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Three solid-solid phase transitions have been detected for [Sr(OS(CHs),)4(NO3),] at 7%, = 229.3 K,
T, =2203K, and T%;=171.6K (on heating) and at T%, =226.6K, T, =219.1K, and
T3 =170.9 K (on cooling). The compound melts at 7,,, ¥ 347 K. Thermal behavior of the deuter-
ated analog is essentially the same, but the phase transitions’ temperatures are shifted slightly
towards higher temperature, by ca. 5, 5, and 15 K, respectively. Crystal structure in the lowest tem-
perature of phase III at 93 K consists of completely ordered (CH3),SO molecules and bidentate
nitrate groups, which are coordinated to strontium cation. Infrared (IR) spectra reveal that the phase
transition at 77 is associated with the slowing down of the reorientational motions of (CH3),SO
and NO;3~ groups and also with the lowering of crystal lattice symmetry of the compound. The
extended solid-state vibrational analysis has been performed for both deuterated and protonated
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species by solid-state density functional theory computations and compared with IR and RS
experimental spectra. Thermal decomposition occurs in two stages: in the first stage, in four steps,
four (CH3),SO molecules are liberated and Sr(NO;), is formed, and in the second stage, above ca.
800 K, SrO is formed.

Keywords: [St(DMS0)4(NO;),]; Crystal structure; Phase transitions; Spectroscopic analysis; Solid
state DFT

1. Introduction

Strontium is a nontoxic element even when it is administered in large doses for a prolonged
period of time. It also appears to be one of the most effective substances found for the pre-
vention and treatment of osteoporosis and other bone-related conditions [1-4]. Stable form
of strontium (Sr*") when repeatedly administered can gradually eliminate radioactive stron-
tium from the body by replacing it in bones. Radioactive strontium is excreted in the urine.
Because of its chemical similarity to calcium, strontium can replace calcium to some extent
in various biochemical processes in the body, including replacing a small proportion of the
calcium in hydroxyapatite crystals of calcified tissues such as bones and teeth. Strontium in
these crystals adds strength to these tissues. It also appears to draw extra calcium into
bones. When rats or guinea pigs are fed with increased amounts of strontium, their bones
and teeth became thicker and stronger [5—7].

Dimethyl sulfoxide, [CH3),SO = DMSO], is also known for its various medical and
biological applications in sports medicine, osteoarthritis, and anticancer activity [8—12].
Furthermore, it can be used as a drug carrier as it is also a nontoxic reagent which can
easily penetrate through human skin [13].

We combined these two materials and formed a coordination compound with the formula,
[St(DMSO0)4(NO3),]. Among the compounds with DMSO ligands, it appeared to have an
interesting structure with both DMSO and nitrate coordinated to the central metal. Previ-
ously investigated coordination compounds with a central metal also belonging to the sec-
ond group of the periodic table, [Mg(DMSO)s](NO3), [14] and [Sr(DMSO)s](C10,4), [15],
have different molecular structures (with all six DMSO molecules within coordination
sphere), and are characterized by different polymorphism.

The general aim of the present study was to synthesize and characterize the crystal struc-
ture, thermal behavior and molecular dynamics of [St(OS(CHj3),)4(NO3),] and its deuterated
analog [Sr(OS(CDj3),)4(NO3),] (hereafter referred to as StHN and SrDN, respectively) in
the wide temperature range using various physical methods like thermogravimetry (TG/
SDTA), differential scanning calorimetry (DSC), X-ray single crystal diffraction (XRSCD),
and vibrational spectroscopy (FT-IR and RS) supported by the state-of-the-art solid-state
DFT computations.

2. Experimental

2.1. Materials

Two grams of anhydrous strontium nitrate was dissolved while being slowly heated to
330 K in 20 g of anhydrous (CD3),SO with 99.96% D atoms obtained from Sigma—Aldrich.
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The solution was then chilled, and after a few hours, colorless crystals of [Sr
(DMSO0)4(NOs3),] precipitated, were filtered, and dried over P40, in a vacuum desiccator.
The synthesized compound is highly hygroscopic so it was put in a sealed vessel and stored
in a desiccator over P4O( as a desiccant. The protonated sample was synthesized analogi-
cally using dimethyl sulfoxide. The percent yields of the syntheses of deuterated and
protonated products were 82 and 78%, respectively.

Before the measurements, the composition of the investigated compound was determined
on the basis of carbon and hydrogen contents in DMSO ligand and nitrogen content in the
NOj ligand from elemental analysis using a EURO EA 3000 instrument. Theoretical con-
tent for protonated sample [%]: C, 18.33; H, 4.62; N, 5.34. Found: C, 18.11; H, 4.82; N,
5.20. Theoretical content for deuterated sample [%]: C, 17.52; D, 8.82; N, 5.11. Found: C,
17.28; D, 9.03; N, 4.84.

