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Abstract: The infrared spectra of the title compound, oxonium 4-methylbenze-
. nesulfonate were studied, in the high-frequency region, at room temperature and at the
boiling temperature of liquid nitrogen. Also studied were the spectra of the analogues
in which the protium atoms were partly substituted with deuterium. The spectral
picture in the region of H;O* stretching vibrations is in agreement with the
crystallographically determined short O--O contacts. A complex and structured feature
reminiscent of the classical A,B,C trio and apparently due to Fermi resonances of the
Evans type is observed in this region. The most likely candidates for such an
interaction producing a transmission window (Evans hole) near 3260 cm” are the
symmetric stretching H;O* vibration and the overtone or a suitable combination of fac-
tor-group components of the symmetric bending mode (by implication, the frequency
of the symmetric bending vibration must be close to 1150 cm™). In a situation like this,
it is futile to seek a precise determination of the two stretching frequencies and, as a
consequence, of the order in which these two modes appear in the spectrum. The
asymmetric bending mode gives rise to a band whose frequency is close to 1640 cm™.

Introduction

Among the salts of 4-methylbenzenesulfonic acid!, the title compound occupies a
special position. This compound, widely known as p-toluenesulfonic acid monohydrate,
has been proven [1, 2] to be, in fact, oxonium 4-methylbenzenesulfonate — one of the not
very numerous compounds containing the oxonium cation, H;O". All three hydrons of
each oxonium ion are involved in the formation of quite strong, practically linear and
almost equivalent hydrogen bonds with three different 4-methylbenzenesulfonate anions,
the O--O distances ranging from 252.0 to 253.8 pm. The H-O-H and O---O---O angles

1 An alternative (and even more common) name for this compound is p-toluenesulfonic acid from
which the shorthand representation pTS for its anion is derived.
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are also very similar. The values for the analogous parameters in the deuterated
compound [3] are not significantly different. Although the H;0" ions are situated in ge-
neral positions, their effective symmetry is very close to the ideal C3, one. Each of the
three oxygen atoms of the SO3 group serves as a proton-acceptor in a hydrogen bond
formed with a different oxonium ion. A network of strong hydrogen bonds is thus
formed suggesting that oxonium 4-methylbenzenesulfonate might act as a proton con-
ductor.

In view of the rather exceptional structural characteristics, the infrared spectra of
the title compound have received surprisingly little attention. To the best of our
knowledge, the only published work is that of Basile et al. [4] who studied the infrared
spectra (at room temperature only) of both protiated and highly deuterated oxonium
4-methylbenzenesulfonate. Under the impression that some of the conclusions of these
authors are questionable, we decided to subject the title compound to a more rigorous
infrared study, the spectra being recorded at room-temperature (RT) and at the boiling
temperature of liquid nitrogen (LNT). Only the results concerning the spectral regions of
the internal H;O" vibrations are presented in the current paper and it is planned to
publish the rest of the results in due time. It should be pointed out that the present study
is a continuation of our previous work [5-7] on the infrared spectra of salts of 4-methyl-
benzenesulfonic acid.

Experimental

The protiated form of oxonium 4-methylbenzenesulfonate was a commercial
product (Merck, p.a.) recrystallized from a 30 % aqueous solution of ethanol in an inert
atmosphere. The crystals were hygroscopic. The deuterated analogue was obtained by
repeated recrystallization from H,O/D,0 mixtures of appropriate composition or from
pure D,0. The infrared spectra were recorded on a Perkin-Elmer 580 infrared spectro-
photometer. For the low-temperature measurements a variable-temperature cell (RIIC,
London) was used. Liquid nitrogen was used as a coolant. Spectra from both KBr
pressed discs and Nujol mulls were recorded.

