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The temperature dependence of full width at half maximum of bands associated with
84(OCIO)F,, &(CSC), and p(CH3) vibrational modes in the FT-RS spectra of
[Mn(OS(CH3),)6)(ClO4), have shown that the dynamic of reorientational motions of ClO;
and CHj; groups (from (CH;3),SO) undergoes distinct changes at the phase transitions at
Tly~365K and T!,~322K. These are the phase transitions from stable crystal to stable
rotational phase and from metastable crystal to metastable rotational phase, respectively.
Moreover, characteristic changes of the Raman spectra at these phase transitions, connected
with both the shift of the band positions and the scattered light intensity of the bands associated
with v(SO), v(MnO), §(CSC), and §(OMnO) modes, suggest that these phase transitions are
associated with crystal structure changes, too. Analysis of temperature dependence of the
second moment (M,) of "H NMR showed that on first heating (from room temperature) of the
compound the reorientations of the CH; groups were set in motion in the phase transition at
Tg3 ~365K. On subsequent heating (after cooling the compound to 100K) molecular
reorientation starts just above 150 K, and above the temperature of 223 K all molecular groups
containing protons perform nearly free rotation with frequencies of a few kHz, including an
isotropic reorientation of the whole [Mn(OS(CH3),)¢]*".

Keywords: Hexadimethylsulphoxidemanganese(II) chlorate(VII); Phase transition;
Reorientational molecular motions; FT-RS; '"H NMR

1. Introduction

Our recent investigations of [M(OS(CHj),)](ClO,),, where M>T =Mn**, Cd**, Co*™,
and Zn*", show at least three different stable or metastable solid phases [1-4]. Some of
these phases can be assigned to the plastic crystals called also orientational disordered
crystals [5, 6]. In the plastic phase, the material flows readily under relatively low forces
and can deform without fracture under stress [7, 8]. Plastic crystals are formed mainly
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by quasi-spherical or disk-like molecules [9]. The formation of plastic phase is related to
releasing the rotational degrees of freedom of molecular groups occurring in the
coordination compound. Such transition is usually associated with large enthalpy and
entropy increases and can be observed by the DSC method. Orientationally disordered
plastic crystals after quenching can form solids with frozen molecular orientations. The
state is glasslike and the solids are sometimes called glassy-crystals [10, 11]. Plastic
crystals are very interesting materials because they find applications as a new type of
electrolyte for high energy density electrochemical devices such as lithium batteries and
fuel cells [7, 12-16].

DSC measurements performed for [Mn(OS(CHj),)s](ClO4), from 170-400K indi-
cated evidence of four phase transitions above room temperature (RT), namely at
Th,~322K, T!,~365K, Tt ~376K, Th ~379K [1] and only one phase transition
below RT at ca T gs ~223K [2]. [Mn(OS(CHj3),)6l(ClOy4), crystallizes at RT in
orthorhombic system, space group Fdd2, No 43, prototype GeS, (C44) structure,
point group mm2 (C,,), with lattice parameters, a=25.4425(6) A, b=12.4043(3) A,
¢=20.1696(5) A, V'=6365.2(3) A}, Z=8 [17]. The crystal structure of this compound
comprises discrete [Mn(DMSO)g]** (DMSO = (CH3),SO) and ClO; ions, all of which
lie on crystallographic twofold axes. The oxygen atoms of six DMSO molecules are
bonded to Mn*" in a distorted octahedral geometry.

The aim of this study was to find connections between the phase transitions in
[Mn(OS(CHs3),)6](Cl04), and changes of the crystal structure and/or of the reorienta-
tional dynamic motions of -CHj in (CH3),SO (DMSO) ligands and ClOy .

2. Experimental procedure

Synthesis of the title compound was described in our previous paper [1]. The results of
chemical and thermal analysis of this compound confirmed its composition as
[Mn(OS(CH3),)6](ClOy), as well as high chemical purity of the sample [1]. The band
positions determined from FT-IR and FT-RS spectra at RT, proposed band
assignments and comparison with the literature data [17-19] were collected in our
previous paper [2].

