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A host-guest " interaction in some " Hofmann-Ttype
clathrates (general formula : M(NH3) ;M’ (CN) 4 - 2C¢Hy where
M = Zn, Mn, Hg and Cd and M’:= Cd or Hg) has been stud:ied
using infrared spectroscopy. ‘ '

An evidence  for . this interaction is most obvious
through the changes of the éhapé'of the bands due to CH
out-of-plane bending vibrations originating from the
guest (benzene) molecules. Thus, a strong band at around
700 c¢m~! appears as doublet at RT as well as: &t 'LNT,
while the band at around 980 c¢m-! Splits only at LNT.

The existence of doublets has been explained by the
presence of two types of benzene molecules in the unit
celd:- oFf Hofmann—ﬂ}rtype clathrates. Further splitting of
these bands (at very low temperatures) 1s predicted as a
result of removal of degeneracy.

INTRODUCTION

Hofmann- and Hofmann-Tg4type clathrates represent a part
of the class of inclusion compounds in which the guest
molecules are accomodated in the host lattice. Thelr general
formula is : H(NHj) ;M’ (CN) 4 +2G, where M is one of the first
transition metals, from manganese to zinc, or cadmium, H’ 1is
Hi, Pd or Pt (in Hofmann-type clathrates) and Cd or Hg (in
Hofmann-T4-type clathrates), while G is usually an organic
molecule, such as benzene, aniline, thiophene, etc.

The structure of Hofmann-type host lattice 1s similar to
that of graphite [1] i 1t consists of planar layers contain-
ing the metal atoms and the cyanide groups, but with the NH,
groups stickKing out above and below the planes. The NH,
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groups then define the voids wherein the guest molecules can
be accomocdated. Unlike the two-dimensional networkK observed
in Hofmann-type clathrate the lattice of Hofmann-T g type has
three-dimensional network. The basic dlfference Dhetween
Hofmann- and Hofmann-Tg4-type clathrates 1s 1in the existence
of the square-planar N1i(CN),2-, PA(CN)42~ or Pt(CH),2"
group in the former type and the tetranedral group, such as
Cd(CH)43' or Hg(CH)42“ in the later type of <clatnrates.
The main structural difference between Hofmann-T 4 ty¥ype and
Hofmann-type clathrate is that the crystals of Hofmann-type
clathrates belong to the tetragonal system, space group FPi/m
with Z = 1 [2], while Hofmann-T4type clathrates belong to
the triclinic, almost tetragonal (pseudotetragonal) system,
space group Pi, Z = 2 [(3]. Further, in Hofmann-Tg4-type,
there are two types of cavities, (denoted as I and II 1in
[3]) with different surrounding of the benzene molecules,
but both cavities have nearly equal volumes and same frame-
work components. In Hofmann-type clathrates there 1is only
cne +type of cavity in which the benzene meolecules c¢an be
enclathrate (2], which has the same frameworkK as cavity I in
Hofmann- T4 type clathrates. ' : : g

In this type of clathrate, as well as in Hofmann-type,
there 1s no direct chemical bond between the constituents of
the host lattice and the enclathrate benzene molecule ; the
closest contact between them occurs betitween CH group of the
benzene molecules and NH; ligands of the host lattice.

In our previous works [4,5], a series of Hofmann-type
clathrates (witih square-planar Ni(CH)42" group) have been
studied using infrared spectroscopy. As a result of these
studies, a host-guest 1interactions have been detected, both
in the IR spectra of (i) the benzene (guest) molecules (4]
and (i11) the host lattice [5]

(i) The host-guest interaction in the benzene molecules
was detected through the changes of the shape of the Dand
(at around 980 cm~!) due to CH out-of-plane bending vibra-
tions. It was found that the magnitude of the splitting of
this band at low temperature depends on the volumes of the
unit cells and decreases as the volume of the unit ceill
increases [4].

(ii1) A proton-proton interaction, originating from the
host-guest interactions in the host lattice, has been pro-
posed to be responsible for the splitting of the infrared
bands (detected even at RT) in the region of the symmetric
NH,; bending vibration [5] in Hofmann-type clathrates.

