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Abstract: In this paper, three new heterometallic compounds were described and
compared with the molecular formula [Cu(pn),Zn(NCS)4] (1), [Cu(N,N-Mej-en),Zn(NCS),]
(2), [Cu(N—Me—en)ZZn(NCS)4]~%HQO (3) where pn = 1,2-diaminopropane, N,N-Mey-en =
N,N-dimethylethylenediamine and N-Me-en = N-methylethylenediamine, respectively. The
compounds mentioned above were characterized by elemental analysis, infrared (IR), electronic,
electron paramagnetic resonance (EPR) spectra, and magnetic studies. Crystal structures for 1 and
2 were determined by X-ray analysis. Copper(Il) in these complexes adopts 4 + 2 coordination with
two elongated (in 2 very long and considered as semi-coordination) Cu-S bonds. The Cu-N and
Cu-S bond lengths depend on substituent position affecting steric hindrance and hence a topology
of the chain. Both chains form different zigzag patterns characterized by one or two Cu-Zn distance
values. Weak magnetic interaction is observed, ferromagnetic in the case of 1 and antiferromagnetic
in the case of 2, due to diversity of the above structural features.

Keywords: heterometallic complexes; single-crystal X-ray analysis; solvatomorphism; magnetism;
EPR; spectroscopy; thiocyanate; bridges; copper(Il); zinc(II)

1. Introduction

In recent decades, coordination polymers (CPs) have engaged attention owing to their interesting
structural topology features and resulting properties. The key towards the diversity of CPs is the design
of underlying topology and directionality, which is realized by a judicious choice of metal centers
and ligands. The thiocyanato ligands are often considered because of their ambidentate nature [1-4]
and ability to efficiently mediate super-exchange magnetic interaction between paramagnetic metal
centers [5]. The thiocyanato-N/S-metalates in reaction with various cationic tectons form numerous
zero- [6,7], one-[8,9], two- [10,11], and three-dimensional [4,12] thiocyanato bridged compounds, which
manifest interesting structural, physicochemical properties, as well as sometimes potential applications.

The properties of thiocyanato-N/S-metalates very frequently also lead to one-dimensional chain
topologies involving pairs of paramagnetic 3d-3d’ [13,14] and 3d-4d metal ions [15], though the diamagnetic
centers are in use [12,16]. The first structurally characterized (X-ray single crystal analysis) compound
with [Cr(NCS)g]?>~ unit in combination with Ni(II), [Ni(en)s],.[{Ni(en),Cr(NCS)s}2,] [8] is composed of
isolated cationic unit [Ni(en)3]** and polymeric one-dimensional anion [{(SCN)Cr(NCS)sNi(en),}n]"~. The
thiocyanato bridges combine alternately the Cr and Ni centers giving the zigzag pattern. In this compound,
moderately strong antiferromagnetic interactions between metal centers in the chain were found and
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explained by the structural aspects connected to N,S-thiocyanato bridged entity being in cis positions at
both metallic centers. The another compound exploiting bridging ability of thiocyanate with diamine
as a co-ligand, [Cu(en),Cr(NCS)4(NH;3),J[Cr(NCS)4(NH3),]-6dmf, consists of cationic zigzag chains
—NCS-Cu(en),-SCN-Cr(NCS),(NHj3),—, isolated [Cr(NCS)4(NHj3),]™ unit and solvent molecules [13]. A
very low coupling constant (] = —0.02 cm™!) was found using the model that assumes antiferromagnetic
interactions between metal centers through nearly an orthogonal thiocyanato bridge. The other diamines
were also used as blocking ligands to support 1D chain topologies. For example, in the one-dimensional
compound [Cu(oxpn)Ni(u-NCS)(NCS)(tmen)],;, (oxpn = N,N’-bis(3-aminopropyl)oxamidate and tmen =
N,N,N’,N’-tetramethylethylenediamine), the interactions through bridging thiocyanate ions are negligible,
while antiferromagnetic interactions between the chains are transmitted by the hydrogen bonds [17].

In the recent papers of Pryma et al. [18] and Wrzeszcz et al. [19,20], the new compounds with
the same [Cu(en);Zn(NCS)4] (en = ethylenediamine) zigzag unit were reported. Among these
solvatomorphic compounds, there are different chain types, bond distances and angles, physical
properties (density), solvent molecules, etc., depending on the synthesis conditions. As a continuation
of our work on this topic, in this paper, three complexes obtained with different diamine ligands were
described and compared but with the same metal centers as previously reported [18-20]. Moreover,
for obtained compounds, magnetic data were discussed, and attempts were made to determine the
impact of the used diamine ligands on the structure.

2. Materials and Methods

2.1. Materials

All reagents used in the synthesis were of analytical grade and used without further purification.
Diamine ligands were purchased from Sigma-Aldrich (Darmstadt, Germany), other reagents from
POCH (Gliwice, Poland).

2.2. Synthesis of [Cu(diamine),Zn(NCS)4]

(1) 242 mg Cu(NO3),-3H,0 (1 mmol) (Chempur, Piekary Slaskie, Poland) was dissolved in
16 cm® of water. Then, constantly stirring, 0.18 cm?® 99% (2.1 mmol) of 1,2—diaminopropane (pn)
(Sigma-Aldrich, Darmstadt, Germany) was slowly added. An inky solution was obtained. In addition,
326 mg of NaNCS (4 mmol) (POCH, Gliwice, Poland) was dissolved in 12 cm? of water and added to
the solution of 298 mg Zn(NO3),-6H,0O (1 mmol) (POCH, Gliwice, Poland) in 12 cm? of water. Both
solutions were combined with vigorous stirring. The clear solution was left to evaporate in the air
for two weeks. The violet crystals of [Cu(pn),Zn(NCS)4] (1) suitable for diffraction experiments were
obtained. The crystals were filtered off and washed with a small quantity of ethanol (POCH, Gliwice,
Poland). Total yield: 342 mg (67%). Anal. Found: C, 23.48; H, 3.54; N, 22.00%. Calc. C, 23.57; H, 3.96;
N, 21.99%. VIS (cm™1): 18040 d-d (Cu(ID)). IR (cm~1): v(NH) 3302 s, 3223 s, 3119 m, v(CH) 2967 m,
2924 m, v(CN) 2085 vs, 2047 vs, 5(NH;) 1571 s, 8(CH,) 1459 m, v(CN) 1052 s, 1012 s, v(CC) 933 m,
v(CS) 831 m, drocking(NH2) 674 s, 8(NCS) 477 s, 5(NCuN) and v(ZnN) 271 s,vbr, 8(ZnNC) 155 s.

