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Bridged Heterobimetallic Complexes with the
General Formula: [Cu(diamine),];]Cr(NCS)], - nH,O

by G. Wrzeszcz
Faculty of Chemistry, Nicolaus Copernicus University, Gagarina 7, 87-100 Torun, Poland
(Received January 20th, 2003, revised manuscript March 24th, 2003)

Four new thiocyanato bridged heteropolynuclear complexes with general formula
[Cu(diamine),];[Cr(NCS),],- nH,O, where diamine = N-ethylethylenediamine
(N-Et-en), N-isopropylethylenediamine (N-Pr[-en), N-methyl-1,3-propanediamine
(N-Me-tn), 1,3-diaminopentane (C-Et-tn), were prepared by treatment of corresponding
cationic [Cu(diamine),|?* complex with [Cr(NCS),]*~in aqueous solutions. Solid products
were formulated as [Cu(N-Et-en),]s{Cr(NCS)s]», [Cu(N-PIj-el’l)z]3[CI‘(NCS)@]Z -2H,0,
[Cu(N-Me-tn),]3[Cr(NCS)s]2 - H,O and [Cu(C-Et-tn),]3[Cr(NCS)s]2 - H2O and character-
ized by spectroscopic methods, magnetic measurements and thermal analysis. The for-
mation of end-to-end thiocyanato bridges between tetragonal Cu(Il) and octahedral
Cr(I1I) is evident from IR and electronic spectra. The EPR spectra measured at room tem-
perature on solid samples show broad, symmetric signal at g =2.01-2.03. Variable-tem-
perature magnetic susceptibility measurements reveal the presence of weak
antiferromagnetic interactions in [Cu(N—Pri-en)z]3[Cr(NCS)6]2 -2H,0 and
[Cu(C-Et-tn),]5[Cr(NCS)s]> - H,O. Thermal decomposition after dehydration is multi-
stage and yields CuO and CuCrO; as final products.

Key words: chromium(IIl), copper(Il), diamine, EPR, heteropolynuclear complexes,
magnetic properties, thiocyanato bridges

In recent years, heteropolynuclear complexes have been extensively studied in
response to an increased demand for the new optical, electrical and magnetic mate-
rials [1-4]. So far most attention has been devoted to cyano bridged complexes gene-
rated by hexacyanometalate [ 1-3,5-7], octacyanometalate [8,9], tetracyanometalate
[10] and nitroprusside [11] anions. Other researches especially on magnetic proper-
ties of heteropolynuclear complexes have been concerned with oxalato [12], oxamato
[13], both oxamido and nitrito [14], dicyanamido [15], etc., bridges. On the other
hand, the literature covering heteropolynuclear complexes with thiocyanato bridges
is much more scarce, although the variety of coordination modes of this anion makes
it absorbing for studies on connection between structure and magnetic behaviour. At
this time there are a few papers on both structure and magnetism of 4-NCS hetero-
polynuclear complexes [16—23]. This may be due to a difficulty in growing crystals
containing this bridging ligand. In one case moderate antiferromagnetic coupling be-
tween metal centres, Ni(II-SCN—Cr(III) (J = 20 cm ), has been observed [17]. In
the others, different bivalent or bi- with trivalent 3d group metals have been weakly
coupled ferromagnetically [18,19,23] or antiferromagnetically [16,20-22]. This
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weak character of the observed magnetic interactions is due to naturally structural re-
asons leading to a weak overlap between the involved magnetic orbitals. The large
volume of the thiocyanato anions is not without significance either. Apart from those
mentioned there have been characterized magnetic behaviour of several others
M(IT)—Cr(I1I), where M(II) = Cu, Ni and Co, compounds in the absence of structural
data [24-29]. Continuing our interest in polynuclear complexes with thiocyanato
ions as bridging ligands we now present syntheses of new four bimetallic complexes
e.g.: [Cu(N-Et-en),]5[Cr(NCS)s], (1), [Cu(N-Pr'-en),];[Cr(NCS)¢],-2H,0 (2),
[Cu(N-Me-tn),];[Cr(NCS)4]» -H,O (3) and [Cu(C-Et-tn), |;[Cr(NCS)4], - H,O (4). We
report their spectroscopic, magnetic and thermal properties.

