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Abstract 

The phase behaviour of the twin-tailed surfactant dioctadecyldimethylammonium bro- 
mide with water was studied by DSC, FT-IR, X-ray and polarizing microscope. The phase dia- 
gram of DODAB-water system is very similar to that of DODAC-water. The dihydrate is in 
equilibrium with isotropic solution below 55~ Above this temperature there is a lamellar liq- 
uid crystalline region, in equilibrium with isotropic liquid and solid crystals of 
DODAB.2H20, up to 69~ From 69 to 86~ the lamellar mesophase is m equilibrium with 
"waxy' anhydrous DODAB. From 86 to 116~ and very high DODAB content, there is a very 
narrow region of existence of inverse hexagonal mesophase, in equilibrium via a narrow 
biphase region with lamellar mesophase. At T> l 16~ an isotropic liquid appears. There seems 
to exist two different lamellar mesophases, one of them between 10 and 40 wt. % DODAB and 
the other between 60 and about 97 wt,% DODAB, with a biphase zone between them. 

Keywords: cationic surfactants, dioctadecyldimethylammonium bromide, mesophases, phase 
diagram, twin-tailed surfactants 

Introduction 

There  is grea t  interest  in e luc ida t ing  the phases  which  occur  in sys t ems  of  
twin- ta i led  surfac tants  with water. The  app l i ca t ions  of  these  se l f -o rgan ized  
s tructures  include processes  as diverse as p roduc t ion  of  p o l y m e r s  with unusual  
s tructural  and m o r p h o l o g y c a l  charac te r i s t ics  [1], e n h a n c e m e n t  of  analyt ical  
me thods  [2] and enhanced  oil recovery  [3]. 

Since twin- ta i led  surfactants  are spec ia l ly  useful  to p roduce  model  m e m -  
branes  and ves ic les  like b io logica l  m e m b r a n e s ,  which  are used  to invest igate  
membrane - l eve l  processes  in l iving beings,  k n o w l e d g e  of  the phase  proper t ies  of  
this kind of  surfactant  is o f  great  interest.  
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The double-chained surfactant dioctadecyldimethylammonium bromide 
(DODAB) is a prototype for di-long-chain cationic surfactants salts. This com- 
pounds has been scarcely studied. Shorter homologues have been subject of stud- 
ies in the past [4-7], and the chloride has been studied extensively in the last 
years [8-17]. 

Experimental 

DODAB was purchased from Kodak and recrystallised. Water was double- 
distilled. Samples were prepared by direct addition of water to dried DODAB in 
sealed vials, then homogenized with sonication, maintained an hour at 100~ in 
a water bath and them allowed to equilibrate for at least a week at 25~ 

DSC curves were obtained with a Perkin-Elmer DSC-4 calorimeter. The in- 
strument was calibrated with indium, water and n-octane standards. Cooling 
scans below room temperature were achieved with in Intracooler I refrigeration 
unit (Perkin-Elmer). All curves were determined with heating and cooling rates 
of 10~ min -1. Aluminium samples pans for volatile samples (Perkin-Elmer) 
were used to minimize losses by evaporation. Samples were weighed before and 
after DSC runs. Results with samples that lost weight were discarded. Transition 
temperatures were determined (_+0.5~ upon heating from the point at which the 
baseline changed slope significantly. Samples were normally cooled to tempera- 
tures of -50~ to ensure they were completely frozen. 

Polarizing microscope observations were made in a Leitz crystallographic 
microscope with thermic plate and a digital temperature control. 

Powder X-ray diffractograms were run in a Rigaku Denki diffractometer with 
a horizontal goniometer, C u I ~  radiation, and a nickel filter. Wavelength was 
0.15405 nm, goniometer rate 2~ -~, 35 kV, time constant 2 s, current intensity 
12 mA, divergence slit 1 ~ reception slit 1 ~ and temperature 298 K. Diffracto- 
grams were indexed using the Vand method. (18,19) A Nicolet 5ZDA FT-IR 
spectrometer with a specially made electrically thermostatized cell was em- 
ployed to run FT-IR spectra. CaF2 windows were employed. Samples were:sand- 
wiched as thin films between the windows. The tension hydroxyl reg ion  
(3700-3100 cm -1) was curve-fitted to three Gaussians with a curve fitting pro- 
gram (Peakfit) to study the structure of water. 

