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A B S T R A C T   

A first discovery of iridescent liquid-like aqueous vesicle dispersions formed from the cationic surfactant dido
decyldimethylammonium bromide (DDAB) is reported. Iridescence arises for some solid crystallites, thin films, 
and colloidal crystals, but has not yet been observed in systems that in effect remain liquid-like. Visual obser
vations and spectroturbidimetry (ST) at wavelengths of 350–700 nm were used to determine vesicle sizes and 
microstructure formation in dispersions for DDAB weight fractions w between 0.020 and 0.030. The DDAB 
vesicle dispersions exhibited iridescent colors for w = 0.023–0.027, due to the formation of “soft” crystallites 
formed by self-assembled vesicles. Effective vesicle radii from 30 to 60 nm were inferred from the ST mea
surements. The volume fractions of the vesicles ϕv and their effective volume fractions ϕv*, which account for the 
electrostatic double layers around a vesicle, were also estimated. The high values of ϕv* for the iridescent dis
persions indicate that they contain neighboring vesicles with highly overlapping electrostatic double layers, even 
though their values of ϕv remain relatively low. Hence, strong electrostatic repulsive interactions arise between 
the vesicles, which probably drive the formation of “soft” crystallites, and thus the observed iridescence. 
Nevertheless, these “soft” crystallites, which could be easily broken up but were quick to reform, remain sus
pended. Consequently, these vesicle dispersions still flowed as a bulk dispersion with a high viscosity; the 
dispersion as a whole remained liquid-like or as a “liquid gem”, in contrast to what occurs to the other colloidal 
crystals made of rigid colloids. Beside their beautiful appearances, these DDAB vesicle dispersions also act as 
effective stabilizers of dense silica suspensions against sedimentation even at relatively low values of w.   
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1. Introduction 

We have been studying the use of aqueous dispersions of vesicles 
formed from the cationic surfactant didodecyldimethylammonium 
bromide, or DDAB, as possible stabilizers of dense particle suspensions 
against sedimentation [1–5]. Recently, we unexpectedly discovered that 
some aqueous vesicle dispersions of DDAB exhibit iridescent colors 
similar to those found in natural gemstones. An iridescent color is a 
particular type of structural color. Some authors use these terms inter
changeably [6–8]. Here, we prefer the term “iridescent” because it im
plies diffraction more clearly. To our knowledge, this is the first example 
of such a phenomenon in a system that is in effect liquid-like. In contrast, 
most known natural materials that show beautiful iridescent colors [9, 
10], such as precious stones, jewels and gems, are fully crystalline solids. 
Iridescent colors are also exhibited by some thin solid films, or even by 
some feathers of birds or wings of butterflies [11–13]. Here, the 
iridescent colors appear when the vesicles self-assemble to form soft 
crystallites that nonetheless remain suspended in the aqueous medium, 
and are only observed across a narrow range of DDAB concentrations, or 
weight fractions w. 

Several authors have reported formation of colloidal crystals by 
spherical polymer (polymethylmethacrylate (PMMA) or polystyrene 
(PS)) particles [14–21]. These crystallites often deposited to the bottom 
of the container. Their flowability was not the major focus of these 
studies. By contrast, the DDAB vesicle crystallites studied here are 
flowable in a tube and remain suspended indefinitely. Moreover, they 
can be easily mixed with other dense colloidal particles, which alone 
would sediment, to slow down or completely prevent them from sed
imenting. The crystallite structures could be broken partially upon 
mixing or shearing but they could reform spontaneously. 

