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Abstract

The crystal and molecular structure of two isomorphous mixed formates (CuxM12x (HCOO)2(H2O)1.33, M ¼ Mg (1), Co (2),

x ¼ 0:74) are presented. The cationic sites are occupied by a mixture of divalent cations (Cu, M) and the structure is built up by

double layers of aqua-less, Cu rich polyhedra separated by single layers of M rich ones containing both formate ions and

coordinated water molecules.

The infrared spectra of isotopically dilute (matrix-isolated HDO molecules) formates are analyzed in the region of the OD

stretching modes. A discussion of the different strength of hydrogen bonds present in the structure is made at the light of the

influence that the metal ions exert both onto the hydrogen bond donors, through direct coordination (synergetic effect) as well as

onto hydrogen bond acceptor strength of the formate oxygens through the M–OCHO interactions.
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1. Introduction

In previous papers of one of the authors, it has

been established that the co-crystallization of

Cu(HCOO)2·2H2O with the isostructural formate

dihydrates M(HCOO)2·2H2O (M ¼ Mg, Mn, Co, Ni,

Zn) at 50 8C leads to the formation of: (i) two series of

mixed crystals in the Cu(HCOO)2–M(HCOO)2–H2O

systems (M ¼ Mn, Ni, Zn) [1–3] and (ii) three series of

mixed crystals in the Cu(HCOO)2–M(HCOO)2–H2O

systems (M ¼ Mg, Co) [4,5]. The monoclinic copper

formate dihydrate undergoes a change into a new

crystal structure due to the inclusion of Co2þ and

Mg2þ ions. The new type of solid phase (mixed

crystals) is stable within narrow crystallization

fields Cu0.75Mg0.25(HCOO)2·2H2O – Cu0.70Mg0.30

(HCOO)2·2H2O and Cu0.83Co0.17(HCOO)2·2H2O–

Cu0.74Co0.26(HCOO)2·2H2O according to the solubi-

lity in the corresponding three component systems.

Infrared spectra of the metal formate dihydrates as

well as those of mixed crystals formed among them

are reported and discussed in detail with respect to the

fundamental vibrations of the formate ions and the

water molecules in a series of papers [1,6–8]. The IR
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spectra of the new crystal phase (Cu/Mg and Cu/Co)

exhibit an essential difference from those of mixed

crystal having Cu(HCOO)2·2H2O and M(HCOO)2·

2H2O as matrices in the region of the OH and OD

vibrations.

In the present paper, the crystal and molecular

structure of the two copper – magnesium and

copper – cobalt formates of general formula

CuxM12x(HCOO)2(H2O)1.33, x ¼ 0:74; M ¼ Mg (1)

and M ¼ Co (2) are reported, as obtained from

single crystal diffraction techniques, and the result-

ing hydrogen bonding systems analyzed using

crystal matrix-spectroscopy (matrix-isolated HDO

molecules).

2. Experimental

2.1. Sample preparation

The simple and mixed copper–magnesium and

copper–cobalt formates were prepared as described in

Refs. [4,5]. The isotopically dilute samples were

prepared by crystallization in partly deuterated water

(about 10% D2O). Single crystals of the mixed

formates were obtained by isothermal decrease of

supersaturation of solutions containing copper and

magnesium (cobalt) formates within the concentration

ranges in which the new crystal phases are stable.

2.2. Infrared spectroscopy

The IR spectra were recorded on a Bruker model

IFS25 and IFS113 Fourier transform interferometer

(resolution ,2 cm21) using KBr discs as matrices at

ambient and liquid nitrogen temperature. Ion

exchange or other reactions with KBr have not been

observed.

2.3. X-ray diffraction

The X-ray structural analysis was performed on

very small crystals, as larger specimens seemed to

present some kind of disordered layered stacking:

only when smaller specimens were cut out from the

bulk the data sets obtained allowed the resolution of

the structures. Highly redundant data sets were

collected at room temperature from crystals of ca.

1023 mm3 (typical dimensions) up to a 2u max. of ca.

