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The results of previously published NMR studies of amino acid complexes of antimony (III) 
and indium(III) fl uorides are critically analyzed. Correlations between the NMR data, ion 
mobility, and structure of the complexes in question are considered. The interpretation of the 
low-temperature 19F NMR spectra of amino acid complexes of antimony(III) fl uorides is cor-
rected and certain fi gures were changed for better informativity. Mechanisms of the onset of ion 
mobility in the studied complexes of Sb(III) and In(III) fl uorides are proposed and the possi bility 
of application of these compounds in the design of functional materials is assessed.
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Introduction

Fundamental problems in present-day coordination 
chemistry include search for new compounds suitable for 
fabrication of functional materials based on them. Interest 
of researchers working in the fi eld of design of advanced 
molecular materials is due to certain properties exhibited 
by amino acids (AA) in the formation of coordination 
compounds with metals. Amino acids can exist in three 
forms, viz., as neutral zwitterionic molecules, protonated 
cations, and deprotonated anions. Comprehensive infor-
mation on AA molecules as structural units of complexes 
with metal halides, which act as mono-, bi-, or tridentate 
ligands, can be found in a monograph.1 The authors of 
that book emphasized a great variety of the crystal struc-
tures of the compounds in question and generalized the 
results of studies on the structure of molecular adducts 
with divalent metal halides. Recently, amino acid com-
plexes of aluminum fl uoride2 and indium fl uoride3 have 
been reported for the fi rst time. Information on the 
physicochemical properties of antimony(III) fl uoride 
complexes with AA is scarce4—7 in contrast to the data on 
homoligand complexes of antimony(III) fl uorides with 
alkali metal, thallium(I), and ammonium cations. At pres-
ent, there are a few publications on the synthesis, proper-
ties, and structure of antimony(III) fl uoride and indium(III) 
fl uoride complexes with organic cations and neutral mol-
ecules8,9 and only one communication devoted to an 
indium(III) complex with AA.3

Antimony(III) fl uoride is a good ion acceptor which 
forms numerous complexes.10 Structural variety of com-
plex compounds of antimony(III) fl uorides underlies the 
onset of piezoelectric,11 unusual electro-optical,12,13 
lumines cence properties,14 etc.15,16 Besides, certain com-
pounds undergo phase transitions (PT) to the super-
ionic state with the conductivity in the range of nearly 
10–4—100 S cm–1.12,16—20 Antimony trifl uoride complexes 
with AA have been poorly studied. To date, antimony(III) 
fl uoride complexes with glycine (Gly),4,7 alanine (Ala),21 
valine (Val),22 serine (Ser),23 etc.24—26 have been synthe-
sized and their crystal structures determined. Carrying out 
X-ray phase analysis (XPA) as well as methods of investi-
gation of structural and thermal properties, ion mobility, 
and conductivity of amino acid complexes of antimony(III) 
and indium(III) fl uorides are well documented.3,6,7,21—27 
Stability of these compounds in aqueous solutions was 
also studied.28

Nuclear magnetic spectroscopy is an effi  cient method 
for investigation of the structure and properties of chem-
ical compounds and functional materials.29—32 It allows 
one to solve a broad spectrum of problems in studies of 
complexes of Group II—VI element fl uorides with various 
ligands, including structure determination of complex 
anions, determination of the character of chemical bonds, 
PT, the dynamics of ion motions, etc. Scientifi c research 
in this fi eld also involves studies on PT and ion mobil-
ity in the antimony(III) fl uoride and indium(III) fl uor-
ide complexes with inorganic17—19,33 and organic 
ligands.3,6,7,27,34 An analysis of publications showed that 
most of them including out studies are devoted to the ion 
dynamics in complexes of antimony(III) fl uorides with 
alkali metal cations and ammonium, whereas similar 

* Based on the materials of the XXI Mendeleev Congress 
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complexes of with AA received little attention until recently 
(except our publications3,6,7,27). The importance of NMR 
studies on the character of ion motions in solids is based 
on the possibility to directly separate the eff ects of rota-
tional diff usion, which is not related to charge transfer, 
and translational diff usion of ions, which is responsible 
for the onset and magnitude of conductivity in the fl uoride 
systems. The NMR data allow one to evaluate the con-
ductivity of a system under study and to assess the prospects 
for further studies.

The present review is devoted to analysis of our studies 
on certain amino acid complexes of antimony(III) fl uorides 
(with correction of results when necessary) and to cor-
relations between the NMR data, ion mobility, and struc-
ture of the compounds in question. For comparison we 
use the 19F NMR data for the sole indium(III) fl uoride 
complex with amino acid.3 The interpretation of the low-
temperature 19F NMR spectra of amino acid complexes 
of antimony(III) fl uorides is revised. Mechanisms were 
proposed of the onset of ion mobility in the complexes 
studied and the possibility of their application for the 
design of functional materials was considered.

