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The physical mechanisms of the deformation-induced structural transformations in molecular crystals, includ-
ing morphological changes, amorphization and molecular polymorphous conversions in nano-dispersed bioinorganic
compounds are discussed in this work. Integrated study using direct structural and structure-sensitive spectroscopic
methods allowed obtaining the data on polymorphous transformations, taking place during mechanical activation
in calcium gluconate monohydrate (CG). One of the possible reasons for lattice polymorphous transformations
and amorphization, observed in the course of mechanical activation of low-symmetry molecular crystals, might be
the spatial molecular isomerization. In this case, the disappearance of the translational invariance of the lattice is
conditioned by the simultaneous coexistence of the reactants and reaction products, which have di�erent stereo-
organization of the molecular structure.
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1. Introduction

Studying the physical mechanisms of deformation in-
duced transformations in molecular crystals and develop-
ing the methods of solid state mechanochemical synthesis
resulted in the appearance of a new prospective trend in
pharmaceutics. Without changing the chemical compo-
sition, one can transform a molecular crystal into a new
state with unique physical-chemical properties, increas-
ing the biochemical activity of the substance signi�cantly.
Thus, there appears a principal possibility of not only
producing highly e�ective pharmaceutical products but
also minimizing the cost and terms of their development.
Among molecular crystals prospective for application

in pharmaceutics the coordination compounds of car-
bohydrates and their derivatives with metals being low
toxic substances are increasingly applied as precursors of
medicinal compounds and means of their delivery [1, 2].
It is known [3] that the physical-chemical properties

of molecular crystals depend essentially both on their
morphology, in particular, the habit and dispersity of
crystals and on their structural state determined by the
lattice and molecular polymorphism as well as by quasi-
polymorphism of their solvates. There is some evidence
of the interrelationship of the compositional short-range
order in the �rst coordination sphere of the metal ions
with the physical properties and reactivity of the coor-
dination compounds [4]. To form the physical-chemical
properties of the molecular compounds directly, the com-
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positional short-range order can be varied by a few
techniques [5]:

1. Changing the molecular packing in the crystal, i.e.
creating polymorphous lattice modi�cations;

2. Producing high concentration of structural in-
homogeneities in the crystal lattice, in partic-
ular, non-equilibrium defects and intercalated
atoms and molecules (the phenomenon of quasi-
polymorphism);

3. Providing spatial reorganization of the molecules
themselves, in particular, modifying their confor-
mation (the phenomenon of molecular polymor-
phism);

4. Transforming the substance into the amorphous
state.

The basic physical reasons of structural transformations
in the molecular crystals under deformation have re-
mained unclear so far [3, 6]. The structure transfor-
mations, the amorphization of highly symmetric ion
and metal systems under mechanoactivation included,
as a rule, were accounted for by intensive low tem-
perature mass transfer on reaching the nanostructured
state of the substance after plastic deformation [7, 8].
At the same time, in low symmetric molecular lattices
such a mechanism of amorphization does not seem to
work [3, 8], though in some compounds the deformation
of the substance after nanodispersion is accompanied by
amorphization.
Earlier we carried out investigations of mechanoac-

tivaton of calcium gluconate monohydrate and for the
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�rst time obtained a mechanochemically modi�ed nano-
dispersed amorphous form � the mechanoactivated cal-
cium gluconate (MACG) [9]. Clinical studies revealed its
unexpectedly high therapeutic e�ectiveness in treating
the diseases due to the calcium disbolism in the human
body (dysplastic and degenerative-dystrophic processes,
defects of bone tissue, traumatic and pathological frac-
tures, osteoporosis, periodontology, etc.) [10].
The studies calcium gluconate carried out by the tech-

niques of atomic emission and mass spectrometry, X-ray
structure analysis, ss-NMR spectroscopy, infrared spec-
troscopy, di�erential scanning calorimetry, atomic force
and electron microscopy have shown that [9, 11]:

1. During mechanoactivation a nano-dispersed state
forms, with the size of particles not exceeding 100
nm as well as their agglomerates;

2. Under the chosen conditions of mechanoactivation
there are no changes in the chemical composition
of the initial calcium gluconate. No new chemical
compounds are formed;

3. The amorphization of CG takes place.

On the ground of all the experimental date obtained,
as a working hypothesis, a supposition was put forward
according to which the structural changes occurring in
CG under mechanoactivation are accompanied by the
changes of stereochemical structure of a CG molecule and
by the changes of the chemical composition of the �rst
coordination sphere of calcium [11, 12].
In this paper possible physical mechanisms of struc-

tural changes in bioinorganic compounds subjected to the
treatment in mechanoactivators are discussed using the
example of calcium gluconate monohydrate.

