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Abstract

The host complexes M(Cyclopentylamine),Ni(CN)4 (M=Co or Cd) have been prepared in powder form. The spectral data
suggest that the structures of these compounds are similar to those of the Hofmann-dma-type hosts. The absorption and

the liberation processes of the aromatic guests (benzene, toluene, 1,2-,

1,3-, 1,4-dichlorobenzene, 1,4-dibromobenzene

o-, m-, p-xylene, naphthalene) in these hosts have been examined at room temperature by gravimetric and spectroscopic
measurements. The desorption of the benzene guest against time has been measured. The host structures do not change on
inclusion and liberation of the guests. The host compounds have been suggested as sorbents for isomeric separations.

Introduction

Hofmann-type host complexes are formulated as
ML,M/(CN)4 (M = Mn, Fe, Co, Ni, Cu, Zn or Cd; M’ =

Pd or Pt; L = unidentate ligand) (Figure 1).The framework
of these hosts consists of two-dimensional polymeric layers
formed from ML, cations and M'(CN)4 anions. The M’ atom
is bonded to four C atoms of the CN groups in a square-
planar geometry. The M atom is octahedrally surrounded
by six N atoms, four from the CN units and the other two
are from two ligand molecules. The ligand molecules lie
above and below the layers. The ligand and the layers as
blocking units provide empty voids of varying shapes and
dimensions, in which guest molecules may be imprisoned
[1].

The host structure described above is not unique for the
given chemical formula. A number of studies have suggested
that similar compositions never support similar structures
for the cyanometallate clathrate and host compounds [1-
3]. Of these, dimethylamine (dma) [1] and cyclohexylamine
(CHA) [3] give a number of inclusion compounds with a
selectivity very different from the Hofmann-type hosts. The
hosts Cd(dma)aNi(CN)4 [1] and M(CHA)>Ni(CN)s (M =
Co or Cd) [3] can include, besides benzene, a number of
large aromatic guests (some benzene derivatives and naph-
thalene) which have never been found enclathrated into
Hofmann-type and the analogous hosts. Some of the inclu-
sion compounds with dma show X-ray diffraction patterns
characteristic of the intercalate structures of these guests
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Figure 1. The model for the Hofmann-diam-type host structure (open
circle: 6-coordinate M, solid circle: square-planar Ni, open column: an
ambident ligand, thick line: CN bridge and thin line: edge of cavity).

between the layered metal complex sheets. The expanded
spacing has been interpreted in term of the guest molecules
arranged between sheets covered with hydrophobic methyl
groups which may form a tunnel-like cavity between the
sheets [1].

These unusual results have encouraged us to explore the
inclusion behaviour of the Hofmann-type and Hofmann-Tg-
type clathrates, with a series of cycloalkylamines and a vari-
ety of guest molecules different in size and shape from those
enclathrated in the Hofmann-type and Hofmann-Tg-type
hosts.
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Figure 2. Decay of n (number of benzene molecules) against time for the
Co-CPA-Ni-Benzene system.

Now, for the first time we have prepared two new
Hofmann-cyclopentylamine (CPA)-type host complexes,
M(CPA),Ni(CN)4 (M = Co or Cd) (abbr. to M-CPA-
Ni) in powder form and the clathrates of the form
M(CPA)Ni(CN)4.nG (n = number of G (guest ),G = benzene,
toluene, o-, m-, p-xylenes, naphthalene and 1,2-,1,3- and
1,4-dichlorobenzene and 1,4-dibromobenzene). Gravimet-
ric and infrared spectroscopic measurements of the sorption
processes of the aromatic guests in the vapour phase have
been examined at room temperature. The loss of benzene
from the host Co-CPA-Ni against time has been measured.

Experimental

All chemicals used were reagent grade (Merck) and used
without further purification.

Co—CPA—Ni (or Cd—CPA-Ni): this host complex was
prepared by adding 3 millimoles of CPA in solution in
ethanol (ca. 20 mL) into 1 millimole of the Hofmann-
H,O-type hydrate Co(H,0),Ni(CN)4.4H>0 (0.383 g) (or
Cd(H,0),2Ni(CN)4.4H20 (0.383 g)) which was prepared as
described by Kantarci and Biilbiil [3]. The precipitate was
filtered, washed with ethanol and ether, successively, and
dried in air to constant weight. The complexes, M(CPA),
Ni(CN)s (M = Co or Cd), were obtained in quantitative
yield.

