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Understanding the structure and dynamics of
cationic surfactants from studies of pure solid
phases†

Jeremy K. Cockcroft, *a André Shamsabadi, a Han Wu b and
Adrian R. Rennie *c

A homologous series of n-alkyl trimethylammonium bromide surfactants, H(CH2)nN+(CH3)3 Br�, from

C10TAB to C18TAB have been studied systematically in the bulk over a wide range of temperatures.

Common features in the structures are identified, with packing dominated by the co-ordination of the

cationic head groups with bromide anions and interdigitation of the hydrocarbon chains. This

arrangement provides an explanation for the thin adsorbed bilayers that have been observed at various

hydrophilic surfaces from aqueous solutions in previous studies. The molecular volumes and

arrangement are comparable with structures of a number of different self-assembled amphiphiles. For

these surfactants with bromide counter-ions, formation of crystal hydrates was not observed. The alkyl

chains are highly mobile and at high temperatures a plastic phase is found for all materials with a

transition enthalpy that is similar to the melting enthalpy of many long alkyl chains. Other unexpected

phase transitions depend more markedly on the hydrocarbon chain length and evidently depend on

delicate balances of the various contributions to the free energy.

Introduction

Properties that are related to the structure and mobility of
amphiphiles are important for many applications such as drug
delivery1 and personal care products2 and in a wide range of
industries.3 This motivates fundamental studies that could
enable better formulations based on scientific principles and
the design of new molecular materials. Even relatively simple
molecules such as the alkyl trimethylammonium bromides
(known as CnTAB) have found wide application beyond that in
formulation of industrial detergents, for example as bactericides
and antiseptics for almost 100 years. They have been investigated

for other potential clinical applications and their use has been
reviewed recently by Jennings et al.4 The European and US
Pharmacopeia specify the composition of ‘Cetrimide’ differently
as primarily C14TAB and C16TAB, respectively.5 Different activity in
pharmaceutical applications has been reported6 and this is a
motivation to develop a deeper understanding of interactions
and packing at a molecular level for amphiphiles such as
surfactants beyond classical ideas of the overall shape and size
of hydrophilic and hydrophobic moieties.7

For aqueous phases, there is relatively little systematic
information about changes observed with the length of the hydro-
phobic chains apart from differences in the critical micelle concen-
tration and micelle size, but for crystalline materials there is more
data. Carboxylic acid structures have been reported by Bond for alkyl
chains of length C6 to C15.8 Nelson et al.9 have described the
structures of carboxylate salts, for example of potassium soaps
of length C8 to C18 and of other salts with sodium and zinc. The
odd–even alternation in melting that is well-known for alkanes
is also observed in these materials.10

Although for CnTAB, some solid-state structures have been
reported for ambient conditions, the literature is confused and
contradictory (see the ESI,† Section S6). There has been little
attempt to study these surfactants at different temperatures by
calorimetry or in situ diffraction and spectroscopy in order to
understand the difference in behaviour as a function of chain
length n and how it relates to the molecular mobility.

a Department of Chemistry, Christopher Ingold Laboratories, UCL, 20 Gordon

Street, London WC1H 0AJ, UK. E-mail: j.k.cockcroft@ucl.ac.uk
b Department of Chemical Engineering, UCL, Torrington Place, London WC1E 7JE, UK
c Centre for Neutron Scattering, Uppsala University, Box 516, 75120 Uppsala, Sweden.

E-mail: adrian.rennie@physics.uu.se

† Electronic supplementary information (ESI) available: Additional experimental
details, crystallographic tables, and additional supporting figures are supplied. CIF
files with hkl and intensity data have been deposited at the Cambridge Crystal-
lographic Data Centre with deposition codes: 1941218, 1941219, and 1941220 for
C18TAB at �123 1C, 22 1C, and 117 1C; 1941221, 1941222, and 1941223 for C16TAB at
�123 1C, 22 1C, and 107 1C; 1941224, 1941225, and 1941226 for C14TAB at �123 1C,
22 1C, and 107 1C; 1941227 for C14TAB-D29 at �123 1C; 1941228 and 1941229 for
C12TAB at�123 1C and 22 1C; and 1941230, 1941231, 1941232, 1941233, and 1941234
for C10TAB at �173 1C, �123 1C, �23 1C, 22 1C, and 102 1C, respectively. In addition,
data have been deposited with code 1941235 for C1TAB at �123 1C. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/c9cp04486h

