
This article was downloaded by: [Tomsk State University of Control
Systems and Radio]
On: 23 February 2013, At: 08:21
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T
3JH, UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Lattice Defects in Plastic
Organic Solids 4. A
Comparison of Plastic Flow
and Nuclear Magnetic
Resonance Studies of Self-
Diffusion in Camphene
H. Blum a b & J. N. Sherwood a c
a Physics Department, Brookhaven National
Laboratory, Upton Long Island, N.Y., 11973
b Department of Physics, Drexel Institute of
Technology, Philadelphia, Pa.
c Department of Pure and Applied Chemistry,
University of Strathclyde, Glasgow, C.I, Scotland
Version of record first published: 28 Mar 2007.

To cite this article: H. Blum & J. N. Sherwood (1970): Lattice Defects in Plastic
Organic Solids 4. A Comparison of Plastic Flow and Nuclear Magnetic Resonance
Studies of Self-Diffusion in Camphene, Molecular Crystals and Liquid Crystals, 10:4,
381-388

To link to this article:  http://dx.doi.org/10.1080/15421407008083499

PLEASE SCROLL DOWN FOR ARTICLE

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/15421407008083499


Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study
purposes. Any substantial or systematic reproduction, redistribution,
reselling, loan, sub-licensing, systematic supply, or distribution in any form
to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not
be liable for any loss, actions, claims, proceedings, demand, or costs or
damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

8:
21

 2
3 

Fe
br

ua
ry

 2
01

3 

http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Molecular Crystals and Liquid Crystals. 1970. Vol. 10, pp. 381-388 
Copyright @ 1970 Gordon and Breach Science Publishers 
Printed in Great Britain 

Latt ice Defects in Plastic Organic Solids 
4. A Comparison of Plastic Flow and 
Nuclear Magnetic Resonance Studies 
of Self-Diffusion in Camphene? 
H. BLUMS and J. N. SHERWOODS 
Physics Department 
Brookhaven National Laboratory 
Upton, Long Island, N.Y. I1973 

ReceCed January 9, 1970; in rewisedfonn Bebrmary 24, 1970 

Abstract-A study has been made of nmr line narrowing at  high temperatures 
for pure and impurity-doped camphene in the plastic phase. This pheno- 
menon, which is usually attributed to self-difftision, was found to be similar in 
characteristics to that observed in other plastic solids. The activation energies 
evaluated for the line narrowing process failed however to reflect the variations 
in this parameter observed for tracer self-diffusion and creep in camphene. 
Consequently, it  is proposed that the line narrowing process in organic solids 
is not indicative of true self-diffusion. 

Organic crystals composed of molecules of globular shape can exist in 
a highly plastic phase.(l) This phase which is usually cubic in habit 
is stable immediately below the melting point. At lower temperatures 
a crystallographic transition occurs to yield a less plastic phase of 
lower symmetry. In the high temperature phase the molecules are 
rotationally disordered, a fact which accounts for the characteris- 
tically low entropy of fusion ( < 5 cal rno1-I K-l) of these solids. 
One technique which has been used successfully to characterize this 
phase of matter is nmr.@) This technique reveals that in the low 
temperature phase the molecules are virtually stationary in the 

t Work carried out under the auspices of the U.S. Atomic Energy Com- 
mission. 

1 Present address: Department of Physics, Drexel Institute of Technology, 
Philadelphia, Pa. 

$ Visiting Scientist : Permanent address : Department of Pure and Applied 
Chemistry, University of Strathclyde, Glasgow, C. 1, Scotland. 
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382 X O L E C U L A R  CRYSTALS A N D  L I Q U I D  CRYSTALS 

crystal lattice; as a consequence the nmr line is " broad ". The 
onset of molecular rotation a t  the transition results in a sudden 
narrowing of the nmr line to a value characteristic of the more freely 
rotating molecules. 