Unilamellar “spherical” vesicles, or simply “vesicles”, formed from 
various surfactants or lipids in water have been studied extensively 
[22–25]. These vesicles are comprised of a single closed bilayer of sur
factant, with water both inside and outside. They are usually formed 
from double chain surfactants, such as DDAB, which is cationic, or some 
phospholipids, which are zwitterionic [1,26–28]. One key condition for 
the formation of vesicles is the ability of the surfactant to form with 
water lamellar liquid crystalline phases, which contain ordered 
multi-bilayer onion-like structures or “liposomes.” (Note: some authors 
refer to vesicles, as we have defined them, as liposomes [23].) A second 
condition for vesicle formation is that the hydrocarbon interiors of the 
bilayers should still be fluid-like. This latter condition usually occurs 
above a certain temperature, known as gel-to-liquid crystalline, or 
chain-melting, temperature [29–32]. Above this temperature, the hy
drocarbon chains are fluid-like and DDAB exhibits this behavior in water 
at room temperature [33–36]. Vesicles also usually do not form spon
taneously from liposomes [5]. An input of mechanical energy, either in 
the form of stirring (method 1), or shearing through porous membranes 
(method 2), or ultrasonication (method 3), is needed to produce vesicles 
starting from a dispersion of liposomes. Although method 1 can be used 
to form some DDAB vesicles in water (along with liposomes), the use of 
method 2 or method 3 after method 1 is needed to produce DDAB ves
icles exclusively, as shown recently [1,5]. In addition, the dispersion 
medium affects the resulting vesicle sizes. In 0.01 M NaBr solution, 
DDAB vesicles produced via method 2 or 3 have larger sizes than the 
ones produced via the same method in water [5]. 

DDAB vesicle dispersions generated via method 1 have been shown 
capable of stabilizing aqueous suspensions of solid particles, such as 
~300 nm particles of high-density titania, against sedimentation [1], 
when the volume fraction of vesicles ϕv is quite high. For w ≈

0.010–0.020, ϕv ≈ 0.35–0.69 [1,2], indicating that the DDAB vesicles 
(estimated from cryo-TEM images to be around 500 nm in diameter) are 
close-packed spheres or deformed spheres as in a foam. These vesicle 
dispersions generate a highly non-Newtonian fluid that has a very high 
shear viscosity at the low shear stresses generated by the settling of solid 
colloidal particles. Yet, at the much higher shear stresses that typically 

arise for flow through a tube of macroscopic dimensions, the DDAB 
vesicle dispersions have a much lower shear viscosity. This strongly 
shear-thinning behavior makes these DDAB vesicle dispersions partic
ularly useful in stabilizing various inks used in inkjet printing [1,3]. 

In this article, we present results for DDAB vesicle dispersions in 
water prepared with method 1 followed by method 3 for the higher 
weight fractions of w = 0.020–0.030. Iridescent colors are only observed 
at w = 0.023–0.027. The dispersions at w < 0.023 or w = 0.030 show no 
iridescent colors. The w = 0.030 dispersion is presumed to have such a 
high concentration of liquid crystallites after stirring that few vesicles 
may form after sonication; this dispersion is probably no longer water- 
continuous, because the pure liquid crystalline phase boundary of 
DDAB-water is at w ≈ 0.040 as shown by X-ray scattering [26]. In 
addition, and along with their striking appearance, the DDAB disper
sions at w = 0.020–0.030 are shown to be comparable stabilizers against 
sedimentation of dense colloidal particles as those dispersions prepared 
only by method 1 with w < 0.020. The unique properties of these more 
concentrated DDAB vesicle dispersions are due to the increased volume 
fraction of the vesicles (when present at w < 0.030) and the strong and 
long-range electrostatic repulsive interactions which develop between 
them, and arise because of the low DDAB solubility in water and the low 
ionic strength of the aqueous solution surrounding the vesicles. 

We present below further details about the method of preparation of 
the DDAB vesicle dispersions in water. We also show photographs of 
various DDAB dispersions, viewed at different scattering angles θ, and 
provide spectroturbidimetry (ST) data as a function of the time t after 
preparation. In addition, the ST data are used to estimate the average 
vesicle sizes from light scattering theory, as well as yield information 
about the stability and reversibility of the crystalline structures that 
presumably appear when iridescence is observed [4,5]. Finally, we 
demonstrate the ability of these dispersions to slow down or prevent the 
sedimentation of monodisperse spherical silica particles with nominal 
diameters of 750 nm. 

2. Methods and experimental details 

2.1. Dispersion and suspension preparation methods 

Ultrapure water, with resistivity of ca. 18.0 MΩ•cm, obtained from a 
Milli-Q water system from Millipore®, was used. DDAB in powder form, 
with a purity of 98 %, was purchased from Eastman Kodak. Aqueous 
DDAB dispersions were prepared at ca. 23 ◦C by first mixing DDAB with 
water to a total of 5 g at w = 0.020–0.030 and then waiting 30 min to 
allow hydration of the DDAB crystals to form the lamellar liquid crys
tallites. Afterwards, the samples were stirred at a stirring rate of 900 rpm 
for 2 h with a nearly cylindrical magnetic stirring bar of length 12 mm 
and diameter 3 mm. Then, the samples were sonicated for 15 min in a 
Branson 3510 sonication bath at a frequency of 40 kHz at 25 ± 2 ◦C. 
Monodisperse spherical silica particles with a diameter dsilica of 750 nm 
and a density ρsilica of 2.0 g/cm3 were obtained from Superior Silica 
(Tempe, AZ) as a dry powder. Aqueous silica suspensions were prepared 
by stirring, as above, and then followed by sonication for 2 h, to ensure 
that the particles were fully dispersed as single spheres. 

