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Recorded are infrared spectra of Al, Ga and In dibenzoyl-
methanates (1,3-diphenyl-1,3-propanedionato chelates) and of
the partly deuterated Al chelate. An attempt is made to assign, as
completely as possible, the observed infrared bands using the avai-
lable information about the spectra of various acetylacetonates
(fl,3-dimethyl-1,3—propanedionates) and of monosubstituted benze-
nes as a guide. Deuteration (estimated to be approximately 70%
complete) on the+y hydrogen of the chelate ring is helpful in assig-
ning the 3(CCH) and, especially, Y(CCH) modes. The infrared
spectra of the investigated chelates can be treated sattisfactorily
in the 1:1 metal-to-ligand approximation, the coupling between
the vibrations of the three chelate rings. (particularly those loca-
lized mainly in the Ph-C-CH-C-Ph part of the molecule) being
relatively weak. The phenyl groups can be treated as approxima-
tely independent units with vibrational frequencies (most note-
worthy — those of the non-,,X-sensitive rin g modes) falling
in the usually quoted ranges. In variance with the case of acetyl-
acetonates, there is no appreciable mixing of the in-plane deforma-
mation C-C-H vibration and the antisymmetric C==0 " stret-
ching vibration, whereas some 3(CCH) character is found in
the case of the vibration which is mainly antisymetric C==C=-C
stretching in character. Several vibrations, interpreted as M—O
stretchings or chelate ring deformations have appreciably /iigher
frequencies in the spectra of the dibenzoylmethanates than in
those of the corresponding acetylacetonates, in line with the
increased stability of the former type of compounds.

INTRODUCTION

The spectra of the acetylacetonates of various metals have been in-
vestigated by numerous authors, - starting with the early work of Lecomte
and his colaborators [I—3], up to some quite recent papers [4—38]. The as-
signments of the bands in the spectra of the acetylacetonates haye been made
both empirically and by using normal-coordinate calculations with various
degrees of sophistication, the majority of workers still basing their intepre-
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tations on the assignments of Nakamoto and his colaborators [9—11]. The
experimental results of Pinchas er al. [4] who used 'O enriched acetylaceto-
nates and of Junge and Musso [7] who investigated *0, *C and %H substi-
tuted acetylactonates showed that the assignment of some of the absorption
bands, as proposed originally by Nakamoto, requires revision in order to
account for the observed isotopic shifts. Nakamoto and his co-workers,
recently [5] revised some of the previously favored .assignments, but questi-
oned [8] the validity of the arguments advanced by Pinchas et al. [4] concer-
ning the interpretation of some of the low-frequency tands. In any case,
the data presently accumulated permit a reasonably certain interpretation
of the spectra of acetylacetonates and assignment of almost all bands, both
those associated with vibrations of the methyl groups and those which are
predominantly chelate-ring vibrations in character.

On the other hand, the spectra of the dibenzoylmethanates (1,3-diphe-
nyl-1,3-propanedionato chelates), M(DBM), have not, to the best of our
knowledge, been completely analyzed. This is, protably, at least partly due
to the great confidence of the investigators in the Nakamoto’s early assign-
ment of the spectra of acetylacetonates which, however, makes the complete
interpretation of the spectra of dibenzoylmethanates at best very difficult.
Thus, in reporting on the spectra of dibenzoylmethanates, many authors
simply list (completely or partially) the absorption frequencies, attempting,
occasionally, an interpretation along the lines suggested by Nakamoto
[9—11] for the assignment of the spectra of acetylacetonates or make use
of the conclusions reached by Nakamoto et al. [12] as a result of a pertur-
tation treatment of the same assignment. This, however, has sometimes
led to absurd situations, such as assigning [13] certain tands in the spectra
of ditenzoylmethanates to CH, vibrations! It is worthwhile mentioning
that Durie et al. [14], reporting recently on their analysis of the spectra of
dibenzoylmethane and its copper chelate (both enriched with 180), concluded
that all vibrations telong to the molecule as a whole and no vibration is
localized mainly in the O-containing groups (i.e. C— O and M—O). Our pre-
liminary investigation of the spectra of a number of dibenzylomethanates
of various tervalent metals [15], showed that this certainly is not quite the
case, since a numter of bands were clearly metal-sensitive (and, consequently,
presumably due to vibrations localized mainly in the -CO-M-CO- parts of
the molecule), while the rest were not. All this, together with our interest
in the chemistry and infrared spectra of 8-diketone chelates [16], led us to
attempt to make an as complete as possible assignment of the spectra of some
dibenzoylmethanates. Of a much larger group of compounds, the synthesis
of which (by ligand-substitution reaction) we have reported [16b], for exa-
mination we chose the chelates of the aluminum group of metals (Al, Ga
and In), leaving the dibenzoylmethanates of -the transition metals for a la-
ter study. The compounds were so chosen because we wanted: to avoid, as
much as possible, the complicating factors related to the differences in the
electronic configurations of the transition metals. One would, namely, expect
a similar type of bonding throughout the three selected chelates with only
quantitative differences due to variations in the ionic radii, the total number
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of electrons etc. The remarkable similarity of the spectra of these three com-
pounds (except for the metal-sensitive bands) fully supported these expecta-
tions. The spectrum of Al (DBM), was, partly, reported by Singh and Sahai
[17] and their assignment agrees, in general, with ours which, however, is
more complete.

