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Prediction of the Senses of Helical Amphiphilic Assemblies from Effective Intermolecular
Pair Potential: Studies on Chiral Monolayers and Bilayers
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It is well-known that the senses (or the handedness) of the helical assemblies formed from compressed
monolayers and bilayers of chiral amphiphiles are highly specific about the chirality of the monomers concerned.
We present here a molecular approach that can successfully predict the senses of such helical morphologies.
The present approach is based on a reduced tractable description in terms of an effective pair gefRdhtial (
which depends on the distance of separation and the relative orientations of the two amphiphiles. This approach
explicitly considers the pairwise intermolecular interactions between the groups attached to the chiral centers
of the two neighboring amphiphiles. It is found that for a pair of the same kind of enantiomers the minimum
energy configuration favors a twist angle between molecules and that this twist from neighbor to neighbor
gives rise to the helicity of the aggregate. From the known twist angles at the minimum energy configuration
the successive arrangement of an array of molecules can be predicted. Therefore, the sense of the helicity
can be predicted from the molecular interactions. The predicted senses of the helical structures are in complete

agreement with all known experimental results.

I. Introduction tions at the chiral centers giving rise to the sense of the helix.
As a result, though several aspects of the helix formation can
be successfully predicted, 53 the prediction of the handedness
of the helical aggregate seems to be impossible from these
theories. Clearly a molecular approach is required to predict
he sense.

However, a fully microscopic description of the observed
andedness of the aggregate is enormously difficult due to the
highly complex nature of the interactions involved in the present
case. However, to study the sense, one can of course describe
the system at an intermediate level in which the essential
microscopic features of the effective chiral interaction are

Amphiphilic monolayers and bilayers are often studied as
simple model systems for the biological membranes. Much
attention has been focused in recent ykdfsto study and
understand the diverse phases and morphologies formed by th
amphiphilic monolayers and bilayers. It has been observed that
the compressed monolayers and bilayers of amphiphiles havingh
at least one chiral carbon atom form helical structures, provided
one kind of enantiomer (eitheror L) is present in excesd. 46
The driving force for the formation of helical morphologies from
the chiral amphiphilic molecules seems to come at least partly

from the interactions at the chiral centers of the amphiphlies. o . o )

R - . . explicitly retained, but other nonchiral interactions are averaged
Another fascinating aspect of such chirality-driven helix forma- out. In such a theoretical scheme we simplify the complicated
tion is that the sense (or the handedness) of the helical structure . P P

is highly specific about the chirality of the monomer concerned. interaction at the center of a tetrahedral molecule and specialize

Explicitly, if a righ-handed helix has been observed to be formed from Fh? beginning. Such aeff_ectve par poten_nal(EPP)
: . . description may be able to predict the chirality-driven structure
from the aggregate of the-enantiomers of a particular chiral

amphiphile, the corresponding aggregate of thenantiomers formation, because in these structures the subtle stereogenicity
should givé fise to a left-handed helix and vice versa. in the at the chiral centers may be primarily responsible for driving

compressed gel state16 the aggregate to a particular morphology. Such a study based
Thp h gb : ber of coni del thedFiss on an EPP description was carried out recefftiyt was found
nere have been a number of continuum modet the ’ that it can indeed predict the formation of helicity originating
which are devoted to the problem of structure or pattern

> tion i hiohil | d bil Most of th solely from the chiral interactions. In the present article, we
ormation In amphipnilic monolayers and biayers. VoSt OTINE - o,y 1hat even the sense of the helix can be predicted from the
theories start with the assumption of the presence of an intrinsic

bending force due to the chirali§j-5 These theories usually EPP description. The study is based on the assumption that

. - the sense of a bilayer composed of chiral amphiphiles is
gmploy a coarse-grglned free energy functional, usuglly known determined by the interaction at the chiral centers.
in general as the Ginzburd.andau free energy functional. In o ;
. . . N The organization of the rest of the paper is as follows. In
this coarse-grained description the individual molecules are . - ; .
e . : : section Il we have described the systematic formulation of the
replaced by a position and orientation dependent director and . - . . .
- o : problem of calculating the minimal EPP configuration for a pair
only the long-wavelength properties are explicitly considered. : : .
2 - ; of the same kind of enantiomers and calculated the tilts. In
Consequently, the detailed microscopic features of the molecular . . S
. section Ill we have predicted the senses of amphiphilic
assemblies are completely averaged out. One cannot expect tQ . . . )
- ) . assemblies from the calculated tilts, and section IV includes
understand the features arising out of the microscopic length

scale interactions in the above description such as the interac-the concluding remarks.