In general, 1t was suggested that non-bonded proton-
proton 1interactions have a considerable influence on those
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types of vibrations in which the motions of +the hydrogen
atoms are  dominant, such as NH,; rockKing vibration in the
host lattice, and CH out-of-plane bending vibrations in the
guest molecules.

In this work, we report a host-guest interaction detec-
ted through the changes of the shape of the bands due to the
y (CH) bending vibrations in Hofmann-Tg4type clathrates.

EXPERIMENTAL

The Hofmann-T4-type clathrates were prepared by similar
methods used for preparation of Hefmann-type clathrates (6].
To a mixed aqueous solution (25%) of M(II) chloride salt (in
the presence of NH,Cl1), an equivalent amount of agqueous
solution of K ;Cd4d(CH), (or K,Hg(CN),) was added, PpH Dbeing
arround 10. Then an excess of benzene was added, and the
resulting mixture was thoroughly mixed with a magnetic stir-
repr - fort/iZ2<to 11 ThHr, The precipitate thus formed was filte-
red out on a glass filter and washed with ethanol. The
product was dried 1n calcium chloride desicator in the pre-
sence of benzene vapour. i

Ty Thé cdrrespondiné _"empty" clathrates were made in the
ldentical way, except that benzene was not added +to the
resulting mixture.

The 1infrared spectra were recorded on PerkKin-Elmer 6580
spectrophotometer, from KBr pellets and mulls in Nujol. The
VLT-2 low temperature cell was used for LNT-IR studies., For
precise measurements of the wavenumber, polystyrene film or
water vapour was used (resolution at 1000 cm~! was 2 cm—4).

RESULTS AND DISCUSSION

The 1infrared spectra of Hofmann-T4type clathrate (Cd-
Cd-Bz) and its corresponding "empty" clathrate (Cd-Cd) at RT
are shown in Fig. 1a. The infrared spectrum of Hofmann-type
clathrate (Ni-Cd-Bz) 1is given for comparison in Fig. 1b. In
Table I the absorption bands are listed, and their assign-
ments are given.

There are two main differences in the IR spectra of
Hofmann- and Hofmann-Tg4 type clathrates and both are related
to the CH out-of-plane bending vibrations of +the benzene
molecules : (a) A strong band at around 700 cm~!, assigned
to the infrared active (A4,,) CH out-of-plane bending mode
(7], appears as a single band in Hofmann-type and as a
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Fig., 4, The IR spec-
tra of Hofmann-Ty
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E,,; symmetry (7] 1s different at LNT in Hofmann-T4type com-
pared to Hofmann-type clathrates [4]. We wlll discuss these
points separately.

(a) Doublets at arround 700 cm~! and 1985 and 1845 cm~1

The detalils of these bands in Hofmann-Tg4-type clathrates
are shown 1n Fig. 2a and Fig. 2b. The corresponding bands in
Hofmann-type clathrates are also given in this figure.

The existence of doublets instead of singlets could
probably be explained in terms of different crystal
structures between Hofmann- and Hofmann-T4type clathrates ;
Hofmann-type clathrates have two enclathrate benzene mole-
cules 1n the unit cell, and only one type of cavity, 1.8:
only one type of benzene, while Hofmann-Tg4-type has four
enclathrate Dbenzene meolecules and two types of cavities 1in
the unit cell, i.e. at least two types of guest molecules.
The guest molecules are relatively remoted from the host
lattice; there-1s no chemical bond between them, and their
vibrations can be regarded as "almost free" from the rest
of the clathrate. However, the infrared spectra undoubtedly
show (Fig. 1 and 2) that the guest molecules are exposed to
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Table I, wavenumbers of the vibrations in "empty" (Cd-Cd)
and benzene (Cd-Cd-Bz and Cd-Ni-Bz) clathrates