EXPERIMENTAL

The aluminum, gallium and indium dibenzoylmethanates were pre-
pared [165] from the corresponding acetylacetonates by action of excess of
dibenzoylmethane. The liberated acetylacetone was distilled off under redu-
ced pressure, together with the xylene which was also added to the reaction
mixture and served as a solvent. The chelates were then recrystallized from
a suitable solvent and their composition was checked by elemental analysis.

The aluminum chelate was partly deuterated (only the active y-hydro-
gen was exchanged) by standing several months at 120°C in a sealed tube
half-filled with D,O. From the recorded spectra the degree of deuteration
of the y-hydrogen was estimated as being close to 70%.

The infrared spectra were recorded, as KBr pressed disks, on a Perkin-
Elmer Model 521 Infrared Spectrophotometer. Pellets with different sample
content were used so that both strong and weak bands could be recorded
with sufficient precission.

RESULTS AND DISCUSSION

The spectra of the three investigated chelates are reproduced in Fig. 1
and the frequencies of the absorption bands are listed, together with
qualitative estimation of their intensity, in Table I.

Each molecule M(C;;H,;,0,);, containing 85 atoms, should have 249
normal vibrational modes, the degeneracy and activity of which would de-
pend on the overall symmetry of the molecule and of its site in the unit cell.
If more than one molecule exists in the Bravais cell, a possible coupling bet-
ween the vibrations of different molecules would, then, further increase
this number by the so-called correlation-filed splitting. Such an enormous
number of frequencies would be, of course, virtually impossible to handle.
Fortunately, the spectra, although rather rich in bands, are far from showing
all the bands which could be predicted on theoretical grounds. This can
be due to the fact that the molecule (and/or its site) has high symmetry or,
even more likely, to the fact that the vibrations in the identical parts of a gi-
ven molecule (especially those localized in the Ph-C-CH-C-Ph parts) are
only weakly coupled and, thus, accidentally degenerate.

It seems that the 1:1 metal-to-ligand approximation can be used
almost throughout in the assignment of the chelate-ring vibrations and that
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the phenyl groups can be treated as anproximately independent units, the
vibrations of which are very little affected by the rest of the molecule. The
assignment of the tands originating from vibrations in the phenyl groups
is, in general, easier than of those which are due to vibrations located mainly
in the chelate rings and is, consequently, discussed first (except for the bands
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Fig. 1. Infrared spectra of the dibenzoy!methanates of aluminum, gallium and indium

expected to appear below 650 cm—!' which will be discussed separately, to-
gether with the chelate-ring vibrations falling in the same region). Only the
tands below 1650 cm—" will be considered, since the only fundamental mo-
des expected in the high-frequency region are the C-H stretching ones (ob-
served as a complex feature near 3060 cm—!) and they are of no particular
jnterest.

Phenyl vibrations (1650650 ¢m—"). — There is, by now, a rather
firmly established interpretation of the spectrum of the phenyl group (espe-
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cially as far as the vibrations above 650 cm—! are concerned), based mainly
on the classical work of Whiffen on the monosubstituted benzenes [18].
Using Whiffen’s assignment as a guide, the interpretation of the phenyl
bands in the above-mentioned region (of which only two are expected to
be ,,X-sensitive”, i.e. dependent on the nature of the substituent on the ben-
zene ring) is rather straightforward and requires little comment.

