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Abstract

A new method for the synthesis of various typesagper(ll) formates with Cu(N£x-3H,O and formic acid,
orthorhombic §) and monoclinic £) modifications of anhydrous copper(ll) formate, agell as
Cu(HCOO)»2H,0O and Cu(HCOQ)4H,0. The identity of the obtained compounds was cordd by X-ray
phase analysis, optical microscopy and thermogratvimmethods. It was shown that Cu(HCQ@@h,0O can be
used as a precursor for producing copper powdelts pdrticle size of the order of 150 nm. The resolt
investigation of vibration and absorption spectra @andf modifications of anhydrous copper(ll) formate are
presented. Their magnetic behavior in the temperatoterval 2-300 K was estimated, and comparative
analysis of magnetic properties was carried oustiprinciple calculations of electronic band stuie for
anhydrousa and modifications were performed. The results obtaic@gespond to experimentally observed
structural instability ofCu(HCOO), fundamental absorption edge enhancement du@ngitron froma to 5
modification, and low-temperature ferromagneticepnag in a-Cu(HCOO). Simulation forS modification is
indicative of antiferromagnetic ordering of magnetnoments inside chains formed by copper-oxygen
octahedra.

Keywords. formate, copper(ll), UV-Vis-NIR spectra, IR spectranagnetic properties, first-principle
calculations
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Introduction

Much attention was focused recently on bivalent peofll) formates of the general composition
Cu(HCOOY»nH,O (n = 0, 2, 4) due to the prospects of their aapion as precursors in technologies for
producing different functional materials, for exdepmolecular magnets — perovskite-like organontietal
compounds with framework structure, complex oxiddsadispersed copper powders, films, profile ects,
deposited catalysts, metalloorganic inks and pohisr@mposite materials for various electronic dewgi [1-
16,17]. The wide range of promising practical amdions of copper(ll) formates is determined byirthe
pronounced ability to transform into metal @Con heating in inert gaseous atmosphere withoumdtion of
impurities of organic polymers and elementary carfid,12,18-21] which is typical for compounds agtter
carboxylic acids, for example, succinate, malette[22-26]. The development of methods for thetlsgsis of
copper nanoparticles with controllable dimensi@mspe and surface properties is of much importtoradeir
application in various fields of nanotechnology wheold, silver and platinum nanoparticles are aalye
traditionally used at present [27,28]. Besides,pesfll) formates themselves are known to possdssesting
magnetic and dielectric properties [18, 29-33].sendly, Cu(HCOQ) [30, 32], Cu(HCOO)2H,O [34-36],
Cu(HCOO)4H,0 [31,37-39] have been fairly well studied and diésal in the scientific literature. Anhydrous
copper(ll) formate exists in three structural mmgifions, among which-Cu(HCOOQO) (orthorhombic) ang-
Cu(HCOO) (monoclinic) [19, 32, 33] are stable under usuahditions. Considering the importance of
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copper(ll) formates as reagents and functional nadse effective approaches to their synthesis l@ing
actively developed. Currently, the familiar syntBemethods are based on the interaction of forroid with
CuO, Cu(OH) and Cuy(OH),CO; in aqueous medium [11,18-21,31-39]. Most of thesethods are
complicated multistage processes aimed at syntloésisspecific compound by selecting a copper-aning
precursor, formic acid concentration, reaction megiconditions of reagents interaction and cryiggtion of
products. Poorly crystallized anhydrous coppeff@iimate can be also produced in the form of monacf
modification by dehydration of Cu(HCO&JH,0 [32,39]. In our work we have developed and im@atad a
universal and technologically simple method for menll) formate synthesis allowing-Cu(HCOO), p-
Cu(HCOO), Cu(HCOO)2H,0O and Cu(HCOQ)4H,O to be obtained. For the purpose of chemical and
structural identification and research of physi@roital properties of compounds synthesized by éveldped
technology, we employed X-ray diffraction (XPA),tmal and electron microscopy, thermogravimetry @©T
and TG analysis), vibration and absorption specwpyg, and magnetometry methods. The experimental
results of magnetic properties investigations weoenpared with the first-principles calculation data
The primary focus was on the examination of anhydrmodifications of copper(ll) formate as the most
stable ones under real conditions.

Experiment technique

1. Synthesis

The process simplicity and universal characterhaf tleveloped method for the synthesis of copper(ll)
formates are provided by the use of Cugy@H,O as a source of copper(ll), which is highly sokiin
formic acid at room temperature irrespective ofcésmcentration. The interaction of reagents is dbsed

by the following reactions:

CUu(NG;s)2:3H,0 + 2HCOOH = Cu(HCOQ)*+ 2NG, + 1/2G + 4H,0 (1)

Cu(NGs)2:3H,0 + 7THCOOH = Cu(HCOQ)}+ N, + 5CO, + 5H,0 (2)

Reaction (1) proceeds with the use of concentrdtediic acid, it begins spontaneously at room
temperature and is accompanied by strong heatipgtgu~100°C) and intensive emission of brown
vapors of nitrogen dioxide. The interaction accogdio reaction (2) takes place with weak heating of
copper(ll) nitrate solution in diluted formic acithe major part of which is used to reduce nitiateto
molecular nitrogen by reaction [40]:

