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AILSTRACT 

A specially designed IR eIect.roIysis 41 is described, which allows samples to be 
simuI&eol;sIy heated and electrolysed during the recording of their IR spectra. 
By means of this cell, changes in the intensity of the hydroxyl stretching band at 
3670 cm- i were recorded as a function of tempemture both in the presence and 

absence of an applied electric fiefd. The intensity of the -OH band decreases with 

temperature in two distinct stages, both of which are influenced by the electric field. 

The effect of the electric fieId on the regain of spectra1 intensity of the hydroxyl band 

on re-cooling the sample to room temperature was also studied, and the results 
discussed in terms of the deioulization of the protons from their respective molecuks, 

possibly. by a field-dependent tunnelling mechanism. The effect of the field on the 
shape and frequency of the -OH stretching band is also discussed_ 

The dehydroxylation of Mg(OH), is a muchstudied thermal reaction, in which 

IR spectrcscopy, particularly at elevated temperatures, has proved to be a useful 

technique. Freund’ has shown that just below 300°C the hydroxyl stretching band 
begins to broaden, which he attributes to interactions between the OH-OH groups at 
the surface of the crystals. This is followed by tunnelling of the protons between 

adjacent hydroxyl groups, and leads to the formation of molecular water which is 
eliminated fra ,rn the crystal Iattice by diffusion’_ In other experiments in which the 
samples were heated in situ: Freund’ observed a large positive frequency shift in the 
OH-stretching band with temperature, which he attributed to the thermal expansion 

of the .Mg(OH), lattice2. 
Previous studies3 have shown that the d$hydroxyIation of Mg(OH)2 is markedly 

assisted by appiied DC electric fields, which lower the on& temperature of the 
reaction and reduce the apparent activation energy by up to 10 kcal mole”. Cafcula- 

.,- 
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tions of the effect of the electric fields on the tunnelJing process* su_ggest that the 
dehydroxylation results cannot be explained by enhanced tunnelling alone. A possible 
alternative explanation in terms of the enhanced defect generation and/or anihilationS 
is based on indirect considerations, but so far, direct observations of the dehydroxy- 
lation process under the influence of electric fields have not been possible. 

These considerations have Id to the development of a heated IR cell in which 

the sample can be simultaneously electrolysed and its spectrum recorded at tempera- 
ture. ‘The direct observation of the effect of electric fields on the hydroxyi stretching 
band of Mg(OH)= thus obtained are presented in this paper, in which attention is also 
paid to the effect of thermally cycling the sample under electric fields. The effect of the 

field on the IR p&c shape and frequency was also noted, in the hope of providing 
further information about the u-rly in which electric fields interact with hydroxyl 
groups in solid hydroxides. 

The cdl w-as based on a simple heated IR ceI1 described elsewhere5 in which the 

sample is sedimented on to a KBr disc which is hea:ed by a resistance winding. Since 
in the present ceil. electrodes have to be attached to the sample-supporting substrate, 
a thin spectroscopic-grade quartz plate was substituted for KBr; this is transparent in 
the hydroxyl-stretching region of present interest, but a sharp cut-off at about 2500 

cm-’ severely limits the usefulness of the cell for other purposes_ The experimental 

arrangement is shown in Fi_e_ l_The sample is sedimented on to the quartz substrate 
between the two platinum electrodes, which are fastened to the quartz plate with a 

r=fraGory cement composed of kaolinite and sodium silicate. The fine Nikrokanthal 
windings are encased in aluminous cement to protect and insulate them and increase 
the thermal mass of the system. Temperature control is achieved by means of a 
platinum-piatinum 
zazlrate to Z’C_ 

