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Abstract:

We present a new family of ionic liquids (ILs) with a common cation, 1-butyl-3-methyl
imidazolium, the popular [BMIM]" (also written C,C1Im™*) and a variety of anionic complexes
(also called adducts) based in thiocyanate (SCN)™: one blank compound, BMIM(SCN), and ten
doped with metals having different oxidation states: Al*3, Mn*, Fe*®, Cr*3, Ni*?, Hg*?, zZn*?,
Co™, Cd™ and Cu*, forming, respectively, [BMIM]5[AI(SCN)s], [BMIM]; Mn(SCN)g,
[BMIM]; Fe(SCN)s, [BMIM]3 Cr(SCN)g, [BMIM]4 Ni(SCN)s, [BMIM], Hg(SCN)4, [BMIM];
Zn(SCN)4, [BMIM], Co(SCN)4, [BMIM], Cd(SCN)4 and [BMIM]3 Cu(SCN),. All of them
were synthesized by us, except the blank IL and the Co thiocyanate, which are commercial.
Obtained products have been characterized by NMR, and also by electrospray ionization, MS-
ES, which allows the determination of the new ILs purities. Then, compounds have been
analyzed using FT-IR and Raman spectroscopy. In addition, magnetic susceptibility and
refractive index measurements were performed in some of the compounds studied, as well as
thermal characterization using DSC and TGA. Finally, experimental measurements of density
on all those ILs have been performed, and for some of the samples in a broad temperature range
(about 100 K). In spite of being very similar compounds from the chemical point of view, they
present quite different physical properties, including optical, thermal and magnetic ones... Also,
they show different oxidation states (one with +1, six with +2 and other three with +3). We
guess that this family of ILs will have interesting applications, mainly for photonic devices.
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1. INTRODUCTION

As it is well known, ionic liquids (ILs) are a new class of materials with many interesting
proposed applications. Their common physico-chemical properties include very low volatility,
good electrical conductivity, broad electrochemical window, high stability both thermal and
electrical and selective solvation depending on the given compound [1]. In addition, there are
millions of pure ILs that may be obtained by combining different cations (usually organic and
alkyl chained) with a plethora of anions (from halogens to big organic anions). We can obtain
trillions of different compounds if we mix two different ILs between them, and so on, being
theoretically possible to obtain the optical compound for any given application [2]. These range
from solvents for separation and refining, both organic [3] and inorganic [4] compounds
(including nuclear waste [5]), electrolytes for metal deposition [6] or for electrochemical
devices [7], lubricants [8] and many more.

In this paper we present the synthesis and structure of a new family of ILs, majority of them
never described before. This family is based in the already known IL 1-butyl-3-methyl
imidazolium thiocyanate, BMIM(SCN), a commercial IL which has been studied in many
papers, both pure [9-13] and forming part of different mixtures with water [14-16], alcohols
[17-21] or other solvents [14,15], and even with other ILs with the same cation [22]. In
addition, it has been also studied the parent compounds with 1-ethyl-3-methyl imidazolium,
EMIM(SCN) [13,23,24] and 1-hexyl-3-methyl imidazolium HMIM(SCN) [25-27]. Also, other
thiocyanate ILs with cations based in pirrolidinium [11,16] and piperidinium [11,13,16,28,29]
have been investigated. Finally, the potential parameters for BMIM(SCN) have been published,
which is an important information to perform molecular simulation on this compound [30]. The
blank IL presents very interesting properties and have been proposed as electrolyte for
supercapacitors [31] and batteries, if mixed with lithium salts [32]. Also, it has a great potential
for liquid fuel desulfuration [33], among other proposed applications.

If we include a metal cation in the BMIM(SCN) IL, we will obtain new compunds with very
different physico-chemical properties. The metal cation will form anionic complexes with the
thiocyanate anion, depending on the size and electronic structure of the metal cation whether
the formed complex is in octahedral or tetrahedral configuration. At our knowledge, there is
only one metal thiocyanate in the market, the [BMIM], Co(SCN)4, which presents interesting
properties as thermochromism [34,35], and it has been also proposed as electrolyte for dye-
sensitized solar cells [36]. Very recently some of us have published the thermochromism that
present another metal thiocyanate based IL, the [BMIM]4 Ni(SCN)g, which was synthesized by
us [37]. Finally, novel metal thiocyanates with zinc and cadmium based in methyl imidazole
have been published this year and their structure resolved by single crystal X-ray diffraction
[38], which present luminescence properties. Definitively, ILs based in metal thiocyanates are
very promising materials which have potential applications in electrochemical and photonic
devices, presenting as well magnetic and catalytic properties. Also, note that parent compounds
based in cyanate anion present negative thermal expansion [39,40], but this effect have not
been observed in the metal thiocyanate IL compounds we prepared here.

In this paper we present the synthesis of eight new metal thiocyanates with the 1-butyl-3-
methyl imidazolium cation, and study some of their structural, optical, magnetic and thermal
characteristics, as well as its volumetric properties. A photograph of these new compounds
(including Co thiocyanate) are given in Figure 1, where we can observe the different color that
presents each compound: Cd, light pink; Hg, reddish brown; Zn, yellowish; Cu, brown; Fe, red;
Fe by reflection, green; Cr, purple; Co, blue; Mn, yellowish; Al, reddish brown. Finally, Ni



based thiocyanate (not shown in Figure 1) is green at room temperature, but as mentioned, it
changes its color with temperature [37].

The paper is structured as follows: After this introduction we present an experimental section
where the synthesis of the different compounds is presented (including NMR, MS:ES and
elemental analysis), in addition the experimental setups used to measure the different
magnitudes are presented. Then, the different results from the properties measured (including
FTIR and Raman spectroscopy; optical, magnetic and thermal characterization; and also
volumetric properties) are given. Finally, the conclusions and future work on these new ILs are

discussed.
() (@) (h)

Figure 1 Photographs of the different metal thiocyanate ionic liquids studied. (a) Cd; (b) Hg;
(c) Cu; (d) Zn; (e) Fe; (F) Fe, seeing by reflection; (g) Cr; (h) Co; (i) Mn; (j) Al.

2. EXPERIMENTAL DETAILS

2.1. Synthesis

The chemical reaction used to obtain the eight novel compounds is similar for all of them,
following previous reported synthesis method of the [BMIM], Co(SCN), [41]:

MCI, + n K(SCN) + (n-z) [BMIM] C1 — [BMIM],., M(SCN), + n KCI

Where M is the given metal with oxidation state, z*, and n is 4 or 6, depending on the
tetrahedral or octahedral complex formed by the metal, respectively. Except for the Ni
thiocyanate [37], all the other studied compounds present the melting temperature below room
temperature. In the following paragraphs we will include details of the synthesis process and



the *H and **C NMR peaks obtained for each of the eight novel IL (all except blank sample,
and Co and Ni based thiocyanates, already published). As both [BMIM] cation and SCN anion
contain carbon atoms, **C NMR spectra allow a direct calculation of the anion-to-cation ratio,
and hence a direct verification of studied IL composition. Also, we observe from the MS:ES
data that the main impurities come from traces of [BMIM](SCN) and M(SCN),. In table 1 we
include different physico-chemical properties of the novel ILs, including metal ionic radius
[42], and purity from *C NMR.

