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Interpretation of the Raman Spectra of Aqueous Acid Solutions
in Terms of the Polarizability of Hydrogen Bonds

Part 1.—Aqueous HCI Solutions
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In the Raman spectra of pure water and aqueous HCl solutions a continuous scattering is found,
similar to the continuous absorption observed with the i.r. spectra of acid solutions. The continuum
of energy level differences probably arises from the extremely large proton polarisability of the hydro-
gen bond in the H5O3 grouping, since the large polarisability causes interaction effects of these hydro-
gen bonds with their environment, so shifting the energy levels. Below 300 cm~! an extremely strong
intensity increase for the acid solution is caused by the O - - - O stretching vibration. One reason for
this Raman intensity may be the large change of the hydrogen bond polarisability caused by the
proton as a function of the O - - - O distance in the hydrogen bond (OH - - - O)* . The intensity of
the H,O torsional vibrations at 780 and 450 cm~! rises, too, with increasing acid concentration, but
not as strongly. This, also, may be explained by the large proton polarisability of the H-bond.

In many different liquid systems in which (BH - - - B)* or (BH - - - B)~ hydrogen
bonds are present, strong continua are observed in the infra-red spectra.!”’” With
acid solutions or acidic polyelectrolytes, these continua are considered to be caused
by HsO% groupings.’* * The reason suggested for these continua is the extremely
large polarisability of the hydrogen bond caused by the proton in this grouping,3-'°
since the polarisability causes various strong interaction effects of the hydrogen
bonds with their environment.'* 4 °-12  These interactions shift and split the energy
levels of the vibrations of the hydrogen-bonded systems. Hence a continuum of
energy level differences is observed in the i.r. spectra. The question arises: Is this
continuum also observable in the Raman spectra and are the Raman intensities
influenced by the polarisability of hydrogen bonds?

EXPERIMENTAL

PREPARATION OF THE SOLUTIONS

HCIl and all salts are p.a. substances supplied by Merck, Darmstadt, West Germany. All
solutions except the 12 N HCI solution were degassed with a low vacuum immediately before
spectral plotting, and were prepared with triple-distilled water.
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All spectra were taken with Raman spectrometer Cary 82 (triple monochromator) with
multipass equipment, whereby the usual Cary liquid cell was used. The excitation radiation
used was at 4880 A (Spectra Physics, argon laser, model 165). Identical results were ob-
tained with the excitation radiation at 6471 A (Spectra Physics crypton laser, model 165).
With all spectra the following conditions were kept exactly the same : the intensity of the
radiation was kept constant (100 mW, controlled at the sample). Spectral band width
1.0cm~!. Sensitivity, see legends to the figures. Pen period 20 s with acids and 10 s with
salt solutions. Registration speed 0.025 cm~*/s. The spectra were plotted without zero
suppression. The reproducibility of the results was checked several times.

RESULTS

In fig. 1 are plotted the Raman spectrum of pure water and the Raman spectra of
aqueous HCI solutions for a range of concentrations. The Raman spectra of water
and electrolyte solutions have already been investigated and discussed by various
authors.13-25 In table 1 is given the assignment of the Raman bands of pure water.

intensity

4000 3000

wavenumber/cm—*

Fic. 1.—Raman spectra of aqueous HCI solutions at 20°C. Region 2700-0 cm~!: counting the

curves in the order of increasing background, the concentrations are 0.0; 2.0; 4.0; 6.0 and about

12 M HCI (sensitivity 103 ¢s™1, f.s.d.). Region 4000-2700 cm~': —— 0.0 and ..... 4.0 M HCI
(sensitivity 5x 10® ¢s™, f.is.d.), —- - - - 10 M HCI (sensitivity 10* ¢ s~1, f.s.d.)

