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Abstract-Complexes of n-tetradecylammonium-beidellite with n-alkanols 

(n-C14H29NH3 +)O.44(n-CxH 2X + ,OH) '.56{Mgo,28All.81(OHhSi3,56Alo,440IOJO,44-

(x = 8 -22) have been prepared and characterized by their basal spacings and by measurements of the 
specific heat c p' 

The compounds undergo a series of reversible phase transitions 

f3, ¢ .. ·¢f3i¢ .. ·¢f3w¢cx,¢ ... ¢CXj 

with rising temperature. The maximum number (J) of f3-phases depends upon the chain lengths and in­
creases from 1 with decanol to 6 with docosanol. Due to the evaporation of alkanol the number of G(-

phases is not yet established in all details. " . . . 
The f3-transitions correspond to conformational changes of the alkyl chams Via rotational Isomensa­

tion, especially kink formation. The f3-phases become unstable if the kink concentration exceeds 0,14 
kinks/-CH r . The fJ/cx-transition is probably caused by a rearrangement into special gauche-block struc­
tures. 

INTRODUCflON 

Complexes of montmorillonite with alkanols were 
reported for the first time by Bradley (1945). Later 
on, several papers dealt with these compounds: 
orientation ofalkanol molecules (MacEwan, 1948), in­
fluence of inorganic (Dowdy and Mortland, 1967; Bis­
sada et a!., 1967) and organic (Weiss, 1963) interlayer 
cations and of charge density (Lagaly and Weiss, 
1967) onto the alkanol orientation, selectivities for 
distinct alkanols from mixtures (Heydemann and 
Brindley, 1968; Slabaugh and Hanson, 1969; Aragon 
de la Cruz, 1969) and temperature dependent phase 
transitions with inorganic interlayer cations (Brindley 
and Ray, 1964; Pfirrmann et a!., 1973). 

In this paper temperature dependent phase transitions 
in alkanol complexes of alkylammonium-montmoril­
lonite will be discussed, using the n-alkanol complexes 
of n-tetradecylammonium-beidellite as examples. 

MATERIAL AND METHODS 

Beidellite 

The beidellite Ca0 2 2 (H 20)xlMgo2sAl"81(OHh 
Si356Alo'4401O) was a pure white sample collected 
at Unterrupsroth/Rhon in Germany. It has only 
a slightly inhomogeneous charge distribution with a 
mean layer charge of 0·44 eq./(Si,AI)40lD and a lower 
and upper limit of interlayer cation density of 0·36 and 
0048 resp. (Lagaly and Weiss, 1970 a and b). The CEC 
is about 120 m-equiv./IOO g. 

* Correspondence and requests for reprints to G. Lagaly. 
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n-tetradecylammonium-beidellite 

n-tetradecylammonium-beidellite was prepared by 
cation exchange with n-tetradecylammonium chloride 
(Grade: puriss., Fluka, CH-Buchs) in 0·1 N aqueous 
solutions (pH = 6--7) from the purified Na + ICa2+ -bei­
dellite at 65°C as described in other papers (Lagaly and 
Weiss, 1969, 1970 a and b). The removal of excess alkyl­
ammonium salt and free alkylamine had to be con­
trolled carefully. 

n-tetradecylammonium-n-alkanol-beidellite 

In order to prepare the complexes of n-tetradecyl­
ammonium-beidellite with n--alkanols (n--octanol ..... 
l1-docosanol), n-tetradecylammonium-beidellite was 
dried in high vacuum (P < 0'01 Torr) at 65°C and then 
carefully mixed with 4 moles alkanol per mole bei­
dellite. The mixture was stored at 65--80°C for 24 hr, 
ground and again stored at 65°C for another 24 hr. 
Then, the sample was slowly cooled down to room 
temperature and kept there for at least 24 hr before the 
measurements of the basal spacings were started. 

Measurements of basal spacings 

The basal spacings at room temperature were mea­
sured in Debye-Scherrer powder cameras and with a 
Philips Norelco diffractometer. For measurements 
above room temperature, a special sample holder for 
the diffractometer was constructed (Fig, I), which 
could be heated electrically up to 140°C. Using a preci­
sion NTC resistance thermometer, the temperature 
could be maintained constant within ± 0·1 dc. The 
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Fig. 1. Sample holder for the Norelco Diffractometer 
(Philips, Eindhoven) allowing temperaJure dependent basal 
spacing measurements up to 140°C. 

I: Sample; 2: Cu-Block; 3: Teflon; 4: AI-Support; 5: 
Heater; 6: Thermocouple; 7: NTC-Resistance. 

temperature was measured with an Ni-NiCr thermo­
couple. The adjustment of the sample was controlled 
by dodecylammonium-dodecanol-beidellite as refer­
ence sample. 