Table 1. Molar mass, M, purity, density, p, sodium D-line refractive index, np, thermal
expansion coefficient, o, and ionic radius, IR (from Ref. [42]) of the metal cation, for the
eleven studied ILs. Values are at 25.0 °C and 101 kPa. For the blank sample we include the
results already published in the literature.

M /g Purity/ %wt pl g-cm* Np a (10" /K*  Metal IR/ pm
[BMIM] (SCN) 197.29 > 08 1.0683% 1.5382 541 -
1.0698 (171
1.0697 4
: 1.0695 16895 [192] 5.6 110l

[BMIM] (SCN) lit 197.29 o [13] 1.5391 14 ' -

1.0695 15394 [13]

1.0702 4 :

1.0753 1
[BMIM],Zn(SCN),4 576.12 >95 1.2149° 1.5580 5.75 60.0
[BMIM],Co(SCN),  569.67 > 99 1.22° opaque 5.52 58.0
[BMIM],Hg(SCN)s  711.33 > 95 1.5389°% 1.5956 5.48 96.0
[BMIM]5Cu(SCN), 713.50 >95 1.19° 1.5615 5.52 60.0
[BMIM]5AI(SCN)g 793.09 > 95 1.1762° opaque 5.43 53.5
[BMIM]5Cr(SCN)e 818.11 > 95 1.212° opaque 5.75 61.5
[BMIM]3Fe(SCN)g 821.96 > 95 1.21° opaque 5.52 64.5
[BMIM]4Ni(SCN)g 964.01 >95 Solid opaque - 69.0
[BMIM],Cd(SCN),  623.15 > 95 1.24° 1.5617 5.52 78.0
[BMIM]4Mn(SCN)s  960.26 >95 1.16° 1.5626 5.52 83.0

*Measured value; u(p) = 0.0005 g/cm’; Pinterpolated value; u(p) = 0.001 g/cm’; ‘extrapolated value, u(p) = 0.01
g/em®; u(np) = 0.0001; u(o) = 10° K™,

2.1.1 Synthesis of [BMIM], Hg(SCN),4

A quantity of 4 g of HgCl, (14.3 mmol) were dissolved in 100 ml of acetone, then 5.728 g of
KSCN (59 mmol) in 250 ml acetone and 5.145 g of [BMIM] CI (29.5 mmol) in 250 ml of
acetone were added. The mixture was refluxed for 12 hours, the KCI precipitated was filtered
off and the solution evaporated under vacuum. The residue was dissolved in dichloromethane,
filtered and evaporated under vacuum. The residue (10.712 g, 95%) was identified as the
desired IL. The schematic view of this compound is given in Figure 2 as example of tetrahedral
complexes.



'H NMR (500 MHz, Methanol-d4) & 8.89 (d, J = 1.6 Hz, 1H), 7.62 (d, J = 1.9 Hz, 1H), 7.56 (d,
J = 1.9 Hz, 1H), 4.80 (s, 1H), 4.25 (t, J = 7.4 Hz, 2H), 3.96 (s, 3H), 1.90 (p, J = 7.5 Hz, 2H),
1.40 (h,J =7.4 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H).

13C NMR (126 MHz, cd3od) & 136.33, 123.65, 122.57 (SCN), 122.35, 49.39, 35.37, 35.32,
31.74,19.15, 12.47.

MS:ES

Cation m/z (%): 851 (3.2), 849 (2.3) and 848 (1.8) [BMIM]sHg(SCN),, 336 (100)
[BMIM]2(SCN)

Anion m/z (%): 1164 (10) [BMIM]s H9(SCN)7; 967 (14) [BMIM]s Hg(SCN)s;, 768 (10)
[BMIM], Hg(SCN)s; 399 (68) HgK (SCN)s; 376 Hg(SCN)3; 255 [BMIM](SCN),

Chemical Formula: CyoH3HgNgS,

Elemental Analysis theoretical: C, 33.77; H, 4.25; Hg, 28.20; N, 15.75; S, 18.03

Elemental Analysis found: C, 33.40; H, 4.73; Hg, 28.32; N, 15.73; S, 17.82

2.1.2 Synthesis of [BMIM]3; Cr(SCN)

A quantity of 2.5 g of CrCl3-6H,0 (9.49 mmol) were dissolved in 100 ml of acetone, then
5.560 g of KSCN (56.8 mmol) in 250 ml acetone and 5.0 g of [BMIM]CI (28.6 mmol) in 250
ml of acetone were added. The mixture was refluxed for 12 hours, the KCI precipitated was
filtered off and the solution evaporated under vacuum. The residue was dissolved in
dichloromethane, filtered and evaporated under vacuum. The resulting compound (7.76 g,
100%) was identified as the desired IL.

'H NMR (500 MHz, dmso) & 9.10(bs, 1H), 7.71(bs, 2H), 4.16(bs, 1H), 3.90(bs, 3H), 1.80(bs,
2H), 1.30(bs, 2H), 0.91(bs, 3H).

B3¢ NMR (126 MHz, cd3od) 6 140.50, 132.23, 125.88, 124.33, 51.67, 37.95, 33.45, 20.54,
13.36.

MS:ES

Cation m/z (%): 959 (8), 958 (17), 957 (23), 956 (32),955 (15) [BMIM]4 Cr(SCN)s; 196 (6);
140 (30); 139(100).

Anion m/z (%):680 (43), 679 (50), 678 (90), 483 (21), 482 (21), 481 (47) [BMIM] Cr(SCN)g;
284 (100) Cr(SCN)4; 179 (40)

Chemical Formula: C3oH4sCrN12Se

Elemental Analysis theoretical: C, 44.04; H, 5.54; Cr, 6.36; N, 20.54; S, 23.51

Elemental Analysis found: C, 44.10; H, 6.48; Cr, 5.96; N, 21.38; S, 22.07

2.1.3 Synthesis of [BMIM]s AlI(SCN)

A quantity of 3.0 g of AICI3:6H,0 (12.43 mmol) were dissolved in 100 ml of acetone and 150
ml of methanol, then 7.294 g of K(SCN) (74.5 mmol) in 250 ml acetone and 6.513 g of
[BMIM] CI (37.3 mmol) in 250 ml of acetone were added. The mixture was refluxed for 12
hours, the KCI precipitated was filtered off and the solution evaporated under vacuum. The
residue was dissolved in dichloromethane, filtered and evaporated under vacuum. The residue
(9.645 g, 97%) was identified as the desired compound. The schematic view of this compound
is given in Figure 2 as example of octahedral complexes.

'H NMR (500 MHz, Methanol-d4) &, TH NMR (500 MHz, cd3od) & 8.93 (s, 1H), 7.64(s, 1H),
7.58(s, 1H), 4.24 (td, J = 7.3, 2.6 Hz, 1H), 3.96 (s, 3H), 5 1.89 (p, J = 7.4 Hz, 1H), 1.39 (h, J =
7.4 Hz, 1H), 0.99 (t, J = 7.4 Hz, 1H).



3¢ NMR (126 MHz, CD30D) 6 136.38, 132.24, 123.62, 122.33, 49.34, 35.30, 35.26, 31.74,
19.10, 12.43.

MS:ES

Cation m/z (%): 933 (42), 932 (52), 931(100) [BMIM]4 AI(SCN)s; 736 (9), 735 (12), 734 (27)
[BMIM]3 AI(SCN)s; 539 (2), 538 (2), 537 (6) [BMIM],AI(SCN),; 336 (50).