2.2. Methods

TG/SDTA was conducted for [Sr(OS(CD3),)4(NOs),] using a TG Mettler-Toledo 851°
instrument from 300 to 1100 K. The analysis was performed in a flow of high-purity argon
(99.99%) with a constant heating rate equal to 10 K min~'. The polycrystalline sample of
[Sr(OS(CD3),)4(NO3),] with a mass of 19.179 mg was measured in an open corundum
crucible.

DSC measurements were obtained for both protonated and deuterated samples from 100
to 380 K using a Perkin-Elmer Diamond DSC calorimeter. The instrument was calibrated
by melting of indium and water. The enthalpy changes (AH) linked up with observed

Table 1.  Crystallographic data for [Sr(OS(CD;),)4(NOs),] at 93 K.

CCDC 999875

Crystallographic method Single-crystal diffraction
Diffractometer Rigaku R-AXIS RAPID
Radiation u(MoKa) (1= 0.71075 A)

Empirical formula
Formula weight
Crystal size
Temperature

Crystal system
Space group

Unit cell dimensions

Volume

VA

DCalcd

Fooo

Absorption correction

6 Range for data collect.
No of reflections collected

Absorption coefficient
Refinement method
Data/restrains/parameters
Goodness of fit on 2

R indices (all data)

C8D24N2010S4Sr

54830 g M

0.3x0.3x0.1 mm’

93 K

Monoclinic

C 2/e (No. 15)
a=17.4966(12) A
b=9.4077(6) A
c=13.8525(11) A

a, y=90° f=113.416(2)°
2092.4(3) A®

4

1.741 gem™

1072

Semi-empirical from equivalents
3.2°-27.46°

Total: 9723

Unique: 2369 (R;, = 0.0671)
3.020 mm™'

Full-matrix least-squares on F>
2369/0/118

1.105

Ry =0.0599

wR, = 0.1365




Downloaded by [Institute Of Atmospheric Physics] at 15:23 09 December 2014

3138 N. Gorska et al.

transitions were calculated by numerical integration of the DSC curves under the peaks of
the anomalies. The entropy changes (AS) were calculated using the following formula:
AS = AH/T¢.

XRSCD measurement was obtained for deuterated sample at 93 K using a Rigaku
R-AXIS RAPID diffractometer with filtered Mo-Ka radiation and with a temperature accu-
racy of + 2 K. The crystal-to-detector distance was 200.0 mm. The crystal is highly hygro-
scopic so it was protected with nujol during measurements. Details of the measurement and
refinement are given in table 1. Full analysis of the crystal structure at 93 K was conducted
by direct methods (SHELX-97 and SIR2004) [16, 17] using Yadokari-XG 2009 [18].
Crystallographic data have been deposited at the CCDC, 12 Union Road, Cambridge CB2
1EZ, UK. The deposition number is 999875.

FT-MIR spectra (4000—500 cm™ ') were performed at room temperature on a Jasco FT/
IR-6100 spectrometer with a resolution of 2 cm™' and 32 scans per each spectrum. The
polycrystalline samples of protonated and deuterated compounds were suspended between
KBr pellets. Additionally, temperature-dependent FT-MIR spectra were collected on a
Bruker VERTEX 70v vacuum spectrometer for deuterated sample during cooling between
296 and 9 K. The polycrystalline sample was mixed with nujol and suspended between
KBr pellets. The FT-FIR spectra (500-80 cm™') were collected at room temperature with
the same instrument for protonated and deuterated samples, suspended in Apiezon N grease,
and placed on a polyethylene disk. The spectra were collected with a resolution of 2 cm™
and 64 scans per each spectrum.

Raman light scattering spectra were obtained at room temperature with a JASCO
NR-1800 spectrometer from 4000 to 50 cm ™' and with a spectral resolution of 2 cm™'. The
incident radiation was 4 = 514.5 nm.

Density functional theory (DFT) [19, 20] computations were applied in order to under-
stand the vibrational properties of the quoted system. Periodic boundary conditions (PBC)
and calculations were carried out using the plane-wave pseudopotential method and is
implemented in CASTEP v6.0 [21, 22]. Exchange and correlation were defined using gen-
eralized gradient approximation (GGA) of the original PBE functional by Perdew [23, 24].