Results and discussion

An idealized pyramidal H;O* ion with Cs, symmetry is expected to have two
stretching vibrations — one symmetric, v, (with A; symmetry) and one asymmetric, Vs (it
is doubly degenerate, with E symmetry). The corresponding bands are expected in the
high-frequency part of the mid-infrared region, their exact frequencies (and, perhaps,
even. the order of appearance) depending mainly on the hydrogen-bond strength. In
addition to these, there is a non-degenerate bending vibration v, of A; symmetry (usually
found around 1150 cm™) and a doubly degenerate bending mode v4 of E symmetry (it
appears between 1700 and 1600 cm™) [4]. Since the site group of the H;O" ions in the
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presently studied compound is only Cj, all degeneracies should be removed and all
vibrations should become both infrared and Raman active. Because of the presence of
four formula units in the crystal unit cell, each of the non-degenerate modes and of the
components of the doubly degenerate ones could be additionally split (as a result of
interactions between identical oscillators in the unit cell) into two infrared active and
two Raman active components. As mentioned above, however, the geometry of the H;O*
ions in oxonium 4-methylbenzenesulfonate is such that one does not expect a pro-
nounced site-group splitting of the degenerate modes, the extent of the correlation-field
splitting being difficult to anticipate a priori.

As already pointed out, practically all internal vibrations of the H;O" ions give
rise to bands appearing above 1600 cm™ and if one is interested in these vibrations
only?2, then it is sufficient to study the spectra in the 4000-1600 cm™ region. The only
mode falling outside the aforementioned region is the totally symmetric bending
vibration v, which is difficult to locate in the spectrum of the protiated compound since
it is expected to appear in the region of strong absorption which is predominantly due to
the stretching vibrations of the SO; groups (the attempts to locate the v, oxonium band
will be discussed near the end of the present paper). For a compound containing a
benzene ring and a CH; group, bands due to C-H stretches and stronger sharp bands
arising from ring stretching modes are also expected in the above-mentioned region.

The RT and LNT infrared spectra of oxonium 4-methylbenzenesulfonate
recorded from KBr pellets are shown in Fig. 1. Immediately apparent is the broad
complex feature covering practically the whole region down to 1550 cm™', but several
sharp bands are also easy to notice. The latter bands (as well as the sharp bands
appearing around 3000 cm™ which are better visible in the LNT spectrum) are due to
tolyl vibrations and, therefore, are not relevant to the present study.

The appearance of the rather strong band above 3200 cm™ (such a band has not
been mentioned before [4]) made us to suspect that it is an artefact due to some impurity
or to some sort of interaction of the sample with the matrix. So, as mentioned in the
experimental part, the spectra were recorded from samples dispersed both in KBr discs
and in Nujol and the two sets of spectra were compared (Fig. 2). It is easily noticeable
that the band under discussion is practically absent in the Nujol spectrum but,
fortunately, the remaining bands in the two types of spectra are essentially identical, at
least in the investigated region. It should be noted that our spectrum in Nujol

_corresponds very well to that reported by Basile et al. [4], except that these authors do
not show the whole region and their spectra (of the protiated and deuterated oxonium
4-methylbenzenesulfonate) begin at around 2800 cm™.

2 The oxonium ions in a crystal are expected to have external vibrations (hindered rotations and
translations) as well. These latter modes are outside the scope of the present paper.
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Fig. 1. — The high-frequency region of the infrared spectra
of oxonium 4-methylbenzenesulfonate recorded at room temperature (RT)
and at the boiling temperature of liquid nitrogen (LNT) from KBr pellets
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Fig. 2. — The high-frequency region of the spectra of oxonium
4-methylbenzenesulfonate recorded in a KBr pellet and in Nujol
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Ignoring the bands above 3200 cm™, it is necessary to interpret the origin of the
remaining ones. Basile er al [4], mainly on the basis of their normal-coordinate
treatment of the vibrations of the oxonium ion, concluded that the v; mode has a higher
frequency than the asymmetric stretching mode v; and assigned the former mode to a
2700 cm’ max1mum and the latter to a much less pronounced peak appearing at around
2600 cm™. A rather guarded assignment along similar lines was given, for the case of
H;0"SbF¢™ and H;0*AsF¢ by Christie et al. [8] while other authors [9,10] prefer the
opposite order of the stretching frequencies.

