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The lamellar structures of anionic poly(amido amine) dendrimers possessing carboxylate terminal groups at
half-generations G= n.5 (G2.5 and G4.5) with the cationic surfactant didodecyldimethylammonium bromide
(DDAB) were investigated by small-angle X-ray scattering (SAXS) at@5The incorporation of dendrimers

into the lamellar liquid crystals, at DDAB concentrations in the range~a@@wt %, results in the transition

from a monophasic lamellar structure,jlto biphasic lamellar mixtures (Land L"), at similar 2[DDAB]/[—

COONa] ratios for the two dendrimers with the later and earlier generations (56 for the G4.5 dendrimer and
62 for the G2.5 dendrimer). The,lstructure consists of DDAB bilayers and dendrimer molecules doped into

the water domains. The oppositely charged dendrimer preferably sticks to the DDAB bilayers, resulting in
the decrease in the domain size of the wide spagestructure with increasing the dendrimer concentration.

In the narrow spacedP structure, monolayers of collapsed dendrimers are adsorbed tightly between the
DDAB bilayers. The thicknesses of the dendrimer monolayers are found to be 4.2 nm for the G4.5 dendrimer
and 3.0 nm for the G2.5 dendrimer. These values are smaller than the diameters of the corresponding dendrimers
found in aqueous solution. It is also deduced from Gaussian fits of SAXS patterns that the G4.5 dendrimer
can form more ordered.P structures with domain sizes larger than those of the G2.5 dendrimer, due to the
stronger electrostatic interaction between the cationic surfactants and the oppositely charged dendrimers with
terminal groups located at shorter distances.

Introduction (DTAB), in particular, were investigated using the fluorescence
probe in Gn.5 PAMAM dendrimer solutiods.Caminati et al.

a widely investigated group of dendritic polymers possessing studied the formatlor} of b.Oth. primary (noncooperatlve) and
branched repeating units radially attached to a central core. Thesecond_ary (cooperative) b|r_1d|ng of DTAB at the def‘d”me”
controlled synthesis of dendrimers produces structures with water. interface as a furlct|on of DTAB concentration .and
nanoscopic size and well-defined composition and constititfon, ~dendrimer generation. This study provided a reference point for
When the branches at the exterior surface of PAMAM den- the research on the binding interactions and aggregation
drimers are terminated at half-generation=£G.5) by forming processes of gatlonlc surfactqnts in the presence of n.5 den-
carboxylate groups with sodium gegenions, molecular simulation drimers with different generations.
of the PAMAM dendrimer structure has revealed a change in ~ While many investigations were made on the supramolecular
the dendrimer morphology occurring after the 3.5 generdtfon.  structures and interactions of dendrimers at low surfactant
The so-called earlier generation dendrimers<@.5) have an concentration$; © relatively little has been reported at high
open structure, whereas the later generation dendrimers (G = surfactant concentratiori§ Friberg et af. reported the formation
3.5) present a densely packed exterior structdre. of liquid crystal by octanoic acid and polyethyleneimine
The interactions of dendrimers with ionic surfactants in dendrimer. In the liquid crystal, surfactants formed ionic pairs
aqueous solutions are of fundamental relevance to industrial andwith amino terminals of dendrimer. Baars etahvestigated
biological processes? For instance, the structure of biological the scattering displays based on the addition of dendrimers to
cell membranes, the transport of materials within biological continuous liquid crystals for the development of an electro-
systems, and several petrochemical and pharmaceutical industriabptical switch, but they did not discuss the morphology of hybrid
processes are based mainly on the interactions between naturalquid crystalline structures. Many studies on the influence of
or synthetic polymers and surfactant aggregates in the form of polymers on the lamellar structure by the conflicting demands
micelles, vesicles, bilayers, and multilayers. The interactions of polymer conformation and liquid crystalline ordering confirm
and complexes formed between dendrimers and surfactants havéhat electrostatic interactions play a decisive fofé.Keeping

been the subject of a range of investigations in recent years.these facts in mind, we initiated studies on the structures and
The complexes with dodecyltrimethylammonium bromide interactions of dendrimers in the lamellar phase.

