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Molecular Packing Parameter in Bolaamphiphile Solutions: Adjustment of Aggregate
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The geometrical rule of molecular packing parameters in a bolaamphiphile solution was tested with experimental
results. By modifying the solution conditions to change the molecular packing parameters, the morphology
of the aggregate was successfully manipulated in a single-chain bolaamphiphile, disodium phenyl-1,4-bis
(oxyhexanoate) (i.e., PhGNa solution). Micelle-vesicle-tube transformation was observed by changing

the pH and the addition of NaBr or octanol. In the mixed systems of oppositely charged bola/surfactants, the
molecular packing parameter’s role is related to the mixing ratio.

Introduction SCHEME 1: Bolaamphiphiles C,PhC,Na, (n = 6, 10;m

The molecular packing paramet@was a concept developed n—-1) BrCHa COOH
by Israelachvili et al. to explain, rationalize, and even predict < > TRtV { }
the shape of molecular self-assembled structures in conventionalHO o NaOH NeO0CH (A0 CeHncooNa
surfactant solutions. The molecular packing parameter is CaPhC,Na,
defined as® = vy/aly, wherevy andlp are the volume and length
of the surfactant hydrophobic tail anal is the area of the  to further group the three geometries based on the packing
surfactant head group at the interface of the hydrophobic-core considerations.
hydrophilic media. In the last two decades, the packing Bolaamphiphiles are molecules with two polar head groups
parameter has been widely cited in chemistry, physics, and at each end of the hydrophobic chéimstead of the formation
biology research because it allows a simple and intuitive insight of a double molecular layer, they can self-assemble into mono-
into the relationship between molecular structures and the shapdayers on a solid surface or in solutiohs2 However, the basic
of self-assembly. For example, © P < 1/3 is for spherical thermodynamic properties of bolas, such as CMC and micel-
micelles, 1/3< P < 1/2 is for cylindrical ones, and 1/2 P < lization free energy, are not simply twice that of the corre-
1 is for bilayer structures, such as vesicles. sponding conventional surfactant with a half length. For instance,
The molecular packing parameter also indicates a way to the CMC of an eicosanediyl 1,20-bis(pyridinium bromide}C
realize the aggregate morphology transition by changing the Py,) solution is nearly 2 orders less than that of decylpyridinium
solution conditiong.For a given surfactantyy/l is fixed since bromide (GoPy)!® whereas the micellization entropy and

both vy andl are the nature of the molecule. Howevaran enthalpy of the former are about 5 times more than that of the
be changed by modifying the solution conditions becauise latter1314 We also found that vesicles were spontaneously
influenced directly by the head group interactions. For example, formed in a mixed system of bola/conventional surfactast.

adding salt to an ionic surfactant solution decreasdse to a In proper situations, the vesicles may transform into tubes or

decrease in ionic repulsions, which results in an increasg/of  elongate aggregatés.’® Indeed, large variety of self-assemblies,
alo. Therefore, the spherical micelle is transformed into a rod- including micelles, vesicles, tubes, and fibers, are found so far
like one and possibly to vesicles by modifying the solution in aqueous solutions of different bolaamphiphA&=4 but few
conditions. The molecular packing theory agrees well with efforts were made on understanding the molecular packing
numerous results on the conventional surfactant systefas)d theory in these systems as compared to what has been done in
it was also successfully applied to a novel amphiphile system, conventional surfactant solutions. Therefore, in this study, we
such as the bolaamphiphile (bolas) solution by Nagarajan, wherehope to contribute some general knowledge on the role of
the packing arguments are systematically developed and themolecular packing parameters in the solutions of bolaam-
thermodynamics of bolaamphiphile aggregation has been fully phiphiles, especially the role they play in the process among
treated” However, in his work, Nagarajan did not discuss spherical, tube-like, and planar bilayer structures. The general
cylindrical bilayers but combined all bilayers (spherical, tube- rules of molecular packing parameters for symmetric bola
like, or planar) into one category within the broad packing molecules are applied to a bolaamphiphile, the disodium phenyl-
parameter range from 0.5 to 1. Therefore, it will be necessary 1,4-bis (oxyhexanoate) (ehGNay) system. The main reason
for us to select carbonate bolas is their variable solution
* Corresponding authors. E-mail: (J.H.) jphuang@pku.edu.cnand (Z.L.) ~onditions with pH, which is expected to change thealue
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TABLE 1: Comparison of Geometrical Rule and Packing Parameter for Aggregates in Conventional Surfactant and
Bolaamphiphile’s Solution

