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Far Infrared and Raman Studies

On the 0"H—O Bond Stretching Vibrations

In Crystals

by

V. Ananthanarayanan

Summary

The bond stretching force constants and the frequencies of the

O-H—O bonds in selected crystals where precise experimental deter-

minations of the hydrogen positions by diffraction methods are

available, were calculated theoretically by making use of the Lip-

pincott-Schroeder potential function to test its applicability for general

usage. Experiments in the medium and far infrared regions (100 -

700 cm -^) on these crystals were carried out to locate the hydrogen
bond stretching frequencies. These data along with the Raman
Spectral data, collected from the literature as well as from our ex-

periments, are discussed in relation to the calculated frequencies.

These frequencies and force constants were also calculated on this

model as a function of O-H—O bond lengths between the limits

2.4 to 3.0A and in intervals of 0.1 A. These results are presented

in the form of a table which may be used to approximately determine

these quantities as a function of bonded distance. The experimental

results show that the potential function used seems to be satisfactory

in predicting the hydrogen bond stretching frequencies.

Introduction

A number of theoretical and experimental studies on the vibra-

tional spectra of hydrogen bonded O-H—O systems in crystals have
been made [1-8]. The potential function associated with the move-
ment of the hydrogen atom within the hydrogen bond was developed
by LIPPINCOTT and SCHROEDER [1,2] and it is here applied to

explain the features in the low frequency region of a number of

crystals. Recently in the vibrational spectra studies of two dicarb-

oxylic acids, one of us [6] appUed this function with success to ex-

plain the hydrogen bond vibrational frequencies observed in the

Raman spectra of adipic and sebacic acids.

The application of the potential function of LIPPINCOTT and
SCHROEDER to calculate the stretching force constant, requires,

besides other easily available data, essentially the O-O and O-H bond
lengths of the hydrogen bond. The use of the neutron diffraction

method to locate the hydrogen atom positions in crystals, has enabled
the precise determination of the bond lengths in many crystals. The
availability of such data prompted us to make the theoretical

calculations of the frequencies with this potential function and to test
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its applicability for general use. Experimental far infrared and Raman
studies on the vibrational spectra of these crystals were also made to

locate the frequencies.

Theoretical Calculations and Results

Details of the LIPPINCOTT and SCHROEDER potential model
are available in the literature [1, 2] and only the essential aspects

are outlined below.

In this model, an explicit form is assumed for the movement of

the hydrogen atom in the hydrogen bond based upon a Morse func-

tion. It is made up of four terms relating to the O-H bond, H—

O

bond and two other parts representing the Vander Walls repulsion

and electrostatic attraction between the oxygen atoms. The potential

function contains, in addition to the O—O distance (R) and O-H
distance (r), a number of other parametric variables. The condi-

tions characteristic of stable equilibrium for the motions of the nuclei

along the hydrogen bond are used to relate many of these quantities

to the experimental data. This model is highly successful in cor-

relating such experimental behavior as the dependence of the O-H
stretching frequency shift, H-bond energy and O-H bond length

with the O-O distance. Although this force field lacks simplicity

in performing calculations, it is suited to the present work, in view
of its inherent advantages. The final expression for the force constant

of the O-H—O hydrogen bond used in the present calculations is

the same as that given in reference 6. The numerical values of the

constants are also listed in the same reference and need not be re-

peated here.

In Table 1 is given a selected collection of the structure data for

the hydrogen bonded crystals (O-H— bonds) where precise deter-

mination of the R and r values have been made by x-ray and/or
neutron diffraction studies. References to individual investigations

are summarized by PIMENTEL and McCLELLAN [9] and by
HAMILTON [10] therefore they are not repeated here. In the

first column of this Table are given the compounds followed by the

columns listing the r and R values, the calculated values of the

hydrogen bond stretching force constants (Kq-h o) and the fre-

quencies "O-H O. The structure data given in Table 1, relating

to R and r, have been utilized by PIMENTEL and McCLELLAN
[9] to graphically represent the dependence of r values on the O-O
distances in hydrogen bonded crystals. The availabihty of such data

prompted us to calculate the values of Kq-h o as a function

of R between 2.5 - 3.0 A at intervals of 0.1 A. The values of r

were read from the above mentioned curve and used in our calcu-

lations. These results are presented in Table 2. The data in Tables
1 and 2 should be useful in determining approximate values of

Ko-H in cases where the O O bond lengths are known.

The potential function used in our studies is very sensitive to

small changes in R and r values. The standard deviations in the
values of r and R, where reported, are included and could be used
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to estimate the resulting uncertainties caused in the calculated values

of Ko-H and "O-H O values on this account. The usual un-

certainties in bond lengths are mostly ± 0.0 1-0.02A. From the data

given in Table 2, an estimate of the effect of this variation on
"O-H O values could be made. This amounts to about 5% in the

region R := 2.4 - 2. 5A, to about 12% in the extreme end of

R = 2.9 - 3.0A. This estimate was made for an uncertainty of

0.0 15A in R values throughout. These estimates have been given

in terms of wave numbers for individual crystals in Table 1.

The frequencies "O-H O were calculated from the values of

Ko-H o using a diatomic molecule approximation with the ap-

propriate reduced mass of the hydrogen bonded complex. This was
done by a careful scrutiny of the bonding arrangements from struc-

ture details. For example, we have used the effective reduced mass
of the C-O—H-O bond in the case of oxalic acid dihydrate (i.e., the

mass of 28 due to C-O bond against 17 due to H-O bond), S-O—H-O
in gypsum, C-O—H-O in sodium sesquicarbonate and B-O-H—O-B
in boric acid. The immediate neighbor atoms that are bonded to

the oxygen in these cases, like carbon, boron and sulfur are of weight

comparable to that of oxygen, and may be expected to influence

the hydrogen bond vibrations. On this basis we have assumed that

in a - iodic acid the effective reduced mass involved is that of the

O-H—O complex only, because the mass of the iodine is so great.