2. Experimental

To carry out the work, we used the calcium gluconate
monohydrate produced by Fluka without any additional
puri�cation. The mechanochemically modi�ed powders
were obtained by the method of mechanoactivation in the
planetary ball mill LAIR according to the technique de-
scribed in [9]. The time of activation (ta) was from 1 min
to 1 h. The content of impurity elements under activa-
tion within the error of determination did not change
with respect to the initial state. On the whole, there
was no contamination of the samples by the material of
the vials and balls. The thermal analysis was carried out
using the di�erential scanning calorimeter Diamond DSC
(Perkin-Elmer) in the argon atmosphere with the heating
and cooling rates of 10 ◦C/min. To determine the kinetics
parameters of the hydrate decomposition, the polytherms
of the speci�c heat �ow with the heating rate of 5 ◦C/min
were taken. The reaction order was determined from
the Arrenius equation with the software Paris Kinetics
Soft. The infrared spectra of adsorption were taken using
Fourier-IR spectrometer Excalibur FT-IR 3100 (Varian

Inc.) on the pelleted in KBr samples with the resolution
of 1 cm−1. The X-ray structural analysis was carried out
using APD Mini�ex 600 (Rigaku) under Co-radiation.
TEM images were taken using high resolution transmis-
sion electron microscope TECNAI G30ST with 300 kV
acceleration voltage.

3. Results and conclusions

The volume fraction of the CG amorphous phase in-
creases monotonously in activation and with ta = 40 min
reaches 100%. Further increase of the mechanical treat-
ment time does not result in any qualitative changes in
the X-ray di�raction patterns (Fig. 1). At the same time,
no new products were found out in the MACG studied by
the methods of mass-spectrometry [11, 12]. However, the
temperatures, at which the detection of the sublimated
ion output m/z 160 under thermal evaporation charac-
teristic for the beginning of CG destruction along the
Ca�O bond starts, di�er essentially for CG (210 ◦C) and
MACG (180 ◦C) [11]. It is brought about by weakening
the intermolecular interaction that was found out in [13]
to be due to the existence of the intermolecular hydrogen
bonds between alcohol anion groups of the gluconic acid
and coordination water.

Fig. 1. XRPD of mechanoactivated CG, ta = 0 (initial
state); 4; 8; 40 min.

The changes of intermolecular interaction agree with
the DSC data: the endothermal peak 130 ◦C in the curve
of heat �ow dependences on the heating temperature
(Fig. 2), corresponding to the process of breaking the
donor-acceptor bond between the molecules of the coor-
dination water and calcium cations [14�16], disappears
with simultaneous appearance of a broad band at about
70 ◦C, corresponding to the output of intercalated wa-
ter, which tells us about the decomposition of crystalline
hydrate under mechanoactivation. The losses of the sam-
ples mass after heating equals 4.8% both before and after
activation, that corresponds to the molecular mass of wa-
ter, when after evaluated in molecular mass.
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Fig. 2. DSC curves (10 ◦C min−1), ta = 0 (initial
state); 8; 20; 60 min.