The poly(amido amine) (PAMAM) family of dendrimers is

. ) ) In the present work we investigated the incorporation of
* Corresponding author: Toyoko Imae, Research Center for Materials . . . .
Science, Nagoya University, Chikusa, Nagoya 464-8602, Japan. TEL: PAMAM dendrimers with carboxylate terminal groups into the
+81-52-789-5911. FAX:+81-52-789-5912. E-mail: imae@nano.chem.nagoya- lamellar phase in the system didodecyldimethylammonium
u.ac.jp i i i
T Visiting professor of the Research Center for Materials Science, Nagoya bromide (DDAB)-water. Two kinds of Qendrlmers, at.€ 25
University, Japan. Present address: Facultad den@ay Universidad de  and 4.5, were selected as representatives of the earlier and later

Santiago de Compostela, E-15782, Santiago de Compostela, Spain. generations. The structural changes were analyzed by means
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Lamellar Structures of Dendrimers with DDAB

TABLE 1: Structural Characteristics of PAMAM
Dendrimers Possessing Terminal Carboxylate Groups-14.18

molecular diametet terminal shape and
generation weight (nm)  groups structure
1.5 2935 2.8 16} { an asymmetric shape
2.5 6267 3.9 3 open structure
35 12931 4.8 64
4.5 26258 5.9 128% { a nearly spherical shape
55 52912 7.1 25 a densely packed exterior

structure

aDetermined by size exclusion chromatography (SEC) in water.

of small-angle X-ray scattering (SAXS). The present investiga-
tion addresses the following subjects. (1) The lamellar structures
of DDAB at high concentrations. In this respect, the effect of
DDAB concentration on the thickness of water and DDAB
layers and cross-sectional area of hydrophilic heads of DDAB
is investigated. (2) The lamellar structures with doped PAMAM
dendrimers. The lamellar structure is investigated as a function

of dendrimer concentration, dendrimer generation, and surfactant

concentration. (3) The electrostatic interactions of dendrimers
with surfactants. The investigation is focused on the relationship
between the lamellar structure and the electrostatic interaction
of surfactants with dendrimers at the earlier and later genera-
tions. (4) The domain sizes of lamellar structures. Schematic
models will be proposed for the lamellar structures of dendrimers
and surfactants. Such models can be used to explain the relation
between the variation in the domain size and the microstructure
of hybrid liquid crystals.

Experimental Section

Materials. The methanol solutions of the G2.5- and G4.5-
PAMAM dendrimers were obtained from Aldrich Chemical Co.
Each dendrimer consists of a tetra functiordCH,CH,N <
core and—CH,CH,(C=0O)NHCH,CH,N < repeating units, and
is terminated at the final generation with carboxylate groups
(see the details shown in Table ®)Methanol solutions of
dendrimers were dried in a nitrogen atmosphere, and 1%
aqueous solutions of dendrimers were prepared. The Milli Q
water used was purified by a Millipore filter (with the pore size
at 0.2 um). DDAB, with purity of analytical grade, was
purchased from Tokyo Kasei Kogyo Co., Ltd., and used without
further purification.

Sample Preparation. Samples were prepared individually
by weighing appropriate amounts of agueous dendrimer solution,
water, and DDAB into glass tubes. The DDAB concentration
in wt %, Ws = DDAB/(DDAB + Gn.5+ water) x 100, was
fixed at 5, 10, 20, and 25%. The dendrimer concentration in wt
%, Wp = Gn.5/(DDAB + Gn.5+ water) x 100, was increased
from 0 to 1.0%. To attain the good homogeneity of the mixtures,
a vortex mixer was used for rather dilute samples, whereas
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g range covered was from 0.2 to 3.5 nhwith q = (47/4)-
sin(@/2), 6 being the scattering angle. The experimental data
were corrected for background scattering. The smearing effect
was considerably low for the pinhole collimator.

The lamellar structure consists of surfactant bilayers and water
domains. The thickness of the bilayer, i.e., twice as much as
the thickness of the DDAB layeds, can be expressed By

2ds = ¢<d; 1)

whered; (= 27/gmay is the interlayer spacing of the lamellar
structures measured by SAXS, agglthe volume fraction of
surfactant in the system. The effective cross-sectional area of
the hydrophilic head of DDABgs, and the thickness of the
water domaingdy, can be expressed as

Vs 2vg o
T AN, pdiN,
dy =d; — 2ds= (1 — ¢g)d; 3

whereVs is the volume of the surfactant molecule, axiglthe
Avogadro’s number. The density values of DDAB, water, and
dendrimer for calculation of/s and ¢s are 0.962, 0.997, and
1.300 g/cm, respectively, at 28C.1415

Domain Size Determination.Small-angle X-ray diffraction

patterns are fitted to Gaussian profiles in tpeange of the

mean peak positiotf. From this fitting procedure, the following
peak parameters are extracted: position, area, height (intensity),
and full width at half-maximum (fwhm). A baseline subtraction
was done before fitting the SAXS patterns. When the overlap-
ping of two or three peaks is present, two or three Gaussian
profiles are used to consider the contribution of the closest
reflections to the main peaks. Taking two G4.5-containing
samples atVs = 10 and 20% as typical examples, two or three
peaks were clearly separated, as shown in Figure 1.

The average domain sizBny, was determined by applying
the Debye-Scherrer formula to the first-order pe#k:

27k
Dy = "o

4)

wherek (= 0.9) is a nondimensional shape factor andhe
integral breadth (in nmt). Thew is calculated by dividing the
integrated peak area by the peak intensity.

