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Abstract

Iron (II) complexes with 1,2 4-triazoles are promising thermochromic materials. New complexes of iron (II)
perrhenate and dodecahydro-closo-dodecaborate with 1,2,4-triazole (Htrz) and 4-amino-1,2,4-triazole (NH,trz)
of the composition FeL A, UnH,O (n = 1, 2; m = 4, 5) are synthesized and investigated. The compounds are
studied by means of magnetochemicstry, XPA, electron and IR spectroscopy. Magnetochemical data show
that the complexes possess !4, = °T, spin transition. The spin transition is accompanied by thermochromism

(change of colour from pink to white).

INTRODUCTION

An urgent problem of the chemistry of
inorganic materials is obtaining, investigation
and application of thermochromes, which are
substances that change colour while tempera-
ture changes. These compounds are of interest
for the development of temperature indica-
tors [1] and recording devices [2]. A substantial
part of compounds exhibiting thermochromism
is comprised by coordination compounds [3—6].
Special attention is attracted to the complexes
in which colour can change reversibly and
sharply. Such a character of thermochromism
is exhibited by the coordination compounds of
many classes. They include classical thermo-
chromes Ag,Hgl,, Cu,HgI, and PbHgI, [6], com-
plexes with aliphatic nitrogen-containing lig-
ands [5], compounds with chlorocomplexes as
anions [5, 7], compounds with [Cr(NCS)6]3_
anions [8].

Along with clearly exhibited thermochro-
mic properties, coordination compounds of the
mentioned classes have substantial disadvan-
tages, for example, toxicity of some metals
(Cr, Ni, Hg) or their high cost (Ag), potential

danger (complexes of nickel (II), copper (II)
having ClO, anions), hygroscopic behaviour
(compounds containing chlorocomplexes as an-
ions). It is evident that a search for complexes
of new classes is necessary in order to obtain
thermochromes devoid of the mentioned dis-
advantages.

Promising thermochromes of a new class
are iron (II) complexes with various nitrous
heterocycles; change in their colour is connect-
ed with a reversible transition from low-spin
state into high-spin one (4, < °T,). Among
these complexes, the most interesting ones are
iron (II) compounds with 1-substituted tetra-
zoles [9, 10], as well as with 1,2,4-triazole and
its 4-substituted derivatives [11-17]. The prop-
erties of compounds obtained by rather sim-
ple procedures from low-toxic iron (II) salts
make them very promising for practical appli-
cation. The complexes are formed with high
yield and are stable toward water vapour of
the air. It is important that the compounds with
the ligands indicated above exhibit easily ob-
servable colour change (pink < white). Such a
character of colour change is explained by the
features of d—d transitions for the 'A; and °T,
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states of iron (II) in the ligand field, created
by the coordinated 1-substituted tetrazoles,
1,2, 4-tetrazole and its 4-substituted derivatives.

For the low-spin complexes of iron (II)
with these ligands, the band of d—d transition
'A; = T, is situated in the visible spectral re-
gion A = 520—550 nm), which causes pink col-
ouring of low-spin forms. High-spin white com-
plexes formed as a result of thermally induced
spin transition (ST) exhibit d—d band related
to °T, = °E transition which is out of the visi-
ble spectral range (A = 770—920 nm). For iron
(ITI) complexes with 1-substituted tetrazoles,
thermochromic transition pink < white is ob-
served at temperature points substantially be-
low room temperature. From the practical view-
point, the most interesting complexes are iron
(II) complexes with 1,2,4-tetrazole (Htrz) and
its 4-substituted derivatives (Rtrz).

We synthesized for the first time compounds
of the composition Fe(Rtrz);A, OnH,O (R = H,
NH,, et, pr; A = BF,, CI, Br, I, NO;,
ClO;, SOY, SiFf ; n =1, 2; m = 0-2) [12,
13, 15—17]. Work aimed at the synthesis of the
complexes of various Fe(II) salts with 4-amino-
1,2,4-triazole were continued by some authors.
Complexes of the composition Fe(NH,trz);A,
were synthesized, in which A = l1-naphthale-
nesulphonate (1-ns), 4-amino-1-naphthalenesul-
phonate(4-NH,-1-ns), 4-hydroxy-1-naphthale-
nesulphonate (4-OH-1-ns), 2-naphthalenesul-
phonate (2-ns), 6-hydroxy-2-naphthalenesul-
phonate (6-OH-2-ns) [18], p-toluenesulphonate
(tos) [19], CH;SO; [20].

