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Abstract. CH, rotational excitations have been investigated in solid xylenes and fluoro- 
toluenes using inelastic neutron scattering (INS) and nuclear magnetic resonance (NMR) 
techniques. For two of the six materials the temperature dependence of the tunnel line (shift 
and broadening) has been compared with the density of states and the slopes of the NMR- 
T ,  data. The rotational potentials have been derived from tunnel splittings, librational 
excitations and activation energies. The tunnel energies have been found to occur between 
0.026 and 26peV. In one case non-equivalent methyl groups have been identified. As 
compared with results from isolated molecules the potentials of ortho isomers are dis- 
tinguished by a considerable intramolecular contribution, while the rotational potential of 
the para and meta compounds are governed by intermolecular interactions. The hindering 
potential calculated for p-xylene on the basis of pair potentials is inconsistent with the 
experimental results; reasons will be discussed. 

1. Introduction 

Methyl rotation of CH,-substituted benzenes and benzene derivatives has already been 
the subject of several studies both in the gaseous phase [l-71 and in the solid state [8- 
181. Microwave and fluorescence spectra of the isolated molecules showed the effect of 
substituting a second ring hydrogen by a halide atom or by another methyl group. For 
fluorotoluenes it was found that only fluorine atoms in the ortho position, i.e. in the 
immediate neighbourhood of the methyl group, produce strong rotational potentials of 
dominantly threefold symmetry [6]. The rotational potentials are, however, almost 
vanishing for the m- and p-isomers [ l ,  2,6]. For symmetry reasons the remaining local 
potential then has important sixfold contributions, particularly in the p-compounds. 
The xylenes show the same type of systematic changes. The potential barrier for o- 
xylene is available in the ground and excited electronic states [4]; the rotation is hindered 
by a rather strong threefold potential. The methyl rotational potentials of the meta and 
para compounds are of sixfold symmetry and very weak [7]. 

If the intramolecular contribution to the rotational potential of the methyl group is 
known for the isolated molecules, it is interesting to determine the additional inter- 
molecular interactions in the solid state. Indeed there exist some nuclear magnetic 
resonance studies of such systems, and NMR-T~ measurements of methyl benzenes were 
even the first experiments of all to demonstrate the influence of rotational tunnelling [8- 
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lo]. It was found that the potential barriers hindering the methyl group rotation are 
still weak in the solid, but large in comparison with the free molecules. At that time 
information was incomplete, however, and the theory was not yet sufficiently developed 
to obtain all the details of the methyl rotation and the potentials. 

Since then more sophisticated techniques, such as inelastic neutron scattering, 
especially high resolution tunnelling spectroscopy, have been shown [ 19-22] to yield 
much more direct and accurate information on methyl rotational potentials. NMR 
methods, in addition, profit from a better theoretical understanding of spin-lattice 
relaxation ( T I )  data [23,24] and from the development of field-cycling level-crossing 
spectroscopy [25,26]. Tunnelsplittingsabove about 0.5 peVcan be measured by", and 
those below this value by NMR level-crossing. The potentials can be derived immediately 
from the tunnelling frequency, librational excitation (measured by INS) and activation 
energy (NMR). We apply these techniques to xylene and fluorotoluene isomers, and 
earlier results will be included in the discussion. 

A special appeal of such investigations consists of a comparison of intra- and inter- 
molecular interactions, and if the rotational potential is of either type only, a deeper 
understanding of its origin may be obtained. In particular, if the crystal structure is 
known, as for p-xylene [27] where the interaction is intermolecular, it should be possible 
to calculate the rotational potential from pair potentials. So far there is only one 
system, solid nitromethane [28], which has been studied in this respect. Compared with 
nitromethane, p-xylene consists of hydrogen and carbon atoms only, where the pair 
potentials between these two elements are especially well established [29]. Since there 
are fewer different types of atoms in the molecule, the number of parameters is con- 
siderably reduced. 

2. Experimental procedure 

All materials were purchased from Merck and had a chemical purity >99%. They were 
used without further purification. From the NMR samples, before sealing the glass 
ampoules, oxygen was removed by several freeze-pumpthaw cycles. 2- and 4-flUOrO- 
toluene may remain in a glassy state after solidification. They need appropriate heat 
treatment to become crystalline. They had to be cooled down to about 100 K, then 
warmed to a temperature just below the melting point, and then annealed for some time 
at this temperature. 