Anion m/z (%):850 (1) [BMIM];AI(SCN)7; 653 (1) [BMIM], AI(SCN)e; 261 (63); 259 (100)
AI(SCN)4; 217 (72)

Chemical Formula: C3gH4sAIN1,Se

Elemental Analysis theoretical: C, 45.43; H, 5.72; Al, 3.40; N, 21.19; S, 24.25

Elemental Analysis found: C, 45.72; H, 6.59; Al, 2.70; N, 21.79; S, 23.20

2.1.4 Synthesis of [BMIM]; Fe(SCN)g

1.500 g of FeCl; (9.24 mmol) were dissolved in 100 ml of acetone and 50 ml of methanol, then
5.426 g of K(SCN) (55.48 mmol) in 250 ml acetone and 4.846 g of [BMIM]CI (27.74 mmol) in
250 ml of acetone were added. The mixture was refluxed for 12 hours, the KCI precipitated was
filtered off and the solution evaporated under vacuum. The residue was dissolved in
dichloromethane, filtered and evaporated under vacuum. The residue (7.291 g, 95%) was
identified as the desired compound.

'H NMR (300 MHz, dmso) & 8.88 (bs, 1H), 7.53(bs, 1H), 7.47(bs, 1H), 4.00(bs, 1H), 3.69(bs,
3H), 1.63(bs, 2H), 1.14(bs, 2H), 0.75(bs, 3H).

13C NMR (75 MHz, dmso) & 137.10, 124.26, 122.93, 49.35, 36.58, 31.88, 19.35, 13.79.

MS:ES

Cation m/z (%): 960 8% [BMIM]4Fe(SCN)s, 763 6% [BMIM]3Fe(SCN)s, 705 5%, 566 2%
[BMIM],Fe(SCN)4, 336 37% [BMIM], (SCN), 171 8%, 139 100% [BMIM]

Chemical Formula: C3oHssFeN1,Se

Elemental Analysis theoretical: C, 43.84; H, 5.52; Fe, 6.79; N, 20.45; S, 23.40

Elemental Analysis found: C, 50.84; H, 8.14; Fe, 6.51; N, 20.37; S, 14.14

2.1.5 Synthesis of [BMIM]4; Mn(SCN)g

A quantity of 3.0 g of MnCl,-4H,0 (15.17 mmol) were dissolved in 100 ml of acetone and 50
ml of methanol, then 8.904 g of KSCN (91.04 mmol) in 250 ml acetone and 8.904 g of
[BMIM] CI (60.69 mmol) in 250 ml of acetone were added. The mixture was refluxed for 12
hours, the KCI precipitated was filtered off and the solution evaporated under vacuum. The
residue was dissolved in dichloromethane, filtered and evaporated under vacuum. The residue
(14.183 g, 97%) was identified as the desired compound.

"H NMR (500 MHz, cd3od) & 8.57 (bs 1H), 7.23 (bs 2H), 3.84 (sh 2H), 3.63 (bs,3h) 1.53(bs
1H), 1.01(bs 1H), 0.59(bs 1H).

3C NMR (75 MHz, DMSO-d6) & 136.66, 123.88, 122.47, 49.20, 36.76, 31.66, 18.92, 13.66.
MS:ES

Cation m/z (%): 1099 (5), 1098 (7) [BMIM]sMn(SCN)e; 1072 (9);903 (16), 902 (29), 901 (50)
[BMIM]4Mn(SCN)s; 706 (30), 705 (46), 704 (100), 336 (95).

Anion m/z (%): 1017 (1) [BMIM]4sMn(SCN)7; 820 (1) [BMIM]sMn(SCN)g; 625 (1), 624 (2),
623 (4) [BMIM], Mn(SCN)s; 428 (9), 427 (9), 426 (34) [BMIM] Mn(SCN)4; 229 (100)
Mﬂ(SCN)g,

Chemical Formula: C3gHgoMnN14Ss

Elemental Analysis theoretical: C, 47.53; H, 6.30; Mn, 5.72; N, 20.42; S, 20.03

Elemental Analysis found: C, 48.83; H, 6.92; Mn, 5.35; N, 22.30; S, 16.60



2.1.6 Synthesis of [BMIM], Cd(SCN),

2.5 g of CdCl; (13.6 mmol) were dissolved in 250 ml of acetone:methanol 1:1.5, then 5.335 g
of KSCN (54.5 mmol) in 250 ml acetone and 4.764 g of [BMIM]CI (27.2 mmol) in 250 ml of
acetone were added. The mixture was refluxed for 12 hours, the KCI precipitated was filtered
off and the solution evaporated under vacuum. The residue was dissolved in dichloromethane,
filtered and evaporated under vacuum. The residue (7.205 g, 83%) was identified as the desired
compound.

'H NMR (500 MHz, CDCI3) & 10.42 (s, 1H), 7.60 (t, J = 1.8 Hz, 1H), 7.43 (t, J = 1.8 Hz, 1H),
416 (t, J = 7.4 Hz, 2H), 1.72 (p, J = 7.6 Hz, 2H), 1.19 (h, J =7.4 Hz, 2H), 0.77 (t, J = 7.4 Hz,
3H).

3¢ NMR (126 MHz, CDCI13) 6 137.56, 123.70, 122.02, 49.55, 36.35, 32.01, 19.28, 13.28.
MS:ES

Cation m/z (%): 1157 (5), 1155 (5) [BMIM]s Cd(SCN)e; 960 (29), 958 (28), 957 (19) [BMIM]4
Cd(SCN)s; 763 (100),761 (51), 760 (20) [BMIM]3 Cd(SCN)4;

Anion m/z (%): 879 (2), 877 (4) 876 (9) [BMIM]; Cd(SCN),; 682 (3), 680(2), 679 (5)
[BMIM], Cd(SCN)3; 484 (20) [BMIM] Cd(SCN)s; 288 (31), 286 (44) Cd(SCN)3; 255 (100)
[BMIM](SCN);

Chemical Formula: CyoH3,CdNgS,

Elemental Analysis: C, 38.55; H, 4.85; Cd, 18.04; N, 17.98; S, 20.58

Elemental Analysis found: C 43.86; H 6.38; Cd, 12.00; N 19.79; S 17.97

2.1.7 Synthesis of [BMIM]3Cu (SCN),

1.048 g of [BMIM]CI (6 mmol), 1.166 g of KSCN (12 mmol) were dissolved in 60 ml of
acetone, then CuCl-0.198 g (2 mmol) was added and the reaction mixture was refluxed for 5
hours, after cooling the suspension was filtered off and the acetone evaporated. The residue was
washed with dichloromethane filtered and concentrated. (1.364 g, 96%) of [BMIM]3Cu(SCN),
as a brown oil were isolated.

'H NMR (500 MHz, dmso) & 9.07 (s, 1H), 7.73 (t, J = 1.5 Hz, 1H), 7.67 (t, J = 1.5, 1H), 4.15 (t,
J=72,7.2Hz, 2H), 3.84 (s, 3H), 1.74 (p, J = 75,75, 7.3, 7.3 Hz, 2H). 1.24 (h, ) = 7.3, 7.3,
7.2,7.2,7.2HHz, 2H), 0.87 (t, J = 7.3 Hz, 3H).