2.2. Characterization of DDAB dispersions 

For the visual observations and spectroturbidimetry measurements, 
3 g aliquots of each sample were loaded into square quartz cuvettes 
(Hellma, 111-QS) with four transparent windows. The cuvettes had a 
height of 46 mm, an internal width, and thus optical path length, of 10 
mm, and an external width of 12.5 mm. The samples were observed and 
photographed under two illumination conditions, either with diffuse 
overhead room light from fluorescent light bulbs or with a flashlight 
with a directional white light-emitting diode (LED). For the latter, the 
observations were made at various scattering angles from 20◦ to 160◦. A 
digital camera (Nikon D5300) with a resolution of 24.4 megapixels and a 
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CMOS sensor was used. 
Sample absorbances A were due to scattering only, since DDAB is 

nonabsorbing over the wavelengths λ0 = 350–700 nm. The absorbance 
spectra were measured with the Agilent Cary 60 UV-Vis spectropho
tometer at 23 ± 1 ◦C. As indicated in Fig. 1, each absorbance spectrum 
was determined for a small portion of the sample, which is traversed by 
the incident beam through a cross-sectional square area of 1 mm2. For 
each sample, three spectra were obtained consecutively, with typical 
differences less than 0.5 %, and the average is reported here. 

3. Results and discussion 

3.1. Photographs of key DDAB dispersions 

DDAB dispersions were visually observed and photographed for 

times up to 20 days after preparation (Figs. 1 and 2). The appearances of 
these DDAB vesicle dispersions resemble those of sterically-stabilized 
polymer (PMMA) nanospheres with radii 305 ± 10 nm [21]. Such par
ticles were inferred to behave as hard spheres. For each w, three separate 
DDAB dispersions were prepared, and all visual observations appeared 
to be identical. A summary of some key observations is given below. 

At 14 days after preparation, the dispersion at w = 0.020 looked dark 
with room light. With LED illumination, it showed bluish scattering 
colors, which varied with θ. Moreover, it looked heterogeneous, indi
cating some settling that formed two layers. By contrast, at w = 0.023, 

Fig. 1. Photographs of DDAB dispersions at various weight fractions w, 14 days 
after their preparation. The photographs were obtained with either fluorescent 
light or white LED light illumination at several scattering angles θ. The little 
squares in the top row of photographs indicate the location of the incident light 
beam in the ST instrument used. 

Fig. 2. Photographs of DDAB dispersions obtained at various weight fractions 
at various times after their preparation, with white LED light illumination at a 
scattering angle θ = 160◦; see also Fig. 1. 
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the dispersion showed some bluish colors and some green areas. With 
LED illumination, this dispersion showed inhomogeneous bluish and 
white colors at θ = 20◦ and 90◦, and iridescent colors at θ = 45◦, 135◦, 
and 160◦. The dispersion at w = 0.025 behaved similarly to w = 0.023. 
At w = 0.027, the dispersion showed purplish and greenish colors at 
nearly all values of θ. At w = 0.030, no iridescent colors were seen; the 
sample looked transparent. 

The appearances of all the dispersions varied with time (Fig. 2), 
indicating slow changes in vesicle sizes, or evolving vesicle-vesicle in
teractions, or both. The vivid iridescent colors appeared only after 3 
days at w = 0.025 and 0.027 or after 7 days at w = 0.023. In Fig. 2, only 
the images at θ = 160◦ are shown. Additional images at other scattering 
angles are presented in the Supplementary Information, SI (Figs. S1–S4). 

