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AROMATICITY OF SOME METAL BENZOATES

EFFECT OF METAL SALTS ON THE AROMATIC SYSTEM OF BENZOIC
ACID USING IR, RAMAN AND UV SPECTROSCOPIC METHODS

Lewandowski, W,

(De partment of Physico-Chemical Analyses, Agricultural University of

Warsaw, 02-528 Warsaw, Rakowiecka 26/30, Poland)

In this paper, the aroma:icity of some metal benzoates has been studied us—
ing IR, Raman and UV spectroscopic methods. The bond frequencies in IR and
Raman spectra of Hg( 1), Mg and K benzoates are summarised in table 1. The
effects of Cr(XI), Fe(X), Cu(I), etc. on the aromatic system of benzoic acid
were compared. It is found that Cr(X) iron(X), lanthanides and Al can stabi-

lize this system.
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Introduction

There is an ample literature to study on aromaticity of =z -electron com-~
pounds. The aromatic properties were studied by the theoretical and experimental
methods, The Hiickel theory and its modifications belong to methods based on
qQuantum chemistry. The experimental methods are based on thermodynamics, ki-
netics and molecular spectroscopy. The evaluation of aromatic properties is
usually done by determining: (a)delocalization energy (in a theoretical way('? or
experimentally(-?), (b) magnetic properties of molecules<’?, (c) degree of avera-
ging the bond lengths(?), (d) chemical reactivity(*?. Krygowski and Kruszews-
kiC®) introduced the concept of aromatic stability index as the a quantitative,
normal measure of aromaticity. The works mentioned -above concern mostly with
the aromatic properties of hydrocarbons and their organic derivatives. The lite-
rature compriese very few works related to estimation for aromaticity of organo-
metallic compounds. There exist still less papers devoted to the effect of various
metals on the aromatic system of ligands in complex compounds.

In our previous papers speciroscopic methods were applied to study the effect
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of some metals on the aromatic system of benzoicC’9%J and salicyicC’*'°? acids.
The number, frequency and intensity of bands of the aromatic system in IR and
Raman spectra as well as frequencics of bands a>x* and f-f in UV/VIS specira
were analysed, respectively. It has been established that lanthanides affect these
systems different from alkaline elements and heavy toxio metals. The aim of
this paper is to compare the effect of selected metals on the aromatic system
of benzoic acid. Another aim is to propose a modified of aromaticity evalua

tion{ad,

Experimental

1. Reagents
Metal benzoates were prepared as described in the previous papers(’?. The
molar ratio of metal to ligand in solid state amounts to 1:1 for Li, K and Hg(DD
benzoates; 1:2 for Mg, Ca, Sr, Ra, Zn, Cu(I), Cd, Hg(I) and Pb(I) benzoa-
tes; 1:3 for Al, Cr(X), Fe(X) and lanthanide benzoates. The benzoates were
anhydrous. In order to remove the crystallization water it must be dried at the
temperature of 95C under reduced pressure.
2. Apparatus and methods
IR spectra range from 4009 to 250 cm™' were recorded by Carl—Zeiss IR 75
and Perkin—Elmer model 380 spectrophotometers with the use of technique of
pressing samples into KBr pellets. Raman specira of solid samples, within the
range of 4000 to 100 cm™' were recorded by means of a Coderg spectrometer,
model PHO with Spectra Physics He—Ne and Ar* lasers (exicitation lines 632.8
nm and 488. Onm, respectively). The UV spectra were recorded on a Varian Te-
chtron 635 spectrophotometer. The benzoates were obtained from an aqueous solu-
tion, their concentrations equal exactly to 1.25 x 107* mol/dm’. The accuracy of
wavelength of readings recording on an expanded scale (IR: 100 mm/100 cm™’;
R: 40 mm/100 ¢cm™*; UV: 35 mm/10 nm)is IR = 0.5 ¢cm™y, R 2 1cm™’, UV * 0.2

nm, respectively.