13C NMR (126 MHz, dmso) 5 136.88, 124.03, 122.68, 49.01, 36.22, 31.80, 19.24, 13.72.
MS:ES

Cation m/z (%): 853 (0.5), 852 (0.5), 851 (2) [BMIM]4Cu(SCN),, 656 (1), 655 (1), 654 (2)
[BMIM]5Cu(SCN)4, 336 (100) [BMIM],SCN.

Anion m/z (%): 181 (76), 179 (100), Cu(SCN),, 255 (45) [BMIM](SCN),

Chemical Formula: CygHssCUN10S,

Elemental Analysis: C, 47.13; H, 6.36; Cu, 8.91; N, 19.63; S, 17.97 calculated

Elemental Analysis: C, 48.11; H, 7.17; Cu, 7.21; N, 21.63; S, 15.87 found

2.1.8 Synthesis of [BMIM], Zn(SCN),4
A quantity of 5.220 g of [BMIM]CI (30 mmol) and 7.995 g of KSCN (82 mmol) were

dissolved in 250 mL acetone, and 2.025 g of anhydrous ZnCl were added afterwards and the
mixture refluxed for 5 h. The reaction mixture was filtered off the solvent evaporated and the



residue washed with dichloromethane and filtered. The residue is kept overnight under vacuum
(7.900g, 93%).

'"H-NMR (300MHz, DMSO-d6) &: 9.03 (s, 1H Im-H2), 7.68 (t, 1H, J=1.7Hz), 7.62 (t, 1H,
J=1.73Hz), 4.16 (t, 2H, J=7.23Hz), 3.85 (s, 3H, N-Me), 1.85-1.73 (m, 2H), 1.30 (h, 2H,
J=7.5Hz), 0.90 (t, 3H, J=7.34Hz).

13C NMR (75 MHz, dmso) & 137.20, 135.33, 124.31, 122.99, 49.48, 36.49, 31.99, 19.46, 13.77.
MS:ES

Cation m/z (%): 717 (20), 715 (26), 713 (24) [BMIM]5Zn(SCN)s, 336 (10) [BMIM],SCN, 293
(50), 291(21), 186 (100).

Anion m/z (%): 439 (4), 437 (5), 435 (8), [BMIM]Zn(SCN), 242 (47), 240 (70), 238 (100)
Zn(SCN)s.

Chemical Formula: CyoH3pNgSsZn

Elemental Analysis: C, 41.70; H, 5.25; Zn, 11.35; N, 19.45; S, 22.26 calculated

Elemental Analysis: C, 42.55; H, 6.09; Zn, 10.38; N, 19.82; S, 21.18 found

A schematic view of the two metal thiocyanate configurations (tetrahedral and octahedral)
appears in Figure 2, at left for [BMIM]3 AI(SCN)g, and at right for [BMIM], Hg(SCN),4

3 2
SCN,, TC\\S\NCS = SCN -
AI /NQ/N—BU \““Hg /NQ/N—BU
SCN/‘\NCS ® NCS™ /" Ssen ®
NCS 3 NCS X

Figure 2. Schematic view of an octahedral (at left) and a tetrahedral (at right) configurations
for the metal cation Al and Hg respectively.

As both cation and anion of the synthesized ILs contain carbon atoms, structure and
composition of the ILs with diamagnetic metals might be also tested using measurements of
integral intensities of *C NMR lines. Such measurements, for some of the compounds, are
shown on Table 2 and confirmed the expected structure and composition.

Table 2. Anion/cation relationship obtained from *C NMR

Compound anion/cat Expected
[BMIM]; Zn(SCN), 1.94 +0.02 2
[BMIM]3 Cu(SCN), 1.31+£0.02 1.33
[BMIM]s AI(SCN)g 2.03 £0.02 2

[BMIM] (SCN) 0.95+0.02 1

2.2. Apparatus

In this section we summarize the apparatus used for the multiple characterization of the new
compounds and include also the measurement method followed in each case.

2.2.1 NMR, MS:ES and Elementary Analysis



NMR spectra of dilute solutions were recorded on a Varian Mercury 300 7.04 T (300.13 MHz
for *H and 75.48 for *C). 3C NMR spectra of pure ILs applied for quantitative characterization
were recorded on Bruker Avance 400 spectrometer (100 MHz for *3C nucleus) without using
NOE. In addition, mass spectra were recorded on a Q-TRAP (AB/MDS Sciex) with
electrospray ionization (called MS:ES). Finally, CNS analyses were performed in a Thermo
Finnigan FLASH 1112 and metal determination in an ICP-OES PerkinElmer AS93-plus.
Obtained data for the eight novel ILs are given in the previous section.

2.2.2 Fourier Transformed Infrared (FTIR)

FTIR spectra were recorded in the range 400 to 4000 cm™ using a Bruker Vector 22 mid-
infrared FT-IR spectrometer equipped with a Specac Golden Gate single-reflection diamond
ATR accessory with KRS-5 optics from the Structural Analysis Unit (UAE) in the research
support services (SAIl) of the University of A Corufia. All data were obtained at room
temperature of 23 °C, but we have verified that small changes of temperature do not affect the
peak position or intensity to the studied compounds.

2.2.3 Raman Spectroscopy

The Raman spectra were taken at room temperature under atmospheric pressure in
backscattering geometry with a Horiba T64000 triple spectrometer using the 514.5 and 647 nm
lines of a Coherent Innova Spectrum 70C Ar*-Kr* laser and a nitrogen-cooled CCD (Jobin-
Yvon Symphony) with a confocal microscope and a 100x objective for detection. The
integration time was 40 s and kept the power on the sample below 40 mW to avoid laser-
heating effects on the probed material and the concomitant softening of the observed Raman
peaks.

2.2.4 Optical Characterization

For the optical study, the liquid samples were inserted in a transparent quartz optical cell. The
thickness of the cell was 1 mm, except for the absorption measurement of high absorbing
samples with which we used 10 pm thick cells. Absorption measurements were performed
using a Varian Cary 100 Bio spectrophotometers with a spectral working range from 190 to
900 nm and a photometric range up to 10 absorbance units (note that for these samples we use
it only from 400 because it saturates in the UV range). The spectrophotometer disposed a
controller to monitor the temperature with 0.1 °C resolution.

The refractive index at the sodium D line (A= 589.3 nm) was measured with a multi-
wavelength refractometer (Atago DR-M2) with a measurement range from 1.30 to 1.71 at this
wavelength the experimental uncertainty is £0.0002. Dispersion was measured with our home
made Vis-NIR spectral white light interferometer [43] with a spectral range from 400 the 1580
nm. Both instruments disposed of a temperature bath and the temperature of the sample was
controlled with a thermometric probe with an accuracy of £0.1 °C.

2.2.5 Magnetic characterization

For the magnetic study, the liquid samples were contained in a sealed Teflon capsule. The
container was measured in the same conditions before the sample measurements were taken



and then subtracted from the total magnetic signal in order to get the sample magnetic data. DC
magnetic susceptibility measurements of the samples were performed using Quantum Design
MPMS SQUID magnetometer whilst heating from 2 to 300 K under an applied magnetic field
of strength 1 kOe. Magnetization as a function of field (H) was measured using the same
magnetometer in the -50 < H/kOe < 50 at 2 K after cooling the sample in zero field.