Raman light scattering spectra (FT-RS) were recorded on a MultiRAM FT-Raman
spectrometer equipped with a 1064-nm laser line (Nd:YAG laser power set on 250 mW)
and with a germanium detector. All spectra were collected in a 4000—-50 cm ™' range with
4cm™! resolution, and a total of 64 scans were accumulated. A Linkam THMS600
heating and freezing stage was used to take measurements in the temperature range
260-393 K with heating and cooling rate of 10 K min~".

The first derivative of absorption 'H NMR signal from the radio frequencies
field was recorded on a laboratory made instrument operating in the double
modulation system, by the linear change in frequency of the autodyne generator
from 25.375 to 25.625MHz (i.e., first modulation is 250 KHz), at a constant
magnetic field of 0.6 T. The signal was averaged and corrected for the amplitude of
second modulation. The measurements were performed in two parts, first on
heating the sample from 290 up to 390K and the second on heating it from 100
to 400 K.
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3. Results and discussion

In our previous paper [1] using DSC method, we discovered six phase transitions for
[Mn(OS(CHj3),)6](ClOy4), in the temperature range 170—-480K and melting point at
487.6 K. On heating the compound possesses four stable solid phases. Two (Cr 1 and
Cr 2) are more or less ordered and the next two (Rot 1 and Rot 2) are orientationally
disordered phases, so-called rotational phases or plastic crystals. However, on cooling
the compound possesses only three solid phases, which all have metastable character,
one which is ordered (Cr 3) and two which are rotational phases (supercooled Rot 1 and
Rot 3). All these phases can be presented in the form of temperature dependence of free
enthalpy G as a schematic diagram, as shown in figure 1. The temperatures, enthalpy,
and entropy changes of these phase transitions are presented in table 1.

supercooled phase Rot. 1

G / Arbitr. Units

T T T.T.T T

c5 c4 €3 cz ¢1 m

T T T T T T T ' T ' 1
150 200 250 300 350 400 450 500 550
Temperature / K

Figure 1. Schematic diagram of temperature dependence of the free enthalpy (G) of [Mn(DMSO)s](ClOy,),.

Table 1. Thermodynamic parameters of the detected phase transitions on heating (7%,) and cooling (T%,,)
of [Mn(DMSO)4](ClO4)s.

[Mn(DMSO)e](ClO4),

Heating Cooling

Ten AT + Sar AH + Spy AS + Sy AT + Sxr AH + Spy AS + Sas
(K) (K) (kJ mol™) (Imol 'K (K) (kJ mol™h) (Imol 'K
Te 378.7+1.1 3.4340.40 9.07 £ 1.06 - - -

Tes 3757422 4.4440.45 11.83+1.21 370.2+£2.3 5.27+0.45 1424 +1.19

Tcs 364.7+3.0 27.11+£1.24 74.33+2.86 - - -
Tca 321.6+2.5 16.60 +0.62 51.634+1.82 3154+3.5 16.3940.76 51.964+2.33
Tcs 225.440.1 0.88+0.11 1.99+0.25 222.94+0.2 0.84+0.21 1.87+0.47
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3.1. FT-RS investigations

The vibrations of [Mn(OS(CHj3),)s]* " can be resolved into 177 normal modes, including
138 modes belonging to the 12 methyls. According to group theory, the vibrational
representation of [Mn(DMSO)¢*" under Sy point group is Cyin =29A, +
29E, +30A, +30E,. All gerade modes (g) should be Raman-active whereas the
ungerade ones (u) should be IR-active [18]. The possible symmetry lowering in the solid
state, from Sg at least to Cs, can cause all vibrations to be both infrared- and Raman-
active. However, the complementary character of the presented spectra and the very
good agreement between theory and experiment shows that the geometry of
[Mn(DMSO)gJ** can be successfully described within Sy symmetry, indicating lack of
significant geometric distortion.

