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Abstract—Polycrystalline complexes of Mnglwith N-oxides of pyridine, 2-picoline, and 2,6-lutidine con-

tain a molecule of strongly retained crystallization water; two types of the labile networks of hydrogen bonds
are formed on the crystal surface. Under solar radiation the long-krednters are formed in the crystals,
imparting a specific color to the compounds. The thermal motion of MrGmplexes with lutidineN-oxide

in the unit cells can be described as gas-like motion. At low temperatures the electrical conductivity is pre-
dominantly maintained by protons, whereas at high temperatures another mechanism of conductivity arises.

Complexes of manganese salts withoxides of complexlll can be suggested. Synthesis, purification,
pyridine, 2-, 3-, and 4-methylpyridines, and 2,6-di-and identification of the complexes in question is
methylpyridine exhibit high biological activity [44].  given elsewhere [1, 2]. The procedures for spectra
Triman-1 (complex of MnCJl with 2-picolineN-oxide) recording, conductivity measurements, and treatment
is widely used as a growth regulator of agriculturalof experimental data were common [6]. The pellets
plants. A detailed analysis using various physicochemwere pressed at 4400 atm.
ical methods is required to elucidate the mechanism
of biological activity of this and related compounds.
In this work the molecular equilibria, the molecular
dynamics, the energy of intermolecular bonds, an
the electrical conductivity of Triman and complexes
of MnCl, with N-oxides of pyridine and 2,6-lutidine

The throughly purified Triman powder (particle size
several tenth fractions of millimeter) has a light rose
olor, which significantly intensifies after exposure to
right sunlight. This phenomenon is typical for many
ionic crystals [7, 8] and is due to the selective light

died by IR and UV diel absorption on so-calleB-centers, which are the com-
were studied by IR an spectroscopy, dielectromy, . o of photoelectrons with positive ions or holes

etry, and conductivity methods. Taking into accountq meq after removal of the negative ions from the lat-

the data of elemental analysis and the results digjoq noint. Appearance of such centers causes absorp-
cussed below, the composition of the complexes ity

. nat~ nm in the UV rum of Triman (Fig. 1).
guestion corresponds to structurésdlll . on at~390 In the UV spectrum of Tr (Fig- 1)
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The presence of the molecule of crystallization
water strongly retained in the complexes even in alco- 0
holic solutions is typical for manganese compounds. : :

Its low mobility is probably due to the formation of 200 300 400 A, nm
additional OH--Cl intracomplex bonds. Based on Fig 1. uv spectra of thin £0.1 mm) films: (, 2) complex
the data given in [5], the tetrahedral or planar structure |11 and @) complexIl. Spectruml was recorded 1 day
of complexesl and Il and octahedral structure of after the thermal treatment.
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Table 1. Stretching vibrations of the NO bonds, enthalpy ing complexes (Table 1). As seen, the frequen@yO)
of the NO--Mn bonds, and fractions\) of the base mole-  of the free moleculesslightly differs from v(NO)

cules bound in solid complexes-lll at 19C registered in liquid bases: 1240 and 1260 [9] and
1253 cn* [5]. Using theAv(NO)—AH correlation [5],
Com-| v(NO) | vINO) | | No) | N, |-AH(NO--Mn), we calculated the enthalpiesAH) of the NO--Mn
'?]ng ::rneq_el, bf#]f‘ld’ et | % kJ mor? bonds. The enthalpy increases with increasing num-
' ber of Cll—g groups in the base molecule by nearly
| 1250 | 1218 32 -84 28 8 kJ mol~ per CH, group_.'The increase iRAH is
I 1256 | 1206 50 -89 36 probably due to the positive electronit £ M) ef-
m 1272 | 1208| 67 ~90 44 fect of the CH groups, which increases the negative
charges on the oxygen atoms and hence the electron-
@ Location of the centers of gravity. donor power of the base molecules.