2.2.6 Thermal characterization (DSC and TGA)

A differential scanning calorimeter (DSC Q100 TA-Instruments) with hermetically sealed
aluminium pans was used to determine the different state transitions experimented by the
studied samples during heating and cooling cycles. Liquid nitrogen was used as coolant fluid.
A thermogravimetric analyser (TGA 7-Perkin Elmer) operating in dynamic mode under
nitrogen atmosphere was used to study the thermal stability of the pure IL and the salt
solutions.

2.2.7 Density

Density (p) was measured with an Anton Paar Stabinger SVM 3000 viscodensimeter with a
repeatability better than 5-10 g-cm™. This device has an internal Peltier thermostat featuring
an uncertainty in the temperature of £0.02 °C from 20 °C to 90 °C. Density was measured with
this apparatus for six selected samples: the blank one and those doped with Al, Zn, Hg, Cd and
Cr. We have followed the isothermal method, thus the sample is left at a constant temperature a
minimum of 10 minutes before measurement. Finally, density for the other compounds (all
except that of Ni for being solid) has been measured at room temperature following a
pycnometric method with a Mettler Toledo balance, being the resulting density uncertainty of
+0.01 g-cm™, while the temperature one is +0.5 °C.

3. RESULTS

3.1 FTIR spectroscopy

The infrared spectra of the eleven compounds studied at room temperature have been taken
from 400 to 4000 cm™ wavenumber interval. The resulting diffractograms appear in Figure 3,

where the data for the different compounds have been increased in 0.2 arbitrary unit steps (at
wave number k = 400 cm™) for clarity.

10



——[BMIM]4 Ni(SCN)6 = ——[BMIM]2 Cd(SCN)4

—[BMIM]3 Fe(SCN)6  ——[BMIM]4 Mn(SCN)6

—[BMIM]3 AI(SCN)6  — [BMIM]3 Cr(SCN)6 [

——[BMIM]2 Co(SCN)4 ——[BMIM]2 Hg(SCN)4
[BMIM]3 Cu(SCN)4 ——[BMIM]2 Zn(SCN)4

——[BMIM](SCN)

/”\f'\’L i

T RM

”~_~H,f’”“*~—_JM\\ﬁ\*x___ ’

w*miw
QM'M\JLN

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wave number (cm?)

S

Figure 3. FTIR spectra of the eleven [BMIM] thiocyanates studied. Curves are plotted from top
to bottom in the same order of the legend (from left to right and from top to bottom).

The peaks corresponding to thiocyanate anion appears at wave numbers about 2050 cm™ (CN
stretching), 750 cm™ (SC stretching) and 480 cm™ (SCN bending) [44]. Those corresponding to
the imidazolium ring are, at least, the five peaks that appear in the range from about 2800 to
3200 cm™, the two peaks at 1460 and 1560 cm™, and also that at 1170 cm™ [45]. In the samples
with Hg and the blank one there also appear the peaks corresponding to water (at 3470 cm™ and
at 1640 cm™) [46], probably absorbed from the atmosphere, and so “free” water. In any case
the height of those peaks is very small (which, in the [BMIM](SCN) sample, corresponds to a
free water content of about 4600 ppm obtained from Karl Fisher titration).
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Figure 4. FTIR spectra of the eleven [BMIM] thiocyanates studied in selected regions: At left,
[BMIM] region. At right, thiocyanate region. See text for details.
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To observe the differences in the peak position among the ten sample studied, we have zoomed
two characteristic regions of the spectra shown in Figure 3. Thus, in Figure 4(a) we present the
peaks for the region between 2800 and 3200 cm™, corresponding to the [BMIM] cation [45],
while in figure 4(b) we plot the region from 2150 cm™ to 1990 cm™, where the most intense
peak of the spectra centered at about 2100 cm™ appears, which corresponds to the stretching of
C-N in the thiocyanate anion [44]. We observe in Fig. 4(a) that the three peaks at 2870, 2930
and 2960 cm™ appear at exactly the same wave number and with the same relative intensity for
the eleven samples studied. These peaks correspond to the two alkyl chains of the imidazolium,
and so they are not affected by the metal cation. In contrast, the peaks that correspond to the C-
H asymmetric stretching modes of the imidazolium ring, at about 3100 and 3145 cm™ are not
exactly in the same position, but very similar, for ten samples. The exception is the Ni doped
sample (the only one in solid state at room temperature), being the peak at 3100 cm™ red
shifted at 3070 cm™ with a shoulder at 3085 cm™ [37]. In contrast, the peak corresponding to
the stretching of C-N atoms, shown in figure 4(b), varies its position, intensity and even the
number of peaks for each compound. Clearly this peak is the IR signature of each compound,
being recorded in Table 3 the position (or positions) of the maximum for each sample studied.
Thus in the metal free compound it appears at 2046 cm™ and it is single, like for the
compounds with Co and Fe. In contrast it is blue shifted for the other compounds, 10 cm™ for
those with Mn and Hg; 15 cm™ for those with Cr and Zn; 45 cm™ for that with Al and about 50
cm™ for that with Ni. This last compound presents a double peak, like those with Hg, Al or Cu.
The physical origin of those differences could be found in the nanostructured solvation
paradigm observed for other IL mixtures [47]. Let us note that thiocyanate anions present an
enormous coordination ability and it has a great variability of its modes of bonding. Thus, it is
difficult to elucidate which one is in each coordination mode only from infrared spectra [44].

Table 3. Peak positions of eleven different metal thiocyanates for (SCN) anion stretch: The
three columns at left are for C-N stretch peak position from FTIR. The three columns at right are
the peak positon from Raman, both at 25 °C.

Metal Mean Peak  Secondary Height S-C stretch C-N stretch
thiocyanates (cm™) Peak (cm™) relationship (cm™) (cm™)
[BMIM](SCN) 2046 - ; 2041.0 -

[BMIM],Co(SCN), 2048 - - 831.1 2058.6 2079.2
[BMIM];Fe(SCN)g 2046 - - 826.1 2071.2 2088.3
[BMIMLMn(SCN); 2054 - - 806.1 20622  2083.1
[BMIM],Zn(SCN), 2061 - - 826.1 2075.2 2108.4
[BMIM]5Cr(SCN)g 2062 832.3 2071.4 2116.3
[BMIM];AI(SCN)g 2088 2050 0.34 842.3 2083.8 2140.4
[BMIM]5Cu(SCN), 2052 2069 0.91 808.3 2059.8 2082.4
[BMIM],Hg(SCN), 2104 2052 0.40 822.4 21104 -

[BMIM]:Ni(SCN)g 2094 2106 0.64 821.2 2099.1 2121.6
[BMIML,CA(SCN), 2054 - - 828.2 20643  2078.3

uk)=+1cm*

3.2 Raman

Raman spectra of the presented series are a useful tool to obtain a reliable criterion to show
whether the bonding to the central metal, M, of the [M(SCN)] anionic complex is through the N
atom or through the S atom. Several authors have reported that the C-N stretching frequency to
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be usually higher in S-thiocyanates than in N-thiocyanates, though there are some exceptions
[48,49]. Therefore, the C-S stretching frequency has been found to have the characteristic
values of 780-860 cm™ in N-thiocyanate complexes as opposed to cu. 700 cm™ in S-
thiocyanate ones. For the bridging coordination mode, there are rather broad frequency ranges
and these depend on the number and types of coordination bonds of the thiocyanate ligand. It
usually appears in the range of 485-475 and 470-430 cm™ for N and S-thiocyanates [50].