T Also at Jawharlal Nehru Center for Advanced Scientific Research, Il. Formulation of the Problem

Bangalore. . (a) The Importance of the Local Pairwise Interaction in

bb Toh-"éhom e -abouFtA;?eg‘?Laggr?,ﬂaél%e addressed. E-mall: - htrolling the Sense of a Three-Dimensional Aggregate
agcni@sscu.lisc.ernet.in. . . . . . .
€ Abstract published ilAdvance ACS Abstractdanuary 15, 1997. Morphology. Our objective is to find out only the sense or
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Figure 1. Schematic cross section through a crystalline planar bilayer Figure 3. Schematic cross section through the chiral centers of a planar

formed from chiral amphiphiles. The symbdisb, andb’ indicate bilayer formed from chiral amphiphiles. Here we have shown a
different groups attached to the chiral carbon atom designatéZi.by = schematic cross section parallel to thg planes of the crystalline
See Figure 4 for details. bilayer, as shown in Figure 2 of ref 36.

It is also important to note the length and width ratio of a
bilayer. The length of the ribbon formed from helical structures
is ~1000 times longer than the width of the ribb®n.For
N-octyl aldonamid€e? the length to diameter ratios are often
higher than 1000. Double-chain ammonium amphiphiles of
2-C1>L-Glu-Cy3N* have helical structuré$having length 10
um and diameter 500 A. We also refer to the micrographs of
the helical structures formed from chiral amphiphiles, as shown
in the micrograph of Figure 1 of ref 15, Figures 4,5a,6,9a,10,-
11, and 13, and several other micrographs of ref 12 of the present
paper. It is clearly observed in all the micrographs that the
width is much smaller than the length of the aggregate in all
2t cases. Insuch an arrangement, the interaction between the two
Figure 2. Schematic cross section through a fluid planar bilayer. ~ adjacent molecules can trigger the arrangement within the

aggregate due to the periodicity along the longer axis of the
the handedness of the aggregate. The sense of the aggregate ibbon. Thus, it is expected that if the sense of the aggregate
controlled by the twist between the neighboring molecules. is determined by the effective interaction at the chiral center at
There are two equally possible modes of twist between any two the close packing density, then the favored twist will be
neighboring molecules. Consequently, there are two possibledetermined by the interaction along the longer axis of the chain.
handedness, and in dense bilayers one is favored over the otheNote that the final pattern is three-dimensional. It is the twist
Itis sufficient for us to identify the more energetically favorable petween the two neighbors that gives rise to the three-
mode of twist from molecular considerations. dimensional arrangement.

The quasi-crystalline state of the bilayer has a three- |tis further important to note the difference in the separation
dimensional structure. In Figure 1 and Figure 2, we have shown distance between the adjacent chiral centers along the length
the schematic side views of the crystalline state and the fluid and along the width of the bilayer. Crystal structuresNefn-
state of a planar bilayer, respectivéliZ In Figure 3, we have  alkyl)-p-gluconamides (the alkyl chain length varies from hepty!
shown the schematic representation of the bilayer viewed from to dodecyl) have been analyzed by X-ray diffraction methods.
the top. The molecules have an erect conformatiéfand a  The cell constants df-(n-alkyl)-b-gluconamides are as follows.
side-by-side arrangement, where a particular molecule is sur-The a dimensions range from5.183 to 5.31 A for the alkyl
rounded by many molecules. Now, let us designate a few chain length varying from heptyl to dodecyl. The corresponding

neighboring molecules within a bilayer as follows. b dimensions vary from 16.183 to 39.85 A, aadlimensions
vary from 4.803 to 4.82 A. The variations in thalimensions
~(m-1,n-1), (m=1,n), (m-1,n+1),.. reflect the variations in the alkyl chain lengt#s.This shows

