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Hofmann type clatharates are host-guest compounds with the general formula

M(NH3)2M�(CN)4.2G, in whichM(NH3)2M�(CN)4 is the host lattice and G is benzene,

the guest molecule. In previous studies, host-guest interactions have been investigated

by analyzing the RT and LNT vibrational (infrared, far infrared and Raman) spectra of

these clathrates. All the observed changes in the vibrational spectra of these clathrates

are referred to a host-guest interaction originating fromweakhydrogenbondingbetween

the ammonia hydrogen atoms from the host lattice and the π electron cloud of the guest

(benzene) molecules. In order to obtain an insight into the relative importance of the

local crystalline field vs. the anharmonicity effects on the spectroscopic properties of

the guest species upon enclathration, as well as to explain the observed band shifts and

splittings, several quantum theoretical approaches are proposed.

Keywords:Hofmann clathrates, host-guest interactions, vibrational spectroscopy, vibra-

tional Stark effect, perturbation theory.

INTRODUCTION

Hofmann type clathrates belong to a family of complex compounds composed

of two components, a host lattice and guest molecules. They differ from other

complex compounds in that the molecules of their components are associated

without ordinary chemical bonding. The general formula for Hofmann type cla-

thrates isM(NH3)2M�(CN)4.2G, whereM is an octahedrally coordinatedmetal (Ni,

Mg, Co, Zn, Mn, Cd), M� is a square planar coordinated metal (Ni, Pd or Pt) and G

is the guest molecule, usually an aromatic molecule, such as benzene. The structure

consists of planar layers containing the metal atoms and the cyanide groups with

the NH3 group protruding above and below these layers. The ammonia groups then

define the void wherein the guest molecule resides.

Hofmann type clathrates belong to a tetragonal system, space groupP4/mwith

Z = 1. The crystal structure of most of these clathrates has been determined by
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powder X-ray diffraction,1�3 some of them have been determined by single crystal

studies4�6 and recently, neutron diffraction data for the structure of

Zn(NH3)2Ni(CN)4.2C6D6 and Ni(NH3)2Ni(CN)4.2C6D6 clathrate have been re-

ported.7 The closest contact between the host lattice and the guest molecule is

detected between the carbon atom of the benzene molecule and the nitrogen atom

from the NH3 group of the host lattice. This distance is almost always 360 pm,4�7

indicating van der Waals contact.

Apart from the structural studies on these clathrates, extensive spectroscopic

(infrared, far infrared and Raman)8�13 studies have been carried out in the last 20

years. The effects of free rotation of the benzene (guest) molecule14 and the

ammonia molecules (host lattice)15 have been studied by NMR spectroscopy and

by inelastic neutron scattering experiments.16,17 Theoretical studies regarding the

nature of the host-guest interactions, as well as ab initio and semiempirical calcu-

lations of model subsystems have also been performed.18�22

The vibrational spectroscopic8�12 and NMR14,15 measurements, as well as

inelastic neutron scattering diffraction experiments16,17 have confirmed the exist-

ence of a significant host-guest interaction in Hofmann type clathrates. The host-

guest interaction detected in Hofmann type clathrates is often referred to as weak

hydrogen bonding between the ammonia hydrogen atoms and the π electron cloud

of the benzene molecules.8�12

In the spectroscopic experiments, this interaction was most obviously mani-

fested through: (1) frequency shifts and/or changes in the shape of the bands due to

the out-of-plane CH bending modes (γCH) in the guest, benzene molecule,12

compared to the corresponding values in liquid benzene,23 and (2) frequency shifts

of the symmetric NH3 deformation vibration (δs) in the host lattice, compared to

the corresponding frequency of the "empty" clathrates.11

In the last ten years, during our studies of different isomorphous series of

Hofmann type clathrates, we have collected a considerable amount of experimental

(mainly spectroscopic) data, which provided the basis from which we were able to

proposea fewquantummechanicalmodels.These theoreticalmodelsgavesomeinsight

into various quantum mechanisms, over the spectral behaviour of the guest molecule

upon enclathration. The first attempt to explain the splitting of some of the γCHmodes

in the benzene molecules at low temperatures was based on a quasi-classical approxi-

mation.26 Later, a fully quantum model of the observed splitting was proposed based

on the concept of the vibrational Stark effect, including the vibrational angularmomen-

tum due to degeneracy.27 The last approach also gave some insight into the relative

importance of the local crystalline field vs. anharmonicity effects on the spectroscopic

properties of the guest molecules upon enclathration.

