PHYSICAL REVIEW E VOLUME 54, NUMBER 5 NOVEMBER 1996

Structure of the hexagonal phase of the sodium dodecyl sulfate and water system
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The hexagonal cell parametar of the system sodium dodecyl sulfate and water in lthe phase as a
function of volume concentration, presents the functional behavior expected for rigid and finite objects:
accc;, *3. The micellar particle length is, however, unknown since its derivation depends intrinsically on the
particle radiusR considered. A constant radius is found for the whidlg domain, and the electron density
maps obtained from the x-ray diffracted intensities are analyzed and allow determination of micellar radius
(effective radiusRe4=18.4+0.1 A, paraffin radiusR,,=16.7+0.1 A, and total radiusRy,=20.5-1.0 A).

From these values the resulting micellar size is between 170 and 640 A, with a value of 26@2A=fx20.5
A. [S1063-651X96)06411-3

PACS numbsd(s): 61.30.Eb, 83.70.Jr

I. INTRODUCTION the observation of very short rods in the hexagonal phases of
guanosine derivatives and analg@4] or the visualization in
The structure of the lyotropic hexagonhl, phase(a  lipid hexagonal phases of very long rods by electron micros-
means the disordered paraffin chairas been assumed since copy, should be taken in relation to the particular investi-
the initial works to consist of “infinite” cylindrical micelles, gated system, and should not be generalized as characteristic
with a two-dimensional hexagonal positional order in theof all H phases. Furthermore, the basic properties of growth
plane perpendicular to the cylinder axds2]. A functional  and flexibility should not be necessarily associated with rigid
behavioraocV‘;l/Z (a, hexagonal unit cell parameter,,, rods [7] and polymerd3], respectively. Rigidity-flexibility
particle volume fractionis expected for “infinite” or flex-  of the rods could also defingand 3 behavior even in non-
ible objects when the packing is essentially end to end an@olymeric systems.

compression only occurs in the lateral directionsygsin- In this paper a more detailed analysis of the results in the
crease$3]. Such behavior has been observed, for instance, ill,, phase of the SLS-water system is presented.
anH phase following a cholesteric phase*() [4]. A study The isotropicl phases of the SLS-water system at 25 °C

of a sodium dodecyl sulfat¢SLS)—water system[5] at  were studied by x-ray scattering from low concentrations
70 °C, which presents an isotropit){H , transition, shows, [13,14 up to concentrated solutions close lteH, phase
however, a functional behavicaocvgl’?’, typical of com- transiti_on [12,1_5,1@. Th_e detailed smr_;lll angle x-ray data
pression in all three dimensions, leading to the idea that finit@nalysis focusing on micellar growth in the vicinity of the
hard rods[6] are present in thél,, domain. |sotr0p.|c| to liquid crystalline phase trans_ltlon_demonstrated
Recent statistical mechanics theories for systems withat micelles are small and they grow little in thephase
self-assembly have been able to predict the occurrence of @nisometry around 2.4-3 nek+~H,) [15,16.
direct| —H,, transition and the conditions for appearance of The micellar particle lengtiL is unknown in theH,
an intermediate nematicN() phase both in polydisperse phase and its deternjmz_;\thn from x-ray reSL_JIts in the hexago-
finite-rigid rods[7] and “infinite”-flexible [3] polymers. The Nal phase depends intrinsically on the particle radtuson-
polydispersity of the rod lengths is a necessary condition fogidered’5]. In the previous work5] the imprecision of th&®
suppression of a smectic phase betweandH , phase$8]. value precluded the mfer_ence bffro.m the mgasured valugs
Such polydispersity could be responsible for the lack of deof the cell parameter. This paper dlscusses in more detail the
tectable out-of-plane scattering in the phase, which was R values for t_he SLS-Wate_r system, taking into account the
one of the hindrances to accepting the hypothesis of finit€lectron density maps obtained from the analysis of the x-ray
rods in theH domain. The self-assembly properties imply diffracted intensities.
the possibility of growth of the rods in all the phases. It has
also been recently shown that<v,* with x<1/3 could
characterize micellar growth with concentration in the hex-
agonal domair}9,10]. Commercial Sigma SL$9% purity and bidistilled wa-
What now starts to become clear from the experimentater were mixed in different amountSLS ranging from 37.8
work in H phaseg4,5,9-13 is that the exponent may up to 62 wt % and investigated by using an x-ray generator
provide evidence foH phases with different structural char- equipped with a Guinier-type focusing camera with a bent
acteristics that are correlated with the specific neighboringuartz monochromator. The samples were mounted in
phases and phase transitions. Some experimental results, likacuum-tight cells with thin mica windows; the cells were