3.2. Spectroturbidimetry results 

The absorbances of the DDAB dispersions were measured at wave
lengths λ0 from 350 nm to 700 nm at various times after preparation 
(Figs. 3 and 4). The absorbance A is equal to log(e)τ = log(e)τ**wl, 
where e is the base of the natural logarithm, τ is the turbidity, l is the 
optical path length and τ** = τ/ wl is the specific turbidity [4,37]. The 
specific turbidity depends on the vesicle sizes and on the inter-vesicle 
structural correlations, which arise because of vesicle-vesicle in
teractions. When the dispersions are sufficiently dilute, such that the 
vesicles are both randomly distributed (i.e., there are no inter-vesicle 
correlations due to negligible interactions, so that the scattering of 

each vesicle is independent) and their scattering is single (and not 
multiple), τ** is independent of w (while A is proportional to w) and 
depends only on the vesicle sizes, as shown recently [4,5]. Moreover, τ** 
for these DDAB vesicles is well-described by the “Rayleigh-Debye-Gans” 
(RDG) scattering theory, since the effective relative refractive index of 
the vesicles mv = nv/nm is very close to 1 and the product of (mv – 1) 
times the dimensionless parameter 4πnmav/λ0 is also much less than 1, 
where nm is the refractive index of water, nv is the effective refractive 
index of a vesicle and av is the radius of the vesicle [4,38]. 

The data in Fig. 3 show clearly that A was not proportional to w, or 
that τ** varied with w. Hence, the vesicles positions were highly 
correlated due to strong vesicle-vesicle interactions. The A(λ0) curve for 
w = 0.020 was “smooth,” as may be expected for an inter-vesicle 
structure that was non-crystalline [4]. By contrast, the A(λ0) curves 
for w = 0.023, 0.025, and 0.027, were quite “bumpy,” suggesting that 
the inter-vesicle structures had become more solid-like or crystalline. 
This bumpiness was also highly correlated with the appearance of the 
iridescent colors in these samples, which arose from the local crystal
linity that had developed within these colored areas. Even though the 
sampled areas were small, the absorbances reported here were never
theless typical of the entire samples. By determining the absorbances at 
different heights, the samples were found to be only slightly 
heterogeneous. 

The bumpy spectral curves were not observed at 30 min after prep
aration, but appeared after 3–7 days for w = 0.023 and 0.025, and less 
than 3 days for w = 0.027. Thus, the crystalline vesicle dispersion mi
crostructures giving rise to iridescence took some time to form. These 
spectral shapes, and their corresponding colors, were indicative of a 
unique feature of these iridescent vesicle crystallites, which visually 
resembled the colors observed in some solid gems. Furthermore, A 
generally increased with time, and reached nearly constant values after 
about 14–20 days for w = 0.020, 0.027, and 0.030, suggesting that the 
dispersion microstructures were still changing over this time. Moreover, 
the particular shapes of the bumpy spectra for w = 0.023, 0.025, and 
0.027 remained essentially unchanged after first appearing, even though 
the absorbances continued to change (for several more days). Hence, the 
vesicle crystalline microstructure, once formed, apparently remained 
the same, although the overall sizes of these crystallites were still 
evolving. 

The spectral curves for w = 0.030 were quite different than for the 
other samples. For this concentration, no bumps or iridescent colors 
were seen, and A first increased with time and then decreased with time. 
The spectral curves were smooth at larger wavelengths and showed a 
very fast decrease with λ0 from 350 to 400 nm. Hence, at w = 0.030, the 
dispersion microstructure was quite different compared to those at w 
= 0.023–0.027. 

To further understand the physical interactions and microstructures 
of these dispersions, the vesicle sizes must be known. To do so reliably 
with ST, only for dilute enough dispersions may one safely infer vesicle 
sizes using the current version of the RDG light scattering theory for 
vesicles [4,5]. The theory is based on the single and independent, or 
uncorrelated, scattering of the particles. For single and independent 
scattering, τ** is independent of w, and the current RDG relations for 
vesicles with a given value av can be reliably compared to ST data to 
obtain that vesicle radius which yields the best fit, or the effective 
average vesicle radius (see the SI for further details). For this reason, 
each dispersion was diluted to lower w-values, until τ** was found to be 
independent of w, reached for w ≤ 0.0010. The effective average vesicle 
radii were determined for each dispersion both 10 and 30 days after 
preparation. The results are given in Table 1 (with further details of how 
they were obtained from the RDG theory provided in the SI). The 
average vesicle radii ranged from 30 to 40 nm after 10 days, and from 37 
to 62 nm after 30 days, indicating only a slow size increase with time. 
The small size increase is most likely not due to vesicle coagulation and 
coalescence, which are prevented by the electrostatic repulsions, but 
probably because of Ostwald ripening, with mass transfer occurring 