Results 

Figure 1 shows X-ray diffractogram of anhydrous DODAB at room tempera- 
ture. 

Figure 2 shows some representative DSC curves of the DODAB-water  sys- 
tem. 

Figure 3 shows melting enthalpy of water in the system, per gram of sample. 
It became zero at 97 wt.% DODAB. There was a break at 75 wt.% DODAB. As 
in some other systems [20, 21] extrapolation to 0 wt.% DODAB gave not the 
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melting enthalpy of pure water (320 J g-l). In this system, the intercept gave 
~ w = 4 0 0  J g-]. Figure 3 also shows the melting enthalpy of the hydrocarbon 
chains, which became zero at 0 wt.% DODAB (whithin the experimental uncer- 
tainity). There was a break at 75 wt.% DODAB, with a reduction in the melting 
heat in samples of larger concentration. 
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Fig. 2 Some representative DSC curves of the system DODAB-water 
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Fig. 3 Melting enthalpy of water (o) and surfactant chain (~  per gram of sample, vs. wt.% 
of DODAB 

Table 1 Transition temperatures (~ 

% DODAB Transition a Transition b Transition c Transition d Other 

100 

95 

89.1 2a 54.5a 

81.5 2a 54a 

70.48 2.5a 56a 

60 3a 55a, 59b 

50 2a 55.5a, 56b 

40.2 la 54a, 55b 

30 2a 55a 

20.2 3a, la 53a, 55a, 55.5b 

9.04 la, 3a 52a, 54a, 54.6b 

4.95 0a, la 51a, 52a,b 

0 0a 

71a,b 115.5a 

58a,b 

57a,b l15a 

56a 

109a 

100.2b 

99b 

69a,b 

76a,b 

116a,b 

aDSC determinations; bpolarizing microscope 
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Fig.  4 Proposed phase d iagram of  D O D A B - w a t c r  system, a: water  me l t ing  points,  b: crystals 
to lamellar mesophase transition, c: border between mesophase and mesophase+solid 
biphase region, d: mesophase to isotropic liquid transition. L-1 and L-2: proposed two 
different lamellar mesophases. H-2: inverse hexagonal mesophase. WS: waxy solid, I: 
isotropic liquid, A: crystal paste, B: crystals immersed in continuous isotropic liquid 

Table 1 shows the experimentally determined transition temperatures. 
Figure 4 shows the proposed phase diagram. 

Discussion 

X-ray determinations 

The analysis of the X-ray diffractogram gave the structure of anhydrous 
DODAB. The unit cell was triclinic with a=l.0556_-L-0.0081 nm, b=0.6896_ 
0.0053 nm, c=2.066_+0.015 nm, ct=101.86_+0.79 ~ [3=111.05 _+0.87 ~ "/=62.67_+ 
0.43 ~ There were two molecules in the unit cell. The quantity (ab/2)sin 
[3=0.3397_+0.0027 nm 2 is taken as the cross section of the hydrocarbon chain, and 
is much higher than the common values obtained with other surfactant crystals: 
0.1890 for lithium and cesium soaps [22, 23], 0.2094 for sodium soaps [24, 25], 
0.182 for fatty acids [26, 27]. We made a DODAB molecule model with a com- 
puter program giving the molecule length 1=2.71 nm from the center of  the bro- 
mide ion and the middle point between the ends of the two tails. This value of l 
led us to suppose that the crystal surfactant palisade is monomolecular, because 
a biomolecular layer leads to an excesively low angle of tilt ('I:=21~ The pro- 
posed structure is formed by an interdigitated packing, in whose {001 } plane po- 
lar head groups alternate with terminal methyl groups. Similar interdigitated 
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Fig. 5 Proposed packing of DODAB molecules in the elementary cell, viewed along the b 
axis. The a angle between the {001 } plane and the hydrocarbon tails zig-zag plane and 
the hydrocarbon tails zig-zag plane is also shown 

