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The structural data for a number of metal saccharinates
(those of Na, Mg, Mn, Fe, Co, Ni, Zn, Cd and Hg) were corre-
lated with the observed infrared frequencies of the C:=0, O-H
and O-D stretchin~ vibrations of protiated and partially
deuterated samples.

The correlation showed that irrespectively on whether or not
the carbonyl oxygens participate in the coordination poly-
hedra of the metal atoms and/or take part in hydrogen bon-
ding, the frequencies of the carbonyl stretching vibrations
in the spectra of metal saccharinates are lower than in
those of saccharin itself.

The values of the O...0 distances estimated on the basis of
the spectroscopic data are in agreement with those experi-
mentally found.

INTRODUCTICN

The conclusions about the existence of contacts between the
central metal atom and the ligand in various metal complexes
are very often based on the behaviour of a single vibratio-
nal band in the spectrum. Since the carbonyl stretch is
considered to be a rather good group vibration, its frequen-
cy 1is often used to make structural inferences. It is,
namely, assumed that the participation of the carbonyl oxy-
gen in bonding to the metal atoms or in hydrogen bonding
(where it acts as a proton acceptor) would reduce the elec-
tron density along the C=0 bond, decrease its order and,
thus, lower the frequency of the carbonyl stretching vibra-
tion.
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o The availability [1, 2] of

" structural data for saccharin

C(5) //dﬂ (Fig. 1) as well as for a series

cle) C(6) \\\ of its compounds with various
metals (cf. [3] and references

N——H therein) makes it possible to

c@) cm attempt tu correlate the type of
\\cuf/‘ \\\s bonding, on the one hand, and the
// \\\ frequencies of the C=0 stretching

o @ bands, on the other, and thus

test the reliability of the gene-

Fig. 1. Structural for- ral belief that conclusions about
mila of saccharin the participation of the carbonyl

oxygens in intermolecular inter-
actions can indeed be drawn on the basis of the position of
the C=0 stretching bands in the vibrational (e.g. infrared)
spectra.

Since the majority of the studied by us metal saccharinates
were crystallohydrates, also correlated were the frequencies
of the 0-D stretching vibrations of the isotopically isola-
ted HDO molecules with the crystallographically determined
Ow...0 (and Ow...N) distances.

EXPERINMENTAL

The investigated compounds were prepared by standard me-
thods. The infrared spectra were recorded on a Perkin-Elmer
580 infrared spectrophotometer. The X-ray data were collec-
ted on a Philips PW 1100 four-circle diffractometer. Stan-
dard crystallographic programs were used for structure de-
termination and refinement.

RESULTS AND DISCUSSION

Bonding of the carbonyl group and correlations with the
infrared C=0 stretching fregquencies

General considerations. - The assignment of the bands origi-
nating from the carbonyl stretching vibrations in saccharin
and the studied metal saccharinates (the compounds of Na,
Mg, Mn, Fe, Co, Ni, Zn, Cd and Hg were included in the stu-
dy) was accompanied by some difficulties.
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First of all, bands due to some of the vibrations localized
mainly in the six-membered aromatic ring and, in the case of
the erystallohydrates, to the water bending vibrations were
present in the same spectral region. The benzenoid ring
stretching bands, however, were usually found to be much
sharper than those originating from carbonyl stretches
whereas those arising from water bending vibrations were
almost completely eliminated in the spectra of the: highly
deuterated samples.

The overlapping of bands attributable to the stretches of
structurally non-equivalent carbonyl groups with close C=0
bond lengths or the appearence, because of symmetry reasons,
of more than one band (despite the fact that all C=0 groups
in the structure were equivalent) compounded the difficul-
ties outlined previously. In the latter case an average of
the observed frequencies was taken as a measure of the value
of the force constant, whilst in the former the frequencies
were estimated as closely as possible.

All in al'l, it is evident that a precise correlation between
the frequencies and the C=0 distances was not possible.
Nevertheless, it was possible to attempt to correlate the
type of bonding, on the one hand, and the carbonyl stret-
ching frequencies (exact or estimated) of the C=0 stretching
bands, on the other.