_ that thea andc dimensions of the unit cells of the crystals of
M n=1), Mmn), mn+1).. the amphiphilic aggregates differ by at leasd.5 A for alkyl
m+1,n—1), Mm+1,n), M+1in+1),.. (1) gluconam_ides. We_shall sh_ow later in this paper tha_t even such
a small difference in the distance between the chiral centers
Here, the change in thra designates the molecular arrangement along thea andc axes can have a great effect on the interaction
along the width of the bilayer, and the change inrltesignates energy of the aggregate in the compressed state (for example,
the molecular arrangement along its length. It is important to as shown in Figure 6 of this paper, where we have shown the
note that the tilt angles describing the twist between thea ( pair potential profile for a pair of the same kind of enantiomers
— 1)th and (,n)th molecule is the same as that between the with the variation of the separation between the chiral centers
tilt angles between ther(n)th and ,n + 1)th molecule. within an aggregate, it is clearly shown that a small separation
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between the chiral centers can have a large effect on the pair
interaction potential; see discussions later). The molecules are
packed in sheets extending parallel to the crystallograplsic
planes. We have shown the arrangement of the chiral centers
parallel to thea,c plane within a sheet of a planar bilayer in
Figure 3. In such a structure, where short-range interactions
are important and where the chiral centers are unequally spaced
along the length and width of the ribbon, the effect of the chiral
interactions are expected to be different along the length and
the width of the same. Experimental studies using the atomic
force microscope have shown that the molecular packing in the
polymerizable two-chain lipid8is such that the intermolecular
separations along the two perpendicular directions in the plane
of the bilayer are unequal, as described earlier for glycolipids.
We can thus argue that the effect of the chiral interaction along
the dimension in which the chiral centers are more closely
spaced is more dominant in determining the morphology
compared to the other perpendicular dimension, along which
the chiral centers are spaced at larger separation.

Now, the idea of the present work is that if one can find the (b)
favorable twist by summing over the effective interaction Figure 4. (a) Three-dimensional model for a pair of the same kind of
between the adjacent groups of two neighboring chiral mol- enantiomers—b). Here,t is the group that includes the largest part

. A . of the hydrocarbon chairy' includes the hydrophilic head group. The
ecules, then one can find the three-dimensional structure of thea andb are the two other groups attached to the chiral center. bThe

aggregate. group is larger than tha group. Note that may be either larger or
(b) Calculation of the Pairwise Interaction within a smaller tharb'. (b) Initial configuration for a pair of chiral molecules
Bilayer. As discussed above, the favorable interaction along from which the search for the minimum energy configuration has been
the longer axis of the ribbon (along the length) is expected to started. The fl_gure also shows the two perpendicular planes passing
. through the chiral centers of the molecules.
guide the favorable arrangement of the molecular assembly. As
our objective is to get only the sense of the helical arrangementqp|y  The partition function is thus reduced to the following
of the molecular assembly, we can write the relevant partition form:
function of the aggregate using a reduced description where
only the favorable arrangement of the molecules along the longer R 1
axis of the ribbon is considered. In the following, we describe Qv= Wfdli d€2; exp[—pU] 4)
the calculation of the orientation dependent partition function
of the aggregate of one particular enantiomer of a chiral At high packing density of the aggregate (compressed gel state)
compound. composed of the same kind of enantiomers ifadir all L), the
Suppose within an aggregate of chiral enantiomers of the arrangement of the molecules is such that the smaller of the
same kind there are a total df amphiphiles and each two side groups comes closer and the larger side group goes
amphiphile has! monomeric units. We designate the number Next to the larger side group of the adjacent molecule. In this
of chiral enantiomeric molecules by the index 1,2,...l,...j case the arrangement of the adjacent molecules is determined

and the number of constituent groups for each monomer by thePY the relative orientations of the neighboring amphiphiles
indexn=1,2,..k...m. Then we can write the partition function ~ NOW if the sense is determined by the molecular chiratitgn

for any array of compressed molecules (at high packing) as it is al_so det_ermined by the short-range _interactiqn between
follows the neighboring groups attached to the adjacent chiral centers