NMR spectroscopy of amino acid complexes 
of antimony(III) and indium(III) fl uorides: 

data analysis and discussion

Methods for analysis of NMR data for particular com-
pounds have been well documented.3,6,7,27,35 Note that 
NMR spectra were simulated using a program that allows 
one to determine the second moments of the 1H and 19F 
NMR spectra (S2(H) and S2(F), respectively), full width 
at half maximum (ΔH½), chemical shifts (CS, δ) and the 
shape of spectral components, as well as the doublet split-
ting (Δ) value.

NMR data for antimony(III) fl uoride complex 
with glycine 2SbF3•(C2H5NO2), 2SbF3•Gly

The observed shape of the 19F NMR spectra (Fig. 1)7 
of the complex 2SbF3•(C2H5NO2) and a plateau on the 
temperature dependence ΔH½(F) = f(T) (Fig. 2) suggests 
that no ion motions with frequencies higher than 104 Hz 
occur in the fl uoride sublattice of the compound in the 
temperature range of 150—350 K (so-called "rigid lattice" 
according to solid-state NMR terminology).30 

Assuming that the fl uoride sublattice contains six 
fl uorine atoms (3+3) from the nearest environment of two 
independent antimony(III) atoms and four fl uorine atoms 
from the second coordination sphere (1+3), the 19F NMR 
spectra of complex 2SbF3•Gly at temperatures below 
400 K were simulated7 using two components, p1 and p2, 
with a relative integrated intensity (RII, in %) ratio of 
nearly 60 : 40%. However, an analysis of the Sb—F dis-

tances from the second coordination sphere (2.555 Å in 
the Sb(1)F4ОЕ polyhedron and from 2.592 to 3.177 Å in 
the Sb(2)F4ОЕ polyhedron, where E is the lone electron 
pair)7 suggests that it is more logical and accurate to 
simulate the NMR spectra of complex 2SbF3•Gly using 
two components, p1 and p2, with a RII ratio of 75  :  25 
(Fig. 3). Taking account of positions of these spectral 
components, p1 with CS = 130 ppm should be assigned to 
six fl uorine atoms from the nearest environment of two 
antimony(III) atoms (Fig. 4) while p2 with CS = 15 ppm 
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Fig. 1. 1H NMR spectra (with Me4Si as reference) and 19F NMR 
spectra (with C6F6 as reference) of complex 2SbF3•(C2H5NO2) 
recorded at 300 (1), 370 (2), 400 (3) 420 (4), and 435 K (5) and 
on cooling from 435 to 300 K (6).
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Fig. 2. Temperature dependences of half-width (ΔH½) 
19F NMR 

spectra (1) (activation energy Ea = 0.66 eV) and 1Н NMR spec-
tra (2) (Ea = 0.64 eV) of compound 2SbF3•(C2H5NO2).
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corresponds to two bridging F atoms from the second 
coordination sphere of the antimony(III) atoms.

At temperatures above 400 K, the 19F NMR spectrum of 
the complex exhibits a narrow line (pm component) with 
CS = 95 ppm (ΔH½ = 2.8 kHz) corresponding to mobile 
fl uorine ions. Taking account of the fact that the RII ra-
tio of the p1, p2, and pm components changes from 
74.5 : 22.5 : 3.0 at 420 K to 62.5 : 16.5 : 21.0 at 435 K, one 
can assume that, initially, diff usion involves fl uorine atoms 
from the second coordination sphere since the RII of pm 
increases with increasing temperature due to a decrease 
in RII of p2, and then other fl uorine atoms are involved. 

At T = 435 K, the half-width of the Lorentzian com-
ponent pm with CS = 95 ppm is 1.4 kHz (see Fig. 2), thus 
indicating intensifi cation of translational diff usion involv-
ing to 21% of ions from the fl uoride sublattice of the 
complex. Noteworthy is that position of the pm com-
ponent (with allowance for the error in the determination of 
the CS values for the broad spectral components p1 and p2 
at low temperatures and for the contribution of the CS 
aniso tropy to the overall spectrum) to a reasonable accur-
acy matches that of the "center of gravity" of the low-tem-
perature NMR spectrum, <> = 1/8(6•130 + 2•15) = 
= 101 ppm. It follows that fl uorine atoms from not only 

the nearest environment of antimony atoms, but also the 
second coordination sphere are involved in fast intra-
molecular exchange at T > 410 K. These data are without 
doubt indicative of intramolecular dynamics between dif-
ferent ligands in the fl uoride sublattice. Diff usion can 
occur as hopping of fl uorine ions from one structural site to 
adjacent "free" site in the fl uoride sublattice (thermal vac-
ancy") that formed on heating the sample.10 According to 
XPA and diff erential scanning calorimetry (DSC) data, the 
compound undergoes a PT with the formation of disordered 
crystalline phase at T > 400 K; this favors the onset of high ion 
mobility in both sublattices. Raising the temperature above 
440 K is followed by melting of the sample and subsequent 
formation of X-ray amorphous phase on cooling.7 

The NMR spectra shown in Figs 1 and 2 demonstrate 
that no ion motions with frequencies higher than 
104 Hz occur in the proton sublattice ("rigid" lattice) 
in the temperature range of 150—350 K. "Triangular" 
shape of the 1H NMR spectra of complex 2SbF3•Gly at 
150  T  270 K (Fig. 5) results from superposition of 
the resonance lines p1 and p2 with a RII ratio of 
59.8 : 39.9 = 1.49. The former line corresponds to the NH2 
group while the latter one (Pake doublet with the splitting 
Δ ≈ 44±2 kHz) corresponds to the CH2 group in the glycine 
molecule (NH2 : CH2 = 1.5). 