Similar spectra are observed for usually yellowish _ The enthalpy of the HO---Mn bond can be evalu-

complexesl and Il ; A, = 360 nm for compound ated from the known proportionality of the energies of
Il (Fig. 1). It should be noted that in the spectra of coOrdination and hydrogen bonds [10] and published
LiCl and NaCl this band occurs at 380 and 470 nm, 'esults [5]. For complex we obtained the value of
respectively [8]. After annealing of compléht (heat-  about 23 kJ mof.

ing to 150C and slow cooling to room temperature) The bandsv(NO) of the free and bound molecules
this absorption band disappears. In the other regionsof pyridine and 2-picolineN-oxides have a simple
the UV spectra of complexes-lll are similar o shape and a half-width 010 cn®. After annealing
that of pyridine. the shape and position of these bends in the spectra

The IR Spectra ShOW that these Complexes are ap_rema|ned V|rtua”y UnChanged, Slml|al’|y to the band
preciably dissociated under the normal conditions. V(OH). In the case of compleb, the shape of the band
The approximately constant intensity of the absorp- V(NO) did not change even after significant wetting
tion band v(NO) allows quantitative evaluation of ©f the sample. This fact suggests that non-crystalliza-

the fraction of organic bases bound in the correspond- tion water sorbed by compounds is predominantly lo-
calized far from oxygen atoms of the NO group. The

most probable centers of its localization are the mole-
cules of crystallization water, where the sorbed mole-
cules can be arranged in several layers.

As compared with compounds and II, the IR
spectral properties of compldd are rather different.
The bandv(NO) of the free base molecules, similar
to liquid 2,6-lutidine [5], is split in two components
in the solid phase (Fig. 2, curvé), and the high-
frequency component is more intense.

Absorption

After annealing both components of thgNO)
band are shifted by nearly 6 chtoward the low-
frequency region. The bandNO) of the bound mol-
ecules initially consists of three well-defined com-
ponents. The storage of the samples at room temper-
1266 1282 ature and their thermal treatment cause appearance of
new bands and redistribution of the intensity between
. . the already present components (Fig. 2). The band
1200 1300 v. o ! v(OH) in the case of complell is also rather com-

’ plex, it is broad (nearly 500 cth half-width) and con-
Fig. 2. Absorption bandv(NO) in solid complexIil, sists of three ill-resolved components. The spectra of
KBr pellets. Registered: 1J at 18C before thermal complexed andlIl exhibit two well-resolved compo-

treatment, Z) the same at 8€, (3) the same after cooling nents of thev(OH) band with a half-width of 300 cm.

to 18C and 2-h storage,4 at 18C after triple heating

to 150°C and storage for 15 h, and)(at 18-75°C after Analogous splitting of the/(NO) band in the sol-
similar treatment and 8-day storage. id phase was observed previously for the complex
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of 2,6-lutidine N-oxide with HCI [11]. This phenom- g

enon can be explained by inertial rotation of com- 3k 3
plexes in the unit cells. Such a rotation is promoted m

by nearly spherical shape of the molecules of com- 1+

plex Il . Certain deviation from classical dependences T

Av~(T, K)¥2 [12], where Av is the difference in 2
the position of the band components, is related either or

to complex kinematic interaction of the bonds in poly- al

atomic molecules or to changes in the character of

the inertial rotation of the molecules in the tempera- | )i
ture range studied, similar to the case of liquid 2,6- 8':

lutidine N-oxide [5]. Gradual variation in the band

shape after the heat treatment is probably due to slow 4+

attainment of thermal equilibrium in the sample. This

1
is confirmed by the fact that the equilibrium in one 20 40 60 80 100 120 140 160
of solid pyridine complexes was attained in more than T, °C
a 2-month period after its heating to ‘@t and sub-
sequent cooling to room temperature [5]. Fig. 3. Temperature dependences of the dielectric constant

. . of the powdered samples (1 kHz}t)(Triman I, first test;
The dielectric constant] of the powdered samples  (9) ihe same sample, fourth series of measuremes)s; (

(0.08 mm average particle size) and pressed pelletscompoundill, second series of measurementsirfes)
was studied at a 1 kHz frequency similarly to the case data registered at heating after the equilibrium attainment
of the 2,6-lutidineN-oxide complex with succinic acid and Erossey data registered at cooling with a rate of
(Poteitin) [6]. The electrical properties of the powdered 0.5 deg mir].