Since we are interested just in the sense of the twist, then it is
1 N WM sufficient to determine that the relative orientation between a
_ = pair of molecules can be a minimum energy arrangement, as
Quwm le.l:'n= drip exp=AU] 2) this twist will be propagated along the longer axis of the
monolayer/bilayer.
whereU is the distance and orientation dependent total potential intl_?:cﬁgﬁvi)g?::tlg?r?jt:a?‘ir;li r(;]og;ﬁl;[\?vus E%{ntﬂgdlégi;g:fe&ge
energy and is given by the following expression: perpendicular planes, designateddighandijkl, respectively,
through theC; chiral carbon atom (see Figure 4a,b). The reason
U= z u(ry = Tim @) for such a division is as follows. If we remember that a twist
Lk=m between a pair of molecules is a combination of two tilt angles
i ) . in two perpendicular planes, then the present problem of
where u(rix — rjm) represents the two-particle interaction gescribing three-dimensional objects can be reduced into two
between the adjacent molecules. Within the compressed ag-gimensions. Tha andb groups of theC; chiral center are in
gregate, the molecules are aligned in a side-by-side form. Thetheefghplane and thé andb’ are in theijkl plane, respectively.
distance between the head groups are almost fixed in such an the next step, we place another chiral molecule in such a
state. We also assume that no bending is allowed within the way that its chiral center@,) is lying on the line of intersection
molecular structure (rigid bond assumption). This assumption of the efghandijkl planes, thea andb groups attached t@;
is expected to be valid for the amphiphiles in the compressed lie on the efgh plane, and the andb' groups lie on thejkl
gel state. Thernrx — r;ml is determined by the orientations plane, as shown in Figure 4b. Starting from this configuration
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of a pair of chiral molecules, we shall search the whole Herschbach. Itis this potential that we refer to as the effective
configurational space to find out the minimum energy config- pair potential (EPP). Note that sizes alone may not always give
uration of the pair of molecules. This is to be done both by a unique sense, as two senses can be found with the same size
changing the distance between the chiral centers and by orientinggroups that have different L-J potentials.

the adjacent groups. At the minimum energy configuration, the  The following comments about the above scheme are in order.
adjacenta and b groups do not remain parallel, as in Figure first, eq 6 would make sense only at very high density. Second,
4b, and they have to orient through an angle ingfghplane. the minimum of energy would correspond to a minimum of
We designate this angle @s:. The exact value oy will free energy only at low temperatures. A measure of the
depend on the sizes and depth of the potential well of the relevance of thdJer can be checked fromiUe itself. This
adjacenta and b groups. Similarly, in the minimum energy must be significantly greater than unity in order for this
configuration, the adjacentandb’ groups tilt through an angle  procedure to make sense. The minimal energy configuration
in theijkl plane (designated ;). The net twist of a molecule  in the present study is nearly a zero-energy configuration, in
is the result of the two tilts in the two almost perpendicular which the molecules get locked and give rise to the twisted
planes We, therefore, separate the net twist of a molecule as structures. Note that at an elevated temperature the constituent
a combination of two simultaneous tilts in tieégh and ijkl molecules may be trapped into the second minimum, which is
planes. It is also to be noted that the choice of the initial observed at nearly zero twist angle at relatively large inter-
configuration as shown in Figure 4b is only to comprehend molecular separation. Indeed, it has been shown that at high
easily the search for the minimal energy configuration of a pair temperatures, where the ordered state of the lipid bilayer is
of molecules. Such a choice of initial configuration of the pair unstable, the system cannot express its chirality even when it
of molecules never restricts the generality of the present is present at the molecular level, and consequently the helicity
calculation® Thus we write the total effective interaction is not observed*>> The observed helicity is thus dependent
potential as a sum of interactions into two perpendicular planeson the temperature and the concentration of the amphiphile. It

as follows: has been indicated in the experimental studies on the tubule
formation that the morphology of the amphiphilic assembly is
Uett  [Yaa | Ubp Ui Uy indeed dependent on the lipid concentra#ién.
Er_ @-"'@ efgh"' @"'ﬁ i ®) Even with all the above assumptions, the finding of the

minimum is highly nontrivial. However, if the selection of sense

Here,us. gives the pairwise interaction between the adjacent IS governed by théocal interactions, then we may approximate
agroups andi,, gives the same between the adjadegtoups the various groups involved by_equwalgnt spheres of appropriate
attached to the two chiral centers in #fghplane, respectively. ~ Sizés and try to evaluate the integral in eq 6. .
Similarly, u gives the pairwise interaction between the adjacent  In the following we calculate the effective pair potential
t groups andy iy gives the same between the adjadgmroups between the pair of adjaceatandb groups, Whlc_h belong to
in theefghplane, respectively. Note that we have not considered the two chiral centers, attached to tBeandC; chiral centers
the cross interaction terms likg, etc., because their contribu- N the efghplane.  Similarly, we calculate the effective pair
tion to the EPP is negligible due to the large separation betweenPotential between the pair of adjacérindb’ groups attached
the a (attached toCy) and b (attached toC,) groups. The to theCy :_;dez chiral centersin t_hqkl plane. We hg_ve shown
interactions between the adjacent groups give the effective the detailed geometrical description of the position and the
contribution to the pair potential. These two particle interaction °rientation of the groups in thefgh plane in Figure 5. The
terms are determined by the relative orientations only. relative arrangement of the groups in fi plane can be easily

