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ABSTRACT

Mn(DMPDA)M(CN)s.2CéHs (M = Cd, Hg or Zn; DMPDA = 22-dimethyl-1,3-diaminopropane) and
Cd(DMPDA)M(CN)4.CsHs (M= Cd or Hg) Hofmann-Te-type clathrates were synthesized and characterized by vibrational
spectroscopy. Infrared spectra of Mn(DMPDA)M(CN)4.2CéHs (M = Cd, Hg or Zn; DMPDA = 2,2-dimethyl-1,3-
diaminopropane), the vibrational spectra of Cd(DMPDA)M(CN)4.CsHs (M= Cd or Hg) were reported. All the vibrational
modes of coordinated DMPDA were characterised. The spectral features suggested that these compounds were similar in
structure to the Hofmann-Ta-type clathrates.
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1. INTRODUCTION

Bidendate bridging ligand such as 2,2-Dimethyl-1,3-diaminopropane are determined as the smallest
building block that allows to construct a more complicated construction with inorganic compounds often
a superstructure or the so-called supramolecular structure [1, 2]. The superstructure exhibits new
structural, physical and chemical properties that are excellent to the superstructure and have allowed to
utilize the target identification and synthetic methodology as parts of crystallography [3, 4]. The
structure of the Hofmann-Tg-type clathrates, Cd(NH3):M"(CN)4.2C¢Hs (M” = Cd or Hg) has already
been determined [5]. Such a host framework, the M” atom is tetrahedrally coordinated to the carbon
atoms of the four cyanide ions. The octahedral Cd atom is surrounded by six nitrogen atoms; two from
the NHjs ligands, the other four from cyanide groups. Three-dimensional host structures are obtained by
built of the CN linkages among the tetrahedral tetracyanometallate, M"(CN)s (M” = Cd or Hg) groups
and the Cd(NHs), moieties The multidimensional cyanometal complex host provides two kinds of
cavities of molecular scale (« and ) in which organic guest molecules are included. The cavity « is
isostructural to those in the Hofmann-type hosts with the shape of a rectangular box; the cavity gis the
shape of a biprismatic [5-7].

In this study, five new compounds M(DMPDA)M'(CN)4.C¢Hs (M = Mn or Cd, M’ = Cd, Hg or Zn; CsHs
= benzene (bz)) were prepared in the powder form. In the present investigation, the infrared spectra of
Mn(2,2-Dimethyl-1,3-diaminopropane)M(CN).CsHs (abbr. Mn-DMPDA-M; M= Cd, Hg or Zn) and
vibrational spectra of the Cd(DMPDA)M(CN)..C¢Hs (M= Cd or Hg; abbr. Cd-DMPDA-M) compounds
were reported. The spectral data of the clathrates are structurally correlated with those of the
corresponding Hofmann-Tg-type clathrates of known structures [5-8].

2. METHODS AND MATERIALS

All chemicals used were purchased from Sigma-Aldrich Co. and used without further purification. The
clathrates Mn-DMPDA-M-bz (M= Cd, Hg or Zn) were synthesized as follow:
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1 mmol of DMPDA, 1 mmol of K;M(CN)s (M= Cd, Hg or Zn) solution in water and 1 mmol of MnCl>
solution in water saturated with benzene were vigorously stirred for three days at room temperature. The
obtained powder was filtered, washed with water, ethanol and ether, successively, and kept in a
desiccator containing saturated benzene vapour. The clathrate compounds Cd-DMPDA-Cd-bz and Cd-
DMPDA-Hg-bz were prepared similar to the previous references [9-11]. The elemental analyses of
freshly prepared compounds were analysed for C, H and N by a LECO CHNS-932 analyzer with the
following results (found % / calculated %):

Cd(CsH14N2)Cd(CN)4.2CeHs: C=42.73/42.95, H=4.35/4.46, N=14.11/14.31
Cd(CsH1aN2)HG(CN)s.2CeHs: C=35.78/37.34, H=3.47/3.88, N=12.29/12.44
Mn(CsH1aN2)Zn(CN)4.2CsHe: C=51.77/52.24, H=5.03/5.43, N=17.13/17.41
Mn(CsH14N2)CA(CN)4.2CsHe: C=47.43/47.61, H=4.67/4.95, N=15.49/15.86
Mn(CsH1aN2)HG(CN)4.2CsHe: C=40.33/40.81, H=4.07/4.24, N=13.39/13.60

The data of elemental analyses were agreement with the proposed formula and indicate that the number
of guest molecules in the compounds is 2. Infrared spectra (4000-400 cm™) between KBr windows as
Nujol mulls of the compounds were recorded via a Bruker IFS 66 v/s Fourier-transform infrared (FT-
IR) spectrometer with 2 cm™ resolution in vacuum. The spectrometer was calibrated using polystyrene
and indene. For the Raman spectra, the measurements were recorded at room temperature using a Bruker
Senterra Dispersive Raman microscope spectrometer at 532 nm excitation from a 3B diode laser having
9-18 cm'* resolution between 3700 and 60 cm spectral region.