(2) This complex was obtained in a similar way to 1, except for the use of N,N-dimethylethylenediamine
(N,N-Mey-en) (Sigma-Aldrich, Darmstadt, Germany) instead of pn. The dark violet crystals of
[Cu(N,N-Mey-en),Zn(NCS)4] (2) suitable for diffraction experiments were obtained. Total yield: 268.7 mg
(52%). Anal. Found: C, 26.96; H, 4.61; N, 20.40%. Calc. C, 26.81; H, 4.50; N, 20.84%. VIS (cm~1): 17720 d-d
(Cu(D)). IR (em™1): v(NH) 3204s, 3129 s, v(CH) 2983 w, v(CN) 2133 sh, 2097 vs,br, 5(NH,) 1581 s, 5(CH,)
1459 s, v(CN) 1056 s, 1024 m, v(CC) 995 s, v(CS) 820 m, 8rocking(NHa) 649 m, 3(NCS) 472 s, 5(NCuN) and
v(ZnN) 278 s, 253 sh, 6(ZnNC) 163 s.

(3) This complex was obtained in a similar way to 1, except for the use of N-methylethylenediamine
(N-Me-en) (Sigma-Aldrich, Darmstadt, Germany) instead of pn. Despite a big effort and experiments
performed also in H-tubes, the violet crystals of [Cu(lN -Me—en)ZZn(NCS)4]-%HZO (3) unsuitable for
diffraction experiments were obtained. The crystals were filtered off and washed with a small quantity
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of ethanol. Total yield: 186.7 mg (36%). Anal. Found: C, 23.13; H, 4.06; N, 21.57; H,O, 1.72%. Calc.
C, 23.16; H, 4.08; N, 21.61; H,0O, 1.74%. VIS (cm™1): 17760 d-d (Cu(I)). IR (cm™!): v(OH) 3456 m,
br, v(NH) 3204 s, 3125 m, v(CH) 2945 m, v(CN) 2133 sh, 2092 vs, br, 5(NH,) 1577 s, 6(CH,) 1453 m,
V(CN) 1058 s, ¥v(CC) 977 s, v(CS) 823 m, 810cking(NHa2) 657 m, 3(NCS) 472 s, 5(NCuN) and v(ZnN) 276
s,br, 5(ZnNC) 161 s. Considering the above, some results related to compound 3 have been shown in
Supplementary Materials).

Unexpectedly, the use of 1,3-diaminopropane (tn) (Sigma-Aldrich, Darmstadt, Germany) instead of
pn, leads to the formation of the blue crystals of known monometallic two-dimensional [Cu(tn)(NCS);]
complex [21,22]. Despite many attempts, the heterometallic [Cu(tn),Zn(NCS)4]-Solv. compound has
not been synthesized.

2.3. Physical Measurements

Elemental analysis was performed on a Vario Macro CHN Analyzer (Elementar Analysensysteme
GmbH, Langenselbold, Germany). Water content was determined on an SDT 2600 (TA Instruments,
New Castle, USA) by simultaneous thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) in air atmosphere. Infrared spectra (IR) were recorded on a Vertex 70 v Spectrometer
(Bruker Optik GmbH, Ettlingen, Germany) in the range 4000-100 cm™!. Reflectance spectra were
recorded in MgO on the SPECORD M40 Spectrophotometer (Carl Zeiss, Jena, DDR) in the range
30,000~12,000 cm™!. Electron Paramagnetic Resonance (EPR) spectra of powdered samples were
recorded at room temperature with an EPR SE/X 2541 M spectrometer (Radiopan, Poznan, Poland)
in X band (ca. 9.33 GHz) with 100 kHz modulation. The microwave frequency was monitored with
a frequency meter. The magnetic field was measured with an automatic NMR-type magnetometer.
Magnetic measurements in the temperature range 1.8-300 K were performed using a SQUID MPMS-3
magnetometer (Quantum Design, San Diego, USA) at the magnetic field of 0.1 T. The data were
corrected for the sample holder, diamagnetism using the Pascal’s constants [23] (278 and ~302-10° ¢cm?
mol™, for compounds 1 and 2, respectively) and temperature independent paramagnetism [24]. The
effective magnetic moment was calculated from the equation: = 2.828 (xp“'" - T)!/2. Magnetization
versus magnetic field measurements were carried out at 1.8 K in the magnetic field range 0-7 Tesla.

2.4. Structural Analysis

Diffraction data were collected at BL14.2 beamline (HZB, Berlin, BESSY II synchrotron) at 100 K
for [Cu(pn);][Zn(NCS),] (1) and on Oxford Sapphire with CCD area detector [25] at room temperature
for [Cu(N,N-Meyen),Zn(NCS)4] (2). The data were processed using XDS for 1 and CrysAlis for 2.
Subsequently, these data were reprocessed with CrysAlis to apply the numerical absorption correction
(RED171 package of programs, Oxford Diffraction, 2000 [25]). Both structures were solved by direct
methods and refined by full-matrix least-squares techniques on F? with a SHELXL program [26]
with anisotropic thermal displacement parameters for all heavy atoms. Positions of hydrogen atoms
attached to carbon atoms were assigned at calculated positions, whereas positions of hydrogen atoms
attached to nitrogen atoms were found from difference electron density maps. All hydrogen atoms
were refined with isotropic thermal displacement parameters fixed to a value of 20% or 50% higher
than those of the corresponding C or N atoms. In 1, we found two sets for positionally disordered CHj,
and CH groups from 1,2-diaminopropane ligands. The refinement showed that they are populated
0.6:0.4 and 0.7:0.3 for Cu2 and Cu3 moieties, respectively. In 2, positional disorder for CH, and CHj3
groups is also observed with two sets refined with final occupancies 0.62 and 0.38. In 2, two geometrical
restraints (DFIX) were applied for C5-H5C/D bonds. Additionally, an extinction coefficient was also
refined showing value of 0.0264. All figures were prepared in DIAMOND [27] and ORTEP-3 [28,29].
The details concerning the data collection and refinement processes of the compound reported in this
paper are presented in Table 1.
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Table 1. Crystal data and structure refinement for 1 and 2.