We have, therefore, replaced eq 4 by the following equation: Understood in an analogous way. Thgo@rbon atom is situated
at the center of an arbitrary frame of reference (designated by

N a set of axesX andY). a is the orientation of the line joining
QE ~_ dej Sinei,j d¢ij exp[—AUql (6) the two chiral centers, and r is the distance between thém.
N i=1d<) andY' are the set of axes situated at &d are parallel tX

andY, respectively. ¢, and¢, are the orientations of adjacent
where 6 and ¢; give the relative orientations of the two  agroups with respect t§ andX', respectively. B is the angle
amphiphiles. Thus, at low temperatures, the minimum of this between thea andb groups.
pair potential corresponds to the minimum of free energy of  We represent the effective sizes of the groups attached to
the system. Note that the elasticity of the bilayer prevents the the chiral centers by, and oy, respectively. These values
splay of the molecules, and it tries to minimize the tilt angles correspond to the effective diameters of the corresponding
generated by the chiral force along the molecular director (along groups added to the effective radius of the chiral carbon atom.
the large tail part and the head group). Note that although the |t is well-known that the effective sizes of the alkyl groups
elastic force modifies the tilt angles generated by the chiral force, increase linearly with the increase in the length of the corre-
it does not determine the handedness, which is solely controlledsponding carbon chafi:#2 We have calculated the effective
by the chiral force. As our objective is to find the sense, it is diameters of the groups using the empirical correlations provided
sufficient to consider the pairwise interactions between the by Ben-Amotz and Herschbahand the group increments
adjacent chiral molecules only. Moreover, the elastic interaction tabulated by Bondi2 The empirical relations are as follows:
does not discriminate between the-p andL—L pair.

Since we assume that in the determination of the sense of Vi, = 1.086{/; — 9.94) (7)
the aggregate the interaction at the chiral center plays an
important role, we also assume that the interaction is simply o= 1_244(\/hs)1’3 (8)

controlled by the relative sizes of the groups and the interaction

among them. Both the above factors can be included if we whereVsis the “space-filling” volume, which can be computed
introduce a reduced description when all four groups at the chiral by summing the increments for the various atoms and the
centers are replaced by their equivalent spheres and the size ifunctional groups tabulated by Borfdi. These values are
described by the well-defined prescription of Ben-Amotz and expected to be remarkably accurate, as indicated in the
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Figure 5. Relative arrangement of the groups that belong toefigb
plane and are attached to the two chiral cenerandC,. C, is situated
at the center of the arbitrary frame of referenr¢¢ X' andY are
parallel toX andY, respectively.r is the line joiningC, andC,, and
o is the orientation of. ¢, and¢, are the orientations of theegroups
attached to the two chiral centers, respectivgly, is the angle between
thea andb groups. The arrangement of the adjaceanhdb’ in the
ijkl plane attached to th€; and C; chiral centers is not shown here.
Their arrangement can also be understood in an analogous way.

TABLE 1: Effective Diameters (A) of the Groups Attached
to the Chiral Center of the Amphiphiles®
(12-Hydroxystearic Acid and 2-C-D-Glu-C1;-N*); The
Groups Are Designated ag, b', a, and b, Respectively (See
Figure 4); The Tilt Angles (deg) in the Plane oft, b’
(Represented by#y) and That in the Plane ofa and b
(Represented bygy) at the Minimal Energy Configuration
Are Also Shown

amphiphile t b 6w a b ¢m

12-hydroxy stearic acid 553 735 14 14 192 15
glutamic ammonium amphiphfle 7.81 8.00 1 1.4 8.24 45

aTachibana, T.; Kambara, IBull. Chem Soc Jpn 1969 42, 3422~
3424. The molecular projection formula is shown in Figures 7a and
5a. Heretis —(CH)11(COOH) andb' is —(CH.)4(CHs). Thea and
b groups are-H and—OH, respectively®? Nakashima, N.; Asakuma,
S.; Kim, J. M,; Kunitake, TChem Lett 1984 1709-1712. Heretis
—COO(Cl‘k)ll(CH3) andb' is —(CH2)2COO(CHZ)MCH3. Thea andb
groups are-H and —NHCO(CH,)10N"(CHzs)s, respectively.