rhodium thermocouple and a digital temperature controller, 

to 

fig 1. S&~IIGC da- of IR tiroipis &I. (A) Fd quartz plate. (B) NikroLanthd hcata 
windingr UMZai ia high-alumina ccmat. (Cl PC-Pt Rh thamocoupk. (D) R foil -ode. (E) 
Samplc, stdirneati on to plate 
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Two major problems were encountered in the early experiments. One problem 
arose from the presence of a smali amount of hydroxyl impurity in the quartz substrate 
plate, which interfered with the hydroxyl band of interest in the sample. This was 
cancelled out by placing an identical quartz plate in the reference beam. The second 
problem arose from the fact that the IR spectrometer used in this work (Pye Unicam 
SP 1100) was not of the type in which the radiation beam is chopped before impinging 

on the sample; radiation emitted from the heated sample is therefore in phase with the 
detector, and interferes with the observed spectrum. This problelm was overcome quite 
satisfactorily in the present experiments by heating the reference cell to the same 
temperature as the sample cell, by winding the ends with fine Nikrokanthal wire and 
imbcdding a thermocouple in the quartz plate in a similar position to that of the 
sample cell. The temperature of the reference cell was controlled by a second digital 
temperature controller. 

The sampie (Merck Mg(OH)z, extra pure grade, batch No. 6182990) was 
sedimented on to the sample plate in_ a continuous strip between the ekctrodes. The 
optical density of the sample was adj&ted by adjusting the concentration of the slurry. 
The peak height of the required hydroxyl band was then increased as far as possible 

by means of the expansion and baseline controls. The hydroxyl spectrum was recorded 
as a function of temperature, both without an applied field and with an applied field 
(I -3 kV, electrode gap 6 mm)_ Because of the difiicuhies experienced in setting up and 
carrying out this experiment, it was repeated 15 times to ensure that the results were 
not an artifact, and to ascertain the effect of sample particle size on the results_ 

Further experiments were also carried out, in which the sampIe was heated to progres- 
sively higher temperatures and cooled to room temperature, the hydroxyl spectrum 

Fig. 2 LntcKi~~change of the 3670 cn+ hydroxyl band of ekccrol~xcd and un&ctrolysai MdOm 
as a function of temperature. 



en_e recorded at each stage_ These experiments were carried out both in the presence 
and absence of the electric field. 

RESL’Ll-S ASD DlSCCSSIOS 

Fig 2 show5 a typical plot of the intensity of the hydroxyl band at 3697 cm- ’ 
as a function of temperature, both in the presence and absence of the field. To make 
the results internally comparable, the intensities are presented as a ratio of the 
initial room-temperature intensity I,_ Fig_ 2 shows that in both electrolysed and 
unelectrolysed samples, the hydroxyl band loses intensity in two distinct stages-This 
is a real effect, having been noted in all the experiments; the length of the plateau in 
the curve is slightly dcpcndent on the particle size of the sample, increasing in length 
with increasing particle size- Fi g_ 2 shows that under the action of the field, the plateau 
is markedly shortened and shifted to lower temperatures (the two experiments shown 
in Fig_ 2 are for samples of similar particle size). There are two possible explanations 
for the two-stage decrea se in the intensity curves. dne possibility is that hydroxyl 
water is physically lost in two stages, as has been observed by Martens et al.‘, who 
report a maximum in water evolution at about 35o’C, and a second maximum at 
45O’C (a third mzkmum has been also observed in some samples around 60O’C). 
These eff&ts have been attributed to surface recrystallization of the trigonal hydroxide 
structure into cubic MgO_ exporins fr=h, unreacted hydroxide surface?_ On the 
other hand, the present material is of comparatively small crystallite size, and has TG 
and DTCi curves which show a single stage dehydroxylation wei_ght loss startiq at 
284°C and reaching maximum velocity at 355’C, Le. the initial IR intensity decrease 
is unaccompanied by a dehydroxylation weight loss_ Again, the first weight loss 
reported by Martens et aL6 at 350°C corresponds to the second IR intensity decrease, 
su:,csting that the first IR intensity decrease is not associated with an actual hydroayl 
loss. This evidence lends support for the second possible explanation, namely, that the 
first IR intensity decrease represents a reversible process in which the protons are 
“smeared out” or delocalized over the available hydroxyl groups, while the second 
decrease represents an irreversible intensity loss due to the elimination of hydroxyl 
water- Proton delocalization is well known in kaolinite, in which it is characterised by 
a broadening and loss in intensity of the IR hydroxyl stretching bands, which, 
however re_gain their original intensities on cooling ‘* ‘_ It has also been noted that the 
“pre-dehydroxylation state” thus described may be related to the proton tunnelling 
process in that tunnelling provides the mechanism by which delocalization occurs8. 
Further support for this explanation of the two-stage IR intensity decrease is provided 
by the heating-and-cooling experiments (see next section) in which the reversibility 
of the intensity decrease is investigated. 