The complex was transferred into the sample holder 
at room temperature with a preferential orientation of 
the layers. The first 6 or 7 (OOI)-reflections were mea­
sured. Thereafter, the temperature was raised by about 
3°e. After 15-20 minutes the (OOl)-reflections were 
recorded again. In this way the temperature depen­
dency of the basal spacings was followed with increas­
ing temperature up to a maximum temperature, and 
with decreasing temperature from the maximum tem­
perature to room temperature. Since the alkanol was 
in large excess, errors due to evaporation of the 
alkanol could not be observed up to 80°C for decanol 
and up to 120-140°C for the longer chain alkanols. 
Therefore a maximum temperature of 80°C for decanol 
and 120-140°C for dodecanol, tetradecanol etc. had not 
been exceeded during the runs. 

One series of measurements from room temperature 
up to the maximum temperature took about 6-8 hr. 
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During the measurements the samples were carefully 
controlled in order to avoid errors by deformation of 
the sample surface. The measurements from room tem­
perature to maximum temperature and vice versa were 
repeated 4-6 times, using new sample preparations as 
well as previously used ones. 

Specific heat 

The specific heat of the tetradecylammonium-tetra­
decanol-beidellite was measured with an adiabatic 
calorimeter. The sample-a mixture of 0·9265 g (= 2 
mmole) n--tetradecylammonium-beidellite and 1·9325 
g (=9 mmole) n--tetradecanol-was introduced into a 
small glass vessel which was immersed in liquid paraf­
fin. The specific heats were calculated from the tem­
perature change of the paraffin by electrical heating. 
The temperatures were measured with a precision 
NTC resistance (sensitivity: 2 x 10- 4oC). The sensi­
tivity of the calorimeter was better than 60 mJ/hour. 

RESULTS AND DISCUSSION 

Complexes of tetradec ylammonium-beidellite with tetra­
decanol 

Figure 2 gives the temperature dependency of basal 
spacings for the tetradecanol complex of tetradecylam­
monium-beidellite. In general, the first 6-8 orders of 
(001 )-reflections could easily be analysed, still higher 
orders (10-15) also were accessible. Deviation of the 
values of the individual (OOI)-reflections from the mean 
value is generally less than 0'1 A, indicating integral 
(001 )-series. 

With rising temperature, the basal spacing decreases 
in distinct steps at 49°C, 60°C and noc, the step height 
being constant at 1·2 ± 0·1 A. At 94°C the basal spacing 
decreases more drastically by about 6 A from 46 A to 
40 A. At still higher temperatures the decreases are 
again in small steps. 

This temperature dependency of the basal spacings 
is exactly reproducible during the heating runs. On 
cooling hysteresis effects may occur; with fast cooling 
rates the transformation temperatures may be shifted 
to lower values. 

The sharp decrease in the basal spacing at 90° indi­
cates a drastic rearrangement of the interlayer struc­
ture. Low temperature forms ({3) and high temperature 

T, °C 
Fig. 2. Temperature dependency of the basal spacings dL of n-tetradecylammonium-tetradecanol-beidel­
lite showing the stability ranges of the low temperature phases (3,. (32. (33, (34 and of the high temperature 

phases (x,. (X2, 0!3' 
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Fig. 3. Structure of the bimolecular film of alkyl compounds between the silicate layers: (a) IlA = Ile 

spacing determining pairings: illA + nA} = inA + nd = illc + nd; (b) nA > nc spacing determining 
pairings: InA + nA}; (e) nA < ne spacing determing pairings: inA + nd. 

forms (IX) may be distinguished and the whole range 
may be described by 

Interlayer structure in the low temperature forms (13-
phases) 

A simple model for the interlayer structure has been 
established from the basal spacings and the analytical 
composition (Lagaly and Weiss, 1971 a). 

There are about two chains per (Si, AI)401D uriit, 
0·44 belonging to the cations and 1·56 to the alkanol 

molecules. The average composition is therefore (R­
NH;)044 (R-OHks6 iMgo·28AI'·81(OHh Si356-

Alo'440IOlH4+. The chains of both the alkyl am­
monium ions and alkanol molecules have all-trans 
conformation; they are arranged in bilayers and stand 
upright perpendicular to the silicate layers (Fig. 3a). 
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In order to explain the steps in the spacing versus 
temperature plots, one might assume that the chains 
stand perpendicular to the silicate layer at room tem­
perature and become tilted to distinct angles with ris­
ing temperature. Such distinct angles could be caused 
by special reorientations of the terminal -NHt and 
- OH groups to the silicate layers (Tettenhorst and 
McGuire, 1970). However, since the step height does 
not increase with the chain length (Lagaly and Weiss, 
1971b) one must assume distinct, but different 
orientations for each small step, e.g. angles of 79°, 74° 
and 67° for the steps of tetradecylammonium-tetrade­
canol-beidellite and angles of 81 °, 75°, 70° and 66° for 
the steps of octadecylammonium--{)ctadecanol-beidel­
lite. In general, in the system alkylammonium­
alkanol-beidellite with 10-18 C-atoms in the alkyl 
chains of the alkylammonium ions and alkanol mole­
cules, at least 20 different angles would be necessary for 
explanation of the steps! There is no rational reason 
for reorientation leading to such numerous distinct 
tilting angles. 