A narrow component pm (4.6 kHz) appeared in the 
1H NMR spectrum of 2SbF3•Gly at T > 390 K implies 
the presence of mobile protons (activation energy, Ea, of 
proton motions is nearly 0.64 eV). As the temperature 
increases to 435 K, the RII of this line increases to ~21% 

Fig. 3. Simulation of 19F NMR spectra of compound 2SbF3•(C2H5NO2) at diff erent temperatures (with C6F6 as reference). 
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Fig. 4. Molecular structure of complex 2SbF3•(C2H5NO2).7
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Fig. 5. Simulation of 1H NMR spectra of compound 2SbF3•
•(C2H5NO2) at 200 and 420 K.



Amino acid complexes of Sb and In fl uorides Russ. Chem. Bull., Int. Ed., Vol. 69, No. 9, September, 2020 1617

while the line narrows to 2 kHz (S2(H) ≈ 0.14 G2); this 
suggests the development of diff usion in the proton sub-
system of 2SbF3•Gly. An analysis of the RII of the com-
ponents p1 and p2 (50.2 : 38.9) showed that the decrease 
in the RII of p1 at constant RII of p2 at T = 420 K is due 
to the involvement of amino group protons in the process. 

As the temperature increases to 435 K, one cannot 
exclude the assumption that the mechanism of proton 
diff usion is related to proton exchange in the amino group 
due to fast reorientational motions of this group around 
the C(2)—N bond in the glycine molecule (see Fig. 4). 
A possible diff usion pathway includes proton migration 
over the crystal lattice.36 

NMR data for compound 
(C5H12NO2)SbF4•H2O, (ValH)SbF4•H2O

The coordination polyhedron of the Sb atom in (ValH)
SbF4•H2O is a ψ-trigonal bipyramid SbF4E. Two fl uorine 

atoms, F(1) and F(2), located at nearly equal distances 
from the Sb atom (1.922 and 1.939 Å, respectively), and 
the stereochemically active lone electron pair Е of the 
Sb3+ ion lie in the equatorial plane (Fig. 6).27 Axial ver-
tices are occupied by the F(3) and F(4) atoms separated 
from the Sb atom by a distance of 2.042 and 2.131 Å, 
respectively. Taking into account the bridging atom F(3A) 
(Sb–F bond length 2.584 Ǻ), the coordination polyhedron 
of the Sb(III) atom can be treated as ψ-tetragonal bipyr-
amid SbF5E with highly distorted equatorial plane. 
According to 19F NMR data, no ion motions with frequen-
cies higher than 104 Hz occur in (ValH)SbF4•H2O in the 
temperature range of 150—400 K.

The 19F NMR spectrum of the SbF5E polyhedron was 
simulated27 as superposition of four Gaussian components 
p1, p2, p3, and p4 (Fig. 7, a). They were assigned to the 
fl uorine atoms F(1) + F(2); F(3); F(4), and F(3A) with 
allowance for their RII ratio (2 : 1 : 1 : 1). However, a more 
recent study revealed that incomplete averaging of the CS 
anisotropy in the 19F MAS NMR spectrum (sample rotation 
frequency was varied from 12 to 16 kHz) allows one to 
deconvolve the spectrum into two components only. These 
components of diff erent width with isotropic CS of –68 and 
–82 ppm can correspond to two equatorial fl uorine atoms, 
F(1) + F(2), and two axial ones, F(3) + F(4), in the SbF4E 
polyhedron. The error in the deconvolution of the spec-
trum into two components is more than halved (from 17 
to 7.5%). It follows that deconvolution of the spectrum 
into four components is incorrect since the bridging atom 
F(3A) is a constituent of the other polyhedron, SbF4E.

Deconvolution of the 19F NMR spectra of the SbF4E 
polyhedra into two components (Fig. 7, b) seems to be 
more realistic, although the eff ect of CS anisotropy is 
retained. It cannot be ruled out that the component cor-
responding to axial fl uorine atoms is a close doublet since 
the Sb—F(3) and Sb—F(4) distances are diff erent. 