2HNQO; + SHCOOH-N; + 5CO; + 6H,O 3)

Considering the probabilities of reactions (1 afdn2the system copper nitrate — formic acid, tbkofving
options of copper(ll) formates synthesis were psagb

Synthesis of monoclinig modification of anhydrous copper(ll) formate. Avpaer of copper nitrate of
the composition Cu(N§»-3H,0 in the amount of 2.5 g was dissolved in 3.0 md@{7% formic acid HCOOH
at room temperature. The interaction begins speatasly after dissolution of nitrate and is accongarby
strong heating and formation of blue crystals, vehisray diffraction patternKig. 1S) corresponds tg-
Cu(HCOO) with lattice parametersa = 8.1998(8),b = 7.9337(7),c = 3.6266(2) Ap = 122.17(19, V =
199.71 A. Under the microscopg-Cu(HCOO) crystals are observed mainly as oblique extendepwith
refractive indices: Ng = 1.722, Nm = 1.681, Np 63D.

Synthesis of orthorhombie: modification of anhydrous copper(ll) formate. 2¢ of copper nitrate
Cu(NGs)2-3H,O powder were dissolved in 3.0 ml of 99.7% formetdaHCOOH at room temperaturg-
Cu(HCOO) crystals were formed whereupon 1 ml of distilleatev was added and heated af@Quntil blue
color of the deposit changed to dark blue, whiatoading to XPA dataKig. 2S) was due to the formation of
orthorhombic o modification of anhydrous copper formate with i@t parametersa = 14.203(1),b =
8.9441(8)c = 6.2305(7) AV = 791.48 R. Under the microscope, dark blue crystals in drenfof needles and
elongated plates with refractive indices: Ng = 9,68m = 1.643, Np = 1.597 were observed. Synthafsis
Cu(HCOO)} without passing through the stagefe€u(HCOO) formation is possible, for example, by mixing
Cu(NGs),-3H,0 with 70% formic acid and heating the mixture G8®°C.

Synthesis of monoclinic modification of copper(fidrmate dihydrate. Copper nitrate Cu(N£BH.O
powder taken in the amount of 2.5 g was dissolneali ml of 20% formic acid HCOOH at a temperaturé®
°C. The solution was evaporated until a greenisk-lleposit was formed, which was separated by vacuumn
filtration, dried at room temperature and placed i#n airtight vessel for storage. According to X&aa Fig.
3S), a monoclinic modification of copper formate diet composition Cu(HCO®P2H,O with Iattice
parametersa = 8.5190(8),b = 7.1346(7),c = 9.439(1) A, = 96.91(2, V = 569.53 R is formed.
Cu(HCOO)2H,0 crystals have a form of hexagonal plates withagtive indices: Ng = 1.591, Nm = 1.540,
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Np = 1.518. The color g#-Cu(HCOO}, a-Cu(HCOO) and Cu(HCOQG)2H,0 powders is demonstrated in the
photographic images iRig. 4S.

Synthesis of monoclinic _modification of copper(lformate tetrahydrate. 2.5 g of copper nitrate
Cu(NGs),-3H,0 were dissolved in 50 ml of 20% formic acid HCO@H50°C. The produced solution was kept
open at room temperature until large light bluestals were depositedrig. 5S). According to XPA data, in
this case a monoclinic modification of copper(ibyrhate of the composition Cu(HCO)H,O with lattice
parametersa = 8.1480(9)b = 8.1318(9)c = 6.3053(7) A = 100.79(2), V = 410.39 R is formed.

2. Instrumentation

The phase analysis of the precursors and the pi®ddicheir thermolysis was carried out with the wd a
POLAM S-112 polarizing microscope in transmittedhli (the refractive indices were determined by the
immersion method at room temperature) and a STARWBMatic X-ray powder diffractometer (STOE,
Germany) in Culg-radiation using the powder diffraction file PDF(ECDD Release 2016). The thermal
analysis was performed on a SETARAM Setsys Evatutieermoanalyzer during heating in air with a rafte
10 °CGmin™. The morphological features were examined usirgy sbanning electron microscopy (SEM)
method on a JEOLJSM 6390 LA microscope (magnifcafiactor 5-300000, resolving power 3.0 nm at 20
kV). The IR spectra were collected on a VertexBU-burier spectrometer (Bruker) in the intervall600-400
cm™ from powder-like samples palletized with Csl. |pestra in the 4000-366m™ range were recorded on a
Vertex 80 (Bruker) spectrometer using MVP-Pro ATBcAssory with diamond crystal (Harrick). The UV-Vis
NIR spectra were recorded in the interval 190-18600n a UV-2600 (Shimadzu) spectrometer using BaSO
as standard. The magnetic properties were studied fpowder sample with the use of a vibrating damp
magnetometer VSM-5T (Cryogenic Ltd.). The tempewmtdependences of DC magnetizatiyh were
measured in the temperature interval from 2 toB0The magnetization curves were measured at 2d380

K in magnetic fieldsto 5 T.

