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ABSTRACT: The first examples of polymeric complexes that
contain the polynitrile dianion hexacyanotrimethylenecyclopro-
panediide (HCTMCP”™) were isolated and their magnetic pro-
perties have been explored. Complexes of the form (n-TBA),-
[M(HCTMCP),(H,0),] (1) (M = Mn", Fe", Co", cd")
possess (4,4) sheet structures with large cavities that contain
the tetra-n-butylammonium (n-TBA) countercations. Synthesis
using sodium as the countercation yields a family of products
with the general form [M(S),M(S),(HCTMCP),] (S = EtOH,
M =Fe" (2); S = MeOH, M = Co" or Zn" (3)). These com-
plexes adopt a variety of two-dimensional (2D) structures. The
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complex [Mn;(HCTMCP),(H,0),,](HCTMCP) - 6(H,0O) (4) contains cationic (6,3) sheets with the counteranion and solvent
molecules encapsulated within the hexagonal windows. Complexes 1—4 display weak antiferromagnetic coupling in all cases. The first
example of a complex that contains the CN-coordinated monoanionic radical HCTMCP °~, [Cu(HCTMCP)(MeCN),] (5) is
described. This one-dimensional (1D) coordination polymer, containing tetrahedral Cu' centers, displays medium strength
antiferromagnetic coupling that is mediated through s-interactions between the radical anions on adjacent chains.

B INTRODUCTION

Coordination polymers that contain nitrile-donor ligands have
been an active area of research interest for many years." The first
known example of a CN-containing coordination polymer was
Prussian blue, discovered accidently in the early 18th century
but not characterized for a further 200 years, with structural
characterization occurring later still."> Since the first low-tem-
perature magnetic studies of Prussian blue analoguesld’e there
have been many more reported examples of such materials show-
ing either ferri- or ferromagnetic behavior with high ordering
temperatures.lf*i The chemistry of cyano bridges has been fur-
ther expanded by the use of hexacyanometallates in combination
with coordinatively unsaturated transition metal chelate com-
plexes to generate bimetallic compounds with reduced symmetry
compared to the cubic Prussian blue networks.>

The nonlinear bridging ligands dicyanamide, dca [N(CN),]
and tricyanomethanide, tem [C(CN);] ™, were first used in the
1960s> with the first reports of long-range magnetic ordering in
such systems occurring 30 years later.* For example, dca com-
plexes have been shown to display ferromagnetic ordering
(Co", Ni", and Cu")***8 and spin-canted antiferromagnetic
behavior (Cr", Mn", and Fe").**™ In binary dca systems such as
[M(dca),], the dicyanamide ligand coordinates in a i, 3 5 manner in
which all of the nitrogen atoms are coordinated to a metal, allowing
access to M-NCN-M magnetic exchange pathways. Other examples
containing this ligand binding mode in complexes that contain
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neutral coligands also display long-range ordering, for example,
{[M(dca),(H,0)]-phz} (phz = phenazine; M = Co, Ni).4f The
use of larger polycyano species such as 2-dicyanomethylene-
1,1,3,3-tetracyanopropanediide (tcpd), 1,1,2,4,5,5-hexacyano-3-
aza-penta-1,4-dienide (hcazpd), 2,2-dicyano-1-ethoxyethenolate
(dcne), dicyanonitrosomethanide (denm), and N,7,7-tricyano-
quinomethanimine (TCQMI) has also been reported.” For
example, polymeric complexes of the form [M(dcne),(H,0),]
(M = Mn", Fe") display weak antiferromagnetic coupling be-
tween metal centers.

Organic, polycyano radical anions have also been used to great
effect in the construction of coordination polymers with magne-
tically coupled pathways. The radical anions that have attracted
most interest, and are of particular relevance to the present study,
are tetracyanoethylene (tcne®™) and 7,7,8,8-tetracyano-p-quino-
dimethane (tcnq””).° Recent d- and f-block work on these
radical ligands, and on ring-substituted (tcnqR,)" analogues,
has yielded valuable information on magnetic ordering and struc-
tural details, such as M-NC bonding/bridging modes and crystal
packing arrangements, the latter including one-dimensional
(1D) chains, two-dimensional (2D) layer motifs, or three-dimen-
sional (3D) networks. Some highlights, that are by no means ex-
haustive, include (i) a review of the latest findings on the high-T¢
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Figure 1. Dianion hexacyanotrimethylenecyclopropanediide (HCTMCP” ™)
shown in a delocalized form. The species also exists as a monoanionic
radical, HCTMCP® ™. The binding modes of the ligands are shown sche-
matically as observed in complexes 1 (A), 2and 3 (B), 4 (C),and § (D).

magnet, [VH(tcne'*)x(tcnezf) 1—x/2] ) involving u4-tcne brid-
ging (ii) structure and magnetic ordering of the 3D materials
[Mn"(tcne™™); 2](13)1 /2, prepared from Mn"L(thf), plus tcne,
comparisons being made to the related compound [Mn(tcne”)-
(C4(CN)§*7);/2]:0.74CH,CL,* (iii) covalently bridged 2D net-
works in [Runz(OZCCF3)4(tcan2°7)]9 and stepwise, neutral-
ionic phase transitions in a donor—acceptor chain compound
[Ru,(2,3,5,6-F4—PhCO,),(dmdcngi® )], where 2,3,5,6-F,—
PhCO, is 2,3,5,6-tetrafluorobenzoate and dmdcnqi’™ = 2,5-di-
methyl-N,N’-dicyanoquinonediimine radical anion,'® and (iv)
monomeric, mixed-spin species [Ln(tecnqF," ), (H,0),].
(tengF4" " )(3H,0), where x = 6 or 7 and the Sm, Gd, and Dy
members show low temperature magnetic ordering.""