Received 13th August 2019,
Accepted 24th September 2019

DOI: 10.1039/c9cp04486h

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 9
:3

6:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-4954-651X
http://orcid.org/0000-0001-8466-5621
http://orcid.org/0000-0002-1931-7038
http://orcid.org/0000-0001-8185-3272
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cp04486h&domain=pdf&date_stamp=2019-10-08
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cp04486h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP021047


25946 | Phys. Chem. Chem. Phys., 2019, 21, 25945--25951 This journal is© the Owner Societies 2019

Modern laboratory instruments equipped with solid-state
detectors11 now permit rapid collection of powder X-ray diffraction
(PXRD) data over a wide range of temperature. The development of
micro-focus X-ray sources12 combined with area detectors13 and
fully automated data collection14 and structure solution15 has
transformed the scope of single-crystal diffraction (SXD) studies.
Full laboratory data sets can be collected on small crystals with
thicknesses as small as 20 mm in just a few hours. Consequently,
structural studies as a function of temperature are realistically
feasible.

In this paper, we present a comprehensive study of the solid
phases of the homologous series CnTAB (for even values of n
from 10 to 18) that identifies the structural changes and
thermal transitions that are strongly related to the mobility of
the individual parts of the molecule. These results allow us to
explain the previously observed unusual structures in adsorbed
layers at interfaces of solutions with various solids.16

Experimental

Samples were purchased with the highest purity and used
either as supplied or recrystallized as described in the ESI,†
Section S1. TGA measurements were made using a PerkinElmer
Pyris 1 equipped with a standard furnace. DSC measurements
were made using a PerkinElmer DSC8000 equipped with a
refrigerated-circulating bath down to �60 1C. Variable tempera-
ture PXRD measurements were made using a Stoe Stadi-P
diffractometer and SXD measurements were made using an
Agilent SuperNova diffractometer. Further details of all experiments
are available in the ESI.†

Results and discussion

Thermogravimetric analysis (TGA), differential scanning calori-
metry (DSC), powder X-ray diffraction (PXRD), and single-
crystal X-ray diffraction (SXD) were performed on all samples
of CnTAB (for n even from 10 to 18). TGA data showed that the
samples were stable to at least 170 1C, above which degradation
starts to occur. These measurements demonstrated the anhydrous
nature of the samples used in this study; even a sample of C14TAB
recrystallized from H2O showed less than 1% weight loss, which is
consistent with a small amount of surface bound water (see Fig. S1,
ESI†). By contrast, a structure for a hemihydrate of C16TAC, in which
the counter-anion is chloride, has been reported and we will
describe separately a full study of CnTAC, n = 14, 16, and 18.17

Fig. 1 shows DSC data for C14TAB as a typical example of the
behaviour of CnTAB. Two first order transitions are clearly
visible on heating and cooling. The large endothermic peak at
104 1C on heating corresponds to a process similar to ‘melting’
of the alkyl chain, i.e. the onset of complete rotational mobility
of the long chain surfactant cation. This high temperature form
is labelled phase I. Such orientationally-disordered structures
are frequently designated plastic phases. The weak endothermic
peak at 45 1C is due to a more subtle transition between low
temperature phase III and an intermediate phase II.

Data for all CnTAB surfactants (for n even from 10 to 18) are
shown in Fig. S2–S6 (ESI†). C16TAB and C18TAB show a similar
pattern of phase behaviour to C14TAB with the transition
temperatures shown in Table 1. By contrast, C10TAB shows a
second plastic phase above the plastic phase-transition temperature
(phase Ib) and C12TAB exhibits an additional phase just below the
large enthalpy transition (phase IIa). The transition tem-
peratures and enthalpy values are provided in the captions to
Fig. S2–S6 (ESI†).