The CIO, has nine normal modes. The vibrational representation of ClO, under Ty
point group is I'yi,=A;+E+2F,. Thus, an isolated ClO; has four vibration
frequencies (in wavenumbers), v; = v(CIO)A; =928 cm ™', v, = §4(OCIO)E =459 cem ™!,
V3 =1,(CIO)F>,=1119cm ™!, and v, =384(OCIO)F,=625cm™"!, and all of them are
Raman active [19-21]. In ionic crystal lattices, most of the vibrations contain
contributions from many other internal coordinates and involve the motion of a
relatively large number of atoms; however, the obtained spectra can be clearly divided
into a few wavenumber ranges, connected with the sets of characteristic vibrations.

The FT-RS spectra of [Mn(DMSO)¢](ClOy4), within the wavenumber range 4000—
50 cm ™" were registered during heating, cooling, and subsequent heating of the sample
in the temperature range 263-393 K. Figure 2 presents thermal evolutions of the FT-RS
spectra recorded during first heating of the sample from 273-392 K in the wavenumber
range in which the most significant changes occur. Significant differences between the

[Mn(DMSO0) ](CIO,),

Raman Intensity / Arbitr. Units

T T

1 T T T T T " T " T 7T " T "1
1000 950 650 600 550 500 450 400 350 300 250

-1
Wavenumber / cm

LA L | T 1
1250 1200 1150 1100 1050

Figure 2. Temperature evolution of the FT-RS spectra of [Mn(DMSO)4](ClO4),. Horizontal arrows indicate
temperature of the phase transitions registered by DSC [1] at heating.
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spectra obtained below and above the phase transition at 7%, ~ 365K can be noticed.
Above the phase transition temperature T2, (figure 2), a distinct shift of the bands at
1041 and 1028cm™"' (both associated with v(SO) modes) toward higher and lower
wavenumbers, respectively, could be observed. Beside a systematic decrease of intensity
of the bands at 625 and 460 cm ™', also decrease of the intensity and shift toward lower
wavenumber of the band at 403 cm ™" (v(MnO) mode) and characteristic changes in the
relative intensity (inversion) of the bands at ca 314 and 344cm™', associated with
8(CSC) and 8(OMnO) modes, respectively, can be clearly seen.

In order to verify whether the high temperature phase transitions registered during
first heating of the sample are connected with a change in the reorientational dynamics
of ClO; and/or DMSO ligands, analyses of the full width at half maximum (FWHM)
of the band at v, =628 cm ™!, associated with 34(OCIO)F, mode, and of bands at 314
and 911 cm ™" associated with §(CSC) and p(CH3) modes, respectively, as a function of
temperature were performed (figure 3). FWHM values of the bands at 314, 628, and
911cm™" are almost constant when the sample is heated to T, and then suddenly and
sharply increase, which suggests that the phase transition, stable phase Cr 1 — stable
phase Rot 2 is related to a dynamical orientational order—disorder process of both

" p(CH,) mode at 911 cm”’

)

- »

“e 14 o s D0 © %ﬁé
eCs
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o 1 e

= L)
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Figure 3. Temperature dependency of the FWHM of the Raman bands associated with §(CSC),
54(OCIO)F,, and p(CHs) modes at 314, 628, and 911 cm™", respectively. Arrows denote temperature of the
phase transitions recorded for [Mn(DMSO)](C1O4), by DSC [1] at heating.
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DMSO ligands and ClO,. During further heating of the sample, relatively small
changes in FWHM values were also detected in the T/, ~379 K temperature connected
with the phase transition, stable phase Rot 2 — stable phase Rot 1 (see figure 3 and
compare with figure 1).

Thermal evolutions of the FT-RS spectra recorded during the cooling and subsequent
heating of the sample from 272-392 K are presented in figure 4(a) and (b). On cooling
of the sample, peculiar increasing of band intensity of the band associated with vy (MnO)
at ca 396cm™" can be distinctly seen (figure 4a). Below the phase transition at
T\, ~ 322 K splitting of the bands at ca 347 and 1015 cm ™' can be observed (figure 4a),
suggesting that at the vicinity of the phase transition at T¢,, the crystal symmetry is
reduced. As can be seen in thermal evolution of spectra recorded during subsequent