If the initial intensity d- is indeed due to reversible proton delocali=tion, 
Fis 2 shows that the effect of the field is to induce delocalization at temperatures at 
least 5U’C lower than in the unelectroiysed samples. Moreover, this dekxalized state 
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Fig. 3. Intensity changes of rhc 3670 cm- 1 band of unekctrolysed Mg(OH)z. (A) After hezting to 
tempemture and reuwling to room temperature. (B) Spectral intensity measured at temperature. 
Fig. 4. Intensity changes of the 3670 cm-’ band of elcc-trolysd Mg(OH)r. (A) Afra hesting to 
temperature and w-cooling to room rempra~ure_ (B) Spectral intensity measured at temperature. 

persists over a shorter temperature range under electric fields, frue dehydroxylation 

having sex in about 175°C sooner than in the unelectrolyscd sampln. On the other 
hand, the rate of dehydroxylation under the electric field is slower, and occurs over a 
wider temperature interval_ As was noted in the ear!ier TG stud&?, this corresponds 

to a lower activation ener_q. 

Eflecc cffieIds on the resersibility of the temperature-dependent intensity changes 

In the light of the foregoing discussion: the reversibility of the intensity changes 

on heating and re-cooling the sample to room temperature should provide further 
evidence as to the nature of the processes !eading to the intensity changes. in partic- 

ular, processes in which hydroxyl water is not lost, but in which the JR spectrum is 

modified by thermal effects or polarization in the electric field, should exhibit complete 
reversibility when the perturbation is removed. The results of typical heating and 

cooling experiments are shown in Figs. 3 and 4 for unelectrolysed and electrolysed 
samples respectively- 

Fig. 3 shows that in the absence of a field, significant differences exist between 
the qpectral intensity of the hydroxyl band in samples at temperature and after cooling 

back to room temperature; superimposed upon the irreversible intensity loss (upper 

curve) is a reversible intensity decrease (lower curve)..The intensity difference between 
the two cures (A) is a measure of the magnitude of thermally-induced reversible 
processes such as proton delocalization.at each temperature. Fig 4 shows that the 

additional eff&t of the electric field is to continue to induce the low-temperature 

intensity loss ‘even when the thermal perturbation is removed, as in the room- 



Fig_ 5. Ph of reversibility function A (as defined in text) as a function of tanpcraturr- (A) Un- 
ckstrol~ Sfs(OHk (B) Elavol~yd MdOHk. Ic) PIot of field-only contribution d (0 as detined 
in text_ 

temperature spectra (upper curve)_ This is more obvious from a plot of A as a function 

of temperature for both electrolysed and unelectrolysed samples (Fig. 5). 