It is more probable that the steps are produced by 
some kind of conformational changes in the alkyl 
chains. From the great number of possible conforma­
tion isomers, only a relatively small number are of im­
portance in more or less regular structures. These are 
discussed in the papers of Pechhold about phase tran­
sitions in paraffins and relaxation properties of 
polymers (Pechhold, 1968 ; Blasenbrey and Pechhold, 
1967). 

Confor»UItional changes in the alkyl chains 

The energetically most favored conformation 
changes of alkyl chains are rearrangements of trans­
bonds t into gauche bonds g,g. The activation energy 

( 0 ) ( b ) ( c) 

(d) ( e ) (f) ( g ) ( h ) 

Fig. 4. Rotation isomers of alkyl chains: (a) all-trans chain ; 
(b) alkyl chains with isolated + gauche 9 and - gauche 9 
bond resp. in an assembly of trans alkyl chains ; (c) isolated 
gauche bond at chain end (position 2 or (w--I» ; (d) alkyl 
chain with 2g I-kink (conformation .... tttgtgttt ... ); (e) alkyl 
chain with 2g2-kink (conformation ... rtgtttgtr. .. ); (f) alkyl 
chain with 2g3-kink (conformation .. . tgtttttgt. .. ); (g) alkyl 
chain with 3g2-kink (conformation ... ttgtgtgtt. . . ); (h) 

alkyl chain with 3g3-kink (conformation ... tgtttgtgt ... ). 
--- gauche bonds. 
fi x = 1,78 A, fiy = 1,27 A, fi z = 1,27 A. 

(0 ) (c) 

(d) (e) 

Fig. 5. Assemblies of alkyl chains: (a) block of all-trans 
chains; (b) gauche block; (c) block of alkyl chains with 
gauche bonds in 2- and (w-I) positions ; (d) kink block with 
shorter alkyl chains; (e) kink block with longer alkyl chains. 

is only 3-6 kcalJmole (= 15'1 kJ/mole), the increase in 
internal energy 0·6 kcalfmole (= 2·5 kJ/mole). (Hagele 
and Pechhold, 1970; Wobser and Blasenbrey, 1970; 
Hoyland, 1968 ; Sovers, 1968 ; Volkenstein, 1963). Thus, 
such transitions can easily occur even at room tem­
perature. 

By transition of one trans-bond within an all-trans 
chain into a gauche bond, the two chain parts before 
and after the gauche bond form an angle of 1250 with 
each other (Fig. 4b). Therefore, the formation of such 
an isolated gauche bond within a regular assembly of 
parallel all-trans chains would require a large acti­
vation volume and is unlikely to occur. Long range 
ordering into 'gauche blocks' (Fig. 5b) should be 
favored. The transition of a block of all-trans chains 
into gauche blocks is connected with a large decrease 
of the spacings in directions normal to the layers and 
seems to be unlikely in structures with low chain mobi­
lities. It has been postulated for melts of polymers by 
Pechhold (Pechhold and Blasenbrey, 1970 ; Pechhold, 
et al., 1972). In our system the decrease of the basal 
spacing by transition into gauche blocks would exceed 
the observed step heights of 1,1- 1,3 A very much and 
should increase with the chain length from about 5 A 
for decylammonium-decanol-beidellite to about 12 A 
for octadecylammonium--{)ctadecanol- beidellite. 

The activation volume for isolated gauche bonds 
should become less, the closer the gauche bonds lie to 
the chain ends. Therefore they might occur also in 
ordered structures close to the chain ends (Fig. 4c). In 
2- and (w-I)-positions the decrease in the basal spac­
ing would be exactly 1·27 A. Since there are 4 terminal 
groups in the bilayer, up to 4 isolated gauche bonds 
could be formed (Fig. 4c, 5c) producing up to 4 steps 
of 1·27 A in the dL versus temperature plots. Gauche 
bonds in 2- and (w-l)-position, however, have to 
enlarge the lateral distances between the chains. There­
fore space filling would be poor and the stabilizing 
van der Waals energy of the bilayer structure would be 
drastically reduced. 