Il. EXPERIMENT
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continuously rotated during the exposure in order to reduce a=2R(2\/3/m) 1313 %)
spottiness. Measurements were taken at 705CThe films P

were microdensitometered and the intensities measured rresponding to thas v
reported in Ref[17] (s=2 sind/\; 26 is the scattering angle;
\ is the CuKa x-ray wavelength

» 1% behavior.
Considering the pairgRp.;,C,pa) Or (Reii,C,) EQ. (4) is

replaced by
Ill. ANALYSIS METHOD \/§
. RZRio=-— a°c,. (5)
A. X-ray diagrams € 4

Four reflections with a typical spacing ratio
1:/3:4/4:\/7 were usually present, compatible with a two-
dimensional hexagonal lattice @6m symmetry. The unit
cell parameten is given by

In the case of finite micelles it may be important to con-
sider a more realistic model of spherocylinders, witk /
+2R and anisometryu = //2R. Modifying Eq. (1) accord-

ingly leads to
2 Vh?+k?+hk a
a=——, 4 3
V3 sthk) 7R/ + - mR3=—_" Calw,. ®)

3 2
whereh andk are the Miller indices of the reflections and
s(hk) is the peak position in the reciprocal spage ). No Equation(3) is kept for the case of spherocylinders, since
scattering in the direction perpendicular to the hexagonait expresses a condition related to the center of mass of the
plane was observed: under the hypothesis that finite rods amiented particles, leading {®,9]
present in the hexagonal phase, this fact shall be ascribed to

polydispersity of cylinder length which is a necessary condi- T u+2/3 1

tion for the occurrence of a direct isotropic-hexagonal phase a=2R|—= v 1B, @
o 2\/§ +1 p

transition[7,8]. K

Developing the equations it results that, in Eg), in the
numerator one should havBe, et :C,) OF (Rparspar:Cupars

By assuming that finite cylinders with radi&and aver-  ith 4, in the denominator. The conditions for existence of
age lengthL are packed as a fluid in the third dimension g solution in such cases for E(f) are

(normal to the hexagonal planwith an average distande
between particle centers, the following equation can be writ- 3

3 3
ten[5-9]: R2Rio= % a’c,, (Reﬁ):“s(i) yp a’c, (9
7R3(LIC) = \3a%v,/2, (1)

B. Hexagonal phase model

corresponding, respectively, to values decreasing from

wherew, is the particle volume fraction. to 2R (spherical micelles

In the case of micelles, care must be taken in the defini- |n the case of spherocylinders the use of Ef.for the
tion of the “particle.” Assuming that practically all mono- pairs (Re,c,) and(Ryar.C,pa) leads to the relation
mers are incorporated in the micellar aggregate, it is possible
to considerv,=c, (amphiphile volume concentratipnin Rett|® €, Mpart2/3

. par

such a case the valués andL in Eq. (1) should refer to ( ) =
“effective” values Ry and L that represent the “particle
without water.” Alternatively,v,= C,,4 (volume concentra-
tion of the paraffin moietyand values in Eq(1) areR,,,and
Loar- FOr a cylinder it is possible to write ;5 =L- As @
consequence, there is a necessary relation between these
cellar radii:

Rpar

9

B Copar Meff T+ 213

It should be stressed that the information regarding the
micellar length is lost for cylinders in E@4) but it is recov-
r‘?{i?d for spherocylinders in E€7). This occurs because the
difference in volume between a cylinder and a spherocylin-
der of lengthL is filled with water, so that the total amount