Saccharin. - The carbonyl oxygens in the structure of sac-
charin are involved (as proton acceptors) in the formation
of cyclic dimers which are held together by hydrogen bonds
of the N...0 type [1, 2] (the N...0 distances are 279.4 pm
according to Bart [1] and 279.6 pm according to Okaya [2],
the values for the C=0 bond lengths given in ref. 1 and
ref. 2 being 122.0 and 121.4 pm, respectively). The existen-
ce of only one type of C=0 groups in the structure is in
agreement with the appearence of a single band in the region
of the carbonyl stretching vibrations of the spectrum of
saccharin, its frequency being 1725 cm—-2 [3].

Mercury saccharinates. - Two mercury compounds were in fact
studied : the anhydrous mercury saccharinate and chloromer-
cury saccharinate (the latter compound is also anhydrous).

The structure of mercury saccharinate consists of two crys-
tallographically independent molecules with different geome-
tries (see Fig. 2a and, for more details, ref. 4). The
values for the Hg-N bonds range from 203 to 206 pm and it
can be safely assumed that these bonds are covalent. As for
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the carboxyl oxygens, one of the four non-equilvalent ones -
that labelled 0(213) - comes rather close (259 pm) to a mer-
cury atom and another one, labelled 0(123), is also in
contact with mercury but at a much longer distance (280 pm)
(see Fig. 2a).

In spite of the existence of four crystallographically dif-
ferent CO groups in the structure, only ¢two bands are found
in the region of the stretching C=0 vibrations of the infra-
red spectra. The frequencies of both bands are clearly lower
than in the spectrum of saccharin (see Fig. 2b) although the
differences in the frequencies are slight (20 and 45 cm-1).

The existence of one type of CO group (with the C=0 distance
equal to 123 pm) in the covalent structure of chloromercury
saccharinate [5] is paralleled by the appearence of only one
carbonyl stretching band [3] whose frequency (186394 cm-1) is
31 cm~1 Jower than that of the corresponding band in the
spectrum of the saccharin.

Manganese saccharinate hexahydrate and compounds isomorphous
to it. - Although all C=0 groups in the structure of manga-
nese saccharinate hexahydrate are equivalent [6], in the
spectrum of this compound (see Fig. 3b and, for more de-
tails, ref. 3) two carbonyl stretching bands are observed,
at much lower frequencies (1820 and 1581 cm-1) than in
saccahrin, the situation being analogous in the spectra of
the Fe, Co, Ni, Zn and Cd compounds which are isomorphous
to the manganese one (the splitting is symmetry based). The
carbonyl oxygen does not participate in the coordination
sphere of the central metal atom but acts as a proton accep-
tor of two protons from neighbouring water molecules (see
Fig. 3a). The corresponding Ow...0 distances are 274.0 and
281.4 pm.

Magnesium saccharinate heptahydrate. - Only one of the two
crystallographically non-equivalent carbonyl oxygens in the
ionic structure of magnesium saccharinate heptahydrate,
labelled 0(23) in [7], participates (as a proton acceptor)
in the formation of hydrogen bonds with two water molecules
(the Ow...0 distances being 275.4 and 275.7 pm, respective-
ly) but is not coordinated to magnesium. The other carbonyl
oxygen 1is part of the coordination polyhedron arround the
magnesium atom. Despite the fact that the two carbonyl dis-
tances [C-0(13) and C-0(23)] are very close to each other
(124.2 and 124.0 pm, respectively), in the infrared spectrum
two clearly separated bands (at 1680 and 1627 cm-1 [3]) are
found.
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Sodium saccharinate. - All oxygen atoms [they are labelled
0(13), 0(23) and 0(33) in ref. 7] from the three crystallo-
graphically different carbonyl groups in the structure of
ionic Nas(sac)s.2H=20 (sac denotes a saccharinate ion) are
coordinated to sodium atoms (see Fig. 4a). Of these, only
0(33) 1is an acceptor of two protons from neighbouring water
molecules (the Ow...0 distance is 274.8 pm). Contrary to the
case of magnesium saccharinate heptahydrate, the existence
of three different but very close C-0 distances (see Fig.
4a) in the structure of Naa(sac)a.2H20 is manifested by ap-
pearence of only one carbonyl stretching band in the infra-
red spectrum (see Fig. 4b).

Concluding remarks. - In order to get a more complete pic-
ture, the appearence of the carbonyl stretching region in
the spectra of all studied compounds is given in Fig. 5. In
order to facilitate the spectra-structure correlations, data
about the participation of the carbonyl oxygens in the
coordination sphere arround the metal and/or in hydrogen
bonding are shown too. Listed, furthermore, are the corres-
ponding carbonyl stretching frequencies (averaged when more
than one C=0 stretching band is present) as well as the
values for the C=0 bond lengths (again averaged in cases
when more than one C=0 group is present).

