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Extended Polymorphism in Copper(ll) Imidazolate Polymers: A Spectroscopic and XRPD
Structural Study

Introduction

Norberto Masciocchi,**+8& Silvia Bruni,* -8/ Elena Cariati," Franco Cariati,"" Simona Galli,;* and
Angelo Sironi*

Dipartimento di Chimica Strutturale e Stereochimica Inorganica e Centro CNR, Univeiditdano,

Via Venezian 21, 20133 Milano, Italy, Dipartimento di Scienze Chimiche, Fisiche e Matematiche,
Universitadell'Insubria, via Valleggio 11, 22100 Como, ltaly, and Dipartimento di Chimica Inorganica,
Metallorganica ed Analitica e Centro CNR, UniversitaMilano, Via Venezian 21, 20133 Milano, Italy

Receied April 10, 2001

Copper(ll) bisimidazolate affords five different polymorphs; of these, one was structurally characterized 40 years
ago by standard single-crystal X-ray diffraction (Jarvis, J. A. J.; Wells, Adta Crystallogr.196Q 13, 1027),

while the remaining fourselectiely prepared as pure polycrystalline phases, have been now studied by X-ray
powder diffraction (XRPD) methods. Of the four new (blue, green, olive-green, and pink) phases, three were
solved by the ab initio XRPD technique and refined by the Rietveld method, and the fourth phase (pink) could
not be structurally characterized. Crystal data for [Cu(imidazalateblue phasea = 27.559(3) A,c = 5.3870-

(9) A, trigonal, R3, Z = 54; green phase = 21.139(1) A,b = 19.080(1) A,c = 9.2842(8) A, orthorhombic,

Cccg Z = 20; olive-green phase = 11.7556(8) A,b = 23.422(2) A,c = 9.0727(9) A, = 104.993(5),
monoclinic,C2/c, Z = 12. All polymorphs contain four-coordinate Cwishromophores and (N;Nexobidentate
imidazolate ligands, but show different spectroscopic and structural properties, the latter ranging from 2D to
different 3D networks of the PtS, sodalite, and moganite archetypes. The intermediacy of the [Cu(imid&gple)

H,0 species in the synthesis of the blue polymorph has been confirmed by spectroscopic and thermal analyses.
FTIR, Raman, and electronic spectra were correlated with the structural features revealed in the present work,
and used to gain insight into the coordination geometry of copper(ll) ions of the pink polymorph. In addition, the
correct Raman spectrum for copper(ll) bisimidazolate, common for all polymorphs, has been definitely determined.

bridged Cu(ll)-Cu(ll) center, lacks in the literature an adequate
structural and spectroscopic characterizafibtowever, several

In the context of the well-established role played by the gjecirochemical studies on its (probable) formation have been
copper-imidazole bond in biological systems, the case of the very recently published: in fact, Cu(im)appears to form a

bridging imidazolate anion is particularly interesting. For

strong anticorrosive layer on top of copper metal, when the latter

example, an imidazolate-bridged bimetallic moiety is contained
in the active site of superoxide dismutase (SODhe formation

is treated with imidazole (or its derivatives) in aerial conditions,

and, as such, it has been proposed to possess relevant techno-

of polynuclear complexes, where copper centers are linked by |ogica| importancé.in addition, electrochemically generated Cu-

the deprotonated imidazolyl moiety, originathypothesizeet
basic pH values for systems formed by copper(ll) with histidine-
containing oligopeptide%,has been recently demonstrated
through spectroscopic evidentmterestingly, for such systems
a biological activity analogous to that of SOD has been
demonstrated and pharmacological applications have been
patented.

Surprinsingly enough, copper(ll) bisimidazolate Cu@m)
(imH = imidazole), the simplest model of the imidazolate-
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color!d is briefly reported in the old literature. A single-crystal Scheme 1
X-ray structure has been determined for the blue polymSrph r.t,, overnight
and more extensively discussed elsewHémgy contrast, the imH 4 CuSO, & NH.4M Green

structures of the green and pink polymorphs have not been
determined yet and, for the blue form, a powder diffraction
patternonly partially corresponding to the single-crystal struc-
ture has been measurtilso lacking is a thorough vibrational
spectroscopic study of these compounds. A resonance Rama
spectrum has been publish®dygain for (what was thought to
be) the blue polymorph.

80°C, H0

r1mH + CuSO0O4 + NaHCO; —_ l  [Cu(imH)»(CO3)IH0

An investigation of copper(ll) imidazolate by means of the o Sold Suspension
Raman technique is of importance in the characterization of (oc, 2m l Rl
the active sites of metalloproteins and enzymes, and has been
recently demonstrated for metadligopeptide complexe's. Amorphous

However, metal diazolatésand similar specié8often afford
intractable polymeric species, which, lacking thermal stability
and solubility in common organic solvents, cannot be (re)crys- rt solid, 215% N v
tallized from the melt or their solutions. If the complexity of ~ imH + CuNO; + NaOH 005M —— | Pink ——  Blue
such species is not too large, andnibnophasiqgowders are suspension A
available, then X-ray powder diffraction (XRPD) methods can 5%, 24)
be successfully employed to determine their crystal structures, l
even from conventional laboratory défa. Olive (150°C, | 6h)