Results and Discussions

1. Vibrational assignments
Table 1! contains the assignments of vibration bands for Hg(l), Mg and K

benzoates. The assignments of spectra were based on the literature dataC’> and

(8> The spectroscopic methods (IR, R and UV) were applied earlier to evaluate
the aromaticity of organic compounds. As examples may quote the works by Clar
or Badger(''3. Our method is based on analyses of number, frequency and in-
tensity of those bands of the aromatic system which are active in IR and Raman
spactra among thirty feasible bands of normal vibrationsof the ring. On the other
hand, in electronic spectra analyses are made of frequency of bands derived
from transitions beiween bonding and antibonding orbi'xls which characterize the

magnitude of energy of delocalizing 7 eletrons.



Table I Band Frequency in IR and Raman Spectra of Hg(1) Mg and K Denzoat.

Hg(1I)

frequency Cem™ )

IR R IR R IR

— — — — 3073vw
3C53vw 3066 w 3060vw — —

— — — 3012w 3027 vw

- 1588 s — 1603 s —
1598 s — 1597 s — 1596 s
1333vs — 1552vs — 1532vs

— — 1454w 1497w —

- - 4BV 1460w ]
1413 s — 1423vs — 1396vs
1307 vw — 1305w — 1308w

— — — — 1272vw

— — 1180w 1182vw 1178vw

— 1157 vw 1749vw 1387w —

- — 1067 v - 1105vw
1068w - 1069m — 1070m
1024w 1025vw 1026m 1025w 1027w
1006 vw 100Cvs 1004 vw 10G3vs 1007 vw
932vw _— 936+ W —_ 932vw
836w &350 s 2io%vw 8457w 838m

- 8§46 s — — —
E18vw — 824 W 828vw ga0w
706 s — T18vs —_ 706vs
685sh 685w 688sh — 686m
677sh — 677sh — 679m

— 615w — 617m -
315vw - 566vw — 516w

- -— 470w - —

—_ —_ — 421vw 437vw

R - assignment

— P(CH)ap

— "(CHDar
3016w (CH)ay
1601 s P{CCay

— W(CCar
1562w 72 (CO0)

— 1(C-Car

b P(C:Car
L aYsh »(COO)

- (C-Ca-

— 8CCH)
1177w (CHD
1157 BCCH)
1132w

- 8CCHD

- BCCH)
1025w B(CHD
1002vs ring

— v(CH)
835m Bs(COO

— Bs(COO>
822vw v(CHD

— vs(COO)

- $(COY
673vw
616w a(CCC)
- an(COO
— M-0O

S =strongs

m =medium;

w =wcak;

sh=shoulder;

vV =very.
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the symbols were used as suggested in papers, B denotes deformation in-plane vi-
brations of [unctional groups, whereas d represents out-of-plane vibrations; a
(CCC) and ¢ (CC) stand for deformation in-plane and out-of-plane vibrations of
the aromatic ring, respectively. A good accordance between frequencies of IR and
Raman bands follows from Table 1. After a precise analysis, however, it may
be observed some regular, though inconsiderable, differences in band frequencies
of IR and Raman spectra®, In a couple of cases the IR bands are shifted by 3
to 8 cm™' towards lower frequencies in relation to Raman bands. These differen-
ces may be explained by the effect of potassium bromide matrix on the bonds in
benzoates. Potassium bromide with ionic bonds, interacts with substances under
study, thus causing 2 small increase in the polarity of bonds also in benzoates
of metals. The increase in polarity of bonds weakens them. This brings about a
diminution of force constants of the bonds and shifting of bands towards lower
frequencies simultaneously.

The phenomenon may be compared with the effect of solvents on bonds in
the substance dissolved. Like the solveant (as is well known, there are no neu-
tral solvents), potassium bromide must also interact with the sample dispersed
in it.