Results and discussion

1. Experimental results and discussion

The data of thermogravimetric analysis of two migdiions of anhydrous copper(ll) formate and dehielare
presented in Figs. 1-3 as TG and DTA curves. Thedeeomposition ot:-Cu(HCOO) ands-Cu(HCOO) is

an exothermic process as evidenced by the maxintheo®DTA curves (Figs. 1 and 2). The mass lossef t
samples heated in air to 500 is estimated from the TG curves to be 48.26%. (Ejgand 48.04% (Fig. 2),
which corresponds to the calculated value 48.199giged that copper(ll) oxide CuO is formed. The slass

in the minimum points on the TG curves at 223 aBf % (~Am = 54 %) corresponds to the formation of
copper(l) oxide CyO during decomposition ofi- and f-Cu(HCOO) (Am = 53.40 %), whose oxidation
determines the samples’ mass enhancement withefurtbrease in temperature.

The formation of crystalline hydrate Cu(HCQQH.O is confirmed by the TG and DTA curves (Fig. 3heT
mass loss of the sample at 1%ZDis 18.53 mass%, which corresponds to the estirddéa Am = 18.99 %)
provided that two moles of J@ are removed. The decomposition of the dehydratroduct also proceeds with
heat release and according to mass-spectrometryidatcompanied by isolation of® and CQ (Fig. 3). The
thermal properties of copper(ll) formate tetrahyelnaere not studied by DTA and TG methods becabtigs o
extremely low stability in ambient conditions: thi®mpound decomposes into Cu(HCQ@eh,O and p-
Cu(HCOO) already at room temperature during preparatiomhéncause of time, a light blue deposit of small
S-Cu(HCOO) crystals is formed on the surface of large crgs@i(HCOO)4H,0 due to their exposure in an
open vessel. According to XPA datkid. 6S), upon one day exposure in an open vessel the lsaofp
Cu(HCOO)-4H,0 contains 50.9 mass% of initial phase, 38.3 masis@u(HCOO)-2H,0 and 10.8 mass% of
B-Cu(HCOO). However, on heating to 50C the mass loss of freshly prepared Cu(HC&PRLO sample is
64.12 mass%, which agrees well with the estimatgd ¢m = 64.73 mass%) for its decomposition with the
formation of copper oxide CuO. According to earlsudies [38], the water lass for Cu(HCQ@M.O
corresponds to four 40 molecules per formula unit and proceeds in oageswithout intermediate formation
of dehydrate during both isothermal dehydratio®@tC and continuous heating to 1X0, when anhydrous
monoclinicf modification of copper(ll) formate is formed. Gretother hand, the authors of work [41] showed
with the use of thermogravimetric and X-ray phasalysis methods that the process of dehydration of
Cu(HCOO)4H,O during heating in air takes place in two stagegh wsuccessive formation of
Cu(HCOO»2H,0 ands-Cu(HCOO).
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Fig. 1. TG and DTA curves far-Cu(HCOO).
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Fig. 3. TG, DTA curves and mass-spectrometry dat&€t(HCOO)-2H,0.

Thus, all the synthesized copper(ll) formates eapsformed into CuO during heating in air to 500at a rate

of 10°C/min. The minima observed on the TG curves areagyarently to the formation of copper in the form
of oxide CyO and metal Cl[26], whose transformation into CuO correspondsetthancement and
stabilization of the sample mass at temperaturesead00 € (Figs. 1-3). According to data of works [11, 18-
21], Cu(HCOO) decomposes with the formation of elemental cogpeheating in inert gaseous atmosphere.
The process occurs at low temperatures and is gmaed by release of HCO and CQ creating conditions
for preserving copper in the form of metal [7,20igure 4 displays the photographic images of
Cu(HCOO})4H,0 crystal and aggregates CuO and @umed as a result of its decomposition at 200n air
and in helium atmosphere, respectively. It is st the aggregates of thermolysis products, itespi
dramatic changes in the composition, preserve pipearance of CuHCO@3H,O crystal. The SEM images
in Fig. 5 demonstrate that the aggregates of tbdymts of Cu(HCOQXH,O thermolysis in air and in helium
atmosphere actually have a loose internal struetmdeconsist of CuO (Fig. 5a) and°GHig. 5b) particles with
average size of about 150 nm. These aggregatdy dasompose into constituent particles on exposore
mechanical action or ultrasound. Figure 6 shows niwephology of the aggregates of the products:-of
Cu(HCOO) thermolysis in air and in helium atmosphere at 400 In this case, the decomposition of
anhydrous copper(ll) formate gives rise to moresdeaggregates built of CuO (Fig. 6a) and (kig. 6b)
nanoparticles.
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Fig. 4. Photographic images of freshly preparedstaty CuHCOOy4H,O (a) and the products of its
thermolysis in air (b) and in helium atmosphereatc300°
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Fig. 5. SEM images of the morphology of the produat Cu(HCOO)4H,0O thermolysis in air (a) and in
helium atmosphere (b) at 460.
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Fig. 6. SEM images of the morphology of the produmito-Cu(HCOO) thermolysis in air (a) and in helium
atmosphere (b) at 40C.