The freshly prepared complexes were analyzed for Co,
Cd, C, H and N with the following results (found %/cal-
culated %): Co(CsHgNH2)2Ni(CN)4: Co = 15.03/14.96,
Ni = 14.97/14.85, C = 42.98/42.89, H = 4.65/5.65, N =
20.98/21.43. Cd(C5H9NH3)>2Ni(CN)4: Cd = 25.23/25.15,
Ni = 13.17/13.05, C = 37.78/37.74, H = 4.32/4.97, N =
18.61/18.86.

The clathrate compounds were prepared by leaving the
host compounds in the saturated guest vapour as described
below.

Infrared spectra of the compounds were recor-
ded in the range 4000-400 cm~! on a Mattson 1000
FT-IR spectrometer which was calibrated using an
indene/camphor/cyclohexane standard solution.  The
samples were prepared as mulls in Nujol and fluoroube
(poly (chlorotrifloroethylene)) between Csl windows.

o0-Xylene
Cd-CPA-Ni-2G
Naphthalene

Cd-CPA-Ni-2G
G

G

2150 vs
2113 vw
456 w

423 vs
21535s,2146s
2113 vw
448 w

422 vs

o0-Xylene
Naphthalene

Co-CPA-Ni-2G

G
Co-CPA-Ni-2G

G

2163 vs
2126 vw
456 w
437 vs
2160 vs
2123 vw
447 w
437 vs

Toluene

Cd-CPA-Ni-2G

G

2151 vs

2113 vw

455w

422 vs
1,2-dichlorobenzene

Cd-CPA-Ni-2G

G

2151 vs
2115 vw
448 w
423 vs

Co-CPA-Ni-2G
Toluene

G

2160 vs
2121 vw
456 w
436 vs

1,2-dichlorobenzene

Co-CPA-Ni-2G

2161 vs
2125 vw
447 w
436 vs

Benzene
G

Cd-CPA-Ni-2G

G

2151 vs
2113 vw
466 m
423 vs

p-Xylene

Cd-CPA-Ni-2G

G
not observed.

2116 vw
438 w

2152 vs
423 vs

Co-CPA-Ni-2G
Benzene

G

2160 vs
2123 vw
472w
437vs

p-Xylene

Co-CPA-Ni-2G

G

2163 vs
2123 vw
446 w
436 vs

Cd-CPA-Ni
2149 vs
2110 vw
448 w

422 vs

weak, sh = shoulder and no

m-Xylene

medium, w

Cd-CPA-Ni-2G

Co-CPA-Ni
2159 vs
2120 w
455 w
G
2149 vs
2112 vw
448 w
422 vs

436 vs

m-Xylene

Co-CPA-Ni-2G

NapNi(CN)42
2128 vs, 2132 vs
448w

427 vs

G

2161 vs

2124 vw

Vg(CN), Ey

V12, T (NiN), Ay,

V1.8 (NiCN), E
a,b

vg (CN), Ey

Hot band?

Hot band?

Table 1. The wavenumbers (cm‘l) of the Ni(CN)y in the host and clathrates compounds
b U(13CN) and vg, V(Ni-C), E;, of Ni(CN)4 unit are not observed in the compounds studied.

4 Taken from Ref. [9]. Abbr: v = very, s = strong, m

Asslgnmema‘b
Assignment'
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Figure 3. The important IR band of CPA, Ni(CN)4, benzene and naphthalene species in different chemical states related to the Co-CPA-Ni—Guest system
(all compounds are in nujol).
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Figure 4. The important IR bands of CPA, Ni(CN),4, benzene and naphthalene species in different chemical states related to the Cd—CPA-Ni—Guest system
(all compounds are in nujol).



Results and discussion

For comparison and discussion the important spectral re-
gions of CPA, Ni(CN)4, benzene and napthalene species in
different chemical states are shown in Figures 3 and 4.

Before dealing with the inclusion and liberation of the
guest species in the host complexes, it is appropriate to
elucidate the host framework on the basis of the available
spectral data.

The spectral features of the host compounds under study
are found to be similar to each other suggesting that they
also possess similar structural features. It will be convenient
to divide the vibrations into two, arising from the Ni(CN)4
group and from the CPA ligand. The assignment of the spec-
tral bands due to the Ni(CN)4 species are straightforward,
since these bands are persistent and picked out with ease [3,
4-9].