Neutron scattering experiments were performed at the INIO backscattering and IN5 
time of flight instruments of the Institut Laue Langevin, Grenoble, and the back- 
scattering spectrometer and the thermal time of flight spectrometer sv22 of the KFA 
Julich. The backscattering spectrometer in Julich was used in two ways: in the normal 
configuration with a Si monochromator the energy window comprises 
-15 peV < hw s t-15 peV, whereas in the offset configuration with a Sio,5Geo,l mono- 
chromator the energy range -2 peV < hw s +32 peV is covered. The high resolution 
tunnelling spectra were recorded at sample temperatures around T, = 5 K. The energy 
resolution was adjusted between 0.4 and 20 peV. The energy range of librational and 
lattice modes was usually recorded at two different temperatures. The temperature 
dependence of the van Hove singularities in the density of states allows a rough estimate 
of how to assign the corresponding modes [30]. Here the energy resolution was usually 
6 E  = 1.8 meV. 

The spin-lattice relaxtion time T I  was measured in the same way as described 
in previous papers [24,31,32]. 9O"-r-9O0 pulse sequences were applied at 'H NMR 
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Figure 1. Tunnelling spectra as measured with various high resolution neutron 
spectrometers. m-xylene, IN5 (ILL);  Q = l.OA-I; 6 E  = 15 peV, T =  4.5 K. p-xylene, IN10 
(ILL); Q = 1.85 A-'; S E  = 0.4peV, T =  4.5 K.  2F-toluene, backscattering (KFA); Q = 
1.80 A-'; 6 E  = 1 peV, T = 5 K. 3F-toluene, backscattering (KFA), Q = 1.85 A-'; 6 E  = 
1 peV, T =  15 K.  4F-toluene, backscattering (KFA), Q = 1.62 A-'; 6 E  = 2 peV, T =  5 K. 

frequencies of w0/2n  = 15 and 30 MHz, and T I  was obtained from the initial slope of 
the plot ln[(Mo - M,)/M,] against time (the components of the proton magnetization 
have the usual meaning). The accuracy of the 1/T, data suffers from the non-exponenti- 
ality of the relaxation in some temperature regions and is of the order of ? 10%. Since 
the symmetry-restricted spin diffusion model [33] was not yet known and the non- 
exponentiality ignored when the first measurements on xylenes and fluorotoluenes were 
carried out [8,9], all the materials were now re-examined. Level-crossing spectroscopy 
was applied to measure the tunnelling frequencies of o-xylene. As in previous papers 
[24,31] we used a home-made and fully automated field-cycling spectrometer to record 
the relaxation peaks that occur when the Zeeman and tunnel splittings match. 

3. Results and data evaluation 

Inelastic neutron scattering spectra obtained for five of the investigated materials in the 
peV range are shown in figure 1. The full curves represent fits with a set of resolution 
functions, one for the elastic line and a shifted one for each tunnelling transition. A 
constant background is taken into account, The results of the fits are represented in table 
1 and include the line positions hw! and relative intensities R. For 4F-toluene and 3F- 
toluene the temperature dependence of the tunnel line was investigated. Spectra of 4F- 
toluene are represented in figure 2 for seven different temperatures. The convolution 
fitting procedure yields the position and width of the tunnelling line at the indicated 
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Table 1. Tunnel splittings hwj' and their relative intensities Rexp = I,,,,/Z,, as derived from the 
spectra of figure 1. The relative intensities RCH3 for an isolated methyl group and Rth for a 
methyl group attached to the xylene or fluorotoluene ring were calculated for the respective 
momentum transfers Q. The activation energies E: and E l  describe the temperature depen- 
dence of the shift and broadening of the tunnel lines (figure 3). 

