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Molecular motion in some solid hydrocarbons

by I. J. Lawrenson and F. A. Rushwortii
Department of Natural Philosophy, St. Salvator's College,

University of St. Andrews, Scotland.

Resume.

Les auteurs ont determine jusqu'ä des temperatures aussi basses que 20° K
la variation avec la temperature de la forme de la raie d'absorption des protons
en resonance magnetique nucleaire du pentane normal, de l'hexane normal, de
l'octane normal et du cyclopentene.

Pour les trois paraflines, on voit que la reorientation des proupes methyl se

produit dans tout i'intervalle de temperature etudie.
Dans Je cas du cyclopentene, on a etabli la nature non planaire de la molecule

et montre que la reorientation moleculaire se produit au-dessus de 85° K. Un
processus de self-diffusion a ete mis clairement en evidence juste au-dessous du
point de fusion.

On donne egalement des resultats preliminaires du temps de relaxation spin
reseau de l'octane normal jusqu'ä 20° K.

Abstract.

The variation with temperature of the nuclear magnetic resonance absorption
iine-shapes for n-pentane, n-hexane, n-octane and cyclo-pentene have been
measured down to 20° K. For the three paraffins it appears that methyl group
reorientation occurs over the whole temperature range. In the case of
cyclopentene, the non-planar nature of the molecule is established and molecular
reorientation is shown to occur above 85° K. Strong evidence is also found for
a self-diffusion process just below the melting point.

Preliminary measurements of the spin-lattice relaxation times for n-octane
down to 20° K are also reported.

1. Introduction.

The measurements reported are part of a series of investigations into
the nuclear magnetic resonance absorption line-shapes and spin-lattice
relaxation times of hydrocarbons carried out in this laboratory. The

apparatus consists of a twin-T bridge followed by a radio-frequency
amplifier, commercial receiver and phase-sensitive detector. The magnetic
field of 5260 oersted is provided by a large permanent magnet. A cryostat
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enables temperatures from 20° K upwards to be maintained. (Lawrenson
and Rushworth, 1958.)

2. N-PENTANE, N-HEXANE AND N-OCTANE.

Measurements of the absorption spectra and spin-lattice relaxation
times for n-pentane and n-hexane at temperatures from 70° K to the

melting points have been reported previously (Rushworth, 1954). The
second moments of the absorption spectra were found to be smaller than
the calculated values for rigid lattices over this temperature range, and

these reduced values were explained on the basis of reorientation of the

methyl groups about the end C-C axes. Measurements of the absorption
spectra have now been extended down to liquid hydrogen temperatures,
and at 20° K the second moments of the absorption line for n-pentane was
found to be 21.2 ± 0.6 gauss2 and for n-hexane 21.4 ± 0.8 gauss2. These

values are larger than those found at 120° K, as might be expected due to
normal lattice contraction, but are still some 12 gauss2 less than the theoretical

rigid lattice values. This suggests that reorientation of the methyl
groups is still occurring even at 20° K.

The spin-lattice relaxation times in this lower temperature range have

not yet been measured, but in view of the interesting Tx variation for
n-octane reported below it is hoped to make these measurements.

Since it appeared that reorientation in n-pentane and n-hexane still
occurred at 20° K, it was thought that an investigation of the higher
homologue n-octane would be of interest. The higher melting point gives
a greater temperature range in the solid state, with presumably more chance

of the motion being frozen out at the lowest temperatures currently available.

The second moments of the absorption line for n-octane at 20° K,
90° K and 120° K are shown in table 1 together with the corresponding
values for n-pentane and n-hexane.

Table 1.

Second moment values in gauss2.

(The uncertainties have been omitted for clarity.)

Experimental Calculated
20° K 90° K 120° K 120° K

n-pentane 21.2 18.6 16.7 31

n-hexane 21.4 19.4 18.8 31

n-octane 21.4 20.5 18.8 30
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As will be seen from the table, the experimental second moment of
n-octane at 120° K is 11.2 gauss2 smaller than the rigid lattice value.
Some type of reorientation is therefore occurring and must still be taking
place at 20° K.

The calculation of the rigid lattice second moment for n-octane follows
the lines of the calculation for n-pentane and n-hexane (Rushworth, 1954).
The intramolecular contribution is 20.4 gauss2 and the same estimation of
9.6 gauss2 for the intermolecular contribution was used. This was calculated

by Andrew and Eades (1953) for n-hexane and should be reasonably
correct for n-octane since their method becomes more accurate the longer
the molecule.

Reorientation of the n-octane molecule about its long axis reduces the
intramolecular contribution by 14.9 gauss2, which is greater than the total
reduction to be explained. Since the intermolecular contribution will also

be reduced, this type of motion appears improbable. Methyl group
reorientation is again the most likely cause of the narrowing. This motion
reduces the intramolecular contribution by 6.4 gauss2 to 14.0 gauss2, and

it seems reasonable for the intermolecular contribution to be reduced to
4.8 gauss2, about half its estimated rigid lattice value. Although only one

third of the protons in each molecule are involved in the reorientation

process, the methyl group protons of the neighbouring molecules are in

very close proximity to each other and so will represent an appreciable
part of the rigid 9.6 gauss2.