In this paper, a combined experimental (infrared and Raman) and theoretical

study of the host-guest interaction in Hofmann type clathrates is reported.
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EXPERIMENTAL

The Hofmann type clathrates and their residual host lattices were prepared by previously

reported method.
24

In order to ensure that the clathrates consist of two benzene molecules, C and H

microanalyses were carried out on a COLEMAN C-H analyzer. The powder X-ray diffraction

techniquewas used to check that the clathrates belong to a certain isomorphous series. For this purpose,

a JEOL Diffractometer JDX-7E was used (Cu-Kα radiation being employed).

The RT and LNT infrared spectra were recorded on a Perkin-Elmer model 580 IR and on a

Perkin-Elmer System 2000 FTIR spectrometer from KBr pellets or Nujol mulls. A low-temperature

cell, model RIIC VLT-2 was used for the LNT-IR measurements. The RT and LNT Raman spectra

were recorded on a Perkin-Elemer NIR FT-Raman spectrometer, model 1700-x using a Nd-YAG laser

operating at 1064 nm.

RESULTS ANDDISCUSSION

Spectroscopic results

The infrared and Raman spectra of one of the studied clathrates,

Ni(NH3)2Ni(CN)4.2C6H6 are shown in Fig. 1. The bands marked with arrows are

due to the vibrations of the benzene (guest)molecule. All other bands originate from

the vibrational modes of the host lattice.

In our previous spectroscopis studies,10�14 evidence for the existence of

host-guest interactions in Hofmann type clathrates was obtained from both the

vibrational bands of (1) the guest molecules and (2) the host lattice.

1. Vibrational bands of the guest (benzene) molecules

The infrared and Raman spectra of the Hofmann type clathrates (Fig. 1)

confirmed that the position of the bands due to the guest molecules remain practi-

cally unchanged upon enclathration10,12 compared to the corresponding values in

liquid benzene.23 The only exceptions are the bands due to C�H out-of-plane

bending modes (γCH), where two main changes were observed upon enclathration:

(i) a shift to higher frequencies comapred to those of liquid benzene23 and/or

(ii) a splitting of some of the γCH bands at low temperatures.

There are four γCH benzene vibrations: ν4, ν7, ν11 and ν19. (Hereafter, the

notation, intensities and symmetry species are given according toHerzberg25).Accord-

ing to the selection rules of the D6h point group, ν4(A2u) is IR active and apperars (in

the spectra of the studied clathrates) as a strong band around 700 cm�1
, ν11(E1g) is

Raman active and appears in the Raman spectra at around 860 cm�1. The remaining

two fundamental modes, ν19(E2u) and ν7(B2g) are IR and Raman inactive in gaseous

benzene.23 However, due to the lowering of the summetry, they both appear as weak

or very weak bands in the infrared and Raman spectra, respectively (Table I).

(i) The shift of bands due to the γCH modes of the enclathrated species

The observed shifts of the γCH bands to higher frequencies compared to the

bands in liquid benzene were in the range of 10�20 cm�1. Shifts to corespondingly

HOST-GUEST INTERACTIONS IN CLATHRATES 419



higher frequencies (around 30 cm�1)were also observed in the IR spectra of the two

combination bands due to the γCHmodes: (ν11 + ν19) and (ν7 + ν19), which appear

around 1850 cm�1 and around 1990 cm�1
, respectively (Fig. 1). Additional blue

shifts were observed at LNT.