TABLE 1.—THE RAMAN BANDS OF PURE WATER (IN cm™!) (TAKEN FROM REF. (17), (19), (23))

60 see ref. (19)
175 O « « « O stretching vibration
450} torsional vibrations
780
1645 v, H,O scissor vibration
2115 see ref. (1) p. 35

3250 29,

3425 stretching vibration of the Fermi resonance 26
hydrogen-bonded OH
groups

3625 stretching vibration of the free OH groups

On comparing the spectra of acid solutions with those of pure water, the following
observations may be made :

(a) In contrast to pure water, with acid solutions a continuous scattering is
observed, similar to the continuous absorption in the i.r. spectra,’*? which begins
at the OH stretching vibration (at about 3000 cm~!) and extends toward small
wavenumbers. The intensity of this continuum rises with increasing acid concentra-
tion.
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(b) The shoulder of the O - - - O stretching vibration which is observed in pure
water at 175cm~' '* becomes much stronger with increasing acid concentration,
causing extremely strong scattering below 300 cm~!. Hence, with the greatest HCI
concentration an extremely strong broadening of the excitation line is observed.

(¢) The torsional vibrations which are observed in pure water as a very weak band
at 780 cm~!, as well as equally weak band at about 450 cm~',*® become more
intense with increasing acid concentration. This effect is more pronounced with the
band at 450 cm~1.

Fig. 2 shows the Raman spectra of 4N aqueous alkali-halogenide solutions (for
comparison spectra of pure water and 4N HCI).

intensity
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Fic. 2.—Raman spectra of pure water and 4 N aqueous solutions (sensitivity 10° ¢s~!, f.s.d.).
Pure water —; LiCl -+ -- - ; NaCl, KCl - -+ -~ ; CsCilm—==+———> ; HOl@N) ... ...

(d) As compared with pure water a small broadening of the excitation line is
also observed with the salt solutions. However, this effect is much less pronounced
than with the acid solutions. The broadening of the excitation line increases from
LiCl to CsCl solutions.

DISCUSSION

In fig. 3 are shown the two proton boundary structures of the HsO% grouping
with their environment.

The continuity of energy levels observed as continuum (result (a)) is likely to be
caused, as in the infra-red spectrum, by the transitions of the excess proton in the
hydrogen bond of the H;O%,1> 4 9-11 whereby the coupling of these vibrations with
other vibrations is of significance.® 1°

The extremely strong intensity increase below 300 cm~! (result (5)) can be explained
as follows. Generally the Raman intensities are determined by the operator of the
induced dipole moment as a function of the positions of the nuclei.2” These relative
transition probabilities are given by

Ay = (ﬁo_vij)“#izj (N
whereby ¥, is the wavenumber of the excitation line and (¥, —¥,,) is the wavenumber
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of the Raman line corresponding to the transition between the states 7 and j, y;; is the
matrix element of the induced dipole moment.
In the following the induced dipole moment is considered as a linear function of
the field strength.
u(ql, qzs « « +s Gks E) = a(é’u qzs -+ qk)E (2)

The normal coordinates of the vibrations are given by g4, ¢, - . ., ¢x; E is the ampli-
tude of the electrical field strength of the excitation line. Only the components in
bond direction are taken into account, since the polarisability in this direction is the
dominating contribution. Usually (g4, g5, . - ., gx) is expanded in a Taylor series.
In the case of small vibration amplitudes this expansion can be terminated at the
linear term. Hence the usual formula for the relative transition probabilities

k aa 2
Aij = (Vo—‘_’ij)‘lEz(z (3_> <lﬁi|%|¢j>> 3
1=1\%1/0

is obtained, whereby (Y;|q,|¥,> are the transition moments between the states 7 and .

FiG. 3.—The two proton boundary structures of HsO% with their environment.