R../R.. = /—CV/CV 2 of water in the direction perpendicular to the hexagonal
eff’ T par par @ plane now depends on the number of spherocylinders, and

For long-flexible rods, the relatioh/C=1 leads to the Not only on the ratid/C. s o
ax v, /2 pehavior. For finite-rigid rods the assumption of _From the observed cuna v, one could get in prin-
uniform decrease in interparticle distances in all three dimenciple the R value from Eq.(4) for cylinders or very long

sions is equivalent to the relatids,d] spherocylinders, or thg value from Eq.(7) if R is known.
In practice theu value is critically dependent on thevalue
L/C=2R/a. ®) adopted, which precludes inference ofrom the measured

hexagonal lattice parameter wh&nis not known with pre-
It shall be stressed that this relation refers to the “totalcision[5].
particle,” which may contain bound water. Therefore in Eq.  In cases wherax v ,*, with x<1/3, Eq.(7) gives a law
(3) the values ar®,,; andL . For a cylinder it is possible to for the growth of the spherocylinders with concentrafiéi
assumel =L =L pa, leading to if R is known.
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C. Electron density maps TABLE |. SLS concentratioriin wt %), the corresponding vol-
ume fractionc,, (calculated by using 0.92 and 1.034 gfcfor SLS
and water specific volumes, respectively, at 70, @d correspond-
ing unit hexagonal cell parametar

In order to obtain more structural information about the
hexagonal plane, particularly in the case of micelles wikere
is not known with precision, the analysis of the x-ray data

may be extended to the intensity of reflections. c (wt %) c a(x1.0 A
X-ray diffraction patterns give a set of integral intensities Y
from which the moduli of the structure factors can be calcu- 37.8 0.351 51.0
lated as 38.0 0.353 50.9
40.0 0.372 49.6
[F(h,k)|=[1(h,k)/m(h,k)]*2 (10 41.0 0.382 49.0
wherel (h,k) is the intensity observed for the reflection with 22'8 8'221 jg'g
h,k indices andn(h,k) is its multiplicity. As the structure is 52'0 0'491 45.6
center symmetric, each amplitude has a phase ahglgual 55'0 0'521 44.6
to 0 or =, i.e., each amplitude can be positive or negative. ) ) '
Then the phase problem is reduced to the sign problem. In 57.0 0.541 44.3
lipid crystallography this problem can be solved by perform- 58.0 0.551 43.8
62.0 0.592 43.3

ing swelling experiments: the unit cell dependence on the
water concentration allows one to sample the continuous
structure function. Then, the signs of each structure facto
may be deduced observing the behavior close to the zeros éﬁ
intensitied 18]. As usual19] the intensities of all reflections
observed in any experiment of the swelling series are re
duced tol (h,k)/Z,, I (h,k) and then normalized so that

a full line as well as the high-electron-density levels.
ese levels include the polar regi¢imead groups and hy-
dration watey pyq -

IV. RESULTS AND DISCUSSION

> ihk) = ol O rin s (11 Thea values measured as a function of SLS concentration
h.k in the H, phase at 70 °C are given in Table I. The corre-

) sponding figure has already been publishgd The experi-
where o and o,y are the unit cell surfaces of each sample antal data are well fitted by the curve

and of the smallest cell dimension in the series.
After the F(h,k) signs are chosen, the electron density a=35.93c,) 13 (12)
distribution is computed by Fourier transform, by using T

F(h,k) values obtained from the experimental 'mensmesconsidering:,,:1.22:,,pa,, wherec, ;s is the volume concen-

[Eq. (10)]. According to Ref.[20] the normalization tration of the paraffin moiety and, refers to the whole

>h il (h,k)=1 was used, a procedure which leads to dimen- - . : . :
Al ; . mphiphile moleculgincluding counterions but excluding
sionless expressions for both structure factors and is calle
" ) o " » . all watep.
the “electron density map,” in short “map,” wherép) is

; The experimental result of E§12) shows that SLS mi-
the average value gf(x,y) over the surface of the unit cell, P . : .
celles behave as “finite-rigid” particles regarding water dis-