As seen from Fig. 7 and Table 1, the IR spectrahef orthorhombic ) and monoclinic £) structural
modifications of anhydrous copper(ll) formate aimaikar. The differences are in the splitting of setpands
into two components in the IR spectrumes€Cu(HCOO). The absorption bands observed in the IR speétra o
the compounds are typical of metal-coordinatedH&@0OO [42]. A very intensive absorption band split into
two components, 1606 and 1555 s responsible for the asymmetric stretchingations of C-O bonds of
OCO group in the IR spectrum afCu(HCOO). Analogous vibrations of C-O bonds in the IR spgut of -
Cu(HCOO) are characterized by a very intensive band at 366 A very intensive narrow band at 1396
(shoulder), 1361 cth(a) and 1367 cm (B) is responsible for the symmetric stretching Viilras of C-O bonds
of OCO group. The stretching vibrations of C-H bemdanifest themselves as a weak broad band splitwo
components, 2998, 2925 ¢nfa) and 3000, 2924 cth(p). A very weak band with absorption maximum at
1052 cni () and 1063 cil (B) is responsible for the bending vibrations of Géhds. The narrow band of
medium intensity at 819 cM(a), 821 cni* (8) is due to the scissors vibrations of OCO [42]e Hands with
absorption maxima at 436, 399 ¢ia)) and 426 crit () can be attributed to the stretching vibration€afO
bonds [35,43]. The broad weak band at ~3500" @hserved on the IR spectra (Fig. 7) is relatedht®
stretching vibrations of O-H bonds of sorbegOHmMolecules. This is confirmed by the fact thas thand is
absent on the IR (ATR) spectii@g. 7S, Table 15).

1

,\ nk
[l

Transmittans, %

I T I T [
3000 2000 1000
Vv, cm?

Fig. 7. IR spectra ai-Cu(HCOO)} (1) ands-Cu(HCOO) (2).

Table 1. Assignment of bands in IR spectra ahdf modifications of Cu(HCOQ)

a-Cu(HCOO) S-Cu(HCOO) Assignment

2998 3000 v C-H
292t 292¢
1606 1566 VasCOO
1555

1396 (sh.) 1367 vs COO
1361
1052 1063 0 C-H
819 821 0 OCO
436 426 v Cu-O
399




Absorbance, a.u.

E, eV
Fig. 8. UV-Vis-NIR spectra ai-Cu(HCOO) (1) ands-Cu(HCOO) (2).

The absorption spectra of anhydrous copper(ll) &aarsamples were studied in UV, visible and NIRyesn
(Fig. 8). In octahedral crystal field, the mainagtenic state for Cif (d° (°D)) is tye,’, which agrees with the
term“Eg. The ternfT, corresponds to the excited electronic stafe,f [44]. In the octahedral crystal field of
the f-Cu(HCOO) there is only one electron transitiaﬁg—>2ng for CU**, which is observed in the absorption
spectrum at 1.77 eV. Distortion of octahedron (lmngation or compression) leads to tetragonal syinyme
The ground stat%Eg is split due to the Jahn-Teller effect if&y, (becomes the ground state) &Adg states in
tetragonal symmetry, which leads to symmetry reédandior Cu ™ ion. The excited terrﬁng Is split intoszgJ
and’Eg states. In the absorption spectrum of the dnthrobic phase:-Cu(HCOOY), in whose structure the
copper atoms are located in tetragonal pyramidss@8@, the bands typical of Gliare registered: the band at
1.86 eV corresponds f@,,—°E, transition and the band at 1.48 eV Ba,—°B,, transition. The values of
the charge-transfer absorption band edge are 3féreCu(HCOO) and 3.9 eV fop-Cu(HCOO).

The magnetic properties of anhydrous copper fornm@ee long attracted the attention of researchers i
connection with the problems of low-temperature neigm and magnetic transitions in simple metahoig
structures. It was shown [30] thatCu(HCOO) above 20 K is a paramagnetic compound with Cuiestant

C = 0.438 and magnetic moment per copperuon 1.87ug. The paramagnetic Curie temperat@réWeiss
constant), was evaluated as 9.8 K, indicative ééreomagnetic transition. As distinct from thephase -
Cu(HCOO) is ordered at a higher temperature (30.4 K), arttie ordered phase it exhibits a state attribtged
weak ferromagnetism [32]. Our studies of thends modifications of anhydrous copper(ll) formate ¢oned
that their magnetic behaviors differ consideraldfyom Fig. 9 it is seen thai-Cu(HCOO) at = 8.5 K
undergoes a ferromagnetic ordering, the magnatizagjrows at this temperature by several orders of
magnitude. The magnetization curve measured atr@akhes saturation in the field of 0.1 T. Extrapotaof
the saturation area to zero field makes it possildetermine the magnetic moment value per copperit is
1.1 pg, which confirms the conclusion about the ferromegncharacter of ordering in this phase [32,45],
however, it is much lower than that obtained irsthevorks at 5 and 7 K. From Fig. 9 it also follatvat the
magnetization of the ferromagnetic phas€u(HCOO) decreases abruptly when the temperature fallswbglo
K. The nature of this effect requires special stadising magnetic neutron diffraction analysis oesh At
temperatures above 25 ki-Cu(HCOO) behaves as a paramagnet; Figure 10 shows the riztomge
dependence of magnetic susceptibility measurelae®t01 T field.