structure was proposed by Klose et al. [28] for n-heptanephosphonic acid and n- 
octanephosphonic acid, and some surfactants of the N-alkanoyl-N-methylglu- 
carnie family also have interdigitated structures [29]. The proposed structure is 
that of Fig. 5, giving an effective molecule length of/~ff=2.97 nm. With/elf= we 
computed the molecule total angle of tilt z with respect to the { 001 } plane, which 
contains the polar layer, by: 

sin't = csin[~ (1) 
/eft 

giving z=40.43+0.38 ~ This angle ranges f rom 49 to 55 ~ for sodium alkanephos- 
phonatezs [3]. For another twin-tailed surfactant, sodium di-octylphosphinate, 
z=47.63_+0.39 ~ [31]. The value of z is 53 ~ for potass ium soaps [32]. This tilt is 
composed by two different angles [31]: one of 60 ~ between the chain and the 
{001 } plane in the plane of the chains zig-zag, imposed by the atl-trans confor- 
mation of the hydrocarbon chains. This angle of 60 ~ may be seen by looking at 
the molecules along the a axis (Fig. 6). The other angle o is the tilt of the zig-zag 
plane with respect to the {001 } plane. It may be seen by looking at the molecule 
along the b axis (Fig. 5), and is given by [31]: 

s inG- csin~___ (2) 
2/sin60 

giving o=48.49_+0.49~ The value of e=b/(a sin [3)=0.7000+0.0051 is taken as the 
dl/d2 ratio, where d2 is the width of the molecule in the zig-zag plane and d~ the 
width of the molecule normal to this plane. This value is similar to that obtained 
in other Surfactant crystals: 0.6410+0.0020 for n-alkanephosphonates [30], 0.66 
for sodium palmitate [24, 25], 0.62 for some fatty acids [27], 0.701+0.035 for so- 
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dium dioctylphosphinate [31 ]. The surface per polar head in the plane { 001 } was 
+ 2 �9 �9 �9 S=0.3233_0.0025 n m .  It is larger than the values for single-chained surfactants: 

0.27358_+0.00033 for sodium n-alkane phosphonates [30], 0.1890 for lithium 
and cesium soaps at 25~ [22, 23], but is similar to that of other twin-chained sur- 
factant, sodium dioctylphosphinate, which showed S=0.30366+0.00034nm 2 
[31 ]. The presence of the bulky bromide ion may contribute to the increase of S. 
Notice that the model of interdigitated monomolecular crystalline layers leads to a 
cross section of the hydrocarbon chain value of (ab/4)sin ~3=0.1699_+ 0.0027 nm 2, a 
more normal value. The molar volume of surfactant was 375.5_+1.7 cm 3 mol -~, and 
the crystallographic density was 5= 1.6057+0.0073 g cm -3. 