Our interest has recently turned to the organo-polycyano species
hexacyanotrimethylenecyclopropanediide (HCTMCP>™), which
is also known in its monoanionic radical form (HCTMCP"")."?
The anion is planar with six nitrile groups projecting from the
radialene-type core (Figure 1). The HCTMCP”~ dianion has been
used primarily in the preparation of novel donor—acceptor salts.
The first such compounds were of the form [ (17°-C¢Me3H;),M]-
[HCTMCP] or [(3°-CeMeg),M][HCTMCP] (M = Fe, Ru) in
which stacks of alternating cations and anions display donor—
acceptor charge transfer (CT) behavior.””® CT salts have also
been reported that contain the HCTMCP®™ radical anion with
the structure containin§ segregated, infinite stacks of both the
cations and the anions.”® Stacks of the radical anion have also
been reported in electron transfer salts of [Fe(CsMes),]™-
(HCTMCP)"™ with antiferromagnetic coupling occurring along
both the cationic and anion chains.'*

Our aims in this current work were to incorporate the HCT-
MCP*~ dianion and the HCTMCP" ™ radical into coordination

polymers with first-row transition metals, whereby the polycyano
species is 0-bonded to the metal ions through the nitrile arms. A
key aim was to see if long-range magnetically ordered materials
could be obtained. The divergent nature of the potentially
coordinating nitrile groups, that are unable to chelate, lends itself
well to the formation of polymeric complexes in combination with
“naked” metal ions. The symmetry and directions of the CN arms
in HCMTCP are different to those observed, to date, in tcne,
teng, and dmdengi coordination polymers, summarized above.
The bridging mode D in Figure 1 is rather similar to that of
the noncyclic polycyano ligand, C3(CN)s~, observed in the
1D tetraphenylporphyrin complex [Mn"™"TPP(u,-C5(CN)s)]."
Herein we report the synthesis of eight novel, 2D coordination
polymers containing the HCTMCP> "~ dianion which display weak
antiferromagnetic communication between the metal centers. A
1D Cu' complex containing the t,-HCTMCP*~ monoanionic
bridging unit is also described. These are the first reported
examples of the HCTMCP species being incorporated into
coordination frameworks. Attempts to make other M—HCT-
MCP"~ compounds with M" having intrinsic spin, such as Mn,
Fe, and Co, were unsuccessful.

B EXPERIMENTAL SECTION

General Procedures. All reagents were purchased from standard
commercial sources and were used as received. Solvents were either of
reagent grade or analytical grade (for spectroscopic measurements) and
were used without further purification. All reactions were performed in a
standard aerobic atmosphere. (n-TBA),(HCTMCP), Na,(HCTMCP),
and K"(HCTMCP"") were synthesized according to literature pro-
cedures."* IR spectra were collected as KBr discs using a Perkin-Elmer
1600 series FTIR spectrometer. Microanalyses were conducted at the
Campbell Analytical Laboratory, University of Otago, New Zealand.

Syntheses. (n-TBA),[Mn(HCTMCP),(H>0),] (1Mn). A methanolic
solution (S mL) of Mn(NO3),+6H,0 (30 mg, 0.12 mmol) was mixed
with an acetonitrile solution (S mL) of [(n-TBA),(HCTMCP)] (73 mg,
0.10 mmol). The clear solution was left to stand. After standing for 24 h,
well-formed pale yellow irregular cubic crystals appeared. These were
filtered and washed several times with small amounts of methanol and
dried in air (Yield 50 mg, 49%). IR (v/cm ™ '): 3376mbr, 2966 m, 2201,
2177s, 1657w, 1408s, 1134w, 1028w, 882w, 700w, 562 m. Anal. Calcd.
(found) for CsgH,¢CoN1,05: C, 65.10 (66.45); H, 7.36 (8.06); N,
18.98 (18.73).

(n-TBA),[Fe(HCTMCP),(H>0),] (1Fe). A methanolic solution (5 mL)
of Fe(BF,),+6H,0 (39 mg, 0.12 mmol) was mixed with an acetonitrile
solution (S mL) of [(n-TBA),(HCTMCP)] (81 mg, 0.11 mmol). A pale
blue solution formed. This was filtered and left to stand. After standing at
room temperature for one day colorless crystals appeared. These were
filtered and washed several times with small amounts of methanol and
dried in air (Yield 67 mg, 59%). IR (v/cm ™ *): 3361sbr, 2967 m, 2876w,
2200s, 2178s, 1408s, 1134w, 1009w, 883w, 741vw, 561 m. Anal. Calcd.
(found) for CsH,sFeN,0,: C, 65.04 (65.36); H, 7.36 (7.13); N, 18.97
(18.99).

(n-TBA)>[ Co(HCTMCP),(H,0),] (1Co). A methanolic solution (S mL)
of Co(NO3), - 6H,0 (32 mg, 0.11 mmol) was mixed with an acetonitrile
solution (S mL) of [(n-TBA),(HCTMCP)] (85 mg, 0.12 mmol). A
yellow precipitate formed immediately. This was filtered, and the remain-
ing pink solution was left to stand. After a few hours the pink solution
changed to a pale blue solution. After standing at room temperature for 4
days, well-formed cubic yellow crystals appeared. These were filtered and
washed several times with small amounts of methanol and dried in air
(Yield 35 mg, 31%). IR (v/cm ™ *): 3386mbr, 3304mbr, 2968 m, 2877w,
22025, 2179s, 1674w, 1487 msh, 1409s, 1256w, 1135w, 1110w, 1030w,
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884w, 803w, 744w, 562 m. Anal. Calcd. (found) for CssH,4CoN;,05: C,
64.85 (65.85); H, 7.33 (7.37); N, 18.91 (19.14).

(n-TBA),[Cd(HCTMCP),(H,0),] (1Cd). A methanolic solution (S mL)
of Cd(NO3), - 6H,0 (36 mg, 0.12 mmol) was mixed with an acetonitrile
solution (S mL) of [(n-TBA),(HCTMCP)] (78 mg, 0.12 mmol). The
colorless solution was left to stand. After standing at room temperature for
several days, well-formed colorless irregular blocks appeared. These were
filtered and washed several times with small amounts of methanol and
dried in air (Yield 47 mg, 36%). IR (v/cm ™ "): 3374mbr, 2966 m, 2876w,
22025, 21795, 1663w, 1487 msh, 1410s, 1254w, 1134w, 1110w, 1028w,
882w, 801w, 740w, 562 m. Anal. Calcd. (found) for Cs¢H,6CdN,05: C,
61.67 (61.74); H, 6.97 (6.91); N, 17.99 (18.02).

