)
+ ClipVhign(war, Tr),
Re = Crpvdg(wr, 78) + Chyégr(war, 78)  (20)
+ Cruvpgr(war, Th),
Ryr = Chig(wnr, ) + Crunpg(wrr, ),  (21)
Ren = Cupvdg(wnr, T) + Cipvag(war, T6), (22)
T 4T
9ot = Tt Tras B
7% 143
—Tj 6Tj
- +
9(nr, 7;) I+(wn—wp)?7] 1+ (wh+wp)?1?’
(24)
T 37,
9i(wHF, T5) . . (25)

1+ (wy — u)p)sz2 1 +w1-27j2

6Tj

+ T
1+ (wy +wp)*7;
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Table 2. Activation energies Ej, correlation times 7o at
the limit of infinite temperature, and motional constant
C for the reorientation of [Mg(H,0)s]** and [SiF¢]*~ in
[Mg(H,0)s6][SiF]

Motional mode Ea/KImol~! 7o/s CIG?

reorientation of [SiFg]>~ 30 3.0x 107" Cpr=6.0

Cly=10

Cip=12

reorientation of 50 6.0 x 10~ Cyy =19
[Mg(H,0)6]** Crn=0
Cyr =0

v and 4 are the gyromagnetic ratios of 'H and '°F,
respectively and C;, C}; (i, j = H,F) are the param-
eters related to the second moments. 7; (j = H,F)
represents the correlation times of the reorientation
of [Mg(H,0)6]** and [SiFg]*>~. 7; for each motion
may be discribed by
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