Fig. 3. (a) Absorbance spectra and (b) specific turbidity spectra of DDAB dis
persions for w = 0.020–0.030 and 14 days after their preparation; see 
also Fig. 1. 
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from smaller to larger vesicles. This change in size affects slightly the 
number of vesicles, the microstructures of the crystallites, and the 
resulting colors. Nevertheless, the observed changes in A with time were 
primarily due to some growth of the crystallites, and not to significant 
changes in the primary vesicle sizes. 

Finally, several tests were done to examine the stability of the crys
talline microstructures to mixing and shearing, and the reversibility of 
their formation. The dispersions at w = 0.023–0.027 were mixed gently, 
by turning them upside-down 10 times in succession. The iridescent 
colors disappeared, and the absorbance spectra became non-bumpy 
after this mixing disturbance (see SI, Figs. S5 and S6). Yet after one 
day, colors and bumpy spectra started to reappear. These results indicate 

Fig. 4. Absorbance spectra of DDAB dispersions at various times after their preparation for w = (a) 0.020, (b) 0.023, (c) 0.025, (d) 0.027, and (e) 0.030. Some 
photographs of these dispersions are also shown in Fig. 2. 

Table 1 
Average effective vesicle radii av of DDAB dispersions at w = 0.020–0.030, 
and at 10 and 30 days after their preparation.   

av (nm) 

w 10 days 30 days 

0.020 40 62 
0.023 30 37 
0.025 35 51 
0.027 34 43 
0.030 40 50  
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that the crystalline microstructures initially broke down, but then star
ted reforming. Nevertheless, somewhat different colors were seen, and 
the visual observations of these samples suggest that the reformed 
vesicle crystallites had smaller sizes than before the mixing disturbance. 
For example, at w = 0.025, the iridescent colors changed from greenish 
to purplish due to the size decrease of the microcrystallites after the 
structures broke down partially by the mixing. The observed changes in 
A after mixing indicate that the size of the microcrystallites continued to 
change with time (Fig. S6 in SI). 

3.3. Effect of DDAB dispersions on the sedimentation of silica particles 

Suspended silica particles in water or suspension droplets in water 
sediment depending on their particle or droplet diameter d, the density 
difference Δρ between the particles/droplets and the dispersing medium 
and the viscosity of the dispersing medium η. The sedimentation or 
terminal velocity vsed of noninteracting particles can be determined from 
the balancing of Stokes’ drag force and the buoyant and gravitational 
forces on an individual particle, which results in [37] 

vsed =
d2Δρg

18η (1) 

For the spherical silica particles used in this study, with d = 750 nm, 
Δρ = 1.0 g/cm3 and a viscosity of water η = 1.0 cP (g = 9.8 m/s2), vsed 
= 3.1 × 10−5 cm/s. Hence, the sedimentation time in water for a height 
h = 3.5 cm is 31 h. If η were instead 105 to 109 cP, the sedimentation 
times would be 350–3.5 × 106 years. In addition, the shear stress τ ≈
2
3 dΔρg exerted by a single silica particle was about 4.9 × 10−3 Pa 
(Ref. [2]). In contrast, for spherical droplets with d = 2 mm and 
Δρ = 0.02 g/cm3 (based on a 2.0 wt % silica suspension), vsed 
= 4.4 cm/s in water. The corresponding sedimentation time for h 
= 3.5 cm is therefore 0.8 s. If η were instead 105 to 109 cP, the sedi
mentation times would be 22 h to 25 years. 

Several experiments for testing the effect of the DDAB dispersions on 
the sedimentation rate of silica particles were done not by suspending 
the particles in DDAB dispersions, as in Ref. [1], but by the following 
procedure, which was chosen to avoid breaking up the vesicle crystal
lites. A 0.5 ml suspension of 2.0 wt % (1.0 vol%) 750 nm silica particles 
was placed dropwise on top of the DDAB dispersion by using a syringe. 
When such a silica suspension was placed on top of water, as a “control” 
experiment, the silica suspension as a whole settled substantially in less 
than 1 h (see Fig. 5). Nevertheless, some narrow rivulets of the silica 
suspension were observed to sediment with a velocity of about 9.4 cm/s, 
estimated from a video of the process (see SI for a summary of the 
content of the videos). By using Eq. (1), with η = 1.0 cP and 
Δρ = 0.02 g/cm3 (as portions of the suspension were sedimenting, and 
not the individual silica particles), the effective diameter of a sed
imenting droplet of the silica suspension, ddroplet, was therefore esti
mated to be about 0.29 cm. Such a droplet is expected to settle to the 
bottom of the 3.5 cm sample height in 0.4 s. 