[Fe(EtOH) ,Fe(EtOH),(HCTMCP),] (2). A solution of Fe(ClO,), - 6H,O
(188 mg, 0.74 mmol) and a pinch of ascorbic acid in 5 mL of ethanol
were added to an aqueous solution (5 mL) of Na,(HCTMCP) (149 g,
0.54 mmol). The resulting colorless solution was filtered and left to stand.
After several days, colorless needles formed. The mother liquor was
decanted, and the crystals were washed with ethanol, and then collected
by filtration (Yield 80 mg, 18%). IR (v/cm™"): 3422sbr, 2215s, 2187s,
1628 m, 1443s, 1141w, 1042vw, 877vw, 707vw, 562 m. Anal. Calcd.
(found) for C34H3¢FeN,04: C, 51.16 (51.62); H, 4.26 (3.96); N, 19.89
(20.09).

[Co(MeOH) ,Co(MeOH),(HCTMCP),] (3Co). A solution of Co(NO3), +
6H,0 (191 mg, 0.66 mmol) in S mL of methanol was added to an aqueous
solution (S mL) of Na,(HCTMCP) (145 mg, 0.53 mmol). The resulting
bright orange solution was filtered and left to stand. After several days,
orange rods formed. The mother liquor was decanted, and the crystals
were washed with methanol, and then collected by filtration (Yield 87 mg,
22%). IR (v/em™'): 3423sbr, 2213s, 2180s, 1720vw, 170vw, 1644 m,
1638vw, 1425s, 1137w, 1017vw, 709vw, 562 m. Anal. Calcd. (found) for
C30H,4C0,N,04: C, 46.97 (46.98); H, 3.13 (3.25); N, 21.92 (22.09).

[Zn(MeOH) ,Zn(MeOH) ,(HCTMCP),] (3Zn). A solution of Zn(ClO,), +
6H,0 (186 mg, 0.5 mmol) in S mL of methanol was added to an aqueous
solution (S mL) of Na,(HCTMCP) (137 mg, 0.5 mmol). The resulting
colorless solution was filtered and left to stand. After several days, color-
less rods formed. The mother liquor was decanted, and the crystals were
washed with methanol, and then collected by filtration (Yield 92 mg,
24%). IR (v/cm™'): 3437 m, 2229s, 2206s, 2171ssh, 1638 m, 1429s,
1141 m, 1008vw, 710vw, 563 m. Anal. Calcd. (found) for C;oH,4Zn,-
N,0¢: C, 46.55 (46.69); H, 3.08 (3.37); N, 21.56 (21.87).

[Mns3(HCTMCP) ,(H>0);,JHCTMCP - 6H,0 (4). A solution of Mn(NO3), +
4H,0 (135 mg, 0.54 mmol) in S mL of methanol was added to an aqueous
solution (S mL) of Nay(HCTMCP) (152 mg, 0.55 mmol). The resulting
colorless solution was filtered and left to stand. After several days, colorless
irregular blocks formed. The mother liquor was decanted, and the crystals
were washed with methanol, and then collected by filtration (Yield 102 mg,
16%). IR (v/cm ™ 1): 3474 m, 2214s, 2183s, 1638w, 1427s, 1137 m, 1011vw,
708vw, 563 m. Anal. Calcd. (found) for MnyCigH36N 305: C, 36.82
(36.54); H, 3.07 (2.98); N, 21.48 (21.54).

[ Cu’( HCTMCP)(MeCN),] (5). A'S mL methanol solution containing
Cu(ClOy), - 6H,0 (46 mg, 0.126 mmol) was allowed to diffuse slowly
into an MeCN/MeOH (2:1) solution containing K™ (HCTMCP"")
(67 mg, 0.25 mmol). After standing at room temperature for several days
dark blue, irregular blocks appeared. These were recovered by filtration,
washed several times with small amounts of methanol, and dried in air
(Yield 26 mg, 56%). IR (KBr disk, v/cm™'): 2218s, 2190 msh, 1422 m,
1250w, 1139, 1091vw, 624, 560 m. Anal. Calc. (found) for C;sHgCuNg:
C, 51.36 (51.48); H, 1.61 (1.68); N, 29.96 (30.04).

X-ray Crystallography. Data were collected using a Nonius
KappaCCD diffractometer equipped with graphite monochromated
Mo—Kat radiation (4 = 0.71073 A). Data collection temperatures were
maintained at 123 K using an open-flow N, cryostream. Integration was
carried out using the program DENZO-SMN and data were corrected
for Lorentz polarization effects and for absorption using the program

SCALEPACK." Solutions were obtained by direct methods (SHELXS
97).'¢ Refinement against F* was carried out using full matrix least-
squares (SHELXL 97)"° with the aid of the graphical interface program
X-Seed."” All hydrogen atoms attached to carbon were included in the
model at idealized positions and refined using a riding model. Where
possible hydrogen atoms attached to oxygen were located from the
Fourier difference map and allowed to refine freely (exceptions to this
are detailed in Table 1). Crystallographic data for complexes 1—S are listed
in Table 1. Full crystallographic data for 1—$ are available on request
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge, CB2 1EZ, UK. (http://www.ccdc.cam.ac.uk/). CCDC
deposition numbers 818313—818321.