Therefore, the purpose of this work is to investigate, in detail,
the different polymorphs of copper(ll) imidazolate, aiming
toward selective syntheses of monophasic samples and toward
the full characterization of their structures (via XRPD) and their  gpectroscopyRaman spectra were recorded on samples diluted with
spectroscopic features. In particular, we present a number ofNaCl and pressed into pellets, in order to reduce the absorption of the
crystal structures, which correct a recently published, but ratherincident radiation. To obtain the spectra a multichannel JASCO TRS-
implausible, structural model, which led to a clear misinterpreta- 300 spectrophotometer was employed, using, for the excitation, the

CuO + molten imH

tion of the magnetic behavior of these species, upon assuming457.9 nm line of an Af laser, with an output power of 300 mW. IR

infinite one-dimensional chains of (doulilyim bridged) copper
ions2% The Cu(im) polymorphs discussed in this paper will be
labeledB (for blue), G (for green),P (for pink), andO (for
olive). In order to avoid ambiguities stemming from this color
code, the previously reported (second) blue pHasél be
characterized by the lettdr An amorphous (green) phase was
also prepared.

Experimental Section

General. Imidazole (imH, Fluka), Cu(Ng),-3H,O (Aldrich), and
CuSQ:-5H,0 (Aldrich) were used as supplied. Thermogravimetric
analyses were performed on a Perkin-Elmer TGA-7 system. DSC traces
were obtained with the aid of a Perkin-EImer DSC 7 calorimeter.
Elemental analyses (C, H, N) were carried out using a Perkin-Elmer
2400 instrument.
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spectra in the 4008400 cnm* frequency region were collected on NaCl
pellets with a JASCO FT/IR 5300 spectrophotometer. FTIR spectra in
the 506-80 cnt! region were measured, using a Digilab FTS-40
instrument, on Nujol dispersions of the compounds placed between
polyethylene windows. Electronic absorption spectra in the-2ED0

nm region were recorded in the diffuse reflectance mode on powdered
samples by a JASCO V-570 spectrophotometer equipped with a sphere
coated with barium sulfate.

Synthesis of the Cu(im) Derivatives. Scheme 1 summarizes the
detailed synthetic procedures.

Pink Modification. P was synthesized according to the method
reported in the literatur€. NaOH (0.1 M) was added to a solution
prepared by dissolvin2 g ofimidazole (29.4 mmol) in 50 mL of 0.05
M Cu(NGs)2+3H,0 (2.50 mmol), until the formation of a reddish-purple
precipitate was observed. After filtering, the powder was washed with
ethanol and dried in vacuo at 8C. Anal. Calcd for Cu(€HsN2)2: C,
36.5; H, 3.1; N, 28.3. Found: C, 36.0; H, 3.2; N, 27.5.

Green Modification. G was prepared as reported in the literattire
by dissolving 0.5 g of CuS£5H,O (2 mmol) in 3 mL of HO and
bringing the volume up to 25 mL wit4 M NHs. By addition of a
solution of imidazole (0.25 g; 3.67 mmol) in water (15 mL) the quick
formation of a brownish precipitate was observed. After filtering, the
solution was left to stand overnight until the formation of a dark green
powder was observed. The compound was filtered and dried in vacuo.
Anal. Calcd for Cu(GHsNy): C, 36.5; H, 3.1; N, 28.3. Found: C,
36.2; H, 2.9; N, 27.5

Blue Modification. B is quantitatively obtained by heating tfre
polymorph at 215C, under nitrogen atmosphere. Alternativeycan
be synthesized by a modification of the method reported by Brown
and Afterguti® In a 150 mL open two-necked flask a solution of 1.36
g of imidazole (20 mmol) and 6.6 g of NaHG©78.56 mmol) in 50
mL of H.O was heated at 8%C with a water bath for 3 h. To the hot
solution was added dropwise 2.5 g of CuSEH,O (10.1 mmol) in
12.5 mL of HO with stirring. The formation of a violet precipitate
was immediately observed. By leaving the mixture under reaction
conditions, the violet compound was gradually transformedmtine
blue modification of Cu(iny After 2 h the blue compound was filtered
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Table 1. Crystal Data, Details on Refinement, and Selected Structural Parameters for Four,®gliymorphs (Esd’s in Parentheses)

blue,J blue,B greenG olive, O
meth single crystal XRPD XRPD XRPD
syst monoclinic trigonal orthorhombic monoclinic
space group 12/c R3 Ccca Qlc
a A 11.75 27.559(3) 21.139(1) 11.7556(8)
b, A 14.07 27.559(3) 19.080(1) 23.422(2)
c A 8.77 5.3870(9) 9.2843(8) 9.0727(9)
o, deg 90 90 90 90
S, deg 97.2 90 90 104.993(5)
y, deg 90 120 90 90
z 8 18 20 12
fw, g mol™* 197.68 197.68 197.68 197.68
vV, A3 1438 3543.3(7) 3744.6(5) 2413.1(4)
Peale 9 CNT 3 1.824 1.667 1.753 1.632
u(Cu Ka), cmt 33.6 35.3 32.9
diffractometer single crystal Philips PW1820 Philips PW1820 Philips PW1820
T, K rt 298(2) 298(2) 298(2)
20 range, deg 16105 15-105 13-105
Nobs 4450 4500 4600
Nret 896 1067 876
Rup, R 0.055, 0.036 0.031, 0.023 0.034, 0.025
Re 0.11 0.068 0.062
viz, A3 179.75 196.85 187.2 201