The analysis of the data has shown that

1. Irrespectively on wether or not the carbonyl oxygens par-
ticipate in the coordination sphere arround the metal
atoms and/or take part in hydrogen bonding, the frequency
of the carbonyl stretching vibrations in the spectra of
all studied by us metal saccharinates with known
structures are Jower than in saccharin itself.

2. The lowering of the carbonyl stretching vibrations de-
pends on the type of the metal-to-saccharin bond. The
shift to lower frequencies in the case of the ionic metal
saccharinates (those of Mn, Fe, Co, Ni, Zn, Cd, Mg and
Na) is, namely, larger than that observed in the case of
covalently bonded compounds (mercury saccharinate and
chloromercury saccharinate). Thus it is obvious that on
passing from neutral saccharin to a saccharinate ion, a
redistribution of the electron density (with its decrease
within the carbonyl group) takes place. This electron
density reduction along the carbonyl group is more ex-
pressed in the case of ionic metal saccharinates.
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Fig. 4. The crystal structure (a) and the v (C=0) region
in the LNT infrared spectrum (b) of Naj(sac) 3.2H,0
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3. It is not advisable to draw far-:eaching concliusions con-
cerning the manner of bonding of the atoms of = given
group (in this case - the carbonyl oxydgens in sacchari~
nates) on the basis of the behaviour of a single vibrati-
onal band (here - the carbonyl stretch) in the spectrum.
In fact, this is known, but very often neglected.

The O0-D stretching vibrations in the partially deuterated
netal saccharinates :@ spectra-structure correlations

Since except for mercury saccharinate and chloromercury
saccharinate all other ssccharinates are hydrates, the ob-
served infrared frequencies of the OD stretching vibrations
originating from the isotopically isolated HDO molecules
were correlated with the crystallographically determined
Ow...0 and Ow...N distances.

Sodium saccharinate. - Both independent water molecules in
the structure of the triclinic form of sodium saccharinate,
Naa(sac)a.2H20, are coordinated to sodium cations and, at
the same time, participate in hydrogen bonding to the nitro-
gen atoms from saccharinate anions or to oxygen atoms belon-
ging to the SOz and CO groups [7]. The values for the Ow...N
and Ow...0 distances are shown in Fig. 6 (the labeling
scheme of ref. 7 is used throughout). It was found . that the
existence of four independent O-H groups belonging to the
water molecules is in a good agreement with the appearence
of four [8,9] infrared bands originating from 0-D stretching
modes of isotopically isolated HDO molecules  (Fig. 6).

As for the assignment of the individual bands, it is rather
safe to assume that the bands with the highest (2604 cm-1)
and lowest (2425 cm-1) frequencies originate from the vibra-
tions of O-D groups involved, respectively, in the weakest
(290.8 pm) and the strongest (274.6 pm) hydrogen bond of the
Ow...0 type, the remaining two bands being due to the 0-D
stretphes of groups participating in hydrogen bonds of the
Ow...N type.

Using the following equation (cf. [101)
v/em~it = 2727 - 8.97.10 exp(-3.73 R/&) (1)

the values for the O-D stretching frequencies (v) can be
estimated on the basis of the known Ow...0 distances (R) or,
alternatively, the observed frequencies can be used to esti-
mate the Ow...0 distances. The results thus obtained are
summarized in Table I where A denotes the corresponding
acceptor atom.
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Table I. Experimental (ref. 7-9) and estimated (ref. 10)
values for the Oy...A distances and OD stretching
frequencies in Naj(sac) 3.2H,0

Experimental data Estimated data
o & v(OD) /em~!  R/pm v(OD) /cm~% R/pm
Oy (1) N(1) 2448 283.3 ? ?
Ow (1) N(2) 2483 286.9 ? ?
Ow(2) 0(33) 2425 274.6 2407 276.0
Oy (2) 0(31) 2604 290.8 2552 300.7

As can be seen, the estimated 0O-D frequencies are for 52 and
18 ecm-1 higher than the experimental ones, the difference
exceeding by far the spectroscopic experimental error. On
the other hand, a fair agreement between the estimated and
the experimentally determined Ow...0 distances was obtained.