conventional surfactant symmetric bolaamphiphile
sphere cylinder bilayer sphere cylinder monolayer
VA= gup 47R%/3 R 2R 47R%I3 R 2R
A ga= 47R? ga=27R ga=2 2ga= 47R? 2ga=27R 2ga=2
a 3ua 2u9/R vo/R 3uo/2a vo/R vo/2R
P = vo/aly vo/alg < 1/3 volalg < 1/2 volalg < 1 volalg < 1/3 volalg < 1/2 volalp < 1

aV andA are the volume and surface area of the aggregates, respectively, which refer to the entire spherical aggregate, unit length of a cylinder,
or unit area of a bilayelR is the radius of spherical or cylindrical micelle or the half-bilayer/monolayer thickness of the spherical vesicle.
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Figure 1. lllustration of the relative contents of 4, HA-, and A~ pH
with pH in 10 mM GPhGN&; solution (254 0.1 °C). Figure 2. Packing parameter of 10 mMshGNa, against pH. At a

pH lower than 7.4, gPhGNa; is water insoluble. The corresponding
conventional amphiphiles were also used to change the SO|ution_seh‘—assemblies predicted by using packing parameters are _also labeled
conditions. We did observe the morphology transformation ?Ethr;lergsrﬁmh Iﬁ: fz“g\\;l)v?noftggtgregate (tube and vesicle) is from the
between different bilayer structures with the addition of the g text
previous additives, which indicates that the molecular packing

parameter also works in the bolaamphiphile system. a Spectra-Physics 2017 200 mW +de laser (514.5 nm

wavelength). The scattering angle was’,98nd the intensity
autocorrelation functions were analyzed using the methods of
Cumulant and Contin. The apparent hydrodynamic ratRdsl

Materials. Bolaamphiphiles (PhGNa and GoPhGoNay) was deduced from the diffusion coefficieBt by using the
used in this study as illustrated in Scheme 1 were synthesizedStokes-Einstein formulaR, = kg T/(677D). All measurements
by our group** were made at 25.8 0.1 °C.

Dodecyltrimethylammonium bromide (DMAB), dodecyltri-
ethylammonium bromide (DEAB), dodecyltripropylammonium o« its and Discussion
bromide (DPAB), and dodecyltributylammonium bromide
(DBAB) were prepared in the following ways: the equimolar ~ Molecular Packing Parameters in GPhCgNa, Aqueous
mixture of 1-dodecyl bromide and trimethylamine, triethylamine, Solution. As mentioned in the Introduction, Nagarajan estab-
tripropylamine, or tributylamine, respectively, was refluxed for lished the rules of molecular packing parameters for bolaam-
30 hin ethanol. Then, the solvents were removed, and the solidsphiphiles? which is the same in the final form as that for
were recrystallized 5 times in acetone/ether mixed solvents. Theconventional surfactants. Table 1 shows the summation of the
purity of all the surfactants was examined, and no minimum simple geometrical relations for spherical, cylindrical, or bilayer
was found in the surface tension curve. Deionized water was aggregates made up of bolaamphiphiles as well as those of
treated with KMnQ and distilled before use. Other reagents conventional surfactant molecules. To test the previous predic-
and solvents (AR grade) were from Beijing Chemical Co. tions, we carried out the following experiments.

Transmission Electron Microscopy (TEM) Measurements Packing Parameter Varies with pH in the CePhCeNay
A uranyl acetate solution (1%) was used as a staining agentaqueous Solution.CsPhGNa is soluble in water at pkt 7.4.

according to ref 25. One drop of the sample o!ispersion Was | the aqueous solution of 2hGiNap, the following equilib-
placed onto a carbon Formvar-coated copper grid to permit the (j;ms exist:

sample to be adsorbed on the grid (230 mesh), and the excess

liquid was sucked away by using filter paper. Then, one drop K

of staining agent was placed onto the sample grid, and the eXCGSSHOOC(CI—E)SOPhO(CI—;)SCOOHé HOOC(CH,).OPhO
liquid was sucked away again. The stained samples were _ i
examined in a JEOL-100CX (ll) transmission electron micro- (CHp)sCOO +H

Materials and Methods

scope. K
Dynamic Light Scattering (DLS). Dynamic light scattering ~ HOOC(CH,);OPhO(CH);COO — ~“O0OC(CH,);0PhO
measurements were carried out using a spectrometer of standard (CH,).COO™ + H*

design (ALV-5000/E/WIN Multiple Tau Digital Correlator) with
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Figure 3. TEM images of aggregates formed in 10 mMPRBGNa aqueous solutions at different pH values. (a) pH 11.3; (b) pH 9.0; (c) pH 8.7;
and (d) pH 7.4.

