
Introduction

Dioctadecyldimethylammonium bromide (DODAB) is a
synthetic double- and long-chained cationic amphiphile
forming vesicle. Using differential scanning calorimetry
(DSC) several authors observed for DODAB vesicles a
single endothermic peak around 45�C, which they as-
cribe to liquid–Gúcrystalline phase transition [1–4].
However, based on a fluorescence investigation, Sarpal
and Durocher [5] claimed that the phase transition
temperature of DODAB vesicles is 36�C whereas several
authors found with DSC two almost equally sized
endothermic peaks at 36�C and 45�C [6–10]. The aim of
this study was to find the reason for these conflicting
observations.

Experimental

Chemicals

Dioctadecyldimethylammonium bromide with purity
higher than 99% was used as received from Acros
Organics (Belgium). Ultrapure water of Milli-Q-Plus
quality was used.

Preparation of vesicles

Nonsonicated vesicle dispersions were prepared by
gently stirring at 65�C during 2 h using a magnetic
stirrer. Unless otherwise stated, the sample was then
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Abstract Two endothermic transi-
tions, at 36�C and 44�C, were ob-
served with differential scanning
calorimetry (DSC) upon heating di-
octadecyldimethylammonium bro-
mide vesicle dispersions that were
equilibrated below 15�C while in
samples kept at 25�C there was only
the transition at 44�C, which was
shown to be the gel to liquid–crys-
talline transition by 1H-NMR mea-
surements. The transition at 36�C
was reversed in an exothermic tran-
sition around 13�C upon cooling.
The slowness of this transition at
ambient temperatures suggests that
the presence of the transition at 36�C
in a DSC upscan depends strongly
on the sample history.
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cooled in a water bath at room temperature during
30 min. The sonicated vesicles were prepared as de-
scribed previously [10].

Proton nuclear magnetic resonance (1H-NMR)

The method was described previously [10].

Differential scanning calorimetry (DSC)

A high-sensitivity differential scanning calorimeter
Microcal VP-DSC (Microcal Inc., Northampton, MA,
USA) equipped with 0.5 ml twin total-fill cells was used.

Turbidity

The turbidity was measured at a wavelength of 633 nm
using a Shimadzu UV-VIS 1205 spectrophotometer. A
1 mm path-length quartz cuvet was used. The sample
cuvet was equilibrated at selected temperatures in an
external water bath. It was then taken out and the tur-
bidity was measured as quickly as possible. Water was
used as a reference.

Dynamic light scattering (DLS)

A Photon Correlation Spectroscopy 4700 (Malvern,
UK) equipment was used, provided with a vertically
polarized 10 mW laser with a wavelength of 633 nm.
The scattering angle was 90�C.

Results

Differential scanning calorimetry

Examples of DSC results on a nonsonicated DODAB
vesicle dispersion are shown in Fig. 1. The freshly pre-
pared 5.47 mM DODAB dispersion was filled into the
sample cell at 25�C. The temperature was lowered and
kept at 2�C for 5 min before starting an upscan to 65�C.
The thermogram showed two large, closely similar,
endothermic peaks with maxima at 36.0�C and 44.2�C
and enthalpy changes of 43.6 kJ/mol and 45.9 kJ/mol,
respectively (Fig. 1a, curve a). After 5 min at 65�C, a
downscan to 2�C was made (Fig. 1a, curve b). Besides
an exothermic peak at 38.8�C with an enthalpy change
of )43.6 kJ/mol, there was another exothermic peak
starting at 13.7�C. A second upscan looked the same as
the first scan. These experiments were made at a scan
rate of 1�C/min. When the downscan rate was decreased
to 0.3�C/min, the low temperature exothermic transition
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Fig. 1 Differential scanning
calorimetry (DSC) thermo-
grams of a 5.47 mM nonsoni-
cated Dioctadecyldimethylam-
monium bromide (DODAB)
dispersion (a) a first upscan,
b subsequent downscan, insert
downscan from 25�C. (b) a First
upscan, b subsequent down-
scan, c upscan after being kept
at room temperature during
seven days after preparation.
Scan rate was 1�C/min except in
insert were it was at 0.33�C/
min. For clarity, curves have
been displaced on the heat
capacity axis. The absolute
scaling in the insert is the same
as in the rest of the figure
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started at 19.6�C, reached a maximum at 13�C and was
characterized by an enthalpy change of )33.0 kJ/mol.
The return to the baseline showed that the transition was
completed (Fig. 1a, insert). Within limits of experimen-
tal errors, the same results were found for a 25-mM
DODAB dispersion. Thus, samples that had equili-
brated at temperatures well below 25�C showed two,
about equally sized endothermic peaks as was seen by
several authors [6–10]. Both peaks in the heating mode
had a symmetric shape characteristic for a two-state
transition [11]. The exothermic peak at )38.8�C in the
cooling mode was asymmetric with a sharp descent
indicating undercooling.