The method is valid for estimates of the minimum average
domain size rather than exact measures, unless the measured
fwhm is considerably larger than the fwhm of the beam
divergence (here 0.035 nrf) and the amplitude of layer
undulations is smaller against the layer spacing than the fwhm
againstgmax SO that all peak broadening can be attributed to
the limited number of interfering planes.

concentrated samples were mixed in a supersonic bath at aroun(ijzesul,[S

40 °C. These samples were kept at 25 in a water bath
controlled by a thermostat from several hours to several weeks
until equilibrium was attained. The formation of liquid crystals
was detected with a crossed polarizer. The type of liquid crystals
was further identified with SAXS.

SAXS. X-ray measurements of the samples were performed
at 25+ 0.1 °C with a Rigaku instrument (SAX-LPB) using
multilayer confocal max flux (CMF) miller optics. The X-ray
radiation source (Cui 4 = 0.154 nm) was operated at 45 kV
and 80 mA. An imaging plate was used as a detection system

Lamellar Structures in the DDAB —Water System. The
phase behavior for the binary system DDA®ater at 25°C
is shown in Figure 2&17 DDAB is a highly insoluble
surfactant, forming two lamellar liquid crystalline phases, a
concentrated one 3/ = 83~91% and a dilute one als =
4~30%. BelowWs = 3%, the amphiphile forms a lamellar
dispersion, where different types of vesicular structures were
identified (uni-, bi-, and multilamellar vesicle¥).

To mimic the biological system of protein and cell membrane,

for the SAXS measurements. The sample-to-detector distancewe focused our investigation only on the structure of the dilute

was set at 1 m. The X-ray exposure time was fixed at 24 h for
each sample of liquid crystals. The scattering vector amplitude

lamellar liquid crystalline phase #s = 4~30%. We obtained
two-dimensional (2D) SAXS patterns of the liquid crystals of
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Figure 1. Typical Gaussian fits of the Bragg peaks of lamellar patterns
for the DDAB—G4.5-water system. (a) W= 0.412% and W= 10%,
(b) Wp = 0.393% and W = 20%.

DDAB, with sharp diffraction rings. For easier comparison of
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Figure 2. (a) Phase behavior for the system DDA®ater at 25°C.

Open areas correspond to the two-phase regions and shaded areas to
the lamellar phase regions. (b) Spacings of the lamellar structure and
cross-sectional areas of the hydrophilic head of DDAB as a function
of (100-We)/Ws.

increasing the dendrimer concentrations for the different den-
drimer systems aiVs = 10 and 20%. Although(q) versusq
plots were used for the Gaussian fitting, as shown in Figure 1
and Table 2, we found that, with the plot kff))g? versusg, it
is much easier to determine the position and intensity of the
peaks at highy values.

It can be seen from Figure 3a that the DDAB phasé/at=
10% shows a high ordered lamellar structure. With the addition

all the scattering data, the 2D SAXS patterns were azimuthally of the G4.5 dendrimer to this lamellar structure, the intensity

integrated and converted to one-dimensid(g)l profiles along
the radial coordinate. The SAXS profile of the sample at#/
10% (refer to the curve &t = 0 in Figure 3a) explicitly shows
five diffraction peaks at| = 0.268, 0.541, 0.814, 1.09, and 1.36
nm~1. The location of these peaks is in the ratio of 1:2:3:4:5
and confirms a lamellar structure.

The interlayer spacing of the lamellar structudh)(was
measured by SAXS at DDAB concentrations from 4 to 30%.
According to egs %3, the thickness of the water domaiig
and DDAB layer (s) and the cross-sectional area of the
hydrophilic head of DDAB &s) were calculated and shown in
Figure 2b. The values af; anddy, increase, and the values of
as andds, on the other hand, remain almost constant with an
increase in (100- Ws)/Ws along the dilution pathway from
Ws = 30 to 4%. The values adfs andas are 1.2 and 0.67 nfn
respectively, suggesting that the bilayer structure of DDAB is

of the second- and third-order peaks decreases, and the position
of the fourth-order peaks could only be resolved unambiguously
atWp = 0.057~0.100%, showing a lamellar structure witlya

ratio of 1:2:3. The small deviations from the expected peak
positions were within the experimental error limit. Mip =
0.153%, the third-order peak became broadened and a new peak,
goi, appeared at] = 0.91 nnTl, which is far away from the
position of the fourth-order peak gt= 1.08 nnT!, showing

the formation of a new structure. Whev, = 0.195%, the broad
peak was clearly split into two components and it reveals the
coexistence of two structures. The intensity of te peak
increased with an increase in the dendrimer concentration from
0.195 to 0.412%, and the location of these peaks shifted slightly
toward highq values. The second-order pegky, of the second
structure mentioned above could also be resolved unambigu-
ously. The locations of these new peaks, shown in Figures la

not changed. Only the thickness of the water domain betweenand 3a, support the validity @fo;:qoy = 1:2 atWp = 0.153%,
the bilayers is gradually increased upon the dilution pathway indicating the formation of the second lamellar structure.

in the lamellar structure region, as it is seen in the left part of

The lamellar structure of DDAB consists of bilayers of DDAB

Figure 4 without consideration for the dendrimers doped in the and domains of water. The trivial shifts in the peak positions

water domain.