Designed nonlocal, norm-conserving pseudopotentials (NC) [25] were used along with
the plane wave kinetic energy cut-off equal to 1050 eV (77 Ry). The size of the standard
grid was set to 1.5, while 29.0517 A™! was the maximum size of the g-vectors included.
The Monkhorst-Pack grid was probed with the 2 x 2 x 1 accuracy. The fixed-cell
geometry optimization was performed within the experimental cell parameters with the
convergence criteria for the total energy, maximum force, maximum atomic displacement,
and SCF iterations smaller than 5 x 1077 eVatom ', 0.0025eVA™', 5 x 107> A, and
1 x 10~ eVatom™ ', respectively.

3. Results and discussion

3.1. Thermal analysis (TG/DTG/SDTA)

The TG, DTG, and SDTA curves for [St(OS(CD3),)4(NO3),] are presented in figure 1. The
sample is stable up to about 360 K. The thermal decomposition of the sample occurs in two
main stages. From 360 to 530 K (stage 1) it decomposes liberating all four DMSO ligands
in four steps; 35.3% of the initial mass of the sample remains at 530 K and this value
corresponds to percentage amount of strontium nitrate, which is stable up to ca. 800 K



Downloaded by [Institute Of Atmospheric Physics] at 15:23 09 December 2014

[Sr(DMSO0) (NO3)5] 3139

100 | I
< 8 i i
2 60 i i
© E ! '
= 40 : :

] : e W

20 - :

00 f 5
- : "-\J ' DTG
X i !
2 02 ; s
gl | i E
S 0.4 - :

120 - i ' SDTA
¥
=
<]

T I 1 1

S J : Y ™1 T I '
300 400 500 600 700 800 900 1000 1100
T/IK

Figure 1. TG, DTG, and SDTA curves obtained for [Sr(OS(CDs),)4(NOs),] during heating at a constant rate of
10 K min™".

(stage II). In stage II, from 800 to 970 K, the resulting compound decomposes into stron-
tium oxide; 18.3% of the initial mass of the sample remains after the second stage of ther-
mal decomposition, and this corresponds well with the theoretical amount of SrO. The
profile of the SDTA curve, which exhibits several endothermic maxima from 360 to 530 K
and one broad maximum from 800 to 1000 K, also confirms the two stages of thermal
decomposition. Another endothermic peak is visible at 354 K, which is associated with
melting. Among coordination compounds with DMSO ligands and nitrate anions, thermal
stabilities of [Mg(DMSO)s](NOs3), [14] and [AI(DMSO)e](NO3); [26] have been investi-
gated in argon. Decomposition of the magnesium compound starts at similar temperature
(above 380 K) and occurs in three main stages. In the first stage, four DMSO molecules are
liberated. The second stage is connected with the decomposition of resulting [Mg(DMSO),]
(NO3), and formation of solid mixture of MgSO,4, MgO, Mg(NOs),, and other gaseous
products of the DMSO and partial Mg(NO3), decomposition. In the third stage, the rest of
the magnesium nitrate decomposes into oxygen, nitrogen oxides, and solid magnesium
oxide. The final product of the decomposition at 840 K is a mixture of MgO and MgSOy,.
Aluminum compound is slightly more stable and starts to decompose above 400 K. Its
decomposition proceeds in one main stage from 400 to 550 K; 95% of the sample is
decomposed. The final product of decomposition at 850 K is Al,O3.
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3.2. Phase transition investigations (DSC)

The DSC measurements were carried out during heating and cooling of the two samples,
SrHN and SrDN with masses of 14.064 and 15.681 mg, respectively. The applied constant
rates were 5, 10, 30, and 50 K min~!, between 100 and 380 K. Figure 2 shows the tempera-
ture dependences of the heat flow (three DSC curves) obtained during three subsequent
runs: heating (curve No. 1), cooling (curve No. 2), and one more heating (curve No. 3) of
the StDN sample with a scanning rate of 40 K min~'. There are three anomalies registered
below room temperature: one sharp at 235.0 K, one broad at 227.1 K, and another sharp
one at 187.4 K (during heating). These anomalies are connected with three solid—solid
phase transitions. All transitions are accompanied by small thermal hysteresis of several
degrees. While heating the sample above 300 K, one more distinct anomaly appears at
T =354 K, which is connected with melting. After cooling the liquid sample from 360 to
300 K, a sharp exothermic peak at 316 K can be observed, resulting from recrystallization.
Figure 3 shows the comparison of the DSC curves obtained on heating and cooling of
SrHN and SrDN samples with a scanning rate of 20 K min~'. Shift of all three anomalies
connected with the phase transitions in the solid state toward higher temperatures can be
observed after deuteration with larger temperature differences for the transition at 7. The
phase behavior of both compounds is essentially the same. Thermodynamic parameters of
the detected phase transitions obtained for both compounds are presented in table 2. The
phase transition temperatures were calculated by extrapolating corresponding dependences

of Tgeak and T}, values versus the scanning rate equal to 0 K min~ .