588 on a Bruker AXS SMART APEX CCD diffract-

ometer using monochromatic Mo Ka radiation,

l ¼ 0:71069 �A; and a 0.38 separation between frames.

Data integration was performed using SAINT and a

multi scan absorption corrections applied using

SADABS, both programs in the diffractometer

package. The structures were solved by direct

methods and difference Fourier, and refined by least

squares on F2 with anisotropic displacement par-

ameters for non-H atoms. Formate hydrogen atoms

were placed at their calculated positions and allowed

to ride onto their host carbons both in coordinates as

well as in thermal parameters. Those corresponding to

water molecules were found in the final difference

Fourier maps and refined with restrained O–H and

H· · ·H distances so as to ensure a reasonable

geometry. The relative cationic composition was

kept fixed at the values obtained from the chemical

analysis, and the relative occupation of both sites was

derived as explained in Ref. [9]. All calculations to

solve the structures, refine the models proposed and

obtain derived results were carried out with the

computer programs SHELXS-97 and SHELXL-97 [10]

and SHELXTL/PC [11]. Full use of the CCDC

package was also made for searching in the CSD

Database [12]. A survey of crystallographic and

refinement data is presented in Table 1, while

Table 2 shows the atomic positions and equivalent

displacement factors and Table 3, relevant interatomic

distances and angles.

Crystallographic data (excluding structure factors)

for the structures reported in this paper have been

deposited with the Cambridge Crystallographic Data

Centre as supplementary publication no.

CCDC_208628 and 208629. Copies of the data can

be obtained free of charge on application to CCDC, 12

Union Road, Cambridge CB2 1EZ, UK (fax: þ44-

1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

3. Results and discussion

3.1. Crystal structure

The compounds are isomorphous, and they crystal-

lize in the monoclinic space group P21/c. As usual in

this type of compounds, there are two independent
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cationic sites in the structure (Fig. 1), but in contrast to

the related structures already reported [9] one of them

lays in a general position (which we shall call ‘site A’)

with multiplicity 1, and one onto a center of symmetry

(which we shall call ‘site B’) with multiplicity 0.5.

There are in addition three independent formates

and two water molecules per asymmetric unit, which

gives a ‘crystallographic’ formula of A2B (HCOO)3

(H2O)2. In both compounds, site A, mainly occupied

by copper, is octahedrally surrounded by six formate

units; site B is instead preferentially filled with Mg/

Co, and its octahedral environment is defined by two

formates and four water molecules. The disorder

introduced by the variable occupation of both sites

does not show off in the geometry of the coordination

polyhedra (hereafter c.p.), which are very well

defined. All the oxygens in the structures, both from

aqua or carboxylate, enter at least once in coordi-

nation to a cationic site. Oxygen O1B, in turn, is

shared by two neighboring ‘A’ sites, with one of these

contacts being at a semi-coordination distance (A–

O1B½2x; y 2 1=2; 2 z þ 3=2� : 2.6113(18) Å for (1),

2.6152(17) Å for (2)). All the formates act as bridges

between neighboring octahedra, and the result of this

ligand sharing is a very compact 3D structure, which

presents a ‘layered’ structure parallel to the crystal-

lographic (100) plane (Fig. 2), with two layers of ‘A’

c.p. around x , 0 and a less denser sheet made out of

‘B’ c.p. containing all the water molecules in the

structure, at x , 0:50: The latter are involved in H-

bonding interactions which provide to the connection

between layers, and which are presented in Table 4.

The contacts therein must be considered only as a first

approximation to the real state of affairs: as will be

discussed below, the difference in cationic environ-

ments defines a ‘fine structure’ around these values,

detectable by IR but not through the less sensitive

X-ray techniques.