Fig. 2 shows variable temperature PXRD data on heating
C14TAB from 7 1C to 207 1C. The transition from phase II to
phase I as seen in the strong DSC peak at 104 1C is clearly
evident with an obvious change in the PXRD patterns between
97 1C (shown in blue) and 107 1C (shown in red). A second more
subtle transition is also evident between 37 1C (shown in black)
and 47 1C consistent with the weak DSC peak at 45 1C.

Variable temperature PXRD data for each of the samples (for
n even from 10 to 18) are shown in Fig. S7–S11 (ESI†). The
additional phases detected by DSC for C10TAB (phase Ib)
and C12TAB (phase IIa) are also apparent in the PXRD data.

Fig. 1 DSC data for C14TAB on heating a sample at 10 1C min�1 (red curve,
endotherm up) showing two 1st order phase transitions at 45 1C (seen
clearly on the expanded scale �10 as a dotted curve) with DH = 1.2 kJ mol�1

and at 104 1C with DH = 46.6 kJ mol�1. On cooling (blue curve), the phases
transitions are shifted to lower temperature (43 1C and 84 1C, respectively),
particularly for the phase I–II transition, which exhibits noticeable hysteresis.

Table 1 Transition temperatures identified from DSC on heating samples
of CnTAB. Transition A is a result of the change from an ordered to a
disordered alkyl chain structure. Transition C is the change from a disordered
alkyl chain structure to a plastic phase. Transitions B and D are additional phase
transitions seen only in C12TAB and C10TAB, respectively

CnTAB 10 12 14 16 18

Transition A III - II III - II III - II III - II III - II
T/1C �36 13 45 76 71

Transition B II - IIa
T/1C 71

Transition C II - Ib IIa - I II - I II - I II - I
T/1C 101 103 104 110 101

Transition D Ib - I
T/1C 147
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On cooling, the plastic-phase transforms back to a more ordered
structure as seen in the DSC. At room temperature, the Bragg
peaks are now broader as shown in Fig. S12–S16, ESI.†

The changes in molecular behaviour below the plastic phase
transition temperature were determined using variable tem-
perature single-crystal X-ray diffraction (SXD) as summarised in
Table 2. Full details of these experiments are available in the
ESI,† Section S5, Tables S1–S18 and Fig. S17–S21. In addition,
SXD measurements were made on C10TAB at �173 and �23 1C.
For the plastic phases, SXD measurements were not possible as
the transition on heating always destroyed the single crystals.
This observation is consistent with the peak broadening seen in
samples after heating and subsequent cooling in the PXRD
experiments. Further, to aid later comparison with the plastic
phases, a precise structure of tetramethylammonium bromide
(C1TAB in the nomenclature of this paper) was refined from
SXD data collected on a crystal at �123 1C.

In order to understand the evolution of structure as a
function of temperature correctly, first it is important not to
miss the subtle doubling of the unit cell at low temperature (see
Table 1 and ESI,† Section S5, Fig. S22). Secondly, to make
a comparison within the homologous series, a consistent
presentation of the refined structure of CnTAB is crucial (see
the ESI,† Section S5). In the views presented in Fig. 3 of the
lowest temperature phase III, the coordinates and anisotropic
displacement parameters of the refined crystal structures at
�123 1C were transformed (see CIFs S1–S5, ESI†) to display a
principal axis parallel to the alkyl chain (as shown in Fig. S23–S27,
ESI†). The clear common features are the coordination of the ionic
layer, the interdigitation of the alkyl chains, the inclination of the
alkyl chains with respect to the ionic layer, and the twist of the
hydrocarbon chain along the principal axis (see Fig. S28, ESI†) that
leads to the symmetry change and cell doubling at low temperature
(see Fig. S29 and S30, ESI†).