Ap=[p—(p)[p?>—( 2>]1,2 tribution in the three dimensions. It should be noted that an

P=LPTAPIIILP AP ' exponent smaller than 1/3 should be associated with micellar

. . . . . owth [9], while an exponent larger than 1/3 should be as-
There is here a point to be discussed, since in the case I@éciated with flexibility[3]; hence it is possible that the ex-

finite rods the procedure gives in fact a two-dimensional . . . .
(2D) projection in the hexagonal plane of a 3D electron den_ponent 1/3 might correlate with a very particular combina-

sity map. The only difference between the projection and th(%;)Ion of.grow"[h with erX|b|I|t>{, gving as a reskllt a finite-rigid
section is that the average levgl of the projection corre- ehavior, with a constant “effective length.
. : Equation(12) together with(7) imply defined conditions

sponds to a weighed average between(gheof the section for the micellar radius and anisometry:
and thep, of water, weighed according to and (C-L). In '
fact, if the valuegp) and p, were sufficiently different, this
could be an independent method to determine the cylinder
lengthL. However, the fact thafp) and p, are very close to
each other makes impossible the determinatiob &fbm the
normalization procedure. But it is clear that it is possible towith Res=<21.3 A andR2R,.=>(18.6° A.
analyze the structure of the projection, as long as one is To give a better idea of the precision of the assumption
careful to note that thép) value has no absolute meaning. made in Eq.(3), the values obtained from Eq7) and the

Some electron density maps will be shown in this paperpriginal data of Table | are given in Fig. 1. The fact that
they are represented using equally spaced density levelRed (et 2/3)/(ue+ 1)1 remains constant in the wholé
Negative levels(which correspond to the low-electron- domain assures the validity of E¢3) and therefore the
density regions in relation tp) considered as arbitrary zero a«c ;1’3 behavior.
level in the 2D projectionare reported as dashed lines and A delicate point in the interpretation of the results refers
include the paraffinic moietyp,,). The zero level is drawn to the various micellar radiiRp,;, Rer, andRy,). The actual

1/3

+2/3
ReftT %) _186 A, (13)

ff
€ Mort 1
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amount of water bound to the micelle is unknown and the
polar head regior(~4.6 A thick [21]) must contain some
bound water.

The electron density maps obtained from diffracted inten-
sities will be analyzed in order to determine the actual value
of the micellar radii.

The experimental values of the moduli of the structure
factors[Eq. (10)] from the swelling experiments are plotted
in Fig. 2. A cylindrical structure function that assumes a
two-step radial electron density distribution in relation to the
solvent (an inner paraffinic region wittp,,, and an outer
shell with p,,) presents some zeros of intensities whose po
sitions depend intrinsically on paraffinic radiRg,, and elec- density for(a) 37.8 Wt % arep,,=—294, pra=83; (b) 45 Wt %,
tron density contrasf15,22,23. An example of the cross- |, _"570 , _ —84: and(c) 58 Wt %, pyi=— 265, pra=93, re-
section cylindrical structure factor for the SLS system wasspectively. On the right side the density lines are equally spaced
given in a previous papdd5]. From that curve a first zero with an increment of 40, while on the left side the increment is 20.
for s<0.015 A"* and the second one between 0.04 and 0.05
A~ are observed. A new zero of intensity appears forreflection, since it is located in the region of an inversion
s=0.07 A"*. Based on such a model it is possible to con-point. It seems, from Fig. 2, that even if the graph does not
clude thatF(1,0) andF(1,1) reflections in Fig. 2 have the represent the continuous structure factor, it appears to indi-
same sign, whileF(2,1) has the opposite sign. The main cate that the functions drops to zero near0.05 A,
problem remains over the choice of the sign of #,0) Under such assumption, the sign combination —+ for
the four observed reflections seems to be valid for samples
with concentratiorc <48 wt %, while theg¢-set combination

(c)