If the freshly prepared 5.47 mM nonsonicated DO-
DAB vesicle dispersion was first kept in the DSC cell at
20�C for 5 min, there was only one peak at 44.2�C with
an enthalpy change of 46.4 ± 0.3 kJ/mol in the sub-
sequent upscan (Fig. 1b, curve a). In the downscan from
65�C after 5 min waiting, a single exothermic peak at
38.9�C with an enthalpy change of )43.9±0.1 kJ/mol
was observed (Fig. 1b, curve b). Three additional ups-
cans from 20�C to 65�C followed by downscans to 20�C
gave identical results. Five consecutive runs under the
same conditions on a 5.77 mM DODAB sample were
equally reproducible and gave within experimental error
the same transition temperatures and molar enthalpies.
The difference between the enthalpy changes for the
upscan and downscan transitions is to a large extent due
to premelting in the upscans seen as a deviation from the
baseline well below the main peak. The scan rate in these
experiments was 1�C/min. These results fully agree with
results reported by several authors [1–4]. The uppermost
curve in Fig. 1b shows the DSC upscan on the 5.47 mM
DODAB sample after standing for 7 days at room
temperature. The appearance of the small additional
peak at 36�C indicates that the low-temperature exo-
thermic transition proceeds slowly at room temperature.

In DODAB vesicle dispersions conditioned below
15�C, we denote the state below 36.0�C state I, between
36.0�C and 44.2�C state II, and above 44.2�C state III
(Fig. 1a). The transition from state II to state III at
44.2�C was not affected by the presence of the transition
I fi II at 36.0�C. This indicates that the transition in
downscans at 38.9�C is III fi II but undercooled by
couple of degrees. The transition II fi I at 36.0�C was
inhibited upon cooling. Only around 15�C did the pro-
cess continue to completion reasonably fast. Because of
this slowness at ambient temperatures, some researchers
have seen only one peak while others [6–10] have seen
two peaks in DSC upscans, depending on the sample
storage conditions.

Figure 2 shows the DSC result on a sonicated
5.62 mM DODAB sample. No exothermic peak is seen
in the first scan down from 25�C to 2�C (Fig. 2, curve a).
The subsequent upscan (Fig. 2, curve b) showed a broad
peak starting at 33�C and ending at 46�C with maxima