Parameters 1 2
Empirical formula C10Hp9CuNgS4Zn C1pHp4CuNgS4Zn
Formula weight 509.49 537.54
Temperature [K] 100(2) 293(2)
Wavelength [A] 0.7999 0.71073
Space group Triclinic, P -1 Monoclinic, P 2¢/m

Unit cell dimensions [A] and [°]

a = 8.6630(6) « = 97.190(7)
b =8.9219(7) B = 97.164(6)
¢ =13.5420(11) y = 98.772(6)

a=82626(3) x =90
b =16.4982(6) B = 95.317(4)
c=8.2895(3)y = 90

Volume [A3] 1015.19(14) 1125.14(7)
Z, Calculated density [Mg/m3] 2,1.667 2,1.587
Absorption coefficient [mm~!] 2.650 2.396
F(000) 518 550
Crystal size [mm] 0.205 x 0.180 x 0.080 0.500 x 0.360 x 0.090
Theta range for data collection [°] 2.924-32.209 2.468-26.370
-11<h<11 -10<h<9
Limiting indices -11<k<11 -20<k<20
-18<1<18 -10<1<10

Reflections collected / unique

16727/4431 [R(int) = 0.0298]

6640 /2383 [R(int) = 0.0291]

Completeness to theta

28.681° 89.5%

25.242° 99.9%

Absorption correction

Numerical

Numerical

Max. and min. transmission

0.816 and 0.613

0.813 and 0.380

Refinement method

Full-matrix least-squares on F?

Full-matrix least-squares on F?

Data/restraints/parameters

443170/ 247

2383/2/164

Goodness-of-fit on F?

1.056

1.068

Final R indices [I > 2sigma(I)]

R12 = 0.0381, wR2P = 0.1000

R12 = 0.0345, wR2P = 0.0917

R indices (all data)

R1? = 0.0413, wR2P = 0.1018

RI? = 0.0417, wR2P = 0.0946

Extinction coefficient

N/a

0.0264(19)

Largest diff. peak and hole [eA~3]

1.039 and -0.871

0.631 and —0.546

aR1 = Z[|Fo|- [Fell/ZIFol, ® wR2 = [Ew(Fo? — F2)*/E(w(Fe?)?)]Y2.

CCDC 1946058 and 1946055 contain the supplementary crystallographic data for 1 and 2,
respectively. These data can be obtained free of charge from The Cambridge Crystallographic

Data Centre [30].

3. Results and Discussion

3.1. General and Spectroscopic Characterization of 1 and 2

3.1.1. General Characterization

Compounds 1 and 2 were synthesized by mixing stochiometric amounts of in situ prepared aqueous

solutions of the appropriate bis(diamine)copper(Il) congeners and tetra(thiocyanato-N)zincate(II)
complexes. Elemental analyses confirmed the composition of the complexes investigated. All obtained
compounds are air stable, water soluble, and could be easily recrystallized giving violet or dark
violet crystals.
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3.1.2. Electronic Spectra

Compounds 1 and 2 include thiocyanate groups and pn or N,N-Mej-en as ligands, respectively.
Electronic spectra of the described compounds for solid samples show a wide, asymmetric band at
18,040, 17,720 cm~! for 1 and 2, respectively, which was assigned to the 2B1g—>2B2g,2Eg spin allowed
d—d transitions in copper(II) ions [31]. A shoulder of the main band occurring at lower wavenumbers
(ca. 14,000 cm™1) may be attributed to the ’B 1g—>2A1g d—d transitions [31]. The Jahn-Teller effect is
responsible for this asymmetry. Such effect has been previously observed for diversity of copper(II)
thiocyanato complexes with identical CuN4S; chromophore, monometallic e.g., Cu(NHj3)4(SCN), [32]
and Cu(en),(SCN), [33], as well as heterobimetallic [20,34-39].

3.1.3. Infrared Spectra

The infrared spectra of 1 and 2 are quite similar to each other and to that of [Cu(en), Zn(NCS)4]-H,O [19].
They show the characteristic absorptions due to thiocyanato ligands as follows: an intense bands at
2085, 2047 (1), 2133sh, 2097 cm™! (2), a medium band at 831 (1), 820 cm™! (2), and strong band at 477 (1),
472 cm™ (2) due to vibrations of the CN, CS, and deformation of NCS groups, respectively [13,14,40]. The
broad and split band in the region 2150-2000 cm~! corresponds to the presence of bridging and N-bonded
thiocyanate groups. As pointed out in the literature, the shoulder at the higher frequency (ca. and above
2100 cm™!) can be assigned to bridging ions [40]. The expected low intensity new vcg bands are masked
by strong and medium bands from rocking NH,. Bands coming from pn molecules were found at: 3302,
3223 and 3119 v(NH), 2967, 2922 v(CH), 1571 §(NHp), 1459 §(CHy), 1052, 1012 V(CN), 674 8yocking(NHy),
and 933 cm~! v(CC). Bands coming from N,N-Me;-en molecules were found at: 3204 and 3129 v(NH),
2983 v(CH), 1581 5(NH,), 1459 5(CHy), 1056, 1024 v(CN), 649 8;ocking(NHp), and 995 cm ™! v(CC). Other
bands given in the Experimental section, especially those associated with vibrations and deformations
of metal-ligand skeleton, were assigned according to the literature data for [Cu(diamine),]** [41] and
[Zn(NCS)4]*~ [42]. The data of elemental analysis confirmed theoretically established formula in each case.

