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Abstract. IR spectra of Mn(trimethylenediamine)Zn(CN)4�2C6H6 and IR and Raman spectra of
Zn(trimethylenediamine)Zn(CN)4�2C6H6 are reported. The spectral data suggest that the host frame-
works of these compounds are similar to those of the tn-Td-type Cd(trimethylenediamine)M(CN)4�

2benzene (M = Cd or Hg) and the chelated pn-Td-type Cd(propylenediamine)Cd(CN)4 �1,2-dichloro-
ethane clathrates, respectively.
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1. Introduction

We are currently involved in the preparation and spectroscopic structural description
of the Td-type clathrate compounds which are drived from the original benzene
clathrates Cd (ethylenediamine)M(CN)4�2C6H6 (M = Cd or Hg) [1] by appropriate
replacements of the host moieties [2–6]. In our previous study [6], vibrational
spectral data of Mn(tn)M(CN)4�2C6H6 (tn = trimethylenediamine, M = Cd or
Hg) (abbr. Mn-tn-M-Bz) have been structurally correlated with those of Td-type
clathrates Cd(tn)M(CN)4�2C6H6 (M = Cd or Hg) (abbr. Cd-tn-M-Bz) [7]. In the
host frameworks of these compounds, the M atom is tetrahedrally coordinated
to the carbon atoms of the four cyanide groups, while the Cd (or Mn) atom is
octahedrally surrounded by six nitrogen atoms, two are from two different tn
molecules attached to the Cd (or Mn) atom in position trans to each other, the
other four are from cyanide groups. The M(CN)4 groups are linked by the Cd(tn)2

moieties to form a three-dimensional network. This structure provides two kinds
of cavities, � and �, for the guest benzene molecules [8–10]. The former cavity
approximates to a rectangular box and the latter to a biprismatic cage, as shown in
Figure 1 [9].

The host framework described above is not unique for the given chemical formu-
la above. A number of papers have suggested that similar compositions never sup-
port similar structures for the cyanometallate inclusion and complex systems [10–

? Author for correspondence.
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Figure 1. Structural model of the tn-Td-type host, M(tn)M0(CN)4, open circle, 6-coordinate
M; solid circle, tetragonal M0; open column, a tn ligand; thick line, CN bridge; and thin line,
edge of cavity.

Figure 2. A stereoview of the unit cell of Cd-pn-Cd-DCE along the a-axis. Six coordinate Cd
is shown as a solid circle.

20]. Of these compounds, the most relevant one for the purpose of discussion below
is the 1,2-dichloroethane clathrate, Cd(propylenediamine)Cd(CN)4�ClCH2CH2Cl
(abbr. Cd-pn-Cd-DCE) [18]. The three-dimensional host of this compound is com-
prised of the cyanide linkages between the pn-chelated octahedral Cd and the
tetrahedral Cd of tetracyanocadmate. A pair of the guest 1,2-dichloroethane mole-
cules are accommodated in the cage-like cavity cornered with fourteen Cd atoms,
eight of them being the pn-chelated octahedral Cd atoms. At both sides of the cavity
the corners are not linked with cyanide groups but each of the chelated pn ligands
plays the role of a wall separating cavities one from the other (Figure 2) [18].
The present authors wish to name the host framework of this compound ‘chelated
pn-Td-type’.

The clathrate compounds possessing the above types of host structures reported
to date have only been confined to those with a Mn or Cd metal atom in the octahe-
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dral environment and Cd or Hg in the tetrahedral group [1–10]. We have now pre-
pared two new compounds of the form Mn(trimethylenediamine)Zn(CN)4�2C6H6

(abbr. Mn-tn-Zn-Bz) and Zn(trimethylenediamine)Zn(CN)4�2C6H6 (abbr. Zn-tn-
Zn-Bz). In this study we report the IR spectra of Mn-tn-Zn-Bz and IR and Raman
spectra of Zn-tn-Zn-Bz (Raman spectra of the former beige compound could not
be obtained by using the 488 nm or 415 nm laser line). The spectral data are
structurally correlated with those of Mn-tn-Cd-Bz, Mn-tn-Hg-Bz, Cd-tn-Cd-Bz
and Cd-tn-Hg-Bz. For the latter two clathrates, Td-type structures have been indi-
cated by the powder X-ray diffraction patterns [7]. It should be noted that several
unsuccessful atempts have been made to synthesize similar clathrates with Fe, Co
or Cu in the octahedral arrangement.

2. Experimental

2.1. PREPARATIONS

All chemicals were reagent grade (Merck) and were used without further purifica-
tion.

The preparation of the clathrate Mn-tn-Zn-Bz (or Zn-tn-Zn-Bz) was similar to
that of Mn-tn-M-Bz (M = Cd or Hg) [6]: a solution composed of 1 millimole of
K2Zn(CN)4 and 1 millimole of tn in water saturated with benzene was added to
a solution of MnCl2 (or ZnCl2) in water. The precipitate (very fine powder) was
filtered, washed with water, ethanol and ether, successively, and kept in a desiccator
containing saturated benzene vapour.