The two highest ring stretching vibrations (k and / in the notation
of Whiffen [18], which shall be used throughout) anpear, except in the case
of the In chelate, as a single band exhibiting a shoulder on its high-frequency
side and centered around 1595 cm—!. The remaining three ring stretching
modes (m, n and 0) and the ring breathing mode (p), undoubtedly correspond
to the bands observed® at 1481, 1461, 1305 and 1000 cm—!' respectively.
The C—H in-plane bending modes, with the exception of the dand b vibra-
tions, appear as weak or very weak bands and could be clearly seen only
when the sample concentration in the KBr pellet was rather high. None-
theless, we believe that the assignment of the bands at 1181, 1157, 1068 and
1026 cm—! to the a, ¢, d and b vibrations rises no doubt. The assignment
of the e vibration to the shoulder observed around 1293 cm—! in the spectra
of the Al and In (but not Ga) chelates seems also sattisfactory. The bands
observed around 973, 930, 844 and 787 cm—! undoubtedly correspond to
the out-of-plane C—H deformation vibrations 4, 7, g and f (notwithstanding
Singh and Sahat’s [17] assignment of the 930 cm—! band to a C—R stre-
tching mode) and the band around 987 cm—* should, by all means, be assigned
to the remaining such mode (j). It should be noted, however, that the only
two phenyl modes of the higher-freqeuncy ones which fall slightly outside
the regions usually quoted for them [19, 20] are among this class of vibrati-
ons: both the i and the /' modes are found slightly higher than usually. In fact,
in the region where the /' mode is most frequently found (760—730 cm—1!)
there is a rather intense tand which could have been assigned to the /" mode
were it not for the results of the measurment of the spectrum of Al(DBM),-dy
which clearly showed that this band is sensitive to deuterium-for-hydrogen
substitution and should, therefore, be best described as an out-of-plane de-
formation CCH mode of the chelate ting (vide infra). An identical assign-
ment for this mode has been given by Singh and Sahai [17]. The rather intense
band around 721 cm—' almost certainly corresponds to the out-of-plane
phenyl ring deformation mode v although it is found slightly higher than
usually [19]. The remaining two non-,,X-sensitive” phenyl bands (denoted
s and w) fall below 650 cm—! and will, therefore, be discussed at the appro-
priate place.

Of the two ,,X-sensitive” modes expected in the region above 760 cm—!
it is easier to assign the ¢ mode which anpeers as a medium-intense
tand around 1077 cm—', (at the high-frequency side of the band attributed
to the mode d in the spectrum of AI(DBM),) and is shifted to lower frequen-

* Unless specified otherwise, the frequenceis which are quoted correspond to the
bands in the AI(DBM); spectrum.



14 B. Soptrajanov, I. Petrov and A. Nikolovski

cies (in agreement with its considerable C-X stretching character) in the spec-
tra of the Ga and In chelates, the corresponding values of their frequencies
being 1074 and 1058 cm—! respectively (the former of these values is less
certain, since the two bands, belonging to the ¢ and 4 modes, are almost
completely overlapped. The second of the ,,X-sensitive” bands, denoted
r (mostly an in-plane ring deformation) should be found [18—20] in the
region 800—650 ¢cm—!. The bands in this region, however, show very little
variance on passing from Al (DBM), to In (DBM), and this makes the cor-
rect assignment rather difficult. In fact, the only bands exhibiting a signifi-
cant shift are found at 754, 757 and 762 cm—! in the spectra of the Al, Gaand In
chelates respectively (as could be noted, the shift is to high er frequencies).
The deuteration data, however, show unequivocally that this is an out-of-
plane CCH bending mode of the chelate ring. The only non-assigned band
near the above-mentioned region is the very weak one found around
813 ecm—! and it is this band which is, tentatively, ascribed to the » mode.

It is noteworthy that practically all phenyl frequencies in the region
above 650 cm™!, particularly the non ,,X-sensitive”” ring vibrations, fall
in the respective regions usually quoted for them [19, 20]. The only excep-
tions are, as pointed out above, the i and f modes, both of which are C—FH
deformation modes. Our analysis of the presented here spectra, therefore,
does not seem to lend much support to the proposal, first advanced by Na-
kamoto et al. [12] and recently renewed by Hancock and Thornton [21]
about the prominent role of mesomeric interactions of the form (I) in the
phenyl-substituted B-diketone chelates.

=)
(BTN AN
N |
O O (I
\M P

n

Ligand vibrations (1650—659 ¢m—"). — The extensive work on acetyl-
acetonates shows that, exclusive of methyl vibrations, the following ligand
vibrational modes are expected to appear in the region 1650—650 cm !
(in order of decreasing frequency)*: vs(C--0); v4s (C-—-C=C)+3(C—C—H);

(near 940 cm—1) which is difficult to describe in terms of the simple group-fre-
quency concept; v (C—C—H); a ring deformation mode with some C—R stret-
ching character (R denoting the side groups: methyl or, in our case, phenyl)
and, finally, a vy (C=:C=-C) mode. The remaining chelate-ring vibrations
are expected to appear in the region below 650 cm—! and will be discussed
in the following paragraph.

Although the description of the vibrational modes which was deri-
ved for acetylacetonates may not be completely adequate for dibenzoylme-

* The description of the modes follows that of Junge and Musso [7].
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thanates (or, for that matter, other B-diketonates), it is to be expected that,
at least qualitatively, the character of the vibrations will be similar for the
two classes of compounds.

