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Abstract

The infrared spectra of the title compounds have been reported. The spectral data suggest that the host framework of these
compounds are similar to those of the eftJpe clathrate compounds. There is good evidence for hydrogen bonding from
ligand molecules to benzene molecules asta o hydrogen bond.

Introduction Experimental

It has been shqwn that the host structures_of the etye All chemicals used were reagent grade (Merck) and used
clathrates provide thermally unstable radicals such as th

cyclohexadienyl, gH, radical with cavities surrounded byW(IathOUt further purification. .
; . . The clathrate compounds were prepared in g N
a chemically-inactive wall [1, 2]. These compounds are for-

mulated as Cd LM(CN)nG (abbr. Cd-L-M-G ), where L atmos_phere b}/ a.dd'T‘g sllghtl_y more than one m|II|moIt_e of
%yrazme or 4,4bipyridyl solution in ethanol and one mil-

is a bidentate ligand molecule, M is Cd or Hg and n is t . o
. . limole of potassium tetracyanometallate solution in water
number of G (guest) molecules depending on the bulkiness . L .
. . saturated with benzene to one millimole of Mn(ll) chloride
of the ligands. The host framework is formed from endless

chains of -Cd-L-Cd- extending along tiae andb-axes al- solution in water, saturated with benzene. The beige pre-

ematly and e terahecial M(Cpns aranged bevueen P14 15 1, washed e etanel o oher,
the consecutive crossing -Cd-L-Cd-L- chains with the N3 Y. 9

B . . vapour.
ends bound to the Cd atoms [3—8]. This structure provides The freshly prepared compounds were analyzed for C, H

two kmdg of cavitiesy andjs, f°f the guest molgcules. Theand N by a Leco CHN-600 Model analyzer with the results
a cavity is a rectangular box similar to those in Hofmann-

0, 04)"
type hosts, while the cavity is a twisted biprism, as hasaS follows (found %/calculated %):
been demonstrated in previous papers [2-4, 7].

. . Mn-pyz-Cd-Bz: C = 38.39/39.14, H = 2.29/2.35, N =
In our previous papers, we reported that the IN's 98/19 56
frared and Raman spectral results suggest that the strpge-" "~ "~ "1 _ _ _
ture of Cd(pyrazine)M(CN)Benzene (abbr. Cd-pyz-M-Bz) ﬁng%%iGH§3BZ. C = 31.78/32.47, H = 2.00/1.95, N =
(M=Cd or Hg) [9] and Cd(4,4bipyridyl)M(CN)4.2Benzene Mr;-bipy-.Zn-’BZ' C = 46.72/4750. H = 2.88/2.79 N =
(abbr. Cd-bipy-M-2Bz) (M=Cd or Hg) [10] compounds are ¢ 01/16.62 ' ' " ' "
similar to those of the Td-type clathrates. Mﬁ-bi -.Cd—’BZ' C = 39.90/40.45 H = 2.44/238. N =
We have now replaced the metal atoms by new ones 68;)1y4 15 e e T = T
prepared five new title compounds. In this study we rep ﬁ-bipy-Hg:BZ' C = 5229/5237 H = 3.18/3.07. N =

the infrared spectra of these clathrate compounds (Ra
spectra of these beige compounds could not be obtained Ey88/18'32'

using the 488 or 515 nm laser line). These analytical results are often poor for samples ob-

tainable only in powder form owing to partial decomposi-
tion. Such instability has been reported for the othgtype

clathrates having guest species of low boiling points [12,
15]. The above results are in agreement with the following
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312 2122279; E-mail: ziya@quark.fef.gazi.edu.tr Mn-bipy-Cd-Bz and Mn-bipy-Hg-Bz.
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Table 1. The vibrational wavenumbers (cmh) of pyrazine in Mn-pyz-M-Bz (M = Cd or Hg) clathrates