at 36 and 43.7�C. The downscan, after waiting 5 min at
65�C, showed a sharp peak at 40�C that continued as a
broad exothermic bulge down to 25�C (Fig. 2, curve c).
Hardly any deviation from the baseline was seen on
further decrease in temperature to 5�C. A second scan
up to 60�C showed the same features as the first upscan.
Sonication broadened both transitions and reduced the
sum of the enthalpies by roughly 50% [10]. After soni-
cation, the transition at I fi II is fast as hardly any
hysteresis was observed.
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Fig. 2 Differential scanning calorimetry thermograms of a 5.62-
mM sonicated DODAB dispersion. a first downscan, b subsequent
upscan, c second downscan. The first downscan was at 0.33�C/min,
subsequent scans were at 1�C/min. For clarity, curves have been
displaced on the heat capacity axis. The absolute scaling is equal as
in Fig. 1
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Fig. 3 Dioctadecyldimethylammonium bromide alkyl chain frac-
tion detected with 1H-NMR at various temperatures in a 6-mM
DODAB in D2O dispersion. It was assumed that all DODAB was
detected at 70�C. (filled circle) before sonication; (open circle) after
sonication. Data after sonication between 25�C and 65�C were
taken from [10]
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1H-NMR

Due to line broadening, essentially no signals from the
alkyl chains were seen in 1H-NMR spectra of a 6 mM
nonsonicated DODAB dispersion in D2O at 25�C, i.e.
where the DODAB alkyl chains are in the gel state.
Heating the sample above the gel to fluid state transition
temperature Tm makes the signal appear because alkyl
chains in the fluid state give narrower NMR bandwidths
due to faster local anisotropic motions [12]. Thus, the
integrated 1 H-NMR signal intensities can be used to
estimate the fraction of fluid alkyl chains [10]. Figure 3
shows the fraction of alkyl chains detected with 1H-NMR
at various temperatures assuming that at 70�C all alkyl
chains are fluid and thus detected. It is clear from Fig. 3
that theDSCpeak at 44.2�Ccorresponds to themelting of
alkyl chains. Accordingly this temperaturewas denoted as
the main transition temperature Tm. The drop in the py-
rene fluorescence anisotropy at this temperature is con-
sistent with this assignment [9]. Figure 3 confirms that
about 50 % of the alkyl chains remained fluid upon
cooling below Tm after sonication above Tm [10].

Turbidity and dynamic light scattering

Samples for turbidity experiments were kept unstirred at
60�C after preparation at 65�C. In a first series of
experiments, the turbidity of a 5.7-mM nonsonicated
DODAB sample, which was kept at 60�C for 2 h, was
measured at selected temperatures upon cooling at a rate
of about 0.2�C/min in an external water bath from 60�C

to 3�C. Turbidity is plotted against the water bath
temperature in Fig. 4a. The temperature of the sample
during the measurements may differ somewhat from this
temperature. Upon cooling, turbidity increases steeply
around 15�C. Upon heating, the high turbidity remains
constant up to about 35�C when there is a sudden drop.
After staying constant for about 10�C the turbidity
further decreases to a constant level at about 55�C.
When this sample was slowly cooled from 60�C down to
20�C, the turbidity increased slightly down to 40�C and
then stayed constant. In the subsequent upscan there
were no drastic changes.

Figure 4a also shows the particle size in a 1-mM
DODAB sample measured with dynamic light scattering
(DLS) at several temperatures. As DLS has difficulties
measuring broad size distributions [13], the nonsoni-
cated sample was extruded ten times through polycar-
bonate membranes with 100 nm pore size (Whatman,
UK) at 60�C and at 7 bar in order to obtain a narrow
size distribution. This treatment did not alter signifi-
cantly the melting behaviour observed with DSC (result
not shown). After extrusion the sample was cooled to
25�C, then the particle size was measured at selected
temperatures while first cooling and then heating the
sample in the equipment. It is clear from Fig. 4a that the
vesicle size hardly varied with temperature. After the
complete temperature cycle, the size measured at 25�C
was within experimental error equal to the size measured
at the start of the experiment.

In a second series of experiments, the turbidity of
samples which were quenched from 60�C by placing the
sample cuvet in a water bath at 6�C, 15�C and 19�C,
respectively, was measured versus time. The turbidity
increased fast at the lower temperatures but rather
slowly at 19�C (Fig. 4b).