High activation volumes and large decreases in the 
packing density as a consequence of isolated gauche 
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Table 1. Different Types of Kinks (Pechhold \968) 

Ox Oy 0, 
Term Conformation (cp. Fig. 4) 

all-trans ttttttttttt 0 0 0 
2gl-kink ttl tg tg Wt 1·78 \·27 -\·27 
2g2-kink tttgtttgttt 2 x 1·78 2 x 1·27 -2 x 1·27 
3g2-kink tttg tg tg tit 2 x 1·78 0 -2 x 1·27 
2g3-kink ttgtttttgtt 3 x 1·78 3 x 1·27 -3 x 1·27 
3g3-kink ttgtttgtgtt 3 x 1·78 \·27 -3 x \·27 
4g3-kink ttgtgtgtgtt 3 x \ ·78 \ ·27 -3 x \·27 

bonds are drastically reduced if combinations of 
+ gauche 9 and - gauche 9 bonds are formed, e.g. con­
formations such as ". tttgtgttt ". or ". ttgtttgtt". and 
" . ttgtgtgtt". In these cases the g-bond brings the two 
chain parts back again to a parallel orientation (Figs. 
4d- h). Rotational isomerization into such conforma­
tions are thermodynamically probable. The activation 
energy of formation of pairs 9 and 9 with one chain 
does not exceed 7·2 kcal (= 30·1 kJ) and the internal 
energy does not differ by more than 1·2 kcalfmole ( = 5·0 
kJ/mole) (Hagele and Pechhold, 1970; Wobser and 
Blasenbrey, 1970). 

A special term 'kink' has been proposed for confor­
mations .. . gflj ... (Fig. 4d). Kinks of higher order ('jogs' 
Figs. 4e and I) are formed with (2n-1) trans bonds 
betweengandg(n = 2,L .).Themostcharacteristicfea- · 
tures of the kinks are the shortening of the overall 
length of the chains by multiples of 1·27 A. (Fig. 4d- h) 
and displacements of the parallel parts of the chains by 
multiples of (ix and (if in x and y directions. Some types 
of kinks are tabulated in Table 1 together with their 
displacements. 

The conformity of the step heights observed in our 
experiments makes it highly probable that the steps are 
produced by formation of kinks in the alkyl chains. 
Thus. from the decrease of the basal spacing by 1·2 A. 
at 49°C (transition fldfl2) (Fig. 2) one kink per pair of 
chains has to be postulated. Two further steps of 
1·2 A. in the basal spacings at 60°C and n oe (transition 
fl21fl 3 and f131f14) may be explained in different ways: 

\. Formation of a kink in the all-trans chain of the pair 
at 60° and insertion of a further kink in one of the 
kinked chains at 72°e. 

2. Insertion of a second kink in the kinked chain of a 
pair at 60°C and then formation of a kink in the a1\­
trans chain of the pair at n°e. 

3. Formation ofa second kinkat 60°C and a third kink 
at 72°C in the kinked chain of the pair, the other 
chain remaining in all-trans conformation over the 
whole temperature range. 

4. Transition of the 2g I-kink in one chain of a pair in 
a 2g2- or 392 kink at 60°C and into kinks of still 
higher order (2g3 etc.) at n °e. 
No distinction can be made between these possibili­

ties from basal spacing measurements only. Possibili­
ties 1 and 2 seem to be more probable than the others, 
since higher order kinks require more drastic struc­
tural rearrangements than insertion of additional first 

(' .C.M. nil "-- D 

order kinks. This assumption is supported by the 
experimentally determined transformation enthalpies 
and entropies (Lagaly et aL 1973). 

Kink block structures 

Formation of isolated 'kinked' chains in random dis­
tribution should not show up in sharp steps. Stepwise 
decrease is possible only in case of equal numbers or 
equivalent orders of kinks in each pair of alkyl chains. 
Kink formation is connected with an increase of the 
lateral space requirement. Since the number of chains 
per formula unit does not change beyond experimental 
error in the {J-phases, the space requirement must be 
minimized. This is possible by formation of 'kink 
blocks' in which the kinks of neighboring pairs of 
chains are well ordered. Then the formation of kinks 
in these ordered structures should occur in a highly 
cooperative reaction, the formation of kinks being 
highly favored by neighboring kinks. 

The dimensions of the 'kink-blocks' should depend 
upon the chain lengths. An optimal packing is reached 
ifkinks in neighbor chains are displaced by 2·5 A. (= 2 
C-C-bonds) in the direction of the chain axes. There­
fore, the position of the kinks within a kink block 
should move from the polar end to the hydrophobic 
end of the chains or vice versa. The borders are repre­
sented by chains with kinks near the polar or the 
hydrophobic end. Unfortunately, experimental data on 
the dimensions of the kink blocks are not yet available, 
but investigations have been started. 