Therefore, three species (i.e., HOOCEHDPhO(CH)s- TABLE 2: Aggregate Morphologies in 10 mM CePhCgNa,
COOH (HA), HOOC(CHy)sOPhO(CH)sCOO~ (HA-), and Solution at Different pH Values
~O0C(CH)s0PhO(CH)s COO(A27)) coexist in the GPhG- pH 74<pH<87 87<pH=<115 pH>115
Na, solution, but their relative concentrations will vary with ~ aggregates Tubes vesicles micelles

pH. The concentrations of different components can be deter- _ _ _
mined from K5, and K4, for a given GPhGNa, concentration. pH values, whereas micelles will be expected at high pH values
By using the pH titration method, we obtained thit,p= 8.5 in the GPhGNa, system.

and that [, = 11.1 at 25°C, respectively. Therefore, the We can also roughly estimate the head group area of HA
concentrations of the three components in the 10 mANC:- to be approximately 33 Roy simply averaging the areas of
Na solution varying with pH (Figure 1) were obtained by using and A~. (For the mixed systems containing ionic molecules,
the following three equations: the relations between composition and areas are actually nonli-
near. Here, we only make some rude calculations.) In this Ray,
[H[HA ] at different pH values was calculated and plotted in Figure 2.
a W 1) According to this graph, one can expect a monolayer structure

at 7.4< pH =< 11.4 and rod-like micelles at pH values higher
than 11.5 in the 10 mM §PhGNa, solution. Considering that

Hrp 2-
:W 2) the head group area 392/f the dissociated acid group is
> [HA™] obtained with surface pressure methods, which leads to rather
dense packing of the head groups, the actual area must be larger
[A®7] + [HAT] + [H,A] = 0.01 3) than 39 A2 Actually, the surface areas of decyl and dodecyl

carbonate acid at pH 13 in a 0.13 mol®gsolution are both
It is clear from Figure 1 that, at 7.4 pH < 9.8, the 45 A229 Therefore, the error of the packing parameter calculated
concentration of A~ is almost zero. The concentration of mono in this way in a high pH range is rather large, and Fhealue

acid HA™ increases to a maximum, while the diacid ] must be smaller than 0.46, so rod-like micelles probably do not
decreases to a minimum with increasing pH. After pH 9.8, the exist at all. This estimation is proven by the experimental results
concentration of HA begins to decrease, whereag [Pbegins in the following text.

to increase. At pH 12.5, [X] reaches its maximum, but HA Aggregate Morphology in CsPhCgNa, Solution at Differ-
reaches its minimum. In this pH region (98 pH < 12.5), ent pH Values. To test the previous predictions, we observed

[H2A] is almost zero. To simplify the situation with the the aggregation behavior ofsRhGNa; at different pH values
discussion of packing parameters, we first consider the headby using TEM. At pH values higher than 11.5, no aggregates
group areas of bA and A2~ It has been well-documented that were observed, which is probably due to the size of the micelles
the head group area of the long chain fatty acid is about 20 being too small for the resolution of TEM. However, vesicles
A226and that it increases to larger than 33ifithe acid group with diameters of about 20 t6-80 nm in 8.7< pH < 11.5

is fully dissociated” To estimate the volume of the hydrophobic  (Figure 3a,b) and tubes that were 10 nm wide and 100260
chain of GPhGNa, we assume the molecule to be a cylinder nm long in the 7.4< pH < 8.7 solution were seen (Figure 3c,d).
with a width ofdp. If we neglect the effect of the benzene ring The TEM observation results are also shown in Table 2.

on the molecular widthgy can be approximately taken as the The previous solutions were also measured with dynamic light

same as the normal fatty acid molecules of 4.8 Aherefore, scattering. For the pH 12.5 solution, only a peaRatc 2 nm
vo is expressed akyr(dy/2).2 Hence, the molecular packing was seen, which is probably from micelles in the system. In
parameter can be written &= vg/aly = lo(dy/2)¥aly = 7- contrast, both Cumulant and Contin methods revealed particles