The change in the "center of gravity" of the NMR 
spectrum on going from the temperature range of 150—250 K 
to 300—420 K is apparently due to structural rearrange-
ment of compound (C5H12NO2)SbF4•H2O upon a PT 
(endothermic eff ect at 351 K) followed by the formation 
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Fig. 6. Structure of complex anion [SbF4]– in (C5H12NO2)SbF4• 
•H2O.
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Fig. 7. Simulation of 19F NMR spectra (а, b) and 1H NMR spectra (c) of compound (C5H12NO2)SbF4•H2O;27 with CCl3F (а, b) 
and Me4Si (c) as references. 
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of X-ray amorphous phase. The dynamic state of fl uorine 
ions characterized by the absence of translational and 
reorientational motions of these ions (Sb3+ polyhedra) is 
untouched by the process. 

In the temperature range 150—420 K the 1H NMR 
spectra of complex (ValH)SbF4•H2O represent super-
positions of lines from proton-containing groups in the 
[(CH3)2(CH)2(NH3)(COOH)]+ cation and from water 
molecule (Fig. 7, c). Unchangeable shape and constant 
width of the 1H NMR spectra upon temperature variation 
suggests that no ion motions with frequencies higher than 
104 Hz occur in this compound in the temperature range 
studied. Attempts to deconvolve the 1H NMR spectrum 
into components corresponding to particular groups in 
the cation and to H2O molecule failed due to ambiguity 
and large error of simulation. 

The absence of ion mobility in (ValH)SbF4•H2O is 
most probably due to the presence of strong hydrogen 
bonds between NH3 protons and СООН groups of the 
cation and water protons. These bonds fi x the positions of 
fl uorine ions and protons in the crystal lattice. In particu-
lar, there is a rather strong H-bond between the ОН group 
and a fl uorine atom of the SbF4

– anion. The NH3 group 
forms three relatively strong hydrogen bonds, two with 
F atoms and one with water oxygen atom; in turn, the H2O 
molecule forms H-bonds with an oxygen atom of valinium 
cation and a fl uorine atom.

NMR data for compound 
(C3H8NO3)Sb2F7, (SerH)Sb2F7

According to 1H NMR data for (SerH)Sb2F7, no mo-
tions occur in the proton sublattice of this compound in 
the temperature range of 150—200 K.27 Judging by the 
chemical composition of the serinium cation, the 1Н NMR 
spectrum of (SerH)Sb2F7 in this temperature range (Fig. 8) 
should theoretically represent a superposition of at least 
four resonance lines from NH3, CH2, CH, and OH groups. 
Actually, the best results were obtained upon deconvolu-
tion of the NMR spectrum into three components p1, p2, 
and p3 (the error was less than 15%). A qualitative analy-
sis of the 1H NMR spectra of (SerH)Sb2F7 in the tem-
perature range of 150—210 K taking into account the 

lineshapes and the RII ratio of the spectral components 
equal to 49.5 : 25.0 : 25.5 (in %) showed that they can be 
assigned as follows: p1 corresponds to HC–NH3 groups, 
p2 (Pake doublet) corresponds to CH2 groups, and p3 cor-
responds to 2OH groups (4:2:2) in the D,L-serinium cation 
–[H3N—CH—CH2—OH—COOH]+. 

A "narrow" spectral component pm (ΔH½ ≈ 7 kHz) with 
a RII of nearly 8% (Fig. 8) observed at T > 210 K suggests 
the appearance of mobile protons (Ea ≈ 0.35 eV). Its width 
and second moment are indicative of the development of 
ion diff usion in the compound.30 Since this component is 
primarily (by about 80%) composed of a Gaussian func-
tion, one deals with orientational diff usion.30 In the 
temperature range 220  320 K, the RII of the pm com-
ponent increases from about 8 to 53%, fi rst of all, due to 
a decrease in the RII of the p1 component corresponding 
to the HC—NH3 group. One can assume that the appear-
ance of mobile protons is related to fast intramolecular 
exchange between diff erent atomic groups in the D,L-serin-
ium cation. It is highly probable that protons from all 
groups are involved in diff usion, as indicated by the RII 
ratio of the components p1, p2, р3, and pm equal to 
13 : 17 : 16 : 54 at 320 K compared to that at 200 K. At 
T > 320 K, dynamic processes in the proton subsystem of 
the complex (SerH)Sb2F7 precede an order–disorder PT 
(endothermic eff ect at 385 K). According to XPA data, 
the transition is followed by melting of (SerH)Sb2F7 and 
formation of X-ray amorphous phase (390  300 K).

From 19F NMR data it follows that no ion motions 
with frequencies higher than 104 Hz occur in (SerH)Sb2F7 
at T < 250 K (Fig. 9). Taking account of the structure of 
the complex anion (Fig. 10), the 19F NMR spectrum at 
170 K can tentatively be represented by the sum of three 
components p1, p2, and p3 (RII ratio is 58 : 28 : 14) cor-
responding to four, two, and one fl uorine atom, respec-
tively. Based on the RII values, the p3 component with 
CS ≈ –207 ppm can be assigned to the bridging fl uorine 
atom F(4), the p2 component with CS = –120 ppm cor-
responds to the axial atoms F(3) and F(7), while the p1 
component with CS = –7 ppm corresponds to other 
fl uor ine atoms F(1), F(2), F(5), and F(6) (see Figs 9 and 10).