EXPERIMENTAL

Materials: K;[Cr(NCS)s]-4H,O was synthesized as described in [30]. Other reagents used
N-ethylethylenediamine (98%), N-isopropylethylenediamine (98%), N-methyl-1,3-propanediamine
(98%), 1,3-diaminopentane (98%) purchased from Aldrich Chemical Company and H,SO4 (98%), H,O-»
(30%), NaOH, CuSO, -5H,0 purchased from POCh Gliwice were reagent grade and used without purifi-
cation.

Instrumentation: Analyses for C, H, N contents were carried out with a Perkin Elmer Analyzer Mo-
del 240. Copper content was determined using the AAS method. Chromium content was determined spec-
trophotometrically as CrO;” at A = 372 nm. Thermogravimetric analyses were performed with MOM
derivatograph type OD-102 under the following conditions: sample mass — 50 mg, sensitivity: DTA—1/5
or 1/3, DTG — 1/3, TG — 50 mg, heating rate — 5 K/min, temperature range 293—1273 K, the atmosphere
over the sample —air. IR spectra were recorded on a Perkin Elmer FT-IR 2000 spectrophotometer. Electro-
nic spectra were measured on a SPECORD M-40 (Carl Zeiss, Jena) spectrophotometer. Room temperatu-
re EPR spectra were recorded on an ESR Bruker Physik 418 S reflection type spectrometer. Magnetic
susceptibility was measured between 80-300 K by Faraday method. Powder diffractograms were recor-
ded with HZ64/A-2 DRON-1 diffractometer using CuK,, A = 0.1542 nm. The instrumentation details and
experimental conditions were described in previous papers [24,28].

Synthesis: All complexes were prepared using the similar procedure: the liquid appropriate diamine
(2 mmol) was slowly added to a 30 cm® of aqueous solution of CuSO,- 5H,0 (1mmol). During mixing a
violet or dark blue solution was formed. To this mixture, aqueous solution of K3[Cr(NCS)s]-4H,0 (0.67
mmol in 30 cm®) was added dropwise at room temperature. The resulting precipitate was collected by fil-
tration, washed with water and left to air dry. Only in the case of complex 2 smaller amounts of reagents
and water were used, keeping the same stoichiometry. The color and yields were: violet, 90% (1); violet,
86% (2); navy-blue, 88% (3) and navy-blue, 92% (4); respectively. All complexes are air stable and inso-
luble in water and common organic solvents. Elemental analysis confirmed the compositions.

RESULTS AND DISCUSSION

Spectroscopic properties: Selected IR data for complexes are summarized in Ta-
ble 1. The interest in the IR of the compounds lies mainly in the bands due to the NCS~
groups. The strong broad band at ~ 2085 cm ' with shoulder at the higher frequency
indicates the existence of the terminal and bridging thiocyanato groups. The lower
frequency band can be ascribed to non-bridging NCS™ groups and the higher frequ-
ency band is attributed to the bridging groups [31]. The appearance of new bands abo-



Table 1. Selected IR vibration bands of studied complexes, cm ™.

