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Introduction

The possibility of applying proton magnetic resonance measurements to studies of
hydrogen bonding became apparent following the observation of Arnold and Packard®)
that the chemical shift of the proton signal of ethanol OH group was temperature de-
pendent. Thereafter, numerous investigators have reported that in the nuclear magnetic
resonance spectra of solutions containing compounds capable of forming hydrogen bonds,
the signal corresponding to the hydroxyl protons moves to higher field if the solutions
are made more dilute or the temperature is raised. 2>-7)

The existence of a temperature dependence of the resonance signal can be under-
stood if there are alternative molecular states whose energy separation is of the order
of KT. If the correlation time related to the lifetimes of the two or more states is
sufficiently small, the proton resonance will be observed at the frequency corresponding
to the average shielding for the states. Since changes of the temperature will alter the
populations of the states, the resonance frequency will be temperature dependent.

Reeves® studied the proton resonance spectra of decanoic acid between 25°C and
150°C and found that the temperature coefficient 46/4T, of the chemical shift of the
carboxyl proton was 1.2x10~2 ppm/°C. And also, Davis and Pitzer4) reported 46/4T =
0.6x10~2 ppm/°C for benzoic acid dimers and 1.3 x 10~2 ppm/°C for acetic acid dimers.

There seems no measurements on temperature dependent proton chemical shifts
of salicylaldehyde, although some works®)—9) on the spin coupling of aldehyde proton
in substituted benzaldehydes were published.

Salicylaldehyde forms intra- and inter-molecular hydrogen bonds in liquid phase,
therefore from the temperature dependent chemical shifts of hydroxyl proton, the infor-
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mation of intra- and inter-molecular hydrogen bonds in salicylaldehyde is expected to
be obtained.

Experimental

The proton resonance spectra were obtained with a JEOL’s 3H-60 NMR instru-
ment operating at 60 Mc and a VT-2 temperature control equipment.

With commercially available salicylaldehyde of special grade, pure liquid, 50 volu-
me percent solution in carbon tetrachloride and 80 volume percent solution in carbon
tetrachloride were prepared as samples, to which a small amount of tetramethylsilane
was added as an internal reference. These samples were sealed off into 5 mm o.d.
sample tubes and degassed by means of the freeze-pump and thaw method.

The chemical shift calibrations were performed with the modulation side-band
technique and the modulation frequency was checked with an electronic counter.

The line widths were measured between half-maximum points in cps, which were
directly obtained from recorder charts.

All measurements were carefully made under the condition of no saturation. Pro-
bable errors were estimated to be +0.003 ppm for chemical shifts and + 2 cps for line

widths, while + 2°C for temperature measurements.
Results and Discussion

Observed results of temperature dependent chemical shifts and line widths of hy-
droxyl proton in three salicylaldehyde samples are given in Fig. 1 and Fig. 2.
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Fig. 1. Chemical shifts of hydroxyl proton refered to aldehydic proton vs.
temperature for various solutions of salicylaldehyde in CCly.
@ pure. Q 50% dilution. O 30% dilution.
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In Fig. 1, it is clearly shown that the temperature dependence of chemical shifts
6 of hydroxyl proton in pure sample is the same as that of 50% solution, within ex-
perimental errors, and that two different temperature coefficients of ¢ are obtained
for both samples. These values of coefficients are

48/4T = 1.1 x 10~2 ppm/°K for T < 330°K,
40/4T = 0.20x10~2 ppm/°K for T > 330°K.

For 30% solution, however, a simple linear dependence of 6 on T was found over

all temperature range studied, and the temperature coefficient for this case was esti-
mated as

40/4T =0.20 x 102 ppm/°K.

It is generally said that in salicylaldehyde there are intramolecular and inter-
molecular hydrogen bonds, and that the shifts of hydroxyl proton spectra to higher
fields following dilution or heating are caused by rupture of hydrogen bonds.