Ni(CN)4 group vibrations

The fact that in the host framework of the Hofmann-type
clathrates [1-3, 6, 7] and Hofmann-type host complexes [4,
7, 8], the metal atom Ni in Ni(CN)4 is square planarly sur-
rounded by the carbon ends of the CN ions suggests that the
host framework of the complexes studied also have square
planar Ni(CN)4 units. In order to assign the bands attrib-
utable to the Ni(CN)4 ion in the spectra, we refer to the
work of McCullough et al. who presented vibrational data
for the salt NapNi(CN)4 in the solid state [9]. In this salt the
Ni(CN)4 anion is not coordinated to Na™ ion; therefore, it
can be treated as an isolated unit with Dy symmetry and
thus used as reference to comment on vibrational changes
when Co-NC (or Cd-NC) bonding takes place. The spectral
data for Ni(CN)4 groups in the host complexes and clath-
rates are given in Table 1, together with the spectral data
of NapNi(CN)4. The assigned wavenumber of the Ni(CN)4
units of the complexes studied are much higher than those
for the isolated Ni(CN)4 ion (Table 1). Such frequency shifts
have been observed for Hofmann-type host frameworks [4—
8], and are attributed to the mechanical coupling of the
internal modes of Ni(CN)4 with the M-NC vibrations. It
follows that the N-termini of the Ni(CN)4 group are bound
to a Co (or Cd) atom in the host complexes.

CPA (cyclopentylamine) vibrations

The assignments and the wavenumbers of the vibrational
bands of CPA observed in the infrared spectra of the com-
pounds under study are given in Table 2, together with the
spectral data for CPA in the gas phase [10] on which the
assignments are based.

The N-H streching frequencies of the CPA molecules
in the host complexes are found to be ca. 50 cm™! lower
than those of CPA in the gas phase (Table 2). These down-
ward frequency shifts may be explained as weakening of
the N-H bonds resulting from the electron draining from
the N atom on account of its coordination to the metal
atom M (Co or Cd). A metal dependent downward fre-
quency shift is also observed for the NH; scissoring mode
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(Table 2). Similar shifts have been observed in the M
(cyclohexylamine),Ni(CN)4 (M Co or Cd) host complexes
[3].

Gravimetric results and spectral changes upon
enclathration

When the host complexes are subjected to the guest vapour
in equilibrium with their liquid phases in a desiccator at am-
bient conditions, the guest molecules are sorbed by the host
at a rate depending on the vapor pressure of the guest. The
amount of the sorbed guest molecules was determined gra-
vimetrically by leaving the host complex in the guest vapour
to constant weight. n, the number of the guest molecules
per molecular formula of the host complexes, and their sorb-
ing duration (the time required to attain constant weight)
are given in Table 3. (It should be noted that when these
preparations are attempted in solution in ethanol host com-
plexes with a much lower number of guest molecules than
those in Table 3 are obtained). The most outstanding fact in
Table 3 is that the number of benzene and toluene molecules
appears to be more than the formal maximum number of 2
found in the Hofmann-type clathrates prepared previously
[1]. When these clathrates are left in open air, the number
of guest molecules, n, decreases rapidly down to ca. 2, and
then continues to decrease at a slower rate. This liberation
process for benzene from Co—CPA-Ni is illustrated in Fig-
ure 2, which plots the decrease of n against time. (Similar
observations have been made for benzene from Cd—CPA-Ni
and toluene in Co—CPA-Ni hosts). The curvature at n = 2
on the plot (Figure 2) suggests that the inclusion compounds
for guest molecules for n < 2 are more stable than forn > 2.
Similar observations have been made for the M—CHA-Ni-G
(M = Co or Cd, G = benzene or toluene systems [3].

The notable spectral changes upon enclathration are
as follows: of the host moieties with the exception of
Cd-CPA-Ni in the naphthalene clathrate, the Ni(CN)4
unit does not exhibit considerable spectral changes upon
sorption (Table 1). These results suggest that the planar
structure of [M—Ni(CN)4] is preserved (for all n val-
ues) upon enclathration. Substantial spectral changes
for the Ni(CN)4 unit in the dicyclohexylaminemetal(Il)
tetracyanonickellate(I[)host-aromatic guest systems have
however been observed and attributed to the substantial
structural changes of the Ni(CN)4 unit [3]. In the case of Cd—
CPA-Ni-1.85Npth two bands (as a doublet) are observed at
2153 and 2146 cm™!. This spectral feature may be due to the
fact that the primary ligand Ni(CN)4 behaves as a bidentate
ligand (as NC-Ni(CN);-CN) in the host structure.