(ii) The splitting of bands due to the γCH modes of the enclathrated species

In our previous studies,10,12 a splitting of the weak band assigned to the ν19
mode into two components at low temperatures was observed. However, the
magnitude of this splitting was different in different Hofmann type clathrates and
depended on the nature of themetalsM andM�. Thus, in the subserieswithM�fixed,
the magnitude of the splitting of this band at low temperature increases in the order
Cd<Mn<Zn<Co<Fe<Mg<Ni (Fig. 2 and Table II) while the unit cell volume

decreases in the same order (Table II). The mean value of the slope of ∆ν vs. Vunit cell

obtained from these data is about �100 cm�1/nm3 in the three studied isomorphous
series of Hofmann type clathrates12 (Fig. 3).

Themost probable explanation for both effects found in the vibrational spectra
of these clathrates is an interaction between the guest molecule and the host lattice.

Fig. 1. The infrared (upper) and Raman (lower) spectra of one of the Hofmann type clathrates,

Cd(NH3)2Ni(CN)4.2C6H6, at room temperature. (The bands due to the vibration of the guest mole-

cules are marked with arrows.).
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This interaction is obviously not only due to the existence of van der Waals forces,

but also to the presence of a weak hydrogen bond between the π electrons of the
aromatic guest molecule and the ammonia groups of the host lattice. Further, this
interaction is obviously strongly dependent on the volume of the unit cell (Fig. 3),
i.e., the effective ionic radii of the octahedrally coordinated metal M attached to the
NH3 groups (R6) and the square-planar coordinated metal M� attached to the CN
groups (R4).

12 Thus, two correlations for the three studied isomorphous series of
Hofmann type clathrates hawe been made. Firstly, the magnitude of splitting of the

band due to the ν19mode at low temperatures was correlatedwith the effective ionic
radii for the octahedrally coordinated metal M(II), R6 and the square-planar coor-

Fig. 2. The CH out-of-plane vibrations in the IR spectra in a series of Hofmann type clathrates:

M(NH3)2Ni(CH)4.2C6H6, where M = Ni, Mg, Fe, Co, Zn, Mn and Cd. (The upper IR bands were

recorded at room temperature and the lower at low temperatures.)

Fig. 3. A plot of ∆ν vs. Vunit cell (cf.

Table II) for three series ofHofmann

type clathrates: M-Ni-Bz is

M(NH3)2Ni(CH)4.2C6H6, M-Pt-Bz

is M(NH3)2Pt(CN)4.2C6H6 and M-

Pd- Bz is M(NH3)2Pd(CH)4.2C6H6.

HOST-GUEST INTERACTIONS IN CLATHRATES 421



dinated metal M(II), R4 (Eq. 1), and secondly, the volumes of the tetragonal unit
cells were correlated with the effective ionic radii for the octahedrally coordinated
metal M(II), R6 and square-planar coordinated metal M(II), R4 (Eq. 2). (The values
for the effective ionic radii of M and M�were taken from Ref. 28.).

∆ν/cm–1 = 20.728 –171.100 R6/nm –76.687 R4/nm 
(adjusted r2 = 0.96)

(1)

V/nm3 = 0.232 + 1.695 R6/nm + 1.837 R4/nm 
(adjusted r2 = 0.95)

(2)

TABLE I. The IR and Raman frequencies of the bands due to the γCH modes of the guest, benzene

molecule in the three isomorphous series of Hofmann-type clathrates. Their corresponding unit cell

volumes are given in the last column

Compound M
ν/cm�1

ν4(a) IR ν4(b) IR ν19
(a)

IR ν11
(a)

IR V/nm
3

M-Ni-Bz

Zn 706.5 706.5 985.5 0.453

Ni 706.0 706.5 986.0 870.0 0.434

Co 704.0 704.0 986.0 0.449

Mg 702.0 703.0 985.0 0.445*

Fe 702.0 703.0 984.7 0.448

Mn 702.0 703.0 984.5 0.460

Cd 700.0 700.0 983.5 867.0 0.488

M-Pd-Bz

Ni 701.5 702.0 983.0 0.464

Co 701.0 701.5 983.0 0.471
*

Zn 701.0 701.0 982.0 0.478

Mn 698.0 698.5 982.0 0.490
*

Cd 698.0 699.0 981.5 0.506

M-Pt-Bz

Ni 701.5 701.5 984.5 0.456

Zn 699.0 699.0 981.5 0.476

Cd 696.0 696.0 981.5 0.502

(a)
RTdata;