At higher temperatures, but below the melting point, a further 
gradual decrease occurs to a width similar to that expected for the 
liquid phase. It has been proposed that this latter narrowing is due 
to the onset of translational motion (self-diffusion) in the 
Similar observations for ionic solids,(5) and rare-gas solids@) 
have also been interpreted in this manner. For these other solids the 
evaluated self-diffusion coefficients and activation energies are in 
good agreement with values obtained using other te~hniques.(7*~) 

Attempts to make similar comparisons for plastic organic solids 
have failed. The activation energies for self-diffusion obtained by 
nmr methods are in general much lower (approximately one-half) 
than those obtained from radiotracer and creep studies.@) Only for 
one substance, adamantane, has reasonable agreement been ob- 
tained.(10) This particular study was made using the rotating frame 
technique(l0) ; two similar studies for other solids have however failed 
to yield agreement.(11J2) Since, apart from this one study, all the 
results obtained by nmr methods fail to  agree with those frcm 
tracer/creep studies the question arises as to  whether the high 
temperature line narrowing for organic solids truly reflects self- 
diffusion or not. 

Recently, it has been found that the addition of small amounts of 
impurity of similar molecular geometry to  the host, to  some plastic 
crystals results in marked changes in self-diffusion parameters as 
measured by radiotracer and creep methods.(13) These doped sys- 
tems offer a method of testing the reliability of nmr as a probe for 
self-diffusion. 

All nmr techniques yield similar results for the activation energy 
of the supposed translational process irrespective of their claimed 
reliability. For example, for cyclohexane, studies of line narrow- 
ing,(3J4) spin lattice relaxation tirne(l4J5) and relaxation time in the 
local field(l1*l6) all yield values of the activation energy in the range 
8.5-11 kcal mol-1 compared to 16.3 kcal mol-I for a radiotracer 
diffusion study.(") Since there seems to be little difference between 
the techniques, we chose the most readily available, line narrowing, 
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D I F F U S I O N  I N  PLASTIC CRYSTALS 383 

for this test. 
perfection on nmr line narrowing in camphene crystals. 

We report the results of the effects of purity and 

Experimental and Results 

The starting material, reagent grade dl camphene, was analyzed by 
gas liquid chromatography and was found to contain - 15% 
isomeric tricyclene and N 4% of other impurities which were later 
identified as other monoterpenes. Attempts to zone refine this 
material were only partially successful. Some of the minor im- 
purities were segregated to either end of ingot. The tricyclene how- 
ever remained uniformly distributed through the ingot with some of 
the minor impurities. The centre portion was removed (Sample A). 
A better separation was achieved by preparative gas liquid chromato- 
graphy using a 10% Apiezon L column. By repeated fractionation 
purer samples (B and C) were obtained. Analytical gas-liquid 
chromatography showed the purity of the samples to  be : 

Sample A--157$ Tricyclene, - 2% other impurities. 
Sample B-1.8% Tricyclene, < 0.01% other impurities. 
Sample C-0.4% Tricyclene, < 0.001% other impurities. 

Portions of these samples were sublimed in vacuo into capillary 
tubes and were grown as single crystals in a Bridgman type oven.(18) 
Larger samples of the same material were similarly grown into larger 
crystals for creep and diffusion studies. Experimental details of the 
tracer-creep study are presented in full elsewhere. (I3) 

Experiments to assess the segregation of impurities in the crystal 
samples following growth indicated that the impurities were a s -  
tributed uniformly throughout the bulk of the solid. Thus the 
segregation coefficients are approximately unity and the impurities 
are highly likely to be in solid solution. This latter conclusion wa,s 
substantiated by melting curves. Microscopic examination showed 
that the concentration of grain boundaries in all the crystals was 
extremely low. Dislocation concentrations were - 1 O4 cm-2. 