Fi_e. 5 shows that the major difference in reversibility between the electrolysed 
and uneIectroIysed samples occurs at about i5O’C. where the reversibility factor is 

much sma!Ier in the eiectroi_vud than in the unelectrolysed samples. Reference to 

Fis 4 shows that this is due to the room-temperature 105s of intensity, which must 

result from the action of the field alone (since tkrmal perturbations are absent)_ 

If wc dctinc two new parameters 8,(unelec) and 80(eIec), such that d’,(uncIec) is 
the decrease in the intensity ratio of an unelectrolysed sample which has been heated 
to temperature t and cooled back to room temperature, and br(elec) is the correspond- 

ing parameter for an ekctrolysed sample, then the decrease in room-temperature 

intensity due to the field alone (A(E)) is @en by 

A(E) = a,“(eIec) - b~(unelec) (1) 

It is interesting to note that if A(E) is plotted as a function of heating tempera- 
ture (Fig 5, curve C), the curve is of similar form to that of the plots of A having 
pea% at 150” and 300°C. Thus, the action of the iield on the spectral intensity of the 

hydroxy1 band is particuiarly marked at these two temperatures, the higher of which 

corresponds closely to the onset of weight loss in the sample. The interesting result is, 

however, that the presenE work provides evidence that the field also interacts strongly 
with the sample at a lower temperature_ A further point is that the samples apparently 
need to be tbermalfy stimulated before the action of the field becomes apparent 
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otherwise it wodld be possible to reduce the intensity of the IR peak by applying the 
field to unheated samples; this effect was not observed in any of the experiments. 

In discussing intensity changes in the IR spectra of heated samples, a distinction 
must be made between intensity losses due to thermal (or electrolytic) perturbation in 
the sample, and losses due to actual chemical changes induced by heating or electro- 
lysis. Since IR absorption resulfs from a charrge in the dipole moment of the system 

due to molecular vibrations, any perturbation which increases the mean distance 
between the vibrating atoms will alter the dipole moment of the system, and hence the 

intensity of its IR absorption. Increasing temperature causes a slight decrease in the 
absorption intensity, the magnitude of which can be gauged from the change in the 

position of the baseline. This effect is fully reversible on cooling, and in the present 

experiments, its magnitude was found to be rather less than the intensity decrease 

which has been tentatively ascribed to proton deIocalization due to tunnelling. It 

therefore seems feasible that the present intensity decrease at about ISO’C could be 

due to a temporary departure of protons from their customary equilibrium positions; 

the resulting change in the dipole moment would be much larger than that resulting 

solely from thermai excitation of the system at this temperature. Furthermore, this 
temperature corresponds closely with the temperature at which the onset of proton 

conductivity has been reported in M&Oh’), 9_ If the mobility of the protons at those 

comparatively low temperatures is due to tunnelling processes, as has been suggestedg, 

then the effect of an applied electric field should be to enhance proton dclocalization 
by assisting this tunnelling process, as has been discussed elsewhere4. 

Aithough the reversible component of the intensity loss on heating either in the 

presence or absence of the electric field can be explained in terms of proton delocali- 
z&ion, there are at least two other mechanisms which could give rise to a reversible 

intensity loss_ These have been discussed by Fripiat et al. lo with reference to hydroxyl- 

compounds such as micas and the aluminium oxyhydroxide boehmite. One possibility 
is that the orientation of the OH vibrational moment changes with temperature and/or 
elatric fields. This possibility has ken tested in the case of micas’ *, in which the 

orientational relationships can be rigidly defined, and calculations of the degree of 

tilt of the vibratio.nal moments on the cleavage plane which would be necessary to 
produce the observed change in absorbance have been made’ ‘_ When these are used 
to calculate the dependence of the IR absorbance with the reflection angle, the results 
were at variance with the observed relationships, and it was concluded that the 

orientation of the hydroxide groups is not significantly influenced by heating’ I. This 
conclusion probably applies to other hydroxy-eompounds as weil’“. 