Investigation of complexes by means of
magnetic susceptibility, electron, IR, EXAFS
and Mossbauer spectroscopy showed that they
have polynuclear structure due to the biden-
tate bridging group Rtrz. The ligand is coordi-
nated to the neighbouring Fe (II) ions by N;, N,
atoms of heterocycle with the formation of
polymeric chain. Such a method of coordinat-
ing provides strong cooperative interactions be-
tween the electron subsystem of Fe (II) ions
and the phonon system of the lattice, which in
turn leads to a sharp spin transition !4, = °T,
and thermochromism connected with this tran-
sition. It was discovered that the transition tem-
perature is substantially affected by the com-
position of compounds, in particular the na-
ture of ligand and anion, as well as by the
presence and number of crystallization water

molecules. This allowed obtaining thermochro-
mic materials with transition temperatures
within a broad range (lower, near and much
higher than room temperature). It was inter-
esting to broaden the mentioned set of com-
plexes by synthesizing new compounds of iron
(II) with Htrz and NH,trz containing ReO,
and Bj,H?, anions. The ReO, anion is an ex-
ample of anions containing metal atom; B;,Hz5
represents anions of cluster structure. No data
on Fe (II) complexes with nitrogen-containing
heterocycles containing these anions are avail-
able from literature.

EXPERIMENTAL

For the synthesis, the following reagents
were used: FeSO, UTH,O recrystallized from
aqueous solution acidified with H,SO,; NaReO,
of analytically pure grade (ch.d.a.); KOH of che-
mically pure grade (kh.ch.); 1,2,4-triazole recrys-
tallized from isopropanol, with T ., = 121 °C
(reference data: T, = 121 °C [21]); 4-amino-
1,2,4-triazole synthesized using a procedure close
to that described in [22], with T, = 82—83 °C
(according to the data reported in [23],
T et = 82—83 °C); ascorbic acid of medical grade
(med). The salt of dodecahydro-closo-dodeca-
borate(2-)triethylammonium [NH(C,Hj;)5],B;5H5
was obtained via the reaction conducted at 140—
160 °C in high-melting hydrocarbons [24]:

2(C,H;);N [BH; + By Hy,
- [NH(C,H;);31,B1,Hyp | + 3H, 1

Synthesis of Fe(Htrz);(ReO,), (I). 2 mmol
(0.56 g) of FeSO, LITH,O (with 0.1 g of ascorbic
acid added) and 4 mmol (1.09 g) of NaReO,
were separately dissolved in 5 ml of H,O un-
der heating with water bath. The solutions were
mixed and cooled; a cooled solution of 12
mmol (0.83 g) of Htrz in 5 ml of ethanol was
added. After mixing the solutions, a pink pre-
cipitate was formed. It was filtered and washed
with water several times. Both this substance
and the substances II-IV were dried in the
air. The yield was 60 % of theoretical. Deter-
mined, %: C 10.2; H 1.8; N 16.1; Fe 7.7. For
C¢HoFeNyOgRe,, calculated, %: C 94; H 1.2; N
16.5; Fe 7.3.
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Synthesis of Fe(NH,trz),(ReO,), (II). 2 mmol
(0.56 g) of FeSO, LITH,O (with 0.1 g of ascorbic
acid added) and 2 mmol (0.52 g) of Ba(NOs;),
were dissolved separately in 5 ml of water
under heating with water bath. Precipitation
of BaSO, was performed; the solution with the
precipitate was stored for 3 h. The BaSO, pre-
cipitate was filtered; an aqueous solution of
4 mmol (1.09 g) of ReO, and a solution of
12 mmol (1.014 g) of NHytrz in 5 ml of etha-
nol were added to the Fe(NOs;), solution. Im-
mediately after mixing, white precipitate was
formed; after cooling, it was filtered and
washed several times with water and ethanol.
The yield was 75 % of theoretical. Determined,
%: C 9.1; H 1.2; N 21.0; Fe 6.7. For
CgH,;FeN,,0gRe,, calculated, %: C 8.9; H 1.5
N 20.8; Fe 6.9.