3.3. Crystal structure in phase III (XRSCD)

Table 1 presents experimental details of XRSCD of SrDN compound at 93 K (lowest-
temperature phase III). We presented the results for STDN sample because it was easier to
grow a good-quality single crystal of this compound. The compound crystallizes in the

20 4
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Figure 2. DSC curves obtained during subsequent heating (curve No. 1), cooling (curve No. 2), and heating
(curve No. 3) of the [Sr(OS(CD3),)4(NO3),] sample.
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Figure 3. Comparison of the DSC curves obtained for [Sr(OS(CHj3),)4(NOs),] and [Sr(OS(CDs),)4)(NOs),].

Table 2. Thermodynamic parameters of the detected phase transitions in protonated and
deuterated forms of [St(DMSO)4(NO3),].

[St(OS(CH3)2)4(NO3)2] [Sr(OS(CD3)2)4(NO3),]
Parameters Heating Cooling Heating Cooling
T, or T./K ~347 ~310 ~355 ~316
Ter/K 229.3 226.6 234.0 230.8
Teo/K 220.3 219.1 2253 222.6
Tes/K 171.6 170.9 186.3 183.0
AH, /KT M™! 4.0 238 42 3.4
AHA/KI M™! 1.2 1.1 12 12
AS /TM T K! 18.2 12.8 18.6 15.3
ASY/IMTK! 7.0 6.4 6.4 6.6

monoclinic space group C2/c (No. 15) with a=17.497 A, b=9.408 A, ¢ = 13.853 A, and
f=113.42° and Z=4. Figure 4(a) and (b) presents the general view of the [Sr(OS
(CD3)5)4)(NOs3),] molecule and the unit cell packing.

Each Sr** is coordinated by four DMSO molecules through oxygens with Sr—O distances
of 2.563 A (trans position) and 2.504 A (cis position), and four oxygens belonging to
nitrates with Sr-O distances non-equivalent and equal to 2.679 and 2.663 A. By coordina-
tion of nitrate, the complex achieves highly distorted octahedral geometry. All four DMSO
molecules do not exhibit any dynamic disorder at this temperature. Detailed geometrical
parameters with atomic coordinates and isotropic displacement parameters are listed in the
Supplemental data (table S1, see online supplemental material at http://dx.doi.org/10.1080/
00958972.2014.964225).

Table 3 also compares selected bond lengths and angles with the results of PBC, where
the theoretical data refer to 0 K static computations. Some noticeable differences were
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(@)

(b)

Figure 4. The general view of [Sr(OS(CDs3),)4(NOs3)] (a) and crystal structure at 93 K (b).

found in the case of bidentate O,NO ions. However, the theoretical computations restored
the related bond lengths and bond angles with an error smaller than 1% in most cases.
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Table 3. Selected interatomic distances (A) and angles (°) in
[Sr(OS(CD3);,)4(NO3),] determined from XRSCD at 93 K and
computed by solid-state DFT at 0 K.

XRSCD 93 K DFT 0 K

Distances (A)

Sr(1)-0(1) 2.663(3) 2.6662
Sr(1)-0(2) 2.679(2) 2.6806
Sr(1)-0(4) 2.504(3) 2.5320
Sr(1)-0(5) 2.563(3) 2.5809
Sr(1)-N(1) 3.071(3) 3.0824
S(1)-0(4) 1.524(2) 1.5248
S(1)-C(1) 1.794(4) 1.8050
S(1)-C(2) 1.785(4) 1.8028
S(2)-0(5) 1.518(3) 1.5252
S(2)-C(3) 1.785(4) 1.8035
S(2)-C(4) 1.785(4) 1.7980
O(1)-N(1) 1.265(4) 1.2543
O(2)-N(1) 1.254(4) 1.2509
O(3)-N(1) 1.259(4) 1.2302
Angles (°)

Sr(1)-0(4)-S(1) 132.40(15) 131.25
Sr(1)-0(5)-S(2) 123.74(13) 122.60
C(3)-S(2)-0(5) 106.28(19) 106.66
C(4)-S(2)-0(5) 106.37(19) 105.93
C(1)-S(1)-0(4) 106.29(17) 106.69
C(2)-S(1)-0(4) 105.19(15) 105.86
O(2)-N(1)-0(3) 121.1(3) 120.93
O(1)-N(1)-0(3) 119.6(3) 118.44
O(2)-N(1)-O(1) 119.3(3) 120.63
O(5)-Sr(1)-0(5) 148.07(12) 147.07
O(4)-Sr(1)-0(4) 115.26(12) 114.61