(a) cooling (b)  heating
[=4
= 302 K
£ . 382K T
< 2 372K T -
= T 382K
g 342K
£ 332K
§ 322K T,
& T::4 =
312K
202 K
282 K
272K
IEIUO |1I50 11‘00 lﬂl.‘:l] IDIDD 12‘[}0 HISU Hlﬂﬂ 1ﬂl.‘:ﬂ 1(!‘[])
Wavenumber/cm”
2
5 392K _,
£ . 382K w
£ Te 372K~
= T 362K
% 342K
2
£
€ 332K oo
£ 322K o
& 1‘;1
312K
202K
282 K
272K

T T T T T T T T
650 600 550 500 450 400 350 300

T T T T T T T T
650 600 550 500 450 400 350 300

Wavenumber /cm’

Figure 4. Temperature evolution of the FT-RS spectra recorded at cooling and heating
[Mn(DMSO)](ClO4),. Arrows denote temperature of the phase transitions detected by DSC [1] during
cooling T%. and heating 77 of the sample.
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heating of the sample (figure 4b), the phase transition occurring at T7, is reversible,
therefore above the phase transition temperature at Tg , decrease of intensity of the
band at ca 396cm ™" and reduction of the number of bands in the vicinity of 347 and
1015cm ™" (figure 4b) were again observed.

Figure 5(a) and (b) shows the temperature dependences of FWHM of the bands at
314, 628, and 911 cm™" appointed from spectra recorded during cooling (figure 5a) and
subsequent heating (figure 5b) of [Mn(DMSO)¢](ClO4),. Analysis of FWHM values as
a function of temperature lead to the conclusion that the phase transitions: supercooled
phase Rot 1 <> metastable phase Rot 3, and metastable phase Rot 3 <> metastable phase
Cr 3, at T¢,~376K and T%,~ 322K, respectively, are associated with very small
change of reorientational dynamics of the DMSO ligands and ClO, ions. It can also
be concluded that these two-phase transitions are reversible (compare with the diagram
in figure 1). These two different temperature dependences of FWHM (compare
figure 3 with figure 5b) are fully consistent with the phase polymorphism presented as
G versus T diagram in figure 1.

3.2. 'H NMR measurements

The second moment and the slope line width of '"H NMR line are usually used to
characterize the absorption in radio frequency field [22, 23]. In the shape of the 'H
NMR line recorded at first heating (I) from RT, one may distinguish two components,

(a) p(CH,) mode at 911 em” (b) p(CH,) mode at 911 em”
< c
16 4 Tca Tcz l - 16 o %
-°
- -
bg - - P, -
5 14+ iof € 12 "’-‘ﬂﬂ
-~ & o 2 L] - ©
ro oo
= - -
§ - o a S 4 s % - . & ®
1247 - - 124 = P
o T ee, Sece
5,(CI0,)F, mode at 628 cm’” 3,(CIO,)F, mode at 628 cm”
40 40 -
4 & & 1 ‘#.4-
=_ 30 - w_ 30 =fs
E | s & £ e® o
53 ]
< 204 oo < 204 se 2028
= & s ] ="
- I -
1MVHa & & a = g 10 4 acammana®
L o ]
0 0
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£ - E &
_‘:" 24 o - e e E 24 eﬂﬁaaeeeﬁ
= 4 = -t
gzu*“‘A %20 T
= . h h
w [T Tm Tcz
X T L T . T LI T ¥ T ¥ T ¥ T ¥ T T T T T T T
260 280 300 320 340 360 380 400 260 280 300 320 340 360 380 400
Temperature / K Temperature / K

Figure 5. Temperature dependency of the Raman band FWHM associated with §(CSC), §4(OCIO)F,, and
o(CH;) modes at 314, 628, and 911 cm™" during (a) cooling and (b) heating of [Mn(DMSO)](ClOs),. Arrows
denote temperature of the phase transition observed by DSC [1].
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the broad and the narrow ones. The ratio of the area under both components is 1: 3.
Figure 6(a) shows the influence of temperature on the slope line width (§g). On first
heating from 300 to 370 K it takes values of 9.5 x 10~* T and 3.3 x 10~* T, while from
376-390 K they are 8.0 x 10~* T and 0.6 x 10~* T, respectively. Figure 6(b) shows the
temperature dependence of the second moment M, of '"H NMR line for the compound
under study. On first heating the value of the second moment M, changes from
(214+2) x 107% T? at 290K to (14.6+1.5) x 10~ T? at 390 K. On the second heating
M, decreases from (4242)x 1078 T? at 100K to (32.542) x 107 T? at 200K and
above 225K it takes the value of (14 1) x 1078 T2