Magnetic Susceptibility Measurements. Direct current (DC)
susceptibilities were measured using a Quantum Design MPMS 5 SQ-
UID magnetometer calibrated by the use of a standard palladium sample
(Quantum Design) of an accurately known magnetization or by use of
magnetochemical calibrants such as CuSO, - SH,O and [Ni(en)3]S,0s.
Samples were contained in gelatin capsules held at the end of a drinking
straw which was fixed to the end of the sample rod. For alternating cur-
rent (AC) measurements a field of 3.5 Oe was used oscillating at 20 Hz.
Compounds containing anisotropic Co" or Fe' ions, formally with T
ground states, were dispersed in Vaseline to eliminate temperature
dependent crystallite orientation effects. Magnetization measurements,
in field-cooled (FCM); (S Oe) and zero-field cooled (ZFCM) modes
were made on all samples in the range 20—2 K to check for long-
range order.

B RESULTS AND DISCUSSION

Synthesis and Structure of Polymeric HCTMCP?~ d-Block
Complexes. The tetra-n-butylammonium salt of hexacyanotri-
methylenecyclopropanediide, (n-TBA),(HCTMCP), was syn-
thesized using the methods reported by Fukunaga.'"* The dis-
odium salt is obtained by metathesis of the TBA product. Both
the TBA™ and the Na™ salts were used as starting materials in the
attempted preparations of transition metal coordination poly-
mers. It was found that different products were formed depend-
ing on the HCTMCRP salt that was used, although in all cases 2D
coordination polymers were obtained.

Reaction of methanolic solutions of M(NO;),-xH,O,
M = Mn", Co", Cd" or Fe(BF,),-6H,0, with solutions of
[(n-TBA),(HCTMCP)] in acetonitrile, in a 1:1 molar ratio,
yielded crystalline products in moderate yields. Structural char-
acterization by X-ray crystallographic analysis showed the com-
position of the products to be (n-TBA),[M(HCTMCP),-
(H,0),] (M = Mn, 1Mn; M = Fe, 1Fe; M = Co, 1Co; M =
Cd, 1Cd) with microanalytical data supporting this formulation
for the bulk material. The isomorphous family 1 crystallizes in the
monoclinic space group P2,/c and contain one-half of the formula
in the asymmetric unit.

The M" centers in the structure of 1 are all equivalent and
provide the 4-connecting nodes in a (4,4) square grid sheet
topolog}r (Figure 2). Each metal atom has a pseudo-octahedral
trans-M I02N4 environment, coordinating to two trans aqua
ligands and four nitrile-coordinated HCTMCP? ™ ligands. Each
HCTMCP”™ ligand acts in a bridging mode (A in Figure 1) and can
be topologically considered as a linear connector with two of its six
nitrogen atoms coordinated to two different metal centers, thereby
forming M,L, metallamacrocycles. The HCTMCP>™ ligands
coordinate through two nitrogen atoms that belong to different
C(CN), substituents on the central C; ring. The average M—N
distances are 2.23 A (1Mn), 2.16 A (1Fe); 2.11 A (1Co) and 2.31
A (1Cd). The intrametallacycle M-« +M distances along the
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HCTMCP*~ bridges in the square (4,4) sheet are 11.78 (1Mn),
11.70 (1Fe), 11.66 (1Co), and 11.86 (1Cd) A. A further two
nitrile arms from each dianion, both belonging to the same
C(CN), substituent, accept hydrogen bonds from the aqua
ligands that are attached to the same metal. The hydrogen
bonding is therefore contained within the 2D sheets, and there
are no strong intermolecular interactions between the parallel

Figure 2. View along the crystallographic a-axis of the (4,4) network in
the structure of 1Fe, representative of the isomorphous series 1.
Hydrogen bonds between the coordinated water molecules and the
HCTMCP?> dianions are represented by dashed bonds. The n-TBA
cations are omitted for clarity.

layers. The H- - - N distances lie in the range 1.94—2.15 A across
the whole structural series. Uncoordinated nitrile groups are
known to act as good hydrogen bond acceptors both within
structures of cyanometallate comlpounds and when the nitrile
group is part of an organic ligand."® The HCTMCP dianion has
itself been used in organic crystal engineering,'*

The dianionic ligand exhibits a planar geometry with the most
notable feature being the C—C and C—N bond distances which
are only marginally longer those observed in charge-transfer salts
containing HCTMCP®™ and HCTMCP*~ (C—N approxi-
mately 1.1S A in 1 and 1.11 A in the CT donor—acceptor
salts).” The coordination to the metal center does not appear to
affect either the C—N bond distances or the geometry of the
HCTMCP>" dianion to any significant extent.

To balance the negative charge of the (4,4) sheet there are
n-TBA™ cations present in the lattice (Figure 3). The alkylammonium
cations reside above and below the square windows within the co-
ordination polymer with two butyl chains, one from above and one
from below, passing into each gap. There appear to be some weak
interactions between the n-TBA" cations and the remaining free
nitrile arms of the HCTMCP ligands with H- - -N distances of
around 2.6 A. The role of cations in templating anionic coordination
networks of dicyanamide have been previously investigated, and it
appears likely in this current case that the bulky n-TBA™ cations
have a significant effect on the network structure.*"”

Figure 3. Tetra-n-butylammonium cations (shown in brown) reside above and below the square holes in the (4,4) sheets of 1Fe (network shown in
blue) viewed along (a) the a-axis, (b) the c-axis showing the protrusion of butyl chains into the square cavities.
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Figure 4. (a) Structure of 3Zn broken down into 1D chains of [Zn(HCTMCP),(MeOH),]>~ (shown in green) that are (b) connected by
[Zn(MeOH),)*" units (shown in yellow) to form a 2D coordination polymer. Hydrogen bonds are represented as dashed cylinders. Methyl hydrogen

atoms are omitted for clarity.