Xylenes Fluorotoluenes 

Ortho- Meta- Para- Ortho- Meta- Para- 

Lorentziansatenergytransfer *hho,andOwiththe 

60.2 25.6 0.97 5.8 13.8 
- 0.05 0.25 0.06 0.13 
- -1.0 1.85 1.8 1.85 
- 0.125 0.44 0.40 0.44 
- 0.076 0.21 0.13 0.13 

1 1 -0.5 1 

7.3 

10.0 

17.6 
0.04 
0.8 
0.08 
0.035 
1 

12.5 

4-F -Toluene 

- 

Figure 2. Tunnelling spectra of 4F-toluene taken 
as the indicated sample temperatures with the 
backscattering spectrometer of the KFA Jiilich in 
an offset configuration using a (Si)() ,(Ge),, , mixed 
crystal as monochromator. Energy resolution 
6 E  = 2 peV FWHM. The full curves are fits con- 
voluting the scattering function consistingof three 

temperatures (table 2). A fit of the temperature dependence of the line shift by an 
Arrhenius law (figure 3) yields two temperature ranges T < 24 K and T > 24 K with 
activation energies ES shown in table 1. To describe the line broadening in a similar way 
an inhomogeneous linewidth of To = 1.1 peV present at the lowest temperatures was 
included. Under this assumption we obtain the activation energy Er given in table 1. 

An analogous analysis of the results from 3F-toluene (table 3) yields the activation 
energies represented in table 1. In this case an inhomogeneous line broadening of 
0.8 peV was found. Due to the presence of this inhomogeneous linewidth and some 
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Table 2. Temperature dependence of the position and width of the tunnelling line in 4 F- 
toluene as extracted from the spectra of figure 2. 

5 17.62 1.70 
16 16.86 1.62 
18.5 16.13 1.31 
21.9 15.12 1.54 
24.6 13.85 1.85 
26.6 12.38 2.40 
28.5 10.29 3.16 
30.7 8.00 3.80 
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Figure 3. Arrhenius plot of the shift Aha,  
and broadening AT of the tunnelling line 
in4F-toluene. The derivedactivation ener- 
gies are shown in table 1. 

Table 3. Temperature dependence of the tunnelling line position and width in 3F-toluene. 
The values are obtained from spectra taken at the backscattering spectrometer at the KFA,  

Jiilich, 6 E  = 1 peV.  

15 13.48 0.76 
20 12.72 0.88 
23 11.84 1.05 
26 10.88 1.36 
29 9.57 1.96 

arbitrariness in their determination, the activation energies E! are affected by a large 
error for both materials. 

Figure 4 shows a NMR field-cycling scan for o-xylene. The procedure to obtain this 
spectrum was the same as that described in [31], except that we worked at a smaller 
starting field Bo (corresponding to a NMR frequency of 7.6 MHz). The peaks of figure 4 
were reproduced several times; they are assigned to the condition up = oo for the 
ground state tunnelling frequency. The resulting values for the tunnel splittings are 
o:/21d = 6.4 MHz and 8.9 MHz. 

Inelastic neutron spectra taken with an energy resolution around 1 meV reveal the 
lattice vibrations and the methyl librations (figure 5 ) .  In most cases spectra were also 
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Figure 4. NMR field-cycling spectrum of o-xylene. The M ,  component of the proton mag- 
netization in arbitrary units is plotted against the magnetic reference field B, which was 
varied in steps of 0.01 T. 
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Figure 5.  INS spectra of the xylenes and 
fluorotoluenes as measured with the time 
of flight spectrometer SV 22 at the FRJZ at 
the KFA, Julich. Standard programs were 
used to transform the data to S ( 0 ,  w). The 
incident wavelength was A ,  = 1.5 A, and 
the energy resolution at the elastic line 
6 E  = 1.8 meV. The sample temperature 
was T =  18 K. A measurement with 
improved energy resolution ( 6 E  = 1 meV) 
shows that the strongest line in p-xylene is 
a doublet. 

measured at increased sample temperatures (not shown). The peak positions in these 
spectra are given in table 4. Some of the values are taken from other spectra recorded 
with different energy resolution or in another energy range. The damping of a strong 
peak with increasing sample temperature 1301 and/or the value of the low-temperature 
slope of the NMR-T~ curve are used to assign the librational modes. In table 4 peaks 
identified in this way as librations are labelled with an 'L' following the number. The 
librational peaks of m-xylene and 4F-toluene are comparatively small, and their assign- 
ment is less clear than that of the other materials. No special attempt was made to 
identify higher excited librational modes. 