AR, = SilVio — Yic/SilYiol; Rup = [ZiWi(Yio — Vi) T Wi(Yi0)]Y% Re = Snl|Fnol — [Fndll/SilFnol, Whereyi , andy; c are the observed and calculated
profile intensities, respectively, an#, o and|F.c are the observed and calculated structure factors. The summations rundatarpoints on
independent reflections. Statistical weightsare normally taken as V.

off, washed with water, and dried at 110 overnight in an oven. Anal. obtained, mostly containing a mixture of th@ndB polymorphs. The

Calcd for Cu(GHsN2)2: C, 36.5; H, 3.1; N, 28.3. Found: C, 36.1; H, serendipitous occurrence of a single crystal ¢bf unknown origin)

3.5; N, 27.5. in the hands of Jarvis and Wefislid not allow us to further substantiate
In a parallel experiment, the intermediate violet species was separatedts spectroscopic features.

by filtration, washed with KO, and characterized by infrared spec- X-ray Powder Diffraction Analysis of B, G, P, and O. The

troscopy and elemental analyses. These are in agreement with thegowders were gently ground in an agate mortar and then cautiously
formation of [Cu(imH}CO3)]-H:0. IR frequencies (cmt): H20, 3482 deposited in the hollow of an aluminum holder equipped with a zero
(m), 3350 (sh), 1635 (w); imH, 3140 (s), 3120 (s), 364600, 1549 background plate (supplied by The Gem Dugout, State College, PA)
(m), 1330 (s), 1074 (s), 831 (s), 658 (s), 628 @nhidentate C&F, with the aid of glass slide. Diffraction data (CukKi = 1.5418 A)
14865 (vs), 1403 (vs), 842 (v8)Raman frequencies (c): imH, 1550 were collected on a vertical scan Philips PW1820 diffractometer,
(W), 1494 (w), 1448 (s), 1330 (vs), 1263 (vs), 1196 (s), 1157 (s), 1147 equipped with Soller slits, a secondary beam curved graphite mono-
(s), 1105 (m), 1060 (w), 970 (w), 954 (w), 910 (w), 698 (w), 305 (W), chromator, a Na(Tl)! scintillation detector, and pulse height amplifier

258 (w), 226 (w); C@, 1074 (w). Anal. Calcd for [Cu(imHJCOs)] discrimination. The generator was operated at 40 kV and 40 mA. Slits
H:0: C, 30.5; H, 3.6; N, 20.3. Found: C, 30.4; H, 3.5; N, 20.1. used: divergence 1°fantiscatter 1.9 and receiving 0.2 mm. Nominal

In addition, by heating solid [Cu(imi)COs)]-H20 at 110°C for resolution for the present setup is 0228 (fwhm) for the Si(111) peak
20 min in an oven, the formation of a greésyt amorphougXRPD at 28.44 (26). Long overnight scans were performed with$ 26 <

evidence), modification of Cu(im)was observed. TGA monitoring 105, with t = 10 s andA20 = 0.02.
confirmed the following decomposition reaction, corresponding to a Indexing, using TREORS of the low-angle peaks suggested, Byr
29% weight loss at 156C: G, and O, unit cells of approximate dimensiorss= 8.16 A, b =
) . 13.79A,c =5.40 A, = 102.9 [M(17)% = 21; F(17% = 29 (0.017,
[Cu(imH),(COy)]-H,0 = Cu(im), + 2H,0 + CO, 34), which could be later transformed into a rhombohedral lattice of

. . o . a= 2756 A c =540 A (hexagonal setting)h = 21.07 A,b =
PureB can also be obtained by vigorously stirring a CuO suspension 19.04 A,c = 9.28 A [M(17)= 16; F(17)= 32 (0.007, 73), C-centered]

in molten !m_idazole (ga. 156C) for about 6 h, folloyved _by removal anda=12.86 Ab=23.44 A,c=9.04 A § = 117.9 [M(L2) = 30;
of excess imidazole with hot acetone. Shorter reaction times may resuItF(12)= 56 (0.007, 29), I-centered, later transformed into the standard
in partial conversion. C settin U ' -
. e . . . . g]. Owing to the poor resolution of the broad peaks offthe
o“te ;\Aodglc:?\tl:on. Ililnldazi'le (119é 14.7 m|m(')|'|zlwfas dlss_olvetfi in phase, no successful unit cell determination could be attained.
50 mL of 0.025 M Cu(N@).-3H,0 (1.25 mmol). The formation of a Systematic absences indicated (among othess)Ccca andC2/c as

trace amount of a reddish precipitate was immediately observed. After the probable space groups BrG. andO. respectively. later confirmed
filtering, 4 mL of NaOH 0.05 M was added to the solution, giving by spuccessfulpsolut%n a%d r{efirllemen’t P v

Cu(im), (pink modification). By leaving the mixture at 4%C for 2
days the gradual transformation of the color of the precipitate from
pink to olive was observed. This compoun®)(was isolated by
filtration, washed with ethanol, and dried in vacuo. Anal. Calcd for
Cu(GHsNp)2: C, 36.5; H, 3.1; N, 28.3. Found: C, 36.5; H, 3.2; N,

Structure solutions d8, G, andO were initiated by EXP3®which
afforded all metal locations, as well as the position of a few other light
atoms, which were initially excluded from the structure solution process.
With the help of difference Fourier syntheses and geometrical modeling,

27.9.
J (Blue) Modification. In the original paper by Brown and (23) Werner, P. E.; Eriksson, L.; Westdahl, 81.Appl. Crystallogr1985
Aftergut° the synthesis of a “blue” phase was reported, but the X-ray 18, 367-370.