1600 000 10
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Fig. 9. Magnetization at-Cu(HCOO) vs temperature and magnetic field (inset).
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Fig. 11. Temperature and field (inset) dependentesagnetization fof-Cu(HCOO).

The susceptibility obx-Cu(HCOO) at T > 25 K is described well by the Curie-Weia®/ }y = A + C/(T - ©)
(CW), where A is the temperature-independent pactuding the diamagnetic correction and Van Vleck
paramagnetism. Figure 10 displays the measuregvatimagnetic susceptibility and the result ofrtiV
approximation. It is seen that the experimental @aldulated data are in good agreement. The faligwalues
were obtained: A = -0.0017 émol, C = 0.658 crlimol*K, ® = 15.8 K (R = 0.94). A positive value 6f is
indicative of ferromagnetic exchange interactiorefween copper ions ia-Cu(HCOO)», which at low
temperatures lead to ferromagnetic ordering. Howewagnetic moment per copper ion calculated bsnéda

i =(8C) is 2.29pg. This is much larger than the spin-only valuetfoe @ configuration, S = 1/2 (1.0g).
Overestimated values of magnetic moments are afbserved for compounds containing®Ceations [5].
They can be interpreted as a result of incompletetab moment quenching possible for this electroni
configuration. On the other hand, it is known [824t the structure af-Cu(HCOO) contains Cu-Cu dimers,
which magnetically can be treated as exchange-eduglsters, whose behavior is usually consideaneithe
framework of the Heisenberg-Dirac-Van Vleck modebr the description of the temperature dependefce o
magnetic susceptibility, we used a particular csedimer, the so-called Bleaney-Bowers equatigrns:
Nag”p%/2*3keT *[1+1/3exp(-2J/kT]™ +A (BB), where J is an exchange interaction patamia dimers and A
(as in CW) is a temperature-independent part imetudthe diamagnetic correction and Van Vleck
paramagnetism. Fitting of the parameters J andefdgd J = +16.9 cthand A = -0.0028 cfiimol (R = 0.94).
The values of the R factor in the calculations bgmulas (CW) and (BB) coincide, therefore the ressof
approximation in Fig. 10 also completely coincidée values of the temperature-independent contoibbud
magnetic susceptibility obtained by two formulas gredictably similar. The obtained positive vabfethe
exchange parameter demonstrates the reasonabtdrieesemployed model. The ferromagnetic charauter
Cu(HCOO) at low temperatures is in line with the resultsfio$t-principle modeling of electronic band
structure discussed below.

S-Cu(HCOO) exhibits magnetism of different character. Magnetidering ofs-Cu(HCOO) takes place at
30.5 K, which agrees well with data [32]. It is cheterized by a rather large hysteresis (Fig. h&et).

8



Extrapolation of the field dependence of magnerato zero field yields here 0.01i moment per copper
ion. This is two orders of magnitude smaller thancase ofa-Cu(HCOO). At higher temperatures fgi-
Cu(HCOO), as distinct froma modification, a more complex dependence of magnstisceptibility is
observed. This dependence deviates considerahty fnr@ Curie-Weiss law: at70 K a wide maximum is
observed on the temperature dependences of susligpénd magnetization (Figs. 10, 11). In worl6[4the
anomalies of this function are discussed in then&aork of the antiferromagnetic Heisenberg modekfon S

= %, allowingy(T) to be expressed as a series in terms of powkfsnction kT/J. However, a more
demonstrative and no less successful model is tBentdel offering a good explanation of th€T)
dependences with a broad maximum typical of exclaagyipled clusters with antiferromagnetic exchange.
Using the (BB) equation for the description of spdility of f-Cu(HCOO) at temperatures above 50 K, we
have the value of exchange parameter J = -394 @ime results of approximation are shown by a bkalid
line in Fig. 10. The negative sign of the exchapgeameter confirms the antiferromagnetic bondintgvben
copper ions in clusters. When the temperature dses: a transition to antiferromagnetic state ac(ftig. 11).
The observed in [32] weak ferromagnetism, with v@mall values of copper magnetic moments, Qugéhas
then to be attributed to canting effect. The antiimagnetic character gFCu(HCOO) at low temperatures is
confirmed by the first-principles calculations bételectronic band structure performed by the astho

2. Electronic band structure and magnetism of a- and g-Cu(HCOO),

Formatea-Cu(HCOO) crystallizes in orthorhombic structuRbca, whose parameters are reported in
[30], and5-Cu(HCOO}) — in monoclinic structure RZc with parameters given in [32]. Figures 12 and 13
show the cells of these structures plotted with uke of the VESTA program [47], which for illusicat
purposes are doubly broadened in thelirection fora-Cu(HCOO) and in the direction of axis for g-
Cu(HCOO). The main structural elements afCu(HCOO) are edge-sharing tetragonal pyramids €uO
forming dimers. All 10 vertices of a dimer are cented with neighboring dimers through carboxylataugs.