Nature of phase transitiOf1s 

Interpretations of the nature of phase transitions are 
often based on experimental results of measurements 

~ :f ~ 46 
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44 
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02 

60 70 60 90 

T, ·C 
Fig. 6. Specific heats cp (kcal/deg mol) and basal spacings 
dL for the p-phases of tetradecylammonium­

tetradecanol- beidellite. 
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Table 2. Transition Enthalpies and Entropies for Tetradecylammonium­
Tetradecanol-Beidellite 

Transition 
Temperature LlH 

°C kcal/mole Beid. 

50 0·73 
60 0·72 
72 0·68 

of the specific heat cpo The results of our investigations 
are shown on Fig. 6. The specific heat does not change 
continuously throughout the investigated temperature 
range (30-90°C). There are three marked discontinui­
ties in the c versus temperature plot at exactly the 

p • 

same temperatures as the steps in the basal spacmgs. 
Integration of the experimental cp and cpfT-curves 
leads to the phase transition enthalpies and entropies. 
The data in Table 2 refer to one mole (Si, Al)40lO' 
Since there are 2 alkyl chains (= one pair) per (Si, 
Al)40lO and since an additional kink is formed at each 
transition point, the data represent the enthalpy and 
entropy of the formation of one kink, ordered in a 
block structure. From the constancy of the entropy at 
the three transition temperatures, it may be assumed 
that the 2nd and 3rd transitions are probably due to 
formation of additional 2g1-kinks and not to rearran­
gements of 2g I-kinks into kinks of higher order. 

The transition enthalpy approximates the enthalpy 
values given by Pechhold for formation of a kink in an 
isolated chain (1'2 KcaIjmole, 5·0 kJ/mole) and in a 
chain bundle (0'95 kcaljmole, 4·0 kJ/mole). The still 
lower value in the investigated system may be a conse­
quence of the lower packing density of the alkyl chains. 

The shapes of the cp-discontinuities resemble 11-
transitions and from this one should assume second 
order transitions. In contrast to well known second 
order transitions, however, there are distinct devia­
tions, which need additional investigation. They may 
be due to cooperativity and block ordering. 

COMPLEXES OF TETRADECYLAMMONIUM­
BEIDELLITE WITH DECANOL, DODECANOL, 

HEXADECANOL, OCTADECANOL, EICOSANOL 
AND DOCOSANOL 

Experimental results 

The temperature dependency of the basal spacings 
for tetradecyl-ammonium-beidellite with decanol, 
dodecanol, hexadecanol, octadecanol, eicosanol and 
docosanol is shown on Fig. 7. As in the tetradecanol 
complex the basal spacings decrease stepwise. Again 
only two types of steps are observed: small steps with 
I·O-J·3A height (transitions fli~fli+l and 
IXi:;;:::: ai + d and large steps-one in each curve-with 
heights increasing with chain length of the alkanol 
(transitions flro ~ ad· 

The (<XH)-reftections are in general as intensive as in 
the case of the n-tetradecanol complexes. This is espe­
cially true for higher temperatures. 

LlS 
cal/deg. mole Beid. 

(kJ/mole) (deg. mole) 

(3'06) 2·3 (9-6) 
(3,01) 2·3 (9,6) 
(2,84) 2'3 (9'6) 

Interlayer structure ill the fl-phases 

The analytical composition in systems with differing 
numbers of C-atoms in the alkylammonium ion (= lid 
and the alkanol molecule (= II A) is the same as in 
the system IlA = Ilc, i.e. (R-NH3l(i'44 (R-OH)!.56 
{Mg().lSAl!'IH (OHh Si3·56AI()·440w}· A reliable 
model for the interlayer structure can be deduced from 
Fig. 3a by substituting the alkanol molecules having 
the same chain length as the alkylammonium ions by 
longer or shorter chain alkanols (Figs. 3b or 3c). 

With IlA = IldFig. 3a) each alkyl chain in one of the 
two layers is adjoining an alkyl chain with the same 
length in the other layer (in simplified model, neglect­
ing ordering of the terminal groups). For IlA =1= nc (Fig. 
3b and 3c), instead of pairs of chains with equal length, 
there occur three types of pairs: 

longer chains + longer chains, 
longer chains + shorter chains, and 
shorter chains + shorter chains. 