A new line pm in the simulated 19F NMR spectrum 
(ΔH½(F) = 6.5 kHz, CS = –68 ppm) has a RII of 4% at 
270 K (see Fig. 9) and corresponds to the appearance of 
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Fig. 8. 1H NMR spectra of compound (C3H8NO3)Sb2F7 at diff erent temperatures (with Me4Si as reference).
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mobile fl uorine ions (Ea ≈ 0.43 eV). As the temperature 
increases to 350 K, this component narrows to 2 kHz while 
its RII increases owing to a decrease in the RII of other 
spectral components and becomes as high as about 50% at 
350 K. The appearance of mobile fl uorine ions (di ff usion) 
is due to the onset of fast exchange between diff erent 
positions of fl uorine atoms in the anion as temperature 
increases from 260 to 350 K, which is confi rmed by almost 
constant (within the limits of the simulation error) position 
of the "center of gravity" of the triplet low-temperature 
NMR spectrum and by the CS of the component pm: <> =
= 1/7[4•(–7) + 2•(–120) + (–207)] = –67.8 ppm. These 
data with certainty point to intramolecular dynamics 
between diff erent ligands in the fl uoride sublattice. 

NMR data for compound  
(C6H14NO2)SbF4, (LeuH)SbF4

Triangular shape of the 1Н NMR spectrum of com-
pound (LeuH)SbF4 at 300 K is a result of superposition 

of the signals from proton-containing groups (CH3, CH2, 
CH, NH3, COOH) in the L-leucinium cation; however, 
the large number of such groups complicates a correct 
simulation of the NMR spectrum (Fig. 11).6 Besides, there 
are two types of (C6H14NO2)+ cations with diff erent co-
ordination of NH3 groups owing to formation of hydrogen 
bonds of diff erent stength.25 

Above 340 K, the 1Н NMR spectra of (LeuH)SbF4 
exhibit a narrow component (ΔH½ = 4.5±0.2 kHz) whose 
intensity increases with increasing temperature (see Fig. 11). 
The presence of this component is indicative of the appear-
ance of mobile protons (Ea ≈ 0.54 eV) which account for more 
than 20% of the total number of 1Н atoms in the proton 
subsystem at 400 K and about 42% at 420 K. The shape 
(primarily Lorentzian, by 90%) and width of the narrow 
component (~4.3 kHz) suggests the development of trans-
lational diff usion in the proton sublattice of the complex.

The unit cell of a (LeuH)SbF4 crystal contains two 
crystallographically independent antimony atoms, Sb(1) 
and Sb(2), with diff erent environment25 (Fig. 12). The 
coordination polyhedron of the Sb(1) atom is a ψ-tetra-
hedron Sb(1)F3E formed by three fl uorine atoms and the 
lone electron pair E of the antimony(III) ion. The Sb(2) 
atom in the structure of (C6H14NO2)SbF4 is surrounded 
by fi ve fl uorine atoms and the lone electron pair; as a re-
sult, the coordination polyhedron of Sb(2) is a ψ-octahedron 
Sb(2)F5E.

The asymmetric 19F NMR spectrum of (LeuH)SbF4 
at 300 K can be simulated using three resonance lines p1, 
p2, and p3 at  ≈ 138, 97, and 28 ppm, respectively, with 
a RII ratio of about 45 : 28 : 27 (Fig. 13). This is in reason-

Fig. 9. Simulation of 19F NMR spectra of compound (C3H8NO3)Sb2F7 at diff erent temperatures (with CCl3F as reference).
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Fig. 11. Deconvolution of 1H NMR spectra of compound (LeuH)SbF4 at diff erent temperatures.
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able agreement with the distribution of fl uorine atoms over 
structural positions (see Fig. 12).24 A qualitative analysis 
of NMR data showed that the components р1 and р2 can 
correspond to fl uorine atoms from the nearest environment 
of the antimony atoms Sb(2) and Sb(1) (5 + 3), while the 
component р3 corresponds to three bridging fl uorine atoms 
(Sb—F(8A), F(4), F(3B))25 in the coordination poly-
hedron of the Sb(1) atom. This assignment is based on 
comparison of the CS values for the р3 component 
( = 28 ppm), the p2 component corresponding to the 
bridging fl uorine atom F(3´) from the second coordination 
sphere of the antimony atom in SbF3•Leu ( = ~25 ppm), 
and the p2 component corresponding to the bridging 
fl uorine atoms in 2SbF3•(C2H5NO2) ( = 40 ppm). At 
T > 320 K, the 19F NMR spectra of (LeuH)SbF4 exhibit 
a narrow component pm (ΔH½ < 3 kHz) with  = 96.5 ppm; 
the intensity of this line increases with increasing tem-
perature (Fig. 13). This implies the appearance of mobile 
fl uorine ions. Since in the crystal structure of (LeuH)SbF4 
the [SbF4]n