3.2. Description of the Crystal Structures

3.2.1. Structure of Compound (1)

Compound 1 crystallizes in the triclinic P -1 space group. In the asymmetric unit of the unit cell,
a zinc block with four thiocyanate anions and two halves of copper units was found with only one
symmetrically independent molecule of pn in the coordination sphere of each copper ions (Figure 1).
In this structure, both copper atoms are positioned at the inversion centers. CH,; and CH groups in
both copper units reveal positional disorder with two populations: 0.6:0.4 and 0.7:0.3 for Cu2 and
Cu3, respectively, which is related to both enantiomers of chiral pn ligand (S and R, respectively)
coordinated to both copper(Il) ions from the asymmetric unit cell. The selected bond distances
and angles are listed in Table 2 and Table S1. Both copper coordination spheres are composed of
four nitrogen atoms from two pn molecules and two sulfur atoms from two thiocyanate anions.
Both copper(Il) ion adopt 4 + 2 coordination with four short Cu—N bonds ranging from 1.993(2)
to 2.031(3) A for Cu2 and from 2.006(3) to 2.017(3) A for Cu3. Hence, only in the Cu2 block, we
observe asymmetry in Cu-N bonds: NH; group next to the CH group shows significant shortening of
the Cu—N bond. The N-Cu—N angles show values of 84.92(10) and 84.73(13)° inside Cu2 and Cu3
chelate rings, respectively, 95.08(10) and 95.27(13)° for atoms belonging to two different organic ligands
and 180.0° for trans oriented nitrogen atoms. Both crystallographically independent [Cu(pn),]**
moieties are inclined by 30.94(17)°. The coordination sphere is completed by two sulfur atoms from
thiocyanato ligands occupying trans positions and found at long distances but significantly differing:
2.9718(8) and 3.0432(9) A for S3 and S4 atoms, respectively. They form S—Cu—N angles ranging from
85.47(8) to 94.53(8)° and from 88.00(8) to 92.00(8)° for S3 and S4 atoms, respectively. Zinc(Il) ion was
found in a tetrahedral environment with four nitrogen atoms from thiocyanate anions forming the
coordination sphere. Zn—N bonds are slightly shorter for non-bridging nitrogen atoms (1.950(3) and
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1.965(3) A), whereas, for both bridging nitrogen atoms, we found 1.969(3) A. The N-Zn-N angles
range from 103.74(13) to 114.19(12)° for angles between bridging and terminal thiocyanato ligands.
The angles between the non-bridging ligands (111.90(12)°) as well as between the bridging ligands
(105.56(15)°) fall into this broad range. Generally, the Zn(NCS)42~ unit has geometrical parameters
consistent with those normally observed [43]. The detailed analysis of Cu(II) and Zn(II) coordination
spheres for 1, 2, and comparison with Cu(en);[Cd(SCN);]; [4], {Cu(en);[Ni(en)(NCS),(SCN)Ix}n [10],
[Cu(en),Zn(NCS)4]-H,O [19], [Cu(en),(SCN),] [44], and [Cu(en),Cd(dca),(SCN), | [45] can be found
in Supplementary Materials.

P
Y, o
Pt
N2 e
N24A

Figure 1. The representative portion of the crystal structure of 1 with the numbering scheme and the
thermal ellipsoids at 30% probability. Black bonds correspond to atoms in the main population and
grey to the minor one.

Table 2. Selected bonds lengths [A] for 1.

Bond Length Bond Length Bond Length
Zn1-N2 1.950(3) Cu2-N141 1.993(2) Cu3-N24 2.006(3)
Zn1-N1 1.963(3) Cu2-N14 1.993(2) Cu3-N24 fi 2.006(3)
Zn1-N3 1.969(3) Cu2-N111 2.031(3) Cu3-N21 2.017(3)
Zn1-N4 1.969(3) Cu2-N11 2.031(3) Cu3-N21 i 2.017(3)

Cu2-S31 2.9718(8) Cu3-54 i 3.0432(9)
Cu2-S3 2.9718(8) Cu3-S4 3.0432(9)

L oxt1,—y+1,~z+1; | —x,~y+1,-z+2.

In the packing, we observe infinite chains running along the [1 0 —1] direction with alternately
arranged copper and zinc ions showing the following repeating motif: ... ZnCu2ZnCu3 ... (Figures 2
and 3). Copper atoms form the axis of the zigzag, whereas zinc(Il) cations were found above and
below the axis of the chain propagation. Due to the presence of two crystallographically distinct blocks,
there is a variety of intermetallic distances. In the chain, Zn1-Cu3 separation is small (5.0391(5) A),
whereas Zn1-Cu?2 distance is much longer (6.3630(6) A). Hence, Zn—Zn distance across Cu2 atom
is 12.726 and across Cu3 atom 10.078 A. These differences are due to the Zn-S—Cu angle, which,
for S3 thiocyanato bridging, Cu2 and Zn1l atoms are much bigger (108.77(2)°) than for S4 anion
coupling Cu3 and Zn1 atoms (77.83(2)°). It results in an “irregular” zigzag with one side significantly
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extended (Zn1-Cu2-Znl1[1-x, 1-y, 1-z]). It should be noted that a term “irregular” means that two
values describe adjacent Cu-Zn distances, whereas “regular” corresponds to only one such value
(compare Figure 2 with Figure 5), which is related to the number of independent copper moieties in
the asymmetric units. In 1, the shortest intermetallic distances between paramagnetic copper(Il) ions
are 7.569, 8.481, and 8.663 A. The second value corresponds to intrachain separation, whereas other
distances describe separations between copper(ll) ions in adjacent chains translated along a and c
axes, respectively. The crystal structure is maintained by N-H ... Nand N-H ... S hydrogen bonds
(Table 3). The former interactions are observed for N21-H21 from the pn molecule and N1 as well
as N4 atoms from thiocyanate anions and result in a shorter Cu3-Zn1 distance and more compact
structure of this part of the chain. There were not detected any similar interactions between N11 ligand
and thiocyanate anion, and, consequently, that part of the zigzag exposes a more extended structure.
N-H ... S hydrogen bonds mediate interactions between adjacent chains forming a robust network
of hydrogen bonds. They involve rather non-bridging sulfur atoms, and the N21-H21a ... S3[1-x,
1-y, 2—z] bond is the only exception. This hydrogen bonds pattern is due to significant differences in
thiocyanate geometry with adjacent metal ions. The detailed analysis of Zn-N-C angles can be found
in Supplementary Materials.