Complex (CN) »(CS) O(NCS) v(M-N) v(N-H) v(CH) O(NHy) O0(CH,) v(O-H)
K;[Cr(NCS)6] - 4H,0 2096vs 820vw 479s 360s, br - - - - 3430s, br
[Cu(N-Et-en),]s[Cr(NCS)s]> (1) 2136sh 817w 482s 364vs, br 3201s 2950m 1576s 1460m -
2089vs, br TTTw 3122s
668sh

[Cu(N-Pr'-en),]5[Cr(NCS)s]o - 2H,0  (2) 2135sh 792m 482s 365vs, br 3205s 2972s 1579s 1459s 3462m, br
2090vs, br 669w 3129s 2929m

[Cu(N-Me-tn),]5[Cr(NCS)s],- H,O  (3) 2139sh 796w 483s 360vs, br 3206m 2931m 1579m 1459m 3436m, br
2087vs, br masked 3131sh

[Cu(C-Et-tn), ]5[Cr(NCS)¢],- H,O (4) 2138sh 817w 480s 359vs, br 3221s 2959m 1576s 1459m 3442m, br
2086vs, br 670m 3125m 2926m

vs — very strong, s — strong, m — medium, w — weak, vw — very weak, br — broad, sh — shoulder.
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ut 670 cm ' assigned to ¥(CS) further confirms the bridging nature of NCS ions on
end-to-end mode [31]. The NCS™ bending vibration is observed in all analyzed spec-
tra as a strong band at ca. 480 cm™!.

FIR spectra show very broad band at ca. 360 cm ™', which consists of a few shoul-
ders due to superposition of bands arising from v(Cr—N) for both terminal and bridging
thiocynates and v(Cu—N(diamine)). In this region, spectra of Cu(Il)-Cr(III) system
exhibit also some bands below 300 cm . They can be assigned to the Cu—S stretching
vibrations [32]. However, this link is only tentative, because we cannot be sure that
these bands arise from deformation modes, i.e. chelate ring and out-of-plane
N-Cu—N deformations. On the other hand, v(Cu-S) bands are not observed at all,
when Cu-S bond is long as in Cu(en),(SCN), complex [33-35].

Table 2. Approximate positions of bands in electronic spectra.

Complex Position of bands [cm '] Assignments”
[Cu(N-Et-en),]5[Cr(NCS)]> (1) 14000sh d-d (Cu)
18800 d-d (Cu, Cr)
24000sh d-d (Cr)
30200 IL
37000 CT
41800 CT
[Cu(N-Pr'-en),J{{Cr(NCS)sL - 2H,0  (2) 13500sh d-d (Cu)
17500 d-d (Cu, Cr)
24000sh d-d (Cr)
30800 IL
35000sh CT
41100 CT
[Cu(N-Me-tn), 5[Cr(NCS)q).-H, O (3) 13900sh d-d (Cu)
18100 d-d (Cu, Cr)
24500sh d-d (Cr)
29900 IL
36000sh CT
41200 CT
[Cu(C-Et-tn),Jj{Cr(NCS)¢L- HO  (4) 14000sh d-d (Cu)
18100 d-d (Cu, Cr)
24000sh d-d (Cr)
32400 IL
37000 CT
42400 CT

9sh — shoulder, ”CT — charge transfer, IL — intra ligand.

The electronic spectra of complexes were measured in nujol mulls and their data are
listed in Table 2. In general all compounds absorb in a broad band in the 13000-19000
cm ' regions with a clear evidence of a shoulder on the low-frequency side. This result
indicates a superposition of Cr(IIl) and Cu(II) bands in this range. The band, which
exhibits maximum between 17800-18800 cm', was assigned to the *A,, = *T,,
Cr(III) transition. It overlaps with *B;, = “Bs, and °B 1 = *E, Cu(Il) transitions [36].
The position of this band is comparable to the one defined for octahedral
[Cr(NCS)s]* ion [36] and tetragonal Cu(diamine),X» complexes [37-39]. A shoulder
of the main band, occurring at ca. 14000 cm™', may be attributed to the *Big = >Ai,
Cu(Il) transition. The definite separation between copper(Il) d-d transitions is evi-
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dence of reduction of tetragonal distortion due to coordination of thiocyanato ions in
axial position by copper(Il) in heteropolynuclear complexes [37]. A similar effect
was observed for copper(Il) complexes with the same CuN,S, chromophore, eg.
Cu(NH3)4(SCN), [40] and Cu(en)2(SCN), [38]. In the later, however, this effect is
clearly seen only at low temperature spectrum. The second spin-allowed Ay, -
*T1¢(F) Cr(III) transition is weaker than the *A,; = Ty, transition and appears at
24000 cm ' as a weak band or shoulder. Intraligand transition of thiocyanato ions is
observed at ca. 30000 cm™'. Others bands observed in 35000-42400 cm ™' regions are
assigned to LMCT absorptions, according to the previous reports on the similar or pa-
rent compounds. Thus, the o(N) = Cu(II) and (NCS) - Cr(III) transitions occur at ca.
35000-40000 cm™! for Cu(II) bis(diamine) complexes [36] and at 42740 cm™! for
[Cr(NCS)s]* [41], respectively.