The fact of the matter is that in the case of such broad and structured features in
the O-H stretching region as is the case here, it is difficult to say whether the observed
peaks indeed arise from true bands or they just seem to represent bands. Namely, for a
strongly hydrogen bonded system such as the present one, both v; and v, should give
broad bands which may have similar frequencies, the spectral picture being further
complicated by vibrational interactions of the fundamental stretching vibrations (one .or
both of them) with second-order transitions. The existence of a sharp (especially at
LNT) transmission window around 2260 cm’ strongly supports the notion of Fermi
resonance (vibrational interaction of the Evans type [11-13]) of the stretching
fundamentals with second order transitions (most probably, involving factor-group
components of the v, mode which should, then, have a frequency of 1150 cm™ or
slightly lower, i.e. exactly in the region where it is expected). If this is true, then the
peaks flanking the window do not represent bands and no significance should be
attached to their frequencies. Since the symmetry of the oxonium ion could not be signi-
ficantly different from Cs,, a better candidate for interaction with the overtone of the v,
(under the C3, symmetry, it is of the A; type) would be the totally symmetric mode v,
(its symmetry is Aj, the same as that of 2v,) rather than vs.

A strong (true or apparent) band centered around 1850 cm’ is found in the
spectrum of the protiated compound and is absent in that of the deuterated one (Fig. 3).
It exists also in the spectra reported by Basile er al. [4] but is left there without any
explanation. Its behaviour on deuteration proves that it originates from some H;O" mode
and it is highly probable that the transmission window somewhat below 2000 cm™ is
another example of Fermi resonance which would then qualify the 1850 cm™ band as an
equivalent of the third component (usually called ‘band C ) of what is known as A,B,C
trio3 [14]. Such a trio is, it should be noted, characteristic for systems where there are
hydrogen bonds of strength comparable to that of the H-bonds found in oxonium 4-me-
thylbenzenesulfonate [15]. It is not clear whether only one of the stretching modes or
both of them give rise to features of the ‘A,B,C trio’ type. The difficulties of finding an
equivalent of the ‘band C in the spectrum of the deuterated analogue is consistent with
the known behaviour of this band on deuteration [16, 17].

The assignment of the band at around 1640 cm to the asymmetric bending mode
V4 is not only in agreement with the work of Basile et al. [4] (their frequency is
somewhat higher) but is supported by its temperature and deuteration behaviour — on

3 The ‘bands’ A and B of the trio are expected at higher frequencies.
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going from RT to LNT it is shifted towards higher frequencies while on deuteration it
disappears. Its equivalent in the partly deuterated compound is found above 1180 cm’
(cf. the middle curve in Fig. 3). '
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Fig. 3. — The spectra of the protiated oxonium 4-methylbenzenesulfonate
and of two partially deuterated analogues (the deuterium content increases from top to bottom)

As already discussed, the Evans hole at around 2260 cm’ can be interpreted as
due to Fermi resonance between one of the oxonium stretching vibrations and the
overtone of the symmetric bending vibration v,. It is difficult to see whether or not a
band sensitive to deuteration exists around 1150 cm™ although it is clear that the bands
around that frequency become narrower in the spectrum of the partly deuterated sample
(the middle curve in Fig. 3). However, a new band of considerable intensity is clearly
visible around 870 cm™ in the spectrum of the most deuterated sample (the bottom curve
in Fig. 3) and it is highly likely that it is due to v,(D30"). Assuming a value of 1.32 for
the isotopic ratio, the counterpart of this band in the spectrum of the protiated sample
should indeed have a frequency close to 1150 cm’