Figure 2. Structure of the chain in 1 viewed along the [1 0 —1] direction.

Figure 3. Crystal packing of 1 along the b-axis.
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Table 3. Hydrogen bonds for 1.

D-H A d(D-H) [A] d(H--A) [A] d(D--A) [A] <DHA [°]
N11-H11A S2 [14x,1+y,2] 0.990 2.85 3.696(3) 144
N14-H14A S1 [x,1-y,1-Z] 0.990 246 3.431(3) 167
N21-H21A N1 [-x,1-y,2-2] 0.990 251 3.283(4) 134
N21-H21A N4 [x,1-y,2-z] 0.990 250 3.365(5) 146
N21-H21B S3 [1-x,1-y,2-7] 0.990 2.62 3.514(3) 151
N24-N24B S2 [x,1+y,2] 0.990 2.54 3.446(3) 152

3.2.2. Structure of Compound 2

Compound 2 crystallizes in the monoclinic centrosymmetric P 2;/m space group with copper
positioned at the inversion center and zinc and two (S1 and S2) thiocyanates located at the m plane. In
the asymmetric unit of the unit cell, a copper unit was found with only one symmetrically independent
N,N-Mej-en molecule and a zinc block with three thiocyanate anions (Figure 4). In this structure,
N,N-Mej-en reveals a positional disorder for CH; and CHj3 groups with two populations: 0.62:0.38.
The selected bond distances and angles are listed in Table 4 and Table S2. Both copper coordination
spheres are composed of four nitrogen atoms from two N,N-Mej-en molecules and two sulfur atoms
from two thiocyanate anions. Hence, copper(ll) ion adopt 4 + 2 coordination with four short Cu—N
bonds ranging from 1.980(2) to 2.085(2) A and two sulfur atoms from thiocyanate anions found
at very long identical distances 3.3477(14) A that can be considered only as a semi-coordination.
The N-Cu-N angles show following values 84.79(9) inside the Cu2 chelate ring, 95.21(9)° for
atoms belonging to two different organic ligands, and 180.0° for frans oriented nitrogen atoms.
Sulfur atoms form S—Cu—N angles ranging from 86.86(7) to 93.14(7)°. The zinc(Il) ion was found
in the tetrahedral environment with four nitrogen atoms from thiocyanate anions forming the
coordination sphere. Zn—N bonds are slightly shorter for nitrogen atoms from bridging thiocyanates
(1.950(3) A), whereas, for nitrogen atoms from both non-bridging ligands, we found 1.955(4) and
1.967(4) A. The N-Zn-N angles range from 108.22(9) to 109.81(10)° for angles between bridging and
terminal thiocyanato ligands showing values close to the ideal tetrahedral environment, whereas
the angles between the non-bridging ligands (103.70(17)°) as well as between the bridging ligands
(116.30(15)°) adopt extreme values for this structure. All thiocyanato ligands were found in linear
conformation with an N—C-S angle being close to 180°. The Zn—N-C angle for the bridging thiocyanate
(171.9(3)°) falls into the range of terminal ligands: 161.2(4) and 178.2(4)° for N1 and N2 thiocyanates,
respectively. The detailed analysis of Cu(Il) and Zn(II) coordination spheres for 1, 2, and comparison
with Cu(en);[Cd(SCN)s], [4], {Cu(en),[Ni(en)(NCS)(SCN)]2}n [10], [Cu(en),Zn(NCS)4]-H,O [19],
[Cu(en),(SCN),] [44] and [Cu(en),Cd(dca)2(SCN); ] [45] can be found in Supplementary Materials.

Figure 4. The representative portion of the crystal structure of 2 with the numbering scheme and the
thermal ellipsoids at 20% probability.
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Table 4. Selected bonds lengths [A] for 2.

Bond Length Bond Length
Zn1-N3 1.950(3) Cu2-N4 1.980(2)
Zn1-N31 1.950(3) Cu2—N4 i 1.980(2)
Zn1-N1 1.955(4) Cu2-N7 i 2.085(2)
Zn1-N2 1.967(4) Cu2-N7 2.085(2)
Cu2-S3 i 3.3477(14)
Cu2-S3 3.3477(14)

Ix, —y=1/2, ;1 —x, -y, —z+1.

In packing, we observe chains running along the b-axis showing a regular zigzag pattern with
copper(Il) ions indicating the axis of this zigzag and zinc(Il) cations positioned above and below it
(Figures 5 and 6). There is one intermetallic value describing separation between copper and zinc
ions in the chain being 6.879 A, whereas distances between adjacent copper cations and adjacent zinc
cations are much bigger, being 8.249 and 13.758 A, respectively. The Cu2-S3-Zn1 angle is 116.31°. The
shortest distances between paramagnetic copper ions are 8.249 and 8.263 A. The former corresponds
to intrachain separation, and it is a half of the b-axis, whereas the latter describes a distance between
copper(Il) ions from two adjacent chains translated along the a-axis. The crystal network is maintained
via few hydrogen bonds created by sulfur atoms (Table 5). An intrachain hydrogen bond was detected
between H9A from the main population of the CHj group and a bridging S3 sulfur atom. Additionally,
there are two N-H ... S hydrogen bonds between adjacent chains. Hence, NH, group is crucial for
crystal network formation.

Figure 5. Structure of the chain in 2 viewed along the b-axis.

I

Figure 6. Crystal packing of 2 along the c-axis.
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Table 5. Hydrogen bonds for 2.