n– anions form polymer chains [Sb2F8]n
2n– 

composed of Sb2F8 dimers (see Fig. 12) comprising the 
SbF3 and SbF5 groups linked by the bridging fl uorine atoms 
F(4) and F(8),25 one can assume that raising the tem-
perature causes the onset of reorientational motions of 
these groups. As a result, the fl uoride bridges can be broken 
with "release" of a free fl uorine ion and its migration along 
the chain.37 Also, it cannot be ruled out that the mecha-
nism of the appearance of highly mobile fl uorine ions is 
related to the onset of fast exchange between diff erent 
lattice sites occupied by fl uorine atoms at T > 320 K. 
A possible confi rmation is provided by the fact that the 

chemical shift of the pm component within the limits of 
determination corresponds to the position of the "center 
of gravity" of the 19F NMR spectrum for the "rigid" lattice 
<> = 1/11(5•138 + 3•97 + 3•28) = 101.4 ppm.

In the temperature range of 383–415 K the DTA trace 
of (LeuH)SbF4 exhibits an endothermic eff ect at 405 K, 
which corresponds to a PT. It can be due to either orienta-
tional disordering in both sublattices (this is typical of com-
pounds containing complex anions, cations, or molecular 
groups38) or structural rearrangements. The newly formed 
(LeuH)SbF4 polymorph is unstable and undergoes trans-
formation to the molecular complex SbF3•Leu with time.

Among the known complexes of antimony fl uorides 
with AA, electrophysical measurements were carried out 
only for (LeuH)SbF4. It was found that the specifi c con-
ductivity of (LeuH)SbF4 increases by more than four 
orders of magnitude in the temperature range 300—385 K. 
The phase transition of (LeuH)SbF4 has a diff use charac-
ter, i.e., the conductivity increases gradually rather than 
abruptly in the temperature range from 383 to 403 K. After the 
PT, the specifi c conductivity increases again by two orders 
of magnitude and reaches a value of ~2.15•10–5 S cm–1 
at T = 403 K. No specifi c conductivity measurements were 
performed at higher temperatures because of ductility of 
the high-temperature phase. The activation energy of 
conductivity was not exactly determined; it was evaluated 
as being in the range of 0.92—1.04 eV.

NMR data for complex SbF3•(C6H13NO2), SbF3•Leu

According to diff erential thermal analysis (DTA) data,6 
the molecular complex SbF3•Leu is stable to 450 K. The 
1Н NMR spectrum of the complex at 300 К (Fig. 14) 
exhibits a single symmetric line representing the superpo-
sition of signals from proton-containing groups in the 
leucine molecule (CH3, CH, CH2, and NH2). The fact 
that the NMR spectra retain their shape as well as slight 
narrowing in the temperature range 300—420 K show that 
no ion motions with frequencies higher than 104 Hz occur 
in the proton subsystem. 

Raising the temperature in the range of 300—420 K 
has almost no eff ect on the character of the 19F NMR 

F(1)F(2) F(3)

F(4)
Sb(2´)

Sb(1) F(8)
F(5)

Sb(1´)

F(7)
Sb(2) F(6)

F(4´)

Fig. 12. Structure of complex anion [SbF4]n
n– in compound 

(LeuH)SbF4.25 

Fig. 13. 19F NMR spectra of complex (С6H14NO2)SbF4 at diff erent temperatures (with C6F6 as reference).

300 К 360 К 380 К 19F
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spectra of complex SbF3•Leu corresponding to the "rigid" 
lattice. The 19F NMR spectrum at 300 K can be approxi-
mated using two components, p1 and p2 (see Fig. 14), with 
a RII ratio of 74 : 26. Taking account of the structure of 
the complex anion24 (distorted octahedron SbF3O2E), the 
former component can be assigned to three fl uorine atoms 
from the nearest environment of the antimony atom while 
the latter corresponds to the F(3´) atom from the second 
coordination sphere (Sb—F(3)´ distance is 2.8616 Å). The 
F(3)´ atom is used for pairwise connection of polymer 
chains into ribbons that form a 3D framework through the 
hydrogen bonds N—H…F and N—H…O.24 This structure 
practically excludes the possibility for ion motions with 
frequencies higher than 104 Hz to occur.

NMR data for compound 
SbF3•(C5H11NO2), SbF3•Val

Molecular complex SbF3•Val is stable to 423 K. At 
T = 475 K, the DTA trace exhibits an irreversible endo-
thermic eff ect associated with melting of the compound 
and formation of X-ray amorphous product on cooling.6 
A qualitative analysis of the 19F NMR spectra showed that 
the fl uoride sublattice of the complex remains "rigid" 
throughout the temperature range studied (S2 ≈ 43.5 G2). 
This suggests no fl uorine ion transfer in the complex in 
the temperature range of 300—420 K. The asymmetric 
19F NMR spectrum of the compound at 300 K can be 
simulated using two lines, p4 and p5, with  ≈ 138 and 
18 ppm, respectively, and a RII ratio of ~74 : 26 (Fig. 15). 
This is in reasonable agreement with the distribution of 
fl uorine atoms in the environment of the Sb(III) atom, viz., 
three atoms from the fi rst coordination sphere and one 
atom from the second coordination sphere (Sb—F bond 
length is 2.882 Å). The coordination polyhedron of the 
Sb(III) atom is a distorted octahedron SbF3O2E.22  