Lamellar Structures Containing the G4.5 Dendrimer. 1.
Ws = 10%. To investigate the structures and interactions of
dendrimers with DDAB, which are dependent on the weight

(aq1~0qa) with the addition of the G4.5 dendrimer show that the
incorporation of dendrimers scarcely disturbs the lamellar
periodicity of DDAB. So we suppose that the hydrophilic
dendrimers are solubilized in the water domains and presumably

ratio between the dendrimers and the bilayers, we change theadsorbed to one bilayer surface of DDAB, but do not penetrate
dendrimer concentration and dendrimer generation. Figure 3into the DDAB bilayer. By egs %3, the values ofly, ds, and

shows plots ofl(q)g? versus the scattering vectar with

as were calculated from the positiogqyay of the Bragg peaks
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the formation of lamellar structures. The decrease in the intensity

of these peaks indicates a decrease in the order of the lamellar

periodicity due to the incorporation of dendrimers between
0.412% DDAB bilayers. The second-order peak ¥p = 0.316%

i became broadened, and this is interpreted as the occurrence of
W% 0.247 % the phase separation. A birefringent, transparent, and monophase
! ; i }. . lamellar structure was formed W < 0.316%. With the further
AR ‘ 0.195% addition of G4.5, the samples became turbid, suggesting the
0.50- A ML 0,153 9% formation of hybrid structures.

The intensity of the second-order peak, like that of the first-
0100 % order peak, decreases with increasing the G4.5 concentration
W 0.057 % from Wp = 0 to 0.316%. It remains constant in the range of
Wp = 0.316 and 0.393%. It is obvious that a new peak appears
u Rl it " 0 at theq value near to the second-order peak. The overlapping
000 050  1.00 150 200 2.50 of two peaks can be well separated by Gaussian fits (Figure
1b). Theqp peak at 0.937 nrt, listed in Table 2, appears at
Wp = 0.393%, and theyp; peak could be identified at 1.92
b dpy q nm-1, confirming the formation of a new lamellar structure.
DIl . . . .
] Then, the interlayer spacing of this new lamellar structure is
1254 A\ 7\ P found to be 6.7 nm, which is the same as that obtained from
i i : * 0.393% the system aiVs = 10%. The interlayer spacing of the lamellar
1.004 i i structure, the thicknesses of water domain and DDAB bilayer,
0.316 % and the cross-sectional area of the hydrophilic head of DDAB
are listed in Table 3 for different G4.5 concentrations.

0.209 % Lamellar Structures Containing the G2.5 Dendrimer at
Ws = 10%. To investigate the effect of dendrimer generation

0.100 % on the lamellar structures and interactions of dendrimers with
! oppositely charged surfactants, the G2.5 dendrimer at an early
i ™ o generation was added to the lamellar phase of DDAB.[{dpe
i g? vs q plot for the system DDAB-G2.5-water atWs = 10%
o 100 150 200 250 is shown in Figure 3c. With an increase in the dendrimer

q/ nm-! concentration, the first-order and second-order peaks could be

distinguished for the whole concentration range of dendrimer,

1.00- and the third-order peak could be resolved unambiguously only
at aroundWp = 0.068%, indicating the formation of a normal
lamellar structure. The intensity of the first-order peak is
considerably decreased when the dendrimer is added, and a
broad peak is observed at high G2.5 concentratiang.{68%).
From the fit, a value ofjp; = 1.11 nn7?is obtained, due to the
formation of a new structure. THéqg)g? plot shown in Figure
3c also shows the existence of a second broad pegkat
2.22 nm1%, with a ratioqp:qo = 1:2. According to the similar
structure obtained for the systems containing the G4.5 den-
drimer, we consider that the lamellar structure is also the most
probable one for this system. One can then conclude that a
monophase lamellar structure is formedMf < 0.168% and a
—T T ) two-phase lamellar structure appeard\at > 0.168%.