D-H A d(D-H) [A] d(H--A) [A] d(D--A) [A] <DHA [°]
N4-H4A S2 [x,y,~1+27] 0.822(15) 2.778(13) 3.532(3) 153.2(13)
N4-H4B S1 [-1+x,y,~1+27] 0.821(14) 2.767(14) 3.485(2) 147.0(13)
C9-H9A S3 [x,y,2] 0.96 2.66 3.505(8) 147

3.2.3. Structure of Compound 3

The crystal structure of the compound 3 is unknown (see Experimental and Supplementary Materials).
3.3. EPR and Magnetism of 1 and 2

3.3.1. EPR

The compounds 1 and 2 exhibit an axial type of EPR spectra. The room temperature EPR spectra are
shown in Figure 7 (for 3, see Figure S1). This category of spectra is consistent with copper(Il) complex
of axial “effective symmetry” of ligand field in line with the pseudooctahedral environment [33]. The
EPR spectra were simulated using the program SPIN written by Dr. Andrew Ozarowski from NHMFL,
University of Florida, with the resonance field calculated by full diagonalization of an energy matrix.
A large anisotropy of the line width had to be used in the simulation procedure in the case of 1. The
line width for 2 is ca. 2.5 to 5 times smaller than that for 1 for perpendicular and parallel orientation,
respectively (compare Figure 7b with Figure 7a). The simulated g-values, 2.190 (1) and 2.195 (2) for g,
and 2.054 (1) and 2.046 (2) for g, , respectively, correspond to dy*_? ground state of copper(Il) ion.
According to the perturbation theory, using only the first-order terms in the formulas for g and g, the
G value defined as G = (g — 2) / (g — 2) for the d z_yz ground state should be about 4 [33,46]. In our
case, those values are 3.5—4.2. Hence, the observed crystal g values are valid and equal to the molecular
g values describing the symmetry of single paramagnetic center, while the exchange coupling is small
but not insignificant (see below) [46].

Intensity [a.u.]
Intensity [a.u.]

275 295 315 335 355 275 295 315 335 355
B[mT] B[mT]

(a) (b)

Figure 7. EPR spectra of: (a) 1; (b) 2. Some experimental conditions: powdered samples, room
temperature, X-band (9.32364 and 9.32397 GHz for 1 and 2, respectively).

3.3.2. Magnetism

Magnetic properties of the complexes 1 and 2 were determined in the range 1.8-300 K. The plots
of xT are given in Figures 8 and 9 (for 3, see Figure S2). The values of xT at 300 K are equal 0.414 (1)
and 0.473 (2) cm3-mol K with effective magnetic moments 1.82 (1) and 1.95 (2) B.M. per Cu(Il) center,
and these are values expected for an single copper(ll) ion [47]. As the temperature is decreased, the
XT product remains almost unchanged until 50-100 K, and thereafter gradually changes and reaches
0.426 (1) and 0.283 (2) cm3-mol~1.K (1.85 and 1.51 B.M., respectively) at 1.8 K. The slight increase of
the value xT for 1 in the low-temperature, i.e., below 20 K, the range may point to the occurrence of
very weak ferromagnetic interactions between Cu(ll) ions in the crystal network. However, for 2, the
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decrease of the value xT in the low-temperature range is observed. This effect is very pronounced and
may manifest occurrence of weak antiferromagnetic interactions between Cu(ll) ions.

T [K]
0 75 150 225 300
1.2 ; : : 0.60
0.9 T = e =+ 0.45 E
Q E
Z 0.6 1 . 1 030 =
e =
= g g
.31 1+ 015 =
0.0 -(‘ I & } } ¥ } 0.00
0 1 2 3 4 5 6 7

B[T]

Figure 8. Magnetic properties of 1: xT(T) (green circles) at Hy. = 1 kOe and M(uoH) (red diamonds)
at T = 1.8 K. The solid black line is the best fit for xT(T) to the Curie-Weiss model.

T [K]
0 75 150 225 300
1.2 : : : 0.60
0.9 -+ 500000 .o Y . T 0.45 E
= E
Z 0.6 A T 0.30 =
031 o 1015 =
0.0 : : } : : : 0.00
0 1 9 3 4 5 6 7
B[T]

Figure 9. Magnetic properties of 2: xT(T) (green circles) at Hy. = 1 kOe and M(yoH) (red diamonds)
at T = 1.8 K. The solid black line is the best fit for xT(T) to the Curie—~Weiss model.

The variation of magnetizations (M) versus the magnetic field (B) has been measured at 1.8 K and
indicates a linear relation to c.a. 1.0 and 2.4 T for 1 and 2, respectively. Then, magnetizations continue
the Brillouin function (Figures 8 and 9; for 3, see Figure S2). Values of magnetizations of 1.02 and
1.05 B.M. at 7 T, for 1 and 2, respectively, confirm the presence of S = 1/2.

3.4. Modelling of Magnetic Interactions

The compounds 1 and 2 investigated in this work form an infinite chains of alternating
paramagnetic copper(ll) and diamagnetic zinc(Il) ions connected by thiocyanato anions forming
a pattern -SCN-Zn-NCS-Cu-. In such a case with paramagnetic centers separated by eight bonds and
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atleast 8.2 A, we can expect rather weak interactions. Despite this, in order to describe the magnetic
properties, we can try to use a Heisenberg—-Dirac-Van Vleck Hamiltonian (HDVV) (Equation (1)):

A= —2]2 581, 1)

where | is the exchange parameter, and S is the spin operator. The behavior of a coupled chain
of quantum spins with S = % was calculated based on classical Fisher [48], and Boner and Fisher
papers [49], and a polynomial approximation given by Hiller et al. [50] (Equation (2)):

xm = (Ng?up?/kT) [A + BX*] [1 + Cx + Dx*] 7, 2)

where x = |[|/ kT and A = 0.25000, B = 0.18297, C = 1.5467, D = 3.4443 for S = %, and the other symbols
have their usual meaning. Least-squares fitting of experimental data for 1 and 2 to Equation (2) gives
the 2/, g, and R values collected in Table 6 (R is the factor defined as (Equation 3):

R = Z[(0exp — (eatcl® / E0exp? ©)

Table 6. Magnetic data for [Cu(diamine),Zn(NCS)4] nH;O compounds.