D S C  measurements 

The hydrocarbon chains of anhydrous DODAB melted at 60.0 and 69.0~ 
with an enthalpy of 50 J g-l. There is gradual reduction of this temperature when 
water is added to the system, and reaches an almost constant value of 55~ at 
75 wt.% DODAB. The hydrocarbon chains peak is composed by two very close 
peaks. In heating curves, one of them appeared as a shoulder in the other peak. 
They are specially visible in the cooling curves, and sometimes the separation is 
well visible as in the 60.0 and 9.04 wt.% samples in Fig. 2. The ratio between the 
largest and the smallest peak areas is 1.7+0.3. This phenomenon probably means 
that the two chains are not equivalent. On the supposition that each peak corre- 
sponds to the melt of one of the chains, one of them melts first with an enthalpy 
of 31 J g-1 of sample, and the other with an enthalpy of 19 J g-1 of sample in pure 
DODAB. This means that the first chain melts with an enthalpy of 77 J g- of 
chain, and the other with 47 J g-1 of chain. The melting enthalpy of octadecane is 
241 J g-l, and its melting point is 28.2~ [33]. The melting point of the surfactant 
chains is higher because of the extra cohesion given by the ionic layer. According 
to the Kirchhoff law, an increase in the melting temperature must cause a reduc- 
tion in the melting enthalpy, as it was observed. The fusion of the first chain re- 
duces the cohesion of the second one, which melts with lower enthalpy. The in- 
troduction of water weakens the ionic layer, and the melting point of the chains 
decreases. In Fig. 3 it may be seen that there is a change in the dependence of the 
melting enthalpy at about 75 wt.% DODAB. At this concentration, the melting 
peak of the polar network disappeared, whilst between 75 and 97% the peaks of 
the chains and the polar heads are overlapping (that of hydrocarbon network fu- 
sion appears as a shoulder in the polar network fusion). This means that the en- 
thalpy points in this range are the sum of chain and polar head fusion. 

In pure DODAB, the polar layer melted at 86.5~ with an enthalpy of 130 J g-l. 
At 120~ another transition appeared. 

The melting point of water was 0~ at low concentrations (0 to -10  wt.% 
DODAB) and about 2~ at all other concentrations at which the water melt was 
detected. The melting enthalpy of water became zero at 97 wt. % DODAB, which 
corresponds to two water molecules per surfactant molecule (Fig. 3). This dihy- 
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Fig. 6 Molecule in the crystal, viewed along the a axis, showing the 60 ~ angle due to the zig- 
zag conformation 

drate was also found in didodecyldimethylammonium bromide [34] and in dioc- 
tadecydimethylammonium chloride [8]. 

The change in slope at 75 wt.% DODAB indicates that there is a change in 
properties of 'free' water at this concentration, which coincides with the disap- 
pearance of the melting peak of the polar heads. This concentration corresponds 
to 11.7 water molecules per surfactant molecule. Two water molecules may be 
attributed to the bromide ion hydration, the other 9.7 may be due to the formation 
of a hydrophobic hydration shell around the dimethylammonium ion. At 
DODAB concentrations lower than 75%, the melt of the chains causes the solu- 
bilisation of the polar heads and the destruction of the crystalline structure of the 
polar network. 

Polarizing microscope observations 

Observation with the polarizing microscope showed that in pure DODAB, the 
fusion of the hydrocarbon tails did not change the external shape of crystals, but 
its texture between crossed polarizers became turbid, in contrast with the trans- 
parent texture of low temperature crystals. We named this texture 'waxy solid' 
(Fig. 7). If the melting point of the polar network was not reached, this phenome- 
non was reverted while cooling. The melt of the polar network produced a fluid 
liquid. This liquid was pseudoisotropic. With vigorous motion between slides 
the liquid gave a cloudy texture. This texture was the non-geometric of hexago- 
nal mesophases, and must correspond to an inverse (H2) phase. The domain of 
existence of this inverse hexagonal mesophase is very narrow. It must be noted 
that in DODAB-water system, Laghlin et al. [8] did not found any inverse hex- 
agonal mesophase. The transition point at 120~ corresponds to the formation of 
an isotropic liquid. On cooling the fused pure DODAB, a very strange texture 
was obtained (Fig. 8). On a slightly cloudy, scarcely birrefringent background, 
many strongly birrefringent, golden structures appeared, with shape of twin nee- 
dles. The macroscopic aspect is a transparent, colourless solid. This texture did not 
appear if water was present in the sample. 
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At curve b, crystals start to form lamellar liquid crystals, showing a network 
of golden oily streaks on a pseudoisotropic background (Fig. 9) and positive and 
negative units. In some cases, terraced textures also appeared. At concentrations 
lower than 10%, myelin-like textures and positive spherulites appeared on an 
isotropic background. At concentrations lower than l0 wt.% DODAB, isotropic 
liquid appeared in equilibrium with mesomorphic textures. 