EPR and magnetic studies: The EPR line shape and width of solid state substan-
ces depend on the type and strength of interaction existing in the crystal lattice. EPR
spectra of complexes exhibit quasi-isotropic and very broad features with g =
2.012-2.032. Their peak-to-peak widths (AB,,,) and g-values are collected in Table 3.
The room temperature EPR spectrum of 2 is shown as example in Fig. 1. Such broad
lines are characteristic of systems with a great concentration of paramagnetic centers
and in the case of heteropolynuclear complexes, they have been reported not only for
thiocyanato bridged building blocks [24—28] but also for oxalato bridged ones [42].
In the Cu;Cr; polynuclear complexes the total number of unpaired electrons is odd.
Therefore, all electronic degeneracies could not be removed in a zero field and if re-
laxation time is not very short the system should be EPR active. Atroom temperature,
on the basis of Boltzmann’s distribution, ground state and most of the excited states
are thermally populated and the broad line can be considered to be caused by almost
all the coupling energy levels.

Table 3. EPR parameters for copper(Il)—chromium(III) complexes.

Complex Ziso AB,, [mT]
[Cu(M-Et-en), ,[Cr(NCS)], (1) 2.031 39
[Cu(M-Pr-en),]{Cr(NCS)sh 2H,0  (2) 2.032 40
[Cu(N-Me-tn), L[CrNCS)d, 'H,0  (3) 2,012 54
[Cu(C-Et-tn)]{Cr(NCS)eh- HO  (4) 2.018 28

Generally, copper(I1) bis-diamine complexes give axial or nearly axial EPR spec-
tra [40]. On the contrary, EPR spectrum of K3[Cr(NCS)¢]-4H20 complex shows
unsymmetrical line with g=1.995 and AB,, = 18 mT. So, it is clear that spectra of the
heteropolynuclear complexes studied are not the superposition of the spectra of pa-
rent Cu(II) and Cr(IIT) complexes. Therefore, interaction between metal ions exists
through thiocyanato bridges [43]. A more detailed analysis of the spectra is impossi-
ble due to the broadness of the signal.
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Figure 1. EPR spectrum of [Cu(N-Pr'-en),]5[Cr(NCS)g], - 2H,O (2) at room temperature (powder,
9.5625 GHz).

Table 4. Magnetic data for studied heterobimetallic complexes.

Kdia* 10° Curie constant Weiss Uerr ((B.M.)

Complex (em® mol™)  (cm’ mol-K) constant (K) RT/LNT
[Cu(N-Et-en),];[Cr(NCS)], (1) -897 4.76 - const.
6.20+0.03
[Cu(N-Pr-en),]{Cr(NCS)], -2H,0 (2) —994 4.95 -10 6.25/6.09
[Cu(N-Me-tn), 5[Cr(NCS)¢)2-H,O - (3) -910 5.21 - const
6.48=0.05
[Cu(C-Et-tn) J5Cr(NCS)sb- HO  (4) —981 5.06 -13 6.27/6.05