In order to propose a model of internal dynamics, the second moment of the 'H
NMR line was calculated in terms of the dipole—dipole BPP theory, from the van Vleck
formula:

3 ,., 1A 1
M =<y IUH)NZ? (1)
J#k Tk

where y =magnetogyric ratio of hydrogen, spin /=", N=number of protons in
elementary unit and ry =inter-proton distance [24]. Taking into account the crystal
structure [17], the bond lengths of the nearly globular cation [Mn(OS(CHs),)e]*"
(S¢ point group) were Mn—O: 2.157, 2.181, and 2.169 A, for O-S: 1.501, 1.521, and
1.499 A, for S-C: 1.723, 1.746, 1.740, 1.773, 1.779, and 1.793 A and for C-H: 0.96 A.
The internal motion of nuclei influences the second moment through averaging the
local field, which is a product of dipole—dipole interaction. The final value of decreased
second moment depends on the geometry of motion as well as single crystal studies on
the orientation of the sample versus magnetic field. It is known that M, = M(intra) +
M,(inter). The intra- and intermolecular contributions to the second moment of the 'H
NMR line were calculated for the “rigid structure” [25] as 48.2 x 107® T2 and 0.7 x 10~*
T2, respectively. The calculated total value of the second moment of 'H NMR line was
48.9x107® T? and is higher than observed at 100K (4242)x 10~® T2, These
differences between calculated and experimental value of M, may be connected with

@ P (b) 30
40-5]"‘5\%\
OO 0@ | heating from RT o
04 H
o 3 o 204
— & i
% @ s i
= 20 A A NS v Oo i
o o = o
= Al =~ o i
A, 1
AA %10, éﬁ) &
104 o H
Il heating from 100K
0 00 O Qe 0090 a :
100 200 300 400 0 —9 @® O oo 000 :
Temperature/K 100 200 300 400

Temperature /K

Figure 6. (a) Temperature dependence of the maximum slope line width (§y) on first heating of
[Mn(DMSO)4](ClOy4), from RT (points: triangles) and on the second heating from 100K (points: open
circles). (b) Temperature dependence of the second moment M, of the "H NMR line of
[Mn(DMSO)](ClOy),.
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geometry of the methyl group; it seems that C—H distance is longer than 0.96, as given
from the X-ray studies [17, 26].

Reduction in the second moment of the '"H NMR line is observed when the proton—
proton vector performs reorientations with a correlation frequency v.=1/t. on the
order of the "H NMR line width ~8y; (in frequency units) [23, 24, 27]. In our case, T,
should be in the order of 1073s. The following internal motions were taken into
consideration: (a) reorientations of the methyl group about the C; axis; (b)
reorientation of the O-S(CH;) group around the O-S bond; (c) anisotropic
reorientation of complex cation around the four-fold symmetry axis; and (d) isotropic
reorientation of the whole complex cation.

The decrease in the second moment from 42 x 1078T? (“rigid lattice”) to
32.5x 1078 T? corresponds to the four methyl group reorientations about the three-
fold symmetry axis around the C-S bond. These methyls belong to the two DMSO
ligands of the Mn>". The jump of DMSO around O-S bond reduces M, to
34 x 10 T% For all methyl group reorientation around the C; axis, M, decreases to
13.02 x 10"8T%. When the isotropic reorientation takes place, the intramolecular
contribution to Ms(intra) is reduced to zero and the observed value may be explained
only as a result of interactions between the centres of gravity of the complex cation [27].

