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Synthesis of molecular ferromagnetics [R;R'’X]MCr(C,04);
(X =N, R =Bu", R =Pr, Et, Me; X = P, R = Ph,
R’ = Bu"; M = Mn, Fe, Co, Ni, Cu)
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The synthesis, IR spectra, and the temperatures of the transition into a ferromagnetic
state (7,) of layered ferromagnetics [R3R'X|MCr(C;04); (M = Mn, Fe, Co, Cu, and Ni)
with the [Ph;BuP}*, |BuyR’'N}* (R’ = Pr, Et, and Me) cations capable of subsequently
changing the distances between metallooxalate layers have been considered. The temperature
T, has been found to be independent of the size of the organic cation. It is believed that the

determining factors in the transition to a ferromagnetic state are exchange interactions inside
the metallooxalate layer.
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of the transition to a ferromagnetic state.

The metallooxalate complexes [BusN]MCr(ox)y (1)
(M2 = Mn?*, Fe?*, Co?*, Ni?*, and Cu?; ox =
C,04%7), which possess ferromagnetic properties, have
been recently synthesized.! This work evoked great in-
terest, and since then similar complexes have been
obtained in several research groups.?—5 The compounds
described! were isolated as polycrystalline samples, which
did not allow one to establish their structure.

We have obtained® single crystals of
[BugN}MnCr(ox); to elucidate in detail the structure of
complexes of this type. It is found that this compound
has a layered structure, in which bimetallic metalloox-
alate networks alternate with layers of organic cations.
This provides an ordered arrangement of the Mn2* and
Cr3* ions both in the metallooxalate layer and in the
direction perpendicular to the layers. This structure
made it possible to assume that the distance between the
metallooxalate layers exerts a substantial effect on the
character of the interplanar Mn2*—Cr3* exchange and,
hence, on the temperature of the transition of the
substance into a ferromagnetic state (7). The [BusN|*
cations are arranged in the structure of compound 1 in
such a way that three butyl substituents form an organic
layer and the fourth one “penetrates” the cavities of the
metallooxalate layer.®

The distance between the metallooxalate planes can
probably be changed by varying the length of the alkyl
substituent, which is present in the cavity of the metal-
looxalate layer. For this, we chose the [R;R'NJ* (R =
Buf; R’ = Pr?, Et, and Me) cations with different
lengths of the alky! chain R".

The purpose of the present work is to synthesize
metallooxalate [R3R'X]MCr(ox); compounds with
[Bu;R'NJ* and [Ph;BuP]* cations, which are capable
of subsequently changing the distance between the metal-
looxalate networks, and to study their ferromagnetic
properties.

Experimental

The salt K;Cr(ox)3*6H,0 was obtained according to a
known procedure.” The reagents FeSOy4 - 7TH,0, MnCl, - 4H,0,
Ni(NOj), - 6H,0, Cu(NOj3), - 3H,0 (chemically pure grade),
Co(NO3), - 6H,0 (pure grade), and BusMeNBr (Fluka) were
used without additional purification; Ph;BuPBr (pure grade)
was recrystallized from methanol and ether; Bu;EtNI and
Bu;PrNBr were synthesized by the standard procedure by the
alkylation of tri(n-butyl)amine with the corresponding alkyl
halide in methano! and recrystallized from methanol and
ether.

Synthesis of [R;R'X]MCr(ox); salts. A solution of organic
cation halide (1.1 mmol) in water (Ph;BuPBr in 20 mL and
Bu3PrNBrin 5 mL of water) or in methanol (2.5 mL, Bu;EtNI
and BuyMeNBr) was added to a mixture obtained by pouring a
solution of K3Cr(ox);-3H;0 (1 mmol) in H,0 (6 mL) and a
saturated aqueous solution of the salt of the corresponding
bivalent metal (I mmol) in an Ar atmosphere at ~20 °C. After
30 min, the precipitate that formed was filtered off. If no
precipitate was formed immediately, the reaction mixture was
kept at +5 °C for several hours or several days. The precipi-
tates were washed with water or (when the reaction was carried
out in a water—methanol solution) with a MeOH—H,0 (1 : 2)
mixture and dried in vacuo. The conditions of the synthesis
and the results of elemental analysis of the compounds ob-
tained are presented in Table |.
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Table 1. Conditions for the synthesis of [R;R’X]MCr(ox);
compounds and elemental analysis data