Line width studies were carried out using a conventional broad line 
instrument with a variable temperature probe. The temperature 
range studied was - 45°C to + 20°C (approximate melting point 
48-51 "C, transition point - 123 "C). Initially, experiments were 
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384 MOLECULAR CRYSTALS A N D  LIQUID CRYSTALS 

carried out with the single crystals. Following this the crystals were 
quenched below the phase transition and allowed to warm to room 
temperature. This treatment produced micro-crystalline samples ; 
further measurements were made with these. 

The line shapes were gaussian for all three crystals. For the less 
pure samples a " spike " developed a t  the peak of the gaussian at  
high temperatures. This behaviour which has been noted pre- 
viously,(lS) probably results from the presence of the impurity but 
whether it is a molecular effect or a bulk pre-melting effect due to the 
presence of the impurity is difficult to assess since the poor definition 
of the " spike " made it impossible to determine if any increase in 
intensity occurred with impurity concentration. 

In spite of the slight variations in line shape, the line narrowing 
process was identical for all samples within the experimental 
error. 

The results for all single crystal specimens are depicted in Fig. 1 
Those for the polycrystalline specimens were identical with those for 
the single crystals. Analysis of the temperature dependence of the 
exponential portion of the line narowing process yielded the activation 
energies quoted in Table 1. 

0 SAMPLE C 

SAMPLE B + SAMPLE A 

TEMPERATURE (OCI 

Figure 1. 
camphene samples. 

Graph of line width vemus temperature for the three single crystal 
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D I F F U S I O N  I N  PLASTIC CRYSTALS 385 

TABLE 1 Activation Energies for Nuclear Magnetic Reson- 
ance Line Narrowing in Camphene (En) compared with those 

for Self-diffusion (Ed)(14) and Creep (EC)('a) 

Ec E n  E d  
Sample kcal/mol-l kcel/mol-' kcd/mol-' 

A 12.2 & 0.4 11.9 f 2 - 
B 25.1 1.9 11.9 * 2 - 
C 23.9 f 1.5 11.9 * 2 23.4 0.4 

Discussion 

Experimental studies of self-diffusion by radio-tracer and by creep 
techniques have shown that the diffusion process can be markedly 
affected by variations in the purity and perfection of the samples 
used. In samples of low purity or high imperfection self-diffusion is 
enhanced ; consequently, the values obtained for the activation 
energy for the process are lower than the true values. Diffusion 
enhancement due to line imperfections-e.g. dislocations, grain and 
inter-crystalline boundaries-results when the concentration of these 
imperfections is high and, more particularly when the bulk self- 
diffusion coefficient is low compared to that in the boundary. This is 
the situation which has been shown to exist in organic crystals such 
as naphthalene(21) (D < 10-11 cm2 9-1). For plastic crystals@J7) 
(D 6 lo-' om2 s-l) this type of enhancement will only be likely 
where the concentration of boundaries is very high, i.e. in micro- 
crystalline samples. Impurity enhancement can arise from two 
causes. The impurities can segregate in the lattice to generate dis- 
locations and boundariesc21.22) in which case the enhancement is of 
the type described above. Alternatively, in those cases in which the 
impurity enters into solid solution an excess concentration of lattice 
point defects can be generated. If this concentration is greater than 
the thermal contribution then lower (- 0.5 times) activation energies 
are observed than in the intrinsic case. This type of behaviour is 
noted in impure plastic crystals (Table 1) and this is the suggested 
cause of the variations in self-diffusion activation energy noted for 
succinonitrile(9) and camphene.(13) Since most of the nmr studies 
which yield evidence of translational motion have been performed 
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386 M O L E C U L A R  C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S  

with samples of ill-defined purity and perfection, it seems possible that 
diffusion enhancement as described above could have occurred. It 
has been suggested that  such sample variations could account for the 
discrepancies between the results of tracer and nmr experiments,(23) 
the former having been carried out using single crystals. 