The freq:ency of a number of respective IR bands recorded by this techni-
que has been shifted by several cm™'. [t must be, however, stressed here that
these is not to worry about decomposition of samples under the effect of KBr.
This is evidenced by the fact that the frequency differencec observed (which
were possible to be observed owing to a specially extended scale) in Raman and
IR spectra and those between IR of KBr pellets and nujol suspension are incon-
siderable that they do not exceed 10 cm™.

2. Effect of metals on the aromatic system of benzoic acid

IR and Raman spectra. Thirty feasible normal vibrations of the aromatic
rings in oscillation spectra have been described by Versanyi<!‘2. In order to ana-
Irze the effect of metals on the aromatic system of benzoic acid, analyses have
been made of: the number of active vibrations of the ring in IR and Raman spe-
ctra, as well at of their frequency and inteasity. Several bands of the aromatic
system (chosen as examples) for metal benzoates under study, have been collect-
ed in Table 2. In spectra of transition elements and aluminium benzoates an in-
crease in the number, frequency and intensity of bands of the aromatic system
occur, as compared with that of alkaline elements and heavy toxic metals. The
most distinct and characteristic changes occur in IR and Raman spectra (No. 19a,
19b and 9a). Therefore, the discussion is going to be confined mainly to agaly-
ses of the bands of valence vibrations of the ring bands. The main bands being an

evidence of the presence of the aromatic system (bands of stretching vibrations

(8)Similar differences in frequencies have also been observed in the case of IR
and Raman spectra of other benzoates and salicvlates of metals not mentioned in

the present paper.
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of the ring No. 19a and 19b) are present in the IR spectra of the following
benzoates of: 3d and 4d transition elements (Cr(X), Fe(X), Zn, Cu(I), Cd),

lanthanides (X)), aluminium and metals belonging to the second main group (Mg,

Ca, Sr, Ba). It is to be noted that a particularly high intensity of these bands

is displayed by the spectra of Al,

Cr(X), Fe(X) and

lanthanides benzoates,

whereas a very low one by those of Sr, Ba and Cd. These bands are absent in
the spectra of Pb(N), Hg(I), Hg(I) and alkaline elements (Li, Na, K) benzo-
ates (Fig.1, Table 2). Band 8a of Hg(I), He(I), Ba and Na benzoates does
not occur in IR spectra, but that of Pb (), Li and K benzoates have a very

low intensity.

Table 2 Comparison of Frequencies and Intensities of Chosen Aromatic
Bands in IR and Raman Spectra of Metal Benzoates
IR Raman*
benzoate . . R
normal vibration Cem™ )
i 19a | 19b 14  9a  17b 19a | 1b , 1 , 9a 7b
Cr | 1496m | 1450sh| 1307 | 1178w ' 939vw J ‘ t
Fe(H) | 14s2m | 1447m  1306% | 1J80m  937vw 1 ; ; |
CuCI) | 1496w 1448w ; 1318w 1180w 930w i ; |
Zn 1481V | 1448w 1130TW  1180W 938w | : ; {
La  1496m | 1447 s 1305w 1178w | 938vw 1497m  1451m | — | 1182vw; —
Nd | 1496s | 14485 1205w 1179W  93gvw 1496m | 1433s | — ]]83vw‘ —
Dy | 14855 ' 1450s 1305w [ 1179w 938y | 1497m | 1455 s . 1183vw —
Yb  1495m 1448m 1305w | 1178w ' 938y 1498m | 1438s | — | 1182vw —
Lu 41955 | 14475 | 1306w ' 1178% 938vw 1499m | 1458s | — | 183vw| —
Li  1490vw] }gég}sh 1182vw 942w ' 1490w | 1435 : — | 1183w l —
Na . — — 1306w —  glgw  1493W . 1436m ) - E 1185m =
K I — 1308% 1178vw 932vw — — — 7Tw | —
Mg 1494w . 1446vw 1305w ' 1180W , 836y w 149TW 1460w l - 1]82vw: -
Ca | 1497m | 1446m J306W  1180W 936vw 1495w ladgm | — ! 182vwl —
Sr | 1492vw‘I ]443vw‘ 1311w ‘ 1182vwi 93Ivw ' 1404w I 1439m l — i 1183w —
Ba | 1496vw 1441vw 1310W | — | 93lvw | 1490w | 1432m i — | 1183vw| —
Al ', 1499 s l 1452$h: 13]5vw; 1178w 937vw  1500m : 1462m i — 1183vw, —
Cd I 1494w 1447 W (1310w 1178w 936vw 1404w ’ 1450vw — — ‘ -
Hg( 1) i - 11307Tvw  — 1932vwl - | - ‘ - ! - ‘ —
Heg(I) | — ' — ! 1301vw; — : 934vw | — | — J - : — -
Pb(I) | —e ' —  1309vw| 1177vw  — | 1493w ' 140vw — | 1182% ] —
f 1301vw | ! 1
4 | | l ] L
*For Cr(I), Fe(I), Cu(l) and Zn no Raman data. In the Raman spectra of