In the study of the reaction kinetics it was found out
that the activation energy of the dehydration decreases
from 285 to 98 kJ/mol during 1 h of mechanical treat-
ment with the order of the reaction being equal to 2 in
both cases. The latter additionally con�rms the decom-
position of the crystalline hydrate and the conversion of
the coordination water into crystal one, weakly bound
with acid remnants, surrounding it. The given data of
the thermal analysis and thermogravimetry allow us to
state that the processes of decomposition of the crys-
talline hydrate under mechanoactivation are not brought
about by thermal heating but are due to the deformation
induced changes in the molecular system.
The reasons for crystalline hydrate decomposition be-

come clear while analyzing the changes of the vibrational
spectra of CG under mechanical activation and compar-
ing these changes with the spectra transformations tak-
ing place in the process of formation of the gluconic acid
calcium salt.
Figure 3 presents the IR spectra of CG both in the ini-

tial state and after mechanoactivation. The absorption
spectra in the initial state agree with those available in
literature (see e.g. [14, 16]). The main changes are con-
nected with the decrease of the intensity of the absorp-
tion band at 3200 cm−1 corresponding to the stretching
vibrations of the coordination water. The shift of the
center of the broad band of O�H absorption into the re-
gion of higher wave numbers points to the breakage of
the intermolecular hydrogen bonds in the system [17]
In the crystalline state the gluconic acid is in the

form of δ-gluconolactone the hydroxyl groups of which
are bound by both intra- and intermolecular bonds [18].
In the process of formation of salt and intramolecular
complex compound with calcium δ-gluconolactone un-
dergoes the following changes [19]. The hydrogen bonds
weaken, which follows from the shift of the IR-spectra
lines of the stretching vibrations the hydroxyl groups
3466 and 3393 cm−1 into the region of higher wave num-
bers 3487 and 3420 cm−1, respectively, as well as the

Fig. 3. FTIR absorption spectra of CG before and
after mechanical activation (up) and δ-gluconolactone
(down).

bending bands of OH-groups 1225�1460 cm−1, stretching
C�C and bending vibrations of the OCH-groups 1024�
1050 cm−1 shift into the region of much higher frequen-
cies, and the stretching vibrations of O�C 1109 cm−1 into
the region of lower frequencies [19, 20] (Fig. 3). Such
changes are attributed to the formation of the donor-
acceptor bonds of the oxygen from the hydroxyl groups
with calcium ions. In the band of the bound hydroxyl
groups there appears a shoulder 2700�3200 cm−1 due
to the calcium ions coordination of the water molecules.
The band at 1727 cm−1 corresponding to the stretch-
ing vibrations of the carbonyl group is split into two
bands attributed to the asymmetric (1620�1597 cm−1)
and symmetric (1370�1235 cm−1) stretching vibrations
of the carboxylate ion. The split of symmetric and asym-
metric vibrations tells us about the nonequivalence of the
positions of carbonyl groups of two anions of the gluconic
acid, which agrees with NMR data [11].
Thus, the changes of the IR-spectra under mechani-

cal activation and in the process of the CG synthesis are
symbate, which points to the increase of number of hy-
droxyl groups of the gluconic acid anions involved into
the coordination bonds with the calcium cations during
activation.
At the same time, one can remark two di�erences.

First, during mechanical activation the intensity of the
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band 3200 cm−1 decreases, which is connected with the
decomposition of the crystalline hydrate and, second, a
weak band 947 cm−1 appears, which seems to be inherent
to the libration vibrations of OH�O [18], of the formed
intramolecular hydrogen bonds in the coordination. The
hydrated calcium gluconate is not characteristic by the
intramolecular bonds, since the intramolecular distances
between the atoms of hydrogen and oxygen do not ex-
ceed 2.20 Å [13]. However, strong intermolecular hydro-
gen bonds in hydrates are realized between neighboring
crystalline planes.
The IR-spectroscopy data giving evidence of the

deformation-induced polymorphous molecular transfor-
mations in CG agree well with the data on the solid state
NMR [11].
The change of the molecules conformation with the

breakage of the intermolecular bonds is not something
unusual. It is no wonder that in the process of
mechanoactivation during milling the stereoorganisation
of the molecules undergoes certain changes, which is the
result of the intermolecular bonds breaking, but only to
some extent. The conformation changes in the process
of deforming may seem to be not the result, but one of
the sources of destruction of the molecular crystals and
formation of 2D structures. In our case, the deformation
of the molecules leads to the replacement of the coordi-
nation water by the hydroxyl groups of the gluconic acid
anions due to the fact that it is impossible for two molec-
ular orbitals to be located in one cell of the phase space
owing to the Pauli principle, despite the water oxygen
atoms possessing better donor properties in comparison
with the hydroxyl groups oxygen atoms. It is solely a
deformation-induced process which to our knowledge, is
not observed in traditional organic synthesis.
As a result of the forced change of the molecule con-

formation the crystalline hydrate decomposes, with the
water leaving the �rst coordination sphere of calcium.