3. RESULTS AND DISCUSSION

The analysis of vibrational spectra of the studied compounds showed that each spectra was similar to
each other and had similar structural features (Figure 1). The vibrations may be divided into three groups
and as the 2,2-Dimethyl-1,3-diaminopropane ligand, M’(CN)4 groups and guest molecule benzene.

The assignments and vibrational wavenumbers of the observed bands of the M'(CN)4 groups, 2,2-
Dimethyl-1,3-diaminopropane in the M-DMPDA-M'-bz (M = Mn or Cd; M'= Cd, Hg or Zn) clathrates
and the guest molecule benzene are summarized in Tables 1-3, respectively, together with corresponding
spectral data for comparison. These results, likewise elemental analyses, indicate that the number of the
guest molecules in the compounds is two. A similar number of the guest molecules has been reported
for some Tg-type clathrates [10-12].

2,2-Dimethyl-1,3-diaminopropane vibrations:

DMPDA is a small molecule that has a primary amine group and a tertiary amine group connected by
an ethylenediamine unit. Because of the low symmetry for the molecule, the assignments of the spectral
bands were made in terms of characteristic group frequencies. The vibrational analysis of the
fundamental vibrations of the DMPDA observed in the spectra of the compounds under study were
made according to the literature data [5, 13-16]. In order to assign and interpret the bands attributable to
the DMPDA ligand in the clathrate compounds, we refer to the spectral data for the isolated DMPDA
molecule. The observed wavenumbers, intensities and assignments of the principal spectral bands are
tabulated in Table 1. The vibrational data for DMPDA in the clathrate compounds would be expected
to be consistent with all the vibrational features of a coordinated ligand. The N—H and N-C stretching
frequencies should decrease while the C—H and C—C frequencies should increase. It may be explained
as consecutive inductive effects, in other words, on coordination N—H and C—C bonds appear to become
weaker and C-H and C-C bonds become stronger [5, 10, 13]. But our case, this expectation is not fully
realized and a non-systematic frequency alteration has been observed for the N-H stretching vibrations
(Table 1). This has also been observed in similar benzene clathrates [8-10].
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Figure 1. Infrared spectra of the ligand and clathrates in nujol: (a) DMPDA, (b) Mn-DMPDA-Zn-bz, (c) Mn-
DMPDA-Cd-bz, (d) Mn-DMPDA-Hg-bz, (¢) Cd-DMPDA-Cd-bz, (f) Cd-DMPDA-Hg-bz; Raman
spectra of the (g) DMPDA, (h) Cd-DMPDA-Cd-bz, (1) Cd-DMPDA-Hg-bz

Table 1. The vibrational vawenumbers (cm™*) of DMPDA in the M-DMPDA-M'-Bz (M = Mn or Cd; M'= Cd, Hg

or Zn) clathrates
Assignment® DMPDA Cd-DMPDA-Cd-bz Cd-DMPDA-Hg-bz Mn-DMPDA-Zn-bz Mn-DMPDA-Cd-bz Mn-DMPDA-Hg-bz

IR Raman® IR Raman IR Raman IR IR IR
v(NH) 3377vs 3390w 3353m - 3334 m - 3364 s 3365w 3364 w
v(NH) 3300vs 3337w 3302w - 3270 m - 3303 m 3302 w 3302w
v(CH) 2951vs 2962w 2964 w 2974w 2961w 2978w 2962 vs 2959 w 2959 m
v(CH) 2964vs  2922vs 2927 w 2927w - 2933w - 2943 vw 2944 w
v(CH) 2867vs  2877s 2754 vw 2886w 2877w 2895 w 2888 w 2877 w 2877 w
v(CH) - 2790w 2876 w - - - 2871w -
v(CH) - 2724vw  2721vw - 2724 vw - 2723 vw -
sci(NH) 1605 s 1615vw 1611w 1597w 1605w 1616 vw 1611 vw 1611 m 1611w
sCi(CH) - - 1589 m - - 1597w 1582 m - 1583 vw
sCi(CH) - - 1564 s - 1561vw - 1563 w 1564 s 1564 m
sci(CH) 1474vs 1463 m 1479 w 1470 m - - 1479 vs 1478 m 1478 s
sci(CH) - - 1469 vw - 1461 vs 1464 w 1460 vw - -
wag(CH) 1392m - 1416 vw - 1417 vw - 1397 w 1396 w 1396 w
wag(CH) 1363 s 1375w 1372vw  1394vw 13785 1376 vw 1370w 1377 w 1370 w
wag(CH) 1313w 1324 vw - 1342m - 1352 vw 1350 vw 1350 vw 1348 vw
tw(CH) 1269w 1267vw 1274vw 1284 vw - 1267 vw 1294 vw 1299 vw 1299 vwww
tw(CH) 1237w - 1220vw - - - 1223 vw - -
tw(CH) 1212w 1212w - 1205w 1215m 1208 vw - 1216 vw 1217 vw
p(CH) - 1170w 1170m - - 1187w 1169w 1170 m 1170 w
wag(CH) - 1150 w - - 1154 m - 1150 vw - 1149 vw
v(CN) 1063 s 1081m  1065vw 1096 m 1052 m 1094w 1058 w 1058 vw 1058 w
v(CC) 974 vw - 982 vs 980vw 970 m 1004vs  981s 983 vs 984 vs
p(CH) 915s 880vw 880w 891 m 883 m 897vw  902m 896 w 897 w
wag(CH) 838 vs 850 vww 853 vs - 860 m 845 w 852s 853 vs 853 vs
bend(NH)  720s 739s 737w 749 s 762s 767 w 742 vw 732 vw 730 vw
©(CCN) 560 w 568 vw 577 w 596 m 592 w 619 w 588 vw 581 vw 582 vw
©(CCCN) 522 w 477w 17 ww 514vw 504 w 480 w 514 w 509 w 509 w