FIG. 3. Electron density distribution of the hexagonal phases of
the SLS-water system at 70 °C withset(———+) for all concen-
trations. The electron density scale is arbitrary. The intensity data
have been normalized so thaf, I (h,k)=1.{p) level corresponds
to an arbitrary zero level. The minimum and maximum of electron

045 ' . ‘ ' s Fo ——++ is valid for c>48%. Alternatively, the sign combi-
0.4017 i e nation ———+ for the whole investigated concentration
0.35|- . BRE range would be possible, if the zero is located around
0.0l ’ ) ] s=0.055 A%,
= Some of the corresponding electron density maps related
=0 xx ] to the chosen sign combinations are reported in Figs. 3 and 4
L 0.20- * B and are described below. In both figures, in the left side, the
0.15F < - density levels have an increment of 40, while in the right
o0k . | side, only outer regions are represented in more detail, with
. w density levels spaced with an increment of 20; some levels
0.05F T f Bs% 2% 7 are quoted just to clear the figures, in order to emphasize the
O 06T o7 055 0bi 005 056 ob7 oms increasing-decreasing electron density level sequence.
s(A™) Figures 3a)—3(c) show some electron density maps cal-

culated by using the-——+ sign combination. It is evident
FIG. 2. Results of swelling experimeni$(h,k)| [Eq. (10)] as that the maps show a similar aspect at all the studied con-
a function of x-ray diffraction positiongs(A™%]. F(2,1) is absent ~centrations: circular cylinder cross section in the hexagonal
for c=48 and 62 wt %, while=(2,0) is not considered foc=48  plane, with a negativéwith respect to the average electron
wt % of SLS. density value(p)) inner region, clearly associated with the
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level keeping a continuous contour until a constant distance
of 18.4 A from the micellar center is reached. The maxima of
the electron density occur already in a discontinuous way,
typically at distances of 19 A.

A consistent interpretation of the structure is obtained by
estimatingR. from the electron density maps using as a
criterion the largest distance of continuous contour. This
leads toR.=18.4 A andR,,=16.7 A (which is precisely
the length of the extended chajrwith precision+0.1 A.

FIG. 4. ¢ set(——++): 58 Wt %, prin=—233, pmax=103. Interpreting the maximum electron density as associated with

the position of the sulfur atoms and taking into account the
low-electron-density paraffinic medium, and an outer regiorsize of the SQ group leads tR,,,=20.5+1.0 A. Note that
with positive levels(with respect to thép)) which could be  the condition of Eq.(13) implies R,=19.0 A for the as-
associated to the more dense polar moiety. In particular, theumedR, value.
inner region is characterized by a smooth variation of elec- The fully extended chain represents a maximum value for
tron density until about 5 A, which can give evidence of g As discussed previous[], there are reasons to prefer
localization of CH groups(p,,=0.167€/A% in the micellar  his value to shorter ones in the case of spheres and cylin-
center. A rapid change of the electron density values aftefigrg a5 the geometrical packing constraints are relaxed only

that is theref_ore observed u_ntil the) level With_ radius_ in the case of lamellar structures, and the disordered bilayer
around 14 A is reached. The inner electron density distribu-

tion in isotropic diluted systems presented the same profils.hrinks cpnsiderably. However, small contractions, espe-
[14] %lally at high tempera_tur.es, cannot be excluded, soRygis

An increasing of the electron density values from ¢he reprgsents an upper limit. -
level keeping a continuous contour is observed, until the dis- It IS well known that the su[fate groups remain linked to
tanceR of 18.4 A from micellar center is reached. This in- the micelle surface together with hydration Waf[er and a frac-
crease of the electron density value can be easily associatdgn Of counterions. In our case, a layer of thickness 4.6 A
with the presence of the head groups. Furthermore, the maxi21] aroundRe is enough to accommodate all $@roups
mum value of electron density is located at about 19.0 Aplus four water molecules per head in the cylindrical part of
from the micellar center, as indicated by small islands athe micelle. In the spherical end caps the amount of water is
level 80 in the maps$a) and (b) for concentrations up to 45 larger, possibly doubled. The fraction of counterions within
wt %. In the maps reported in Figs(@ and 3b), the density  the polar shell is not an important parametepijp because
minima (level 20, right sidg in the polar region could be the Na counterion is not sensitive enough to x ray and its
associated with the water molecules which fill the regions faelectron density can be easily masked by water replacement.
away from the cylinder surface. The maps corresponding t@he obtaineg, values around 0.45-0.59A°% are in agree-
the higher concentratiori§ig. 3(c) shows one examplelo  ment with those used by modelih5,16].
not show such decreasing of electron density value, indicat- From the obtaine® values, Eq(13) gives 170 and 640 A
ing that the sign combination is incorrect. as lower and upper limits fdr, as function essentially of the