; : (24) De Wolff, P. M.J. Appl. Crystallogr.1968 1, 108-113.
diffraction features reported there, as well as our repeated attempts t0(25) Smith, G. S.; Snyder, R. L1 Appi, Crystallogr.1979 12, 60—65.

obtain pure phasé, showed that only polyphasic powders could be (26) Altomare, A.; Burla, M. C.; Cascarano, G.; Giacovazzo, G.; Guagliardi,

A.; Moliterni, A. G. G.; Polidori, G.J. Appl. Crystallogr.1995 28,

(21) Cordes M., Walter, J. LSpectrochim. Acta, Part A968 24A 237. 842—-846. Altomare, A.; Burla, M. C.; Camalli, M.; Carrozzini, B.;

(22) Nakamoto K.nfrared spectra of inorganic and coordination com- Cascarano, G. L.; Giacovazzo, G.; Guagliardi, A.; Moliterni, A. G.
pounds 2nd ed.; Wiley-Interscience: New York, 1963. G.; Palidori, G.; Rizzi, RJ. Appl. Crystallogr.1999 32, 339-340.
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approximate coordinates for the remaining non-hydrogen atoms were , T , | | .
later obtained. Additional optimization of the resulting stereochemistries +
was performed by minimizing the overall (intramolecutapacking) o n
steric energy by a locally developed molecular mechanics program
(based on MM3 and capable of dealing with crystal lattices and .
polymeric systents).

The final refinements were performed with the aid of the GSAS
suite of program$8 by imposing steric restraints to the rigid imidazolate r B
rings, which were idealized with average literature values @Cand 40
C—N, 1.36 A; all internal angles set at 198Soft restraints were also L % _
applied to Ca-N distances (2.00 A) and to (some of the) -€D iiﬁ *f%&l
interactions, in order to maintain plausible-€N—C angles. The peak " ANt :____;_-—-_m
shapes were best described by the Thompson/Cox/Hastings formula- ]
tion?® of the pseudo Voigt function, with GV and LY set to zero. The 0
experimental background was modeled by a cosine Fourier series, while I I L 1 L b i l L
systematic errors were corrected with the aid of sample-displacement C°“”§_nf‘em éle 4 5 § 7
angular shifts and preferred orientation corrections [with (001), (100), - aeg
and (110) poles, foB, G, andO, respectively]. Metal atoms were given Blue
a refinable isotropic displacement parametdi[M)], while lighter
atoms’ U’s were arbitrarily given Uis(M) + 0.02] A2 values. The = _
contribution of the hydrogen atoms to the scattered intensity was
neglected. Scattering factors, corrected for real and imaginary anoma-
lous dispersion terms, were taken from the internal library of GSAS. el B
Final R,, Ryp, and Re agreement factors, together with details of the 30
data collections and analyses for the three crystal phases, can be found
in Table 1. Figure 1 shows the final Rietveld refinement plots. Final +
fractional coordinates and full lists of bond distances and angles are %
supplied as Supporting Information. Crystallographic data (excluding L |
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publications CCDC 159161, 159162, and 159163. Copies of |- wihid i ifititiduitisamias e -
the data can be obtained free of charge on application to CCDC, 12 4 T~
Union Road, Cambridge CB2 1EZ, U.K. (faxt44)1223 336-033;

e-mail, deposit@ccdc.cam.ac.uk). Counésmz ' Cj 4 58 1 8 F
-Theta, deg

60

ad e At

Results

Crystal Structure of the Blue Polymorph. Crystals ofB
contain a crystallographically unique copper atom and two
independent imidazolate fragments, bridging copper atoms
which are 5.98-6.00 A apart. The coordination at the metals is
“close” to square planar, but a significant bending toward a
flattened tetrahedral geometry (trans-Ru—N angles of ca. M [
140° and 155) is also observed. The overall framework 2
generated by the four-connected metals and the space group
symmetry is topologically equivalent to the sodalite arche#jpe, |
with fused four- and six-membered rings ithaee-dimensional u

net (see Figures 2 and 3). It is noteworthy that rather large
tunnels (of 90 & each per unit cell period with shortest
centroid-to-C atom contact of 3.84 A), aligned witfare present
(accounting for ca. 7.5% of the cell volume); they could host,
at least in principle, water molecules, the presence of which Cojnts S
was, however, ruled out by analytical, spectroscopic, and 2-Theta, deg ‘ ‘ "~ X10E 2
diffraction evidence.

Crystal Structure of the Green Polymorph. As shown in
Figures 3 and 4, crystals & are slightly more complex: they
contain two crystallographic_ally unique copper atoms (one on gination (trans N-Cu—N angles of 154 for Cul and 142and
a 222 site and the other in a general position), two fully 13g for Cu2), and are bridged by the imidazolate ligands at
independent imidazolate fragments, and, finally, an imidazolate cy,...cy separations of 5.9%5.94 A. The overall connectivity
ligand bisected by a crystallographic 2-fold axis (aligned with yenerates infinitawo-dimensionaslabs of Cu(imy, about 10
a), thus leading to the unusudl= 20 value. Also in this case, & thick, which are stacked in tha direction. Only H--H

‘MJMJ_-'LAJ ™
A

Figure 1. Rietveld refinement plots for thB, G, andO polymorphs.
Difference plots and peak markers are at the bottom.

copper atoms show tetrahedrally distorted square-planar coor-contacts exist between these (very slightly) interdigitated slabs,

(27) Mercandelli, P. L.; Moret, M.; Sironi, Anorg. Chem1998 37, 2563~

2569.