Fig. 12. Unit cell ofa-Cu(HCOO).

By contrast, the main structural elementg@u(HCOO) are distorted Cugoctahedra, each of which shares
edges with two adjacent octahedra forming chairteerdirection of the axis. The neighboring chains are also
connected with each other by formate groups. Irctdse otx-Cu(HCOO), the electronic structure calculations
were carried out for a primitive unit cell of atanmdomposition Cg03,C16H16 With parameters reported in [30],
whose dimensions are large enough for modeling festb- and antiferromagnetic orderinie calculations
have been performed for the totally ferromagnetdedng of the copper magnetic moments, whereashtor
antiferromagnetic ordering the opposite orientatidncopper moments inside the adjacent pyramidghef
dimers has been accepted. In the casg-©tu(HCOO), the calculations were performed for a doubled cel
(Fig. 13) with atomic composition @016CgHs. Doubling in thec axis also makes it possible to model ferro-
and antiferromagnetic ordering in the chains ofabetirons. For the ferromagnetic ordering the equal
orientation of all the moments has been acceptedreds for the antiferromagnetic model the opposite
orientation of the copper atoms moments nearegddrthe chains was supposed. An important detaihef
calculation is the choice for the initial magnehoments of the self-consistency process. We hatezidel that
taking these values less thanug we can achieve the self-consistent values of magneoment in good
agreement with experiment data, pd, whereas with higher initial moments the final nemts are strongly
overestimated.



The electronic band structure calculations weregiadrout using the pseudo-potential augmented gimje
waves (PAW) method of the electronic density fumwdl theory as implemented in the Vienna ab-initio
simulation package VASP [48]. Program supplied PAYe atomic exchange-correlation potentials were
used. The electronic band states were calculatedgsid containing 24 wave vectors per the irreligcpart of
the Brillouin zone in case oi-Cu(HCOO) and 68 vectors in case gfCu(HCOO). Band states wave
functions were expanded in plane waves with enetggff 600 eV. The densities of band states weottqd

using the energy level broadening of 0.05 eV.

Fig. 13. Unit cell of3-Cu(HCOO).

The known error of the computational methods bawethe GGA approximation is underestimation of band
gap in semiconductors containing d or f elementsickv sometimes leads even to an incorrect charadter
conductivity. For copper oxides, the methods famiglation of this error were analyzed in greatetadan
work [49]. It was shown that the effective methad band structure correction is the so-called GGA+U
approximation, in which single-center Anderson exuje-correlation corrections are introduced forrd o
states; the exchange corrections depend on thedonpser and the correlation correction — on thararpeter.
The most frequently used version of GGA+U approtiomais proposed by Dudarev et al. [50], in which
corrections depend on the value of only one parmmnlgdt) determining both exchange and correlatiar. F
copper oxides it was shown [49] that the optimdleads U-J = 7.5-0.98 eV; this value of parameted Was
used as a standard value also in works [51-53].

DOS (1/eV*spin)

R4 S TR T L F T R
v -2 0 4 6 8 10
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Fig. 14. Total and 3d Cu densities of states farofeagnetica-Cu(HCOO) phase in GGA+U approximation
with U-J=6.5 eV. The Fermi level counts as the zsfrenergy. The sign of the DOS,s correspondsgo of

the z spin projection.

DOS (1/eV*spin)

We analyzed the effectiveness of application of @@A+U and GGA approximations to copper formates.
Figure 14 displays the total and 3dCu densitiestafes (DOS) for-Cu(HCOO) in the case of GGA+U
approximation at U-J = 6.5 eV. Comparison of thaltand partial DOS shows that the occupied 3d@test
with the positive spin projection are located ie thterval from —6 to -3 eV, the states with thgatese spin
projection have the energy between -4.5 and -3aed,the empty states with the negative spin hazetiergy
of about 2.2 eV. It follows that the minimal exctiten energy between copper states is about 5 e¢hwdoes
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not agree with our absorption spectra indicatirag the maximal energy of transitions between 3testdoes
not exceed ~2.5 e\ (~ 400 nm).

In order to evaluate the application efficiencytled GGA+U approach at small values of U, we aldoutated
optical absorption for the ferromagneticCu(HCOQO). According to the theory [54], the absorption
coefficient, determined as reduction of electrictee of light wave per a unit of propagation lengtlcrystal,
depends mostly on the imaginary part of the dialedtnctione,. In Fig. 15, the functior, calculated by
using the GGA and GGA+U approximations with U-J =add 2 eV and the corresponding absorption
coefficientK are compared with our experimental data. In theegrpental spectrum, the interval from 1 to 2.5
eV corresponds to transitions between 3d statesmer, and fundamental absorption begins at essesiove

3 eV. In the GGA approximation, the 3dCu excitasi@me also within the interval 1 — 2.5 eV. Theadtrction

of exchange-correlation corrections leads to aidensble increase of the energy of 3dCu excitatiaht)-J =

2 eV the band of 3dCu excitations merges with tedbof fundamental excitations, which does not egvith
the experimental data.