Symmetry and Pyrazine solution Cd-pyz-CdBz Cd-pyz-Hg-B# Mn-pyz-Cd-Bz ~ Mn-pyz-Hg-Bz

assignmerit IR R&P IR Ra IR Ra IR IR

16b; By Vring 418 - 448vs no 448vs no 448vs 448vs

6b; Bog dring - 701 no 699w no 700w no no

4b;  Bgg ring 756 no 748vw no 747wW  no no

11; By, ¥(CH) 785 - 801vs no 801vs no 810vs 810vs

10a; Bgy(CH) - 919 no 914vw no 913vw no no

5; B3gv(CH) - 9s# no 982wsh no 982wsh  no no

1; Ag vring - 1011 no 1028vs no 1028vs no no

12; B1u dring 1019 - 1048vs no 1048vs no 1048vs 1048vs

15; Bsu ScH 1061 - 1079m  no 1080m no 1078s 1078s

18a; BiydcH 1130 - 1128sp no 1128s no 1128s 1128s
1125sp

14; B3u Vring 1150 - 1158s no 1158s no 1155s 1155s

9a; Ag 8(CH) - 1231 no 1230m no 1229m no no

3; Bogd(CH) - 1343 no 1352vw no 1351vw  no no

19b; B3y Vring 1412 - 1422s no 1422s no 1420s 1419s

19a;  Biy vring 1483 - 1490w  no 1490w  no 1479s 1479s

8b; Bog vring - 1524 no 1531w no 1531w no no

8a,; Ag Vring - 1574 no 1586w no 1586w no no

13; By v(CH) 3011 - no 3034s no 3034s 3064s 3064s

7b; Bygv(CH) - 3040 no 3053$h no nm no no

2; Ag v(CH) - 3054 no 3078s no nm no no

20b; By v(CH) 3061 -— 3119m no 3110m no 3100m 3100m

8Taken from ref. [24].

bTaken from ref. [20].

CTaken from ref. [9].

dLiquid phase value.

€0verlapped with benzene band, v = very, s = strong, m = medium, w = weak, sh = shoulder, sp = split, nm = not measured and no = not
observed.

Infrared spectra of the compounds were recordédgand vibrations

between 4000 and 200 crh on Perkin-Elmer 1330 and

Mattson 1000 FTIR spectrometers which were calibrated U8YRAZINE: Evidence that the pyrazine molecule,tGN2)

ing polystyrene, and an indene/camphor/cyclohexane stahds the centro symmetric and planar structure with€ym-

ard solution. The samples were prepared as mulls (withdugtry in the vapour and solid phases has been provided

grinding) in nujol and hexachlorobutadiene between Cby electron diffraction [16, 17] and X-ray diffraction [18,

windows and as KBr discs. 19] studies, respectively. The assignments of the infrared

and Raman spectra of pyrazine in the solid [20], liquid

[21, 22] and vapour [23, 24] phases and in solution [20,

24] have been reported to be in accord with the, D

symmetry. The vibrational spectral features of pyrazine

The compounds studied show no major difference in the Hofmann-type Cd(pyrazine)Ni(C).5GHs [25] and

infrared spectra of the compounds with similar ligands (Figrd-type Cd(pyrazine)M(CN)CsHe (M = Cd or Hg) clath-

ure 1). These similarities (with the exception of Zn(GN)rates [9] are also in accord with,p symmetry. In metal

bands, see below) suggest that they also have similar strggmplexes in which both nitrogen atoms of pyrazine are co-

tural features. These, in turn, suggest that the degree of gglinated to two identical metal atoms, thepBymmetry

interactions of the benzene, ligand and M(gNpecies with is preserved, but is removed in unidentate coordination [26,

their surroundings are almost the same for each clathrate2 1.

will be most convenient to divide the vibrations into three Taple 1 tabulates the infrared wavenumbers of the com-

groups arising from the M(CN)units, from the ligand mo- pounds, together with the infrared and Raman wavenumbers

lecules and from the benzene moieties. The assignmentgppyrazine in solution and Cd-pyz-Cd-Bz and Cd-pyz-Hg-

the spectral bands due to the M(GNjenzene species areBz clathrates for comparison.

straightforward since these bands are persistent and pickeda glance at Table 1 shows that the pyrazine modes of the

out with ease [9-15]. clathrate compounds exhibit coordination properties, that is,
several modes of pyrazine have upward shifts in wavenum-
ber in comparison with those of pyrazine in solution [9,
20, 24, 25]. The frequencies of the pyrazine molecules in

Results and discussion
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Figure 1. Infrared spectra of Mn-pyz-Cd-Bz; (a) and Mn-bipy-Cd-Bz; (b) clathrates in niijai poly (chlortrifluorethylene)-oil).