0.00 0.£|'>0 1 .(|)0 1.50 2.00 2.50 . .

e— In Table 3 we show the interlayer spacings of two lamellar

q structures @y, dp)), the thicknesses of the water domadyy)
Figure 3. 1(q)¢? versus the scattering vector magnitugeurves with and of the DDAB layerds), and the cross-sectional area of the
increasing the dendrimer concentration for different systems. (a) hydrophilic head of DDAB &), for the systems at different
55)28(2)6365/;;3(?5 gt_\cvv’;t:erlg:@ (2) 5)%%_!1%463%\/&?;?; ?;’[\)’?ezem concentrations of the G2.5 dendrimer. The interlayer spacing
the dendrimer concentration in Wf%_ ' of the first lamellar structure incr(_aases slightly from 23.4 to
25.2 nm, whereas the cross-sectional area of the hydrophilic

of two lamellar structures. These values are listed in Table 3 ashead of DDAB decreases from 0.67 to 0.61%with an increase

a function of G4.5 concentration. The interlayer spacing values in Wo up to 0.218%.

of the first and second lamellar structures a23.5 and~6.7 Lamellar Phase Transitions in the DDAB—Dendrimer—

nm, respectively. The cross-sectional area of the hydrophilic Water Systems.n this section we report phase separations that

head of DDAB shows a constant value of 0.662mwith an occur in our hybrid lamellar systems by the incorporation of

increase in the G4.5 concentration, which is similar to that found dendrimers into the lamellar structures of DDAB. The addition

in the DDAB—water system. of the G4.5 dendrimer resulted in the phase transition from a
2. Ws = 20%.Figure 3b shows X-ray patterns of the samples single-phase to a two-phase region. The critical dendrimer

with increasing the dendrimer concentration from 0 to 0.4% at concentration (CDC) at the phase transition point increases with

Ws = 20%. Three peaks appear for all of the samples, indicating an increase in the DDAB concentration, as shown in Figure 5.
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The Lot lamellar Structure

Figure 4. Schematic models of the lamellag ktructure (left) and the lamellar,P structure (right) for the interactions between anionic dendrimers
and DDAB bilayers.

TABLE 2: Position, Area, Intensity, Width, and Domain Size of Gaussian Peaks of Lamellar Structures
Gaussian pegis of the L,° lamellar structure

Gaussian peafy; of the L, lamellar structure

position area intensity FWHM  domain position area intensity FWHM  domain
Wh (Wt %) 2[DDABJ/[-COONa] (nm™)  (nn?) (au) (mY) size (nm) (hmY)  (nnY) (a.u)  (nmY)  size (nm)
G4.5-containing systems s = 10 wt %
0 0.271 0.0099 1925 0.051 101
0.057 154 0.265 0.0191 314.6 0.061 93
0.100 88 0.264 0.0174 304.0 0.057 99
0.153 58 0.274 0.0106 1775 0.060 94 0.909 0.0004 43 0.095 59
0.195 45 0.260 0.0132 228.4 0.058 98 0.897  0.0005 5.6 0.094 60
0.247 35 0.265 0.0158 245.0 0.064 88 0.963 0.0012 12.7 0.091 63
0.412 21 0.262 0.0137 205.8 0.066 85 0.991 0.0018 15.9 0.115 49
G4.5-containing systems s = 20 wt %
0 0.518 0.0177 204.3 0.087 65
0.100 175 0.513 0.0100 1405 0.071 80
0.209 84 0.511 0.0091 115.3 0.079 72
0.316 55 0.508  0.0060 75.1 0.081 70 0.922  0.0004 25 0.178 32
0.393 44 0.487  0.0062 63.3 0.098 58 0.937  0.0008 4.2 0.193 29
G2.5-containing systems s = 10 wt %
0 0.268 0.0133  218.1 0.061 101
0.068 125 0.264 0.0150 220.6 0.068 83
0.168 50 0.258 0.0183  220.7 0.083 68 1.103 0.0041 10.6 0.386 15
0.218 38 0.249 0.0171 184.9 0.092 61 1.112  0.0063 17.3 0.365 16
0.298 28 0.248  0.0083 86.7 0.096 59 1.129  0.0065 20.1 0.326 17
0.347 24 0.248  0.0045 47.6 0.095 60 1.117 0.0081 215 0.376 15

A single lamellar phase was formed below the CDC line, and

nm for the G4.5 dendrimer &/s = 10 and 20%, and 5.6 nm

mixtures of two lamellar phases appeared above the CDC line.for the G2.5 dendrimer at W= 10%. Two lamellar structures

Compared with the high solubilizing capacity of lamellar
structures of surfactants for linear polyméthe corresponding
solubilization for the dendrimers given by the CDC0.5%
appears to be very low. The reason is likely the high hydro-
philicity of the dendrimers that let them be solubilized in the
water domains.