Figure 5 and Table 3 show the vibrational assignment (cm™) of [M(SCN)] anionic complexes
from 700 to 1100 and between 2000 and 2200 cm™ at 300 K where the [M(SCN)] bands are
presented for all the samples studied. The assignments of the absorption bands due to the S-N
and C-N stretching are made by comparing the spectra with those of the Ni compound [37].
From among the reported values the stretching frequency (SCN), C-N seem to be most suitable
due to the non-overlapping and highest intensity confirming that the presented compounds
display SCN-Metal-SCN cation coordination (as that shown in Figure 2 at left).
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Figure 5. Raman spectra of the ten metal thiocyanate ILs between 700 and 1100, and 2000 and
2200 cm™ at 300 K where the [M(SCN)]" (M = Metal) bands are presented.
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3.3 Optical Characterization

Absorption and dispersion measurements were performed at the temperature of 25 °C. In figure
6 we show the absorbance in the spectral range 400-900 nm for nine liquids (those with Cd,
Mn, Hg, Zn, Cu, Fe, Cr, Co and Al). For the highly absorbent compounds (Fe, Cr, Co and Cu)
we used a 10 um thick cell while for the other compounds the thickness was 1 mm. It is to
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Figure 6. Absorbance of nine compounds in the Vis range for A from 400 to 800 nm.

that the compounds with high absorption (Fe, Cr and Co) are paramagnetic with low
ferromagnetic interactions (except the Mn based compound which has the same magnetic order
but low absorption), while the other five with low absorption are diamagnetic (see Section 3.4
for the magnetic characterization details). Far more, the Fe compound present the highest
absorption; it exceeds the working photometric range of our instrument in the whole Vis band
except in the range 600-700 nm, even if we used the thin cell to performed the measurement.
For all compounds absorption is large in the Vis band and falls monotonically in the IR band.
Except the Cu compound with and absorption curve which decrease monotonically (and the Fe
compound as noted above), all compounds present one or two peaks of absorption in the Vis
range (except the Cu-based compound).
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Figure 7. Refractive indices in the spectral range 400 to 1580 nm

On the other hand, we measured the refractive index for liquids with Cd, Mn, Hg, Zn or Cu in a
broad spectral range, from 400 to 1600 nm. The too high absorption of liquids with Fe, Cr or Co
did not allow us to perform the measurement. Furthermore, we were not able to insert the Al
thiocyanate in the measurement cell due to its too high viscosity. Figure 7 shows the refractive
index curve of the five compounds in the spectral range selected, although the curve begins far
away 400 nm for the Cu compound because of the limitation of absorption. They present the
typical behavior of normal dispersion; high refractive index and dispersion for smaller
wavelengths and smaller refractive index and dispersion for larger wavelengths. Refractive
index values are between 1.52 and 1.63, being similar for liquids with Cd, Mn, Zn or Cu and
larger for the liquid with Hg. The Abbe Number (or V-number) is a magnitude used usually as
a measure of material dispersion. It is defined as:
n,—1

V:

— 1)

where np, ng and nc are the refractive indices of the material at the wavelengths of the
Fraunhofer D, F and C spectral lines (589.3 nm, 486.1 nm and 656.3 nm respectively). In
Figure 8 we plot the typical Abbe diagram for the five liquids. In the plot the liquid with Hg
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distinguishes from the other ones due to its high refractive index and dispersion (which means
low Abbe Number). On the other hand, the Cd and Mn thiocyanates are quite similar, with
almost the same refractive index at D line and Abbe number. It is important to note the low
Abbe number which presents these metal thiocyanate ILs in comparison with another liquids
including other ILs [51].
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Figure 8. Refractive index at the D line of sodium versus Abbe Number

3.4 Magnetic characterization

DC magnetic susceptibility measurements for the liquids containing Cr, Mn, Fe, Cu, Zn, Hg,
Al, Cd or Co were performed in the 2-300 K temperature range. That of the sample with Ni
has been reported before [37]. The magnetic susceptibility of the samples with Cu, Zn. Hg, Al
or Cd, is negative (not shown), as it was expected for a system with all electronic shells filled
(AI** is not magnetic and Cu*, Zn?*, Hg** and Cd®* have an electronic configuration [Kr]4d™),
showing a Larmor diamagnetic susceptibility, in which the induced magnetic moment is
opposite to the applied magnetic field. In contrast, for the other metal-based samples, with
partially filled shells, the paramagnetic signal dominates the diamagnetic contribution. Their
temperature dependence of the molar magnetic susceptibilities, ym, and the reciprocal, ym = up
to 250 K, is represented in Figure 9. The experimental and calculated values of the effective
paramagnetic moments and the paramagnetic Curie temperatures using the Curie—Weiss law
[52] in the molecular field approximation are gathered in Table 4. The values of the
paramagnetic Curie temperatures, 0, do not show any clear trend, with positive values, such
that 0 < 6 < 3 K. This feature indicates that these compounds are characterized by the existence
of weak ferromagnetic interactions when the compounds are frozen. The values of the
experimental effective paramagnetic moments shown in Table 4 are close to those expected
theoretically assuming that only the spin angular momentum is contributing due to the
quenching of the orbital angular momentum [52]. No three-dimensional magnetic ordering has
been detected in all the investigated compounds. This situation is not surprising because in
other metal containing ILs based on [BMIM] cation, the metal centers remained isolated,
lacking long-range interaction(s) and coupling with other metal ions in the frozen structure
[53]. However, a smaller chain length of the organic cation, from [BMIM]" that shows no 3D
magnetic ordering through [EMIM]* (Tn = 4 K) [54] to 1, 3- dimethylimidazolium [dMIM]*
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(Tn = 5.6 K) [55], increases the efficiency in the transmission of the magnetic interactions,
resulting in an establishment and increase in the 3D ordering temperatures.
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Figure 9. Temperature dependence of molar magnetic susceptibilities, ym, and reciprocal, xmfl,
for compounds with Cr, Mn, Fe, Ni and Co. The solid lines are the fit according to
Curie—Weiss law.

Table 4. Main magnetic data for compounds with Cr, Mn, Fe, Ni (from Ref. [17]) and Co.
Effective paramagnetic moments, pes, per molecule and paramagnetic Curie temperatures ()
were extracted from the Curie-Weiss fitting of the magnetic susceptibility. The theoretical ones
are also included. The magnetic moment per molecule, M, is given for T =2 K and H = 50
kOe.