A second possibility is that the electron distribution in the O-H bond could 

change with temperature, producing a change in the magnitude of the transition 

dipole IO_ If (AC’ > is the matrix element of the dipole moment for the transition 
between the ground and first excited states of a hydrogen-bonded solid, the ratio of 
the IR absorption coefficients for the unperturbed stretching vibration (at room 
temperature) and the perturbed vibration (at higher .temperatures, or under the 
influence of electric fields) is given by’= 



(<MO-*> perturbed/<M*.‘> unperturbed)’ (2) 

where <Mt.‘> is given by 

<Map’> = (6, - 2)*ja(b, - I) 

For the unperturbed Morse function, 

b. = 4;r& De)‘;(ah - I ) (4) 

while for the perturbed Morse function. 

b, = ([4n(2p)* (De - qEp!a}$[ah(De - qE#a)f]] -I !3 

where De is the dissociation ener_gy of the O-H bond, qE, is the electrical polarisation 
of the bond and a is the constant of the Morse potential cner_gy function, defined as’ 2 

a = 03 (2 k,lDe)% (6) 

where k, is the restoring force for the hydroxyl stretching mode. Calculations by 
Fripiat et al.” _ nor boehmite, (A10 OH) suggest that such a polarization process 
would account for only about a 25% decrease in spectral intensity between room 

tempewture and 35O’C. This represents a decrease in the polarization term qE’ of 
59 x IO-’ esu, as calculated from the change in frequency of the O-H stretching 
vibration (see next section). By a simiiar calculation, the polarization term for the 
present sample heated to 35OC is decreased by only 3.4 x IO-’ esu in the absence 
of a field; a stiii smaller decrease (I 2 x lo- ’ esu) is found for the electrolysed 

ainpies, suggesting that the effect of temprature in weakening the O-H bond is 
being of&et by tJre effect of the field. Althou& this calculation is strictly for a hydro- 
gen-bonded system. in both the present electrolysed and unelectroiysed samples, the 
change in the polarization of the O-H bond is less than in boehmite’ ‘. and cannot 

satisfactorily explain the IO-14% decrease in spectra! intensity resulting from the 
application of the field alone. It is interesting to note, however, that in the case of 
boehmite’ ‘, satisfactory agreement between the calculated and measured IR absorb- 
ance could be obtained by assuming an increase in the population of the vibrational 
levels cloxr to the top of the eneqy barrier. Such a situation is a direct consequence 
of a tunnelling process”_ 

The present JR results also provide a clue as to why the previously reported TG 
dehydroxylation measurements made under the action of electric fields3 could not 
satisfactorily be explained solely in terms of enhanced tunnelIing*_ Even though the 

field does influence tunneIIin_e, as has been indicated by theoretical caJcuIationsJ and 
by the present work, the second stage of the reaction (involving actual wei_eht Ioss) 
is rather less infJuenad; as the temperature increases the IR intensity loss curves for 
eiectrolyscd and unelectrolysed samples converge. Since the later stages of the reaction 
involve diffusional loss of neutral water molecules, the decrease in the influence of the 
field at higher temperatures is understandable. 
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Fig. 6. Frcqw shift of Mg(OH)2 hydroxyl band zi5 a function of tcmpcraturc (A) UneIcctrol~zed 
samp!e_ (B) Ektro!yred sample. 

The egeccr of elecrric fieids on rhe peak shape and frequency 01 fhe hydroxyl band 
On!y slight differences were recorded between the Feak shapes of the electrolysed _ 

and unelectrolysed samples. The electroiysed samples exhibited relatively broader 
peaks than the uneiectroiysed controls, particularly above 2OO’C. Because of the 
attenuated instrumental conditions under which the spectra were recorded, a certain 
amount of fine structure could be observed in the form of two or three shouIders at 
about 3600-3660 cm- ‘. These factors are Iost as the spectra broaden at higher 

temperatures, although below XO’C, they reappear on cooling to room temperature. 
The frequency of the hydroxyi peak exhibited a significant and progressive shift 

to higher wavenumbers with increasing temperature, from 3670 cm-’ at room 
temperature, to 3720 cm- ’ at 350°C. This shift u’ils not reversible on cooling to room 
temperature, and must therefore be a function of an irreversible physical change 
taking place in the sample on heating. The variation of frequency with temperature is 
shown in Fig. 6. 