Discussion

Two Lamellar Structures. The ordered lamellar structure
(Lo), which consists of DDAB bilayers and water domains, is
formed at DDAB concentrations in the range of30%13.17
PAMAM dendrimers can be incorporated into the water domain
between the DDAB bilayers below the CDC because of their
small size and high water solubilit§18 The d; values of the
lamellar structure were~23.4 nm for both G2.5 and G4.5
dendrimers atWs = 10%, and 12.1 nm for the G4.5 dendrimer
atWs = 20%, remaining almost constant or increasing slightly
with an increase inMp. When the dendrimer concentrations
surpass the CDC, new peaks, andqpy, appear, indicating

with remarkably different interlayer spacings can be illustrated
in Figure 4. The first lamellar structuregLconsists of a bilayer

of DDAB and a domain of water, where PAMAM dendrimers
are doped. The second lamellar structurg?,Lconsists of a
bilayer of DDAB and a dendrimer layer, which is sandwiched
between the DDAB bilayers.

The thickness of the dendrimer layety(y) is equal to the
difference between the interlayer spacing of th& ktructure
(dor) and the thickness of the DDAB bilayerdg), i.e.,dow =
dp — 2ds. The calculatedlpw values are 4.2 nm for the G4.5
dendrimer atWs = 10 and 20% and 3.0 nm for the G2.5
dendrimer atWs = 10% (Table 3). It is known that the
dendrimer structure changes from a opened star structure with
an asymmetric shape for the G2.5 dendrimer to a densely packed
exterior structure with a nearly spherical shape for the G4.5
dendrimer* Assuming dilute, noninteracting, and globular
monodisperse particles, the dendrimer diameters, e.g., 5.9 nm
(G4.5) and 3.8 nm (G2.5), were measured in 1% aqueous
solutions by SAXS and calculated based on the Guinier

the formation of the second lamellar structure (see Figures 1 approximation (the figures are not shown here). Those diameters

and 3). Thedp, values of the second lamellar structure are 6.7

of the dendrimer values are in good agreement with those shown
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TABLE 3: Spacings of Lamellar Structures and Cross-Sectional Areas of Hydrophilic Heads of DDAB

Ws (Wt%) Wob (Wt%) Wiy (Wt%) bs dh (nm) ds (nm) dw (nm) as (nnP) dpi (nm) dow (nm)
G4.5-containing systems s = 10 wt %
10.0 0 90.0 0.1033 23.4 1.2 21.0 0.67
10.0 0.057 90.0 0.1030 23.6 1.2 21.1 0.66
10.0 0.101 89.9 0.1033 23.8 1.2 21.3 0.65
10.0 0.153 89.8 0.1033 23.4 1.2 21.0 0.66 6.9 4.5
10.0 0.195 89.8 0.1033 23.9 1.2 21.5 0.65 7.0 4.5
10.0 0.247 89.8 0.1032 23.4 1.2 21.0 0.66 6.5 4.1
10.0 0.412 89.6 0.1034 23.4 1.2 21.0 0.66 6.3 3.9
G4.5-containing systems s = 20 wt %
19.8 0 80.2 0.2036 12.1 1.2 9.7 0.65
19.8 0.100 80.1 0.2034 12.3 1.2 9.8 0.64
19.8 0.209 79.9 0.2043 12.3 1.3 9.8 0.64
19.8 0.316 79.9 0.2036 12.4 1.3 9.9 0.63 6.8 4.3
19.8 0.393 79.8 0.2038 12.9 1.3 10.3 0.61 6.7 4.0
G2.5-containing systems s = 10 wt %
10.0 0 90.0 0.1033 23.4 1.2 21.0 0.67
10.0 0.068 89.9 0.1033 23.8 1.2 21.3 0.65
10.0 0.168 89.9 0.1028 24.4 1.3 21.8 0.64 5.7 3.2
10.0 0.218 89.8 0.1032 25.2 1.3 22.6 0.61 5.7 3.0
10.0 0.298 89.7 0.1032 25.3 1.3 22.7 0.61 5.6 2.9
10.0 0.347 89.7 0.1033 25.3 1.3 22.7 0.61 5.6 3.0
0.5+ 150 increases, and then the thickness of water domain increases from
6 to 60 nm. It is expected that the CDC at low DDAB
- concentrations should be larger, due to a larger water domain,
0.4 4 <40 . . .
for the incorporation of dendrimers. However, the observed
Biphase Region CDC of G4.5 dendrimer, contrary to the expectation, is almost
o 031 430 proportional to the DDAB concentration that determines the
?E £ amount of the DDAB bilayer, as shown in Figure 5. This linear
= £ relationship implies that the [DDABJ/[G4.5] ratio remains
£ 024 1° 5 almost constant along the CDC line with an increase in the
DDAB concentration, although the total volume fraction of
014 " 4.1 water domains is decreased. This constant ratio is in agreement
Monophase Region " with the picture where parts of the terminal groups of the doped
] dendrimers adsorb and interact with the DDAB hydrophilic
0.0 T Y y y y 0 heads, as shown in Figure 4 (left).
° ° " " 2 2 * Along the phase transition shown in Figure 5, the reciprocal
Wg / Wt % g p g , p