(do/2)¥a. For a system fully composed of A or A%-, the of Ry~ 37.8 and 51.2 nm for the pH 9.2 and pH 7.7 solutions,
calculatedP values are 0.90 or 0.46, respectively. These values respectively (Figure 4). Moreover, the polydispersity in the pH
indicate that the monolayer structure will be expected at low 9.2 solution is smaller than that in the pH 7.7 solution. This
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SCHEME 2: Aggregate Formation at Different pH
1.0 » - Values in 10 mM CgpHCgNa, Solutions
i \ —n—pH 125
L) H 7.7
087 | ﬂ\, i pH 92
T \ 115> pH =87
0.6 —_—
z " ?
£ l \ Vesicle
E 0.4 < [ ] .\
I |
02 Dl J \ \
i ’ :
0.0 -_!-L—-fu \.\! AAAAAAAAAAAAA
T — " 87> pH>T4

01 1 10 100 1000 10000 ——

Rh(nm)
Figure 4. pH effect on the hydrodynamic radius distribution in the %gz Tube
CsPhGNa, aqueous solution. Measurements were carried at 261

°C.

charges on them. This shielding of charge will of course
result is in good agreement with the TEM observations becausedecrease tha value, so as to increage The addition of octanol
tubes have more conformations than what vesicles have in thewill not only reduce the repulsion between the head groups but
solution. It is clearly revealed in Figure 3c that the thickness of also increase the volume of the hydrophobic tail. Therefore, a
the tube membrane is about 2.5 nm, which is quite close to the decrease i but an increase inp will be expected. Both factors
extended molecular length ofsRhGNa from the Chem 3-D tend to enhance th® value. As expected, we did observe
model (2.2 nm). In addition, the membrane thickness for both vesicles after the addition of 50 mM NaBr or 0.3 mM octanol
the vesicles and tubes from the XRD®*?> method is 2.15 nm  to the pH 12.5 GPhGNa, solution (Figure 5a,b). The enlarged
(see Supporting Information). Therefore, we can conclude that vesicles clearly displayed that the thickness of the membrane
the monolayered membrane has been formed in these solutionsis also 2.5 nm, which indicates the similarity of the membrane
which agrees well with the prediction of the molecular packing to that of the tubes in the pH 8.7 solution.

parameters. Influence of Solvent Property on the Aggregate Morphol-

It is also interesting to note that it seems that®healue for ogy. Next, we studied the effect of small alcohols, such as
tubes is larger than that for vesicles in thg*8GNa, solution. ethanol, on the aggregate morphology. The addition of ethanol
We found tubes in 0.&% P =< 1 but vesicles inthe 0.5 P < to the system lowers the polarity and the dielectric constant of

0.7 region. Of course, this category for the tubular and vesicular the solvent.
P range is rather rough, and the conclusion has to be tested by

more experimental data. At least, the present finding is

reasonable with respect to the curvature of the aggregates. At

7.4 < pH < 8.7, the bola molecules in the form of HAare

less than 60%, and most of them argAHi.e., less than 30% According to eq 4, we know that the repulsive interaction
head groups are charged in this region). Therefore, the charge(F) between two charged head groups will increase with
density on the surface of the self-assemblies is quite low, which lowering the dielectric constant)(of the media, as is equal to

is in favor of the formation of monolayer structures with low increase. Therefore P will be lowered. Interestingly, after the
curvature tubes in this study. As to the pH range of 8 214..5, addition of 5% (v/v) ethanol to the pH 7.7 solution, tubes were
we can discuss two situations: (1) 8 pH =< 9.8. In this found to transform into vesicles (Figure 5d). This observation
stage, the percentage of HAontinues to increase and reaches also coincides with our theoretical calculation Bffor tubes

a maximum of nearly 100%. (2) At 9.& pH < 11.5, the being larger than that of vesicles.

percentage of HA decreases but that oPAbegins to increase. Head Group Effect on the Aggregate Morphology in the

In both cases, the charge density increases until 65% of theC,PhC,Na,/Cationic Conventional Surfactant Mixed Sys-
head groups is charged at pH 11.5. Therefore, the curvature oftems.lt is well-known that vesicles can be formed in the mixed
the self-assembly will increase due to the repulsive interaction systems of conventional cationic/ionic surfactdhtand op-
between the head groupthis could be the reason for the positely charged bolaamphiphile/conventional surfact&nts.
formation of vesicles. The formation of tubes and vesicles in Similarly, vesicles were also observed in a series of mixtures
the GPhGNa, solutions is illustrated in Scheme 2. of CePhGsNay/conventional cationic surfactants.