The comparison of the spectra of ordinary and deuterated Al (DBM),
permits a clear-cut assignment of the modes involving motion of the y-hydro-
gen. On the basis of their shift on deuteration the bands around 1226 cm "
(shifted to around 932 cm—!; R=vg/vp=1.32) and 754 cm—! (shifted to
about 553 cm—!; R=1.36) are unequivocally assigned to the in-plane and
out-of-plane C—C—H deformations respectively. The fact that the former
of these two tands has practically the same frequency in the spectra of all
three chelates indicates that here, in variance with the case of acetylacetonates
[7], there is little or no coupling with the antisymmetric C-=O vibration.
On the other hand, the appreciable shift (=~ 60 cm—') of the 1526 cm™!
band suggests that here, as well as in the case of the acetylacetonates, the
C-— C-_C antisymmetric stretching mode is mixed with the C—C—H ben-
ding one. The shift on deuteration of the 949 cm—! tand (found at ~895
cm—! in the spectrum of Al(DBM),-d,) shows that it belongs to'a mode
also having some C—H character, whereas its decreasing frequency on pas-
sing from the Al to the In chelate suggests (see below) some C-—O character
in it as well. In the 700—650 cm—1 region of the spectrum of Al (acac), there
are two bands : one around 687 cm—! (attributed to a ring deformation
mode) and a sharp and not very intense band around 660 cm—* which, accor-
ding to Junge and Musso [7], is better described as vy (C—C--C) mode
than as a 8 (C—R) + v (M—O), as was originally suggested by Nakamoto
[11] (the isotopic-shift data of Nakamoto et al. [8] support such a conclu-
sion). Of the two intense bands found between 700 and 650 cm—! in our
spectra, the higher-frequency one (located around 699 cm—*! in the spectrum
of Al (DBM), and slightly shifted downwards in the other two cheates) cor-

‘responds probably to the chelate-ring deformation, whereas the other one

(in all three chelates found at almost the same frequency, around 686 cm—')
most probably corresponds to a predominantly y (C—=C==C) mode. Singh
and Sahai [17] have assigned the corresponding band in their AI(DBM),
spectrum to a mode involving M—O stretching, ring deformation and C—R
stretching, but if the shifts of the corresponding bands in the Al(acac), spec-
trum on 1,3,5-8C, substitution [7] and the in the Fe (acac), spectrum on
Fe- 5Fe substitution [8] are taken into account, it does not seem probable
that the mode in question should have an appreciable M—O stretching
character.

The bands which show frequencies with a pronounced metal-sensi-
tivity must be, in one way or another, connected with vibrations localized
mainly in the -CO-M-CO- part of the chelate ring and, for the bands in the
presently discussed region, should be best described as C—O (pure or mi-
xed) stretching vibrations. Of these, probably the most easily noticable shift
is exhibited by the high-frequency component of the doublet at 1549/1526 cm—*
in the spectrum of Al(DBM), While in this case the doublet is clearly
resolved, in the spectra of the Ga and In chelates only a shoulder (at 1543
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and 1535 cm—" respectively) is visible on the high-frequency side of the band
at around 1526 cm~"' which, itself, remains at virtually the same frequency
in all three investigated compounds. The assignment of the latter band to
a C__C-C antisymmetric stretching mode with some C—C—H bending cha-
racter in it (vide supra) seems, therefore, quite certain and the assignment
of the high-frequency component of the doublet to the symmetric C—O
stretching mode is, then, also straightforward. Further support for this lat-
ter assignment (similar intepretation was recently offered by Singh and Sahai
[17] and by Hancock and Thornton [21], although their frequencies do not
quite agree with ours) is found by analyzing the published [15] spectra of
copper dibenzoylmethanate with various degrees of 80 enrichment. Namely,
in the spectrum of the %O chelate there are two distinct bands in the corre-
ponding region (quite similar, in appearence, to those found in our Al (DBM),
spectrum), whereas by increasing the 180 content the high-frequency compo-
nent is gradually shifted towards lower frequencies to become, in the spec-
trum of the chelate enriched to more than 46% with '*O, a hardly noticable
shoulder. '

The band around 1400 cm—! and the high-frequency component of
the 945/932 cm—" doublet in Durie’s spectra [15] also show changes in form,
position and intensity on 80 enrichment and are, thus, characterized as ari-
sing from vibrations involving the C-—O part of the molecule, the former
of the above-mentioned bands being due, undoubtedly, to the antisymmetric
C-=O stretching vibration. The assignment of this vibration in the spectra
of the investigated by us compounds requires, perhaps, some additional
comment. Namely, whereas in the spectra of some tris dibenzoylmethanates
[15] there is only a single band of considerable intensity in the 1400 cm—!
region, in the spectra of the three discussed here chelates there are two
bands of comparable intensity. The high-frequency band is stronger in the
spectrum of Al (DBM);, the two bands are almost equally intense in the
spectrum of the gallium compound, whereas in the spectrum of In(DBM),
the low-frequency component is the one that has higher intensity. Since the
only chelate-ring band expected in this region is the one due to vu(C— O)
and no phenyl fundamental should be found there either, at first [22] we
thought that the two bands were components of the degenerate (by symmet-
ry or accidentally) mode of the molecule as a whole. The separation bet-
ween the bands (=~ 33 cm—1), however, is much larger than that found
in almost all other bands (particularly those in the high-frequency region)
which does not, ordinarily, exceed a couple of cm—?, so other possibilities
were also investigated. The most plausible one seemed the interpretation of