Synthesis of Fe(Htrz),B,,H;, 04H,0 (III)
and Fe(NH,trz);B,,H,, [bH,0 (IV). In order to
transfer the poorly soluble salt of dodecahy-
dro-closo-dodecaborate(2-)triethylammonium
into solution, we mixed 3 mmol (1.02 g) of
[NH(C,H;)5],B;sH;, and 6.5 mmol (0.36 g) of
KOH in 10 ml of water, and heated the solu-
tion till complete removal of triethylamine. The
resulting K,B;,H;, solution was neutralized till
pH 7 by adding several drops of acetic acid
solution. 2 mmol (0.56 g) of FeSO, [(H,O (with
0.1 g of ascorbic acid added) was dissolved in 5
ml of HyO on heating with water bath. The
K,B,,H;, and FeSO, solutions were mixed; a
solution of 16 mmol of the ligand (1.10 g Htrz
or 1.34 g NH,trz) in 5 ml of ethanol was added.
After mixing the solutions, a white precipitate
was formed. It was treated similarly to the syn-
thesis of I. The yield was 70—80 % of theoret-
ical. For III, determined, %: C 14.9; H 59; N
25.4; Fe 12.2.. For C4HyFeN,O,B,,, calculated,
%: C 15.1; H 6.1; N 26.4; Fe 11.7. For IV, deter-
mined, %: C 15.8; H 5.2; N 30.5; Fe 11.3. For
C¢H;,FeN,,0;B,,, calculated, %: C 13.3; H 6.3;
N 31.1; Fe 10.3.

Elemental analysis for C, H, N was per-
formed with Carlo-Erba 1106 instrument at the
Laboratory of Microanalysis of the NIOCh,
SB RAS. X-ray phase analysis (XPA) was per-
formed with PHILIPS-PW1700 diffractometer
(CuK, radiation, Ni filter, scintillation detec-
tor, step 0.015°, 20 measurement range of 5 to
30 °C). Measurements were performed at room

temperature, silicon powder was used as an
external standard (o = 5.4309 A). Magnetic sus-
ceptibility of polycrystalline samples of com-
plexes was measured by Faraday procedure
within the temperature range of 78—400 K.
Effective magnetic moment (l,;) was calculat-
ed using the equation W, = 8XyT)Y? where
Xy is the molar magnetic susceptibility cor-
rected for diamagnetism. The heating (cooling)
rate within the ST region was ~0.2 K/min. When
examining magnetic properties of the samples
of complexes, removal of the crystallization
water was performed in vacuum till constant
mass. The diffuse reflection spectra (DRS) were
recorded at room temperature with Unicam
700 A spectrophotometer. The IR adsorption
spectra were recorded with Specord 75 IR spec-
trophotometer within the spectra region of
400-3600 cm ™! and with M-80 spectrophotom-
eter within the range of 200—400 cm™l The
curves of thermal analysis of the complexes
containing water were recorded with Paulic—
Paulic—Erday derivatograph in the air in quartz
crucibles. The heating rate was 2.5 °C/min, ref-
erence: Al,O,; weighed portion: 50 mg.

RESULTS AND DISCUSSION

The compounds of iron (II) were isolated
from water-ethanol solutions using a substan-
tial excess of the ligand (L : Fe = 6—8). This is
explained by the fact that at lower L : Fe ra-
tio, along with the main reaction products,
the compounds of different stoichiometry are
also isolated. The compounds I-III exhibit ther-
mochromism: on heating, the pink colour of I
changes for white; on cooling, the white co-
lour of II and III changes for pink; the colour
of complex IV within the temperature range
of 78—350 K remains white. The compounds
I-1V, similarly to the major part of iron (II)
complexes with 1,2,4-triazoles, synthesized ear-
lier, are stable for a long time when stored in
the air at room temperature.