Model HDVV Curie-Weiss and Molecular Field
Compound 2] g R-10° c 0 [K] G z]’ R10°
[cm™] [cm3 mol™ K] [cm™]
1 0.040 2.103 8.02 0.415 0.05 2.104 0.063 7.97
2 -1.054 2.261 2.99 0.478 b —1.40" 2259 -2.011 1.92
a -0.222 2.164 1.70 0.439 -0.24 2,163 -0.331 1.58

2 Data for [Cu(en),][Zn(NCS)4]-H,O [19], b 10-300 K range.

Exchange interactions in 1 and 2 are undeniably very weak. The reasons are as follows. For the
elongated octahedral copper(Il) complex, the dx?~y? SOMO orbital is not directed to the bridging
ligand. Nevertheless, it is very possible that some spin density also exists on the dz? orbital
of copper(Il) ion considering the deformation of coordination sphere from an “ideal” elongated
octahedron. As a consequence of these, a very weak magnetic coupling was observed. A similar
effect has been previously observed for some thiocyanato bridged compounds, although the bridging
units were paramagnetic and with different metal ions, and structures. The following examples are
representative: (i) tetrahedral [Co(NCS)4]*~ [51,52], (ii) trigonal bipyramidal [Mn(NCS)5]3~ [53], (iii)
elongated octahedral [Mn(NCS)4(H,0),]>~ [54], (iv) slightly elongated octahedral [Cr(NCS)4(NH;z),]*~
(Reinecke’s anion) [13,39,55,56], and practically octahedral [Cr(NCS)s]3~ [34-38,57].

The molecular field approximation was also applied as an alternation. It seems very rational
remembering that the Cu--Cu distances within and between the chains are comparable (Table 7). The
hydrogen bonds (Tables 3 and 5) could also transmit magnetic interaction between paramagnetic
centers [17,58]. The temperature dependencies of magnetic susceptibilities in the whole measured
range for 1 and the above 10 K for 2 obey the Curie-Weiss law (Equation (4)):

xm = C/ (T-0) with C = (Ng?ug?/3k) S(S +1). (4)
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Table 7. Summary of the structure and magnetic properties of [Cu(diamine),Zn(NCS)4]-Solv. compounds.

Diamine (Solv.) pn (1) (None) N,N-Mej-en (2) (None) en (H,0) en (%HZO) en (MeCN)
Crystal system Triclinic Monoclinic Orthorhombic Orthorhombic Monoclinic
Space group P-1 P 2y/m C mcm P272;24 P2
Chain type “Irregular” zigzag?® Zigzag Zigzag Helical Linear
bigg?igiiis 2 2 2 2 !
s 2 B
Cu-N[A] Cu2 1.993 1.980 2.022 1.99 1.918
Cu2 2031 2.085 1.99 1.990
Cu3 2.006 2.01 2.085
Cu3 2017 2.04 2.085

Four pairs of

Comment to Cu-N identical (two for Two pairs of identical Four identical

Pair + single +  Single + single

distances each centers) single + pair
Copperenvironment 4+2 4+2 4+2 4+1+1 4+1+1=4+2
Ain Zn-N [A] 0.019 0.017 0.280 0.080 0.157
A inN-Zn-N [°] 10.45 12.60 14.89 5.30 23.1
Calculated density
[Mg/m?] 1.667 1.587 1.729 1.649 1.627
Cu-Cu[A] 8.481 8.249 7.484 9.001° 6.308
intrachain
Cu-Cu [A] 7.569 8963 8.074 7.947b 9.496 ©
interchain 8.663 : 12.414 8.651P 11.409 b
Zn--Zn [A] 10.078 b b
intrachain 1272 13.758 11.659 8.261 11.574
Zn-Zn [A] 8.263 7.807b 6.314b
interchain 8.663 11.149 8.074 9.120 b 9.496 b
Cu-Zn [A] 5.039 5.491b 5783
intrachain 6.363 6.872 5829 6.242° 5.791b
Cu~2Zn [A] 7.156 7.011 7281 5.780 P 5.602 P
interchain 7.675 7.701 : 6.233 P 5.629 b
Magnetic interaction Ferro Antiferro Antiferro No data No data
Reference This work This work [19] [18] [18]

2 Definition—see above p. 3.2.1; b Data were calculated on the basis of cif files; they were not given in the original
paper [18].

The Weiss constant is defined as Equation (5):
0=25(S+1)z]"/3, ©)

where | is the molecular field exchange parameter, and z is the number of the nearest neighbors [59].
The best fitted values of the Curie (C) and Weiss constants (68), and R factors defined as above are given
in Table 6 along with calculated average ¢ and zJ” values. The Curie constant implies the g values that
are smaller than average values calculated from EPR spectra. Disagreement between the g values (EPR
vs. magnetic susceptibility) are common.

3.5. Comparison of Structures

Structure 1 and Structure 2 copper(Il) ions adopt 4 + 2 coordination sphere (distorted octahedron),
and a distorted tetrahedral environment of Zn(Il) ions occurs in both structures (Table 7). The main
difference concerns the topology of the chain in 1 and 2. For 1, the “irregular” run of the main
chain can be observed, while the chain of the 2 shows the characteristic zigzag shape (Figure 10).
These above-mentioned features of the describing complexes are caused by the presence of the
crystallographically distinct blocks of Cu ions. In 1, there are two [Cu(pn),]*>* moieties, while, in 2,
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there is one [Cu(N,N-Mej-en),|>* unit. This difference influences the mutual arrangement and variety
of intermetallic distances of the metal ions and ligands along the chain (Table 7). The difference also
relates to the localization of zinc ions according to chain direction determined by copper(Il) ions. In
1, angles between the Cu2—Cu3 and Cu2-Zn1 as well as Cu3-Zn1 are 36.3 and 48.3°, respectively,
whereas, in 2, there is only one angle characterizing mutual positions of copper and zinc atoms, and it
is much bigger being 53.2° (Scheme 1).

(e)
Figure 10. Different chain topologies in [Cu(diamine),Zn(NCS)4]-Solv. compounds: (a) “irregular” zigzag,

1; (b) zigzag, 2; (c) zigzag, [Cu(en),Zn(NCS)4]-H,O [19]; (d) helical, [Cu(en)ZZn(NCS)4]-%HZO [18]; (e)
linear, [Cu(en),Zn(NCS)4]-CH3CN [18]. Diamine ligands and solvent molecules are omitted for clarity.

CU2

53.2°)
.'l.

Zn,
(b)

Scheme 1. Mutual arrangement of copper and zinc ions in: (a) 1; (b) 2.