Figure 5. Phase diagram for the system DDAB4.5-water as a

structure. The standard error bar is estimated to be 10% of the

of the slope of the CDC line is found to be 0.627. Taking into
account this value and the molecular weights of the G4.5

function of dendrimer concentration and DDAB concentration at 25 dendrimer (26 258) and DDAB (462), one can calculate the
°C. In the figure, the correspondird) values are plotted for the,L

[DDABJ/[G4.5] ratio as 3560 and the 2[DDAB}#COONa]
ratio as 56 along this CDC line (notice that for the sake of

corresponding CDC values.
ponding &5 valu simplicity the [-COONa]/2 is assumed to be equal to the half

in Table 1 and should be kept unchanged, as the dendrimer isof the molar concentration of the dendrimer surface group). This
doped in the water domains between the DDAB bilayers of the ratio results from the strong interactions betweent&OONa
L, structure. When the dendrimer concentration exceeds thedroup and the oppositely charged surfactant DDAB, which limit
CDC, the size of the dendrimer within two lamellar phases the doping of dendrimers in theylstructure and then induce
decreases from 5.9 nm {L.to 4.2 nm (LP) for the G4.5 the phase transition fromaLtQ LoP forfurther_lncorporatlon of
dendrimer and from 3.8 nm (). to 3.0 nm (L) for the G2.5 dendrimers, when the dendrimer concentration exceeds the CDC.
dendrimer. The result above implies that a monolayer of A similar result was obtained for the system containing the
collapsed dendrimers is tightly adsorbed between the surfactantG2.5 dendrimer (molecular weight 6267). The CDC of G2.5
bilayers. dendrimer was 0.135% &Ys = 10%. From this value, one can
Interactions of Doped Dendrimers with DDAB Bilayers. get the [DDAB]/[G2.5] ratio of 1000, and then the 2[DDAB]/
The most interesting results obtained in this investigation are [~COONa] ratio will be 62. As compared with G4.5, the similar
concerned with the interactions of the cationic surfactant, 2[DDAB]/[ —COONa] ratios imply that the electrostatic interac-
DDAB, with the dendrimers at different generations. With the tions between the-COONa groups and the DDAB bilayers
addition of dendrimers into thejlstructure, the dendrimers are  mainly determine the CDC in theylstructure.
doped inside the water domains and leave the bilayer thickness Order of the L ,° Structure. Above the CDC, the dendrimers
ds unchanged. The slight changedpandas with an increase are accumulated and assembled into a dendrimer layer sand-
in Wp, shown in Table 3, results from the strong electrostatic wiched tightly between the DDAB bilayers, as illustrated in
interactions between the terminal groups of dendrimers and theFigure 4 (right). The increase in the intensity g peaks, as
DDAB bilayers. shown in Table 2, indicates an increase in the orderliness of
As seen in Figure 2, with decreasing the DDAB concentration the L,P structure, when the G4.5 dendrimer concentration
from 30 to 4%, the interlayer spacing of the, Istructure increases from 0.153 to 0.412%\&t = 10% and from 0.316
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to 0.393% atWs = 20%. The distance between the terminal 120
groups of dendrimers can be used to explain the result obtained
above. The separations between terminal groups for the3065
generation dendrimers are all 1.2 nm, whereas the distance
changes to 1.0 nm at the 4.5 generation and then linearly
decreases with the dendrimer generatié#® The average
separation between the headgroups of DDAB, for comparison, g
is estimated to be 0.8 nmv(as'/?). For the L° structure, the IS
distance between the terminal groups of the dendrimers com- 2
parable to the average separation between the headgroups of A
DDAB is favorable, because adjacent surfactants can better ] o
“enjoy” stabilizing hydrophobic interactions, resulting from
greater intimacy of the surfactant hydrocarbon chains. The large cmeeme s Big. s
size of the dendrimers may be favorable, because the “flattening” ]
of the “curvature” of the dendrimer surface with increasing size 0= T T T
. ) : . 0.0 0.1 0.2 03 0.4 05
should allow less distortion of the surfactant chains of bilayers,
as their chains attempt to maximize the stabilization. A Wp /wt %
combination of the smaller distance between terminal groups Figure 6. Domain sizes of two lamellar structures,(&nd L,°) versus
and the flattening surface of the G4.5 dendrimer induces dendrimer concentration for different systenm, ¢) DDAB 10% +
cooperative electrostatic interactiddof dendrimers with the ~ G4.5; @, O) DDAB 20% + G4.5; @, 00) DDAB 10% + G2.5; closed
DDAB bilayer, which favor the formation of the ordereg®L symbols, L; open symbols, 'LD. The standard error bar is estimated
structure. Thus, the more dendrimers are adsorbed inside thd® P& 5% of the correspondirigng values.
liquid crystals, the higher the order of thg"lamellar structure
would become.