Table 1

Crystal and structure refinement data for (1), (2)

Compound (1) (2)

Empirical formula C3H3Cu1.11Mg0.39O6·2H2O C3H3Co0.39Cu1.11O6·2H2O

Formula weight 251.10 264.60

a (Å) 12.3280(14) 12.3202(13)

b (Å) 7.2262(8) 7.2316(8)

c (Å) 8.7217(10) 8.7255(9)

b (deg) 103.083(2) 103.121(2)

Volume (Å3) 756.80(15) 757.10(14)

Calculated density (g/cm3) 2.204 2.321

Absorption coefficient (mm21) 3.231 4.022

Fð000Þ 503 527

Crystal size (mm3) 0.22 £ 0.18 £ 0.08 0.16 £ 0.14 £ 0.10

Theta range (deg) 1.70–27.86 1.70–28.01

Index ranges 212 # h # 16;29 # k # 9;210 # l # 7 215 # h # 15;29 # k # 9;211 # l # 11

Reflections collected 4245 5952

Independent reflections 1641 ðRint : 0:0230Þ 1698 ðRint : 0:0249Þ

Completeness to u max. (%) 99.6 99.9

Max. and min. transmission 0.66 and 0.52 0.62 and 0.55

Data parameters 1641/149 1698/149

Final R indices ðI . 2sigmaðIÞÞ R1a ¼ 0.0295, wR2b ¼ 0.0615 R1a ¼ 0.0304, wR2b ¼ 0.0773

R indices (all data) R1a ¼ 0.039, wR2b ¼ 0.064 R1a ¼ 0.036, wR2b ¼ 0.081

Goodness-of-fit on F2 Sc ¼ 0.984 Sc ¼ 1.051

Largest diff. peak and hole (e Å23) 0.530 and 20.476 1.002 and 20.401

Common features to (1) and (2): temperature: 293(2) K, wavelength: 0.71073 Å, crystal system: monoclinic, space group: P21/c, Z : 4,

absorption correction: empirical (SADABS), refinement method: full-matrix least-squares on F2.
a R1 :

P
kFol2 lFck=

P
lFol:

b wR2 : ½
P
½wðFo2 2 Fc2Þ2�=

P
½wðFo2Þ2��1=2:

c S ¼ ½
P
½wðFo2 2 Fc2Þ2�=ðn 2 pÞ�1=2:
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The fact that both cationic sites are partially

occupied by the species present (Cu and Mg/Co)

posed a hard problem to the refinement process, as

both the overall as well as the local composition of

each site were (in principle) unknown parameters. In

order to minimize the number of variables, it was

decided to take as the overall composition of the

crystal the values obtained from chemical analysis of

the bulk (Cu: 0.74, Mg/Co: 0.26), thus disregarding

possible sample fluctuations, and with this restrain in

force only the composition of each site was refined as

reported elsewhere [9]. The results on the internal

drift of the cations are presented in Table 5.

Inspection of these values confirms that there is

more mixing in (2), but an important amount of

copper coordinated to water molecules can be found

in both structures, viz.: in (1), 0.14465/0.5000 (29%,

or 1 copper for each 2.5 Mg); in (2), 0.23914/0.5000

(47%, or 1 copper for each 1.1 Co).

Table 2

Atomic coordinates ( £ 104) and equivalent isotropic displacement

parameters (Å2 £ 103) for (1), (2). UðeqÞ is defined as one third of

the trace of the orthogonalized Uij tensor

Atom x y z UðeqÞ

Compound (1)

Cu(1) 1331(1) 44(1) 9542(1) 14(1)

Co(1) 1331(1) 44(1) 9542(1) 14(1)

Cu(2) 5000 5000 10000 18(1)

Co(2) 5000 5000 10000 18(1)

C(1A) 1605(2) 22465(3) 12153(3) 17(1)

O(1A) 1967(1) 23003(2) 13538(2) 20(1)

O(2A) 2006(1) 21076(2) 11606(2) 19(1)

C(1B) 1011(2) 2352(4) 6818(3) 23(1)

O(1B) 516(1) 3198(2) 5607(2) 21(1)

O(2B) 579(1) 1177(2) 7525(2) 22(1)

C(1C) 3730(2) 1345(4) 9339(3) 24(1)

O(1C) 4553(2) 2319(3) 9268(2) 32(1)

O(2C) 2906(1) 1837(2) 9845(2) 26(1)

O(1W) 3374(2) 5430(3) 10580(2) 30(1)