On increasing the temperature, evolution of the molecular
motion is observed leading to the intermediate phase II with
mirror symmetry as shown in Fig. 4 for the structure of C14TAB at
97 1C. The thermal motion of the alkyl chain is more pronounced
at the methyl end of the long chain (see Fig. S31–S35, ESI†). In
addition, the increased librational motion of the chain leads to
alternate –CH2– groups dynamically crossing what was the c-glide
plane at low temperature with consequent disorder and time-
averaged mirror symmetry. This motion is analogous to an
oscillating crankshaft with the even-numbered C atoms on the
axis of the shaft and with the odd-numbered, off-axis, ones
exhibiting large displacements. In phase II, the strong ionic
interactions limit the scope for stochastic rotational motion of
the trimethylammonium head group.

The limitations imposed by the few fixed temperatures that
could be measured by SXD and the inability to measure data
above the plastic transition temperature can be diminished by
analysis of the complementary PXRD data. Whole-pattern fitting
methods were used to determine the lattice parameters as a
function of temperature over the full range of temperature (see
e.g. Fig. 5). This is dependent on the prior reliable SXD structure
determination at low temperature given the subtle differences
between phases II and III. Furthermore, great care must be
taken with whole pattern fitting and monoclinic symmetry since
the value of the unit-cell angle b crosses from above to below 901
as a function of temperature for C14TAB (see Fig. 5b and ESI,†
Section S4). The large increase in volume (E14.8%) associated
with the transition to the plastic phase seen in Fig. 5a is of
similar magnitude to those observed in other materials on
melting. Comparable data for all materials are provided in
Tables S19–S24 (ESI†) (and are shown in Fig. S36–S43, ESI†).

In contrast to the various lower temperature phases, all the
CnTAB investigated here (except for n = 1) have a high-temperature
phase I with the axis of the hydrogen carbon chains arranged
perpendicular to the layer containing the cationic head groups and
bromide anions, which is shown schematically in Fig. 6. The
packing arrangement within the ionic layer is substantially
unaltered at the transition. The temperature at which this
transition occurs is approximately independent of the alkyl

Fig. 2 Laboratory powder X-ray diffraction data for C14TAB measured in
10 1C steps from 7 1C to 207 1C with patterns coloured to show the three
solid-state phases: tetragonal phase I (red) and the two monoclinic phases
II (blue) and III (black). The very weak peak intensities at higher scattering
angles for phase I are characteristic of a plastic phase.

Table 2 Comparative SXD data on CnTAB showing the symmetry and
molecular volume, V, at low temperature, room temperature, and at a
higher temperature just below the transition temperature to the plastic
phase. Although SXD data were obtained for C12TAB at the higher tem-
perature, a comparative symmetry and volume cannot be readily given

CnTAB 10 12 14 16 18

T/1C �123 �123 �123 �123 �123
Phase III III III III III
Symmetry P21/c P21/c P21/c P21/c P21/c
V/Å3 380 425 471 516 562

T/1C 22 22 22 22 22
Phase II II III III III
Symmetry P21/m P21/m P21/c P21/c P21/c
V/Å3 397 441 485 531 578

T/1C 102 107 107 117 117
Phase II IIa II II II
Symmetry P21/m ? P21/m P21/m P21/m
V/Å3 408 ? 501 549 597
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chain length (see Table 1). For phase I, the PXRD data can only
be interpreted satisfactorily in terms of a plastic phase with large
rotational mobility of both the hydrocarbon chain and the head
group about the tail axis, which agrees with the large enthalpy
change seen in the DSC. As the temperature is increased, the
expansion is markedly bigger along the alkyl chain axis direction

(see Fig. S53, ESI†) leading to an increase in the separation of
the layers of ions and, speculatively, leading to the reduced
interdigitation of the molecules and, ultimately, to decomposition.

In the lower temperature phases, thermal expansion is domi-
nated by the reduced lateral packing of alkyl chains, which enables a
change from ordered phase III to structures with dynamic disorder
of alternate methylene groups in phase II. A further increase in
temperature leads to complete rotational disorder of the alkyl chains
and head groups with a large increase of the inter-chain separation
leading to the transition from phase II to phase I.