mental and an overtone or combination. With this assumption in mind we
calculated the approximate unperturbed frequencies of the two bands, using
the formulae given by Overand [23]. The values thus obtained were 1402
and 1398; 1388 and 1387, and 1381 and 1380 cm—! for the Al, Ga andIn
chelate respectively. If we take the more intense tand as the perturbed funda-
mental, the approximate unperturbed frequencies of the v,s (C—O) would
be 1402, 1387 and 1380 cm—! for Al(DBM),, Ga(DBM); and In(DBM),
respectively. The gradual shift towards lower frequency (when passing from
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the Al to the In chelate) of this, as well as of the other tands associated with
vibrations involving the C--O group, suggests a progressive weakening of
the corresponding bond in the same order. The reason for this must be the
gradual increase in the covalent character of the M—O bond on passing
from Al to In, a trend observed also in other complexes of the same metals
[24]. As for the other component of the doublet, the frequency of the
1398 cm—! tand in the spectrum of AI(DBM), is almost exactly double that of
the chelate-ring deformation mode of 699 cm—'and the 1388 and 1381 cm—!
tands in the other two chelates can also be interpreted as overtones of the
same phenyl vibration.

Singh and Sahai [17] assigned to this C-==O stretching mode (coupled,
according to their assignment, with the C—H bending one) a strong band
reportedly found at 1365 cm—! in the Al (DBM); spectrum. Despite the fact
that the agreement between their and our frequencies is, in general, only
qualitative, we were able to find, in all cases except for this one, the counter-
rarts of their tands in our spectra. In this case, however, the reported fre-
quency falls in the absorption minimum between the strong bands at 1384
and 1326 cm—!, so that it is difficult to decide which one Singh and Sahai
[17] have actually assigned to the mode in question. None of the bands
in the corresponding region of our Al (DBM), spectrum shows a dependence
on deuteration, however, and, therefore, the conclusion that the C-—O stret-
ching mode is coupled with the C—H in-plane bending mode does not seem
to be justified.

65— 00 cm—" region. — The intepretation of the bands in the region
below 650 cm—1 is rather complicated and uncertain. In this region, namely,
tesides two phenyl modes which are not ,,X-sensitive’” (denoted s and w
by Whiffen [18]) and at least some of the four ,,X-sensitive” modes, ¢, u, y
and x (which could also fall in the above-mentioned region), several chelate-
ring vibrations are expected to appear between 650 and 300 cm~—!, most
of which have, at least some, M—O character. Of these only the s and w phe-
nyl modes are comparatively easy to assign: the former to the very weak
tand which is clearly resolved in the spectrum of Al(DBM), around 616
cm—! and appears as a shoulder at the same frequency in the spectra of the
other two chelates and the latter to a component of the complex feature around
400 cm—1. The identification (and, in the case of the chelate-ring vibrations,
the correct description) of the other bands can, at best, be made only tenta-
tively. The reasons for this are manifold. Thus, the regions usually quoted
[19, 20] for the ,,X-sensitive” phenyl bands extend, sometimes, to several
hundreds reciprocal centimeters and, moreover, there is an apparent disa-
greement in the assignment of two ,,X-sensitive” bands, those denoted y
(B,) and x (B,) by Whiffen [18], tetween this and other authors (e. g. [20, 25])
on the one hand and, for example, Scott et al. [26] and authors, which
have used this assignment as a guide, on the other [27, 28]. Furthermore, there
does not seem to exist, as yet, a complete consent about the correct descrip-
tion of the vibrational modes of the chelate ring, despite the fact that isoto-
pic-shift studies and theoretical calculations have yielded valuable results,
at least for the case of acetylacetonates.