cd-cd Cd-Cd-Bz Cd-Ni-Bz Assignment®
3380 s 3395 s 3380 s,Db
3330 sh .
3290 w 3295 m 3280 w v (Hily)
3270 w 3240 w
3085 w 3075 w
3065 w 3055 w
3030 w 3025 w v (GH)
3000 w
2165 s 2170 m 2155 s
2160 s 2110 w, sh v LG
1985 w 1985 w
1970 w Fatls
1845 w 1845 w comrinations
1830 w ;
1600 s,Db . 1600 s,b 1600 s,b
: 1570 w das (NH3)
1475 s 1475 s '
1410 w BN
1210 w $ (CH)
1175 m, sh 1200 sh 1210 sh M R
1155 s 1155 s 1205 s S 3
1145 m 5 (CH)
1110 s - 1105 s 2p (NHg)
1030 s 1030 s & (CH)
980 w 985 w y (CH)
697 s 700 s y (CH)
685 s
550 m, b 545 m, b 545 m, b p(NH,)
335 s 350 s 425 s v (M-N)
265 w 265 w 3 (N-M-N)

¥ s-strong; m-medium; w-weakK; sh-shoul der; Db-broad; p-rock-
ing; V-stiretching; J-in-plane bending; Y-out-of-plane ben-
ding; S-symmetric; as-antisymmetric
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Fig. 2. The details of the IR bands at 1985 and 1845 cm™!
(a) and at 700 cm~! (b) in Hofmann- and in Hofmann-T4 type
clathrates at LNT

a certain 1interaction in the host lattice and vice versa.
The host-guest interactions are more l1iKely to Dbe present
then the guest-guest interactions since the guest molecules
are completly enclathrate by the host lattice. It 1s expec-
ted, similarly as in Hofmann-type clathrates, that the near-
est distance between the (non-bonded) guest molecules and
the host lattice is between the CH groups from the Dbenzene
molecules and NH; groups from the host lattice [2]), In view
of this, the existence of doublets in the IR spectrum of
Hofmann-T4type clathrate (Fig. 2) could be explained as a
result of different host-guest interactions in cavities I
and II. The separation of about 12 cm~! (at 700 cm-%) and
about 25 cm~! (at 1985 and 1845 cm~1) suggests that the
interactions are stronger in one type of benzene molecules
than in the other. Judging from the infrared spectra (Fig.
2a and 2b), one type of benzene, the one in which the inter-
actions are expected to be stronger, is of the same nature
as that in Hofmann-type, while in the other, these interact-
ions are probably less strong.

However, 1t 1s not immediately clear, why among all pos-
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Sible motions of the benzene molecule, only bands due to CH
out-of-plane bending vibrations exhibit changes, while the
others not. The answer for this could be found, again in the
eXistence of host-guest interactions 1in Hofmann-Ta—type
Clathrates. It 1s expected that the CH out-of-plane bending
vibrations in the benzene molecule Will be influenced by the
Presence of neighbouring constituents of the host lattice
more strongly then the others (say, 6CH or Cc-C-C bendings).

(b) The behaviour of a weak band at around 980 cm-4

In the infrared spectrum of Hofmann- and Hofmann- T4 type
clathrates (Fig. 1) there is another band which can be as-
signed +to the CH bending mode of the benzene molecules g a
weakK band at around 980 c¢m-1, having E,py symmetry, Although
this band 1is IR and Raman inactive for the free benzene
molecule, 1t can be seen in the IR spectrum of liquid and
solid benzene [8), as well as in the infra- -
red spectra of Hofmann-type clathrates 4]. Hofmann

This Dband has been already studied in .
Hofmann-type clathrates throughout tempera- -
ture range from RT to LNT (4]. A sSplit-
‘ting of this band at LNT has been detected,
.the magnitude of which depended on a metal |-
attached to the NH, ligands. It has been //
Proposed that this splitting correlates
quite well with the order of decreasing of
the unit cell volumes (see FIg, "3 <in ~fyjl

In Hofmann-Tg4type clathrates this be-
haviour has not clearly been observed . The (a)

RT and LNT IR spectra of this band for 2Zn- i
Ni-Bz (Hofmann-type) and Zn-Cd-Bz (Hofmann-
Tg-type) clathrates are shown on Fig 3. The
half-width of this band at RT and at LNT in -
Hofmann-Tg4typPe is considerably grater com- .
pared to the half-width of the correspond- b
ing Dband 1in Hofmann-type c¢lathrate [4]. i
(The half-width of this band in-Zn-Ni-Bz is -

§ cm~!, while in Zn-Cd-Bz 1t is about 12 / a
cm~1). In addition to the main maximum, a 3
high frequency shoulder at about 7-8 cm-!