Similar behavior, but with slower settling velocities, was observed 
for the w = 0.020 and 0.023 dispersions. From the videos of the ex
periments (see SI), the sedimentation velocities of the initial rivulets 
were estimated to be 0.77 and 0.035 cm/s, respectively. Using the same 
suspension droplet diameter of 0.29 cm, the corresponding estimated 
viscosities of the vesicle dispersions, obtained by using Eq. (1) again, 
were 12 and 260 cP. Furthermore, the shear stresses experienced by 
these falling droplets were about 0.38 Pa. 

For w = 0.025, no rivulets were seen as the silica suspension was 
placed on top of the DDAB vesicle dispersion. Initially, the iridescent 
DDAB layer started shrinking while the silica suspension as a whole 
settled slightly, and remained on the top for at least 8 h. Hence, the 
viscosity of the vesicle dispersion was very high. Later, the top suspen
sion layer became clearer and bluish, as the silica particles settled only 
inside it and as some of the DDAB vesicle dispersion was transported into 

this layer. During this time, the silica particles did not appear to enter 
the iridescent DDAB dispersion. Thus, at the low shear stresses experi
enced by the silica particles the viscosity of the DDAB vesicle dispersion 
was effectively infinite. At 23 h, and as more vesicles entered the top 
layer, the DDAB dispersion became diluted enough such that its viscosity 
began to decrease. Consequently, the vesicle dispersion could no longer 
support the top suspension layer, which was then observed to settle as a 
whole similar to w = 0.023 at shorter times. For w = 0.027, the silica 
layer settled similarly but more slowly as at w = 0.025. 

For w = 0.030, the silica suspension layer remained on top for over 8 
days, and some silica particles settled inside this layer, without entering 
the DDAB dispersion. The thickness of this top layer increased slightly as 
some DDAB vesicles and water apparently diffused into it. This disper
sion prevented the sedimentation of the silica particles and the sus
pension layer, indicating that its viscosity was effectively infinite at both 
the low and high shear stresses exerted by a silica particle and a sus
pension droplet. 

3.4. Analysis of the electrostatic interactions among the vesicles and their 
effect on the dispersion microstructure 

At the conditions of the reported experiments, each DDAB vesicle in 
water is surrounded by a small concentration of dissolved DDAB+ and 
Br- ions. Since the solubility of DDAB is about c = 10−5 M (0.0005 wt %) 
[39], each ion concentration is also about 10−5 M, and so the ionic 

Fig. 5. Photographs of DDAB dispersions at w = 0.020–0.030, and 14 days after 
their preparation, and after 0.5 ml of a 2.0 wt % silica suspension was placed on 
top of each; for reference, results for water (w = 0) are also shown. 
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strength I ~ 10−5 N. Here, we ignore the ionic strength of 10−7 M of pure 
water at pH = 7.0, or of typical water in a laboratory with pH = 5–6. 
Then, with this ionic strength, the Debye length λD is estimated to be 
about 96 nm [37], which is larger than the vesicle radii (Table 1). The 
electrostatic potential around such a vesicle decays exponentially to zero 
at a distance of about 2.5λD = 240 nm [37]. Therefore, when the 
average separation distance between the bilayers in two different vesi
cles, dvv, is smaller than 2.5λD, the vesicles-vesicle electrostatic in
teractions are expected to be significant. On the other hand, for dvv 
≥ 2.5λD, the DDAB vesicle dispersion is effectively “dilute,” as shown 
schematically in Fig. 6, and should behave as an uncorrelated “ideal 
gas.” Now, the volume fraction of the vesicles ϕv is given by 

ϕv =
wav

3

av
3 − (av − db)

3

(ρdisp

ρsurf

)