If the samples were not homogenized by fusion at the boiling water bath, the 
melt of the crystals started at about 70~ These samples were in a nonequili- 

Fig. 7 Waxy crystals of 100% DODAB at 72~ crossed polaroids, xl00 

Fig. 8 Anhydrous solid DODAB after melting and cooling. Crossed polaroids, x l00 

Fig. 9 Oily streacks, 40 wt.% DODAB at 74.5~ crossed polaroids, x100 
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brium starting state, because by contact of  anhydrous crystals and water at room 
temperature, the equilibrium was reached very slow. Laughlin et  al. [8] reported 
that it took a mounth to form DODAC dihydrate. 

FT-IR determinations 

The FT-IR determinations were performed at two different temperatures: 
20~ where crystals exist and at 60~ at which liquid crystals exist. At high 
DODAB concentrations the Va(CH3-) peak produced an interference. The 
v,(CH3-) peak appeared at 2950.6+1.4cm -1 with o=109+81 at 20~ and 
2977.0+1.9 cm -~ with o=108+45 at 60~ 

At 20~ the systems were composed by crystals and isotropic solution. There 
were three different types of water [35-38]: bulk-like, 'interracial' and 'trapped' 
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Fig. 10 Deconvolution of the water Vor t band: B - bulk like water, S - surface water, T -  trapped 
water, M - v a methyl peak. a) 20 wt.% DODAB 20~ without  methyl  interference; 
6) 40 wt.% DODAB 60~ with methyl group interference 
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water. The three peaks fitted to Gaussians with the following parameters: 
btB=3314+22 c m  -] (o=108+45) (bulk-like), g~=3432.6+5.5 cm -1 (o=90+46) (in- 
terracial) and Br=3532+12 cm -~ (o=77+22) (trapped). As an example, in Fig. 10 
it may be seen the deconvolution of one VoH peak with VcH3 interference and other 
peak without interference. 

Bulk-like or 'free' water is assumed to have physicochemical properties not 
much different from those of pure water. Interfacial water was also named 'sol- 
vent shell' [39] or 'vicinal water' [40]. This water may be defined as water mole- 
cules which had been influenced by the surface of the substrate in contact with 
water [41 ]. Trapped water are isolated water molecules in the surfactant structure 

5 0 - -  

R - 

0 

matrix. 

0 o 

50 
% 130DAB 

Fig. 11 Moles of  water per surfactant molecule  o: R u, o: R s, o: R T at 20~ 

In Fig. 11 we show the number of water molecules of each type per surfactant 
molecule in the system, RB, Rs and RT, vs.the total DODAB wt.% at 20~ It may 
be seen that bulk-like water (RB) increased very slowly with increasing water 
concentration up to about 60% water (40 wt.% DODAB),  and then RB rose 
speedly. Surface water (Rs) increased with water concentration up to -60% 
water, and then reached a plateau. Trapped water increased slowly up to -51% 
water and then increased more speedly. Microscopic observations showed that 
up to about 60% water, a white paste formed by crystals could be seen. All water, 
including 'free' water, is placed in the crystals pores and surface. At water con- 
tents >60%, the crystals could be seen immersed in isotropic solution. We con- 
cluded that up to -60% water, any water addition goes to the crystal pores and 
surface producing an increase in the crystal/solution interfase. At -51% water, 
the crystal matrix is open enough to provide new small loci to the trapped mole- 
cules. These probably are imperfections in the polar layers exposed to the aque- 
ous solution. At water content >60%, the total interface crystal/solution per sur- 
factant molecule remained constant and any water addition gave mainly free 
water. 