samples were predominantly determined by the sur- . . .
face molecules, whereas in the case of the pressdy Several degrees was attained~fb min; the tran-

samples the effect of the bulk molecules was decisiveétion dependences were described by the zero- and
The properties of the powdered sample of complex first-order equations, which revealed the sequence of
(bulk density 0.74) in the 18152°C temperature range 'éactions proceeding in the sample. At cooling of
were similar to those of Poteitin. Two types ofthe powder with a rate of 0.5 deg minnonequilib-
near|y equiva|ent networks of hydrogen bonds witHium values ofe were 0bta|ned. .Sevel’al experlmental
rather frequent random transitions between them urflependences are shown in Fig. 3.

der the action of incident shakes are realized on aq for pressed samples df only irreproducible
the particle surface. In both cases the fraction of noN;4 s ofe were obtained. For example, the tempera-
polar hydrogen-bonded complexes increases with dgy e jependence of the dielectric constant for the sam-
creasing temperature. The dlss_omathn of crystal Iatﬁles studied €8 2.60, d'® 1.32 gcm?) exhibited
tice providing sharp increase in begins at nearly a_pronounced maximlijm of nearly 4.6 at°24 and

130°C. The behavior of compound (bulk density
L ) : then no rearrangement of the crystal structure was
0.67) was similar to that df with the only difference observed up to glES’(O:. The valuesyof the dielectric

that the transitions between hydrogen bonds are MOBnstant registered at heating of the sample were by

ronoun na in ri f experiments vari ; ;
pronounced and in a series of experiments varied nearly 1 smaller than the values registered at cooling.

within a narrow range. In the case of compouitid 3 i
(bulk density 0.45) similar transitions between the hy-The half-hour exposure of the samples at each temper

drogen bonds were observed only in the first test an ;udresg'rg Tgt ﬁgeﬂaﬂﬁﬂﬁftgwigg igﬁcaesrgtl?: e:[hde esgtr:w-
were absent in the two subsequent tests. The diss P, P P

ciation of the crystal lattice in the first test began a&lggcree o_f the dielectric constant was found; theal-
145°C, whereas in second and third tests it was manj- _gls_tered at heating and'cooll_ng_ of the sample
fested by a sharp break at 138 and “@2respective- were s!mllar, and the thermal dissociation of the crys-
ly. The slope of high-temperature linear section ottal lattice began above 130.

the dependences with respect x@xis decreases in  The third sample was prepared after 1 month, its
the series of tests. The equilibrium dielectric constantsrystal lattice remained unchanged up to AB0in

in these sections were similar after heating of the santhe second test the dielectric constangassed a max-
ples and their cooling. The equilibrium of the rapidimum (~18) at 27C and decreased from 2.4 to 1.8
processes after gradual heating of the powder samplgon cooling from 150 to £C; after storage for 17 h

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 71 No.5 2001



792 BOROVIKOQV et al.

€ tices, participation of significant number of bifurca-
50 tion points in their rearrangement, predominantly an-
tiparallel orientation of molecular dipoles in the crys-
sl tals, and possible formation of unstable species such
as ferroelectric domains. The latter phenomenon is
rather typical for hydrogen-bonded crystals [13]. More-
30 over, ferroelectric domains were registered in solid
water [14]. With several samples of compouhdve
revealed oscillation processes in the crystals. In one
201 sample the: values at 18C varied from 2.1 to 6 with
a period of~15 min by the harmonic law. In another
10k test e of the sample at '€ was 30, it decreased
by a factor of 5 in 17 h, and then began to slowly
. . . increase.
0 3.5 3.0 2.5 The oscillation reactions fairly frequently occur in
1097, K! the nature [15]. Their proceeding is based on at least

two conditions: nonlinear dependence of the rate of
Fig. 4. Temperature dependence of the dielectric constant the direct reaction on the corresponding parameters
of a pressed sample of (1 kHz) after attainment of and the presence of a feedback system. We determined

the equilibria of fast relaxation processesii¢les, crosse} variations in the density of Trimaml upon transi-
data registered in the course of heating and cooling of tion from the crystalline to the liquid state. In aqueous
the sample, respectively]. solutionsd!® was 1.86 g cn?, whereas in the solid