Unfortunatelly, equation 1 can not be used to predict the
v(0OD) values for the hydrogen bond of the Ow...N type or,
alternatively, the values for the Ow...N distances on the
basis of the experimentally determined v(OD) frequencies.

Magnesium saccharinate. - All seven crystallographically
non-equivalent water molecules in the structure’ of
Mg(sac)z.7H20 participate in hydrogen bonding either to
oxygen atoms (from CO or SOz groups) or to nitrogens from
the saccharinate anions. The values for the Ow...0 and
Ow...N distances are shown in Fig. 7 (the labeling scheme is
that of ref. 7).

The appearence [8] of only seven bands in the region of the
OD stretching vibrations of the isotopically isolated HDO
molecules (instead of fourteen as expected on the basis of
the structural characteristics) is certainly caused by the
existence of some very close R(Ow...A) values and the conse-
quent overlapping of the corresponding bands in the spec-
trum. The non-equal intensity of the bands in the 0-D stret-
ching region (c¢f. Fig. 7) supports such s conclusion.
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Manganese saccharinate and its isomorphs. - Of the three
crystallographically non-equivalent water molecules in the
structure of Mn(sac)z.6H20 (as well as in its isomorphous
analogues - the hexahydrates of the saccharinates of Fe, Co,
Ni, Zn and Cd), two are coordinated to the central metal
atom, and, at the same time, participate in hydrogen bonding
(with the non-coordinated water molecules or with oxygen
atoms from the CO and SOz groups [6]). The values for the
Ow...0 distances in the structure of the manganese compound
range from 274.0 to 291.5 pm, two of them being (see the
table accompanying Fig. 8) practically identical (281.4 pm).
This accidental coincidence of the structural parameters
makes it possible to explain the éxistence [8,11] of Five
bands (instead of the expected six) in the 0D stretching
region of isotopically isolated HDO molecules (Fig. 8). It
is worth mentioning that the spec-
tral picture in the region of the OH
stretching vibrations of the isoto-
pically isolated HDO molecules by
DOD molecules is analogous (see Fig.
g).

Using equation 1 and the experimen-
tal values for the 0D stretching
frequencies or the Ow...0 distances,
the v (0D) and R(Ow...0) values were
estimated. The values are shown in
Table II.

3500 3400 3300 cw Generally speaking, in the case of
the compounds isomorphous with
) Mn(sac)=2.6H=20 a very similar spec-
Fig. 9. The V(OH) reglon 4,.7 pjcture is observed in the 0D
in the LNT infrared SPEC- g4retching region of the spectra of
trum of partially deuté- g.pnies containing isotopically iso-
rated Mn(sac),.6HZ0 lated HDO molecules. There are,
however, some frequency differences,
especially in the region of the lowest-lying band (see
Fig.10 and refs. 8 and 11). In fact, in the spectrum of the
cadmium compound the fifth band is only barely resolved at
LNT (Fig. 10) but, as discussed in {[8], appears very clearly
at higher temperstures (Fig. 11).

Using equation 1, the values for the Ow...0 distances in the
structure of the series of isomorphous saccharinates of the
Fe, Co, Ni, Zn and Cd were estimated on the basis of the
experimentally determined values for the OD stretching fre-
quencies of isotopically isclated HDO molecules. The estima-
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Table II. Experimental (6,8,11i] and estimated (10}
values for the Oy...O distances, OD stretching frequencies
and corresponding differences between the experimental and

estimated values in Mn(sac),.6H,0

R(Oy. ..0)/pm v (OD) /cm™ 4

Experimental Estimated AR Experimental Estimated Av

274.,0 275.4  -1.4 2416 24048  +12
281.4 278.7  +2.7 2452 2476  -24
281.4 278,7  42.7T 2452 2476 -24
286.9 282.4  +4.5 2488 2521 -33
289.6 287.6  +2.0 2530 2548  -18
291.5 293.3  -1.8 2568 2557  +1t

ted values, together with the corresponding experimentally
found R(Ow...0) and v(OD) values for Mn(sac)z.B6H20 are shown
in Table III.

Concluding remarks. - The correlation of the spectral and
structural data concerning the water molecules in the
studied metal saccharinates has shown that

1. The agreement between the number of crystallographically
determined different Ow...0 distances in the structure,
on the one hand, and the number of the bands originating
from the OD stretching vibrations of the isotopically
isolated HDO molecules in the infrared spectra, on the
other, is good.