This templation effect of the cation is supported by the fact
that use of the disodium salt, Na,HCTMCP, as a starting material
in the place of the tetrabutylammonium salt yielded a different
series of products. Reaction of a solution of Fe(ClO,),6H,0 in
ethanol with an aqueous solution of Na,HCTMCP in a 1:1 molar
ratio yielded colorless needles that were determined to be
[Fe(EtOH),Fe(EtOH),(HCTMCP),] 2. Analogous reactions
between solutions of Co(NO;),+6H,0 or Zn(ClO,),-6H,0 in
methanol with an aqueous solution of Na,HCTMCP yielded
crystalline products that were found to be [M(MeOH),M-
(MeOH),(HCTMCP),] (M = Co, 3Co; M = Zn, 3Zn) with a
very similar structure to that of 2. The reaction of Mn(NOj3),*
4H,0 in a methanol/water solution gave a different structural motif
to those of 2 and 3 in the compound [Mn;(HCTMCP),-
(H,0)1,](HCTMCP) - 6(H,0) (4).

Compounds 2 and 3 are essentially isomorphous and exist
in the triclinic space group P1, with the larger coordinated
solvent in 2 not affecting the overall structure. Detailed dis-
cussion below will be limited to 3Zn for the sake of brevity. The
asymmetric unit of 3Zn contains halves of two uniczlue octahedral
metal centers, Zn(1) and Zn(2), one HCTMCP~" ligand, and
three methanol molecules. The Zn(1) atom is coordinated to
four separate HCTMCP>™ ligands in the equatorial positions
and two axial methanol ligands. The Zn(2) atom is coordi-
nated by only two axial HCTMCP?*™ ligands and four equatorial
methanol molecules.

The structure of the [Zn(MeOH),Zn(MeOH),(HCTMCP), ]
polymer is a 2D-sheet; however, unlike in the structure of 1, not all
bridges between adjacent metal centers are equivalent. The 2D
sheets in 3Zn can be imagined to consist of 1D, anionic chain-like
strands of [Zn(MeOH),(HCTMCP)]*", containing the Zn(1)
atoms (Figure 4a). The HCTMCP ligands form a double bridge
between the adjacent metal atoms with the coordinating nitrile
arms being from separate C(CN), groups, similar to 1D motifs that
are observed in polymers containing dicyanamide.” In the struc-
tures of 2 and 3, however, the C; rings of the two ligands within
each bridging pair in 1D chains are parallel and in close proximity,
with distances between ring centroids of 3.81 A (2), 3.66 A (3Zn),
and 3.71 A (3Co). This is indicative of a degree of 7t-stacking
between the HCTMCP ligands. The separations between the
metal atoms along the 1D chain are 11.39 A (2), 11.36 A (3Zn),
and 11.37 A (3Co). In addition to the coordinative interactions
there are supporting hydrogen bonds along the chain between the
ligated methanol molecules and the free nitrile arms of the
HCTMCP ligands with O - N distances of 2.81 A (2), 2.78 A
(3Zn), and 2.76 A (3Co).

The 1D chains are connected by [Zn(MeOH),]*" groups,
containing Zn(2), to form the 2D architecture (Figure 4b).
Overall the topology of the structure can be viewed as a (4,4)
sheet with the pairs of 77-stacked HCTMCP ligands acting as the
4-connecting nodes, and the metal centers, which are both

doubly and singly bridged by the ligands, simply acting as linear
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connectors between the ligand pairs. Again, there are supporting
hydrogen bonds between the methanol ligands and the uncoor-
dinated nitrile arms. Two of the methanol molecules (one

Figure S. One crystallographically unique (6,3) sheet of [Mns-
(HCTMCP),(H,0),,]*", with associated HCTMCP>~ counter-anions,
in the structure of 4, viewed along the c-axis. The structure comprises
four unique, chemically identical sheets. Lattice water molecules have been
omitted for clarity.

crystallographically unique) from the [Zn(MeOH),,] > units form
hydrogen bonds within the square windows with O« - -N'=2.81 A
(2), 276 A (3Zn), and 2.72 A (3Co). The remaining two
methanol ligands form hydrogen bonds to nitrile groups from
parallel 2D sheets with interactions of a similar nature to those
within the coordination polymers, O- - -N = 2.81 A (2), 2.77 A
(3Zn), and 2.76 A (3Co). The M—N bond lengths within and
between the 1D chains are similar, with average values of 2.15 A
(2),2.14 A (3Zn), and 2.11 A (3Co).

The product obtained when an analogous reaction to those
yielding 2 and 3 was carried out with manganese is very different,
namely, [Mn;(HCTMCP),(H,0),](HCTMCP) -6(H,0) (4).
The Mn complex crystallizes in the rhombohedral space group
R3. The coordination networks within the structure are (6,3)
sheets that propagate parallel to the ab plane (Figure S). However,
the complete structure comprises four crystallographically unique
yet chemically and topologically identical sheets with the compo-
sition [Mn;(HCTMCP),(H,0),,]*" that are charge balanced
by uncoordinated HCTMCP?~ anions that reside within the
hexagonal windows. (The asymmetric unit contains three and
a half Mn atoms). Each manganese atom adopts a slightly dis-
torted octahedral coordination geometry with four aqua ligands
and two HCTMCP*"~ ligands in mutually trans positions. The
(6,3) sheet is constructed using the HCTMCP>™ ligand as the
three connecting node with one nitrile group from each C(CN),
substituent of the central C; ring coordinating to a Mn"" atom.

(b)

bl

Figure 6. Crystal packing in the structure of 5. (a) Two adjacent sheets showing the stacking of the uncoordinated HCTMCP?~ above the ligated
dianion. (b) View along the a-axis showing the alternating arrangement of the four crystallographically unique sheets. (c) View along the c-axis showing

infinite stacks of HCTMCP as alternating ligated species and free anions.
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Figure 7. Plots of u.g versus temperature for 1Fe, 1Co, and 1Mn,
measured in an applied field of 1 T. The solid lines are not fitted curves.

The metal atom is linearly disposed (discounting the terminal
aqua ligands) and therefore acts as a ditopic connector between
the dianionic ligands with Mn- - -Mn distances in the range
10.69—11.04 A. The bond lengths between the metals and ligands
vary within the range 2.18—2.24 A with the Mn—OH, distances
in the range 2.14—2.24 A.