Discussion

The main alkyl chain melting transition of DODAB was
at 44�C (Fig. 3). This transition has similar features as
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Fig. 4 a Turbidity of 5.7 mM nonsonicated DODAB where
temperature was first decreased from 60�C to 3�C (filled circle)
and then increased from 3�C to 60�C (open circle) and particle size
of a 1 mM extruded DODAB sample where the temperature was
first decreased from 25�C to 5�C (filled triangle), then increased
from 5�C to 60�C (open triangle) and then decreased to 25�C (plus).
b Temperature-quenched turbidity of a 5.9 mM nonsonicated
DODAB sample from 60�C to 6�C (filled circle), 15�C (open circle)
and 19�C (filled inverted triangle)
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the main transition of the phopholipid dioctadecyl
phosphatidylcholine (DOPC) that occurs with an en-
thalpy change of 43.4 kJ/mol lipid in dilute aqueous
suspension [11]. The large enthalpy change in DODAB
vesicles at 36�C shows that this transition differs from
the pretransition observed for the corresponding phos-
phatidylcholine where the enthalpy change is only
5.9 kJ/mol [11]. The negatively charged phospholipid
dimyristoyl phosphatidylglycerol (DMPG) presents a
large gel-fluid transition region ranging from 18�C to
35�C at low salt concentration [14]. The thermal
behaviour of DODAB may be related. Despite extended
experimental work [15–18], the structural characteristics
of this DMPG transition remain not fully understood.

Turbidity measurements confirm that the transition
seen in the DSC downscan below room temperature is
the undercooled transition seen at 36�C in the upscan
curves (Fig. 4a). The larger turbidity observed in state I
is not due to flocculation as the particle size did not
increase (Fig. 4a). Besides,no sedimentation or floccu-
lation was observed in a 3-mM sample stored at 3�C
during 3 months. The process occurring upon cooling
gets completed (Fig. 4b) whereas aggregation is expected
to continue and to result in sedimentation. It is con-
cluded that the phenomenon occurring between state I
and state II is local leaving the vesicle aggregation
number unaffected. Possible reasons for the turbidity
increase upon cooling below 15�C are manifold. Higher
turbidities upon cooling can be due to a decrease in the
DODAB projected surface area and a concomitant in-
crease in bilayer thickness since the vesicle form factor
decreases less with scattering angle [19, 20]. The changes
in turbidity with temperature may also be caused by
changes in DODAB refractive index as has been ob-
served before for phospholipids [20]. Sonicated vesicles
were found to be prolate with cryo-TEM [10]. However,

it is unlikely that observation of two peaks is due to
differences in vesicle shapes or bilayer curvature since
nonsonicated DODAB vesicles were found to be
spherical and several hundreds of nanometers with cryo-
TEM [1]. Nevertheless, the ratio of the two peaks is
about equal before and after sonication. We must con-
clude that the exact nature of this transition is unknown
but we will continue to study this phenomenon.

Conclusions

In DODAB vesicle dispersions, the alkyl chains were
observed with 1 H-NMR to be in the fluid state above
44�C, which is therefore termed the gel to fluid transi-
tion. The enthalpy change of this fast and reproducible
transition was 45.9 kJ/mol. Upon cooling, the transition
occured reproducibly at 38.9�C with an enthalpy change
of )43.6 kJ/mol. Upon cooling below 15�C, a second
much slower )33.0 kJ/mol exothermic transition was
observed. Although turbidity doubled during this tran-
sition, no flocculation or fusion occured as the particle
size remained constant. Besides, sedimentation was not
even observed after 3 months at 3�C. Although the exact
nature of this transition is not fully understood, this
phenomenon occurred within the vesicle leaving the
vesicle aggregation number unchanged. Moreover, this
phenomenon was only reversed at 36�C in a 43.6 kJ/mol
endothermic transition. This brings clarity in the con-
flicting observations in literature: only samples that had
been cooled below 15�C showed the peak at 36�C in a
DSC-upscan beside the main transition at 44�C.
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