(28) Larson, A. C.; Von Dreele, R. BANSCE, MS-H805Los Alamos

National Laboratory: Los Alamos, NM, 1990.

(29) Thompson, P.; Cox, D. E.; Hastings, J.JBAppl. Crystallogr1987,

20, 79-83.

(30) O’Keeffe, M.; Eddaoudi, M.; Li, H.; Reineke, T.; Yaghi, O. M.

Solid State Chen200Q 152, 3—20.

thus accounting for the cleavage or morphology effects evi-
denced by the extreme tendency toward preferred orientation
along the (100) pole. Moreover, the high-symmetry Cul atom
and one of the 2 and/, crystallographically independent
imidazolates are buried within the slabs, while “surface” copper
atoms (Cu2) are also bound to the remaining imidazolate ligands,
which are then involved in weaikiterslabinteractions.
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Table 2. Synoptic Collection of Metal Diazolate and Pyrimidinolate
Phases of General Formula ML

Figure 2. Drawing of the crystal structure of Cu(im)B polymorph,
viewed downc.

Crystal Structure of the Olive-Green Polymorph. Crystals
of O contain two crystallographically unique copper atoms, one
on a 2-fold axis and the other in a general position; three fully
independent imidazolate fragments, bridging copper atoms
which are 5.9+6.03 A apart, complete the overall structure
(see Figures 3 and 5). Again, the coordination at the metals is
not regular, with the higher symmetry copper atom more
distorted than the other (with flattened tetrahedral geometry and
trans N-Cu—N angles of ca. 140for the first and 146 and
157 for the latter). The overall framework generated by the
four-connected metals and the space group symmetry is
topologically equivalent to the moganite archetypéagain)
with fused four- and six-membered rings ithaee-dimensional
net. Also in this case largéut closed cavities (four per cell,
of 65 A3 each, ca. 11% of the total volume) are found, affording
the least dense packing among all polymorphic species.

Crystal Structure of the Blue J Polymorph. Since its atomic
coordinates are not published in the original paper, nor are they
deposited in the Cambridge Data File, we have included, within
Figure 3, a schematic drawing of the topology of thphase
(PtS9), derived from the crystallographic data reported in ref
14, which contains a more detailed description of this poly-
morph.

As mentioned earlier, powders of the pink polymorhgave
highly reproducible XRPD patterns, which, however, owing to
their complexity and broad peak features, did not afford, so far,
a reliable indexing, nor, obviously, any structural model. From

the above analyses and spectroscopic evidence, it seems howevey;

highly probable that, in contrast to recent observations for the
pyrazolate anion (which has been found to afford a variety of
exotic coordination modéy, imidazolates behave as exo-
bidentate ligands, bridging GuCu atoms which are (slightly
less than) 6.0 A apart. It is also possible that, given the
quantitative transformation of the phase into theB one (if
heated, under nitrogen atmosphere, above°Zl5%ide supra),
these two phases share a partial, but still unknown, structural
resemblance.

Isomorphous species which could shed some light on the
structural features oP include two other M(im) species,
characterized by conventional single-crystal methods: the
cobalf2 and ziné2 derivatives, which, in spite of sharing similar
lattice parameters and the same Bravais lattice (tetragonal 1),

metal stereochem network smallest

phase "~ """ " L topology circuits  ref
Co(im), C® TP im 3D-tetranodal 4,8 32
Cu(impJ Cu seetext im 3D-Pt8 4,6 13
Cu(impB Cu seetext im 3D-sodalite 4,6 e
Cu(imp G Cu seetext im 2D-complex 5 e
Cu(impO Cu seetext im 3D-moganitt 4,6 e
Cu(imp P Cu n/a im unknown na e
Zn(im), Zn T im 3D-banalsit¢’ 4,6 33
Co(pymo) Co T pymo 3D-diamond 6 40
Ni(pymo), Ni DTe® pymo 3D-diamond 6 40
Zn(pymo} Zn T pymo 3D-diamond 6 40
Co(pz) Co Td pz 1D-chaid 2 48
Cu(pz} Cu DT pz 1D-chain 2 49
Zn(pz) Zn T pz 1D-chain 2 17c

a Species with italicized symbols have been studied by conventional
single-crystal technique8.T = tetrahedron; DT= heavily distorded
tetrahedron® Neglecting ancillary Ni-O interactions¢ Inferred from
temperature-dependent magnetic susceptibility and morphologic evi-
dence.® This work.

with different structures, with only vague relations between each
other. In these compounds, all metals are nearly tetrahedral,
which may suggest that further, still unknown, Cu(rpply-
morphs may adopt one of these structures, if severe distortions
from square-planar coordination (which copper can indeed
sustain) occur. However, it appears that Ehpolymorph does

not match any of these known structures.