the compounds studied are found to be very similar, if pyrazine with the M-N(pyrazine) vibrations [25]. The ab-
dicating that the pyrazine frequency values are not affecteence of such frequency alternations in our clathrates of the
by the slight changes in unit cell dimensions, if the metérm M(pyz)M'(CN)4.CsHg (abbr. M-pyz-M-Bz) implies

M (here M = Mn), to which pyrazine is attached, is th¢hat M is Mn and Mis Cd or Hg; i.e., Mnis in the octahedral
same. Similar observations were made for the Cd-pyz-Mnd M is in the tetrahedral environment as described above.
Bz (M = Cd or Hg) (M = Cd or Ni) clathrates [9]. In this  In the spectra of our compounds (Table 1), the absence
context, it is noted that the wavenumbers of pyrazine iof additional bands due to the infrared active bands expec-
M(pyz)Ni(CN)4.nCsHg (M = Cd or Ni) clathrates are found ted for Dy, symmetry implies the bidentate coordination of
to be greatly altered by changing the metal M from Cd to Npyrazine in the compounds presented.

which was explained as the coupling of the internal modes
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Table 2. The vibrational wavenumbers (Grﬁ) of 4,4 -bipyridyl in Mn-bipy-M-Bz (M = Zn, Cd or Hg) clathrates

Symmetry and 4/4bipyridyl Cd-bipy-Cd-2B?  Cd-bipy-Hg-2B# Mn-bipy-Zn-Bz Mn-bipy-Cd-Bz Mn-bipy-Hg-Bz

assignmert Soild® in CCly P

B3y 1v(CH) 3055 3062 3060w 3060w 3068w 3068w 3068w
2v(CH) 3047 - 3051w 3049w 3043w 3040w 3040w
3Vring 1598 1583 1594vs 1594vs 1600vs 1598vs 1598vs
dvring +6(CH) 1481 1481 1486m 1487m 1489m 1485m 1485m
Sdring 1215 1212 1216vs 1216vs 1219vs 1215vs 1215vs
B3ring 1044 1037 1064vs 1064vs 1064vs 1040m 1040m
Tvring 994 987 1002vs 1002vs 1005vs 1001vs 1001vs
8ring 967 971 981w 981w 966w 950br 950br
9vring 615 604 617vs 617vs 628vs 620vs 620vs

By, 10v(CH) 3078 - 3081m 3080m 3087m 3089vw 3089vw
11v(CH) 3029 3021 3031m 3030m 3033m 3020w 3020w
12vying 1532 1529 1532s 1534s 1531s 1532s 1529s
13vring 1413 1402 1410s 1410s 1412vs 1412vs 1410vs
145(CH) 1324 1312 1315w 1316w 1317rn 1318m 1315m
155(CH) 1223 - 1220sh 1220sh 1228sb 1232sh 1232sh
16vring 1074 1065 1075vw 1075vw 1064vs 1062vs 1062Vs
178ting 677 672 673w 670w 674w 670vw 670vw
18 inter ring bend - - no no no no no

Biy 19(CH) 862  — 851m 850m 856w 852m 850m
20y (CH) 810 - 804vs 804vs 810vs 806vs 804vs
21yring 737 - 731s 729s 733m 730s 730s
22¥ring 507 501 490m 489m 501m 490m 490m
23¥ring 367 - 388m 387m 412m 395m 395m

8Taken from ref. [30].
bTaken from ref. [10]
V = very, s = strong, m = medium, w = weak, sh = shoulder and no = not observed.

4,4 BIPYRIDYL: The 4,4-bipyridyl molecule is non-planar based. In assigning the vibrational bandg, Bymmetry is

in the vapour phase [28] and in the solid phase [29]. Thessumed for the 4 bipyridyl molecule. Our assignment is
dihedral angles between the two pyridine planes are d¢a.agreement with that of Sungat al.[30].