No significant differences were noted between the peak shapes of the electroi- 
ysed and uneiectroiysed samples. The broadening behaviour of the spectra’ of the 
eiectroiysed samples on heating and cooling was also similar to the uneiectroiysed 
samples. Some differences were, however, noted in the frequency shift of the hydroxyi 
stretching wk; a shift to higher wavenumbers was again noted with increasing 
temperature, but the magnitude of the shift was smaller (Fig. 6). The room-tempera- 
ture app!ication of a field IO a previously unheated sample was also found to cause a 
shift of about 10 cm- I to higher wavenumbers. 

The direction of the frequency shift observed in these experiments is opposite 
to that reprted by Freund’, and attributed by him to the anisoiropic thermal 
expansion of the Mg(OH)2 lattice, which has its largest expansion paral!eE to the 
mean OH vector. The reason for the difference between the direction of the frequency 
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shift observed by Freund’ and that of the prent work is not obvious; most of 

Freund‘s work was however, carried out on samples prused into KBr discs, which 

may have introduced “overheating*” or matrix expansion effects not present in the 

present work. 

Shifts in the frequency of the O-H stretching band in the same direction as the 

present work have been observ& by Fripiat et al. ’ 2 in heated boehmite, and smaller 

shifts in the same direction have also been reported in the IR spectra of heated 

kaoiinite * 3. 

If the vibrating system is considered as a simple harmonic motion between two 

panicles of maSS m, and mz. the frequency of the vibration is given by 

v = [Ii2 ;rl[K,lmlrMJnr, 2 RX2)]i (7j 

w-here K is a force constant describing the bond strength between the two atoms_ In 

qualitative terms, K becomes larger as the bond strength increases, with a correspond- 

ing increase in the vibration frequency (or wavenumber)_ Thermal perturbations tend 

to increase the mean distance between the atoms, d ecreasing the bond strength and 

lowering the vibration frequency (a full treatment would also have to take into 

account the efiects of vibrational anharmonicity). However, it appears that the 

present frequency shifts are the result of an increase in bond strength and/or a decrease 

in interatomic distances_ One possible explanation may lie in the fact that dehydroxy- 

lation of Mg(OHjI is accompanied by a considerable volume contraction (about 

50% for full dthydroxylation). if this contraction is indeed the cause of the observed 

frrquency shift, it would follow from FI,_ -0 6 that in the absence of the electric field, the 

Iatti<x begins to collapse pro_mively even durin g the prcdehydroxyiation stages. but 

the effect becomes most noticeable at the onset of dehydroxylation proper. On the 

other hand, this collapse is retarded by the t!ectric field_ It has been shown that during 

careful dehydroxylation in vacua * *, a highly defect dehydrated intermediate can be 

formed, which has a hexagonal stmcture and lattice parameters very similar to the 

parent hydroxide ’ 4_ The frequency shift in the electrolysed samples might therefore 

be explicable in terms of stabilization of this uncondensed defect phase by the electric 

field, perhaps by the electrolytic introduction of impurity cations into the vacancies 

of the defect structure. The possibility of electrolytic stabilization of defect phases 

has already been noted in the thermal reactions of kaolinitc’5 and pseudo- 

boehmite’ 6_ 

This tentative explanation does not. however, completely explain the observed 

rtsultsz particularly the room-temperature frequency shift induced by the field in 

unheated samples_ 

One possible explanation for this result involves the polarization of the hydroxyi 

bonds by the electric field- If the electric field component parallel to the direction of the 
O-H bond is E, and the charge inbalana for the hydroxyl group is q, the polarization 

force qE,, is related to the frequency of the stretching vibration for a 0 to I transition 

in a hydrogen-bonded Aid by’ ’ 