The probability of finding an alkylammonium ion in 
the monolayer is 0'44/(0·44 + 1·56) = 0·22 and to find 
an alkanol molecule 1'56/(0-44 + 1'56) = 0·78. There­
fore, the probability for pairs alkylammonium ion + 
alkylammonium ion (symbol = (l1c + nell is 0·22 x 
0·22 = 0,048, for pairs alkanol molecule + alkanol 
molecule (symbol = lilA + nA)) 0·78 x 0·78 = 0·608 
and for pairs alkylammonium ion + alkanol molecule 
(symbol = {lie + IlA}) 2 x 0·22 x 0·78 = 0·344. 

T, °C 

Fig. 7. Temperature dependency of basal spacings dL of n­
tetradecylammonium-alkanol complexes. 

Alkanol = Decanol(+), Dodecanol ( ... ), Tetradecanol (e), 
Hexadecanol (.), Octadecanol (A), Eicosanol (I~), Doco­

sanDI ("'). 
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Table 3. Experimental and Theoretical Basal Spacings dL (in A) calculated for the Mode!!! {I1 A + "A}, {I1A + I1cl and 
Inc + I1cl 

dL(calc) (A), calculated· for spacing-determining pairings 
{IlA + IlA} i nA + Ilel {Ile + ncl 

I1C IlA 
d(t)") 

dLlc.le) t!.dL t dL(ea'c) t!.dL t dL(caIC) t!.dL t 

14 22 65·8 691t -2·3 
20 61 ·7 670; -2·3 
19 59·2 615; -2·3 
18 56·8 590t -2·2 
17 54·8 5Ht -1,6 
16 52·6 539t -1·3 
15 50·3 5lAt -[ ·1 
14 48·8 48'8i 0 
13 47·2 46·3 +0'9 
12 45·0 43·7 + 1·3 
II 42·7 41·2 + 1 ·5 
10 40·6 38·6 +2'0 
9 35·6 35·3 +0·3 
8 32·8 328 0 

* Parameters adjusted to give dL = 48·8 for nA = ne = 14. 
t t!.dL = dUoh, ) - d L(calc)' 

t Most probable structure. 

If nA > 110 the most numerous pairs alkano! + al­
kanol produce a larger interlayer spacing (Fig. 3b) than 
all other pairs would do. Therefore, it seems likely that 
the basal spacing is mainly determined by the pairs 
alkanol + alkano!. Between the hydrophobic chain 
ends of the pairs cation + alkano! and between those 
of the pairs cation + cation holes are generated. For 
11 A < l1e the most numerous pairs {11 A + n A} give a 
smaner basal spacing than the pairs {n A + nd. It is 
thus likely that the interlayer distance is now deter­
mined by the pairs i nA + nd and holes are formed 
within the pairs { I1 A + I1 A }. The pairs I nc + I1d would 
lead to still higher spacings, their probability, however, 
is so small (4'8 per cent) in comparison to the other 
pairs (60'8 per cent resp. 34-4 per cent), that their in­
fluence on the structure win be negligible. 

In Table 3, the observed basal spacings (at room 
temperature) are compared with theoretical basal 
spacings. They were calculated in case that the inter­
layer distance is determined by pairs rnA + I1A}, (ne + 
11,1: or tne + nei· As expected, the differences ~ dL = 

59·0 +7-8 48·8 + 18·0 
5604 +5-3 + 12·9 
55·1 +4·1 + 10·4 
53·9 +2·9 +8'0 
52·6 +2·2 +6·0 
51·3 + 1·3 +3·8 
50·1 +0·2 + 1 ·5 
48'8t 0 0 
47'5t -0·3 -1 ·6 
46'3t -1 ,3 -38 
45'0t -2-3 -6·\ 
43'7t -3'1 -8·2 
42·1 -7·1 -13-2 
4004 -7-6 -16·0 

dL(obs) - dL(calc) become < 0 with the spacing deter­
mining pairings {IJA + I1A} for nA > l1e and rnA + I1d 
for "A < nco They are multiples of 1'15 ± 0·19 A. This 
leads to the assumption that the volume of the holes 
in the interlayer structure is reduced by formation of 
kinks in the longer alkyl chain pairs even at room tem­
perature. With rising temperature the stepwise de­
crease of the basal spacing indicates that, similar to the 
system n" = nc, the number of kinks per chain in­
creases still further, probably under formation of dis­
tinct kink block structures. The steps in the basal spac­
ings indicate that the number of these additional kinks 
per chain pair increases: 0 for nA = 10, 1 for nA = 1I, 
2 for "A = !2, 3 for I1A = 13-19, and 5 for "A = 22. 