Metal et 1"y 0(K) M (ug/molecule)  M™ (ug/molecule)
thiocyanate (us/molec)  (us/molec)
[BMIM]5Cr(SCN)s 3.42 3.87 1.64 2.73 3
[BMIM]sMn(SCN)e 5.40 5.90 2.68 4.50 5
[BMIM]5Fe(SCN)s 5.54 5.90 2.10 4.25 5
[BMIM]4Ni(SCN)g 2.84 2.83 2.87 2.10 2
[BMIM],Co(SCN)4 3.96 3.87 0.50 2.77 3

U(perr) = 0.01; u(M) = 0.01

Magnetization data for paramagnetic compounds have been measured as a function of field at 2
K under magnetic fields up to 50 kOe (see Figure 10). The saturation magnetization values at 2
K are gathered in Table 4. Except for Co (and Ni [37]), all values are smaller than the
theoretical saturation magnetization moments for the transition metals as observed in Table 4,
but near of the expected one for a compound without magnetic couplings. Furthermore, all of
them have neither coercivity or remanence, and the general shape of the M(H) curves, linear
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increase at low fields and the tendency to saturation at higher fields, is typical of the Brillouin
functions expected in paramagnetic materials.
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Figure 10. Magnetic moment, M(H), for the thiocyanate samples with the different studied
metals collected at 2 K and fields up to 50 kOe.

3.5 Thermal characterization
3.5.1 Differential Scanning Calorimetry

All the samples (5 - 8 mg) measured in the DSC were subjected, at least, to four thermal ramps,
two in cooling and two in heating mode, with an isothermal step between them: (a) heating
from 25 to 120 °C at 10 °C min™, (b) isothermal step at 120 °C during 45 minutes to remove
impurities [56] and to erase the thermal history of the sample, (c) cooling from 120 °C to —85
°C at 5 °C min™, (d) isothermal step at -85 °C during 5 minutes and (e) heating from -85 °C to
100 °C at 10 °C min™ and (f) cooling from 100 °C at -85 °C at 5 °C min™. Transition
temperatures were determined from the DSC curves, as onset point of the different peaks,
during the reheating and recooling steps following the methodology used in previous papers
[57].

Figure 11 shows the DSC curve on heating ramps of ten [BMIM] metal thiocyanate ILs and the
blank sample. As it can be observed, there is no transitions associated to melting or
crystallization, except for [BMIM]4 Ni(SCN)g with a cold crystallization in heating ramp at 21
°C and the melting process starting at 62 °C, as observed in Figure 11(c) [37]. In contrast, there
is evidence of glass behaviour in all the metal thiocyanate samples. In the blank compound it is
not possible even observe the glass transition, which agrees with previously published values
[36], where it is reported at -92 °C, out of our measurement temperature range.

For the metal thiocyanates the glass transition temperature increases with regards to the blank
sample, ranging between -72 to -45 °C, as it is observed in Figure 11 for all analysed samples.
[BMIM] thiocyanates containing Al and Cr have a higher glass transition temperature, while
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that with Hg is that with the lowest value among the measured ones. The glass transition
temperature for each compound is given in Table 5. In addition, note that heat flow is nearly
constant with temperature for all samples except Al and Co thiocyanate compounds. In the last
compound this behaviour is related with its unique thermochromic character [35].
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Figure 11. DSC curves of ten [BMIM] metal thiocyanate ILs and the blank sample.
3.5.2 Thermogravimetric Analysis

For TGA, samples of (3 - 5 mg) were placed in an open platinum pan and dynamic experiments
were performed at temperatures from (100 to 800) °C, with different heating rates, between 1
and 20 °C min™ and with a purge gas flow of 20 cm®-min™. Each analysis was repeated three
times.

TG and DTG curves of pure IL and the ten [BMIM] thiocyanate metal ILs at 10 °C min™ and
under nitrogen atmosphere are plotted in Figure. 12. From these curves, the onset, Tonset, and
peak, Tpeak, temperatures were determined as it was widely described in previous works [57],
and mass loss at onset temperature and for the different heating rates are presented in Table 5.
The thermal stability of the IL slightly increases for the metal salt thiocyanates respecting the
blank sample, especially for those with Zn or Cr; whereas Co, Fe, Mn and Cd thiocyanates do
not show significant changes on thermal stability.

Additionally, important changes in residual mass at 600 °C were observed; while pure IL lose
the total initial mass at this temperature, residual mass ranging from 8% for the [BMIM]3
AI(SCN)s to 16 % for [BMIM], Zn(SCN), were measured for the rest of compounds. These
values seem to be related with the percentage of salt mass in the initial sample of the
compound, indicating that the loss of imidazolium and thiocyanate moieties takes place in the
selected temperature interval but the metal salts remain at the end of the experiment, except for
[BMIM], Hg(SCN), probably due to the evaporation of mercury compounds in the working
temperature interval of TGA experiments.

Table 5. Glass transition (Tg), cold crystallization (T.) and melting (Tm) temperatures
determined from DSC curves, and onset (Tonser) and DTG-peak (Tpeax) temperatures, weight
percentage at onset temperature (Wonset) and weight percentage remaining at 600°C (Wegoooc)
determined from TGA on the studied thiocyanate ILs.

IL Tg/°C  Tel’C Tw/°’C Tonset?C  Tpeak®C  Wonse! % Weoooc/ %

[BMIM](SCN) <-75 - -- 264 293 78 1
[BMIM],HQ(SCN),  -72 -- -- 289 315 86 3
[BMIM],Zn(SCN),  -67 -- -- 313 352 84 16
[BMIM];Cu(SCN);  -61 -- -- 272 308 85 13
[BMIM];Co(SCN),  -55 -- -- 265 289 92 10
[BMIM]4Mn(SCN)s = -55 -- -- 262 293 94 12
[BMIM]5Fe(SCN)g -53 -- -- 256 288 91 13
[BMIM],Cd(SCN), = -51 -- -- 268 297 93 15
[BMIM];AI(SCN), -46 -- -- 291 321 87 8
[BMIM];Cr(SCN)s ~ -45 -- -- 317 347 86 14
[BMIM]4Ni(SCN)s -- 21 62 279 309 86 10

Measured values u(Tg)= u(Tcec)= U(Tm)=1 °C, U(Tonset)= U(Tpeax)=6 °C and u(W)=1%
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Figure 12. TG curves of the eleven ILs based in [BMIM] thiocyanate studied.
3.6 Density and molar volume

We have experimentally measured the density of all compounds studied except that with Ni,
solid at room temperature [37]. From the other ones, six of them were measured in a broad
temperature range using the viscodensimeter described in Section 2.2.7 (the blank IL,
[BMIM](SCN), and those with Zn, Al, Cr, Cd and Hg) which are plotted in Figure 13. The
other four ILs (those with Mn, Fe, Cu and Co) were measured using the pycnometric method at
one temperature as explained above. Data for the density of all samples at 25 °C appears in
Table 1. Except for the blank sample and the Co thiocyanate, no data of any of the other
compound have been reported at our knowledge. Thus, published results for the blank
compound, given in Table 1, are about 1070 kg/m’ [9-13,17,22], being so ours (1068 kg/m’) a
little smaller. This discrepancy is probably due to the tiny water content our sample has,
already revealed from FTIR and NMR curves, which was quantified as 4600 ppm from Karl
Fisher titration (see section 3.1). For the Co thiocyanate, density reported at 25 °C is 1222.0
kg/m® [58], which is equal, within experimental uncertainties, with that obtained by us given in
Table 1, 1220 kg/m’.
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Figure 13. Density vs. temperature for the six samples measured in a broad temperature range.
Lines are the best fit of a straight line.