literature®! Also, these values are insensitive to substantial
deviation of the shape of the group from sphericity. To facilitate

connection with a real experimental situation, we have given g
the sizes of the groups attached to the chiral centers of common a))

amphiphiles (forming helical morphologies) in Table 1.

The Lennard-Jones energy paraméfen§the groupsa and
b, have been represented &yandey, respectively. From the
values of thee; of several classes of compounds such as

alkanes, alcohols, and haloalkanes, tabulated by Ben-Amotz and

Herschbach! a linear dependence of thg; on the sizes of the
groups is observed. Foa 1 A increment in the effective
diameter of a group, the y/kg values of the groupkg is the
Boltzmann constant) increases 100 K. In the present study
we have taken the,; values of the groups as proportional to
their effective diameters.

The u,, etc., interactions themselves are given by the
following expressions:

J. Phys. Chem. A, Vol. 101, No. 7, 199¥347

ol b
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where, g,, etc., are the median distances between the corre-
sponding adjacerd groups and so on. In the following we
derive the explicit forms of the EPP for the two planes from
eqs 9-12.

In the efghplane the explicit expression for the effective pair
potential in this case is given by

ua,a ub,b]

u
’kBT efgh kBT efgh kBT efgh
€a

= (T)(@) ’(aLa + %cos@b2 —a) — %sin(cﬁ2 — o) cot(p, —

—12 roo1 1.
a)) — (; + Zcosgp, — o) — Esm(¢>2 — @) cot(p, —

a 2
()L))6 + (%)(%)’(GLb - %cos@ —¢;+a)+ %sin(ﬁ -

-2 fr 1 1.
¢, + o) cot(@ — ¢2)) - (0— - Ecosﬁ —¢,+a)+ ésm
b

(8 — ¢, + ) cot(s — %))‘1 (13)

The symbols are explained in Figure 5. We shall ggtfor a
pair of b—b molecules from the minimum of the above pair
potential. Values fopy for two amphiphiles forming a helical
morphology are shown in Table 1.

Similarly, in theijkl plane, the explicit expression for the
effective pair potential in this case is thus identically given by

4\[ &

-
-2 fr 1 1.

a)) - (;t + ECOS@Z —a) — Es;ln(e2 — o) cot(®, —

+ (%)(%) [(or—b - %cosﬁ —60,+a)+ %sin(ﬂ -

-12 r 1 1.
6, + o) cot(s — 6,) - G_b' - Ecosﬁ -6, ta)+ Esm

U ¢ Uy iy

kg T ijkI kg T ijki kg T ijki

r 1 1.
’(U_t + écos@2 —a)— Esm(@2 — o) cot®, —

u

(B — 0, + o) cot(§ — 92))_6] (14)

The parameters have the same meaning as explained in Figure
5, but the respective parameters for the planesofdb’ groups
needs to be considered here. The minimum of the above pair
potential gives the value ofl)y. Values of 6y for five
amphiphiles forming a helical morphology are shown in Table
1. These values dfy arise from bare chirality only.

The EPP profiles of a pair of the same kind of enantiomers
(L—L or b—D) in the plane of the angle are depicted in Figure
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We have tabulated the sizes of the groupd'( a, andb)
and the corresponding tilt angles at the minimal EPP configu-
ration (designated byy and ¢, respectively) in Table 1.