3.4. Vibrational analysis

3.4.1. Solid-state DFT computations of theoretical vibrational spectra. DFT computa-
tions were applied. The reported conventional C2/c unit cell solved at 93 K (a = 17.4966 A,
b=9.4077 A, c=13.8525 A, o=y =90°, and S = 113.416°) was transformed by symmetry
to the primitive one (a=b=9.9327A, c=13.8525A, a=p=110.48829°, and
y=156.53271°), built of two molecules, reducing the system size by half. The lattice
dynamic computations have also been repeated for the conventional cell, in order to ensure
that the size reduction has no effect on the optical spectra, as observed.

The harmonic phonon frequencies at I' point were obtained by diagonalization of dynam-
ical matrices computed using density functional perturbation theory (DFPT) [27]. The linear
response scheme was also used to compute the infrared (IR) activities of the crystal, while
Raman activity tensors were calculated using a hybrid finite displacement/DFPT method
according to Milman et al. [28] in the presence of an external field. For the frequencies
computed at the zero wave vector the acoustic sum rule was imposed.

The calculated Raman activities (4;) were finally transformed into the Raman intensities
(1)), using the relationship derived from the theory of Raman scattering [29]:

I f(vo —vi)*4;
o= exp(5)]

(1)
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where vy is the exciting wavenumber (in cm™"); v; is the frequency of the ith normal mode;
h, ¢, and k are the fundamental constants; 7 is the temperature (298 K); and f'is a suitably
chosen common scaling factor for all the peak intensities. The resulting spectra presented
here were uniformly broadened with Lorentzian line (with 8 cm™" half-width). Analysis of
the resulting eigenvectors was used in a tentative assignment of the computed modes, where
the symmetry was labeled according to the [IUPAC convention.

3.4.2. IR absorption and Raman scattering (RS) spectra. As the primitive unit cell con-
sists of 98 atoms belonging to the C2/c (C3,) space group, the 3 N phonon modes distribute
over the irreducible representations as follows: I'yeq = 74A, + 74B, + 74A, + 74B,. The
mutual exclusion rule results in ungerade A, and B, symmetry modes to be IR active,
while, in contrast, gerade A, and B, ones are allowed in Raman spectroscopy. There are no
silent modes present. While A, and 2B, modes are the acoustic ones, 291 modes are to be
observed in optical vibrational spectroscopy.

The vibrational analysis of [Mg(DMSO)s]*" complex of typical Sy symmetry has been
previously reported by Szostak, et al. [30], as well as the analysis of NO; ™ anions uncoordi-
nated in some typical [M(NH;3)s](NO3), and [Ca(H,0)4](NO3), systems [31, 32]. Here, we
extend the vibrational analysis beyond the molecular modeling approach with PBC taking
into account the crystal packing effects.

The data of full vibrational analysis of protonated and deuterated species are presented in
table 4. According to the computations, the 75 lowest frequency vibrations are the lattice
modes, while the remaining ones can be described as rather pure internal vibrations of the
title complexes.

Figure 5(a) and (b) presents the experimental IR, Raman, and theoretical spectra obtained
for both isotopic forms of the studied complex. An excellent general agreement between the
experiment and theory has been achieved. Although deuteration does not change the sym-
metry of a particular phonon, it has very striking consequences on the force constants,
resulting in the change of related wavenumbers and the vibrational amplitudes. Hence, it
also strongly affects the related intensities. Moreover, it was clearly found that it also
influences the coupling of modes and hence their nature, making proper band assignment a
challenge.

3.4.2.1. DMSO vibrations. Despite the quasi-harmonic approximation, bands > 2000 cm ™'
(vC-H/vC-D modes) are very well reproduced by theoretical calculations. Such an effect
cannot be linked with any advantage of the used theory but rather with lucky cancelation of
errors, known for GGA [33]. However, the computations clearly allow us to assign the
recorded spectra. Two modes of B, symmetry are dominating in the IR absorption spectros-
copy, while two A, modes are to be found by Raman spectroscopy. Both modes are sepa-
rated by ca. 100 cm™', shifting to 750/780 cm™' due to deuteration. The upper modes are
linked with the asymmetric character, while the lower ones with the symmetric nature.
Towards the lower frequencies, the asymmetric methyl deformations d,,(CHj3) are found
at ~1440-1410 cm™'. Upon deuteration, the frequencies fall to the range of ~1040-
1000 cm™'. In the protonated complex, these modes are strongly coupled with v,(NO;~)
modes, which are excited at similar energies. The symmetric deformations ds(CH3), which
may be called umbrella modes, are found at ~1315-1250 cm™'. In the case of deuterated
system, the umbrella modes are much more mixed with the J,s(CH;3) deformations, and
there is no clear separation between these kinds of vibrations. The range 1030-900 cm™ ' is
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Figure 5. Comparison of experimental FT-IR (a) and Raman (b) spectra of deuterated and protonated forms of
[Sr(DMSO0)4(NOs),] with the corresponding theoretical spectra computed with plane-wave DFT using PBE/NC/
1050 eV level of theory. The dotted lines in theoretical spectra denote the inclusion of the LO-TO splitting effect.