MU Conditions of forma- Yield Found (%)
tion of the precipitate (%) Calculated
t/h T/°C C H N
[Ph;BuPIMCr(ox),
Mn 0.5 5 86 48.70 3.83
48.70 348
Fe 6 5 58 48.09  3.88
48.60 3.47
Ni I5 -15 4833 352
48 5 34 48.42 3.46
Cu 0.5 17 85 4825 368
48.10  3.44
Co 0.5 5 60 4849 162
4842  3.46
[BuyPrNIMCr(ox);
Mn 0.5 17 15 4213 598 2.80
4235 568 234
Fe 48 5 12 41,72 S13 235
4200 567 233
Ni 15 —15 4100 560 233
72 5 21 41.81 564 232
Co 48 S 12 41.91 338 226
4180 564 232
Cu 0.5 17 67 40.67 607 270
41.48 560 230
[Bu3EtN]MCr(ox);
Mn 3 5 ] 41,18 546 244
41.03 547 239
Fe 48 5 44 4025 544 261
4095 546 238
Co 3 5 8 39.77 555 149
40.75 543 238
Ni 24 5 7 4001 534 243
40.77 544 238
{BusMeNIMCr(ox)s
Mn 0.5 17 20 3999 533 220
3993 525 245
Fe 24 5 23 3944 310 275
3986 524 245
Ni 24 5 14 3933 523 249
3967 522 245
Co 0.5 17 51 39.83 508 234
39.66 5.22 244
Cu 24 5 42 39.59 508 235
39.34 5.18 242

IR spectra of the compounds synthesized were recorded on
a Specord 75 IR spectrophotometer. Since the IR spectra of
all {R3R"X|MCr(ox); salts are very similar, we present here
the IR spectrum of {BuyMeN]MnCr(ox); as an example. This
spectrum includes the following components: (1) the spectrum
of the anion [MnCr(ox)s|~ (KBr), v/ecm™!: 1630, 1430
(va(C=0), v(C=0)); 1295, 905 (v(C=0) + &(OCO)); 815,

800 (5(OCO) + v(MnO)); 540, 475, 420 (v(MnO) + vw(CC),
5 of the ring + §(0CO), v(MnO) + § of the ring):3 (2) the
spectrum of the cation [BusMeN|*, v/cm™!: 2965, 2935, 2870
(vas(Me), vi(CHy), v(Me)); 1455, 1450, 1335 (5,4(Me),
3(CH,), §(Me)).?

Resuits and Discussion

The general method for the synthesis of the
[R3R"X]MCr(ox); complexes is to mix aqueous solu-
tions of K;Cr(ox),* 3H,0, metal(it) salt, and tetraalkyl-
ammonium salt, as has been described previously! for
the [BuyN]MCr(ox); complex. It can be assumed that
the first stage in the aggregation is the association of the
[Cr(ox);]3~ anion with an organic cation followed by the
binding of the "blocks” formed through metal(i1) cations
to form networks. This assumption is based on the fact
that in the structure of the [BusN]MnCr(ox); ¢ and
[PhyP]MnCr(ox); 3 salts of the equilibrium positions
above Crl!! and Mn!! atoms, organic cations occupy
only positions above Cri!! atoms.

Obviously, this explains that the time of formation
and the yield of the product [R3R "X]MCr(ox); depend
on the nature of both the [R3R’X]* cation and the
metal(11). On the whole, the salts with the [R;R’X]*
cations precipitate less than [BuyN]*-containing com-
pounds. The reaction mixture must be cooled down to
5 °C, sometimes for a long time (from several hours to
several days), to isolate the reaction products. This
makes it possible to obtain the [Ph;BuP}MCr(ox),
compounds in higher yields than the salts containing
the [BuyN]* cation (¢f. Ref. 1). The attempts to isolate
the compounds with [BujEtN}]* and [Bu;MeN}*
cations from aqueous solutions failed. Crystals of
K4[Cr(ox);][Mn(OH);4lg 2sH;O are formed when metha-
nol is added to these aqueous solutions as they cool.

Metallooxalate complexes [BujEtN]MCr(ox); and
[Bu;MeN]MCr(ox); were obtained by mixing aqueous
solutions of K;Cr(ox);* 3H,0 and the metal(11) salt with
methanol solutions of halides of the corresponding or-
ganic cations.

It has been established that for the same organic
cation complexes form most rapidly (see Table 1) in the
case of Cu- and Mn-containing chromooxalates, a some-
what longer time is required for Co- and Fe-containing
compounds, and the formation of Ni-chromooxalates is
most difficult. According to the published data,! the
yield of [BusN]NiCr(ox); is 6%. We found that the
Ni-containing compounds {R;R “X]NiCr(ox); with non-
symmetric Bu;PrN* and BuPh;P* cations can be iso-
lated in 20—35% yields if the reaction mixture is kept
for 10—15 h at =15 °C and then for 2—3 days at
+5 °C.