(b)
LTdata; IR - infrared data; R - Raman data; * - predicted values on the basis of correlation

equations.
2

Note that the weak γCH band due to the ν7 mode is not listed in this Table since, due to its very weak
intensity it could not be assigned with reasonable certainty in the Raman spectra of the studied
clathrates

2. Vibrational spectra of the host lattice

For the purpose of studying the vibrational spectra of the host lattice, a series

of Hofmann type clathrates partially depleted in benzene was prepared. Thus, the

loss of the benzene molecule from the host lattice was followed spectroscopically

by the method of the gradual loss of the benzene molecules from the host lattice.
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The IR spectra of one of the studied clathrates, Ni(NH3)2Ni(CN)4.2C6H6

(Ni-Ni-Bz) and its corresponding "empty" clathrate, Ni(NH3)2Ni(CN)4 (Ni-Ni) are

compared in Fig. 4. From this comparison, it was found that there are two spectral

regions in which significant changes can be observed upon enclathration:

(i) the region of the N�H stretching vibrations; 3400�3200 cm�1
, and

(ii) the region of the symmetric NH3 bending vibrations; 1250�1100 cm�1
.

(i) The region of the NH stretching vibration: νas(NH3) and νs(NH3)

The gradual loss of the benzene molecules from the host lattice in one of the
studied Hofmann type clathrates, Ni(NH3)2Ni(CN)4.2C6H6, in the region of the
N�H stretching vibrations is clearly observed in the infrared spectra presented in

Fig. 5a. The band due to the antisymmetric N�H stretching vibration (νas), a strong
and broad band around 3400 cm�1

, becomes sharper upon enclathration. Simulta-
neously, the doublet of weak bands due to symmetric N�H stretching vibrations
becomes a singlet. There are at least two reasons for the observed changes in these

bands: firstly, removal of the degeneracy of theνas band and secondly, the host-guest
interaction.

(ii) Region of the symmetric NH3 deformation vibration (δs); 1250�1100 cm�1
.

The gradual loss of benzene molecules from the host lattice is also clearly

observed in the spectral region of the symmetric NH3 deformation vibration (Fig.

5b). On the other hand, the position of the band due to antisymmetricNH3 vibrations

is practically unchanged (Fig. 5b). The strong doublet between 1200�1100 cm�1 in

Fig. 4. The RT infrared spectra of one of the Hofmann type clathrates, Ni(NH3)2Ni(CN)4.2C6H6

(upper) and the corresponding "empty" clathrate, Ni(NH3)2Ni(CN)4 (lower).
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the spectra of the Hofmann type clathrate (Ni-Ni-Bz) becomes a singlet in the

spectrum of the "empty" clathrate (Ni-Ni) (Fig. 5b).

These doublets, as suggested in the literature,29 could originate from a Fermi

resonance interaction of the NH3 symmetric deformation vibrations with the overtone

of the NH3 rocking vibration, which appears as a strong and relatively broad band at

around 550 cm�1 (Fig. 4).However, a detailed analysis of themagnitude of the splitting

of these doublets and the ratio of their intensities in all three isomorphous series of

Hofmann type clathrates suggested11 that other effects may be responsible for the

existence of the doublet. Namely, in all the studied clathrates, a considerable splitting

of the IR bands due to δs(NH3)modes is observed. The magnitude of this splitting and

the ratio of the intensities of these bands varies depending on the metal M attached to

the ammonia molecules11 and is strongly dependant on the volume on the tetragonal

unit cell. Further, this splitting increases with increasing unit cell volume and/or red

shift of the ρ(NH3) modes. Therefore, the origin of these doublets and their unusual

infrared intensity could be understood in terms of strong mechanical (and probably

electrical) anharmonicity connectedwith themotionsof theNH3moleculeswhichhave

vibrational, rather than deformational character.