It thus seems probable that the hydrogen bonded species with larger temperature
coefficient in Fig. 1, are clearly reduced by dilution and heating, therefore these species
are inter-molecular dimers. Then, at the temperature higher than 830°K or in the solu-
tion below about 30% dilution, most species are monomers and the smaller temperature
coefficient comes from strong intramolecular hydrogen bondings.

The temperature dependence of chemical shifts of protons involved in hydrogen
bonds has hitherto bzen attributed to shifts in association equilibria favoring a large
fraction of brocken hydrogen bonds with increasing temperature. But another mechanism
which based on the dependence of the shift for the associated species on the degree of
excitation of the hydrogen-bond-stretching vibrational mode was presented by Muller
and Reiter®). In this paper, we will try to interpret the several experimental results
following the treatment of Muller and Reiter.

Formation of a hydrogen bond of the type Oy ——H------ O3, is accompanied by the
down field shifts resulting from the electrostatic field originating at O,. Because the
H-- O, bond is very weak, the complex has a low frequency (typically 150 cps) vi-
brational mode and so several excited states of this vibrational mode are significantly
populated even at temperatures as low as 250°K. Moreover, because the expectation
value R of H -+ Oy distance depends upon the degree of excitation, the observed che-
mical shift 6 has to be given by Eq. (1),%) and is obviously temperature dependent.

0 =2 0;exp(— E;/kT)/ X exp (— E,/kT). (1)

In Eq. (1), E; and 0; are energy and chemical shift corresponding to the i-th excited
vibrational mode.

Now, it was assumed that the chemical shift ¢; follows the equation,10)
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(2)
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where, E,; is the component of the electrostatic field in a direction from Og to Oj.

In order to calculate E; and R, further, a potential function V of hydrogen bonding

(3)

— AJ(R —%)2, for R = Ro

for R<< Ro,

was assumed asii)
O, distance and R’ is the distance between Os and the center of

oo

where R is the H:----

charge distribution of the lone pair of O,. And we put Ry to be 1.8A.

By assuming that E,; arises from a point charge q associated with the lone pair
Oy line, the next relation was

of electrons of Og, and placing this charge on the H------
(4)

used to calculate E.,;,
E,=—¢q/(R—R)2

Since the extreme shift of the proton signal between the nonassociated and com-
0.8A, g = — 1.7 x 10-10

pletely associated states-was estimatedi®) to be —7.0 ppm, 0o in Eq. (1) or Eq.(2) was

put as this value. Adopting the values R = 1.8 A and R/

esu was obtained by Eq. (4).
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Fig. 2. Line widths of hydroxyl proton vs. temperature for various
solutions of salicylaldehyde in CCiy.
& 50% dilution. (O 309 dilution.

@ pure.
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Using Egs. (1) ~ (4) and experimental values of 48/4T which are the function
of A, the following values of hydrogen bonding energy were estimated after tedious
numerical calculations. That is, for 46/4T = 1.1 x 102 ppm/°K, A =1.2 x 10-29
erg cm?2/molecule which corresponds to hydrogen bond energy of 1.7 Kcal/mol, and for
438/4T =0.20 x 102 ppm/°K, A =10 x 10729 erg cm2/molecule or hydrogen bond
energy is 14 Kcal/mol. These values of bond energy seem to be the rather likely
values.

On the other hand, when the temperature is raised, the changes of line widths of
hydroxyl proton spectra were observed shown in Fig. 2. Since the hydrogen bond
energy was estimated to bz 1.7 Kcal/mol for inter-molecular hydrogen bonds as men-
tioned above, which corresponds to the temperature of 100°C, it was inferred that the
complete rupture of the inter-molecular hydrogen bond may occur at that temperature.
While the difference of the chemical shifts between intra-molecular and inter-molecular
bonded states was estimated to be about 30 cps from Fig. 1. It therefore seems reason-
able to say that when both intra-molecular and inter-molecular bonded species are
present, or at the temperature range lower than 100°C, the spectral line shows broa-
dening of which maximum value is smaller than 30 cps.

More precise analysis is now in progress.
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