this metal benzoates

other bands.

strong luminescence background appeared which masked
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In Raman spectra the bands of K, Hg (1) and Hg(I) benzoates (No. I8a and
19b) are absent, and these of lead, barium, strontium, sodivm and lithium ben~
zoates lie at lower wavenumbers as compared with the spectra of lanthanide,
aluminium and magnesium complexes (alkaline elements and heavy toxic metals:
19a 1484-1490 cm™', 19b 1450~1432 cm™*, while lanthanides, aluminium and mag-
gesium;: 19a 1500-1496 cm™', 19b 1462-1451 cm™') (Table 2, Fig.2). The bands 9a
of Hg(1), Heg(I) and Cd benzoates does not appear in Raman spectra. The ab-

N

W
Fig.1 IR spectra of benzoates of,: Fig.2 Raman spectra of henzoates:
A HeC(1) (1) Pb(X) (2)y Fe ofs Hg(1) (1) Nd(2)
(X) (33 Y(4)3 Er(X) (5); Al1(3), in the 1660-1340 cm™!
B: Nal(6)s Mg(7); Al(8); region

Cs K(9) CaC10); D: ZnC11); Heg(I)
(12), in the 1640-1370 cm™* region
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sence of the aromatic system bands or their shift towards lowerMwavenumbers
(caused by weakening of the bonds) is an evidence of the perturbation of the
aromatic ring. Data of Raman and IR indicate the perturbance of the aromatic
system by alkaline elements (Li, Na, K) and by heavy toxic metals (particular-
ly Hg(I), Hg(I) and Pb(I)). A comparison of the number, frequency and in-
tensity of the ring bands in spectra of aluminium and transition (4f and 3d) me-
tal complexes and benzoic acid shows a stabilization for the aromatic system of
ligand by these metals@®),

A question arises: why do the bands of normal vibrations of tke aromatic
system (No. 192 and 19b) in vibration spectra of metal benzoates change their
frequency and intensity to the highest degree, as the metal adjoined, while the
changes in other ranges of the ring bands are far less comsiderable? Versan-
¥i<'?2 in his monograph analyzed the vibration spectra of 700 benzeme deriva-
tives. It is found that in most spectra of derivatives analyzed the vibration bands
of carbon-carbon stretching vibrations (among 30 bands of the ring) are the best
indicators of the presence of the aromatic system. The range from 1610 to 1450
em™ in vibration spectra is also often utilized, with good results, by the orga
nic chemists for the purposes of detecting the aromaticrsystem. The existence of
bands at about 1500 and 1459 c¢m~' (bands 10a and 10b) is an unfailing criterion
of the ring presence.