VS: very strong, s: strong, m: medium, w: weak, vw: very weak, -: not observed.
aTaken from ref.[13-16]. Assigned in this study by the obtained IR and Raman spectra of 2,2-dimethyl-1,3-diaminopropane along with the
assignments of related molecules
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Table 2. The vibrational wavenumbers (cm™) of the M'(CN)s (M'= Cd, Hg or Zn)group for the M-
DMPDA-M'-Bz (M = Mn or Cd; M'= Cd, Hg or Zn) clathrates*

Assignment? K2Cd(CN)4?| KeHg(CN)s* | K2Zn(CN)s* | Cd-DMPDA-Cd-Bz | Cd-DMPDA-Hg-Bz | Mn-Zn-DMPDA-Bz | Mn-DMPDA-Cd-Bz | Mn-DMPDA-Hg-Bz
1(CN) 2149) (2149) (2157) (2165 vw) (2154 vw) - -
5(CN) 2145 2146 2152 2183 m 2173 m 2178 vs 2174 m 2174 s

Hot band 2136 vw - 2132 vw 2130 vwww 2130 vww
2(MC) 324) (335) (342) (320 vw) (323 vw) - -
s[v(MC)+3(NCM)] B16 330 359 357 vs 372 vs 393 vs 375 vs 377 vs
7[v(MC)+8(NCM)] R50 235 315 269 m 268 m 268 w 270 m 270 m

*Raman bands are in parentheses. vs: very strong, s: strong, m: medium, w: weak, vw: very weak, -: not observed.
@Taken from Ref.[17].

Table 3. The vibrational wavenumbers (cm) of benzene in the M-DMPDA-M'-Bz clathrates*

Assignment® [Liquid Benzeneag‘zj'DMPDA'Cd' Cd-DMPDA-Hg-BzMn- DMPDA-Zn-Bz Mn- DMPDA-Cd-Bz Mn- DMPDA-Hg-Bz
8+ V1o 8075 B075 w B074 w 3090 m 8088 w 3088 w
20, E1u B073 8090 m 8091 m 8071 w B069 m B068 w
13, By 8062 8033 m 8033 m 3038 m 8036 w 8036 w
2, Ag 3059) 3074 m) 3074 m) L L I
s+vi7, Eln  [1955 1972 w 974 w 1969 w 1967 vw 1966 w
8, E2g 1596) 1584 m) 1585 m) L L I
16, E1 479 1479 s 477 s 1479 vs 1478 m 1478 s
14, Bau 1309 1306 vw 1306 vw 1310 vw 1309 vw 1309 vw
= 1178) 1170 m 1170 m 1169 w 1170 m 1170 m
15, Bau 1149 L H 1150 vw L 1149 w
18, E1u 1036 1046 m 1046 m 1037 m 1036 w 1036 m
1, Ag 992) 993 m) 993 m) L L I
10, E1g 849) 843 w) 843 w) - F s
11, Aoy 670 655 vs 655 vs 685 vs 686 s 684 vs
6, E2g 606) 608 w) 609 w) L L I

*Raman bands are in parentheses. vs: very strong, s: strong, m: medium, w: weak, vw: very weak and -: not observed.
@Taken from Ref. [19]. Raman bands from Ref.[20].