34 ——GGA
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-U=2eV
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Fig. 15. The calculated values of the imaginaryt pérdielectric functione,, absorption coefficienK, and
experimental absorption coefficient for andf-Cu(HCOO).

Thus, at any values of U-J parameter, the desonpf the low-temperature excitation spectrum anlhsis of
GGA+U calculations is likely to be worse than ire titlassical” GGA approach. The total DOS in the GG
approximation for ferromagneticmodification of Cu(HCOQ)and several partial DOS's are given in Fig. 16.
The states in the vicinity of -10 eV are built mgiof hydrogen 1s orbitals. Above them, in the iag& from -

8.5 to -5 eV, weakly spin-polarized hybrid statesltbof almost similar contributions of 2pOand 2Cp
orbitals are located, wherg,@re atoms making up square bases of pyramidakctu€uQ and G, are atoms

of formate groups coupled withyGatoms (we omit the discussion of DOS's of oxygema forming vertices
of pyramids and coupled with them carbon atomsesthey differ insignificantly from analogous DOSFHiy.
16). Similarly, there are strongly hybridized 2p@pC, states above the Fermi level at energy of ab@\t.4t
follows then that the states between -8.5 and -am@\bonding oxygen-carbon states and at aboutaretheir
antibonding counterparts. In the range from -4.5teVhe Fermi level, the bands of 2pGtates that are not
hybridized with the states of carbon atoms, i.eabomding states of formate groups, are located vAlibis
group of states, from -2 eV to the Fermi level amr it, there are 3dCu states, which are alsagtigrt
hybridized with the 2p states of,Gtoms. The density of 2pCstates is relatively small, however, because of
their large number they considerably contributeéhi® cell magnetization. Near the Fermi level thene two
3d..y» states, one occupied and one empty, with the gnaergrval between them equal to 1.1 eV,
corresponding to exchange splitting. From the sludlbe band structure it follows that copper atdrase the
electron configuration Cu 3dand magnetic moment close toud, which corresponds to our experimental
estimates of copper magnetic moment, [dg,land differs considerably from the estimates ofkn80]. The
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calculations also show that the lower fundamenteogotion edge at energy above 3 eV corresponds tc
transitions from the 3d states of copper to thetages of carbon.
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Fig. 16. Total and partial densities of states femomagnetica-modification of Cu(HCOQ) in GGA
approximation. The Fermi level counts as the zdrenergy. Total and 3dCu DOS are given for posianel
negative spin projections, and DOS summed over@aijections are presented for oxygen and carbamst

Such calculations fdierromagnetic ordering ing-Cu(HCOO) yield the densities of states close to the DOS of
a-Cu(HCOO); this contradicts the results of work [32] poimgfito small values of magnetic moments for this
phase, 0.066i5, which according to our data are 0.0i2 Hence, in accordance with our measuremeits,
Cu(HCOO) at low temperatures is likely to be antiferromagneand small values of its magnetic moments
are due to theanting effect at small deviations of the direction of magc moments from the axis of their
antiferromagnetism. Fg#-Cu(HCOOQO), 2 models of antiferromagnetic ordering are pdssilm the first, the
antiferromagnetic ordering can take place insid@arghof copper-oxygen octahedra, while in the sécuondel

the ordering inside the chains is ferromagnetid, the directions of magnetic moments in the neiginigpo
chains are antiparallel. Some characteristics @feflectronic structure of- andf-Cu(HCOO) obtained from
the GGA approximation calculations are listed ifl€z2.

Table 2. The characteristics of the band strua@aemagnetism in andg phases of CuHCOQ)

Characteristic o phase /S phase
Band gap (eV) 3.34 3.58
(3.70)* (4.01)
Experimental band gap (eV) 3.67 3.87
Magnetic moment of copper atopis] 0.59 0.54
Total energy ;) of ferromagnetic cell (eV) -446.281 -222.765
Total energy Earm) Of antiferromagnetic cell (eV) -446.264 -222.949
(-221.864)**

*Band gap in GGA+U approximation at U-J=1 eV.
**Total energy value for the second model of amtdenagnetic ordering.

It follows that the GGA approach leads as usualtanderestimated value of the fundamental absorpinset
energy; however, such calculations correctly repcedhe increase of the fundamental absorption &#dgea
to B modification of anhydrous copper(ll) formate. Noteat the introduction of exchange-correlation
corrections in the GGA+U approximation at small Elues leads only to partial improvement: for
Cu(HCOO) the calculated energy gap width corresponds bdtiethe experimental value, but fg
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Cu(HCOO) it is overestimated. A lower enerdy, of ferromagnetic cell ot:-Cu(HCOO) corresponds to
experimentally observed ferromagnetism, whereasweer value ofEgm, for the antiferromagnetic cell g
Cu(HCOO) corresponds to a very small experimental valuecagper magnetic moment. Moreover, the
difference Eq-Eamm, -0.0217 eV fora-Cu(HCOO) and 0.184 eV for3-Cu(HCOO), in accordance with
experiment, is indicative of a higher value of tnical temperature fgf modification of copper(ll) formate.