It is evident from the PXRD data measured on cooling back
to 27 1C that the peaks are broader when compared to the
measurements made prior to heating above the transition to
the plastic phase. Further, the increase in the widths of the
peaks correlates with increasing chain length (see Fig. S12–S16,
ESI†). Upon the transition to the lower temperature phase, a
kinetic hindrance to structural rearrangement, which requires
reorientation of the alkyl chains with respect to the ionic layer,
explains this observation.

Extra intermediate phases were observed for C10TAB and
C12TAB, which were identified by DSC (Table 1) and variable
temperature PXRD (see Fig. S11, ESI†). On heating C10TAB, it
initially transforms to a plastic phase, designated Ib, with
tetragonal symmetry but with a double-length unit cell com-
pared to phase I. This transition can also be seen in the DSC
data (see Fig. S6, ESI†). Phase Ib can only be explained in terms

Fig. 3 Molecular packing of CnTAB phase III for n even from 10 to 18 at �123 1C in space group P21/c viewed down b showing unit cells with the long
axes aligned parallel to the interdigitated alkyl chains. The planar region containing the ionic head groups and Br� anions is parallel to the plane formed by
the a- and b-axes of the unit cells; the a-axis is at a near constant angle b0 of about 1171 to c0 for all n.

Fig. 4 Evolution of the thermal motion for C14TAB determined by SXD
from phase III at T = �123 1C (lower) to phase II at T = 971 (upper) seen in
two orientations (on the left and the right) relative to the alkyl chain. For
clarity, hydrogen atoms are not shown. The range of thermal motion
indicated by the anisotropic-displacement ellipsoids increases away from
the head group and is larger for the odd-numbered (dark-grey) than for
the neighbouring even-numbered (light-grey) C atoms; N and Br atoms
are shown in blue and green, respectively.
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of 4 molecules per cell with the head groups in a defined
orientation, i.e. the transition from phase II leads first to a phase
characterised by rotational freedom of the long hydrocarbon chain
but not the ionic head groups. On further heating, rotational
disorder of the head group occurs as seen in phase I for all CnTAB.
In addition, a re-entrant phase transition was observed serendipi-
tously by PXRD for C10TAB. The transition involves a slight shear of
phase II parallel to the ionic plane to form a triclinic phase,
designated phase IV, which exists over a very narrow range of
temperature (see the ESI,† Section S4 and Fig. S54 and S55).

In the case of C12TAB, the transition from phase II to phase I
involves an intermediate phase IIa (see Fig. S10, ESI†), which
occurs over a narrow range of temperature. SXD data suggest
strongly that this is an incommensurate phase (see Section S5
of the ESI,† plus Fig. S56 and S57), as does the temperature-
dependent behaviour of the lowest-angle peak in the PXRD
patterns of phase IIa. This might involve realignment of the
alkyl tails with respect to the ionic layer prior to full rotational
disorder. These differences with the alkyl chain length reflect
the changing balance of interactions with temperature arising
from steric effects as well as van der Waals and ionic forces.

Our new results can be related to observations on self-
assembly from solution. It is interesting to compare the crystal

structures of these surfactants with the arrangement of adsorbed
layers at interfaces with solutions. While binding at hydrophilic
surfaces is usually described as a bilayer, details of the structure
are often unavailable. Fragneto et al.16 described adsorption of
C16TAB to silica in some detail using specific deuterium labelling
of different parts of the hydrocarbon and identified a layer with
an overall thickness of about 32 Å with clear interdigitation of
the chains. This picture resembles that found in the surfactant
crystal. Studies of adsorption to mica using the surface force
apparatus have also seen layers with a thickness of about 32 Å to
33 Å.18 Other studies, such as one using X-ray reflection,19 have also
reported thin structures, for example with alkyl chain regions for a
bilayer of just 25 Å thickness, and these have been attributed to a
large tilt of the alkyl chains away from the interface normal,
although there are no specific data that identify such structures.
As indicated in Fig. 3, similar tilt angles, j, of about 271 between the
alkyl chain direction and the normal to the plane containing the
ionic groups were observed for all of the CnTAB as reflected by
the monoclinic cell angle of about 1171 (= 901 + j).