O(2W) 5655(2) 4098(4) 12193(2) 39(1)

Compound (2)

Cu(1) 1329(1) 45(1) 9540(1) 16(1)

Mg(1) 1329(1) 45(1) 9540(1) 16(1)

Cu(2) 5000 5000 10000 21(1)

Mg(2) 5000 5000 10000 21(1)

C(1A) 1605(2) 22468(4) 12147(3) 18(1)

O(1A) 1966(2) 23014(2) 13535(2) 22(1)

O(2A) 2002(1) 21092(2) 11596(2) 21(1)

C(1B) 1010(2) 2355(4) 6823(4) 25(1)

O(1B) 515(2) 3204(2) 5608(2) 23(1)

O(2B) 577(2) 1185(2) 7528(2) 23(1)

C(1C) 3721(2) 1347(4) 9363(4) 28(1)

O(1C) 4545(2) 2336(3) 9301(3) 31(1)

O(2C) 2891(2) 1836(3) 9848(2) 28(1)

O(1W) 3403(2) 5428(3) 10529(3) 32(1)

O(2W) 5645(2) 4121(4) 12213(3) 38(1)

Table 3

Interatomic bond lengths (Å) and angles (deg) for (1), (2)

Compound (1) (2)

Cu(1)–O(1A)#1 1.9619(17) 1.9671(16)

Cu(1)–O(2B) 1.9698(18) 1.9712(15)

Cu(1)–O(1B)#2 1.9753(17) 1.9778(16)

Cu(1)–O(2A) 1.9764(18) 1.9774(15)

Cu(1)–O(2C) 2.2849(18) 2.2981(17)

Cu(1)–O(1B)#3 2.6113(18) 2.6152(17)

Cu(2)–O(2W) 2.017(2) 2.0094(19)

Cu(2)–O(1C) 2.0589(19) 2.0764(19)

Cu(2)–O(1W) 2.143(2) 2.197(2)

C(1A)–O(1A) 1.256(3) 1.252(3)

C(1A)–O(2A) 1.251(3) 1.260(3)

C(1B)–O(1B) 1.257(3) 1.253(3)

C(1B)–O(2B) 1.236(3) 1.239(3)

C(1C)–O(1C) 1.253(3) 1.248(3)

C(1C)–O(2C) 1.244(3) 1.247(3)

O(1A)#1–Cu(1)–O(2B) 94.05(8) 93.91(7)

O(1A)#1–Cu(1)–O(1B)#2 170.92(8) 170.85(7)

O(2B)–Cu(1)–O(1B)#2 88.01(8) 88.07(7)

O(1A)#1–Cu(1)–O(2A) 88.04(8) 88.30(7)

O(2B)–Cu(1)–O(2A) 176.73(7) 176.79(6)

O(1B)#2–Cu(1)–O(2A) 89.54(8) 89.39(7)

O(1A)#1–Cu(1)–O(2C) 93.70(7) 93.64(7)

O(2B)–Cu(1)–O(2C) 94.70(8) 94.66(7)

O(1B)#2–Cu(1)–O(2C) 94.95(7) 95.10(7)

O(2A)–Cu(1)–O(2C) 87.66(7) 87.52(6)

O(1A)#1–Cu(1)–O(1B)#3 91.67(7) 91.41(6)

O(2B)–Cu(1)–O(1B)#3 86.57(7) 86.61(6)

O(1B)#2–Cu(1)–O(1B)#3 79.61(7) 79.77(6)

O(2A)–Cu(1)–O(1B)#3 90.86(7) 91.01(6)

O(2C)–Cu(1)–O(1B)#3 174.38(6) 174.69(5)

O(2W)–Cu(2)–O(2W)#4 180.0 180.0

O(2W)–Cu(2)–O(1C) 90.62(10) 90.61(10)

O(1C)–Cu(2)–O(1C)#4 180.0 180.0

O(2W)–Cu(2)–O(1W) 91.24(10) 90.96(8)

O(1C)–Cu(2)–O(1W) 89.80(8) 90.63(7)