Conclusions

What has been said above can be summarized as follows:

e the two stretching vibrations apparently have similar frequencies and at least one
of them (probably the symmetric one) is involved in Fermi resonance of the
Evans type with the overtone of the symmetric bending vibration; :
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e because of such interactions, it is practically impossible to determine the exact
frequencies of the two stretching modes, although it is likely that the symmetric
stretching vibrations has a frequency close to that of the transmission window
found around 2340 cm'l;

e the symmetric bending mode has a frequency of = 1150 cm’;

e the asymmetric bending mode gives rise to a band whose frequency is close to
1640 cm™. ‘
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Pesume

CIIEKTPOCKOIICKHA U3YYYBAIHA HA COJIN
HA 4-METUJIBEH3EHCYJT®OHCKATA KUCEJINHA.
IV. BHATPEITHU BUGPALIUN HA KATJOHOT
BO HH®PAIIPBEHUTE CIIEKTPH HA OKCOHUYM
4-METUIBEH3EHCYJI®OHAT

Mupjana PucroBa i Bojan IllonTpajanos

Huciiuinyiu 3a xemuja, ITM D, Ynusepauisied ,, Ce. Kupua u Meiwioguj ",
I1. gpax 162, 91001 Ckouje, Maxegoruja

W3syvysanu, BO BHCOKOQPEKBEHTHATa OONACT, c¢ HH(PAIPBCHATE CHCKTPH HA OKCOHHUYM
4-MeTUN0EH3EHCYNDOHATOT U TOa Ha cOOHAa TEMIEpAaTypa M Ha TeMIepaTypaTa Ha BpHEH-C Ha
TCYHHOT a30T. [ToKpaj Toa, N3y4yBaHH ce M CIEKTPUTE Ha AaHATIO3UTE HA OBA COCIMHCHHE BO KOH JIe
OJ1 aTOMHUTE Ha MPOTHYM CC 3aMEHETH CO aTOMH Ha JieyTepuyM. CneKTpanHaTa clMKa BO NOApPaYjeTo
Ha BaJeHTHUTE X;0* BUOpaIMH € BO COTTIACHOCT CO NMOCTOCHETO Ha Kych O-+O pacrojanuja, OHAaKBH
KaKBH IITO ce HajicHu KpucTanorpagcku. Bo oBa noapadje ¢ HajacHa KOMIUICKCHA M CTPYKTypHpaHa
JICHTa LITO NMOTCEKaBa Ha KJIACHYHOTO A,B,I] TpHO M, HAajBepOjaTHO, € pe3ynaTaT Ha (hepMUEBCKH
PE30HAHIA OJf €BAHCOBCKM TuIl. HajBepojaTHUTE KaHAUAATH 32 BaKBH MHTCPAKIMH KOMIUTO TOBENY-
BaaT JI0 NMOjaBa Ha TPAHCMHMCHOHO OKHO (eBaHCOBCKA JIyNKa) Ha okoiy 3260 uM™ ce cumeTpuyHaTa
BaneHTHa X;0* BuOpanuja ¥ OBEpTOHOT, OJIHOCHO HEKOja MOTOfHA KOMOWHanuja Ha ¢akTop-rpy-
MOBUTE KOMIIOHEHTHM HAa CUMETpPHUHaTa AcdopMaluoHa BHOpalHja Koja, BO BaKOB Cy4aj, MOpa la
nexu 6ausy no 1150 ma’. TIpu BakBa cHTyaluja, HanpasHO e GapameTo (hPeKBEHIMHTE Ha JIBETE
BaJeHTHY BUOpanuu aa GMIAT TOYHO ONpEAC]IEHH M, KaKO MOCIE/MIA Ha OBa, HEBO3MOXHO € J1a ce
YTBP/IM PEOCAENOT 10 KOj THE ABE BUOPANMH CE MOjaByBaaT BO CNEKTApOT. ACUMETpHYHATA iehop-
MaluoHa BUOpaluja 1aBa JIeHTa YHja ppekBeHiuja e 6rcka 1o 1640 .
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