An analysis of 1H NMR spectra showed that the line-
shape (see Fig. 15) and the second moment (25±1 G2) 
remain almost unchanged as temperature increases from 
300 to 400 K. It follows that no ion mobility also occurs 
in the proton subsystem of the complex SbF3•Val. The 
NMR spectra can be simulated using three Gaussian 

components p1, р2, and p3 corresponding to the 2(CH3), 
NH3, and 2CH groups.

NMR data for compound 
(C2H6NO2)3[InF6], (GlyH)3[InF6] 

According to 19F NMR data (Figs 16 and 17), no ion 
motions with frequencies higher than 104 Hz occur in the 
fl uoride sublattice of (GlyH)3[InF6] in the temperature 
range of 150—250 K. At T > 250 K, the 19F NMR spectra 
are narrowed (see Fig. 17). Taking account of the octa-
hedral structure of the anion,6 this can be related to the 
onset of reorientational motions of the complex anions 
[InF6]3– about one or more symmetry axes. Isotropic 
reorientations in the fl uoride sublattice of (GlyH)3 [InF6] 
probably become the main type of ion motions 
(S2 = 15  5 G2) in the temperature range of 320—350 K. 
Note that anisotropic and isotropic reorientations of octa-
hedral ions occur in all compounds containing them.10,30—33 

Two «narrow» components (ΔH½ = 2.5—3 kHz) with 
the total RII of at most 5.5% appear in the 19F NMR 
spectra (Fig. 18) at T > 345 K. The 19F NMR spectrum 
at 370 K can be simulated using three components and 
the sum of the RII of the narrow lines is at most 21%. 
The lines with ΔH½ ≈ 3 kHz and ΔH½ = 2.5 kHz ( = 36 and 
4 ppm, respectively) originate from the development of 
diff usion processes in the fl uoride sublattice. The compo-
nent with  = 4 ppm probably corresponds to the mobile 
fl uorine ions, while the line with ΔH½ = 17.5 kHz and 
 = 2 ppm corresponds to fl uorine atoms in the reorient-
ing InF6 octahedra. The assignment of the signal with 
CS = 36 ppm is ambiguous.

Two models were proposed3 to describe diff usion in 
the fl uoride sublattice of (GlyH)3[InF6], viz., diff usion of 
the entire complex anion InF6

3– and successive hopping 
of individual F– ions from one anion to another, which 
has a vacancy at the fl uorine ion site in the octahedron.10,39 
In the latter case, the ion transport involves two types of 
atomic motions that occur successively. Hopping of fl uor-
ine ions from one octahedron to another and subsequent 
rotation of that polyhedron can be followed by a new hop 
of the fl uorine ion towards the next InF6 octahedron, etc. 

1H

p1

p2

300 200 100 0 

19F

 100 0 –100 

Fig. 14. 19F NMR spectra (with C6F6 as reference) and 1H NMR 
spectra (with Me4Si as reference) of complex SbF3•Leu at 300 К. 
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p2

200 100 0 –100 

19F
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p5
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Fig. 15. 19F NMR spectra (with C6F6 as reference) and 1H NMR 
spectra (with Me4Si as reference) of complex SbF3•Val at 300 К.
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Note that, according to NMR data obtained at 295 K, 
isotropic reorientations of NH4

+ and TaF6
– ions in 

NH4TaF6 are accompanied by long-distance diff usion of 
fl uorine atoms.40

At 170 K, the 1H NMR spectrum of (GlyH)3[InF6] 
can be simulated using three components (Fig. 19). Two 
of them, p1 and p2, are the Pake doublets corresponding 
to NH3 and CH2 groups with RII of 39 and 33%, respec-
tively, while the component p3+p1´ with a total RII of 
16.5 + 11.5 = 28.0 % corresponds to the COOH group 
and the central peak of the triplet from the NH3 group in 
the glycinium cation. The splitting, Δ, of the doublet cor-
responding to the CH2 group is 46±2 kHz and agrees with 
the inter-proton distance of 1.58±0.03 Å in this group. 
Evaluation of the Δ value in the doublet and the outermost 
components of the triplet from the NH3 group gave a value 
of 84 kHz, which is comparable with the proton-proton 
distance in the NH3 group (1.62 Å). The inter-proton 
distance in the CH2 group (e.g., in CH2Cl—CH2Cl mol-
ecule), determined from the second moment (experiment 
and calculations),41 is 1.69 Å (cf. 1.64 Å for the NH3 
molecule with the structure of a regular pyramid).