covered by the rocking p(CHs) modes which are coupled with the v(S=0) modes located at
950 cm™'. In the case of SIDN complex, the v(S=0) stretching modes are likely coupled
with the J4(CD3) modes, as indicated in table 4. The rocking p(CD5) modes cover the range
830-660 cm ™'
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The decoupled asymmetric v(C—S) modes can be observed in protonated sample at
~700 cm™', while the symmetric modes are at 680-640 cm™'. In the case of the SrDN
complex, these modes are at 635-605 cm ™.

The bending deformation of the whole DMSO ligand (6(C—S—C) +8(0O-S—C) coupled
with the 6(Sr—0-S) are linked with the bands at ~395 cm™" of the protonated sample. Upon
deuteration, these modes are around 350 cm™'. The out-of-plane »(Sr—O—S) deformations
are observed at ~340 cm™', while after deuteration at ~315 cm™'. Finally, the 6(C-S—C)
bending deformations may be found at ~315 and 270 cm ™' for the protonated and deuter-
ated samples, respectively. The methyl torsional modes 7(CHj3) are observed in IR spectra

of StHN and SrDN samples at ~260 and 200 cm ™', respectively.

3.4.2.2. Bidentate O,NO anions. The free NO; anion with D3, symmetry has six normal
vibrations of A;’, A,", and 2E' symmetry. Two are doubly degenerated and therefore only
four modes with different frequencies are observed. The first, v; = vy(NO)A;" ~ 1040 cm !,
is IR inactive and the second, v, = p(NO3)A," (out-of-plane) ~ 830 em” ', is Raman inac-
tive. The two modes with E' symmetry, v3 = v,s((NO)E" = 1300-1400 em ! and v, =
S/(ONO)E’ (in-plane) ~ 720 cm™', are active in both IR and Raman spectra [34]. The crystal
structure and vibrational spectroscopy investigations indicated the presence of coordinated
nitrate. When nitrate is monodentate or bidentate, then the symmetry lowers to C,,, all
bands become active, degeneracy of v and v, is lifted, and shift of the bands may occur
[35-40]. In fact, both the asymmetric stretching mode v and the in-plane bending mode v,
doubly degenerate in ionic nitrates with D3, symmetry at ca. 1360 and 720 cm™', respec-
tively, lose their degeneracy because of lowered symmetry (C,,), and split into two compo-
nents (v3 into vz and v4, and v, into vs and vg) in IR spectra of StHN and SrDN. Also, the
symmetric stretching IR mode v, forbidden in ionic nitrates becomes IR active. These fea-
tures clearly eliminate the presence of ionic nitrates in the complexes studied here. Both
coordinated monodentate (M—ONO,) and bidentate (M—O,NO) bonding give C,, or C;
local site symmetry, depending on whether the nitrates are symmetric or not and exhibit
similar splitting of the fundamental vibrational modes [41]. However, the magnitude of sep-
aration of v and v, is larger for bidentate than for monodentate coordination if the com-
plexes are similar. In our study, we observe the separation of two highest frequency bands
of 80-100 cm ™.

In our study, the asymmetric O,NO modes were observed in the room-temperature IR
spectra as broad bands covering the range ~1420-1330 cm™' in both SrHN and SrDN
compounds. The nature of this broadening may be quite interesting.

In order to interpret the related phonon modes, we rely on our computations. However,
the plane-wave GGA computations have delivered relatively significant failure in the pre-
diction of related wavenumbers, which are visibly underestimated, reaching ca. 60 cm!
error. This fact may be mainly linked with some technical problems related to the use of rel-
atively less accurate norm-conserving pseudopotentials (due to limitation of present imple-
mentation of linear-response approach), which may fail in such hypervalent configuration.
It was also suggested by our background full electronic molecular-modeling computations
that these modes are closer to the experimental values. However, the full electronic compu-
tations also do not clarify such broadening.