≈
wav

3db
(2)  

where db is the bilayer thickness of a DDAB vesicle, which is 2.4 nm [26, 
36], ρdisp is the density of the dispersion, ca. 1.00 g/cm3, and ρsurf is the 
density of the DDAB surfactant bilayer, ca. 1.00 g/cm3. We also define 
an effective volume fraction ϕv* based on the effective maximum 
“interaction” radius of av + 2.5λD, which is given by 

ϕv
∗ =

w(av + 2.5λD)
3

(av + 2.5λD)
3

− (av + 2.5λD − db)
3

(ρdisp

ρsurf

)

≈
w(av + 2.5λD)

3db
(3)  

The choice of 2.5λD, the distance beyond which electrostatic interactions 
are nearly negligible, leads to an upper bound (and perhaps an over
estimation) of the effective volume fraction of the vesicles. Other 

definitions of the effective volume fraction can be employed [40–42], 
although Eq. (3) is straightforward to use and leads to similar qualitative 
insights. 

Using the estimated radii provided in Table 1, for w ≤ 0.0010, we 
find, as expected, that the volume fractions are quite low for these dilute 
dispersions, with ϕv ≤ 0.0090 for av = 62 nm (w = 0.020, 30 days) and 
ϕv*≤ 0.042 for av = 62 nm (w = 0.020, 30 days). As w, ϕv, and ϕv* 
increase beyond these limits, the electrical double layers around the 
vesicles start to overlap (Fig. 6b), and the inter-vesicle electrostatic in
teractions become important. This affects the light scattering properties 
of the dispersions (as structural correlations arise between the vesicles), 
as well as their viscosities. As w increases beyond its dilute limit, the 
DDAB vesicle dispersions eventually become quite viscous, because the 
volume fraction of the vesicles increases, and in particular the effective 
volume fraction becomes quite high. The vesicle dispersion remained 
amorphous or liquid-like up to about w = 0.020, at which, for the 
measured vesicle sizes, ϕv ranged from 0.012 to 0.18, and ϕv* ranged 
from 0.78 to 0.85 (Fig. 6b). At w = 0.023, 0.025, and 0.027, ϕv ranged 
from 0.010 to 0.13, from 0.13 to 0.19, and from 0.14 to 0.17, respec
tively; ϕv* ranged from 0.87 to 0.89, from 0.96 to 1.0, and from 1.0 to 
1.1, respectively. (With our choice of the upper bound of 2.5λD in Eq. 
(3), values of ϕv* greater than the close-packed hard sphere limit of 
around 0.74 simply indicate that there is a significant overlap of the 
electrostatic double layers of the vesicles. If 2.5λD were replaced with λD 
in Eq. (3), a smaller estimate of the distance over which electrostatic 
repulsive interactions are important, the effective volume fractions of 
these more concentrated dispersions would instead range from 0.38 to 

Fig. 6. Schematic diagrams of (a) a dilute 
dispersion of noninteracting DDAB vesicles in 
water at w ≤ 0.0010; (b) of a concentrated 
DDAB vesicle dispersion with w = 0.020, with 
strong interacting vesicles with overlapping 
electric double layers and an overall amorphous 
structure; (c) of initially prepared DDAB dis
persions with w = 0.025, with stronger vesicle- 
vesicle interactions (see also Fig. 1); (d) of 
DDAB dispersions with w = 0.025 3 days after 
preparation, which form crystalline structures 
(see also Fig. 1).   
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0.61. For reference, the hard sphere fluid-solid transition is found to 
occur at a volume fraction of around 0.49 [43–45]). 

So, while the actual volume fractions remained low, strong electro
static interactions nonetheless arose between neighboring vesicles at 
these higher weight fractions. The vesicles along with their electric 
double layers became close-packed and therefore formed iridescent 
polycrystalline domains, although their inter-vesicle distances were still 
quite large. (This is shown schematically in Fig. 6c and d, for example, 
for av = 35 nm, or for w = 0.025 at 10 days after preparation; see SI.) 
Hence, these vesicles formed relatively “loose” or “soft” crystallites, 
which could be easily broken up, but then quickly started to reform. 
Moreover, these “soft” crystallites remained suspended in the aqueous 
medium. Consequently, these vesicle dispersions still flowed as a bulk 
dispersion with a high viscosity, i.e., the dispersion as a whole still 
remained liquid-like or as a “liquid gem”. The self-assembly mechanism 
of these soft crystallites involves first a sequential agglomeration of the 
vesicles, followed by an ordering into crystallites, which remain easily 
broken up because the strong inter-vesicle electrostatic repulsions pre
vent the vesicles from touching each other. The crystalline structures 
cause diffraction of white light, which gives rise to the iridescent colors. 
Moreover, the combined effect of the dense packing of the soft crystal
lites and the strong electrostatic repulsions gives rise to a mechanical 
property of the dispersion analogous to a yield stress, which prevents 
many types of dense suspended particles from sedimenting. The dis
covery of DDAB crystallites opens up a potential research area of the 
determination of the resulting crystalline structures, which could be 
investigated by SAXS or SANS. Such studies are, however, beyond the 
scope of this article. 