Comparison with other amphiphiles is interesting, e.g. studies
of a homologous series of n-alkyl carboxylic acids CnCOOH.8

However, even the best available data do not permit direct
comparison at identical temperatures for the different chain
lengths. A major difference between CnTAB and CnCOOH is the
lack of interdigitation in the bilayers of the latter series of
amphiphiles and in the tilt of the alkyl chains with respect to
the plane of the polar groups. For the n-even acids, the equivalent

Fig. 5 (a) Variation of molecular volume with temperature derived from
the PXRD data on C14TAB shown in Fig. 2. The large change in volume
(DV E 14.8%) between phases II and I is indicative of a transition from a
more ordered to a plastic phase. (b) The transition from phase III to phase II
is more apparent from the change in the value of the lattice parameters c
(as solid circles), divided by 2 for phase III, and b (as open circles) as a
function of temperature (using an enlarged temperature scale). Data points
are coloured coded as for the raw PXRD patterns shown in Fig. 2.

Fig. 6 Proposed model of the packing of the C14TAB molecules in the
rotator phase in which there is a pseudo body-centred cubic arrangement
of bromide anions (shown in green) and the cationic trimethylammonium
head groups (shown in bright white with the n-alkyl tails shown in
off-white) within the ionic plane region (see Section S4 of the ESI† and
Fig. S44–S48); the PXRD data on the additional rotator phase Ib of C10TAB
(see Fig. S49, ESI†) can be explained with a double-length cell as shown in
Fig. S50, ESI.† To aid the reader, the structure shown represents more than one
unit cell (extended from�0.5 to 1.5 in both a and b and�0.1 to 1.1 in c, the latter
to show the Br� anion packing within the ionic plane). The packing is subtly
different to that of the cations and anions in tetramethylammonium bromide
(‘‘C1TAB’’) (see Fig. S51, ESI†) despite the latter sharing the same space-group
symmetry as for phase I of CnTAB (for n even from 10 to 18) (see Fig. S52, ESI†).
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monoclinic cell angle 901 + j (y1 in ref. 8) is significantly bigger
and varies from 1351 and 1291 with increasing n. The average
C–C–C bond angles in CnTAB at �123 1C of 1131 for each n are
similar to the average C–C–C bond angles of 1161 in CnCOOH and
these are significantly bigger than the tetrahedral angle of 109.51.
From the mean C–C bond length of 1.525 Å and C–C–C bond
angle of 1131 in CnTAB at�123 1C, an n-alkyl chain length can be
calculated. Others have derived widely-quoted formulae20 for
the calculation of alkyl chain lengths of surfactant molecules in
micelles and as layers at interfaces, which give a similar increment
despite the incorrect assumption of a tetrahedral angle, which was
compensated for by the use of a longer C–C bond length.

In addition to chain length as a function of n, one can
compare the volume increment, VCH2

, per –CH2– unit in the
different phases of CnTAB and with other systems. At �123 1C,
where all CnTAB have the same ordered structure in phase III,
VCH2

is around 22.7 Å3, whereas in the rotationally-disordered
phase I at 157 1C, it is 29.7 Å3 (see Fig. S58, ESI†). These can be
compared to a value of 23.0 Å3 for crystalline n-alkanes,21

27.4 Å3 for disordered lipid phases at 20 1C versus 28.0 Å3 at
40 1C,22 and 30.3 Å3 in micelles of sodium carboxylates at about
80 1C.23 Thus the volume increments observed in this work
correspond well to the different states of important practical
interest long-chain amphiphiles. Furthermore, for a C14TAB
molecule, the molecular volume in micelles24 is 544 Å3 at 25 1C
compared to 485 Å3 in the crystalline solid at 22 1C. For micelles
at low concentration, the ionic head groups are constrained to a
spherical shell and there is no interdigitation of the alkyl chains.