In Figure 13 we plot density data for the six samples measured in a broad temperature range.
As it was expected the value of density depends on the mass of the metal atom, thus the blank
sample has the lowest density, while that with Hg is which has the highest value, followed by
that with Cd (although less than expected from the Cd atom weight). Samples with Zn and Cr
present nearly the same density (in spite of the fact that coordination and atomic mass of these
two atoms is different). As usual, the temperature behavior for density is linear, decreasing with
temperature for all measured samples [10,12,22],

P(T) = pasic+ a-(Teoc - 25) ()

being the slope a for all five samples negative and higher in absolute value for the compounds
with higher density, going from -0.578 mg-cm™ K for the blank sample (similar to that given
in literature [10,22]), up to -0.843 mg-<:m'3-K'1 for the compound with Hg. We have plotted the
obtained slope results vs. density value at 25.0 °C for those six samples measured in a broad
temperature range to roughly obtain a linear relationship,

a /mg-em™ K =-0.5491 .pssec/g-cm™ - 0.020 (3)

Using that slope, we have reproduced the temperature behavior of density for the four samples
measured at only one temperature with equation (2). As density of [BMIM],Co(SCN),; have
been published in literature vs. temperature [58], we have compared those data with our
measured values (taken at one single temperature with the pycnometric method and then
extended to the complete temperature range using Eqgs. (2) and (3)). Results are equal within
experimental uncertainties, which increase our confidence in the method employed.

Then, we have calculated the molar volume, V,, of all samples in the temperature range
studied, which is defined as the molar mass divided by density (given in Table 1).

Vin(T) = M/p(T) 4

Molar volume gives information about the ion packing, and it is evident that the octahedral
configuration will have bigger molar volumes than the tetrahedral ones. Three of the octahedral
compounds have very similar molar volume, but that of [BMIM],; Mn(SCN)s is higher. As this
last compound has one more [BMIM] cation than the other four analyzed octahedral
thiocyanates, we can assume that the extra volume is only due to this extra cation. Thus, we can
estimate the molar volume of each [BMIM] cation in the octahedral complex, simply
subtracting the molar volume of (for example) the Fe based thiocyanate to that corresponding
to the sample with Mn. Then we obtain that: V,,smmvjocta = 143.1 + 0.083-T/°C cm’-mole™’. The
same happens with the Cu thiocyanate, it has one [BMIM] extra cation than the other
tetrahedral complexes. Thus, subtracting the molar volume of the Cu sample than that with Co
(for example), we estimate the molar volume of the [BMIM] for the tetrahedral metal complex,
being: VeMmmietra = 132.9 + 0.077-T/°C cm’-mole”’. These two values are much higher than
those given in the literature [10,58] for usual ILs with [BMIM]. To reproduce that published
value, we subtract the thiocyanate anion volume published [59], Viscn)y = 65.4 cm’ mole™
(independent of temperature in the range studied) to the molar volume of [BMIM](SCN)
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measured, and so we obtain: Vgmmmifree = 116.7 + 0.103-T/°C cm’ -mole'l, equal to the results
published before within a 1% [10,59]. These three different volumes for the same cation
indicates the influence of the ionic packing on its effective size.

Now, assuming that the cation volume is the same for each of the metal thiocyanate complexes,
we proceed to calculate the molar volume of each metal thiocyanate anionic complex, simply
by subtracting the corresponding number of V,,smmv). Results are plotted in Figurel4 where it
is observed that all octahedral adducts have, at 25°C, V,mescys = 240 + 5 cm’-mole™, with a
positive slope of 0.13£0.01 ¢cm’-mole™-K™'. That size corresponds roughly to a side length of
about 0.92 nm for the octahedral complex. For the tetrahedral samples, the volume is smaller,
being at the same temperature, Vmscnyg = 199 £ 7 cm’-mole”! with a slope of 0.12 £+ 0.01
cm’ mole™-K™'; which roughly represents a side length of 1.41 nm in the tetrahedral cell (a
50% higher than for the octahedral complex). The exception is the Cd(SCN), anionic complex
which presents a molar volume similar to octahedral ones (we guess that in fact this compound
coordinates in this last configuration).

Thus, as in Ref. [10], we conclude that molar volume is additive for all metal thiocyanates
studied, being the volume of the anionic complex only dependent of its structural configuration
and not of the metal atom size it contains (except for the Cd complex). To analyze the small
differences among the tetrahedral cations (or among the octahedral ones) is pointless, because
the uncertainties due to the experimental measurements, expanded due to calculations, are too
big compared with the small differences found.
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Figure 14. Molar volume calculated for the nine metal thiocyanates anionic complexes and the
[BMIM] cation with three environments: octahedral, tetrahedral and free (see text for details).

Finally, we calculate the thermal expansion coefficient, which is defined as,

a=—3(), ®)
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So, taken into account Eq. (2) and the value of the density vs. temperature slope value given in
Eq. (3), we can obtain that the o value for all our studied samples at every temperature is,

q = (0.5491-pygec+ 0.020)-1073 ©)
P25ec—1073(0.5491-py50¢+0.020)-(T—25)

Where pasec is given in g/em®, T in °C, and the resulting o. parameter will have as unities K.
The calculated values for all samples studied at 25.0 °C are given in Table 1, being the
uncertainty of the values obtained from equation (6) lower than 10° K™'. As observed, values
are very similar for all compounds, being the lowest one that corresponding to the blank sample
and the highest one (6% higher than the lowest) for those compounds with Zn and Cr. It is
noteworthy that a value does not depend on the complex structure type or on the size of the
metal cation. The result given in literature for [BMIM],Co(SCN)4 [58] is equal to that obtained
by us within 1%.

4 Conclusions

We present the synthesis, microstructure and volumetric properties of ten ILs based in the 1-
butyl-3-methyl imidazolium thiocyanate doped with different metal cations. Depending on the
metal size the metal-thiocyanate configuration can be octahedral or tetrahedral. We have
characterized the obtained compound using NMR, FTIR and Raman spectroscopy, also the
magnetic behavior of those compounds were obtained. In addition, we have measured their
optical and thermal characteristics and also their volumetric properties. Chemically all metal
doped compounds are very similar, as also observed from NMR or FTIR spectroscopy, but
their optical, thermal and volumetric properties differ a lot among them. Thus, color, Vis
radiation absorption and refractive index is very dependent of the metal nature. On the other
hand, the metal doped samples (except that with Ni) presents a glass transition at a temperature
different for each compound, in general lower with the atomic size of the metal (exception is
that with Cd). Finally, the volumetric behavior is easily explained taking into account the
metal-thiocyanate complex, because all tetrahedral adducts have a similar molar volume,
smaller than that measured for octahedral ones (which are very similar among them). The only
exception is for the sample with Cd, which has a molar volume similar to the octahedral
complexes, while this compound was supposed to present a tetrahedral one.
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Highlights:

We present a new family of metal thiocyanate ionic liquids [BMIM],,M**(SCN),, with
n being 4 or 6.

Metal cations used where: Al*3, Mn*?, Fe*3, Cr*3, Ni*?, Hg*?, Zn*?, Co*?, Cd*™? and Cu’;
and also a blank one: [BMIM](SCN).

Obtained products have been characterized by NMR, MS-ES, FT-IR and Raman
spectroscopy.

In addition, magnetic, optical and thermal characterization were performed on the
samples.

Volumetry shows that molar volume does not depend on the metal nature, but on the
kind of metal-thiocyanate complex.
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