Figure 4 shows the electron density map obtained frommprecision in R,,. A value L=260 A corresponds to
the 58 wt % of SLS sample by using the—++ sign com- R =205 A, which shows how critical is the value ob-
bination. For such choice of signs, the minimum of electroniained as a function of thR,,, value adopted. As a function
density in the inner region is not so deep as for the ongy gch criticality, a more defined determination loffrom

obtained previously, although the map still presents a Smootye giffraction data could be doneR, is known with better
variation of pp,, until around 5.5 A and a faster variation ecision from other techniques

. X . ; i r
until a radius of 14.5 A is reached. The higher-density Ievel? Itis to be noted that smaller values g, and/or smaller
S . : y ar
g{g (\:/Igli ee%irggrld Athg Foﬂﬁgln%zzrc:gm girmlpelrtehrfczatzg ?\Nper:r\:'polar head thickness would lead to even larger micellar sizes.

. : i, In the case of SLS the 1/3 behavior, which defines water
this electron density map and the one presented in K. 3 o ] .
is the distribution of the maxima of electron density, which s_epgratlon n th_e three d|menS|on_s, may be_: due more to the
are located in the mean distance between the cylinders alodh _|d|ty of _the micelles than to their small sizes. The actual
the parallelogram axigaround 21-22 A from the center of _|cellar size lshould be checked by qther expenr_nent.al tech-
the micell8. It means that the distance related to the highesfidues. Previous NMR results on this syst¢p4] implied
levels is about 13% larger than that found for the previoudond micelles and are in agreement with the upper limit of
sign combination chosen: considering the experimental lovihe present interpretation of data that also takes into account
resolution, this fact should depend on the closeness of therystallographic arguments relatedt, phased25].
cylinders. Moreover, a decreasing of electron density values It may be concluded that micellar growth in the SLS-
in the regions far away from the cylinder surface is by con-water system occurs at tHeH transition, a behavior ex-
trast observed. With reference to the electron density distripected in statistical mechanical modElg for small sizes in
butions reported in Figs.(8 and 3b), this map could be the isotropic phase.
considered satisfactory. The present analysis suggests a comment about the previ-
As a result, it is possible to conclude that in all the mapsously investigated systenjd0]. In particular, it should be
analyzed the electron density values increase from(phe stressed thaH phases with different structural properties
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could exist. In those systems in which the relationship It is worthwhile to point out that these results evidencing
L/C=1 does not occur and Eq3) is not verified, the finite rods in theH phase have as analog the growing evi-
analysis of thea vs ¢, behavior should take into account dence shaking also the picture of infinite lamellae in the
flexibility-rigidity of the micelles as well as their size and lamellarL phase. Besides growing experimental evidence for
capacity to grow. In the case of flexible-finite rods, thedisruptions-pores in the membran6,27, the theoretical
ana'ysis is particu'ar'y de”cate' as theories have not beemodels for self-association Iﬂdlcate the pOSSIbIlIty of finite
derived yet. Another aspect concerns the micellar radius: thelanar aggregates’] and also rim curved defecf28,29.
formalism now developed allows a more detailed analysis of
the results in terms of micellar size. The strong dependence
of the particle length on the particle radius considered Thanks are due to CNP(Brazil) and CNR (Italy) for

is relaxed through the variable amount of bound wateffinancial support. We acknowledge the collaboration of A.
defining Ry - Gulik in forwarding the measured diffraction intensities.
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