TRANSITIONS INTO THE a-PHASES (HIGH 

TEMPERATURE FORM) 

Brindley and Ray (1964) first observed the transition 
of a low temperature form with high basal spacing into 
a high temperature form with low spacing in alkanol 

Table 4. Transition Temperatures T. for the P/IX-transition of tetradecylammonium-
alkanol-beidellite 

Number of C-Atoms Melting Point Transition 
in Alkanol of pure Alkanol Temperature 

nA °C °C (jJ 

10 7 39 I 
11 16 52 2 
12 24 66 3 
13 79 4 
14 38 94 4 
15 44 94 4 
16 49 92 4 
17 54 93 4 
18 59 91 4 
19 62 91 4 
20 66 91 4 
22 74 89 5 
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Table 5. Kink Concentrations in the Kink Block Structures of Tetradecylammonium-BeideIIite at 25°C 

Number 11K of Kinks Mean Kink 
Structure Determining in the pairs' Concentration CK 

nA Pairs inA + IlAl inA + Ild {Ilc + ne! (Kinks/ -CH z-l 

22 {IJA + IJAl 2 0 0 0·030 
20 2 0 0 0'033 
19 2 0 0 0·034 
18 2 0 0 0·036 
17 I 0 0 0·019 
16 1 0 0 0·020 
15 I 0 0 0·021 
14 0 0 0 0 
13 {nA + nd 0 0 2 0·004 
12 0 1 3 0·020 
11 0 2 5 0·040 
10 0 3 6 0·060 

* Taken from 11K :::::; !1ddl'27 with !1dL referred to the model {IlA + nA}, {nA + /lei and {Ile + ne), resp. (cp. Table 3). 

complexes of calcium montmorillonite. They related 
the transition temperatures to the melting points of the 
pure alkanols and distinguished 'below and above 
melting point' series. 

The similar transition [Jw!al in alkylammonium­
alkanol-beidellite may be of the same nature. The 
transition temperatures, however, are generally higher 
than the melting points of the pure alkanols (Table 4). 
The constancy of the basal spacings at high tempera­
tures and the further decrease in distinct steps 
(al ¢!Xz ¢ ... ) contradict the assumption, that the 
[Jjal-transition is merely a 'melting' of the chains in 
the interIayer space with transition in highly disordered 
structures. Since the basal spacings in the !X-forms are 
larger than expected for a monolayer structure, a 
bimolecular structure has to be postulated also in these 
structures. The decrease in the basal spacings is prob­
ably due to a drastic rearrangement into well ordered 
gauche block structures. 

Kink and gauche block arrangements have been 
proposed for the structure in melts of polyethylene and 
long chain paraffins (Pechhold and Blasenbrey, 1967; 

Blasenbrey and Pechhold, 1970). Using statistical ther­
modynamics and experimental data about melting 
enthalpies, specific volume changes, pressure depen­
dency of the melting points, expansion coefficients and 
compressibilities, Pechhold assumed melting of these 
long chain alkyl compounds to be connected with a 
sudden increase in kink concentration from a lower 
limit of about 0·02 kinks/-CHz- to a value of about 
0·25 kinks/-CHz-. 

By analogy one might speculate that in the tetrade­
cylammonium-alkanol-beidellite systems the con­
centration of kinks in the [J-forms will increase up to 
a critical value only, beyond that the /3-form will re­
arrange into the a-form. This view is supported by a 
calculation of the kink concentrations in the different 
phases. With IlA = Ile = 14 four /3-phases or up to 
three kinks are found in each pair of chains with 2 x 
14 = 28 C-atoms. The kink concentration then 
amounts to 3/28 = 0·107 kinks/-CHz-. 

With IlA of Ile kinks already exist at room tempera­
ture in the PI-phase in the longest pairs only. For 
IlA > Ile kinks are in the pairs {Il A + Il A } which are 

Table 6. Kink concentrations CK in the ti",-Phases of Tetradecylammonium-Alkanol-Beidellite 

Mean Kink 
Number of Kinks Conc. eK" 

in these Pairs (Kinks/-CH 2 -) 

Spacing Determining for for 
nA Pairings til ti", ti", 

22 {IlA + nAl 2 7 0·144 
20 2 6 0·103 
19 2 5 0·118 
18 2 5 0'124 
17 1 4 0·102 
16 1 4 0·116 
15 1 4 0·122 
14 0 3 0·107 
13 inA + nei 0 3 0'113 
12 1 3 0·100 
11 2 3 0·083 
10 3 3 0·060 

* Assuming that the additional kinks (3 for IlA = 18-13,2 for I1A = 12) occur in all the pairs. 
t Related only to spacing determining pairs. 

Kink Cone. eKt 
(Kinks/ -CH 2 -) 

for 
ti", 

0'159 
0·150 
0·132 
0'139 
0·118 
0'125 
0·133 
0·107 
0'111 
0·115 
0·120 
0·125 
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longer than the pairs inA + nd and inc + nd. When 
nA < Ilc they are in the pairs inA + nd and inc + lid. 
The calculated kink concentrations at room tempera­
ture are given in Table 5. 