2. The existence (as in the case of the saccharinate of Mg)
of a large number of bands in a relatively narrow spec-
tral region makes the correlation difficult.

3. The agreement between the estimated and the experimental-
ly determined OD stretching frequencies in some cases is
rather poor, whereas a fair agreement between the esti-
mated and the experimentally determined Ow...0 distances
was obtained.
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Fig. 10. The QD stretching

region in the LET infrared
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Table IlI. Estimated [10]) Oy...0 distances in the isomorghous
saccharinates of Fe, Co, HNi, Zn and C4d, conpared with the
experimentally (5, 8) determined values for Ri{Oy...O)
and v (0D} in Mn(sacj,.6H.O

M(II) WwWater(i) Water(2j Water(3)

v (OD) /em™% 2385 2450 2490 2573 2450 2527
Fe
R{Ow...0)/pPm 266.2 281.0 287.0 291.7 281.0 289.3

v(OD) /em~% 2384 2457 2500 2879 2457 2528

Co
R(Oy...0)/pm 266.8 262.0 287.0 291.8 282.1 289.5
v (OD) /fem™ 1 2381 2469 2507 2594 2469 2532

Ni
R(Oy...0)/pm 265.3 283.7 287.8 292.2 283.7 289.8
Vv (OD) /cm—1 2381 2454 2509 2583 2454 2534

n
R(Oy...0)/pPm 265.2 281.6 288.0 292.0 281.6 289.7
v (OD) /cm™% 2431 2441 2499 2570 2441 2534

Ca
R(Oy...0)/pm 277.2 279.2 287.0 291.6 279.2 289.9
v (OD) /cm™% 2416 2452 2498 2568 2452 2529

Mn

R(Oy...0)/pm 274.0 281.4 286.9 291.5 281.4 289.6
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H3BOJ
CHEKTAP-CTPVKTVPHH KOPEJIAIMH KAJ HEKOHM METAJIHH CAXAPHHATH
Fnurop JoBaHOBCKH¥*, Bojan HonrpajasoB* u Bopuc Kamenap**

¥ HHCTUTYT 3a XeMMja, HPUPOAHO-MaTeMaTHuYK¥ ¢aryuTeT,
IomT. ¢$ax 162, 91001 Cxonje, Jyrociasuja

*%¥ Zavod za opcu 1 anorganskKu Kemiju, Prirodoslovno-matema-
ticki faKultet, Post. pretinac 153, 410¢i Zagreb

CTPYKTYPHHTE MOZATONM 3a HNOBEeKe MEeTAallHM CaxapuMHATH (OHMe Ha
Na, Mg, Mn, Fe, Co, Ni, Zn, Cd u Hg) ce KopeJlupaHM CO Ha-
OnynyBaHKTe $PeKBeHOMM HAa BaleHTHUTE C:=0O, O-H u O-D Bubpanum
BO MHOpanpBeHHTE CHEKTPM Ha NPOTHPAHWUTE M MHeJIyMHO HAeyTe-
pPHUpaHu obpachu.

KopenanujaTa nokama Aeka, 6e3 ories Ha Toa Aaly KHACIOPOXHMUTE
aToMM oOJf KapOGOHMIHWTE IPynM Y4YE€CTBYBaaT MM HE yYeCTBYBaaT
BO KOOPIMHAIMOHMTE NOJMEeAPHM HA METANHWTE ATOMM, ONHOCHO AaNM
3eMaaT MIM He 3eMaaT Y4YeCTBO BO ob6pasyBase Ha BOJAOPOXKHHM
BPCKH, ¢JPEKBEHIMHTE HA BajieHTHUTe C:=0O BuOpanuik BO CHEKTPHTE
Ha MeTaJIHATE CaXapyMHATHA Ce NOHMCKM OX OHMEe Kaj CAaMMOT caxa-
PHH.

BpemHOCTHATE Ha Oy...0 pacTojammjaTa mTO Ceé NPONEHETH BPS3
OCHOBAa Ha CIEKTPOCKOINCKHTE NOJZATOOM Ce BO CONJAaCHOCT CO OHUE
ITO Ceé HajleHHU €KCIOePMMEeHTAJHO.