FTIR and Raman Spectra. For all the polymorphs of
Cu(im), synthesized in this work, both IR and Raman spectra,
in the 1706-400 cnt! region, are completely coincident, since
all vibrational bands observed in this frequency range can be
assigned to the:w-imidazolate ligands (see Table 4); conse-
quently, they also match the IR spectrum reported for the related,
but not isostructura®? cobalt complex Co(in)3* Bands in
similar positions have also been recognized in the vibrational
spectra of a series of copper imidazolate complexes with
ancillary ligands

Accordingly, the observed infrared frequencies correspond
well to those reported in ref 7 for “blue” Cu(im)probably a
mixture of B andJ (see above). On the contrary, the only Raman
spectrum ever presented in the literatéfer Cu(im), namely,
for the supposed-to-be polymorghshows a pattern completely
ifferent from those obtained in this work. Instead, it closely
resembles the Raman spectrum of the intermediate of the
synthesis of the polymorptB, [Cu(imH),(COs)]-H,O (see
Experimental Section), that, being itself blue/violet-colored, was
probably confused with the imidazolate complex.

In the low-frequency region below 400 cA) the Raman
spectra of the polymorphs of Cu(imshow only one band
corresponding to a CuN stretching mode, situated at 370
360 cntl. The better resolved IR spectra allow one to detect
significant differences between the polymorphs, related to the
changes in their structure. In these spectra, a varying number
of bands are observed between 350 and 320'cquite a high-
frequency value for CaN stretching modes, probably related
to the high basicity of the imidazolate ligafd.

The multiplicity of the bands appears to be mainly related to

have been unambiguously assigned to different space groupspe numper of different environments of copper ions, rather than

(31) Deacon, G. B.; Gitlits, A.; Roesky, P. W.;"Bystein, M. R.; Lim, K.
C.; Skelton, B. W.; White, A. HChem. Eur. J2001, 7, 127—138
and references therein.

(32) Sturm, M.; Brandel, F.; Engel, D, Hoppe, Wcta Crystallogr.1976
B31, 2369-2378.

(33) Lehnert, R.; Seel, Z. Anorg. Allg. Chem198Q 464, 187-194.

to the distortion from regular geometries. Indeed, both for a
regular tetrahedral and for a regular square-planar molecule a

(34) Cordes, M.; Walter, J. LSpectrochim. Actd968 24A 237.
(35) Ferraro, J. R.ow-Frequency Vibrations of Inorganic and Coordination
CompoundsPlenum Press: New York, 1971; pp 26204.
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Figure 3. Schematic drawing of the overall topologies®fB, G, andO, highligting Cuf-im)Cu interactions.

Table 3. Relevant Geometrical Parametefsr the Four Structurally Characterized Cu(infolymorphs

blue,J blue,B greenG olive,O
site sym Cul 1] [1] [222] [2]
site sym Cu2 [2] [1] [1]
Cul-Cul 5.888 5.978(7)5.997(5)
Cul-Cu2 5.914 5.921(4) 5.939(55.030(5)
Cu2-Cu2 5.936(5) 5.907(5)
transN—Cul—N 180 139.6-154.8 154.0 140.8
transN—Cu2—N 140 138.4-142.5 146.3-157.3
P (1)0—(2)54 44 (1) 37— (2) 54 (1) 53— (2) 40
topology° 3D-PtS 3D-sodalite 2D-slabs 3D-moganite

aDistances in angstroms and angles in degrees (esd’s in parentiteséshere defined as the P\Cu[N;] dihedral angle, ideally Ofor square-
planar and 990 for tetrahedral Cublchromophores.

single IR-active band is expected, corresponding to a mode of by the low site symmetryQ,). The far-IR spectrum o® shows

T, symmetry in the former case and to a mode pmmetry two bands, a stronger one at 346¢nand a less intense one at
in the latter. This hypothesis is confirmed by the far-IR spectrum 320 cnt!: following the proposed interpretative scheme, the
of the blue polymorptB, showing only one band located at former is here attributed to Cu2 ions, twice more abundant than
348 cnt?, in agreement with the presence of just one site for Cul ions, to which the second, weaker, band is assigned, In
all copper ions in the structure (Table 3). Similarly, in the case the site symmetry of Cu2 ions, having a coordination geometry
of G, a band, split into three components, at 350, 341, and 326 closer to square planar, is agd, but this does not seem to
cm™1, is observed and can be assigned te-Glustretching for affect the multiplicity of the bandn the absence of structural
copper ions of Cu2 type, i.e., those showing a higher distortion data for the pink polymorghwe infer thatP, for which two
toward a tetrahedral geometry (as shown in Table 3, such abands of similar intensity are observed in the region of the
dihedral anglev between the two CulNcoordination planesis  Cu—N stretching modes, should contain two different, but
54°). Indeed, in the structure @, copper ions of the Cu2 type  probably equiabundant, Cu(ll) sites, with nearly square-planar
are four times more abundant than those labeled as Cul; thisgeometries.

fact explains the predominance of the related band in the far- Visible Spectra. The diffuse-reflectance spectral patterns of
IR spectrum, the degeneracy of the band being partially removedpolymorphsB, G, andO in the 356-2000 nm region (Figure
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Figure 6. Diffuse-reflectance visible spectra of Cu(ipolymorphs:
(@) P; (b) B; (c) O; and (d)G. The band marked with an asterisk (same
for all compounds) is due to an overtone of a vibrational mode.