At 60~ liquid crystals exist. The parameters of the Gaussians were 
gB=3211.5+7.5 cm -1 (o=79+29) (bulk-like), bts=3400+_12 cm -1 (o=89+20) (in- 
terfacial) and gT=3564_+39 cm -] (O=94+25) (trapped). The different types of 
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water are shown in Fig. 12. Free water was almost constant up to 60 wt.% water 
(RB--2.5), and then rose to about RB=20. Surface water increased slowly up to 
20% water (Rs=4), in the biphase region, then rose to Rs--18 at 40% water, re- 
mained constant up to 60% water and then rose again. Trapped water remained 
almost constant (RT--2) up to 40 wt.% water, and then rose monotonically. In 
other mesophase systems, these changes in behaviour were detected at regions in 
which changes in the liquid crystal structure were detected. Since in the whole 

region only typical lamellar mesophase textures were seen, we conclude that 
there may be a change in the lamellar phase structure, as it has been detected in 
didodecyldimethylammonium bromide-water  systems [42]. We named the two 
possible lamellar mesophases as L- 1 and L-2. 

5O 

R 

0 I 
so Too 
OOO&8 

Fig. 12 Moles  of  water  per  surfactant  molecule  e: R B, o: R s, o: R T at 60~ 

The reduction of  bulk water in changing from crystal+isotropic solution to 
liquid crystals is not surprising, because the ionic bilayer was destroyed and all 
the polar headgroups became exposed to the aqueous solution. The exception at 
40% DODAB was probably due to the very high interference of  the methyl peak, 
which increased the uncertainty of the area measurement of the bulk-like water. 
The amount of  surface water increased, as it might be expected. On increasing 
water content, the average distance among polar headgroups in the polar bilayer 
surface increased, giving an increased interface to interact with surface water, 
and more interstices to locate trapped water. 

In anionic surfactant systems, surface water can be detected by DSC measure- 
ments and up to three different types were detected in different systems 
[30, 38, 43]. As it might be seen in this work, surface water also exist in the 
DODAB-water  system, and it was detected by FT-IR in other cationic surfac- 
tant-water system, dodecylal lyldimethylammonium bromide [44]. However, it 
might not be detected by DSC. It implies that the interaction between water and 
cationic interfaces is different from that with anionic interphases. The cationic 
interface-water interaction can be weak enough to allow the surface water to 
melt at temperatures close enough to that of  pure water to be undetectable by 
DSC. Hydrophobic hydration is known to give stronger hydrogen-bonding, 
which may explain the melting of water at about 2~ in concentrated samples. 
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Conclusions 

The phase diagram of  D O D A B - w a t e r  sys tem is very similar  to that o f  D O D A C -  
water. 

Be low 55~ there are crystals  and isotropic  solution.  Crys ta ls  in equi l ib r ium 
with water  are D O D A B . 2 H 2 0 .  B e t ween  about  50 wt .% D O D A B  and DODAB.  
2H20,  water  is included in pores  and surfaces ,  and the increase  of  water  content  
increases  the in terphase  crys ta l -water .  At concen t ra t ions  be low 40 wt.% 
DODAB,  crystals  are immersed  in a cont inuous  isotropic  solution.  

At  T>55~ there is a lamel lar  liquid crysta l l ine  region.  The  low-concen t ra -  
tion border  about  10 wt.% D O D A B ,  in which there is a b iphase  region o f  coexis-  
tence o f  lamel lar  m e s o p h a s e  and isotropic liquid. The  h igh-concen t ra t ion  borde r  
is a b iphase  region of  coexis tence  of  l amel la r  m e s o p h a s e  and solid 
D O D A B . 2 H 2 0 ,  up to 69~ From 69 to 86~ the b iphase  region cor responds  to 
lamel lar  m e s o p h a s e  and ' w a x y '  anhydrous  D O D A B .  F r o m  86 to 116~ there are 
a very nar row region of  ex is tence  of  inverse hexagona l  mesophase ,  in equi l ib-  
r ium via a narrow biphase  region with lamel la r  mesophase .  At  T>I  16~ an iso- 
tropic liquid appears .  

There  seems to exist  two different  l amel la r  mesophases ,  one of  them be tween  
10 and 40 wt .% D O D A B  and the other be tween  60 and 97 wt .% D O D A B ,  with a 
b iphase  zone be tween them. 

At  very low concent ra t ions ,  the l amel la r  m e s o p h a s e  d i sappears  at about  
100~ 
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