Fig. 4. TEM of mechanoactivated CG.

It is known that the coordination water stabilizes the
crystal lattice of the calcium gluconate through the for-
mation of interplanar hydrogen bonds [13]. Its removal
results in decrease of the strength of the interplanar
bonds and facilitates the possibility of forming 2D struc-
tures under the e�ect of shear stresses, and we see the
evidence of crystals splitting along the planes of sliding
(Fig. 4).
One of the mechanisms of the amorphization of organic

and bioinorganic compounds, in our opinion, can be for-
mulated in the following way. Under mechanoactivation
the appearance of steric stresses transforms the system
into the excited state at the expense of increase of the ki-
netic energy of the electrons of binding and non-binding
orbitals. If the valence electrons under excitation go to
the antibonding orbitals, we observe the destruction of
the chemical compound and the following reactions of the
solid phase synthesis. In the case of partial delocalization
of the electron density on the antibonding orbitals or free
orbitals of heteroatoms (e.g. metal atoms) the kinetics
energy of the system decreases. At the same time one can
observe solid state reactions of the spatial isomerization
resulting in the formation of the polymorphous molecular
complexes. In this case the initial reagents and reaction
products co-exist simultaneously.
If the molecular sizes and spatial organization of the

reactants and products of the mechanochemical reaction
di�er signi�cantly (in the case of CG stereoisomers, e.g.
by 1.5�2 times) [11], then the long-range order in the sys-
tem can be broken, and the appearance of the amorphous
phase is observed.
In the case when the isomerization reaction goes on to

the end, then the amorphous state can be transformed
into crystalline one with the increase of the time of the
mechanical treatment of the substance. The latter agrees
well with the data given in Ref. [3], where the amorphous
phase for a number of mechanoactivated organic com-
pounds is an intermediate one between the crystalline
reactant and reaction product.
The data obtained show that carrying out complex sys-

tematic investigations aimed at revealing the physical-
chemical mechanisms of the mechanically induced struc-
tural transformations and the formation of new polymor-
phous states of nanodispersed coordination compounds
of metals as the substances for highly e�ective medical
drugs is prospective and necessary.

Acknowledgments

The reported study was partially supported by RFBR,
research project No. 12-02-01316-a.

References

[1] B. Gyurcsik, L. Nagy, Coord. Chem. Rev. 203, 81
(2000).

[2] C.G. Hartinger, A.A. Nazarov, S.M. Ashraf,
P.J. Dyson, B.K. Keppler, Cur. Med. Chem. 15,
2574 (2008).

http://dx.doi.org/10.1016/S0010-8545(99)00183-6
http://dx.doi.org/10.1016/S0010-8545(99)00183-6
http://dx.doi.org/10.2174/092986708785908978
http://dx.doi.org/10.2174/092986708785908978


1018 D.S. Rybin et al.

[3] T.P. Shakhtshneider, V.V. Boldyrev, in: Reactivity of
molecular solids, The Molecular Solid State, Vol. 3,
Eds. E. Boldyreva, V. Boldyrev, Wiley, 1999, p. 271.

[4] P.A.M. Williams, D.A. Barrio, S.B. Etcheverry,
E.J. Baran, J. Inorg. Biochem. 98, 333 (2004).

[5] V.V. Boldyrev, Bull. Siber. Branch RAMS 96, 143
(2000).

[6] N. Chieng, Z. Zujovic, G. Bowmaker, T. Rades,
D. Saville, Int. J. Pharmaceut. 327, 36 (2006).

[7] E.P. Yelsukov, G.A. Dorofeev, A.V. Zagainov,
N.F. Vildanova, A.N. Maratkanova, Mater. Sci.
Eng. 369, 16 (2004).

[8] R. Zallen, J. Non-Cryst. Solids 75, 3 (1985).