The freshly prepared samples were analyzed for C, H and N with the following
results (found %, calculated %): Mn(C3H10N2)Zn(CN)4�2C6H6: C = 48.22/50.18,
H = 4.67/4.88, N = 18.70/18.48; Zn(C3H10N2)Zn(CN)4�2C6H6: C = 47.04/49.05,
H = 4.52/4.77, N = 18.11/18.07.

These analytical results are poor for the samples obtainable in powder form
because of partial decomposition (the results indicate ca. 1.8 C6H6). Such instabil-
ities have been reported for some Td-type clathrates having low boiling point guest
molecules [6, 7].

2.2. SPECTRA

IR spectra of the freshly prepared compounds were recorded between 4000 cm�1

and 200 cm�1 on Perkin Elmer 1330 and Mattson 1000 FTIR spectrometers, which
were calibrated using polystyrene and indene. The samples were prepared as mulls
in Nujol and hexachlorobutadiene in a CsI cell and as KBr discs. Raman spectra
of the Zn-Zn-tn-Bz clathrate (in powder form) in a home-made spinning cell or
in a slurry in a circulating loop using a peristaltic pump were excited using the
514.5 nm line of a Spectra-Physics Model 2016-4S argon ion laser and recorded
on a Jobin-Yvon 1000 spectrometer which was calibrated against the laser plasma
emission lines.
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3. Results and Discussion

The compounds under study show no serious difference between the infrared
spectra recorded in Nujol (or hexachlorobutadiene) mulls and KBr pellets. Because
of the lack of structural data, the assignment was made by treating the tn, Zn(CN)4

and bz moieties as isolated units.

3.1. TRIMETHYLENEDIAMINE VIBRATIONS

Few studies have been reported on the vibrational spectra of trimethylenediamine
and coordinated trimethylenediamine in metal complexes. Of these, three reports
are relevant to our purpose. Segal and Eggerton [21] presented infrared spectral data
for �, !-diamines from ethylene- to octamethylenediamine in solution in CCl4 and
in a KBr pellet in the frequency range of 4500–650 cm�1. Fleming and Shepherd
[22] presented infrared spectral data for the chelate complex Cu(tn)2(PF5)2 in the
frequency region of 4000–250 cm�1. They made the assigment for the coordinated
ligand in the cis-conformation in terms of group frequencies and their assignment
is supported by normal coordinate analysis. In our previous paper [6] we presented
the vibrational spectral data for tn in solution in CCl4 and in Td-type clathrate
compounds, M-tn-M0-Bz (M = Cd or Mn, M0 = Cd or Hg).

The assignments and the wavenumbers of the fundamental bands of tn observed
in the spectra of the compounds studied are listed in Table I. For the purposes
of comparison and discussion, Table I also includes some spectral data for tn in
solution in CCl4, M-tn-M0-bz (M = Mn or Cd, M0 = Cd or Hg) clathrates [6], and
the Cu(tn)2(PF6)2 [22] complex. The infrared frequencies of our tn solution in CCl4
are in good agreement with those reported previously [6, 21]. It should be noted
that our previous report on the M-tn-M0-Bz clathrates contained a few errors in the
assignments of tn bands [6]. These have been reassigned (Table I). It should be
noted that in Table I two assignments were made for each CH2 vibration due to
their being in two different environments.

The spectral appearance of the tn bands in the infrared spectrum of the Mn-tn-
Zn-Bz clathrate is substantially different from that of Zn-tn-Zn-Bz (Table I). Some
bands with considerable intensities (e.g., 1463, 1294, 1109, 1012 and 652 cm�1)
in the infrared spectrum of Zn-tn-Zn-Bz are absent or appear with weak or very
weak intensities in the other. This spectral dissimilarity implies two different spatial
arrangements of the tn molecule as a ligand. The bridging gauche conformation for
the tn molecule in Cd-tn-Cd-Bz and in Cd-tn-Hg-Bz clathrates has been suggested
by powder X-ray difraction studies [7]. A glance at Table I shows that each of
the fundamental bands in the infrared spectra of Cd-tn-Cd-Bz and Cd-tn-Hg-Bz is
faithfully reproduced with only minor shifts in the spectrum of the Mn-tn-Zn-Bz
compound. This striking correspondence suggests a bridging gauche conformation
for the tn molecule in the Mn-tn-Zn-Bz clathrate compound.
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We now direct attention to the tn ligand in the Zn-tn-Zn-Bz clathrate. The
spectral appearance of the bands arising from the tn molecule in the infrared
spectrum of the Zn-tn-Zn-Bz compound is found to be similar to that of the
tn-chelated metal complex, Cu(tn)2(PF6)2 [21] (Table I), suggesting that the tn
ligand molecule also behaves as a chelating ligand in our Zn-tn-Zn-Bz clathrate
compound. Similar chelating arrangements have been shown for the chelated Hof-
mann-type, Cd(propylenediamine)Ni(CN)4�0.5ClCH2CH2Cl [18] and Cd(N -
methyl-1,3-diaminopropane)Ni(CN)4�0.5C6H12 [11], and chelated pn-Td-type,
Cd(propylenediamine)Cd(CN)4�ClCH2CH2Cl [18] clathrates.