Experimental Details

The far infrared spectra for the compounds hsted in Table 1 were
obtained as mulls in Nujol using a Perkin-Elmer Model 301 Spec-

trophotometer. Suitably wedged polyethylene plates were used to

hold the mull. The infrared spectrum of oxalic acid dihydrate in the

region >300cm-'was also obtained using a Beckman IR-4 Spec-

trophotometer with CsBr optics. Raman data were available in the

literature for most cases [11]. The Raman spectrum of a single

crystal of a - resorcinol was recorded using the Cary Model 81

Raman Spectrophotometer. Water-clear single crystals of a - resor-

cinol were grown by the slow evaporation method.

Spectral Data and Discussion

We proceed to consider the spectral data in relation to the cal-

culated values in the case of individual crystals. Our discussion

will be limited to the region where hydrogen bond vibrations are

present.

(i) Oxalic acid dihydrate: The infrared spectra recorded by us

show among other features, broad bands centered at 105, 124 and
570± 10 cm-^ Raman studies have reported frequencies at 116,
123 and 573 cm-^ These are reasonably close to the theoretical

values of frequencies due to three distinct hydrogen bonds of differ-

ing lengths. In the infrared spectrum there are bands close to 570
at 495 and 454 cm-^ with their Raman counterparts at 482 and 422
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cm-^ We believe they are due to the frequencies of the twisting and

bonding of the molecular framework, which have also been observed

in many other dicarboxylic acids [12, 13].

(ii) Ice: This frequency for ice from Raman studies have been

reported in numerous investigations to be '--^ 205 cm"' [9, 14]

(iii) Gypsum: Our far infrared spectrum of gypsum shows a well

defined maximum at 170±2 cm-^ The Raman spectrum of gypsum
reported by KRISHNAN [15] shows besides others a band close

to this at 162 cm-^ In the case of gypsum, if we assume that the

vibration involves the reduced mass of the O-H—O complex only,

then the calculated value of "O-H O turns out to be -—; 235 cm'.)

It is worth mentioning that our far infrared studies show a band at

229 cm-i. A Raman band at 211 cm-^ has also been observed [15].

(iv) a - Iodic acid: The far infrared band at 285±3 cm"^ observed

by us and the Raman band at 295 cm-^ reported in the Iherature

may be assigned to the hydrogen bond vibration.

(v) Sodium sesquicarbonate: A broad band centered at 201 cm-^
was observed in the far infrared region.

(vi) -Rcsorcinol: The far infrared and Raman spectra of

resorcinol recorded by us show bands at 224 and 165 cm-^ in the

Raman and 253 and 163 cm-^ in the far infrared. The complete

vibrational spectrum of this crystal is being analysed.

(vii) Boric acid: The far infrared spectrum recorded by us shows
a band centered at 214 cm-^

(viii) Pentaerythritol: The far infrared spectrum recorded by us

exhibits, among other features, a broad band (several tens of wave-
numbers) centered at 225 cm-^ which may be tentatively assigned

to the hydrogen bond vibration.

A comparison of the data presented above with those entered in

Table 1 shows that there is good agreement with the calculated

values and our assignments. The slight deviations between these

two sets of values are well within the uncertainties [8] that may be
introduced due to the experimental errors in the bond lengths, as-

sumed parameters, approximations involved in the calculations, and
the empirical nature of the potential function used.
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TABLE 1

List of Crystals, Hydrogen Bond Lengths and Theoretically Calcu-

lated Hydrogen Bond Force Constants and Frequencies

Compound

r R
(OH) (O-H O)

in A units

Ko-H— in

10^ dynes/cm
units

wo-H— in

cm' units

Theoretically calculated

values

Oxalic acid

Dihydrate
[(COOH)2.2HoO]

0.95
0.98^

1.060

2.85

2.88
2.52

0.065

0.058
1.962

105±12
97±12
560±30

Ice (cubic

form)
0.97 2.76

±0.01
0.174 190±15

(H2O)
Gypsum

(CaS04.2H20)
0.99

±0.027
2.82

±0.014
0.135 160±12

a - Iodic acid

(HIO3)
0.99

±0.02
2.69

±0.01
0.325 260±20

Sodium Sesqui

Carbonate
(Nao CO3
Na HCO3.
2HoO)

1.01

±0.02
2.77

±0.02
0.207 190±15

Boric Acid
(H3BO3)

1.035

±0.015
2.715

±0.015
0.399 220±15

a - Resorcinol 0.98 2.754 0.230 220±15

(CeH O2) 1.06 2.69i 0.390 166±20

Pentaerythritol

C(CH2 0H),
0.94

±0.03
2.74

±0.02
0.260 205 ±15
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TABLE 2

Theoretically Calculated Values of Hydrogen Bond Force Constants

and Frequencies* for Hydrogen Bond Lengths Varying

Between 2.4-3.0 A
R r

N Kq-H in fJo-i,---o in

O in A units 1
0' dynes/cm units cnT'

1 2.40 I.IO4 3.88 890

2 2.50 1.06,s 1.94 630

3 2.60 1.033 0.84 410

4 2.70 l.Oi 0.34 270

5 2.80 0.988 0.14 170

6 2.90 0.972 0.04 90

7 3.00 0.96r O.OOj 35

* These frequencies have been calculated assuming the reduced
mass of the O-H—O bond. In actual crystals, however, the effective

reduced mass of the system inclusive of the neighboring atoms or

groups intimately bonded to the oxygen atoms of the bridge should
be used.
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