The noteworthy spectral features arising from the ligand
molecules on guest inclusion are as follows. On going from
the host complex to the clathrate the symmetric and asym-
metric stretching frequencies of the NH» unit decreases. This
downward shift may be due to hydrogen bonding between
the 7 electron of the guest ring(s) and the cyclopentylamine
ligand molecules, as has been suggested for the Hofmann-
type benzene clathrates with amine and diamine ligands
[16, 19]. Another notable feature is that the w(NH,) and
8(NH>) vibrations appear at higher frequencies when com-
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Table 2¢c. Assignment and the wavenumbers for the CPA in the clathrates

Cd-CPA-Ni-1.85G

G

Co-CPA-Ni-G

G

CPA(IR)?

(Gas)

Assi; gnmf:nta

Cd-CPA-Ni-1.85G

G

Co-CPA-Ni-G

G

cpaar)®P

(Gas)

Asslgnmema‘b

Naphthalene

Naphthalene

Naphthalene

Naphthalene

3339s

3343 s

3400 vw

V4. NHp antisym. str

no

no

1056 Q, m

135, @-CH out-of-plane bend
V36, V37, ring deformation

3278 m
2956's

3283 m

3339w

V1, NHp symmetric stretch

1017 s, sh

1010, sh

1012Q, w
1003 sh
948 w

2954 s

2968 vvs

v and V25, ﬂ-CHz antisymmetric stretch

V3, &-CH stretch

992 m, sh
956 w

995 m, sh
956 w
838 w

2911 w, sh
2868 m

2912 w, sh
2869 m

v3g. ¥-CHp antisymmetric rock

V() NHp wag

2875 vvs

V4. V26, ﬂ-CHz symmetric stretch

823 vw

803 Q. sh

2724 w

2725w

2700 w

no
567 m
540 m, sh
no

444 w

no
567 m
552 m, sh
no

452w

708 Q. sh
545 sh

537Q,sh
462 Q, sh

455P

V2 1. ring deformation
127, C-N in-plane bend

1578 s
1450 m
1379 m
no

1211w
1169 w
1153 m

Y11» V'CHZ symmetric wag

V14, C-Nstretch

V15- ﬁ-CH2 symmetric twist

not observed.

= weak, sh = shoulder and no =

medium, w

4 Taken from Ref. [10]. Abbrs: v = very, s = strong, m

b, 14(C-Nstr.), v34(8-CH; antisym. twist), v35(c-CH out-of-plane bend) and NH, wag bands of CPA(gas) are not observed in the compounds studied.

Table 3. n, the number of the guest molecules, included in the
M-CPA-Ni hosts, and the duration of the inclusion (the time
required to attain constant weight)

Host Guest n Duration
(approx.)
Co—CPA-Ni  Benzene 6.17 7 days
Cd—-CPA-Ni 434 7 days
Co—CPA-Ni  Toluene 4.57 7 days
Cd-CPA-Ni 442 7 days
Co—CPA-Ni  0-Xylene 4.58 7 days
Cd—-CPA-Ni 2.97  7days
Co—CPA-Ni  m-Xylene 3.81 7days
Cd-CPA-Ni 3.35 21days
Co—CPA-Ni  p-Xylene 3.80 7 days
Cd-CPA-Ni 343 14 days
Co-CPA-Ni 1,2-Dichlorobenzene 3.56 21 days
Cd—-CPA-Ni 2.60 21 days
Co—CPA-Ni  1,3-Dichlorobenzene  0.00 30 days
Cd—-CPA-Ni 0.00 30 days
Co-CPA-Ni 1,4-Dichlorobenzene 0.00 30 days
Cd-CPA-Ni 0.00 30 days
Co—-CPA-Ni 1,4-Dibromobenzene ~ 0.03 21 days
Cd-CPA-Ni 0.00 21 days
Co—CPA-Ni  Naphthalene 1.15 6.5 months
Cd-CPA-Ni 1.85 6.5 months

pared with those of cyclopentylamine in the host complexes
(Table 2). These upward frequency shifts are due to the
hydrogen bonding between the (NHj) group and the guest
molecules. Another notable feature is that N-H streching
vibrational frequencies in Cd—CPA-Ni-2G (G = m-xylene
or p-xylene) and in the corresponding host complexes (Table
2b) are similar suggesting that there is no hydrogen bonding
between NH; of the ligand and guest molecules.