_ _ state it was 1.72 g cffi; the refractive indexs’ was
the dielectric constant at 3¢ was 21. In the course 1 76 and the Batcher-Kirkwood refractioRd) was
of third heating with a rate of 0.5 deg mire reached 74 ¢n?. The refractions of compoundsand Ill cal-
89 at 40C and then, after keeping at this temperature,|ated by the additive procedure are listed in Table 2.
for 30 min, itdecreased t@.4. The data registered 4 h Using the above data we determined the values of

after this test are shown ifrig. 4. the limiting dielectric constants() and limiting elec-
At heating of the pressed sample of Trimadt® trical polarization ).
1.70 g cm®) & passed a maximum (6.3) at Z8 In The differences,, — Ry are relatively small in all

the second test after 1 day it comprisé, and in  {he cases studied. This suggests that the crystal lat-
the course of cooling from 130 to 18 & was nearly ices of the compounds studied are only slightly de-

constant (3.2). The dielectric constant of one sampléyrmed in the applied electric field, despite their high
of compoundlll (d** 1.21 g cm”) passed a max- thermal lability.

imum at 140C. The tests using this sample after T _
]__day storage or another Samp|e showed no maximum _Along with dle_le_ctrlc constant we measured the spe-
on the temperature dependencespfind dissociation Ccific dc conductivity () of the pressed samples. At
of the crystal lattice became significant at tempera25-40°C we obtained the temperature dependences
tures higher than 153C. The dependence of the di- With poorly reproducible peaks corresponding to
electric constant of the third sample (after 1 monthfhe maxima in the temperature dependences of the di-
passed a maximum at 40, and dissociation of electric constant. In many cases the breaks inahe
the crystal lattice began at 13D. Such a behavior of Vvalues were registered, which is typical for the proton
the samples suggests high lability of the crystal latconductivity of compounds containing crystalliza-
tion water. In the case of TrimaH we found that

Table 2. Electrical properties and densities of complexeghe high-temperature linear section of the dependence

-l at 19C registered upon cooling of the sample is well re-
produced, which allowed evaluation of the energy

Complex| d, . P.., Rp, | P, — Rp, (W) of thermal generation of the protons under
no. |genm3| "= | cm® | com’ cm® the given conditions using the standard equation:

I 1.92 | 3.27 72 68 4
I 1.72 | 3.17 82 74 8
1] 150 | 295 | 132 129 3

W, eV = 1.98x 10*tana,

where o is the slope of the diagram with respect to
the x-axis (Fig. 5).
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The obtained values, tan4.3x 10° andW 0.85 eV,
agree well with the energy of generation of the ionic
conductivity in solid 3-cyanopyridine antl-oxides =5
of pyridine and alkylpyridines (0.8 eV [9]), which are
also proton semiconductors. In the case of compound
| the reproducibility of the linear section was worse, —7[
the average value of tanwas 5.3x 10°, and the cor- st
respondingW, was 1.05 eV. As for compoundl , in
a series of successive tests the high-temperature linear r
sections were more pronounced, similar tdn some -10 F
tests tam was nearly 5« 10°, and the corresponding n
W, was 1.0 eV. But in most cases tarwas close to
1.2x 10*. The results of one test are shown in Fig. 5, —12|
where the first slope is realized at cooling of the sam- _;5|
ple and the second slope, at its heating. The above . .
value of tarm gives W, of 2.4 eV, which is close to 3.5 3'03 4 235
the values of high-temperature halogen conductivity 1077, K
and is far from the energies typical for proton con- B .
ductivity. The energy of thermal generatiowe() of Fig. 5. Temperature dependence _of specific dc con(_igct'lwty
the electron-hole pares was calculated from the fol- of compoundsdl| a_ndIII after attainment of the equilibria
lowing equation assuming the ionic mechanism of of the fast relaxation processesif€les crossey data reg-

. | istered in the course of heating and cooling of the samples,
high-temperature conductivity. respectively].

logz [S m_l] logz [S m_l]
4 -11
4 -12
4 -13
4 -14

W, eV = 3.97x 10%tana. ions in the Triman molecule as compared with the sec-
ond molecule. The absolute electrical conductivity
The resultingW, was 4.8 eV. To evaluate the reli- corresponds to the release of nearly-18% of these
ability of this value, we analyzed the electronic specions from the Triman molecule.
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