Fig. 5. The RT infrared spectra of the Hofmann type clathrate, Ni(NH3)2Ni(CN)4.2C6H6 partly depleted

of benzene, in the region of (a) the N�H stretching vibrations and (b) the NH3 bending vibrations. The

upper and the lower spectra belong to the clathrate and the "empty" clathrate, respectively.

(a) (b)

424 MIN^EVA�[UKAROVA et al.



One probable explanation of the behaviour of the vibrational bands due to
N�H stretching and NH3 bending vibrations in Hofmann type clathrates lies in the
existence of host-guest interactions.11

Theoretical studies

1. The shift of the bands due to γCH modes of the enclathrated species

In order to explain the shifts of the bands due to the ν4, ν19 and ν11 modes of
the benzene guestmolecule inHofmann type clathrateswithin a series of structurally
similar compounds (aswell as theRT-LTshifts), and to judge the relative importance
of various factors on the spectroscopic properties of the enclathrated species, a
quantum mechanical approach26 was adopted, in the following way.

The γCH modes of the guest benzene molecules were treated as anharmonic
oscillators with a symmetric potential of the type�U0 exp(�aq

2), in an effective local
homogeneouselectrostatic fieldELdue to thehost lattice.Since the lowest energy states
(the ground and the first excited states) are of principal interest, expanding the
exponential term in a power series, the Hamiltonian of this system takes the form:

H = – 
h2

2m
 

d2

dq2 + 
mω0

2

2
 q2 − U0 − eELq − 

1
2

 λq4 + … (3)

where m is the reduced mass of the normal mode, ω0 is the harmonic frequency, e

its effective charge, U0 the depth of the potential well, while λ is the quartic force

constant (in the previous expression, mω0
2 = 2aU0, while λ = a

2U0; also, λ, U0 >

0). Truncating the series after the term containing q4, the Hamiltonian reduces to:

H = H(0) + V

where:

H(0) = − h2

2m
 

d2

dq2 + 
mω0

2

2
 q2 − U0 − eELq (4)

and:

V =  −1
2

λq4

Applying the stationary perturbation theory for a non-degenerate case with
the perturbation operator V, the following expression is straightforwardly obtained

for the wavenumber of the 0 → 1 transition:

v01 = vh − (A + BEL
2)

λ (5)

In the previous equation,

A = 
3h

32π4c3m2vh
2;  B = 

3e2

64π6c6m3vh
5 where vh is the harmonic wavenumber.
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The obtained formula shows that the frequency of the γCH modes should

decrease as EL
2
. As the effective local field is expected, in principal, to increase

with decreasing temperature (due to the decrease of the unit cell volume), if only
electrostatic effects were responsible for the RT-LT band shifts, an opposite trend
would be expected to the one experimentally observed. (The experimental results
fot the discussed modes are summarized in Table I). Lowering the temperature

induces a decrease in the quartic force constant λ, implying a more harmonic
behavior at LT than at RT. Achange in the anharmonicity is thus responsible, within
this model, for the observed band shifts. The prediction based on the presented
approach is consistent with the results for the C� H stretching vibrations in methyl
substituted alkanes, where a decrease of the anharmonicity due to an increase of the
steric crawding of the methyl group was observed.30 In the case of enclathrated
molecules, the decrease of the unit-cell volume would lead to a similar effect with

respect to the steric limitation of the γCH motions. The smaller amplitude of the
oscillations results in a more harmonic behavior of the system. The same consid-
eration also holds for the trend in a series of structurally similar clathrates. Namely,
a decrease of the unit cell volume in the presence of only electrostatic effects

(unchanged values ofλ)within the effective local homogeneous field approximation

is expected to cause a lowering of the frequencies of the γCH modes, contrary to
most of the experimental observations. Thus, an increased harmonic behavior of the

γCH motions with decreasing unit cell volome is responsible for the actual experi-
mental observations. As can be seen from Table I, the predictions of this relatively
simple model are in quite good agreement with most of the experimental observa-
tions. It should be kept in mind that the present quantum model does not take into
account the subtleties of these systems. Further work on the extension of the present
model (that would take into account inmore detail the effect of the local electrostatic
field), based on more precise crystallographic data, is in progress.