It follows from the theory that the IR band intensity depends on the change
of dipole moments during the vibrations, while that of Raman bands on polari-
zability changes. The bands 19a and 19b have a high intensity in IR and Raman
spectra of a series of benzene derivatives that do not possess their symmetry
center. ]

The normal vibrations of bands 19a and 19b deform the ring essentially cau-
sing changes in the dipole moment.As shown in Fig.3, particular vibrations
may be reduced to two resultants acting in reverse directions.

Moreover, the oscillation frequency of the carboxylate anion (i.e. the anion
by the intermediary of which the metal is adjoined to the complex) is similar
to that of ring vibrations (No. 19a and 19b). As has been shown in our previous
work(®? there exist correlations between changes in vibration frequenmcy of the
ring and of the carboxylate anion. This indicates the mutual interaction of these
vibrations. The kind of carboxylate anion structure depends on the metal adjo-
ined. Hence, the considerable differences between spectra of particular metals
benzoates occur in parameters of bands 19a and 19b.

By analysis of Raman and IR data a conclusion was drawn that the pertur-
bation of the aromatic system of benzoic acid depends on the position of metals
in the periodic table.

In the periods, with an increase in atomic number of the elements, the aro-

matic bands appear or their intensity increases. In Raman spectra this is to be

(2 JR and Raman spectra of benzoic acid were described earlier.
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observed on the example of potassium and calcium, while in JR spectra on the
example of sodium, magnesium, aluminium (Fig. 1B), potassium and calcium
(Fig. 1C, Table 2). The stabilization of the aromatic system is increased,there-
fore, with increase in oxidation degree of metals, electronegativity and dimigu-~
tion of the central ion radius, like the series Na->Mg=>Al or K-~Ca, and with
decrease in the atomic number of the metals (though the changes are not so mar-
ked as in the periods). For example, in Raman spectra the number and intensity
of bands of the aromatic ‘system increase in the series: K-Na>Li, whereas in
IR spectra in the series K-~Na~Li, Hg>Zn (Fig. 1D, Table 2), with decrease

in the central ion radius.

Fig.3 Normal vibration of the aromatic ring{®"?

The band width in JR and Raman specira is characteristic. The bands of vi-
brations of the aromatic ring, and of polar groups, such as COO~, in the spec-
tra of alkaline metals and toxic metals benzoates are narrow and sharp, while
those for transition metals (particularly lanthanides) and aluminium. benzoates
are diffuse and are characterized by a considerable half~width. The broadening
of absorption bands is caused by broadening of the oscillation levels. Formation
of delocalized bonds by lanthanides brings about the broadening of energy levels

of the complex.
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In our previous papersC’’®2 a discussion has been carried outy in what way
the metals may affect the aromatic system of benzoic acid. It is found that the
perturbation degree of the aromatic system may depend on the structure type of
the carboxylate anion{®d. [n the case of lanthanide complexes a uniform distri-
bution of the electronic charge in the carboxylic group is favourable for the
aromatic properties of the ring. On the other hand, the removal of hydrogen
from the carboxylic group by sodium and formation of a ijonic bomd brings
about a perturbation in the electromic charge in the ring, as well.

UV spectra. The bands from 224 to 235 nm were interpretedC'5? as a a->x*
transition in the aromatic system®>. Maxima of wavelengths of this band for
metal benzoates lie at: Cr(X) 235.8, Fe(N) 234.7, Zn 228.6, La 230.5, Nd 230.8
Dy 231.5, Yb 231.3, Lu 231.0, Al 233.1, Li 224.0, Ba 228.0, Cd 227.7, Hg(1)
224.4, Hg(I) 227.1 and Pb(I) 227.7 am. The x>x" baads of Al, Cr(X) and Fe
(X)) benzoates are located within the range of 232 to 236 nm, for lanthanides 230
to 232, while those for alkaline elements and heavy toxic metals in the range of
224 to 228 nmm. Benzoic acid is absorbed at 227 nm. There are, therefores; a ba-
thochromic shift of 1" bands in the spectra of Al, Cr(X),Fe(XI)and Ln ben-
zoates in relation to spectra of benzoic acid. This may be explained as follows,

The formation of delocalized, covalent bonds by Lan, Fe(X), Cr(X) and Al
stabilizes the uniform distribution of electronic charges in the ring, thus increa-
sing the aromatic properties and delocalization degree of = electrons of the aro-
matic system. This causes an increase in the delocalization energy of = electrons.