For the G2.5 dendrimer &b = 0.168-0.347%, the very
broad peaks of the [P structure were observed at the same
value & 1.11 nntl). The intensity of the broad peaks slightly

increased and that of the flrst-order_peak of thestructure, and 20%. The domain size for the first lamellar structure, which
on_the other hand, d_ecreased conS|derabIW@t> 0.168%. ranges between 6100 nm, generally decreases with increasing
This (_:ould be explained from_ the small size of '_[he G2.5 the dendrimer concentration for G4.5 and G2.5 dendrimer-
dendrimer and the large separation between the terminal 9roupSeontaining systems. Unlike the,Istructure, the domain size of
which cause ineffective cooperative adsorption on the surfactanty,, LD structure remains almost constant. For exampleDthe

bilayer311The other possible reason is related to the flexibility |, 5,es are 60 and 30 nm for G4.5-containing systenWeat
of dendrimer structure. The G2.5 dendrimer, at a low generation, 10 and 20%, respectively, and 15 nm for a G2.5-containing

is more flexible than the G4.5 dendrimer, and it easily changes system at\s = 10%.
its shape after the incorporation between the bilayers of DDAB. “ | the case of the L structure, the DDAB bilayer mainly

The DDAB bilayers are only slightly distorted, and then the  yeciges the domain size, whereas the dendrimers doped only

interlayer spacing of the lamellar structure and the cross- yisrh the ordered structure of DDAB. It is then supposed that
sectional area of the hydrophilic head of DDAB, as shown in o L, structure formed with DDAB alone has the biggest

Table 3, change slightly with increasing the G2.5 concentration. 4omajn size. With the incorporation of dendrimers into the water
Then, the L,° lamellar structure becomes less ordered and a jomain, the ordered bilayer is distorted and its domain size
broadening of the peaks (with a decrease in the domain size) isyecreases, due to the cross-linking of adjacent bilayers through
observed. This is discussed further in the following section.  gjecrostatic bilayerdendrimer stacking, a kind of flocculation
Domain Sizes of Lamellar Structures.The domain sizes  process, for all systems containing dendrimers examined here
of liquid crystals obtained in this study are in the range-160 (Figure 6). For the G4.5 dendrimer ¥Ats = 10 and 20%, the
nm and were derived, as it was explained before, from the influence of the addition of dendrimers in thg ktructure is
broadening of the diffraction peaks. The broadening of the almost the same because the linear relationships of the domain
diffraction peaks occurs from three different factors including size, as a function of dendrimer concentration, show almost the
(1) the instrumental resolution function, (2) the imperfections same slopes in two systems (see Figure 6). For the G2.5
of the lattice, and (3) the finite size of the liquid cryst¥isor dendrimer atWs = 10%, on the other hand, the domain size
our results, analyzed as to give a semiquantitative comparisondecreases considerably from ca. 100 nidgt= 0% to 60 nm
within this study only, we neglected the broadening due to the atWp = 0.347%. The reason for the bigger drodir for the
contributions 1 and 2. This will be explained by the follow- G2.5 dendrimer may be due to the increased adsorption of
ing.1819(1) The instrumental resolution function was character- dendrimers (corresponding to the lower 2[DDABJCOONa]
ized by a beam image with a fwhm of 0.035 nin1.5 times ratios at the same dendrimer concentration shown in Table 2)
narrower than the smallest measured fwhm of the Bragg peaks.as well as the larger separation between the terminal carboxylate
(2) There are two general types of lattice imperfections to be groups, as compared with the G4.5 dendrimer.
considered, but only the so-called second-kind imperfection  The domain size of the P structure remains almost constant
contributes to the line broadening. This imperfection does not with increasing the dendrimer concentration, whereas the volume
contribute much to the peak broadening in the present work, fraction of the L,° phase is increased with the increase in the
because the liquid crystalline domains contain only a small intensity of the qp peaks. By increasing the dendrimer
amount of unit cells. Therefore, the main changes in the line concentration, the 4 structure is turned into the L+ L,°
broadening are due to the changes in the finite size of the liquid structures above the CDC, where the phase transitiom L ,°
crystals. reaches equilibrium. The new,® structure formed consists of

100 4

80+

60+

Upon increasing the incorporation of dendrimers into the
water domain between the DDAB bilayers, the single lamellar
structure changes into the mixture of two lamellar structures.
The calculated domain sizd3y, for both structures are shown
in Figure 6 for dendrimers-containing, Istructures atVs = 10
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