2
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The situation can be further complicated by the splitting of the
bands in this region which is often (e.g.[16]) observed in the spectra
of acetylacetonates and is due to coupling between the vibiations of
different chelate rings bound to the same metal atom. It is reasonable
to assume that the extent of such a coupling will depend on the mecha- -
nical coupling between the appropriate oscillators on the one hand (so
that largest separations are expected for vibrations involving mainly the
O—M—O parts of the chelate rings) and on the overall symmetry of the
complex, on the other (the decrease in symmetry increasing the separations).
Such a coupling, however, if observed, could be used as a criterion by which
the chelate-ring vibrations could be distinguished from the phenyl modes,
which, as seen in the higher-frequency region, are virtually not coupled.
A further such criterion could be the metal-dependence of the bands. It should
be expected, namely, that the change of the mass of the central atom (Al —
26.98; Ga — 69.72; In — 114.82) would have more effect on the chelate-
ring vibrations (particularly those in which the metal atom is directly invol-
ved) than on the phenyl (even ,,X-sensitive™) vibrations in which the increased
mass of the metal does not increase so significantly the mass of almost the .
whole molecule which plays the role of the substituent X for a given phenyl
group. The comparison with the corresponding acetylacetonates could also
be of help, although it should be made with caution. Namely, as is well
known [29, 30], the dibenzoylmethanates are more stable than the correspon-
ding acetylacetonates (that this is indeed so is evidenced by, among other
things, the fact that the presently investigated ditenzoylmethanates were
prepared from the corresponding acetylacetonates by a ligand-substitution
reaction) and it is to be expected that, in agreement with the increased strength
of the metal-ligand bonds, the M—O stretching frequencies should te found
at higher frequencies in the spectrum of the dibenzoylmethanate than of
the acetylacetonate of -a given metal. Such may, possibly, also be the case
with other chelate modes (e.g. chelate-ring deformations) if the increased stabi-
lity of the complex causes an increased rigidity of the chelate ring in general.
Such a comparison, between the spectra of Al(acac), and Al(DBM), in the
720—350 cm—! region (the spectra below this frequency are unreliable both
because of the use of KBr as a matrix material and because the instrument
was not, except in recording the spectrum of Al(DBM),-d;, purged of the
atmospheric water vapor which completely obscurs the low-frequency end
of the instrument range) is shown in Fig. 2. Another point which should
be borne in mind is the apparent strengthening of the M—O bond in the
order Al, Ga, In which, as recalled, is suggested by the change of the C-—=O
stretching frequencies which are lowered inthe same order. However,
a parallel increase of the M—QO stretching frequencies might not, actually,
be observed, since the drastic increase of the mass of the central metal atom

(which should shift the M—O frequencies downwards) could play a more
mportant role in determining the position of the M—O stretching bands
than does the strengthening of the metal-oxygen bond and the associated
increase of the corresponding force constants (which should, of course, in-
crease the frequencies of these bands).
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Fig. 2. Comparison of the infrared spectra in the 725—350 cm=! region of aluminum di-
benzoylmethanate (A) and acetylacetonate (B).

A pa-allel analys's of the spectra of the acetylacetonates and of the
dibenzoylmethanates of Al, Ga and In revea's, first of all, a striking simi-
larity in share and in‘ensity between the tands found at 590/578, 582 and
571 em~—1 in the acetylaetonates of Al, Ga and In resrectively and those
observed at 638/633, 634 and 628 cm—! in the syectra of the corresponding
ditenzoyimethanates. Even the sequence of frequencies (Ga > Al > In if
the main maximum of the Al-che’a’e doublet is taken into account)is the
same in both classes of compounds. These bands in the srectra of the ace-
tyl cetonates of Al, Ga and In are ceriainly analogous to the bands in other
such chelates (Cr, Cu etc.) found at approximately the same frequencies and
variously described as either almost pure M—O stretching [4,7] or a chelate
ring deformation mode [11], possibly one in which the oxygen atom is dis-
placed significantly [8]. Its large shift on 16Q0—'8Q substitution [4,7] and

2*
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very insignificant one on substitution of carbon [7] or metal [§] atoms with
corresponding isotopes seem to suggest a vibration in which the main con-
tribution comes from motion of the oxygen atoms. As could be noted, the
corresponding bands in the spectra of the dibenzoylmethanates have higher
frequencies than in those of the acetylacetonates, which is consistent with
the expected increase of rigidity of the chelate rings in the former class of
compound. The observed, in the case of the Al chelates, splitting is, on
the other hand, in agreement with the expectations for bands due to vibra-
tions of mechanically coupled oscillators. The almost complete absence of
such a splitting in the spectra of the Ga and In chelates (both acetylacetona-
tes and dibenzoylmethanates) may be a sign of a slighter deviation of the
MO; part of the molecules of these compounds from its ideal octahedral
symmetry than in the Al chelate.