O(1W)#4–Cu(2)–O(1W) 180.0 180.0

O(1A)–C(1A)–O(2A) 122.4(3) 122.0(2)

O(1B)–C(1B)–O(2B) 124.8(3) 125.0(2)

O(1C)–C(1C)–O(2C) 126.1(3) 126.4(2)

Symmetry transformations used to generate equivalent atoms:

#1 x; 2 y 2 1=2; z 2 1=2; #2 x; 2 y þ 1=2; z þ 1=2; #3 2 x; y 2

1=2; 2 z þ 3=2; #4 2 x; 2 y; 2 z þ 2:
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3.2. Hydrogen bonding

The analysis of the infrared spectra of isostructural

metal formate dihydrates (M(HCOO)2·2H2O,

M ¼ Mg, Mn, Fe, Co, Ni, Cu, Zn) reveals that the

strength of the hydrogen bonds formed in these

compounds depends strongly on: (i) the metal-water

interaction (synergetic effect), (ii) the hydrogen bond

acceptor strength of the different oxygen atoms of the

formate groups, and (iii) the unit-cell volumes

(repulsion potential of the lattice) [6,7]. The strongest

hydrogen bonds are formed in the copper analogue

due to the properties of the Jahn-Teller Cu2þ ions

(strong Cu–OH2 interaction) and the weakest in

the magnesium analogue as a consequence of the

ionic character of the bond Mg–OH2. Furthermore,

the infrared studies (double-matrix spectroscopy)

of nOD modes in isotopically dilute isostructural

M(HCOO)2·2H2O with matrix-isolated Cu2þ

guest ions and those in Cu(HCOO)2·2H2O with

matrix-isolated M2þ guest ions (M ¼ Mg, Mn, Co,

Ni) show that the hydrogen bonds of the type M–

OH2· · ·OCHO–Cu (M2þ as guest ions) are consider-

ably weaker as compared to those of the type

Cu–OH2· · ·OCHO–M (Cu2þ as guest ions) due to

the stronger synergetic effect of the copper ions.

IR spectra of the compounds (1) and (2) in the O–

H and O–D stretching mode regions are shown in

Fig. 3. Two groups of bands are distinguished in the

spectra of isotopically dilute samples in the region of

matrix-isolated HDO molecules which are separated

by 47 and 76 cm21 for the compounds (1) and (2),

respectively (liquid nitrogen temperature, see Fig. 3B

and D). Six bands are observed in the spectra of both

compounds at ambient temperature due to the

uncoupled OD vibrations (2565, 2526, 2512, 2450

(shoulder), 2423 and 2357 cm21 for the copper–

magnesium formate and at 2543, 2530 (shoulder),

2510, 2420, 2370 and 2347 cm21 for the copper–

cobalt formate). Nine and seven bands are observed in

the spectra of the compound (1) and (2), respectively,

at liquid nitrogen temperature. The red-shift of the OD

modes at liquid nitrogen temperature as compared to

ambient temperature ðdn=dT . 0Þ evidences for the

formation of linear hydrogen bonds, i.e. O –

H· · ·O . 1408 in coincidence with the structural

data. The compounds (1) and (2) could be considered

as mixed crystals having Cu1.5(HCOO)3·2H2O as a

matrix in which the metal ions are distributed over the

two metal positions with different occupancy factors.

Then, the three bands at frequencies lower than

2450 cm21 (compound (1)) and 2417 cm21 (com-

pound (2)) could be assigned to hydrogen bonds

formed by water molecules bonded to Cu2þ ions and

the bands at higher frequencies to those formed by

water molecules bonded to Mg2þ and Co2þ ions,

respectively (liquid nitrogen temperature).

The different number of the infrared bands

corresponding to the OD vibrations in the spectra of

both compounds needs some additional comments.