35°. Nevertheless, the assignments based on the infraredThe vibrational frequencies of the 4Mipyridyl mo-

and Raman spectra of the molecule in the solid phase dadule in the compounds exhibit all the characteristics of a
in the Hofmann-type M(4,/4bipyridyl)Ni(CN)4 (M = Ni coordinated ligand, that is, several modes of -bjpyridyl

or Cd) host complex and their dioxane, benzene, toluengith B3, symmetry have upward shifts in wavenumber in
aniline and\,N'-dimethylaniline clathrates [30] angy®ype comparison with those of 44ipyridyl in solution (Table
Cd(4,4-bipyridyl)M(CN)4.2Benzene [10] clathrates have?), similar shifts are observed in the Hofmann-type com-
been reported as being in accord with the centrosymmetpiexes [30] and §-type clathrates [10] and explained by
and planar structure with 43 symmetry. These spectral res-coupling of the internal vibration of the ligand with the M-N
ults imply that the dihedral angle between the two pyridingtretching vibration [10, 30]. These findings, and the absence
rings of ca. 38 is not effective to activate all of the vibra-of any bands additional to the infrared active bands expected
tional modes with notable intensities in both infrared andn the basis of assumeadfsymmetry implies the bidentate
Raman spectra. However, the criterion of the activity of theoordination of the 4/4bipyridyl ligand in our compounds.
4,4-bipyridyl vibrations was used as evidence of the type

of.coord.inqtion viz. whether bidentate or unide_ntate.and, CN group vibrations

this basis, it was found that in metal complexes in which both

nitrogen atoms are coordinated to identical metal atoms tnﬁhe To-type clathrates [9, 10, 12, 13, 15] ang-Bype host
vibrational exclusion principle is preserved [10, 30, 31] bylyhjexes [11, 14] studied previously, the metal atom M
is removed in unidentate coordination [31]. . in M(CN), is tetrahedrally surrounded by the carbon ends
The assignments and the wavenumbers of the vibrationgl, , cN jons. Hence, it is reasonable to assume that the
bands of 4,4blpyr_|dyl in the infrared spectra of the Corn'compounds studied here also possess tetrahedral M(CN)
pounds are listed in Table 2, together with the Wavenumbe(r\ﬁ = Zn, Cd or Hg) groups. In assigning the bands at-

of 4,4-bipyridyl in CCls solution and in the d-type Cd(4,4 ) yanle to M(CN) ions in the spectra, we refer to the

bipyridy)M(CN)4.2Benzene (abbr. Cd-bipy-M-2Bz) (M =, ;4 of jones [33] who presented vibrational data for the

Cd or Hg) clathrates [10] on which the assignments a8 ts KeM(CN)4 (M = Zn, Cd or Hg) in the solid state. The
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Table 4. The vibrational wavenumbers (Grﬁ) of benzene in the Mn-pyz-M-Bz (M = Cd or Hg) and Mn-bipy-M-Bz (M = Zn, Cd or Hg) clathrates

Assignmerit Liquid Cd-pyz- Cd-pyz- Mn-pyz- Mn-pyz- Cd-bipy- Cd-bipy- Mn-bipy- Mn-bipy-  Mn-bipy-
benzenB Cd-BX  Hg-BX  Cd-Bz Hg-Bz  Cd-B¢ Hg-BA zn-Bz Cd-Bz Hg-Bz

2vg (3166) (3163m) nm no no (3172m)  (3172m) no no no

v20, E1y 3073 3088s 3088s 3088w 3088w no no 3087m 3085m 3085m

vg + V19 3075 no no 3084w 3084w 3066m 3066m 3068m 3060m 3060m

v2, A1g (3062) (3062m)  (3062m)  no no no no no no no

v13, B1y 3048 3068m 3068m 3070vw  3070Vw  no no 3033w 3030w 3030w

v7, Epg (3050) (3053sh)  (3053sh) no no no no no no no

vs + v17, E1y 1955 1951w 1951w 1965w 1965w 1980w 1980w 1973w 1967w 1967w

vg, Exg (1586) (1586m)  (1586m) no no (1587m)  (1587m) no no no

v10+ v17 1815 1822m 1822m 1820w 1820w 1836w 1834w 1830w 1827w 1827w

v19, E1y 1479 1479w 1479w 1479s 1479s 1482w 1482w 1489m 1478m 1478m

v14, By 1309 no no 1303vw  1303vw  1315m 1315m 1317m 1294w 1294w

vg, Epg (1177) (1179m)  (1177m) no no (1178m)  (1178m) no no no

v15, Boy 1149 1147sh 1147sh 1150s 1150s 1149w 1149w 1155w 1150vw 1150vw

v1g, E1y 1036 1035m 1035m 1034s 1035s 1035s 1039s 1034m 1030m 1030m

v1, A1g (991) (991vs) (991vs) no no (992m) (992m) no no no

v10, E1g, (850) (885vw)  (854vw) no no (855w) (855w) no no no

V11, Aoy 670 685vs 685vs 686vs 686vs 695vs 695vs 685vs 684vs 684vs

681vs 681vs 682vs 682vs no no no no no

*Raman bands are in parentheses.