Aggregate Morphology Manipulation with Additives. The Four conventional surfactants with the same hydrophobic
previous experiments suggest that the molecular packing chain but with different sizes of the head groups (i.e., dode-
parameter also works in the bolaamphiphile system. Therefore, cyltrimethylammonium bromide (DMAB), dodecyltriethylam-
we can manipulate the aggregate morphology transformation monium bromide (DEAB), dodecyltripropylammonium bromide

_ 0,9,

F
Arer?®

(4)

by modifying the solution conditions. (DPAB), and dodecyltributylammonium bromide (DBAB)) were
Influence of NaBr and Octanol on the AggregatesAs used to form mixed systems with bolas. As the head groups

described in the previous sections, only micelles with relatively increased in the order of trimethyl, triethyl, tripropyl, to tributyl,

small P values exist in the pH 12.52hGNa solution. Now, only vesicles were found in all the mixed systems (Figure 6a,b).

we tried to increase the value by the addition of octanol or  This is probably because of the two aspects of factors that
NaBr to this solution. The addition of NaBr will reduce the determine thea value. Besides the size of the surfactant head
repulsion between the head groups due to the screening ofgroup itself, the interactions between the head groups, especially



Packing Parameter in Bolaamphiphile Solutions J. Phys. Chem. B, Vol. 111, No. 9, 2002229

Thickness

75nm

Figure 5. TEM images in 10 mM GPhGNa. (a) pH 12.5, 50 mM NaBr; (b) pH 12.5, 0.3 mMCgOH; (c) magnification (from panel b) of the
vesicles giving a membrane thickness of about 2.5 nm, which is nearly the same length aBhtgN& molecule; and (d) pH 7.7/(H20)/
V(ethanol)= 1:0.05.

300nm

Figure 6. Vesicles formed in the mixed systems. (a) 1:PBGNa/DMAB; (b) 1:2 CGPhGNa/DPAB; (c) 1:4 G:PhGiNa/DEAB; (d) 1:4
C11PhGiNa/DPAB; and (e) 1:4 GPhGiNa/DBAB. All the experiments were carried out at pH 9.2.

in the ionic surfactant systems, also play an important role. In groups, which confirmed that the molecular packing theory was
the mixed systems of anionic bola surfactant and cationic also effective in the mixed systems of bolas and conventional
surfactant, the electrostatic interaction is very strong at the oppositely charged surfactants.

mixing ratio of 1:2, which greatly reduced the contribution of .
the size variation of the cationic surfactant head groups to the Conclusion

avalue. Therefore, the overatlvalues influenced by the change Molecular packing parameters were generalized to symmetric
of the cationic surfactant head groups were so small that nobola systems. The experimental results in thePl@sNa
transformation of organized assemblies was observed. On thesystems indicate that the aggregate morphology of bolas can
basis of this viewpoint, the head group effect will be more also be predicted as that of conventional surfactants. By
obvious if we increase the hydrocarbon chain of bolaamphiphile increasing the pHP was decreased due to the increase of the
in the mixed systems since larger valuesigk, help to enlarge head group area, and tubes were transformed into vesicles and
the final P value. Actually, we did observe the aggregate Vesicles to micelles. By adding NaBr and octanol to the systems,
transformation in the series of thg €hGNay/DE (P, B) AB P was increased due to the decreasen,0énd vesicles were
mixed system. It is clear in Figure 6c that tubes were found in transformed into tubes and micelles into vesicles. The molecular
the G1PhGiNa/DEAB system, while vesicles were found in packing theory was also effective in the mixed systems of bolas
the G1PhG:iNa/DPAB and G1PhG:iNa/DBAB mixed sys- and conventional oppositely charged surfactants. In the mixed
tems (Figure 6d,e). It should be noticed that in the previous Systems with long hydrocarbon chain bolaamphiphiles at
mixed systems, the mixing ratio between bolas and surfactantsunelectroneutral mixing ratio®, decreases with increasing the
was not 1:2 but 1:4 because£hG;Na is water insoluble head group size of surfactant, which results in the transformation
under all pH values but can form homogeneously mixed from tubes to vesicles.

solutions with DEAB, DPAB, and DBAB at mixing ratios higher
than 1:3. This changing of the mixing ratio apart from 1:2 can
reduce the contribution of the electrostatic attraction toahe
value, which also makes the head group effect more obvious. References and Notes

Therefore, the transformation from tubes to vesicles was (1) sraelachvili, J. N.; Mitchell, D. J.; Ninhem, B. W. Chem. Soc.,
successfully realized by the variation of cationic surfactant head Faraday Trans 21976 72, 1525.
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