The area under the 'H NMR absorption signal is proportional to the number of
protons. Therefore, at RT the narrow component (8;;=3.5-10"*T) of the '"H NMR
spectra may be interpreted due to anisotropic reorientation of the complex cation
around the four-fold symmetry axis (1/3 of protons participate in this “slow” motion),
while the other protons participate only in methyl group reorientation (“‘fast’” motion).
Above 376 K, the second moment M, of the 'H NMR line decreases from 21 x 1078 T2
to 14.6 x 1073 T? and the narrow component of the NMR line is 8;;=0.5x 107*T.
Analyzing now, the ratio of area under narrow and broad components one may
conclude that 1/3 of protons perform isotropic reorientation. Table 2 shows the
calculated values of the second moment of '"H NMR line for different motional
mechanisms. The calculations of M, were performed according to the X-ray data [17].
In many compounds, the C—H distance in methyl is longer than 0.96 A, up to 1.09 A
[26]. Assuming for methyl, i.e., C-H distance as 0.99 A and C-C-H angle as 109°, one
may obtain the intramolecular value of M(intra) as 40.1 x 10~® T. Therefore, observed
difference between the low temperature value of M, and calculated ones for the rigid

Table 2. Motional parameters of [Mn(DMSO)](ClO4), obtained by "H NMR.

M, (intra) + M,(inter) M, experimental/

Motion calculated/10~8 T2 107812 E (kI "mol™h
Rigid structure 48.2 0.7 4242
C; reorientation of CH3 of 4CH; groups 36.0 0.6 3242 12
from 2DMSO ligands
C; reorientation of methyl around C-S 34.0 0.6 32+£2

bond accompanied by jump around
S-O bond of 2 DMSO

All methyl C; reorientation and the 19.0 0.6 2242
anisotropic reorientation of 1/3 DMSO

C; reorientation of all (12) CH; groups 13.3 0.5 15+1

All methyl C; reorientation and the iso- 9.3 0.5 15+1

tropic reorientation of 1/3 molecules
Isotropic reorientation of the cation 0.0 1.0 1+1
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structure suggests that the position of protons determined by X-ray diffraction is with a
margin of error, because of low density of the electron cloud of hydrogen.

From the temperature dependence of the second moment, when it decreased
continuously, motional parameters like correlation time and activation energy can be
determined using the expression [28, 29]:

2
M,= Msreo + (MaoriGip — M2REO);arCtg<aV\/ szc) 2

where M, =second moment at temperature 7, « = parameter close to 1 and M,rgo and
Mbsrigip =the second moments obtained when Arrhenius correlation time 7. of
molecular group reorientation takes the value 7, ! > (M>) ”or ' < (My) ”2_ respectively.
The activation energy of four methyl reorientation is close to 12 kJ - mol~'. The process of
isotropic reorientation of cation occurs, while temperature increases from 100 K at the
phase transition temperature of 232 K. When heating starts at RT above 376 K, the
orientational disorder appears as tumbling process of 1/3 protons per one cation.

4. Conclusions

The characteristic changes of the FT-RS spectra of [Mn(DMSO)4](ClO4), at the phase
transitions temperatures T4 and T3, connected with both the shift of band positions
and the scattered light intensity changes of the bands associated with v(SO), vs(MnO),
3(CSC), and §(OMnO) modes, suggest that these phase transitions are associated with
the crystal structure changes. The temperature dependences of these modes indicate
crossover behavior between the displacement and order-disorder type of the observed
phase transition.

From the temperature dependences of FWHM of the bands associated with the
3(CSC), p(CH3), and 34(OCIO)F, modes in the Raman spectra, we can conclude that
the reorientation motions of DMSO ligands and ClO, significantly contribute to the
high temperature phase transitions mechanism.

By 'H NMR studies, the following properties of [Mn(DMSO)4](ClO4), in the solid
phases were observed: (1) on heating from RT to 370K, 1/3 of complex cations perform
anisotropic reorientation, while above 376 K they undergo isotropic reorientation.
Moreover, fast methyl group reorientation of residue cations has influence on the
internal dynamics; (2) after cooling a sample being in plastic phase Rot. 1 from 390 to
100K and again heating from 100 to 400 K, reorientations of the subsequent methyls
about the C; axis and finally an isotropic reorientation of the whole cation occur; and
(3) '"H NMR studies reveal the reorientational dynamics involved in different phases
and give activation parameters of the four methyls (from among the 12 groups in the
isolated cation) reorientation with frequencies of a few kHz.
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