Zn-Ni-Bz

Hofmann- T,

Fig. 3. The detalls of the weak band at 980 () Zn-Cd-Bz
cm™! 1in (a) Hofmann- and (b) Hofmann- T4 s :
type clathrates at RT (upper) and LNT (low- 33) Q70

er). Dotted lines are nujol bands.
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higher frequency appears in Zn-Cd-Bz at LET (a high frequen-
cy shoulder in Zn-Ni-Bz 1s 3 to 4 cm~! above the main maxi-
mum). This could indicate that the appearance of the high
frequency shoulder 1in Hofmann-T4 type clathrate at LNT
(F1g. 3b) 1s not of the same nature as the splitting of this
band at LNT in Hofmann-type (Fig. 3a), 1. e. the removal of
the degeneracy (4]. It 1s more liKely that this shoulder 1in
Zn-Ca-Bz originates from the existence of two types of
benzene molecules in the unit cell of Hofmann-T4type clath-
rate, the same as it was found as an explanation of the
existence of doublets at 700, 1990 and 1850 cm~!{. Consider-
ing the widths of these bands, it seems probable that the
Kind of splitting observed in Zn-Ni-BZ 1s also¢o present, but
can not be resolved (at this temperature in Zn-Cd-Bz the
bands are still too wide and are overlapped). Therefore,
splitting of both bands at very low temperatures is expected
(thus gilving four bands, two from each unresolved Dband)
similarly as in Hofmann-type ([4]). The splitting could be
explained as a result of the mechanisms wich lead to removal
of +the degeneracy, such as tunneling effect (which was
discussed in [4]) and hindered rotation.

A thermal motion of the benzene molecules at RT may  be
such that ‘it can be regarded as "free" rotation in the plane
of the molecule. This type of motion leads to an ‘isotropi-
sation’ of the elastic parameters and the degeneracy 1s pre-
served. At lower temperatures, this "free rotation" could
‘freeze’, anq the molecule will vibrate in an anisotropic
field, as a consequence of which the double degeneracy of
the level will be removed.

This mechanism, as well as tunneling effect, will lead
to temperature dependant splitting of the bands. However,
the two effects, tunneling effect and hindered rotation,
have essentially different temperature dependance. In the
case of tunneling effect, the magnitute of +the splitting
depends exXponentially on temperature (eq. i in (4]). On the
other hand, in the case of hindered rotation a sudden Jjump
in the slope of Ay Vs, T may be expected. Both mechanisms
are acceptable from physical point of view. However, in
order to reveal which of the two mechanisms 1s more favour-
able, further (very precise) experiments at low temperatures
are needed.
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Z infrarceio spektrOSko;ijo-smo'preuéevali-medsebojni vpliv
host/guest v nekaterih Hofmannovih Td klatratih {spleZna formu-
ia: M(NH3)2M'(CN)442CEH8, M-= Zn, Mn, Hg, Cd ter M' - (g ali Hg).

Interakcija se kaze v spremembah oblike trakov CH neravnin-
skih nihanj guest molekule - benzena. Tako se modan trak pri
PribliZno 700 ecm * pojavlja kot dublet tako pri sobni temperaturi
kakor tfdi Pri temperaturi teko¢ega dusika; trak pri priblizno
980 cm * pa je razcepljen " le pri nizki temperaturi.

Obstoj dubletov Je pojasnjen z dvema zvrstema benceno-
vih molekul v osnovni celici Hofmannovih Td klatratov.
Pricakujemo nadaljnjo cepitev Pri zelo nizkih temperaturah
kot posledico odprave izrojenosti.
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