\I:ilng\JILed4dovarnegV|ng of the crystal structure of Cu(im)G polymorph, the complex [Cu(2-pyridyl-2-pyrimidylaming)ClO.),, three
bands are observ&dat 15900, 10300, and 7500 ctnand one
more is predicted at 13800 crh For the [Cu(2,2bipyridyl-
amine)](ClO4), complex, in the visible absorption spectrum
bands at 18400, 15700, 13500 and 10400 tare observed
and the stereochemistry was suggested to be square planar with
a tetrahedral distortionu( < 45°).

On the basis of the literature data reported above, the visible
spectra ofB, G, and O are correlate with the local copper
environments observed in the crystal structures, sinceB(a)
shows a rather narrow absorption profile, when compared with
the spectra o6 andO; two components centered around 18400
and 14600 cm! are clearly detected, in agreement with the

Figure 5. Drawing of the crystal structure of Cu(ig)O polymorph, presence of a single coordination environment for copper ions
viewed down [001]. with a value of 44 for w; and (b)G andO show more complex
Table 4. Vibrational Frequencies of the PolymorpBs G, O, and .SpeCtra’ characterized by an Ir!creaSIng absorptlon,. particularly
P of Cu(im), in the Range 1706400 cnt™ intense forG, at lower frequencies down to 5000 chindeed

both polymorphs contain copper ions in a distorted tetrahedral

frequencies (cr) environment ¢ = 54°), and this coordination geometry is

Raman IR assignment presented by a greater fraction of copper ions in the structure
3140 (C—H) of G than inO.
3111 In addition, all polymorphs show an absorption band at
1593 »(C-C) frequencies higher than 20000 thn assigned to a charge-
1491 1473 ring stretching transfer transition. Its energy is higher fBr and this fact is
1320 1315 5(C—H) responsible _for the deep blue color of this species, to be
1287 compared with the green-coloré&l and O.

ring vibrations

1234 Finally, the pink polymorplP is expected to contain (more
1163 1168 ‘ring breathing” or less) square-planar reddish Cuthromophore$ Neverthe-
965 1084 o(C—H) less, the absorpti_on band observed fris broade_r than
949 ring bending expected® extending down to 10000 crh, suggesting the
846 presence of more than one type of crystallographically inde-
834 pendent Cu(ll) ions in the structure of this polymorph.
767 764
748 r(CH) Discussion
669 665 Torsion

In order to show the absence of any straightforward structural
6) conform to the structural data, even if frequency assignmentsre|ationship between the different polymorphs, Figure 7 pictori-
are complicated by overlapping of the bands. For a perfectly ajly shows thecomputedtraces for the five known Cu(inp)
tetrahedral Cublchromophore, an energy gap between d orbitals phases and for the twownstructures of the cobalt and zinc
of 8000-5000 cnt! is expected, while for the same chro- analogues (except for thgnk polymorph).
mophore with a perfect square-planar geometry, the energy |n the original blue phasel, which did not require restrained
difference should be around 20000 ch#® For a CuN refinements, “rigid” imidazolate ligands (planar to within 0.005

chromophore with a geometry distorted from tetrahedral by a A1% were found to bridge atoms which are about 5.90 A apart,
dihedral angle around 84as found for example in the case of

(37) Gouge, E. M.; Geldard, J. F.; Sinn, lBorg. Chem 198Q 19, 3356.
(36) Dudley, R. J.; Hathaway, B. J.; Hodgson, PJGChem. Soc., Dalton (38) Lever, A. B. Plnorganic Electronic Spectroscop2nd ed.; Elsevier:
Trans.1972 882. Amsterdam, 1984; p 570.
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environments (ligand and metal concentration, acidity or ionic
strength). Since the imidazolate ligands appear to be free to
rotate about the MN bonds so as to adopt whatever orientation
is most favorable for packing and minimization of ring strain),
we can infer that little or no g-p, interaction is present.

In all known Cu(im) polymorphs, copper atoms adopt a
square-planar geometry (see Table 3), but significant distortions
toward a flattened tetrahedral geometry (trars@—N angles
as low as 138 are also observed. In agreement with such
observations, a very recent structure correldfistudy on four-

5 10 15 20 25 30 35 coordinate copper(ll) ions revealed that such trans angles cluster
Two Theta (deg.) near 180, with an extended tail of their distribution reaching

Figure 7. Top to bottom: computed XRPD patterns for Cogm)  rather low values (butarely close to tetrahedral) and a

Zn(im),, and Cu(im) (J, B, G, O phases) and observed pattern of the Subsidiary less pronounced maximum near °14@ostly at-

P phase (5 < 20 < 35° range). tributed to steric interactions.