The spin-lattice relaxation time for n-octane was measured from 20° K.

to 90° K and affords additional information about the relaxation process.
As the temperature was lowered from 90° K, the relaxation time increased

sharply but at 70° K the curve began to flatten out and the relaxation time
remained relatively constant down to 20° K. These measurements were
difficult to make and it is planned to repeat them in a series of rI\ measurements

for all three paraffins. These preliminary results, however, show

that above 70° K the Tj variation follows the normal pattern and can be

connected with a single correlation time tc according to the picture first
proposed by Bloembergen, Purcell and Pound (1948). Assuming a Boltz-
mann distribution in the population and a barrier height of Y0, then, as

in the cases of n-pentane and n-hexane, a plot of log 'I\ against 1/T should
be a straight line. This is found to be the case, and from a least squares
analysis of the slope the barrier height Vn is found to be 2600 cal per mole.
This is in good agreement with barrier heights found for other paraffins.
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The relative lack of variation of Tx between 70° K. and 20° K has to be

explained from another viewpoint. Powles and Gutowskv (1955) and

Das (1957) have compared classical reorientation with quantum mechanical

tunnelling. It is shown that whereas the classical reorientation term is

strongly dependent on temperature due to the Boltzmann exp (— 1/T) term,
the tunnelling term is much less dependent on temperature. As the

temperature decreases, therefore, and the upper energy levels become

depopulated, the tunnelling term becomes dominant and this may explain
the lack of variation with temperature below 70° K. A further analysis
will he published elsewhere when the Tx measurements in all three paraffins
are complete.

One useful result from the fact that Tx does not continue to increase as

T decreases is that the onset of saturation is avoided, and absorption
curves can be taken. If continued to increase as T decreased then the

permitted r.f. voltage across the coil would soon reach the limit imposed

by signal-to-noise considerations.

3. Cyclo-pentene.

Measurements of the absorption line-shape of cyclo-pentene have been

made from 20° K to the melting point of 138° K. Specific heat data

reported by Huffman, Eaton and Oliver (1948) show a specific heat
transition at 87° K and another slight anomaly at 54° K which they attributed
to the possible release of a frozen-in mode of motion. Provided this
motion is fast enough, it should have an effect on the nuclear magnetic
resonance line-shape, as also should the much larger transition at 87° K.

The mean experimental second moment at 20° K is 19.6 ± 0.25 gauss2

and remains effectively constant up to 85° K, apart from a small gradual
change attributable to thermal expansion of the lattice. The second

moment then falls gradually to a value of 7.6 ± 0.2 gauss2 at 110° K,
remains constant for about 14° K and then undergoes a rapid narrowing
until at 128° K, 10° below the melting point, the experimental second

moment is smaller than the value due to field inhomogeneity.
The crystal structure of cyclo-pentene is not known, but two molecular

models have been discussed by Beckett, Freeman and Pitzer (1948). One

model has a planar carbon skeleton and the other model a non-planar
skeleton, with one carbon atom out of the plane of the other four by 0.3 A.
The intramolecular contribution to the second moment for the planar
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model is 12.9 gauss2 and for the non-planar model 13.0 gauss2. This leaves

about 6.6 gauss2 for the intermolecular contribution, which seems reasonable

on comparison with estimations made for similar hydrocarbons. The
lattice is therefore rigid below 85° K and there is no change of line-width
or second moment at 54° K corresponding to the anomalous effect mentioned
above.

An explanation of the second moment value of 7.6 ± 0.2 gauss2 from
110° K to 124° K has to be looked for on the basis of reorientation of the
molecule about an axis perpendicular to the plane containing five (or four)
carbon atoms. Calculations show that in the planar case, the intramolecular
contribution is only reduced from 12.9 gauss2 to 9.4 gauss2. The dominant
contribution comes from the individual methylene groups, and as these

interproton vectors are parallel to the axis of rotation there is no reduction
in their contribution to the second moment. The planar model cannot
explain the results since the reduced intra-molecu'ar contribi'tion alone ;s

greater than the total reduced experimental second moment. Motion about
the diad axis is also found to give insufficient reduction. In the non-planar
case the reduced intramolecular contribution is 6.7 gauss2. Comparison
with intermolecular contributions to the second moments of other substances

when motion is occurring leads to a rough value of 1.6 gauss2 for this part.
The total reduced second moment of 8.3 gauss2 is subject to a large
uncertainty, but is in much better agreement with the experimental value than
in the planar case. We are thus enabled to distinguish between the two
molecular models in favour of the non-planar one.

The further reduction in second moment at 128° K can only be explained
by introducing a more random motion. Free spherical rotation of the
molecules would reduce the second moment to about 1 gauss2, and so we

must assume a self-diffusion process similar to that discussed by Andrew
(1954). This motion below the melting point is not, however, reflected in
the heat of melting, which is about 7 times the heat of transition. In the

case of cyclo-pentane (Rushworth, 1954) a similar type of motion occurred
but in this instance the heat of melting is considerably smaller than the
heat of transition.
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