The shortest distances between paramagnetic copper ions are comparable in the both structures
and show values as follows: 7.569, 8.481, 8.663 and 8.249, 8.263 A for 1 and 2, respectively. The
intermetallic value describing separation between copper and zinc ions in the chain of 2 is much
longer (6.879 A) than the Cu—Zn distances in 1 (5.0391(5) and 6.3630(6) A) (Table 7). Furthermore, the
difference in the presence of the crystallographically distinct Cu blocks has an influence on the angles
of the coordination sphere of Cu and Zn atoms. In the case of 1, the C—S—Cu angles directly bonded
with the irregular line of the chain are as follows: C3—-53—Cu2 with value 110.38(12) and C4—-54—Cu3
with value 85.00(11). For the C—S—Cu angles in 2, there is one value 113.30(12). In 1 as well as in 2, the
S—Cu-S angles are 180.0, which indicate the trans positions of the S atoms in Cu blocks. In 1, there is
bigger discrepancy for angles included in coordination sphere of Zn, while, in 2, the range of the values
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of N-Zn-N angles (with one except: the angle N3-Zn1-N3!) is more similar (Tables S1 and S2). The
occurrence of N—H:--N beside the N-H:--S hydrogen bond in 1 has the influence on the more compact
structure of this part of the chain where they are located, whereas the extended structure is observed
if they are missing. This feature does not exist in the case of 2 with only N—H---S hydrogen bonds
detected. Furthermore, the non-bridging sulfur atoms in 1 play an important role in maintaining the
crystal structure. The same situation takes place in the previously described compound in [19].

The previously described compounds, which show solvatomorphism with the formula
[Cu(en)zzn(NCS)4]-%HzO and [Cu(en),Zn(NCS)4]-MeCN [18] as well as [Cu(en),Zn(NCS)4]-H,O [19],
are also complexes being one-dimensional chains. However, they show different chain topology (Table 7
and Figure 10). As it was observed in 2, in [Cu(en),Zn(NCS)4]-H,0O, a regular zigzag pattern occurred
with a single Cu-Zn distance characterizing the intermetallic separation in the chain. Relatively similar
metal arrangement with a zigzag pattern was observed in 1, but the crucial difference relied on two
copper units introducing some irregularities with compressed and extended parts of the chain. The
structure containing half of the water molecule adopted a helical shape with a turn being 8.269 A. The
helical structure of the coordination polymer affected the Cu-Cu distance with 9.001 A within the chain
compared to shorter distances in zigzags (7.484 in [Cu(en),Zn(NCS)4]-H,O, 8.481 (1) and 8.249 A (2)).
The shortest Cu-Cu distances (6.308 A) occurs in a compound with acetonitrile molecule. However, it
is related to interactions between copper(Il) ions mediated by only S2 atoms—in this compound, the
same thiocyanate transfers coupling between both Cu(Il) cations. In the case of Zn-Zn distances, the
shortest (8.261 A) occurs in a compound with half of the water molecule, with the largest being 13.758 A
in 2. It should be noted that, due to zinc positions in zigzags, Zn—Zn interchain distances are usually
much shorter than intrachain ones except for a helical structure presenting substantially different metal
unit arrangement. This compound has the longest Cu-S bond among the compared complexes. This
significant elongation of the Cu ions binding towards sulfur atoms may result from steric hindrance
caused by the presence of two methyl substituents beard by nitrogen atoms of the diamine amino group.
An additional methyl group attached to a carbon atom in 1 results in very short Cu-S bonds observed
also for unsubstituted en molecules in the helical structure [18] and [Cu(en),Zn(NCS)4]-H,O [19].
Therefore, it seems that subtle factors such as solvents (its kind and number of molecules) present in
the crystal network are even more crucial for Cu-S distances. It is confirmed by a large range of these
contacts for en complexes ranging from 2.921 A to 3.232 A [18]. On the contrary, Cu-N bonds usually
depend on the substituents attached to nitrogen atoms with the longest distances found for 2, whereas
these bonds in pn and en complexes are similar. The helical structure is exceptional because it shows
huge asymmetry with very short and very long Cu-N bonds. In the latter case, they are such length as
for the unsubstituted ligand as for N,N-Me,-en with two nitrogen atoms bearing two methyl groups
in2.

4. Conclusions

In this paper, we presented three new heterometallic compounds with the formula
[Cu(diamine),Zn(NCS)4] nH,O (diamine / n = pn / 0; N,N-Mejy-en, 0; N-Me-en, %) were characterized by
elemental analysis, IR, electronic, and EPR spectra, single crystal XRD, and magnetic studies. At least in
two cases, 1D chains were detected with thiocyanates acting as bridges. In these cases, Cu-S elongated
coordination bonds complete the copper(I) spheres resulting in 4 + 2 coordination. The details of the
coordination concerning Cu-S and Cu-N bonds depend on substituent position affecting steric hindrance
and hence a topology of the chain revealing different zigzag patterns characterized by one (regular) or two
(“irregular”) Cu-Zn distance values. Pryma et al. [18] reported two similar chain structures but showing
another topology i.e., helical or linear, with different connectivity and/or mutual unit orientations. It
proves that even subtle changes of solvent, water molecules numbers, synthesis conditions, and diamine
results in the different observed topologies.

Solid state magnetic characterization of [Cu(diamine),Zn(NCS)4]'nH,O compounds reveals a
ferromagnetic (pn) vs. antiferromagnetic (N,N-Mej-en) interactions between paramagnetic copper(Il)
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metal centers. Presumably, the used diamine ligand, shape of the zigzag chain, and hydrogen
interactions have the influence on the occurrence and type of magnetic interaction in obtained
compounds. Both approaches of treatment of magnetic data, i.e., one-dimensional chain (HDVV) and
simple Curie-Weiss models, give similar results (Table 6), which suggests that the interactions through
thiocyanato bridges are negligible or comparable with interactions through hydrogen bonds. This is
not strange, considering the structural aspects discussed above. Missing magnetic data for structures
reported by Pryma et al. [18] impede any magnetostructural correlations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/12/637/s1,
Comparison of coordination spheres in 1 and 2 with literature data, Discussion of NCS and Zn-N-C angles,

Table S1: Selected bond lengths [A] and angles [°] for 1, Table S2: Selected bond lengths [A] and angles [°] for 2,
Structure of compound 3, Figure S1: EPR spectrum of 3, Figure S2: Magnetic properties of 3, References.
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