The use of iodides of alkylammonium salts, in par-
ticular, BusEtNI, for the preparation of Cu-contain-
ing chromooxalates results in a reaction product
{Bu;EtN]CuCr(ox); that contains up to 35% Cul formed
by the reduction of Cu'! with the iodide anion. The
similar "contaminated” sample also undergoes a ferro-
magnetic transition (Table 2).
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Table 2. Temperatures of transition to the ferromagnetic state (7./K) for [R3R "X]MCr(ox),

compotunds

MU [BusMeNj*  [Bu;EIN]*  [BugPeN|*  [BugN]*Y  [PhyBuP|*  [PryN}*
Mn 6.3 6.4 6.5 6 6 6.4
Cu 8 7 7.2 7 6

Fe 10 12 10 12 1t 10

Co 15 12 10 10 5

Ni 12—18 19.6 14 18 I 18

The IR spectra of the [R;R"X]MCr(ox); salts are the
superposition of the spectra of the cations and anions. The
spectra of the [MCr(ox);]™ anions for M = Mn, Fe, Cu,
Co, and Ni are identical in the number of bands and their
relative intensity. No unambiguous effect of the nature of
the metal on the frequencies and intensities of vibrations
in the bimetallic oxalate networks is observed. Since there
are only two absorption bands corresponding to the anti-
symmetric and symmetric stretching vibrations of the

[—C(O:}‘ group, it can be concluded that all C=0

bonds oPthc oxalate bridges are equivalent. The effect of
the metallooxalate network manifests itself as a restriction
of the amplitudes of the stretching vibrations: v, (C=0)
shifts to 1630 cm™, and vy(C=0) and (vy(C=0) +
85(0OCO)) increase to 1430 and 1290 cm™!, respectively.
In the low-frequency region, the absorption band of the
mixed vibration caused by the stretching vibration of the
M~—0 bond and the deformation of the ring shifts mono-
tonically from 405 to 430 cm™! in the following order:
Fe, Mn, Co, Cu, Ni. It is evident that the equilibrium
MO distance becomes shorter in the same order. The
scatter of the frequencies of the other low-frequency
vibrations, whose shapes are also noncharacteristic, is
chaotic within 5 cm™!.

The spectra of the [BusR'N]* (R = Me, Et, Pr,
and Bu) and (Ph;BuP|* cations are also identical.
No effect of the chain length of the alkyl substituent
was observed. The broadening of the absorption bands of
the stretching vibrations of the Me and CH, groups at
2965, 2935, and 2970 cm™! compared to the similar
vibrations in the salts [R;R "X]Hal should be mentioned.
This is related to the possibility of conformational tran-
sitions in the aliphatic chains of the cations, because the
arrangement of the latter in the organic layer is not
compact.®

For all compounds obtained, the temperature de-
pendences of the magnetic susceptibility with alternating
current (x,.) were studied using methods similar to the
one described previously.! The temperatures of the tran-
sition to the ferromagnetic state determined by the
position of the maximum are presented in Table 2. As can
be seen from the data of Table 2, for Mn*- and
Cu?*-containing chromooxalates, whose T, are very low
(6 and 7 K for the salts with BugN™*, respectively), the
temperature of the transition remains unchanged within
the experimental error. In the case of Fe2*- Co?*-, and
Ni2*-containing chromooxalates, for which high values of
the intralayer hyperexchange parameters and, hence,

higher 7, were expected, no dependence of T on the size
of a cation was revealed.

The absence of this dependence may mean that
either the contribution of interplanar exchange interac-
tions is rather weak, or the asymmetric [R'R;X]" cat-
ions in the structure of [R3;R"X]MCr(ox); are disor-
dered; therefore, the shortening of one alkyl group does
not result in a decrease in the interlayer distances in the
structure, and these distances are almost the same as
those for the salt [BuyNJMnCr(ox);.% Therefore, we
synthesized the [PryN]MCr(ox); compounds (M = Mn,
Fe, and Ni) with the symmetric [Pry;N]* cation, whose
size is less than that of {BuyN]*. The shortening of the
interlayer distances was expected a fortiori for the {PryN]*
cations. However, no increase in T is observed in this
case as well (see Table 2). Thus, it can be assumed that
the T, values for the synthesized compounds with differ-
ent organic cations are determined rather by differences
in the geometry of the exchange bonds inside the layer
than by the interlayer M—Cr distances.
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