The bands in the spectral region 2556–2497 cm21

(six OD oscillators) in the spectrum of compound (1)

are assigned to hydrogen bonds formed by water

molecules coordinated to Mg2þ ions. Since site B is

occupied by Mg2þ and Cu2þ ions the hydrogen bond

acceptor capability of the oxygen atom O(1C) will

depend on the type of the metal ion to which O(1C)

is bonded. Therefore, three qualitatively different

Fig. 1. Schematic representation of the independent cationic sites

and their environments. Site A corresponds to a general position,

while site B is a center of symmetry. Displacement ellipsoids drawn

at a 50% probability level. Symmetry codes: 00x; 2 0:5 2 y; �

2 0:5 þ z; p 2 x; 2 0:5 þ y; 1:5 2 z; ^x; 0:5 2 y; 0:5 þ z; 01 2

x; 1 2 y; 2 2 z:

R. Baggio et al.



hydrogen bonds can be formed by the two crystal-

lographically equivalent water molecules labelled

‘2W’ (refer to Table 4), via its H(2WB) hydrogen

atom, due to the three different possible combinations

of site B cations, viz.:

Cu(B) – O(1C)· · ·H(2WB)O – Mg – OH

(2WB)· · ·O(1C)–Cu(B),

Fig. 2. Packing view of the structure along the unique b-axis, showing in bold the 2D structures built up by type A coordination polyhedra. The

2D structure arising from type B units is shown in light drawing at the cell center. H-bonds joining layers not shown, for clarity.

Table 4

Hydrogen bonds for (1), (2) (Å and deg)

D–H· · ·A d(D–H) d(H· · ·A) d(D· · ·A) ,(DHA)

(1) (2) (1) (2) (1) (2) (1) (2)

O(1W)–H(1WA)· · ·O(2C) 0.76(2) 0.78(2) 1.97(2) 1.94(2) 2.705(3) 2.707(3) 162(3) 166(3)

O(1W)–H(1WB)· · ·O(1A)#1 0.74(2) 0.79(2) 2.14(2) 2.08(2) 2.874(3) 2.870(3) 174(4) 176(4)

O(2W)–H(2WA)· · ·O(2A)#2 0.76(2) 0.78(2) 2.10(2) 2.07(2) 2.855(3) 2.836(3) 175(4) 166(4)

O(2W)–H(2WB)· · ·O(1C)#3 0.76(2) 0.77(2) 1.96(2) 1.95(2) 2.717(3) 2.699(3) 170(4) 167(4)

Symmetry transformations used to generate equivalent atoms: #1 x; 2 y þ 1=2; z 2 1=2; #2 2 x þ 1; y þ 1=2; 2 z þ 5=2; #3 x; �

2 y þ 1=2; z þ 1=2:

R. Baggio et al.



Cu(B) – O(1C)· · ·H(2WB)O – Mg – OH

(2WB)· · ·O(1C)–Mg(B),

Mg(B) – O(1C)· · ·H(2WB)O – Mg – OH

(2WB)· · ·O(1C)–Mg(B).

This fact explains the appearance of three of the

infrared bands in the above spectral region. The other

three bands are due to hydrogen bonds formed

between ‘1W’ water molecules in conjunction with

the remaining ‘2W’ hydrogen atom H(2WA) and the

O(2C), O(1A) and O(2A) proton acceptors coordi-

nated only to Cu2þ ions (the occupancy of site A by

Mg2þ ions being sufficiently low as to be safely

ignored). With this line of reasoning, more infrared

bands ought to be expected to appear in the spectrum

of compound (2) as compared to those in the spectrum

of the compound (1) due to the distribution of the

copper and cobalt ions over the two metal positions;

as a consequence the hydrogen bond acceptor strength

of all oxygen atoms is expected to be different

depending on the metal ion environment. However,

only four bands are observed in the spectrum of the

compound (2) in the region of 2534–2493 cm21 (see

Fig. 3D). These facts could be explained if the

chemical nature of the metal ions is taken into

consideration. We believe that probably the close

chemical nature of the copper and cobalt ions (they

both belong to the first transition metal row)

determines almost the same acceptor strength of the

oxygen atoms. Contrarily, the considerably different

chemical nature of the magnesium and copper ions

influences strongly on the proton acceptor strength of

O(1C) thus leading to the appearance of more infrared

bands as was mentioned above.
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