The presence of crystallization water in the
complexes II and IV is confirmed by the IR
spectroscopic data (the region of 3400—3600 cm ™)
and elemental analysis. Water content was de-
termined using the data of thermal analysis.
The temperature of the start of mass loss on
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the TG curves of complexes is 50=70 °C. Ac-
cording to the XPA data, the compounds I-IV
are crystalline but poorly crystallized.
Magnetochemical investigation of compo-
unds I-TV showed that I-III possess ‘A, = °T,
ST (Fig. 1, a—c). It is noteworthy that, unlike
ITI, complex IV remains in the high-spin state
within the temperature range of 78-350 K,
though the difference between them is due
only to the amino group appearing in the posi-
tion 4 of 1,2 4-triazole. It is possible that the

J'll.'fs “B a
N ,r"'.?.
27 bd
293 Kl *
i b
1 »
4 ; ’
4 * ’
34 g 4 T342 K
,r" ¢
T Y S AY &
2 —* i
l_ l‘—.I’-.I‘._I—_—I."_I'_.;___I."_l--._l T T T T T
300 100 1580 200 250 300 350 T, K
U;-I’__- Hg h
TR
5 7
. 223 Kl
4 P T?%K
. .
e
34 o
.,MM"
2 T T T T T T T T T T T
5{) 100 150 200 250 T
“Lf’ “’B ¢
5_
239Kl .
4 &
13"
-
4 s o
=
(‘3 I.‘f(*:ﬂ' T T T T T T T
50 100 130 200 250 T, K
Her, Ug
P d
. PP
5.0 ,.-0-*"’F.ﬂ*4
i o«
4.5 T T T T T T T T T T T T
50 1(4) 150 200 250 ann T, K

Fig. 1. The p,g(T) dependence for complexes:
Fe(Htrz);(ReO,), (a), Fe(NH,trz);(ReO,), (b),
Fe(Htrz);B,,H,, (c) and Fe(NH,trz);B,,H;, (d).

TABLE 1

Temperatures of direct and reverse ST and the
width of hysteresis loop for complexes I, II, and for
dehydrated complex III

Compound T.t T\ AT,
Fe(Htrz);(ReOy), 342 293 49
Fe(NH,trz);(ReO,), 228 223 5
Fe(Htrz);B,,H,, 263 239 24

ST in IV occurs below 78 K (see Fig. 1, d).
Temperature points of the direct (T,1) and
reverse (T,!) transitions, as well as the width
of hysteresis loop (AT,) are shown in Table 1.
Attention should be paid to the fact that for
the complex I at the mentioned heating (cool-
ing) rate, the curve of Y, (T) dependence on
cooling passes substantially higher than the
curve obtained on heating.

Measurements performed after 18 h (for
example, point A in Fig. 1, a) showed that m,;
values decrease, and the curve of P (T) de-
pendence for cooling comes close to the curve
obtained for heating. This is likely to be ex-
plained by kinetic hindrance during the tran-
sition from high-spin (HS) form to low-spin (LS)
one in the low temperature region. Within the
row of complexes I-III, compound I is most
interesting since it is one more compound hav-
ing the high-temperature ST (T.t > 293 K).
The analysis of the characteristics of ST in
iron (II) complexes with Htrz and NH,trz shows
that they are substantially dependent on the
composition of the complex compound (CC),
which noticeably affects not only T. but also
the width of hysteresis loop. Similarly to the
previously investigated compounds, as a rule,
T.t of the complexes of Fe(II) with 1,2,4-tri-
azole are higher than T.t of Fe(Il) complexes
with 4-amino-1,2,4-triazole; in Fe(II) complex-
es with NH,trz, the transition is not so sharp as
in the CC with unsubstituted Htrz.

It should be noted that substantial residual
paramagnetism is observed in the compounds
IT and IIT at 78 K (see Fig. 1, b, ¢). The transi-
tions are rather sharp but not complete; the
curves of H, (T) dependencies point to sub-
stantial residual content of the HS forms of
complexes. The fraction of Feyg, calculated using
the equation oy = p% /p2(Feys) is 0.22 and
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TABLE 2

761

Basic vibrational frequencies in the IR spectra of complexes I-IV

Compound Ry cm V(N*-NH,), cm™! Absorption bands T, cm™! V(Fe—N), cm™!
of anions, ecm™!