The experimental 1Н NMR spectrum of (GlyH)3[InF6] 
at 335 K is simulated by two Pake doublets, a Gaussian 
line, and two close-lying narrow components pm and px 
of width 2.3 and 1 kHz, respectively (Fig. 19), which is 
indicative of the appearance of mobile protons. Raising 
the temperature to 370 K has almost no eff ect on the RII 
of the px component (<2%), while the RII of the pm com-
ponent increases to 27%. A RII analysis of the components 
p1, p2, p3, px, and pm in the 1H NMR spectrum of 
(GlyH)3[InF6] simulated for T = 350 K showed that ini-
tially, the RII of the pm component increases due to 
a decrease in the RII of the peaks p1 and p3+p1´, since the 
RII of the p2 component corresponding to the СН2 group 
remains almost unchanged. This trend in the changes in 
the RII of the spectral components also persists as the 
temperature increases to the maximum value of 370 K 
achieved in the experiment. Owing to highly probable 
reorientational motions of the NH3 group around the 
C(2)—N bond (Fig. 20) one can assume that the appear-
ance of mobile protons is related to a certain frequency of 
proton exchange between NH3 and COOH groups that is 

19F 15 ppm –1 ppm

4 ppm
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16 ppm Cooling

300
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–9 ppm
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200 0  200 0 
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Fig. 16. 1H NMR spectra (with Me4Si as reference) and 19F 
NMR spectra (with C6F6 as reference) of complex (GlyH)3[InF6] 
at 150 (1), 300 (2), 335 (3), 350 (4), and 370 K (5) and on cool-
ing from 370 to 300 K (6).

H1/2/kHz

60

40

20

0
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Fig. 17. Temperature dependences of the half-width of 1H (1) 
and 19F NMR spectra (Ea = 0.42 eV) (2) of compound 
(C2H6NO2)3[InF6].

150 К 335 К 370 К 19F

200 0 –200  200 0 –200  100 50 0 –50 

Fig. 18. 19F NMR spectra of (C2H6NO2)3[InF6] at diff erent temperatures (with C6F6 as reference).
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achieved on heating. The width (~2.5 kHz) and shape of 
the pm component described by the Lorentzian function 
point to the development of translational diff usion in the 
proton subsystem, which occurs as migration of mobile 
protons in the crystal lattice. It is diffi  cult to assign the 
weak px line (RII is about 1.5% at 370 K) to a particular 
atomic group; this line can even correspond to an impurity, 
whereas the pm component corresponds to mobile protons 
in the glycinium cation.

According to DSC data, changes in the aggregation 
state of (C2H6NO2)3[InF6] occur at T > 390 К. In the 
temperature range of 220—430 K, the DSC trace exhibits 
an irreversible endothermic eff ect at 411 K, which cor-
responds to melting and formation of X-ray amorphous 
phase (XPA data) upon subsequent cooling of the sample 
(420  300 K).

Conclusion 

We analyzed the NMR data for the amino acid com-
plexes of antimony(III) and indium(III) fl uorides and used 
them to determine the character of ion mobility in the 
compounds studied. The results of simulation of the low-
temperature NMR spectra were corrected to be consistent 
with the structural data. It was shown that the character 
and types of ion mobility depend on the nature of the AA 
and on the structure of the complex compound. No ion 
mobility with frequencies higher than 104 Hz occurs in 
the fl uoride and proton subsystems of the molecular com-
plexes SbF3•Val and SbF3•Leu and in (ValH)SbF4•H2O 

due to strong hydrogen bonding. Contrary to this, the 
complexes of antimony(III) fl uorides and indium(III) fl uor-
ide with glycine, L-leucine (C6H14NO2)SbF4, and D,L-ser-
ine (C3H8NO3)Sb2F7 are characterized by transition of 
ions in both subsystems from the "rigid" lattice to local 
motions (diff usion). The 19F NMR spectra of the com-
plexes of antimony(III) fl uorides with AA where diff usion 
in the fl uoride sublattice occurs demonstrate a character-
istic feature, namely, an almost identical chemical shift 
of the pm component corresponding to the mobile fl uorine 
ions ( = 97±3 ppm). Thus, detection of this component 
is related to the onset of ligand exchange in the fl uoride 
sublattice irrespective of the structure of the complex. 
Nevertheless, the exchange onset temperature depends on 
the structure of the fl uoride sublattice. Possible mecha-
nisms of the onset of ion mobility in both sublattices of 
the compounds in question were studied. A common 
feature of the complexes in hand is the formation of X-ray 
amorphous phase upon a PT followed by melting. The 
possibility for translational diff usion to occur in the entire 
fl uoride (or proton) sublattice is limited by relatively low 
temperatures at which changes in the aggregation state of 
the compounds are observed. Therefore, practical applica-
tion of these compounds in electrochemical devices is 
hardly probable. Nevertheless, the conductivity of one 
complex increased by six orders of magnitude to nearly 
2.15•10–5 S cm–1 upon heating from 300 to 403 K. Thus, 
a fi nal decision on application of the compounds under study 
as components of high-conducting functional materials 
can be made only after performing electrophysical studies. 
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