As an example the calculation is shown in detail for the 
system I1A = 12, l1e = 14. From Table 3 the pairs {I1 A + I1d 
and {lie + lid are 1·3 A and 3-8 A (= 3 x 1·27 A) longer 
than the observed basal spacings. This may be explained 
with the assumption of 1 kink in each of the 0·344 pairs 
(Ii A + I1d. 3 kinks in each of the 0·048 pairs {nc + I1d and 
no kink in the 0·608 shorter pairs inA + IIA)' Hence, the 
total number of kinks is I x 0·344 + 3 x 0·048 + 0 x 
0·608 = 0-488. Since the total number of C-atoms per (Si, 
AI)40,o unit amounts to 0·344 x (14 + 12) + 0·048 x 
(14 + 14) + 0·608 x (12 + 12) = 24'88, the mean kink 
concentration cK at room temperature is 0-488/24'88 = 
0·020 kinks/-CH z-· 

With rising temperature, it may be assumed that ad­
ditional kinks are formed in all pairs, their number per 
pair being equal to the number of steps in the {l-range 
of the dL versus T-plot. For 11 .. = 12, ne = 14 with two 
steps ({ll ¢ {l2 ¢ {l3) the kink concentration increases 
by 2/24'88 = 0·080. 

Table 6 gives the mean kink concentrations of the 
{lo)-phases. The values are not constant, but increase 
with the chain length strongly from n .. = 10 to 11 .. = 

12 and slightly for longer chain alkanols. 
If there is a relation between kink concentration and 

transformation temperature, not the mean con­
centration, but the concentration in the spacing deter­
mining pairs should be crucial. This value Cx is calcu­
lated from the number of kinks in these pairs divided 
by the number of C-atoms in the same pairs; e.g. with 
11 .. == 12, I1c = 14:3/ 12 + 14 = 0'115 kinks/-CH r . 
The data for the other alkanols are given on Table 6. 
They are plotted on Fig. 8 against the number of C­
atoms in the spacing determining pairs (= n .. + IlA 

and I1A + 110 resp.). In addition cx-values for (11 + l) 
and (11 - I) kinks are inserted. It is evident that the 
maximum kink concentration cannot exceed a line 
which slightly increases from 1·2 kinks/-CHr for pairs 
with 20 C-atoms to 1·6 kinks/-CHr for pairs with 44 

02 a-Phases 

01 

, 
7 

: ~7 kinks 
• 

• ~ ' -.............. 6 kinks 

, ~ ~5kinks 
~ '~4kinks 

,8- Phases 
~ ' ---------"3kinkS 

2 kInks 

Fig. 8 . Dependency of kink concentration CK (kinks/-CHd 
in the spacing determining pairs on the number 11 of C­
atoms in these pairs (n = nA + I1A for ITA > "c ; IT = n ... + lie 

for IT" < nel. 
o for not observed hypothetical phases Pro + 1 

• in the observed phases (3w 
() in the observed phases (3w _ 1 

C-atoms. This limiting value determines the maximum 
number of kinks in the {l-form and thereby OJ, the 
number of {l-phases. For nA = 16, e.g., with 3 or 4 
kinks in the pairs {16 + 16} the kink concentration 
(0'094 and 0·125) is smaller than 0·14 and the corre­
sponding kink block structures are stable. With 5 
kinks per pair, however, the concentration (0'156) 
would exceed the limit for p-phases; the structure has 
to rearrange into the :XI-form. 

The behaviour of the I1A = 10, nc = 14-system may 
be explained in the same way. In this system only a P/:x­
transition and no PJPi + I-transitions have heen 
found. At room temperature there are already three 
kinks in the spacing determining pairs {l4 + 1O}, 
which correspond to CI( = 3/24 = 0·125. Formation of 
an additional kink would increase Cx to 0·167. This 
value is considerably higher than the limiting value for 
{l-phases and rearrangement to the :Xl-form has to take 
place. 

Our model also explains the behaviour of systems 
with 11, = 14 and I1A < 10. In these the observed basal 
spacings at room temperature are much shorter than 
those calculated for {I1 A + ncl as spacing determining 
pairings and even no {l/:x-transformation is found with 
rising temperature. Comparison of observed and cal­
culated basal spacings shows that at least 4 kinks per 
pair {nA + nd are built in at room temperature, prob­
ably due to space filling requirements. With nA + nc = 

24 the kink concentration (Cl( = 4/ 24 = 0·166) 
becomes higher than the critical value for {l-phases. 
Thus only :x-phases are observed at room temperature. 
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