Htrz 1530, 1540 640

Fe(Htrz),(ReO,), 1505, 1525 910, 291 625 302

Fe(Htrz);B,H,, 4H,0 1505, 1525 2470 620 263

atrz 1520, 1530 1190, 1205 610

Fe(atrz);(ReO,), 1540, 1550 1210, 1215 910, 291 615 251

Fe(atrz);B ,H,, 05H,0 1540, 1550 1210, 1215 2480 615 242, 251

0.37 for II and III, respectively; therefore, a
substantial part of iron (II) atoms dos not pass
into the LS state. A possible reason for large
Oyg can be the existence of two structurally
non-equivalent forms of complexes, one of
which does not take part in the ST process.
Such an example was discovered for the CC of
Fe(II) tetrafluoroborate with 1-methyltetrazole
of the composition [FeLg](BF,), [25].

The DRS of complex I exhibits one band
with A = 540 nm, which can be assigned to the
d—d transition '4; - !T, in the strong octahe-
dral distorted lignad field, FeNg centre. The
DRS of complexes II-IV contain one band
within the region of 850—900 nm, related to
the d—d transition °T, — °E in weak octahedral
distorted ligand field, which is characteristic
of high-spin complexes of Fe(II) with triazoles.

The IR spectra of complexes (Table 2) con-
tain the bands of mixed stretching and bend-
ing vibrations of triazole cycles within the re-
gion of 1510—1550 cm™ !, which are shifted by
10—15 em™! toward lower frequencies (for comp-
lexes with Htrz) or higher frequencies (for com-
plexes with NH,trz), compared to the positions
of these bands in the spectra of ligands. This is
the evidence of the coordination of nitrogen
atoms of Htrz and NH,trz cycles to metal [26].

The spectrum of Htrz in the region of 600—
700 cm™! contains two bands of torsion vibra-
tions of the ring: T; at 680 cm™ and T, at
650 cm™!. The spectra of complexes I and III
exhibit one band at 625 cm™! (Ty), which points
to bidentate bridging coordination of Htrz by
N,, N, atoms of the cycle (C,, symmetry) [11].

For making conclusions concerning the mode
of coordination of NH,trz, more informative

analysis is the one of the position of absorp-
tion band of the exocyclic bond V(N—N) of
this ligand. These bands are observed in the
spectra of II and IV complexes at 1210 and
1215 em™}, respectively, and are shifted to high-
er frequencies with respect to the spectrum of
non-coordinated NHytrz (a doublet 1190,
1205 cm™}). Such a shift also points to the Ny,
N, coordination of NH,trz [27].

Absorption bands of anions are observed in
the spectra of complexes; these bands are not
split, which is the evidence of the absence of
strong distortions of the symmetry of anions
and therefore confirms their outer-sphere po-
sition.

The spectrum of complex I in the region
of stretching vibrations metal — ligand (200—
400 cm™?) contains the band V(Fe—N) at 302 cm™%;
the spectra of compounds II-IV have a band
at 251 em™!. Such a position of V(Fe—N) is cha-
racteristic of the compounds of Fe(II) with
1,2,4-triazoles in which Fe(II) at room tempera-
ture is in low-spin (I) or high-spin (II-IV) state.

Taking into account the whole set of data
accumulated by us, including those obtained
in the present study, we can range the com-
pounds in the following rows of the depen-
dence of T.1, K on anion for dehydrated com-
pounds FeL,A, (n = 1,2): B,H% (263) < ClO;
(266) < Cl” (337) < ReOy (342) < NO; (355) <
SiF?™ (~380%) < BF, (397) for Fe(Htrz);A, and
NCS™(190) < ClOj (210) < ReOy (228) < SiFZ™ (254)
<17(280) < Br (312) < BF, (335) < NO; (342) <
C17(355) = SO3™ (355) for Fe(NH,trz);A,,

T, value is close to the temperature of the start of

the complex’s decomposition.
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CONCLUSION

Thus, representative rows of thermochrome
complexes of iron (II) with 1,2 4-triazole and
4-amino-1,2,4-triazole have been synthesized
by present. The changes in the colour of these
compounds depending on their composition is
observed within a broad temperature range,
including the region near and above room tem-
perature, which is promising for their practi-
cal application.
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