The crystal packing 4 is quite complex (Figure 6). Adjacent
polymeric layers are offset parallel to the ab plane such that the
central C; units of the HCTMCP ligands are aligned with those
of an interstitiall HCTMCP ™~ anion on one face and one from
another polymer on the other face (Figure 6a). The stacking of
the HCMTCP groups through the structure is therefore ar-
ranged so that every third HCMTCP is uncoordinated. The
HCTMCP units are twisted relative to each other, presumably to
maximize the 7i-interactions between them. The distances be-
tween the C; ring centroids lie in the range 3.20—3.37 A.

The uncoordinated HCTMCP>~ anions are held in place by
hydrogen bonding from the aqua ligands belonging to the poly-
meric layers that lie above and below. (Note, although the
hydrogen atoms in the structure could not be experimentally
located the O - - N distances lie in the range 2.76—3.21 A, with an
average value of 2.90 A, and are strongly indicative of hydrogen
bonding interactions). The aqua ligands also hydrogen bond to the
free nitrile arms of coordinated HCTMCP groups in adjacent
layers, with the three free nitrile arms of each ligand all involved in
intersheet interactions. The structure also contains a significant
amount of lattice water that lies within triangular channels that run
parallel to the c-axis (Figure 6c). These water molecules form
extensive hydrogen bonding chains running through the channels,
interacting with each other as well as with the aqua ligands and the
HCTMCP units (both coordinated and free).

Magnetic Studies of HCTMCP?~ Complexes. A survey of all
the polymeric complexes (except 1Cd and 3Zn) was made by
measuring Ueg versus T (analogous to ymT vs T) over the tem-
perature range 2—300 Kin a field of 1 T. Magnetization measure-
ments, in field-cooled (S Oe) and zero-field cooled modes were
made on all samples in the range 20—2 K to check for long-
range order.

The compounds 1Fe, 1Co, and 1Mn show g g versus T plots
that are in agreement with a lack of long-range magnetic order,
as expected in weakly coupled systems having the long
U1 HCTMCP?™ M-NC--CN-M bridging distances (Figure 7).
The corresponding plots of y * versus temperature (2—300 K) are

all Curie—Weiss like (yn = C/(T — 0)) and show C and 6 values
of: 4.09 cm® mol ' K and —0.2 K (1Mn); 3.80 cm® mol ' K and
—1.52 K (1Fe); 3.06 cm® mol ' K and —8.5 K (1Co). The
magnetic moments at 300 K (5.73 ug (1Mn); 5.48 up (1Fe); 4.90
Up (1Co)) are all indicative of weak field octahedral ground states,
the orbital degeneracy making those for Fe'' (*T,,) and Co"!
(4T1g), greater than the spin-only values (4.90 up and
3.87 up respectively). The M(HCTMCP),(H,0), coordination
sites thus produce an overall weak ligand field environment.
In the case of 1Mn the Y g remains constant at 5.73 uy between
10 and 300 K and then decreases slightly, below 10 K, to reach
S.12 up at 2 K. Such behavior is expected for an orbitally
nondegenerate 6A1g state undergoing zero-field splitting to yield
Kramer levels M = &= 5/2, & 3/2, & 1/2, the thermal depopula-
tion of which gives the small, rapid decrease in the
Ueg below 10 K*' Any Mn": - +-Mn" spin—spin coquling is
extremely weak as anticipated for the long Mn"- - - Mn"" separa-
tion. No maximum in ), was detected down to 2 K, again
indicative of very weak antiferromagnetic coupling. This is further
substantiated by the Weiss constant, 0, being close to zero (see
above). In 1Mn, and other complexes, there was no sudden
increase in U.g at low temperatures, as was present in binary
species of type [M"(dca),], because of long-range magnetic
ordered species.4e Further proof of a lack of order was, as
indicated above, that the field-cooled (FCM) and zero-field
cooled (ZFCM) magnetization versus temperature plots, below
20 K, did not show any bifurcation typical of long-range ordering,

Compound 1Fe displays very little variation in g between
~30 and 300 K followed by a gradual decrease occurring below
30 K that reaches 3.59 g at 2 K. Such behavior is indicative of an
orbitally degenerate 5T2g state, with spin orbit coupling and low
symmetry ligand—field effects causing a removal of degeneracy
and splitting of the 5T2g state.”> This leads to the tempera-
ture independent moment and the small decrease observed
below ~20 K. Any exchange coupling is, again, likely to be very
weak with the 0 value of —1.52 K explainable by ligand-field
splitting and zero-field splitting effects.

The data for 1Co, including the Curie—Weiss behavior of
susceptibilities (6 = —8.5 K) are very reminiscent of monomeric,
octahedral Co" species, that is, weakly to uncoupled Co" centers.”

The products obtained from the reactions with Na,HCT-
MCP, the Fe' complex 2 and 3Co, were also tested for their
magnetic behavior. The value of t.g per Fe, for 2 is constant at
8.02 up between 100 and 300 K (5.67 ug per Fe'') and
then decreases rapidly, below 100 K, to reach 2.96 ugp at 2 K
(Figure 8(left)). The corresponding Yre | (per Fe,) versus
temperature plot is Curie—Weiss like (yp = C/(T — 6)) with
0 =—421Kand C=7.52 cm® mol ' K. The room temperature
value of t.gper Fe, is greater than the spin-only value for two § =2
ions (6.93 1t5) because of orbital degeneracy (formally *T,, single
ion terms) and spin orbit coupling effects.”* The rapid decrease
of g toward 2.96 ug at 2 Kis due to very weak antiferromagnetic
coupling, perhaps combined with zero-field splitting of the ligand-
field ground state. Use of a Fisher chain —2J§,.S, model
for S =2, eq 1, with zero-field splitting assumed as zero, yielded
J=—067cm 'and g=27

x = (Ng’ug®/3ksT)(S(S+ 1){(1+u)/(1 —u)} )
u = coth( —2JS(S+1)/ksT) — (2JS(S + 1) /ksT)

where N = Avogadro’s number, tz = Bohr magneton, g = Lande
factor, S = 2, kg = Boltzmann’s constant.
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Figure 9. Plot of /g versus temperature for 4 in an applied field of 1 T.
The solid line is a best fit using the S = 5/2 2D model.**