Another indication of the changes to a mobile disordered
state comes from DSC data. A large enthalpy of transition at a
temperature of about 104 1C in seen in Fig. 1 for C14TAB. It is
clear from the diffraction data in Fig. 2 that there are some
sharp diffraction peaks that persist at much higher temperatures
consistent with a change from an ordered state to a crystalline state
with rotationally-mobile alkyl chains. Similar results were observed
for the other surfactants (see Fig. S2–S6, ESI†). The large
enthalpy changes seen below the melting point are similar to
those reported in the earlier work of Iwamoto et al.,25 which
increase approximately linearly with the alkyl chain length. The
transition enthalpies for the phase change to a rotationally-
disordered state are comparable with melting enthalpies reported
for a number of long n-alkanes.26 The high-temperature structures
are similar to the ‘rotator’ phases seen in the n-alkanes27 but
with the significant difference that one end of the chain is fixed
in position by ionic forces.

As many neutron scattering experiments are performed on
deuterated samples,28 a structure determination was performed
on C14TAB with the alkyl chain deuterated (C14TAB-D29) at
�123 1C. Within experimental uncertainty, the crystal structures
were the same and no significant differences were observed by
DSC. This provides reassurance that isotopic labelling of an
alkyl chain with deuterium can be used for studies of, for
example, dynamics with neutrons and NMR.

The subtle balance of contributions to the free energy that
determines different structural arrangements is clear from the
PXRD diffraction data for the shorter alkyl chain lengths where

a richer phase behaviour is observed. An interesting example is
the incommensurate phase observed for C12TAB at a lower
temperature than the transition to the rotational disordered
phase. For C10TAB, an additional rotator phase with a different
ionic head group arrangement was observed. DSC data hint at
other subtle phase transitions that are not obvious from
diffraction data but were seen by chance in PXRD data, e.g. the
re-entrant phase transition in C10TAB. This demonstrates the
challenges in interpreting variable temperature PXRD data correctly
and the difficulties in computer modelling both the structure and
dynamics of surfactants. The shorter length alkyl-chain surfactants
C8TAB and C6TAB will be the subject of a further paper.

Conclusions

We report here for the first time novel structures of C10TAB and
C18TAB plus new low- and high-temperature structures for
C12TAB, C14TAB, and C16TAB. This work clarifies the rich phase
behaviour of the CnTAB surfactants and identifies several
common features of all the materials investigated. Although
there are similarities, transitions from phase III to II occur at
different temperatures depending on the chain length. This
explains in part the various structures described, often incorrectly,
in the literature (see Section S6 of the ESI†). We can now confirm
that the previous report on C14TAB and C16TAB at room tempera-
ture by Norbert et al.29 correctly identified the doubled unit cell and
symmetry for phase III; correct room-temperature structures were
reported for phase II of C12TAB in 1983,30 for phase III of C16TAB in
1986,31 and for phase III of C14TAB in 2003.32 No evidence of
polymorphs of C16TAB was observed contrary to earlier reports33

and pitfalls in the SXD analysis of CnTAB are pointed out (see
Section S5 of the ESI†).

The structures that we have obtained for crystalline CnTAB
provide an explanation for the observation that an interdigitated
structure of the alkyl chains with hydrophilic groups that are
strongly coordinated with counter-ions is often preferred, for
example as identified previously for the structure of an adsorbed
bilayer of C16TAB on a silica surface.16,34 The dominant influence
determining the formation of such structures is the co-ordination of
the cations with the bromide anions and together with the tilt of the
alkyl chains to the plane of the ionic layer this explains the observed
small thickness of adsorbed layers of these surfactants that has
been discussed previously.35

The structural studies allow a clear identification of the
trends of mobility for the alkyl chains both with changes in
their length and with temperature. The displacement amplitudes
observed for individual carbon atoms increase with decreasing
chain length. However, the transition temperature to the plastic
phase I is not strongly dependent on chain length. The results
suggest that it may be interesting to explore in future studies
whether differences in bactericidal activity are related to the mobility
of molecules or to possible formation of ordered domains as the
surfactants interact with e.g. the cell membrane material.

Finally, we note that all of the measurements reported in
this work were accomplished readily with modern laboratory
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X-ray instruments and without recourse to diffractometers on
beamlines at synchrotron X-ray radiation facilities, which are
typically associated with long wait times for access.
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