The present experiment shows that, the process which affects the 
nmr signal yields an activation energy which is not equivalent to that 
for self-diffusion even for single crystals of good purity. Further- 
more, the process is insensitive to changes in purity and perfection 
which affect the self-diffusion process. We regard this as convincing 
evidence that the high temperature line narrowing process and 
consequently ot'her nmr techniques do not represent true lattice self- 
diffusion. Since all molecular motions other than translation are well 
established in plastic solids a t  these temperatures i t  is pertinent to 
speculate on the nature of the process which could cause this effect. 

Those other solid systems for which good agreement has been found 
between high temperature line narrowing and self-diffusion are pre- 
dominantly monatomic systems. In  these, self-diffusion proceeds via 
a vacancy mechanism which involves single atom jumps. Thus the 
line width is a measure of the interactions between the moving atom 
and its neighbours in the lattice and will be directly related to the 
hopping rate and hence diffusion rate of the atom. I n  the organic 
plastic crystals the situation is more complicated. It is fairly 
well established that the predominant point defect is a relaxed 
~ a c a n c y . ( ~ J '  ta4)  I n  this defect a number of molecules surrounding 
the vacancy will have relaxed in to share the vacancy volume and to 
yield a small disordered region. These relaxed vacancies will be a 
common feature of the pure and doped crystals. The gross transport 
of matter via such defects, e.g. a8 seen in tracer self-diffusion where 
these motions are integrated over long periods, will be characterized 
by the energies required to form and move these defects through the 
lattice. These energies will not be greatly dissimila,r to those for a 
discrete ~ a c a n c y . ( l ~ * ~ ~ )  On the other hand the nmr signal represents 
the process on a much smaller time scale. I n  addition to reflecting 
the long range interactions between molecules as a consequence of the 
diffusive jump process it will also reflect the shorter range interactions 
between the mobile molecules within the defect (0.1-1:4 of the total 
molecules at the melting 
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D I F B U S I O N  IN P L A S T I C  C R Y S T A L S  387 

Thus it could see a combination of relaxation times characteristic 
of the defect rather than a unique relaxation time characteristic of 
the translation process. The energy evaluated would then be a 
property of the defect rather than its motion. As in the case of 
monatomic solids, line narrowing would commence when sufficient 
molecules are undergoing motion fast enough to affect the " rigid 
lattice " signal. With the former, this will occur when the hopping 
rate (product of jump probability and vacancy Concentration) is large 
enough; with the latter when the overall motion in tthe defect is 
adequate. That it is the nature of the defects rather than their 
concentration which can cause the effect can perhaps be concluded 
from the present experiment. If the process were concentration de- 
pendent then as we increase the number of defects by doping with 
impurity we would expect to see differences in the experimental 
results, e.g. by the onset of narrowing a t  lower temperatures. This is 
not the case. It is interesting to note in this context that  studies of 
self-diffusion using anelastic relaxation techniques, a method which 
also involves measurement on a short time scale, yield activation 
energies which are lower than those obtained from radiotracer studies. 
It has been proposed that this difference could arise from the fact 
that more than one relaxation time is effective in the anelastic effect 
motions whereas these are averaged out in the longer period of the 
radiotracer measurements. (24) 

We conclude that the current general disagreement betu een tracer/ 
creep andnmr studies ofself-diffusionin plastic crystals is a consequence 
of the nature of the defect structure of these materials and conversely 
can be regarded as further evidence for the existence of relaxed vacan- 
cies in these solids. The better agreement in the case of adamantane(lO) 
could be the result.ofthe fact that vacancies in this solid are more dis- 
crete ; a fact associable both with the higher activation energy for line 
narrowing, the agreement with the tracerlcreep studies and the high 
entropy of fusion of this solid ( 5  cal mol-l K-l, camphene, 2.3 cal mo1-I 
K-l) which is at the upper extreme of the plastic crystalline range. 
Further studies to test these speculations are currently in progress. 
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