Calorimetric measurements showed thHatquantitatively
with metals more than 0.5 A off the best plardeis the one transforms intd3 at 215°C with AH of —5.5 kJ mol™. TheB,
showing the highest density (1.824 g ¢ while much lower G, and O polymorphs (and the amorphous phase as well)
values, down to 1.632 g cri (O phase), are found for the other  possess a slightly higher, and similar, thermal stability, decom-
polymorphs. Such a 10% decrease, though not excepfidizal,  posing in vacuo above 24T to a glossy amorphous material
relevant and is related to the presence of large cavities (as in(AH ~ 30 kJ mot?) and a colorless organic species, originally
O) or nanoporesKE phase, see above). In the latter case, voids described as “im“2 in its dimeric form [H,1'H-(2,2)-bisim-

are estimated to account for about 15 fer Cu(im) formula idazolyl]; an unidentified product was also reported to form
(vs ca. 22 & in O), thus resulting in the second least dense upon decomposition of thé phasel® GC—MS analysis of this
packing among all polymorphic species. material revealed the trimeric nature of “im” (molecular peak

As shown in Table 2, three different diazaaromatic anions for CgHgNg at 198 Da (Da= dalton)), with a fragmentation
have been coupled to M(Il) ions, and their structures solved pattern consistent with a polycyclétriazine derivative similar
mainly from XRPD data. While one-dimensional chains are (or identical) to 1,3a,4,6a,7,9a-hexaazatrind&neter alia, the
present in all known, but not necessarily isomorphous, M(pz) (semi)quantitative formation of this species by this method may
phases (pzH= pyrazole) and 2D-diamondoid structures have replace the rather complex sequence of organic reactions
been found for the pymo (pymokH: 2-hydroxypyrimidine, a employed in its original synthest$ The thermal decomposition
1,3-diazaaromatic ligand analogue of imidazole) derivatives, the of Cu(im), generated in situ from Cu(imk{pcac) (acac=
data reported in this paper show that M(irspecies can attain  acetylacetonate), shows a very similar TG curve and a multiple
much more complex topologies and afford a variety of poly- step degradation to what was originally interpreted as CCN.
morphs. Obviously, (exobidentate) pyrazolates can afforg-M( IR evidence, however, contradicts this observation, since the
pzpM fragments, while largers circuits are needed in the spectra (Nujol mulls) are rather flat in the 2560800 cnt?
presence of 1,3-diazaaromatic ligands. However, why M(im) region, thus excluding the presence of cyanides (by loss of
phases of the diamondoid type are still unknown is not clear, CH3CN) and (di)cyanamides.
particularly sinceall other known M(pymao) belong to this .
structural clas4? Conclusions

Thus, the structural versatility of these Cu(inspecies can This paper focuses on the structural versatility of a “simple”
be related to the wider choice of [M(im)Lircuits available species, which, even if based upon a few “local” coordination
(n=4,5,6, ...) intheir crystalline phases. The topology of the rules (four-coordinate metal atoms apdm spacers), affords
different phases can be characterized by the size afrtialest a variety of networks in the different polymorphic phases. A
[Cu(im)], circuits found, as well as by the way they are fused recent survey has shown that, among the current entries of the
together. For example, the green polymorph is unique not only Cambridge Structural Database for purely organic species, ca.
because it shows a lower dimensionality than all others but also300 polymorphic species can be found, none showing more than
because it contains five-membered, i.e., [Cu(gihgs, fused four different crystal phases. Accordingly, the very recent report
about the Cul atom in the 222 position. of (conformational) hexamorphism of 5-methyl-2-[(2-nitro-

Such an extended polymorphism can hardly be related to phenyl)amino]-3-thiophenecarbonitrile sets the actual record for
different steric and electronic requirements of the metal or systems whose crystal structures have been deterrffirfeat.
among the ligands in the solid; rather, it appears that the polymeric coordination compounds, “multiple” polymorphism
stereochemical relationships in the nucleation process favor oneis a much rarer occurrence; this is quite reasonable since, due
polymorph over the other upon minimal changes in the synthetic to the low directionality of mostntermolecularinteractions,
procedure. Accordingly, we suggest that these polymorphs,
differing in the way the different atoms are interconnected, and (41) Raithby, P. R.; Shields, G. P.; Allen, F. H, Samuel Motherwell, W.

; ; ; ; o D. Acta Crystallogr 200Q B56, 444454,
particularly in the dihedral angles between neighboring imid 2) Diring, M.: Lucwig, W.: Meinert, M., Uhlig, EZ. Anorg. Allg. Chem.

azolate rings, are a manifestation of the presence in solution, 1991 595 45-52.
beforedeprotonation, of different precursors (i.e., imH-contain- (43) Or trimidazo[1,2a;1',2-c;1",2"-€][1,3,5]triazine in the following:
ing, possibly polynuclear, Cu(ll) complexes), stable in different EZZUC*"' Y.; Kirk, K. L.; CohenJ. Org. Chem1979 44, 4243~
(44) Kirk,'K. L., Nagai, W.; Cohen, L. AJ. Am. Chem. Sod.973 95,
(39) Gavezzotti, A.; Filippini, GJ. Am. Chem. Sod.995 117, 12299~ 8389-8392, and references therein.
12305. (45) Yu, L.; Stephenson, G. A.; Mitchell, C. A.; Bunnell, C. A.; Snorek,
(40) Masciocchi, N.; Ardizzoia, G. A.; La Monica, G.; Maspero, A.; Sironi, S. V.; Bowyer, J. J.; Borchardt, T. B.; Stowell, J. G.; Byrn, SJR.

A. Eur. J. Inorg. Chem200Q 2507-2515. Am. Chem. So200Q 122, 585-591.
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we can expect a larger number of possible “supramolecular” can be anticipated aiming to discover the real nature, @nd
arrangements in molecular systems than in extended polymericto force truly square-planar geometries upon usifigpds.

frameworks, based on “directional” covalent interactions. Thus Acknowledgment. We thank the Italian Consiglio Nazionale
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