4. Conclusions 

The formation of iridescent vesicle crystallites formed by close- 
packed DDAB vesicle dispersions in a liquid-like system has been re
ported. These vesicle crystallites remain suspended indefinitely and 
remain flowable, unlike many other colloidal crystal dispersions formed 
by rigid polymer colloidal particles [16,20,21]. Because of such prop
erties, these soft vesicle crystallites can be easily mixed with dense, easy 
to sediment, colloidal particles which can sediment very slowly or be 
prevented from sedimenting completely. The visual appearances of the 
iridescent crystallites and the dispersions were found to vary with DDAB 
concentration, the times after their preparation, the illumination 
methods, and the viewing angles used for their observations. The ab
sorbances due to scattering of DDAB vesicle dispersions were measured 
at 350–700 nm at various weight fractions w and times after their 
preparation. The calculated specific turbidities varied with w, indicating 
“dependent” scattering caused by strong physical interactions among 
the vesicles. Such interactions give rise to the formation of liquid-like 
and solid-like microstructures. By sufficiently diluting the vesicle dis
persions in order to eliminate such interactions, thereby achieving single 
and “independent” scattering, the average effective vesicle radii were 
estimated from the turbidity data (following the method developed 
previously [4,5]). The resulting estimates for the effective volume 
fractions of the vesicles, which account for the electrostatic double 
layers surrounding a vesicle, were very high, leading to the formation of 
iridescent vesicle crystallites. The actual volume fractions of the vesicles 
(without the electrostatic double layers) were, 0.096–0.21, lower than 
the close-packed limit of spheres of 0.74. When assembled, the vesicle 
crystallites were therefore “soft”; they remained suspended in the 
aqueous medium, were easily broken up, and they were able to reform. 
Finally, the DDAB dispersions at w ≥ 0.025 were found to substantially 
slow down, or completely prevent, the sedimentation of silica particles 
or of layers containing suspended silica particles. 
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[45] A. Santos, S.B. Yuste, M. López De Haro, Structural and thermodynamic properties 

of hard-sphere fluids, J. Chem. Phys. 153 (2020). 

A.-H. Hsieh et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref17
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref17
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref18
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref18
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref19
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref19
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref20
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref20
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref21
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref21
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref21
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref22
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref22
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref23
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref23
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref23
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref24
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref24
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref25
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref25
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref26
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref26
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref27
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref27
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref27
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref28
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref28
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref28
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref29
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref29
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref29
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref30
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref30
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref30
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref31
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref31
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref32
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref32
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref33
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref33
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref33
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref34
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref34
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref34
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref35
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref35
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref35
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref36
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref36
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref37
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref37
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref38
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref38
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref38
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref39
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref39
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref40
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref40
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref41
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref42
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref42
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref43
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref43
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref44
http://refhub.elsevier.com/S0927-7757(22)01577-1/sbref44

	Formation of gem-like dispersions of soft crystallites in water by vesicles of a cationic surfactant
	1 Introduction
	2 Methods and experimental details
	2.1 Dispersion and suspension preparation methods
	2.2 Characterization of DDAB dispersions

	3 Results and discussion
	3.1 Photographs of key DDAB dispersions
	3.2 Spectroturbidimetry results
	3.3 Effect of DDAB dispersions on the sedimentation of silica particles
	3.4 Analysis of the electrostatic interactions among the vesicles and their effect on the dispersion microstructure

	4 Conclusions
	CRediT authorship contribution statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	Appendix A Supporting information
	References