In the case of-Cu(HCOO), the total energy value for the first model ofimtomagnetism turns out to be
much smaller than that for the second model. Weclode then that the antiferromagnetic orderingsin
Cu(HCOO} at T < 9 K is probably realized along the octahetirains. This result contradicts the data of the
work [32] offering analysis of magnetism above 9iiKwhich it is concluded that weak ferromagnetidesing

is realized in the paramagnetic region inside treires, whereas antiferromagnetic ordering occunsden the
chains. However, our theoretical conclusions onrthture of antiferromagnetism agree with our resaoft
modeling the temperature dependence of susceftibdsed on the antiferromagnetic ordering in thesrcs.

Note also that the doubled value of the total epdny the first model of antiferromagnetic cell gf
Cu(HCOO), -445.898 eV, is higher than the total energyd@u(HCOO). Consequently, thé modification

of Cu(HCOO) is metastable, which agrees with both our obsemsitand the results of work [32], bearing
witness to slow transformation BfCu(HCOO) into a-Cu(HCOO) during weak heating.

A certain disagreement with the experimental datih the fact that for a ferromagnetic celbe€u(HCOO)
the calculated magnetic moment of the copper alos® s, is smaller than our experimental value, dgland
besides it does not correspond to the conclusioli@afing from analysis of the densities of statdswever,
this contradiction can be explained based on tfeetedf magnetization delocalization throughout ¢ed. The
calculations show that all oxygen atoms have thmesapin polarization direction as copper atoms.irThe
magnetic moment values are small, from 0.07 toug,but together they make a considerable contribuio
magnetization. Since the experimental value of eogiom magnetic moment is found from magnetization
values of the whole cell, then referring our estedavalue of magnetization of the whole cell of
Cu(HCOO), 7.64ug, to copper atoms, we have M(Cu) = 085in good agreement with the experiment.

Conclusion

Thus, as a result of the studies performed we ftexeeloped a universal technique for the synthekis o
anhydrous copper(ll) formate in the form of orthmmbic () and monoclinic ) modifications, as well as
dehydrate and tetrahydrate. The technique is baseithe interaction of copper(ll) nitrate with fornacid,
which is represented in the form of two possiblact®ns (1 and 2). The structure and compositiothef
synthesized compound were specified by varying tacentration of formic acid, temperature and
crystallization conditions. Reaction (1) is possildnly when Cu(Ng)»>3H,O is dissolved in concetrated
formic acid; reaction (2) is more environmentalhefdly since it proceeds without emission of tok©,
vapors, however, in that case much more formic arid water are consumed. Moreover, reaction (2) is
specific for solving the problem of synthesis o BGOO),- 2H,0 and Cu(HCOQ) 4H,O hydrates.

One of the most important properties of compoundshe general composition Cu(HCOMH,O is their
ability to transform into Cimetal during heating in inert atmosphere, whiah lsa used for producing copper
contacts, powders and composites based thereomhignrespect, of much interest is tetrahydrate, the
thermolysis of which leads to the production of m@ppowder with particle size of the order of 150.n

The obtained temperature dependences of magnetizafi anhydrous modifications of Cu(HCQGare
described well in the framework of the Bleaney-Boswaodel. The values of critical temperatures foumithis
model correspond to low-temperature ferromagnetiering of a-Cu(HCOO) and antiferromagnetic ordering
of fCu(HCOO). For a modification, the magnetic moment values obtaifredn the BB model increase
appreciably with a rise in temperature from 1 té&,7which is probably due to the known effect of itab
moments tempering.

For the electronic band structure modeling we tesi® approaches: the GGA+U approximation usuatkydu
for the calculation of the band structure of copmades and the “classical” GGA approximation faclkeange-
correlation potential. It was shown that a moregexdrdescription of absorption spectra is achiematie GGA
approximation, whereas the GGA+U approach is inadtxsince absorption between copper ion terms is
superimposed on the fundamental absorption witihgehtmansfer. The GGA approach indicates that absor
with charge transfer takes place between the btatdssof copper and carbon atoms; this approaatrides
correctly the increase of the edge of this adsompfrom a to S modification. On the other hand, the GGA
approach gives a description of low-temperature matig ordering corresponding to the results of our
experiments. FoB8-Cu(HCOO), the modeling indicates an antiferromagnetic andeof moments in chains of
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copper-oxygen octahedra, in agreement with theriggd@&owers model. A higher calculated value oftttal
energy forCu(HCOO) suggests the instability of this structural madifion compared witla-Cu(HCOO},
which also agrees with the experimental data.
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Highlights

A new method has been devel oped to produce different types of copper (I1) formates.
Magnetic properties of o and f modifications of Cu(HCOO), are very different.

Electronic structure of a- and B-Cu(HCOO); isinvestigated using first-principle cal culations.
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