The magnetic moments for 3Co, per Co,, decrease from a
value of 7.16 ug at 300 K (5.06 ug per Co") to reach 6.81 ug at
90 K (Figure 8(right)). There is then a more rapid decrease down
to 5.23 uy at 2 K. This is typical behavior for octahedral Co"
(4T1g) centers with the temperature dependence arising from a
combination of spin—orbit coupling and low symmetry ligand-
field effects.”* The Curie—Weiss constants are § = —16.1 K and
C = 6.7 cm® mol " K (per Co,) in the range 100—300 K. Very
weak antiferromagnetic coupling is also possibly occurring, but
this cannot be unambiguously identified since negative 0 values
arise from spin—orbit and ligand-field effects alone.”

The magnetic moment of 4 is essentially independent of
temperature between 50 and 300 K at ~9.9 ug, per (Mn"),
(5.72 up per Mn") and then decreases rapidly below 50 K to
reach 8.60 uy at 7.3 K (4.97 ug per Mn") (Figure 9). The
Curie—Weiss constants obtained from the y,,, ' versus T plot are
0=—1.05Kand C=12.4 cm® mol ' K per (Mn");. The use of a
Heisenberg (—2]Si.Sj) S =5/2 2D model, eq 2, gave a good fit
to the 10—210 K data with g= 1.95and J = —0.04 cm ™ '.>>** This
behavior is typical for octahedral Mn" (GAlg) centers with very
weak antiferromagnetic coupling combined with zero-field split-
ting, the latter evident at temperatures below 50 K.*' The zero-
field splitting parameter, D, was not included in the analysis. It
could be of similar magnitude to J.

X2
= (35/12)Ng’ug*/ (ks T)[1 + Cix 4 Coa® 4 C3x® 4 Cyx* + Csa® + Cga®)

(2)

Figure 10. (a) Portion of the coordination polymer [Cu(HCTMCP)-
(MeCN),], 5. (b) The interdigitation between adjacent polymeric
strands via weak 7T-interactions between the C; rings (hydrogen atoms
omitted for clarity).

where x = J/kgT, C; = 23.33, C, = 147.78, C5 = 405.45, C4 =
8171.3, Cs = 64968, Cs = 15811.

Synthesis, Structure, and Magnetism of the Radical Anion
Complex [Cu'(HCTMCP)(MeCN),], 5. The reaction of Cu-
(ClO,),+6H,0 with K" (HCTMCP" ™) in MeCN/MeOH af-
forded dark blue crystals that were determined by X-ray
crystallography to be of the composition [Cu'(HCTMCP)-
(MeCN),], 5. Microanalytical results confirm that the bulk
material is of identical composition, and IR analysis shows
characteristic peaks of the HCTMCP®™ radical at 2218 and
2190 em™ 1P It s interesting to note that although Cu" was
used in the reaction the product contains Cu'. Potentially such a
change could occur via a redox process between Cu'" and either
the HCTMCP®™ species or the solvent methanol. To gain
some idea on the mechanism, we made cyclic voltammetric
measurements (see Supporting Information, Figure S6) on
(n-TBA),(HCTMCP), in MeCN, and found two reversible
waves at E;, = 0.45 and 1.2 V relative to Ag/AgCl, the
first being due to HCMTCP®>~ == HCMTCP" + e and
the second to HCMTCP®™ = HCTMCP + e . Since the

6681 dx.doi.org/10.1021/ic200591u |Inorg. Chem. 2011, 50, 6673-6684



Inorganic Chemistry

20+
16+
1.0+

0.5,/"

0.0 ] 1 | | [ |
50 100 180 200 250 300

TK

p’aﬂlua

1010° =
B_
2
8
nE =
o ]
E 4/m
= ]
2_,-L-H—n-—m-m
o | | | | | |

50 100 150
T/K

200 250 300

Figure 11. Plots for [Cu'(HCTMCP)(MeCN),], §, of (left) tteg versus T and (right) yy versus T. The solid lines represent best-fits using a S = 1/2

Fisher chain model®® (low T divergence due to monomeric impurity).

Cu"(MeCN),/Cu'(MeCN), E, / potential (ref to Ag/AgCl)
is 1.095 V (0.1 M NaClO, supporting electrolyte in MeCN),
Cu'" will oxidize HCMTCP”~ to form HCMTCP"™ and Cu.
The reaction could also be followed by UV—visible spectroscopy
such that the spectrum of deep-violet colored K(HCMTCP" )
has the same spectrum (550 sh, 600 and 680 nm; see Supporting
Information Figures S7 and S8) as does HCMTCP™ plus
Cu"(ClO,),+6H,0. The most likely mechanism of formation
of §, from Cu" plus 2K(HCTMCP® "), is that the first mole
equivalent of HCTMCP"™ radical reduces Cu"" to Cu' and forms
HCTMCP® while the second HCTMCP® ™~ coordinates to Cu'.

Unfortunately, attempts to isolate other magnetically interesting
metal complexes of HCTMCP" ™, such as Mn", Fe", or Co", by
reacting K(HCTMCP" ") with anhydrous MCl, in acetonitrile or
tetrahydrofuran, were not successful despite repeated efforts.