Spin-lattice relaxation rates of m-xylene, 2F-toluene and 3F-toluene are more or 
less in agreement with those previously measured [8,9]. p-xylene was recently re- 
examined [24]. The results for o-xylene and 4F-toluene are shown in figure 6. The full 
curves correspond to curve fittings based on Haupt's equation [23] 
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Table4. Peak positions in the density of states of the xylenes and fluorotoluenes as extracted 
from figure 5. All values are in meV. Some of the values were obtained from similar 
measurements performed in different energy ranges with different resolution. The identified 
methyl librational modes are labelled by L. 

Xylenes Fluorotoluenes 

Ortho- Meta- Para- Ortho- Meta- Para- 

4.7 5.0 
5.9 6.3 5.0 5.7 
6.6 7.05 7.3 7.6 7.9 7.00 
8.6 9.7 9.1L 

10.6 9.9L 11.8 11.4 
12.2 12.78 12.60L 
14.4 13.24 15.9L 14.7L 16.2 
19.0L 16.9L 20.53 
23.0L 23.0 
24.3 26.8 27.2 25.6 27.8 

30.4 30.2 30.7 
34.7 34.7 
39.2 37.0 39.1 
41.7 42.3 43.5 
51.0 50.3 45.9 
55.4 54.5 55.5 52.3 

The relaxation strength C1 accounts for dipole-dipole interactions which are connected 
with a change of symmetry of the CH, rotor from A to E. C2 takes notice of transitions 
without change of symmetry, which are forbidden if only intramethyl couplings are 
considered. 

The temperature dependence of the correlation time tc and the tunnelling frequency 
o, were again approximated by [24] 

and 
ti' = ( t b ) - '  exp(-Ei /RT) + (t;)-' exp(-Ei /RT) (2) 

UP ut = ~ 

1 + aT6 ' 
The limiting value Eb, may be identified with the activation energy E ,  for CH, reori- 
entation. E L  was previously found to approach Eol ,  the energy separation between the 
librational ground and first excited states if the barrier E, is below about 4 kJ mol-]. 
The coefficient a is characteristic of the respective system and amounts to 
10-"-10-'" K-6. New curve fits were made for the l /T1 data of all six materials. l /TI  
of o-xylene could only be described by the superposition of two curves of the type of 
equation (1) with (2). The various parameters are listed in table 5. 

4. Discussion 

4.1. Equivalence of methyl groups 

For p-xylene we know from the crystal structure that all methyl groups are equivalent. 
This agrees with the result of our experiments. For o-xylene the two tunnel transitions 
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Table 5. Numerical parameters as derived from the TI  measurements and fitting procedures. 
The details are given in the text. 

E A  t f" C' b EX 
(kJ mol-') s) (10' s - ~ )  (lo-'" s) (kJ mol-') 

c2 
( lo9 s -2) 

0-xylene 7.1 0.5 1 .o 0.03 4.4 

p-xylene 4.5 1 .o 2.1 0.20 3.5 

8.0 1 .0 1.1 0.04 6.0 
m-xylene 1.5 9.5 0.48 0.24 0.74 

2F-toluene 2.5 6.0 0.68 7.0 1.1 
3F-toluene 2.2 6.0 0.46 5.0 0.64 
4F-toluene 1.9 1.3 2.2 6.1 0.48 

1.0 
1.2 
0.50 
1.3 
0.34 
0.21 
0.31 
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in the field-cycling spectra (figure 4 )  and the two librational peaks (figure 5) as well as 
the l / T 1  against 1 / T  plot (figure 6) are indications of the presence of two inequivalent 
methyl groups. The alternative explanation that a coupling between adjacent CH3 
groups may be responsible for the librational doublet [ l l ] ,  as already observed in other 
systems [34] ,  can be ruled out in view of the additional experimental data: already the 
most simple approach for tunnelling of coupled methyl groups [35 ,36]  shows that the 
numerical values would be inconsistent. 