2. The splitting of bands due to the γCH modes of the enclathrated species

A quantum mechanical model, based on the concept of the vibrational Stark

effect, was also proposed, in order to explain the RT-LT splitting of the ν19 mode

of the enclathrated benzene molecules. The guest benzene molecule in the electro-

static field generated by the host lattice was treated within the effective local
homogeneous field approximation.26,27 The potential of a polyatomic molecule in

a uniform electrostatic field takes the form:

V = V0 + 
1
2

 ∑ 
i

miω0i
2 qi

2 + ∑ 

i≤j≤k

kijk qiqjqk + ∑ 

i≤j≤k≤l

kijklqiqjqkql − µE (6)

µ being the dipole moment vector function, E the electrostatic field vector, while

qi, denotes the i-th normal coordinate with a reduced mass mi and harmonic

frequency ω0l, and kijk, kijkl are the cubic and quartic force constants, reprectively.

Expanding µ in a power series with respect to the normal coordinates gives:
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µ = µ0 ∑ 
i





∂µ
∂qi



0

 qi + 
1
2

 ∑ 
i

∑ 
j





∂2µ
∂qi∂qj



0

 qiqj + … (7)

Including only the first - order terms in qi the dot product µE takes the form:

[µzµyµz] 






Ey
Ez

Ex





 = [µx,0µy,0µz,0] 







Ey
Ez

Ex





 + ∑ 

i

 ∂µx/∂qi ∂µy/∂qi ∂µz/∂qi
 qi 







Ey
Ez

Ex






(8)

The dipole moment of the unperturbed (free) benzene molecule is zero, and
assuming that the electrostatic field is oriented along the z - axis of the laboratory
coordinate system,within the electrical harmonicapproximation, the potential takes the
form:

V = V0
,  + ∑ 

i





1
2

 miω0i
2 qi

2 − 




∂µz

∂qi




 qiEz




 + ∑ 

i≤j≤k

kijkqiqjqk + ∑ 

i≤j≤k≤l

kijklqiqjqkql (9)

Treating the last two sums in the previous expression as perturbations, the
unperturbed total molecular Hamiltonian becomes diagonal, and the field-depend-
ent vibrational wave function may be factorized:

|Ψ

n




 (


q



,Ez〉 = ∏

i
|Ψni (qi,Ez)〉 (10)

where {q} = {q1, q2, ..., qN}, and {n} = {n1, n2, ..., nN}.

Since we are particularly interested in the doubly degenerate (E2u) ν19 mode of
the guest benzene molecule, a more convenient way to write the wave function is:

|Ψ

n




 (


q



,Ez〉 = 



∏
i

 |Ψni (qi,Ez)〉

 |Ψa (qa,Ez)〉 Ψb (qb,Ez)〉 (11)

where |Ψ
a
(q

a
, E

z
)〉 and | Ψb (qb, Ez

)〉 are the wave functions corresponding to the

ν19 mode components. Application of the stationary perturbation theory with the

perturbation operator:

H(1) = ∑ 

i≤j≤k

kijkqiqjqk + ∑ 

i≤j≤k≤l

kijklqiqjqkql
(12)

leads to the following expression for the vibrational Stark splitting of the ν19mode

components, expressed through wavenumbers:

∆va,b = 
kaabb

2

πcm3ω0
5 





∂µz

∂q



0

 E2
(13)

If the vibrational angularmomentum is explicitly quantized through the choice
of an appropriate basis, the previous expression takes the form:

∆va,b = 
2kaabb

mπch2ω0
3 





∂µz

∂q



0

2

 E2 (14)
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It follows from the derived expressions that the ratio of the ∆va,b values for
two structurally similar clathrates is equal to the square of the ratio of the effective
local eletrostatic fields at the particular enclathration sites. Further, the vibrational

Stark splitting of the ν19 mode components increases with the square of the field
strength. This is in line with the experimental observation.10�13 The splitting of this
mode increases with decreasing temperature, i.e., with decreasing unit cell volume
for a particular clathrate. On the other hand, for a series of isostructural Hofmann
type clathrates, the splitting increases also with decreasing unit cell volume. Agood

correlation between the observed ν19mode splitting and the unit cell volume of the
members of the mentioned series of compounds has been found.10�13 Since in both
the mentioned cases the local field is expected to increase, the presented approach
is capable of modeling successfully the system under consideration.