The shift to higher frequencies of the bands associated with the above=
described mode makes one to expect an even larger shift in the same direc-
tion of the bands which are due to almost pure M—O stretching vibrations.
Two such bands, at approximately 463 and 358 cm—!, exist, according to
Nakamoto et al. [8], in the spectrum of Cr(acac);. Their counterparts in the
Al(acac); spectrum are certainly the rather strong bands found at around
490 and 418 cm—*, the weak tand at 393 cm—! corresponding, apparently,
to the weak 418 cm—"' tand [8] of Cr(acac);. In the spectra of the Ga and
In acetylacetonates these three bands form complex features in which the
maxima are much more closely spaced than in the Al chelate and have fre-
quencies 447 (m), 425 (w) and 411 (ms) in the Gafacac); spectrum and
434 (m), 413 (w) and 404 (m) in the spectrum of the corresponding In chelate.
Assuming the weak band to have the same origin throughout (its exact na-
ture is not yet well-understood [7,8]) one expects to find a similar situation
in the spectra of the dibenzoylmethanates as well : a pair of bands of consi-
derable intensity (the higher-frequency one being more metal-sensitive than
the other, so that on going from Al to In chelate the bands should become
more closely spaced) plus a weak band located somewhere around 400 cm—!
or slightly higher. It is also to be expected that the frequencies of the
two stronger bands should be considerably higher in the spectra of the di-
benzoylmethanates than of those of the acetylacetonates, in agreement with
the increased stabliity of the former class of compounds. Direct analogy
is indeed observed in the 600—3500 cm—?! region, only instead of two, there
are three bands of comparable intensity (¢f. Figs. 1 and 2). The separation
between the bands is largest in the case of AI(DBM),;, while in the spectra
of the other two chelates these bands gradually coalesce, the whole feature
being shifted to lower frequencies. The most metal-sensitive is, un-
doubtedly (c¢f. Fig. 1), the 589 cm—! band in the Al(DBM); spectrum
whose counterparts in the other two spectra are difficult to single out un-
equivocally. This band, then, must correspond to the 490 cm—! band of
Al(acac); and its large (=100 cm™—") shift to higher frequency in the spectrum
of Al(DBM), is consistent with its assignment to an M—O stretching fre-
quency. If 'the other v (M—O) band is shifted upwards to a similar degree,
it is expected around 520 cm—*! in the spectrum of Al (DBM); and at some-
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what lower frequencies in the spectra of the Ga and In chelates. The band which
lies most closely to the expected value in the Al dibenzoylmethanate spec-
trum is located around 530 cm~—! and this band is, somewhat arbitrarily,
assigned to the other M—O stretching vibration. It is again difficult to pick
up the correct counterparts of this band in the spectra of the other two di-
benzoylmethanates.

The third band in the above region (600—500 cm—') must be due
to a phenyl vibration, undoubtedly one of the ,,X-sensitive’” modes, ¢ (an
in-plane deformation of the phenyl ring, being of A4, symmetry if the C,,
point group is assigned to the monosubstituted benzene ring) or one of the
two B, (in Whiffen’s choice of axes) modes, denoted y and x (both are out-
of-plane ring deformations, the former involving a ring-substituent out-
of-plane deformation as well). Of these, only the 7 mode is usually (e.g. [20])
quoted to appear as high as 535 c¢cm—', but some authors (e.g. [27, 28])
place one of the B, modes (x or y) above 500 cm— and identify the t mode
with the band appearing around 450 cm™—2, i.e. in a region where it could
be located in our spectra too. Since our experimental results do not allow
us to determine the symmetry or make other unequivocal choice of the pro-
per modes to be assigned to a given band, we tentatively (and, admitedly,
rather arbitrarily) assign the band found around 558 cm—! to the x mode
and that at approximately 460 cm—' to the 7 mode (following King and So
[28]), although the reverse assignment, with, possibly, substitution of the y
mode instead of x, could also be in line with the published work on monosub-
stituted benzenes.

Of the bands in the 600—500 cm—' region, only one is assigned to
an Al—O stretching mode by Hancock and Thornton [21], although it is
not clear whether their 532 ¢cm—! band corresponds to our 530 cm—! fre-
quency, since no ,,additional strong band at 453 cm—1... also... attribu-
table to the Al—O stretching fequency” could be found in our spectra: the
460 cm™" band is, namely, one of the weakest ones in the Al(DBM), spec-
trum. In fact, the only band of considerable intensity near the above value
is the one found around 416 cm—" in the spectrum of Al (DBM),, which is
either shifted (leaving only the broad feature corresponding, at least in part,
to the phenyl w mode) in the spectra of the other two chelates or has there
a much lower intensity. The correct assignment of the 416 cm—! band, as
well as of the shoulder observed near 400 cm—! and the weak bands around
370 and 320 cm—* (the latter being clearly visible only in the spectrum of
the deuterated Al(DBM),, the only one recorded, as noted earlier, with the
instrument purged of atmoshperic water vapor) is not clear. The assignment
of one of the bands around 400 cm—! to a mode (probably another out-
of-plane chelate-ring deformation in which the oxygen atoms take significant
part), identical with the one to which the weak 392 cm—! band in the Al (acac),
spectrum is due, seems rather convincing : on the one hand the frequency
is higher than in the acetylacetonate and, on the other, this could explain
the observed doubling of the 450 ¢cm— band in the spectrum of the Ga and,
especially, the In dibenzoylmethanates (as mentioned earlier, the correspon-



22 B. Soptrajanov, 1. Petrov and A. Nikolovski

ding tands in the spectra of Ga and In acetylacetonates have also frequen-
cies higher than in the Al (acac); spectrum).

The 370 cm~! tand of AI(DBM), (observed near 380 cm~! in the
In (DBEM), spectrum and, apparently, around 390 cm—! in the spectrum of
the Ga chelate) could te due to one of the ,,X-sensitive” phenyl tands, most
probahly mode u (mostly an in-plane Ph-X deformation vibration).