[CuI(HCTMCP) (MeCN),], 5, crystallizes in the space group
P1 with a complete formula unit being present in the asymmetric
unit (Figure 10a). The Cu' atom adopts a distorted tetrahedral
geometry with the HCTMCP®™ ligand bridging in a ditopic
manner. The remaining two coordination sites are occupied by
acetonitrile ligands. To our knowledge, this is the first example of
a nitrile-bonded HCTMCP" ™ metal complex. The HCTMCP*™~
monoanion exhibits planar geometry with intraring C—C dis-
tances C101—C102 1.403(3), C102—103 1.406(3), C103—
C101 1.411(3) A (see Supporting Information for atom number-
ing and full details). These Ciring—Cring distances are similar
to those in charge-transfer examples such as [Fe(CsMes),]-
[HCTMCP"]"*™ and are longer than in the HCTMCP*~
complexes described above (av. 1.38 A). The C—C and C—N
bond lengths of the coordinated nitrile groups are not signifi-
cantly different to those of the noncoordinated HCTMCP*™
group in charge-transfer species.'*” The intrachain Cu- -+ +Cu
distance is significantly longer than the shortest interchain
Cu- - -Cu distance (9.96 vs 5.92 A). There are weak 7+« -7
interactions between the C; rings of HCTMCP®™ ligands in
parallel chains. These Cj rings are significantly offset from each
other with a separation between the ring centroids of 3.97 A (the
distance between the mean planes of the ligands is 3.12 A). The
weak interactions give rise to loosely connected 2D sheets by
interdigitation of the 1D chains (Figure 10b). There are also very
weak CH - - - nitrile interactions between the polymeric strands
(H--*N~26A).

Plots of Ugand ) versus temperature for [Cu'(HCTMCP)-
(MeCN),] are indicative of medium strength antiferromagnetic

coupling (Figure 11). The broad maximum in yj; between
70—300 K is typical of linear chain antiferromagnetic coupling
behavior, with the rapid increase below 20 K indicative of
monomeric S = 1/2 impurity, probably because of free
HCTMCP" ™ rather than any remnant Cu". The corresponding
Ueg values decrease from 1.44 ug at 300 K to ~0.52 ug at 10 K
then more rapidly toward 0.42 up at 2 K. Use of a Fisher chain
S§=1/2 model gave a gzood fit to the 70—300 K data with g = 2.05
and J = —110 cm™ '.** The spin Hamiltonian and susceptibility
equation used is that given in eq 1 but using S = 1/2.

It is intriguing to speculate whether the spins on HCTMCP*™~
are coupled along the 1D chains, via the 9.96 A HCTMCP*~
spaced Cu' (diamagnetic) centers, in a o-type fashion, or in a
“through space” ligand st— fashion. Strong antiferromagneti-
cally coupled “dimers” of HCTMCP®™ are known in charge-
transfer compounds to generally lead to diamagnetic behavior
with distances between the planes of adjacent anions being
around 3.3 A.'*® There is one example, [Fe(CgH3;Me;),]-
[(HCTMCP""),], that showed weaker antiferromagnetic cou-
pling, with a J of —495 cm ! deduced from a S = 1/2 dimer
model.'*® The 77— interactions that are present in the present
compound are thus favored to be compatible with the exchange
coupling observed. We do not observe any long-range magnetic
order in this HCTMCP® -coordinated 1D system, when mea-
suring FCM and ZFCM in small DC fields, at 2—20 K, but this is
perhaps not surprising in view of the S = 0 Cu' centers, the
dimensionality and the observed antiferromagnetic nature of the
spin-coupling.

Bl CONCLUSIONS

Eight new d-block coordination golymers containing the
polycyano dianionic ligand HCTMCP” ™ have been synthesized
and structurally characterized. The complexes are part of three
structural families, all of which contain 2D coordination poly-
mers. (n-TBA),[M(HCTMCP),(H,0),] (1) (where M = Mn",
Fe', Co", and Cd") consist of anionic polymers that are charge-
balanced by bulky n-TBA cations that reside partially within
the square windows of the (4,4) sheet. Syntheses using
Na,HCTMCP as a starting material yielded complexes 2, 3Zn,
and 3Co, with the general form [M(S),M(S),(HCTMCP),]
(S = EtOH, 2; S = MeOH, 3). The neutral (4,4) sheets contain
metal centers that are either singly or doubly bridged by the
HCTMCP ligands, with an array of supplementary hydrogen

6682 dx.doi.org/10.1021/ic200591u |Inorg. Chem. 2011, 50, 6673-6684



Inorganic Chemistry

bonding involving the coordinated solvent molecules. The Mn"
compound, [Mn3;(HCTMCP),(H,0),,](HCTMCP)-6(H,0)
(4), contains cationic (6,3) sheets that are charge-balanced by
interstitiall HCTMCP>™~ dianions. The layered structure contains
significant T— 7 interactions between the central C; rings of both
the coordinated and the uncoordinated ]zaolycyano species. All
of the compounds containing HCTMCP®™ have been demon-
strated to show weak antiferromagnetic coupling with no indication
of long-range ordering. The weak coupling is a consequence of the
long separations between adjacent metal centers and the poor
superexchange pathways, as well as a lack of unpaired spins on the
HCTMCP*" ligands. Magnetic order is thus not feasible. The 1D
polymer [Cu'(HCTMCP" ™ )(MeCN),] (5) displays medium
strength antiferromagnetic coupling that is mediated by the radical
monoanionic ligands, again without any long-range order evident.
The lack of order probably results from factors such as the low spin
of 1/2 on each HCTMCP"™ center, the lack of d-spin on the metal
centers and the lack of a 3D network structure.

To be able to achieve new insights in to magnetic ordering in
molecular magnetic materials containing polycyano bridging
ligands, and make comparisons with the studies of tcne and tcng
systems, we need magnetic data on HCTMCP®™ when coordi-
nated to d- or f- block ions that have large unpaired spin, such as
Mn'" oM Ee o o™, Gd™, Dy™. Unfortunately, to date, we
have not been able to prepare these species. A full understanding
of the weak exchange in the HCTMCP>~ compounds 1 to 4, and
the medium antiferromagnetic exchange in [Cu'(HCTMCP*")-
(MeCN),] (5), will also require density functional theory
(DFT) calculations and elucidation of HCTMCP®™ ligand singly
occupied molecular orbital (SOMO) energy levels. These remain
synthetic and calculational challenges for the future. Qualita-
tively, from the present findings, we would predict that exchange
and long-range ordering in covalently bonded HCMTCP mate-
rials are weaker than in corresponding tcne and teng systems.
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