3.2. Zn (CN)4 GROUP VIBRATIONS

In the Td-type clathrates [8–10, 14] and Td-type host complexes [12] studied previ-
ously, the metal atom M in M(CN)4 is tetrahedrally surrounded by the carbon ends
of four CN ions. Therefore, it is reasonable to assume that the complexes studied
here also possess tetrahedral Zn(CN)4 groups. In assigning the bands attributable
to Zn(CN)4 ions in the spectra of our compounds, we refer to the work of Jones
[23] who presented vibrational data for the salt K2Zn(CN)4 in the solid state. The
structural studies on this salt have shown that the K—NC distance is ca. 2.9 Å
[24], while the transition metal (M)—NC distances are ca. 2.3 Å in Hofmann-type
host frameworks [25–27]. Hence, similar distances might also be expected in our
compounds. Therefore, spectral data for K2Zn(CN)4 can be used as references
to account for the vibrational changes when the stiffer M—NC bonding takes
place. The vibrational data for the M(CN4) group in K2Zn(CN)4 are given in Table
II, together with the spectral data for Cd(CN)4 and Hg(CN)4 ions in some other
clathrates for comparison with the assignments for the Zn(CN)4 group in our com-
pounds. The assigned bands of the Zn(CN)4 group of the compounds appear to be
much higher than those of Zn(CN)4 in the K2Zn(CN)4 salt (Table II). Such upward
frequency shifts have been observed for Td-type clathrates [2–6] and Td-type host
complexes [13], in which both ends of the CN group are coordinated and explained
as the mechanical coupling of the internal modes of M(CN)4 (M = Cd or Hg) with
the M—NC (M = Mn or Cd) vibrations.

The wavenumber of �5 (2192 cm�1) for Zn-tn-Zn-Bz appears to be much higher
than that (2170 cm�1) for the Mn-tn-Zn-Bz compound. Such a large difference in
frequencies has not been noted for the Hofmann-type clathrate [28] and Hofmann-
type host complexes [29]. Therefore, the difference may be mainly attributed to the
conformational effect of the ligand molecule.

3.3. BENZENE VIBRATIONS

The assignments and the frequencies of the bands arising from the enclathrated
benzene observed in the spectra of Mn-tn-Zn-Bz and Zn-tn-Zn-Bz compounds are
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given in Table III, together with the frequencies of benzene in the liquid phase [30]
and in some tn-Td-type clathrates [6] on which the assignments are based.

A number of papers have reported the vibrational spectra of benzene as a guest
molecule for the Hofmann-type [28] and Td-type [2–6] clathrates. In these and
in our spectra the spectral features are almost the same with the exception of the
out-of-plane CH bending (�11, A2u) vibration. This vibrational mode appears as a
triplet for M(ethylenediamine) M0(CN)4�2C6H6 (M = Mn or Cd, M0 = Cd or Hg)
[5], a doublet for our compounds and for Cd(pyrazine)M(CN)4�C6H6 (M = Cd or
Hg) [2], and M(NH3)2M0(CN)4�2C6H6 (M = Mn or Cd, M0 = Cd or Hg) [4], and
a singlet for M(NH3)2Ni(CN)4�2C6H6 (M = Mn, Fe, Ni, Cu, Zn and Cd) [28] and
Cd(4,40-bipyridyl)M0(CN)4�2C6H6 (M0 = Cd or Hg) [3]. In the case of clathrates
with triplet or doublet features the splittings have been ascribed to crystal field
effects (strong host–guest interactions) [2,4–6,28]. In the case of clathrates with
a single band, because of the larger cavities due to the ligands, the host–guest
interactions are expected not to be effective for splitting [2]. Another feature of the
�11 (A2u) mode is that it is found to be shifted to higher frequency (Table III) from
that of liquid benzene (670 cm�1). Similar shifts were observed for Hofmann-type
[28] and Td-type [2–6] clathrates. This upward shift may be due to a weak hydrogen
bond between the � electrons located above and below the plane of the benzene
ring and the tn ligand molecules of the host lattice, as has been suggested for other
clathrates [2–6, 28]. Therefore, we reasonably suggest that the frequency shifts
in our clathrates are due to the � electron donation from the benzene ring to the
hydrogen atoms of the tn which have a more electrophilic character caused by the
bidentate coordination.

The preceeding discussion, considered as a whole, leads us to the conclusion
that the host framework of the clathrates Mn-tn-Zn-Bz and Zn-tn-Zn-Bz are similar
to those of the tn-Td-Type Cd-tn-Cd-Bz and the chelated pn-Td-Type Cd-pn-Cd-
DCE, clathrates, respectively.
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