8Taken from ref. [40].

bR bands from ref. [37], Raman bands from ref. [39].

CTaken from ref. [9].

dTaken from ref.[10].

v = very, s = strong, m = medium, w = weak, sh = shoulder, nm = not measured and no = not observed.

structural studies on these salts have shown that the K-CN The CH out-of-plane mode (#) in the spectra of the
distance is ca. 2.9A in #Zn(CN)4 [34], KoCd(CN), [35] clathrates is found to be shifted to higher frequency from
and KoHg(CN)4 [36] while the Cd-NC distance is ca. 2.3Athat of liquid benzene. Similar shifts were observed for
in Tg-type host structures [6-8]. Hence, a similar distanddofmann-type [25,30] and gftype clathrates [9, 10, 12,
might also be expected in our compounds. Therefore, th8] and explained by the presence of a weak hydrogen
spectral data for BM(CN)4 (M = Zn, Cd or Hg) can be bond between the electrons located above and below the
used as references to account for the vibrational chandeshzene ring and the ligand molecules of the host lattices.
when the stiffer M-NC bonding takes place. The vibrationdlherefore, we may reasonably suggest that the frequency
data for the M(CN) groups in kM(CN)4 (M = Zn, Cd or shifts in our compounds are due to theslectron donation
Hg) are given in Table 3, together with the spectral data finom the benzene ring to the hydrogen atoms of the ligand
Cd(CN) and Hg(CN) units in some other clathrates formolecules which have a more electrophilic character caused
comparison with the assignments for the M(GIgyoups in by the coordination.

our compounds. The assigned bands of the MGMpups Another feature of the out-of-plane CH bending vibra-
of the compounds appear to be much higher than thosetioh (Azy) is that it appears as a very intense single band for
M(CN)4 in the KaM(CN)4 salts. Such upward shifts haveMn-bipy-M-Bz (M = Zn, Cd or Hg) and a doublet for Mn-
been observed forgktype clathrates [9, 10, 12, 13] and-T pyz-M-Bz (M = Cd or Hg) (Table 4). This band has been
type host complexes, [11, 14], in which both ends of thebserved as a singlet for Cd-bipy-M-2Bz (M = Cd or Hg)
CN group are coordinated and explained as the mechanidd], a doublet in Cd-pyz-M-Bz (M = Cd or Hg) [9] and

coupling of the internal modes of KCN)4 with the M-NC
vibrations.

Benzene vibrations

The assignments and the wavenumbers of the vibratio
bands arising from the enclathrated benzene observed in %
spectra of the compounds are given in Table 4, along wig

M(NH3)2 M’(CN)4.2Bz (M = Mn or Cd, M = Cd or Hg)

[12] and a triplet in M(ethylenediamine){CN)4.2CsHg (M

= Mn or Cd, M = Cd or Hg) [13]. In the case of clath-

rates with triplet or doublet features, the splittings have been

ascribed to crystal field effects (strong host-guest interac-

tiolns) [9, 10, 12, 13]. In the case of clathrates with a single
nd, because of the larger cavities due to the ligands, the

%t—guest interactions are expected not to be effective for

litting [10].

the wavenumbers of benzene in the liquid phase [37] and |
the Cd-pyz-Cd-Bz [9] and Cd-bipy-Cd-2Bz [10] clathrate§
for comparison. The most structurally informative spectr
features are the following.

Based on the present spectral data it is not possible to de-
rmine the orientation of the benzene molecules in the host
ttice in our compounds. As in the Hofmann-type benzene



and Hofmann-§-type benzene clathrates, the relative orits.
entation of the H atoms of the ligand with respect to the axi§-
of the = cloud of benzene must be the one most favorablé
for the hydrogen bonding [38]. 18.

The preceding discussion considered as a whole leads
us the conclusion that the host lattice of our clathrates are
similar to those of other gtype clathrates. 20.
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