[9] G.N. Konygin, F.Z. Gilmutdinov, S.G. Bystrov,
O.V. Karban, G.A. Dorofeev, E.P. Yelsukov,
A.A. Shakov, N.S. Strelkov, E.P. Tul'kin,
V.V. Pozdeev, S.B. Shishkin, P.N. Maksimov,
A.N. Filippov, V.V. Korepanova, Chem. Sustain.
Develop. 13, 249 (2005).

[10] N.S. Strelkov, G.N. Konygin, D.S. Rybin,
V.V. Pozdeev, N.A. Kir'yanov, O.V. Yakovenko,
P.N. Maksimov, E.P. Yelsukov, Yu.Ya. Efremov,
D.R. Sharafutdinova, V.Yu. Petukhov, G.G. Gu-
marov, Almanac Clin. Med. ( Almanakh klinicheskoi
mediciny) 17, 366 (2008) (in Russian).

[11] D.S. Rybin, G.N. Konygin, V.E. Porsev, E.P. Yel-
sukov, M.A. Eremina, D.R. Sharafutdinova,
Yu.Ya. Efremov, G.G. Gumarov, V.Yu. Petukhov,
O.I. Gnezdilov, M.M. Akhmetov, K.M. Salikhov,
V.V. Boldyrev, Chem. Phys. Mesosc. 15, 429
(2013) (in Russian).

[12] D.R. Sharafutdinova, Yu.Ya. Efremov, I.H. Rizvanov,
G.N. Konygin, D.S. Rybin, N.S. Strelkov, J. Struct.
Chem. 51, S142 (2010).

[13] M.W. Wieczorek, J. Blaszczyk, B.W. Król, Acta
Crystallogr. C52, 1193 (1996).

[14] F.J.W.J. Labuschagne, W.W. Focke, J. Mater. Sci.
38, 1249 (2003).

[15] A. Valor, E. Reguera, E. Torres-García, S. Mendoza,
F. Sanchez-Sinencio, Thermochim. Acta 389, 133
(2002).

[16] I.G. Konkina, S.P. Ivanov, O.A. Knyazeva,
V.A. Davydova, E.V. Vasil'eva, L.M. Karachu-
rina, F.A. Zarudii, I.A. Ionova, R.K. Gaifutdinova,
Yu.I.`Murinov, Pharmaceut. Chem. J. 36, 18
(2002).

[17] A.V. Iogansen, in: Hydrogen Bonding,
Ed. N.D. Sokolov, Nauka, Moscow 1981, p. 112
(in Russian).

[18] M.L. Hackert, R.A. Jacobson, Acta Crystallogr.
B27, 203 (1971).

[19] H.A. Tajmir-Riahi, Can. J. Chem. 67, 651 (1989).

[20] H.A. Tajmir-Riahi, J. Inorg. Biochem. 39, 33
(1990).

http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471999075.html
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-0471999075.html
http://dx.doi.org/10.1016/j.jinorgbio.2003.10.019
http://dx.doi.org/10.1016/j.ijpharm.2006.07.032
http://dx.doi.org/10.1016/j.msea.2003.08.054
http://dx.doi.org/10.1016/j.msea.2003.08.054
http://dx.doi.org/10.1016/0022-3093(85)90196-6
http://dx.doi.org/10.1007/s10947-010-0203-z
http://dx.doi.org/10.1007/s10947-010-0203-z
http://dx.doi.org/10.1107/S0108270195011930
http://dx.doi.org/10.1107/S0108270195011930
http://dx.doi.org/10.1023/A:1022818022650
http://dx.doi.org/10.1023/A:1022818022650
http://dx.doi.org/10.1016/S0040-6031(02)00010-2
http://dx.doi.org/10.1016/S0040-6031(02)00010-2
http://dx.doi.org/10.1007/s10947-010-0203-z
http://dx.doi.org/10.1007/s10947-010-0203-z
http://dx.doi.org/10.1107/S0567740871001900
http://dx.doi.org/10.1107/S0567740871001900
http://dx.doi.org/10.1139/v89-098
http://dx.doi.org/10.1016/0162-0134(90)80013-N
http://dx.doi.org/10.1016/0162-0134(90)80013-N