For the other compounds we can guess from the relative intensity Rexp of the tunnel 
peaks of the neutron spectra the probability of occurrence of the corresponding methyl 
group [19 ,37] .  A theoretical intensity ratio R C H l  is calculated for the three protons of 
the CH3 groups, averaged for good powders and assuming single phase systems. These 
calculated values might be different from the observed ratios for various reasons: at first 
some samples may contain additional atoms which contribute to the elastic scattering. 
Secondly the samples are obtained from the liquid state and might have preferential 
orientations. Finally some of them may not be completely crystalline (see introduction), 

The dominant parasitic elastic scattering in our samples is given by the presence of 
protons not contained in the methyl groups. If there are n methyl groups in the molecule 
and m additional protons we can express the total elastic scattering Z& as a function of 
the theoretically expected scattering from a single CH3 group ZedH, 

where R C H 3  = Z & ! / , / Z g H 3  is the theoretically [19] expected ratio of tunnelling to elastic 
intensity of one methyl group at the momentum transfer Q used in the experimental set- 
up. The experimentally expected ratio &, = ZFz,/Z& then reads 

= nl&, + (m/3)ZeHl(1  + 2RCH3) 

Rth = RCI-I,/[l + (m/3n)(1 + 2RCH3)]* ( 3 )  
These numbers are also shown in table 1. Comparing Rth with the ratio determined 

experimentally we can conclude that m- and p-xylene and 3F- and 4F-toluene contain 
only equivalent methyl groups. In 2F-toluene the measured value Rexp would be con- 
sistent with the presence of a second type of CH3 group having the same probability of 
occurrence as the observed one. We could not control, however, whether parts of this 
sample were in a glassy state. The librational doublet of 2F-toluene (figure 5) represents 
a limit of non-equivalent methyl groups. 

On the other hand, despite the existence of just one type of methyl group the 
librational peak in p-xylene is a doublet (figure 5). This can only be explained by a 
dispersion of the librations or by a direct methyl-methyl interaction. The theoretical 
approach of coupled methyl groups [35] yields in harmonic approximation a weak 
interaction potential W 3  from the relation W3/V3 = A E / E  = 1/16. This interpretation 
is supported by the crystal structure [27] showing that there are two adjacent CH3groups. 

4.2.  Rotational potentials and activation energies 

The rotational potential of the methyl group is parametrized as usual by a Fourier 
expansion including two terms and a phase factor ( - l )k  

2 

~ ( q )  = E +V,,[I + (-1)' cos 3n  q] .  (4) 
n = l  

The eigenvalues of the corresponding Schrodinger equation 

I ,u=O 

are tabulated in the relevant range of potential parameters [38].  
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Using this model we may deduce the rotational potential, equation (4). from the 
observed parameters hw:, Eo,, and EA (tables 1, 4 and 5). In principle, two solutions 
are obtained, one with dominating threefold and the other one with dominating sixfold 
potential. The correlation of a large number of methyl tunnel splittings and activation 
energies and/or relaxation rate maxima [31] suggests that the solution with V 3  % v6 is 
the correct one. This is in agreement with a compilation of methyl rotational potentials 
in solids [39]. The V 3  and v6 results are shown in table 4 together with the measured 
transition energies. Since the dependence of Ei on V 3  and v6 in equation ( 5 )  is non- 
linear, the accuracy of the potential values is different from case to case. It is particularly 
poor for 3F- and 4F-toluene. 

For all six solid systems hwj', Eo, and EA are available from the experiments, so that 
the solutions of equation ( 5 )  with (4) are overdetermined. This may be taken as a control 
that the data really belong to the same solution, which is the case here within the limits 
of accuracy. The rotational potentials thus obtained are at variance with those previously 
estimated for some of the compounds [8,9]. At  that time U !  and Eol could not yet be 
measured and comparison of the NMR-T~ curves was only made with a few thermo- 
dynamic measurements of little accuracy. 

Previous studies have shown that Eol can also be taken from the low-temperature 
decay of l/T1 in an Arrhenius plot provided the hindering potential is below about 
4 kJ mol-' [24]. Comparison of E L  and E,, data (tables 4 and 5) suggests, however, that 
this rule is no longer valid for m-xylene, 3F-toluene and especially 4F-toluene. In all 
these cases (and there are in addition some unpublished data with similar results) the 
INS spectra contain close to the librational excitation a vibration peak whose energy is 
not far from the experimental E L  value. More important, these EL values agree with 
the E;  data of table 1 derived from the temperature shift of the tunnelling frequencies 
of 3F- and 4F-toluene. 

In the case of 4F-toluene it was rather unexpected to observe two temperature ranges 
with different slopes for the shift of the tunnel lines (figure 3). The two activation energies 
coincide reasonably well with observed densities of states and one-as already stated- 
with E L  from the NMR-T, experiment. 