In general, the vibrational frequencies in both IR and Raman spectra can be influenced
by coupling of the atomic vibrations with a macroscopic electric field. In such a situation,
the IR-active modes have an associated dipole moment change that results in long-range
dipole—dipole coupling. This coupling is always present in the IR spectra of crystalline
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materials and manifests itself in a frequency difference between the longitudinal and trans-
verse optical modes known as LO-TO splitting which is especially important for polar
materials. For centro-symmetric structures, the mutual exclusion rule makes IR-active
modes forbidden in Raman spectroscopy; hence, this effect is not expected in the Raman
spectrum [42]. It was clearly demonstrated by Balan et al. [43] that LO-TO splitting may
be an important factor influencing the observed IR spectra, and it should be included in
computations. In our work, we have probed the influence of possible LO-TO splitting on
the IR spectra of both species. In order to approximate the polycrystalline spectrum, the
LO-TO splitting was calculated using the computed permittivity tensor and Born charges.
The non-analytic contribution, which generates the LO-TO splitting, was added in the
direction defined by the special points of the reciprocal space and the averaged IR spectrum
was computed. According to our computations, such effect is indeed present in the studied
case, splitting the A, modes into the LO and TO components. Its value may be estimated as
not greater than ~15 cm™', giving spectral broadening. Unfortunately, we were unable to
observe the temperature dependence of this spectral range, due to overlapping with the nu-
jol bands, but it is believed that such effects should also contribute significantly to the
broadening.

The asymmetric v,4(O,NO) modes are visibly coupled with the J,;(CH3) deformations.
Due to very low intensity, only the two lower bands can be detected in Raman spectros-
copy, since the remaining ones are covered by the J,,(CH;3) bands. However, upon deutera-
tion, all the modes can be observed in the Raman spectrum. The bands are still significantly
overlapped in related IR spectrum. The symmetric v{(O,NO) modes are found in the Raman
spectrum of both samples at ~1040 cm™'. The out-of-plane y(O,NO) deformations of the
anions are observed in both SrHN and StDN samples at ~826 cm ', while the in-plane
3(0,NO) deformations are at 725 and 708 cm™ ', respectively.

3.4.2.3. Lattice vibrations. The range below 180 cm™' is covered by optical lattice modes
of a complicated nature. Figure 6 represents the visualization of the optical phonon modes
of the deuterated system, as assigned to the most prominent experimental features in the
FIR spectrum. The most prominent band at ~177 cm ™' (and predicted at the same wave-
number by theory) may be linked with the A, symmetry mode, described as symmetric
simultaneous stretching of all four Sr—O bidentate bonds. The B, mode found as a shoulder
at ~170 cm™' may be defined as an asymmetric Sr—O stretch, where only one of the related
bonds per anion is stretched. The B, mode found and predicted at ~120 cm™' may be
defined as screwing of the DMSO molecules over the O—S bond. Finally, the lowest, A,
symmetry mode can be described as the screwing mode combined with a face-to-face wag-
ging of the bidentate nitrates at each complex molecule. The terahertz range of the spectrum
was not explored in our study.

3.4.3. IR spectra versus temperature (FT-IR). Figure 7(a) and (b) shows the IR spectra
in two spectral ranges at 296-9 K for SrDN. The spectra marked with blue, red, and black
were obtained in the high-, intermediate-, and low-temperature phases, respectively. Addi-
tionally, arrows indicate the phase transition temperatures. The assignment of the chosen IR
bands to the corresponding phases was based on the DSC results obtained during cooling.
For the transition at 7, from phase II to phase I, mainly the band at 2257 associated with
vas(CD3) mode splits. Abrupt changes can also be observed for the transition at 7¢; from
phase III to phase II. Further splitting of the band at 2257 cm ™" occurs. Also, the bands at
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Figure 6. Exemplary visualization of the lattice modes (2 x 2 x 1 super cell) assigned to the experimental IR
spectrum of the deuterated [Sr(DMSO)4(NOs),] form based on periodic DFT computations (CASTEP/PBE/NC-
1050 eV).

2128, 825, 781, and 765 cm ™' representing v{(CD3), v»(O,NO), and two p(CDs) modes,
respectively, split into two components. These observations may indicate that the phase
transitions at 7T, and T3 are correlated with a reduction of symmetry in the [Sr
(DMSO0)4(NOs3),] crystal lattice.