qE’&z = 1 - 3 (Q/V,,)= - (vJvo)[~ j i/16 (Y,/v,)~]~ @I 
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where v, and v. are the fkquencies of the perturbed and unperturbed system respec- 
tively and 0, and a are as previously defined (eqn_ 6)_ it can be calculated from eqn. 8 
that the room-temperature frequency shift observed in the present studies can be 
accounted for by a polarization force of 3.12 x iOWJ esu. Although this cannot be 
compared directly with the applied field, which is not n ecessarily the fieId acting 
paraIIe1 to each randomly oriented hydroxyl group, the calculation susests that the 
room-temperature frequency shift might be explained in terms of a meancontraction 
of the O-H bond (or a mean lengthening of the Mg-0 bond) by a polarization force 
of not unreasonable magnitude_ A fuller understanding awaits a more complete 
theoreticai treatment_ 

coNCLUSIOSS 

(I) The loss of intensity of the IR hydroxyl stretching vibration of Mg(OH& 
during dehydroxylation occurs in two stages. The first stage is not accompanied by any 
weight loss, and may indicate a state in which the hydroxyl protons are delocalized 
from their :espec!ive molecules. The second stage of IR intensity loss represents 
dehydroxylation proper_ 

(2) Both stages of intensity loss are influenced by applied electric fields, which 
lower the onset temperature of the intensity losses, and shorten the temperature 
inter4 over which the delocalized state exists_ 

(3) On cooling to room temperature, a proportion of the IR intensity is 
regained_ Maximum reversibility occurs at about 100 and 25O’C, corresponding to 
the onset of the two stages of intensity loss. These two temperatures are also marked 
by maximum interaction between the sample and the electric Eeld. 

(4) The electric field does not significantly influence the IR peak shapes or their 
broadening characteristics at higher temperatures_ 

(5) A progressive shift to higher wavenumbers with increasing temperature is 
tentatively ascribed to the contraction of the structure on dehydroxyiation. This shift 
is much less marked in unelectrolysed samples, possibly due to the stabiiisation of a 
less condensed defect structure. 

I F_ Frtxmd, Angel+= Chum.. hr. Ed. Ehgl.. 4 (1965) 4.X 
2 F. Freund. Spectrochim_ Acru Part A. 26 (I 970) 195. 
3 Km J. D. MacKmzic, J_ 7lurm And. 5 (1972) 19. 
4 K. J. D. *Kcnzie, J- Therm- Ad-. S (1973) 363. 
5 K. J. D. MzcKcnzie, 1. Appl. C&cm. BiutechoL. 23 (1973) 903. 
6 R Martas, H. Gcrrtsch and F. Freumi, J. C&ta!_, 44 (1976) 366. 
7 J. J. Fripiat and F. Tousmint, Narurr, &m&n, !S6 (1960) 627_ 
8 N. H_ Brett. K. J. D- M2cKmzk and J. H- Sharp. Qurrrm Rev. Chcm. Sot., 24 (1970) 185. 
9 F. Freund and R Hoscn. Bcr. Bmserrgcs. P&-s. Ckm.. St (1977) 39. 

10 J. J. Fripitt. P- G. Rouxhct. H. Jacobs and A. Jelli. in FL S. Carter and J. J. Rush (Eds.), 
MoKecmkr Dpamics ad tlic Structure of Sdiak. NBS. Special Pub. 301 (1969) 22?_ 

I 1 J_ J_ Fripiat, P. G- Rocukt and H. Jxobs, Am_ &finemL, 50 (1965) 1937_ 



I2 J. J. Fripkt, I-L Bosnansand P. G_ Rouxhd. 1. P&s. Ckm.. 71 (1%7) 1097. . 
13 J. J_ Ftipkt ad F_ T ousaint. J_ Pirys C&m., 67 (I%3) 30. 
14 F_ Freud and V_ Spcriing, lLfafer_ Rrs. Ed, II (1976) 621. 
I5 K_ J. D_ SktcKe Trans_ J_ Br. Gram. She_. 72 (1973) 209. 
16 K- J. D. .MacKauie, ?7wnrwchim~ Ada, 16 (1976) I _ 