The activation energies found from the broadening of the tunnelling lines with 
temperature are very close to the observed librational modes. This behaviour is theor- 
etically predicted and the agreement is rather satisfactory if the experimental errors are 
kept in mind. 

4.3. Comparison with isolated molecules and other methyl benzenes 

For the purpose of comparison table 4 also shows the rotational potentials of the isolated 
molecules. The sytematic behaviour which was observed for the gaseous molecules is 
no longer present in the solid phases. The ortho compounds have the strongest barrier 
as in the gas phase. The increase in strength is rather small, however. This means that 
in the solid state intramolecular forces dominate the hindrance. For meta and para 
isomers, in contrast, in the solid state the rotational potential is governed by inter- 
molecular forces. The methyl group is no longer hindered by extremely weak potentials 
of sixfold symmetry as in the free molecules, but by clearly stronger threefold rotational 
potentials. The barriers for the xylenes are systematically higher than those for the 
corresponding fluorotoluenes. This may be a result of the additional steric hindrance 
from other methyl groups. 

In spite of the much stronger potentials observed for most of the compounds in the 
solid state, with the exception of o-xylene, the hindrances remain comparatively small. 
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Table 6 .  Rotational potentials (V3 ,  V,, k )  as derived from the measured tunnel splittings 
ho:). Librational energies E,,, and activation energies E A .  1 meV = 0.0965 kJ mol-'. For 
comparison, literature data for the free molecules (gaseous phase) are also listed: *ref. [4], 

ref. [7], ref. [5], ref. [6], e ref. [2], 'ref. [ l ] .  

Experiment Derived Isolated molecules 

tio: Ell1 E A  v3 V6 V ,  Vh 
(peV) (mev) (kJ mol-') (kJ mol- ' )  (kJ mol-') (kJ mol-l) (kJ mol-') 

o-xylene 0.037 19.0 8.0 8.9 0.9 0 8.4a 0 
0.026 23.0 7.1 8.3 0.5 1 6.2b 

m-xylene 25.6 9.9 1.5 2.1 0.1 1 0  0.31h 
p-xylene 0.97 16.0 4.5 4.9 0 0 0.13h 

2F-toluene 5.8 14.7 2.5 3.1 0.5 1 2.72c.d 0.08d 
3F-toluene 13.8 9.1 2.2 2.9 0.5 0 0.2d,e 0. 06d 

0.09' 
4F-toluene 17.6 12.6 1.9 2.1 0.7 1 0  0.06d,' 

This agrees with previous studies of other methyl-substituted benzenes. The most 
prominent and most intensively studied system is toluene [13,17,22]. In the isolated 
molecule the rotational potential is almost zero [3] and in the solid state it is still weak. 
However, the presence of two inequivalent rotors in the unit cell [40] makes the data 
analysis rather complex. 

Existing studies of tetra-, penta- and hexamethylbenzene [lo,  14-16, 18,411 and of 
methyl-ditertiarybutylphenol[42] show that the rotational potentials are relatively weak 
in general, but increase in the presence of neighbouring methyl groups. Proof of the 
intramolecular origin due to methyl-methyl coupling was given by the comparison of 
hexamethylbenzene [14] and 1,3,5-trichloro- 2,4,6-trimethylbenzene [18]. As far as 
1,2,4,5-tetramethylbenzene (durene) is concerned, we believe that the multiplet 
observed in the field-cycling experiment [16] is not due to coupling, but rather to the 
presence of non-equivalent methyl groups as for o-xylene. A calculation of the tunnel 
splitting on the basis of a librational state split by the coupling cannot describe the 
doublet line, but yields a single transition. 

The results show consistently that the intermolecular contribution to the rotational 
potential is weak in all methyl-substituted benzenes. Low barriers are observed in all 
compounds where a single methyl group is attached to the benzene ring. The potential 
increases significantly when a second methyl group replaces a proton neighbour. The 
influence of a neighbouring fluorine atom is less pronounced. 