As for the spectral changes of the guest molecules, the
most outstanding features are as follows. The CH out-of-
plane vibrational bands are found to be shifted to higher
frequencies from that of the not enclathrated guest (Table
4). Similar positive frequency shifts were observed for
Hofmann-type clathrates and explained as being due to the
presence of a weak hydrogen bond between 7 electrons loc-
ated above and below the plane of the benzene ring and
the ammonia molecules of the host lattice [5, 6]. Similar
shifts have also been found for other members of Hofmann-
type clathrates [3, 7, 8, 13]. Therefore, we may reasonably
suggest that the frequency shifts in our compounds are due
to the 7 electron donation from the guests to the hydrogen
atoms of the NH; group of the ligand molecule which has a
more electrophilic character caused by the coordination. The
values of these shifts decrease in the increasing order of the
guest size.

Another notable feature of the CH out-of-plane
vibration in benzene is that it appears as a triplet
for M(en)M'(CN).2CcHs (M = Mn or Cd, M’ = Cd
or Hg) [11], a doublet for our compounds and for
M(cyclohexylamine),Ni(CN)4.2benzene (M = Co or Cd)
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Table 4. CH out-of-plane vibrational wavenumbers (em™1) of the guests in the clathrates

Guest Not enclathrated guest Co-CHA-Ni8  Cd-CHA-Ni®# Co-CPA-Ni  Cd-CPA-Ni

Benzene? 670 688 /684 vs 687 s 684 s 683 s
(liquid) 678 s 675 vs 675 vs

Toluene? 734 734 vs 734 vs 737 vs 735 s, sh
(liquid) 728 s 727 vs 728 vs 728 vs

1,2—dichlorobenzeneb 748 748 vs - 750 vs 750 vs
(in CCly and CSj)

0-Xylene® 741 743 vs 741 vs 741 vs 741 vs
(liquid) 755 vs 752 vs 758 w, sh 757 w, sh

m-Xylened 768 769 vs 767 vs 767 vs 767 vs
(liquid)

p-Xylene® 795 796 vs 795 vs 795 vs 796 vs
(liquid)

Napthalene! 782 - 786 vvs 796 vs 785 vs
(in CCly and CSj) 782 vs

4 Taken from Ref. [18].

b Taken from Ref. [19].

¢ Taken from Ref. [20].

d Taken from Ref. [21].

€ Taken from Ref. [22].

f Taken from Ref. [23].

& Taken from Ref. [3].

Abbrs: v = very, s = strong, w = weak, sh = shoulder.

[3], Cd(pyrazine)M(CN)4.2CcHs (M = Cd or Hg) [14],
M(NH3);M'(CN)4.2C¢Hg (M = Mn or Cd, M’ = Cd or Hg)
[15] and M(tn)Zn(CN)4.2C¢Hg (M = Mn or Zn) [13], a
singlet for M(NH3)2Ni(CN)4.2CgHe (M = Mn, Fe, Ni, Cu,
Zn or Cd) [4,6] and Cd(4,4’-bipyridyl) M'(CN)4.2C¢He (M’
=Cd or Hg) [16]. In the case of doublet or triplet features the
splittings have been ascribed to crystal field effects (strong
host-guest interactions) [4—6, 11, 12, 14—16]. In the case of a
single band, because of the larger cavities due to the ligands,
the host—guest interactions are expected not to be effective
for splitting [16].

Based on the present data, it is not possible to determ-
ine the conformation of the ligand or guest molecules in the
clathrate studies. As in the Hofmann-type and Hofmann-Tg-
type benzene clathrates, the relative orientation of the N-H
bonds of cyclopentylamine with respect to the axis of the =
cloud of guest must be the one most favorable for hydrogen
bonding [17].

Selective absorption and separation of guest molecules

The phenomena described above implies the employability
of the host complexes for selective absorption and separa-
tions of isomeric guest molecules. For these purposes, three
experiments have been performed: (i) Infrared spectra show
that when the host complexes are placed in a desiccator con-
taining a mixture of benzene and toluene vapour with a mole
ratio of 1/1, both benzene and toluene are sorbed. (ii) When
the host compounds are placed in a desiccator containing
a mixture of o-, m- and p-xylene mixture with mole ratios
of 1:1:1, all isomers together are absorbed. (iii) Host com-
plexes absorb 1,2-dichlorobenzene only from the 1,2-, 1,3-
and 1,4-dichlorobenzene mixture with mole ratios of 1:1:1
(This result would also be expected from Table 3).

These results suggest that the host complex compounds
presented here may be employed for selective absorption.

It should be noted that experiments with a large number
of aromatic guest molecules and host complexes with M =
Mn, Fe, Cu, Ni, Zn or Cd, M’ = Ni, Pd or Pt and seven
cycloalkylamines mentioned above are in progress.
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