The molar susceptibilities were corrected for diamagnetism using Pascal’s con-
stants and temperature independent paramagnetism equal to 60X 10™° cm*mol for
copper(Il) ion. The effective magnetic moments were calculated from y . = 2.828
(5™ - T) "2 The temperature dependencies of magnetic susceptibilities obey the Cu-
rie-Weiss law, i.e. y i = C/ (T-0). The best fitted values of the Curie (C) and Weiss
constant (9) are given in Table 4. The [Cu(N-Pr’-en),Js[Cr(NCS)s]> - 2H,0 (2) and
[Cu(C-Et-tn), 5[ Cr(NCS)s > - H20 (4) complexes possess of negative Weiss constant,
whereas for others complexes Weiss constant are very close to 0, and the complexes
equally obey the Curie law. The room-temperature effective magnetic moments of
chromium(IIl)—copper(Il) heteropolynuclear complexes have approximately the
expected spin-only value for five noninteracting ions (with S=1/2,1/2,1/2,3/2,3/2),
which is 6.24 B.M. However, the negative value for 6 and the decrease in the effective
magnetic moment at liquid nitrogen temperature for 2 and 4 complexes may be caused
by a weak antiferromagnetic interaction between metal ions through thiocyanato
bridges [44]. Similar effect has been observed for Cu;Cr, thiocyanato bridged bime-
tallic complexes with N,N-diethylethylenediamine and 1,3-diaminopropane [25].
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Effective magnetic moments for others complexes are nearly constant down to liquid
nitrogen temperature and indicate that magnetic interactions in this temperature ran-

ge are negligible.

Thermal analysis: Results of thermal analysis are presented in Table 5. Thermal
decomposition curves of 1 is shown as example in Fig. 2.

Table 5. Results of thermal analysis, in air.

a) Weight loss
Complex ?f?:ctt Temperature [K] on TG [%] molleaciilecgfi'mal
T; T T¢ found caled. products
[Cu(N-Et-en),]s[Cr(NCS)]> (1) endo 448 493 533 8
exo 533 593 658 26
exo® 658 763 848 31
endo 898 978 1003 4
endo 1003 1053 1078 10
endo 1123 1173 1253 4 754 2CuCrO, + CuO
[Cu(MN-Pr-en),]{Cr(NCS)¢L-2H,0 (2) endo 308 353 408 2 22 2H,0
endo 408 433 478 3
endo 478 493 498 5
exo 498 593 643 27
exo” 643 773 898 24
endo 933 998 1023 5
endo 1023 1058 1093 7
endo 1178 1253 1273 4 772 2CuCrO, + CuO
[Cu(M-Me-tn),5[Cr(NCS)¢2-H,0 (3) endo 313 343 418 1 12 H,0
endo 418 463 488 3
endo 488 523 543 5
exo 543 623 728 36
exo” 728 768 848 9
endo 928 993 1008 4
endo 1008 1038 1068 10
endo 1148 1188 1233 3 757 2CuCrO;+ CuO
[Cu(C-Et-tn), 5 {[Cr(NCS)¢h- HO (4) endo 313 368 418 1 1.1 H,0
endo 423 453 473 2
endo 473 483 533 8
exo 523 588 668 29
exo® 668 753 858 20
endo 913 983 998 8
endo 998 1038 1053 6
endo 1153 1168 1253 3 769 2CuCrO,+ CuO

“T; — initial temperature, T, — maximum temperature, Ty — final temperature; ”strong effect.



852 G. Wrzeszcz

&M
[%]
TG
[}
™,
10
20
L ]
I
30 .'I |
™, | I
ap- DTG ("
hm"f“—h‘:\ ‘|:"- '."'I"l-'.lf'ﬂ.‘-.p"l“.- "hl- IIM":W.‘MF'"*-"_M'\
LA | !
50 AN AT ! Vi
vy "'“T " N by
" Vo |
B0 | | | Lf
70 DTA M N
b AN | i
LI b
80
T T T T T T T
373 573 773 a73 1173
T [K]

Figure 2. Thermal decomposition curves of [Cu(N-Et-en),]3[Cr(NCS)s]2 (1).