4.4.  Rotational potential and pair interaction potentials 

For sufficiently strong potentials the methyl libration can be well described in harmonic 
approximation as lattice modes. The tunnel splitting, on the other hand, depends on the 
overlap of the wavefunction in adjacent minima of the rotational potential. Thus the 
anharmonicity influences this value greatly. Pair potentials are widely and successfully 
used to describe the lattice modes of a crystal. Application of the concept of pair 
potentials for the rotational excitations of a methyl group will show whether they 
are also useful if the anharmonic part of the potential becomes important. With pair 
potentials the lattice dynamics of hydrocarbon systems are based on just six interaction 
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parameters [29,43] and the crystal structure. Various sets of parameters were found by 
different authors. 

We are interested in the potential energy at various orientations of one CH, group. 
The principal procedure is straightforward: from the crystal structure one gets all 
distances R, from the protons i of the methyl group under investigation to all other atoms 
of type j and sums all pair interactions. This yields the potential energy for a given 
orientation cp of the methyl group 

The parameters a,, b ,  and nfl are taken from [43] and the R, for p-xylene from [27]. This 
calculation is performed for different orientations cp of one methyl group. The angular 
dependent part of V ( q )  is, apart from a constant basic value, the rotational potential of 
the methyl group. 

Various problems have to be overcome in practice to improve this calculation. At 
first a methyl group is usually somewhat distorted (bond lengths, bond angles) from the 
pure C3" symmetry due to the interaction with the surroundings. Thus a rotation by 120" 
brings the three protons into different positions and yields a different rotational potential 
strength. In reality, the deformation of the methyl group in the lattice frame after 
rotation is re-established. We have removed this influence by symmetrizing the methyl 
group to full C,, symmetry around the rotation axis. This gives the required symmetry 
of the rotational potential, but may weaken the calculated potential strength somewhat. 
A calculation performed at this level of approximation yields a rotational potential 
strength of VS = 38 B which is considerably lower than calculated from the rotational 
excitations (table 6). 

Another trivial reason for the discrepancy could be the thermal expansion of the 
lattice. The structure is determined at T = 180 K [27], while the inelastic measurements 
were performed around T = 10 K. Oversimplifying the structural changes with T a 
linear isotropic expansion coefficient of 1.6% can be estimated from the temperature- 
dependent unit cell volume [27]. A calculation of the rotational potential with the 
reduced lattice parameters assuming a rigid molecule still yields a too weak potential. 

A more important shortcoming is included in the concept of standard structure 
determinations to describe the density distribution of an atom by a thermal ellipsoid. 
For motions like librations which are restricted onto the surface of a sphere, this leads 
to an apparent bond shortening which increases the intermolecular distances and thus 
diminishes the strength of a calculated rotational potential. Usually a C-H bond length 
of 1.04 A is assumed for CHa groups. In the structure determination of p-xylene an 
average bond length of 0.98 A is extracted, however. Finally, x-rays cannot give suf- 
ficiently accurate data on the proton positions. 

For all these reasons we may understand why we obtained a potential that was too 
weak. To perform a reliable calculation of rotational potentials from pair potentials a 
much more accurate neutron structure determination at T = 5 K is required. 

5. Conclusions 

The methyl rotational potentials of the ortho, meta and para isomers of crystalline 
xylene and fluorotoluene have been investigated using inelastic neutron scattering in 
the peV and meV resolution regime and in addition NMR techniques. The rotational 
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potentials were found to be weak. Only for the ortho compounds does the (steric) 
intramolecular hindering lead to somewhat stronger potentials. In the other cases the 
potential is dominantly created by intermolecular interactions. This is obvious from a 
comparison with gas phase data. All potentials are predominantly threefold in symmetry. 
An evaluation of the intensities of tunnel peaks shows further that there exists in general 
only one type of methyl group in each compound. 

An exception is o-xylene where non-equivalent CH, groups were detected by NMR 
field-cycling and T ,  experiments. In the case of p-xylene the conclusion of equivalent 
CH, groups is consistent with the crystal structure, which is not known for the other 
materials. The rotational potential could be compared with calculations using pair 
potentials and interatomic distances taken from the structure. While the potential shape 
is reasonably reproduced its strength is too weak by more than 50%. The comparison 
was intended to check the validity of pair potentials for distances which determine the 
barrier height of the rotational potential and thus the tunnel splitting. Considerably 
improved structural data are needed to achieve progress in this direction. 
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