With hydrogen bonds of the type (BH - - - B)*, however, very large amplitudes may
occur. The polarisability of (BH - - - B)* bonds may be two orders of magnitude
larger than the usual polarisabilities of electron systems.®-'° This polarisability is
caused by the proton motion in the (BH - - - B)* bond (for details see ref. (8)-(10)).
Furthermore, this kind of polarisability may change very strongly with the O --- O
distance as shown by fig. 4. In this figure, the polarisability is plotted as a function of
the O - - - O distance for different fields at the hydrogen bond (0, 0.5 x 107, 1.0 x 107
and 2.6 x 107 V ecm~! (data taken from ref. (10)).

When the wavenumber of the hydrogen bond stretching vibration v, is smaller
than the wavenumber of the proton fluctuation ¥y + in the hydrogen bond, i in eqn (2)
must be averaged over the proton positions in the sense of the adiabatic approxima-
tion.28 1In the case of H5O?% this condition

‘_]00 < ‘_}H+ (4)

is fulfilled for O - - - O equilibrium distances up to about 2.6 A in the symmetrical
case, i.e., when no field is present at the hydrogen bond.!® With a rising electrical
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field the wavenumber of the lowest OH transition ¥y+—in the symmetrical case the
tunnelling transition—increases more and more. Thus with such fields the condition
Voo < Vn+ may be valid for larger O - - - O distances also. In fig. 4 in the region to the
left of the dashed line this condition is fulfilled.'

0[107V/em]

ax1072*/ecm~!

‘loo/A

Fi1G. 4.—Polarisability of the hydrogen bond in HsOj as a function of the O--- O distance
for different electrical field strengths (0, 0.5x 107, 1.0x 107 and 2.6 x 107 V cm™!).

In H;O% isolated from its environment (fig. 3) the O - - - O stretching vibration is
calculated to be 430 cm—1.1° This value is in relatively good agreement with the
value, 412 cm™!, observed.?® However, in the liquid state the HsO% is not isolated,
therefore the mean O - - - O bond strength in the network becomes weaker. Further,
the O .- O stretching vibration of Hs;O% couples strongly with other O--- O
stretching vibrations in the neighbourhood. Thus the wavenumber of this O --- O
vibration of the network is lowered. Due to this lowering of the O - - - O stretching
vibration the frequency condition, eqn (4), becomes more valid. Hence the polaris-
ability caused by the proton motion might explain the high Raman intensity of the
O - - - O vibration, and hence the very strong rise of the intensity in the range below
300 cm~! with increasing acid concentration (result (b)), because one must now
substitute o = a(goo) in eqn (2). Besides the polarisability of the hydrogen bonds,
polarisabilities caused by rearrangement processes in the solvate structure network
may also contribute to the scattering near the excitation line (see discussion on salt
solutions).

The pronounced—but much less marked—intensity increase of the torsional
vibrations (result (¢)) may be explained similarly. The torsional vibrations of the
water molecules change the potential well of the proton in the H;O% and hence the
polarisability of the hydrogen bond. With these wavenumber values one is, however,
near the limit of validity of the wavenumber condition (eqn (4)).'° Hence the intens-
ity of these vibrations is not as strongly increased by the proton polarisability of the
hydrogen bond. The condition is more valid for the vibration at 450 cm~* than for
the vibration at 780 cm=!; therefore, the band at 450 cm~! becomes stronger.

SALT SOLUTIONS

The small broadening of the excitation line with salt solutions (fig. 2) (result (d))
may have a similar cause. The rearrangement processes in water and aqueous
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solutions are connected with changes of the polarisability of these solutions. These
rearrangement processes are, however, not very fast. Therefore the polarisability due
to these rearrangement processes influences only very low wavenumber transitions,
i.e., the transitions observed near the excitation line. Thus this broadening of the
excitation line is probably strongly connected with the high frequency dielectric
properties of the salt solutions.

The broadening of the excitation line increases from Lit to Cst. Hence one
should conclude that the rearrangement processes causing the polarisability are
faster in the aqueous CsCl solutions than in the LiCl solutions.

We thank the Deutsche Forschungsgemeinschaft and Fonds der Chemischen
Industrie for providing the facilities for this work.
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