A decrease in differences between the energy of =z bonding orbitals and

(@3The kind of structure, by means of which the metals are linked to the car-
boxylic group, was discussed in the papers (7, 8, 13). It follows from these pa-
pers that sodium is bonded with a carboxylate anion by the ionmic structure,
whereas lanthanides are coordinated either in a2 mono- or bidentate manner. The
structures by means of which a metal jon may be linked a carboxyl group have
been suggested by Nakamoto. More recent investigations indicate that, (1)
in addition to a bidentate structure, lanthanides may form additional bridges
with other carboxylate anions, (2) that bonds of Ln’* ions with particular car-
boxylate anions may be non-equivalent.(!*>

The crystallographic structure of some metal benzoates was investigated with
the X~—ray methods by Chijalov et al. and Gusjeinov et al.

() In UV spectra of benzoic acid and its complexes with metals, in addition
to the main n->x* band within the range 225-236 nm (sometimes in the literature
T3 under the name of “K band” ,being derived from a respective band at 202
am in the benzene spectrum) there also occurs a partly shielded band at about
270 nm, of a very low intensity (derived from the benzene band B lying at about

255 nm).
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that of m antibonding orbitals leads to a bathochromic shift in UV spectra. But
the alkaline metals and heavy toxic metals perturb the aromatic system of the li-
gandss thus causing a hypsochromic shift.

The investigaiions on f—f transitions and on the nephelauxetic effect in
the spectra of lanthanide complexes with salicylic acid(’’? confirm the accepted
interpretation, thus indicating that there exists a dependence between the delo-
calization degree of f electrons in lanthanide ions and =z el:ctrons in the aroma-~
tic ring.

As mentioned before, there are very few works devoted to the effect of me-
tals on aromatic systems of ligands in complex compounds. Therefore, it is im-
possible to compared fully with the literature data. It would be purposeful,how-
ever, to compare some results studing on aromatic properties of organometal-
lic compounds. Some w-electron systems are stabilized by metals. The compounds
belong to this kind are iron with cyclobutadienel’’? or nickel with pentalene?’*-,
Lanthanides and ac:iinides also s'apilize a2 number of =z -electron compounds
{172 Metallocenes possess marked aromatic properties. At present metallocenes
of the majority of iransition elements are known<*'>< 7. The notion of “super—
aromaticity” is given owing to the discovery of ferrocene™*">. The binding be-
tween a metal and the ring in ferrocene is mainly the result of a delocalized
covalent bond between an iron atom and two cyclopentadienyl radicalsC!!J, The
properties stabilizing a system depend on the kind of metal adjoined. A parti-
cular role is played here by transition metals. It is seen from spectroscopic da-
ta that transition metals (4f and 3d) stabilize the aromatic system of benzoic
acid, while alkaline elements and heavy toxic metals porturb the system. Our
conclusions, concerning the effect of transition metals, are therefore in agree-
ment with the literature.

The conclusions drawn from the JR,Raman and UV spectra indicate that chro-
mium (K ), iron (X)), lanthanides and aluminum stabilize the aromatic system
of benzoic acid. An increase in the number, {requency and intensity of bands
of the ring in vibration spectra occurs simultaneously with the bathochremic
shift of 7—»=x" bands in UV spectra. On the other hand, alkaline elements /Li
Na and K, and heavy toxic metals (Hg (1), Hg (I)> and PbCI)) perturh the
aromatic system of benzoic acid. The aromaticity of calcium, magnesium, cop-
per (I) and zinc benzoates is similar to that of the ligand.
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