TABLE II. The measured splittings of the ν19 mode components, the corresponding unit cell volumes,

and the estimated relative field strengths (with respect to the member with the smallest measured

splitting) in the three isomorphous series of Hofmann type clathrates

Compound
(a) ∆va,b/cm-1(b)

V/nm
3

Rel. field
(b)

Ni-Ni-Bz 5.3 0.434 1.3292

Mg-Ni-Bz 4.5 0.444 1.2247

Fe-Ni-Bz 4.0 0.448 1.1547

Co-Ni-Bz 4.3 0.449 1.1972

Zn-Ni-Bz 4.1 0.453 1.1690

Mn-Ni-Bz 3.0 0.460 1.0000

Cd-Ni-Bz 0.0 0.488

Ni-Pd-Bz 4.0 0.464 1.5811

Co-Pd-Bz 3.5 0.471 1.4790

Zn-Pd-Bz 3.0 0.478 1.3693

Mn-Pd-Bz 1.6 0.490 1.0000

Cd-Pd-Bz 0.0 0.506

Ni-Pt-Bz 4.3 0.456 1.1972

Zn-Pt-Bz 3.0 0.476 1.0000

Cd-Pt-Bz 0.0 0.502

(a)
M-M�-Bz≡M(NH3)2M�(CN)4.2C6H6;

(b)
LNT values

The splittings of the ν19 mode in the studied series of structurally similar
Hofmann type clathrates (measured at LT) are presented in Table II, together with
the relative field strengths at the enclathration sites estimated by thepresentedmodel
(both representations lead to the same values). The benzene guest molecules may
thus serve as a probe for "measuring" the local field strengths in this series of
inclusion compounds.

428 MIN^EVA�[UKAROVA et al.



Attempts to apply the presented approach to the host crystalline lattices are

currently in progress.

CONCLUSIONS

In this work, an attempt to summarize all the experimental and theoretical

results obtained in our, nearly a decade long, study of Hofmann type clathrate has

been made. Therefore, only the main aspects of the vibrational and theoretical

findings have been presented here. More details can be found in our published

papers.10�13,26,27
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INTERAKCIJA DOMA]IN – GOST U KLATRATIMA:
I. KLATRATI HOFMANOVOG TIPA

BIQANAMIN^EVA-[UKAROVA, LILJANAANDREEVA, QUP^O PEJOV i

VLADIMIR PETRU[EVSKI

Institut za hemiju, Prirodno-matemati~ki fakultet, Univerzitet "Sv. Kiril i Metodij",

Arhimedova 5, p. pr 162, MK-91001 Skopje, Makedonija

KlatratiHofmanovog tipa su jediwewatipa doma}in-gost, sa op{tomformulom

M(NH3)2M’(CN)4.2G. M(NH3)2M’(CN)4 je re{etka doma}ina, a G je gost (benzen). U pre-

thodnim radovima, interakcije doma}in – gost kod ovih klatrata su bile ispitivane

analizom sobno- i niskotemperaturnih vibracionih spektara (infracrvenih i raman-

skih). Sve zapa�ene promene u vibracionim spektrima su pripisane interakcijama

doma}in – gost. Smatra se da su ove interakcije uzrokovane slabom vodoni~nom vezom

izme|u amonija~nih protona re{etke doma}ina i π-elektronskog oblika molekula

benzena. Radi dobijawa boqeg uvida u relativnu va�nost efekata lokalnog kristalnog

poqa (u odnosu na efekte zbog anharmoni~nosti) na spektroskopske osobine gosta

prilikom uklapawa u re{etku klatrata i, tako|e, da bi objasnili pomerawe i cepawe

traka u spektrima, primeweni su rali~iti kvantno-teorijski modeli.

(Primqeno 16. decembra 1999.)
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