Dehydration starts at about 323 K. Water molecules are lost in a one step process,
which is connected with the dissociation of water molecules that are not bonded
directly to the metal ion butvia the hydrogen-bond network in the crystal lattice. The
dehydration has the characteristic DTG and DTA curves, which indicate that this pro-
cessis very slow because it is stretched over 100 K. Complex 1 melts at431 K with the
beginning of decomposition, whereas for others complexes decomposition occurs
immediately after dehydration. Decomposition is very similar for all studied chro-
mium(IIT)-copper(1I) heterometallic complexes and runs in a few separate steps. The
first two (or only one for 1) endothermic steps are probably connected with the loss
and/or decomposition of diamine ligands, according to the previous TG-FTIR study
on the similar [Ni(diamine), ];[ Cr(NCS)g], compounds [45]. In a subsequent exother-
mic step decomposition at the chromium center also takes place. The strong exother-
mic effect, observed for fourth step (third for 1), can be compared with the
K3[Cr(NCS)s] pyrolysis that occurs at somewhat lower temperature, 718 K, with a si-
milarly strong exothermic effect. As the samples 3 and 4 are heated to temperatures
over 800 K, the mass of the samples increases by ca. 0.5%. It is probably connected
with partial oxidation of previously formed S*" ions to SO, which was unambiguo-
usly stated for Cus[Cr(NCS)4] and Cd;[Cr(NCS)¢], - 8H,0 [46]. Further heating cau-
sed further gradual decrease in weight due to endothermal decomposition. It occurs in
three separate steps for 1-4 complexes. The temperature of total decomposition takes
place atca. 1250 K and finally leads to the mixtures of CuO and CuCrO; in 1:2 ratio,
which is evident from the analysis of TG curves and the final powder diffractograms.
The lines observed for final products correspond to those reported in Powder Diffrac-
tion File [47].
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CONCLUSIONS

The examination of the infrared spectra of obtained compounds support the hypo-
thesis of existence of both bridging and terminal thiocyanato ions and consequently
their heteropolynuclear structure. Although, superposition of Cu(Il) and Cr(I1I) d-d
bands occurs in the electronic absorption spectra, they agree well with tetragonal —
CuN,S, and octahedral — CrNg4 chromophores. The parameters determined from the
temperature dependence of magnetic susceptibility indicate weak antiferromagnetic in-
teractions in [Cu(N-Pr’-en), J;[Cr(NCS)],* 2H,0 (2) and [Cu(C-Et-tn),]5[Cr(NCS)], -
H,O (4), which can be transmitted through thiocyanato bridges. Other compounds such
as [Cu(N-Et-en):]3[Cr(NCS)¢]2 (1) and [Cu(N-Me-tn), 3[Cr(NCS)s]> - H20 (3) show
no net interaction in the measured temperature range, but this does not exclude exi-
stence of thiocyanato bridges [18, 20,21]. Studies down to liquid helium temperature
could give further light on these findings. The changes in the EPR spectra of obtained
complexes, compared to parent complexes, prove the interactions between Cr(I1I)
and Cu(Il) ions through bridging NCS ions. The exact structure is unknown. Ho-
wever, on the basis of the obtained results and recently reported [48], crystal structu-
res of similar composition of Cu;Cr, complexes with bridging cyanide ions, it is
possible to predict that 1-4 compounds have polynuclear structures, i.e. they consist of two
distinct ionic units, where one is cation, e.g. [(diamine), Cu-SCN-Cr(NCSuNCS-Cu(dia-
mine),]” and the other is anion, e.g. [(SCN)sCr-NCS-Cu(diamine),] . Tons can also form
one-dimensional (1D) polymeric chains, e.g. [{((diamine),Cu-SCN),Cr(NCS)4},]"" and
[{SCN-Cr(NCS),NCS-Cu(diamine),},]". Structures with higher dimensionalities, e.g.
2D or 3D are also possible [2].
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