To determine whether the observed phase transitions are correlated with changes in the
reorientational dynamics of the methyl or nitrate groups, we followed the analysis of the
full width at half maximum (FWHM) described by Carabatos-Nédelec and Becker, which is
based on the theory used for the damping associated with an order—disorder mechanism
[44]. The orientational correlation time, 7R, is the mean time between instantaneous jumps
from one potential well to another and is given by:

E,
TR = Too€XP (ﬁ) 2)

where 7., is the relaxation time at infinite temperature, E, is the height of the potential bar-
rier for CD; groups, and R is the gas constant. When @?zz” >> 1 (@ is the frequency of a
particular mode) is the case here, the temperature dependence of the band width is
described by [45]:

FWHM = (a + bT) + c exp <— %) 3)

where a, b, c, and E, are the fitting parameters. The linear part of equation (2) corresponds
to vibrational relaxation, and the exponential term corresponds to a diffuse thermal orienta-
tional mechanism (reorientational relaxation). We applied this analysis to the IR bands at
2128 and 825 cm™!, associated with the v((CDs) and v,(O,NO) vibrations. The peak
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Figure 7. Temperature changes of IR spectra of [Sr(OS(CDs),)4(NOs),] in the temperature range of 296-9 K and
in two spectral ranges: (a) 2500-2000 cm ™" and (b) 850-750 cm ™.
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Figure 9. Temperature dependences of the FWHM and peak position of the IR band at 825 cm ™' assigned to
v»(0,NO) mode.

position and peak height of FWHM values at different temperatures were obtained by fitting
with the Lorentz function. As both bands split below T, deconvolution of these bands was
applied.

Temperature dependences of the FWHM (marked with black circles) and peak height
(marked with blue squares) of the IR band at 2128 cm ™" are plotted in figure 8. Reorienta-
tional motion of the methyl groups in phase I (above T;) and phase Il (T¢ci+co > T > Tes)
is very fast (in the order of picoseconds). Subsequently, with lowering temperature below
Tc3, the FWHM as well as the peak height decrease suddenly and become nearly constant
at temperatures below 125 K. These behaviors indicate that the phase transition at T3 is
related to reorientation of the methyl groups. In phase III (below 73), only vibrational
relaxation was observed.
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Temperature dependences of FWHM (black circles) and peak position (blue squares) of the
IR band at 825 cm™' connected to out-of-plane bending vibration of nitrate groups v»(0,NO)
are presented in figure 9. The position of the band increases gradually, whereas the FWHM
value decreases exponentially as the temperature decreases. A large drop of the FWHM value
and distinct increase of peak position value can be observed at 7¢;. The FWHM value
becomes nearly constant below 100 K and is connected only with vibrational relaxation.
Molecular dynamics of both DMSO molecules and O,NO groups are clearly changed in the
transition at 7¢3. Similar spectroscopic study of the reorientational dynamics in another coor-
dination compound with DMSO ligands: [Mn(DMSO),](Cl0O,4), have also been reported [46].

4. Conclusions

(1) [Sr(OS(CH3),)4(NO3),;] undergoes three solid—solid phase transitions at:
Th, =2293K, T%,=2203K, and 7%, =171.6K (on heating) and at
Té =226.6 K, T, =219.1 K, and Ty = 170.9 K (on cooling). Deuteration shifts
these phase transitions to higher temperatures: 77, = 234.0 K, 7%, = 225.3 K, and
Tt = 186.3 K (on heating) and at 7%, = 230.8 K, 7%, =222.6 K, and 7%, = 183.0 K
(on cooling). Both compounds melt at 7, # 347 K and crystallize at 7, ~ 310 K.

(2) The compounds decompose in two stages. In stage I, four DMSO molecules are liber-
ated. Resulting Sr(NOs), is stable up to ca. 800 K and then decomposes into SrO in
stage II.

(3) [Sr(OS(CDs3);,)4(NO3),] at 93 K belongs to monoclinic crystal system, space group
C2/c, with a =17.497 A, b=9.408 A, ¢ =13.853 A, and S =113.42°. Each St s
coordinated by four oxygens from DMSO and four oxygens from bidentate nitrates.
High- and intermediate-temperature phases I and II are probably highly orientation-
ally disordered, whereas low-temperature phase III is completely ordered.

(4) Splitting of the v,4(CD3) IR band below T, and v4(CDj3), p,(CD3), and v,(O,NO) IR
bands below T3 suggests lowering of the crystal symmetry at both phase transitions.
Additionally, temperature dependences of the FWHM of IR bands at 2128 cm™'
[assigned to vy(CD5)] and at 825 cm ™' [assigned to v,(O,NO)] indicate that the reori-
entational motions of both methyl and nitrate are significantly slowed at T¢s.

(5) Harmonic vibrational frequencies, and related IR absorption, and Raman scattering
intensities of protonated and deuterated forms of [Sr(DMSO)4(NO;),] were deter-
mined using periodic DFT with PBE/NC/1050 eV level of theory calculated for a
crystal. Excellent agreement was obtained between the observed and calculated
frequencies.
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