As expected, two bands were observed in the N-H stretching region at 3377 and 3300 cm™ in the
clathrates. The absence of splitting of these sharp bands imply the bidentate coordination of the ligand
DMPDA molecule in the clathrates. The NH; stretching frequencies of the 2,2-Dimethyl-1,3-
diaminopropane molecules in the compounds are found to be higher than those of 2,2-Dimethyl-1,3-
diaminopropane in solution (Table 1). These upward shifts may be explained as weakening of the N-H
bonds resulting from the electron draining from the N atom in the —NH, unit because of its coordination
to the Cd atom in the octahedral arrangement and the hydrogen bonding to the 7 electrons of the guest
benzene ring. The NH: scissoring wavenumber of the 2,2-Dimethyl-1,3-diaminopropane in the
compounds were found to be lower than those of 2,2-Dimethyl-1,3-diaminopropane molecule in
solution (Tablel). Such frequency shifts have also been observed for similar Tqy-type clathrates [8-11].
From observations on these spectral data, the determination of the conformation of the 2,2-Dimethyl-
1,3-diaminopropane molecule in the clathrates is not possible. The similar bands were observed in
Raman spectra of the Cd(DMPDA)M(CN)a4.CsHs (M= Cd or Hg) clathrates.

Tetrahedral M'(CN)s (M'= Cd, Hg or Zn) group vibrations:

The bands assigned to M'(CN)4 (M'= Cd, Hg or Zn) ions in the spectra of the compounds under study
showed the features similar to that of KM(CN)4 (M= Cd, Hg or Zn) salts in the solid phase [17]. The
resulting wavenumbers, intensities and assignments of the M'(CN)s groups in the compounds are
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summarized in Table 2, together with the vibrational wavenumbers of the K;M(CN). (M= Cd, Hg or
Zn) salts [17]. The wavenumbers assigned to M'(CN)4 groups in the compounds under study appear to
be much higher than those of isolated M(CN)4groups in K2M(CN)4 (M= Cd, Hg or Zn) (Table 2). Such
frequency shifts have also been observed for similar Tg-type clathrates [5-12, 18] and are attributed to
the mechanical coupling of the internal modes of M'(CN)4 (M= Cd, Hg or Zn) with the metal vibrations.

Benzene vibrations:

The wavenumbers, intensities and assignments of the vibrational bands of the benzene molecule
observed in the vibrational spectra of the M-DMPDA-M’'-bz (M = Mn or Cd; M'= Cd, Hg or Zn)
clathrates were tabulated in Table 3; together with some relevant spectral data of benzene molecule in
the liquid phase for comparison [19, 20].

In the spectra of studied clathrates, the CH out-of-plane mode (Azy) for the benzene molecule appears
to be shifted to higher frequency (Table 3) from that of liquid benzene. The same was pointed for
Hofmann-Tg-type [6, 8-12, 18, 19] and Hofmann-type clathrates [21, 22]; and the important splitting
may be clarified by the differences in the strength of the hydrogen bonding the z electrons located above
and below the plane of the benzene ring and the ammonia molecules of the host framework. Thus, it
may be reasonably suggested that the frequency shifts in studied clathrate compounds were caused by
the & electron donation from the benzene molecule to the hydrogen atoms of the DMPDA of a more
electrophilic character caused by the coordination.

Another notable feature of the out-of-plane mode is that it appears as a very intense single band in the
infrared spectra of the studied clathrate compounds (Table 3). In the case of clathrates with a single
band, because of the larger cavities due to the ligands, the interactions of the guest molecule with its
surroundings are expected not to be effective for splitting [10]. A similar single band was observed for
Hofmann-type clathrates M(H2N(CH2)sNH2)Ni(CN)4+-G (M = Cd or Ni; G = Benzene) [23]. This
vibrational mode splits into a doublet in Cd(cba):M (CN)4.2G (M= Cd or Hg; cba = cyclobutylamine;
G = benzene) [11] and into a triplet in Cd(en)M'(CN)4.2C¢Hs (M’ = Cd or Hg) [18]. In the case of
clathrates with triplet or doublet features, splitting are due to the strong host-guest interactions (i. e.
crystal field effects) [10, 11].

Owing to the vibrational spectroscopic results, it is not appropriate to decide the location of the guest
benzene molecules in present clathrate compounds. A perfect single crystal analysis is expected to
illuminate this suggestion. The present spectral data results are based upon the assumption that the host
lattices of the clathrates are similar to those of the other Tq-type clathrates. Moreover, the observed
results also indicate the inclusion ability of the host structure of the compounds for benzene guest
molecules.

4. CONCLUSION

On the basis of this study, one can conclude that the compounds are mainly existed in Hofmann Tg-type
clathrate form, in agreement with the conclusion which was obtained from vibrational spectroscopy
studies. Detailed vibrational assignments of the compounds were ascribed to its structural vibrations.
The assignments of fundamental frequencies were confirmed the other Tq-type clathrates. The analytical
results were agreement with the vibrational spectra of the title compounds.
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