Overtone and combination bands. — Besides the tands included in the
foregoing discussion, a numter of weak or very weak bands were observed,
especially when the sample concentration in the peilet was high. Almost all
such tands could be explained as due to overtones or binary combinations
of the observed fundamenta's and will not te discussed further. We could
not, however, find suitable combinations to explain the very weak ltand a-
round 1127 cm—* and the shoulder at slightly lower frequency (1695 cm—! in
the Al (DBM); spectrum) so that these tands are apparently due to combi-
nations involving some low-lying fundmental.

It is, protably, also noteworthy that, besides the overtone of the v
phenyl fundamental (discussed in connection with the assignment of the
ves(C==0) vibration), another overtone, that of the / phenyl mcde at 724 cm— ',
which appears around 1443 cm—! aprarently rarticipates in a Fermi-
resonance interaction. This is evidenced by its gradval increase in intensity in
going from Al to In ditenzoylmetlanate, followed by the weakening of the
neighbouring (1461 cm~"') tand which is attributed to the 1 phenyl fundamen-
tal. This fact indicates that the symmetry of the phenyl group is certainly
lower than the ideal Cy, in which the n mode is of B; species, while each over-
tone has A4, symmetry. Such a conzlusion is, of course, consistent with the
appearence of all (even forbidden under Cy, symmetry) phenyl fundamentals.
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n3BO[J

NHPPALUPBEHNU CIIEKTPU HA JUBEH30UJIMETAHATUTE HA AJIYMUHNYM,
FAJIMYM U NHJANYM

b. Mlonaipajanos, H. Ieiipos u A. Huxoaoecru

Ciumvern ce MHOPAUPBEHUTE CHEKTpu Ha aumdzuzounMetanatute (1,3-mudenun-
1,3-porrarmonaTo xematn) Ha Al, Ga u In, kako u criekraper Ha JAENYMHO AEYTEPUPAHUOT
allyMHUBUYMOB XeslaT. Hanpaeen ¢ oduj jia ce acMrHMpaart, KOJIKY 1110 € MOXHO TTOKOM-
AJIETHO, MOCMATPAHUTE UHOPAUPBSHH JIGHTH, YIoTpeDyBajKku Tu Kako 0a3a MHOCTOjHUTE
urdopmalu 3a cnskrpure Ha austuiaueroHarare  (1,3-guMerni- 1.3-npomaHanoHaTH) H
Ha MOHOCYNCTUTYMpaHuTe OcH3eHu. [leyrepupamero (mpoueHeTo kako 70% LejlocHO) Ha
Y BOAOPOJOT OJ XENATHUOT INpcTeH momara npu acurdHammjata na O(CCH) u, ocodeno,
Y(CCH) wmopnosure. MudpaupseHUTS CISKTPU HA UCITHTYBAHUTE XEJATH 3a10BOJIMTEIIHO
MOXKE 1a €2 TPETHpaaT BO ampokcuMaldjaTta MerTan : jwmrang | : 1, nmopamy penaTHBHO
cmadara MHTepaxumja Mefy BUDpALMHTE HA TPUTE XeNaTHH TpcTenu (0CODEHO OHUE JIOKa-
susupann rinasao Bo Ph-C-CH-C-Ph nenosute on Mosckynata). MESHUIHUTE TPYNU MOKE
Jla Ce TPSTUPAAT KAKO MPHUOIMAHO HE3ABUCHU CAMHKYU, CO BUOpaumoHu GppexpecHumm (npej
CE OHME HA BMUODPALMUTE HA Il p C Ui € H 0 [l WTO He ce ,,X-0CeTyInBN’’) WITO MalaaT BO IOZA-
padjata KOM 3a CeSKOja O/ HMB ODMYHO CC HABENYBAT. 34 Paszimika OJ CJyYajoT Ha ALETHI=
aleToOHATUTE, U3rjeda Jeka Tyka Heme 3abenexwresnno memame na C-C-H pedopma-
umjata BO paMuuHata v antacumMerpuynata C--O BajeHTHA BUOpauumja, J10A€Ka BUOPALIU-
ata wTo e npaumuo antucumerpuya C-—=C-—C Budpaummja uma u 3(CCH) xapaxtep,
Hexonky BuOpauun, unrepnperupann kake M—O BajcHTHM win JchOpMAald HA XenaT-
HUOT TMPCTCH UMAAT 3HAYUTCIHO HOGUcoxU (HPSKBSHIMM BO CIICKTPUTE HA JIMDESH30MIIMETA-
HATUTE OJIOUITO BO OHME HA COO/BETHUTE AUCTHJIALETOHATH, BO COTJACHOCT CO 3rojieMe-
HATQ CTAOWIHOCT HA COSAMHCHMjaTa OX NPBUOT THII.
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