IIl. Prediction of the Sense

:',‘:, 2585
i

("7/" (a) Methodology. As shown above, a tilt between the two
neighboring amphiphiles is characterized by two angles. One
is in the plane ot andb’ (Av), and another is in the plane of
thea andb groups ¢v). These two angles are in two almost
perpendicular planes. It is well-known that the twist between
two successive neighbors can lead to helicity, but we show here
for the first time that the sense or the handedness of the helicity
can be predicted from the first principles. This has been possible
Figure 6. Pair potential profile for a pair of the same kind of because the present model allows correlation of the fundamental
enantiomers with the variation iy, — ¢1 as well as the separation  molecular parameters of the groups attached to the chiral centers
between the chiral centers from eq 11. Thendb groups have  ith the twist angles between the two adjacent molecules. To

30

20 2
{¢g~¢]) 10 0 1 @(\\03

Taﬂgerf‘dl'Sf%g 4.5 A, respectively/k = 150 andey/k = 450, 3 predict the senses from the calculated tilt angles, we follow the
= 10 anda =0 following systematic steps.
6. We have presented here the plot vaith- 0° only. However, (1) Consider a chiral amphiphilic molecule having only one

plots with othera values have the same featteand are not chiral center. The Fisher projection formula has been drawn
shown here. The EPP profile in the plane of thangle has for the molecule (see Figure 7a,b). The longest carbon chain
the same features except the magnitude of@tfangle, which should be vertical, and the most highly oxidized end of the

is much less than the angle. molecule should be at the top. All the vertical bonds point

The plot of the pair potential profile of the—b pair has a backward. Then the absolute configuration of the amphiphile
double-minima structure. One minimum is &b (— ¢1) = 0° is retrieved from the projection formula. This gives us a
and at a larger separation, while the other minimum igat|( visualization of how the different groups attach to the chiral

¢1) = 45°. The global minimum is the latter one, in which the centers are arranged in three-dimensional space (see Figure 4).
groups are oriented at a certain angle and the separation between (3) Next we bring another chiral amphiphilic molecule from
the chiral centers is much less than that in the former, thus the rear side to a close separation from the first chiral center.
favoring a more close packed state. As discussed earlier, in this state, the two molecules are tilted

(CH Z)H_COOH (C Hy)y COOH(CHylyy COOH

Ve ——=f /L'——_—_— 7
, /o ’
, [/ /
/ /
H C OH / icz oH //
/0w ’ 4 ,
7/ 1
/ H C||| | oH ,/
£ R
- | (CH2J4CH3
(CH3)4 CH3 (CH2), CHy

A pair of D-12—hydroxystearic acid
{c)

Projection formula of D-12 -hydroxystearic acid molecule

(a)

Cyq Hp,COOH C11Hz2 COOH
1 H220 00 L

\ AN

(CHz) 1y — COOH

\ N
(CHz)4 CHy o ~.

(b) \\ ’ \
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relative to each other and the tilt angles are known from the  The sizes of the different groups are given in Table 1. In
foregoing molecular considerations. the plane containing the GKCH,);;COO(CH),— and the

(4) To construct an array of amphiphilic molecules, we shall —COO(CH,)1.CH; groups (indicated by the plane drawn by the
place the successive molecules in such a way that the secondlotted line in Figure 8c), the former, having larger EPP and
molecule should be placed behind the first, the third should be larger effective size, should be farther apart than the latter.
placed behind the second, and so on. The justification of such Similarly, in the plane containing theNHCO(CH)1oN*(CHa)s
a placement has been elaborately discussed in section Il. Noteand the—H, the former being much larger than the latter, the
that it is customary to observe the handedness of the helix bytwo —H groups are closer than the twoeNHCO(CH)1oN*-
placing it in such a way so that the helix propagates away from (CHs)z groups. From Figure 8d we can easily find that the sense
the eye. From the consideration of the tilt angles described in of the assembly should be right-handed. The steps to determine
section Il, we can observe how the array of the molecules the sense are outlined schematically in Figure 8c,d.
propagates in the space. It is clearly seen that depending on (iii) Prediction of the Sense af12-Hydroxystearic Acid The
the EPP of the groups attached to the chiral centers, which inthird helical aggregate we have considered is thé&2-
turn depends on the absolute configuration of the concernedhydroxystearic acid. From the Fisher projection formula, the
molecules, the helical assembly would turn in either a left- absolute configuration is drawn as shown in Figure 9a. The
handed way or a right-handed way (see Figure 7c,d). sizes of the different groups are given in Table 1. Their

From the present study it is clear that the sense of helix should d€creasing order is just the same as that irotaeid, as shown
be predetermined by the EPP. Thus, it is expected that thePefore. In this case, although the positions of thCHy)11-
complete knowledge about the absolute conformation of the COOH and the-(CHz),CHs groups remained the same as that
monomer, sizes, and the EPP should enable us to predict the?f thep-acid in space, the relative positions of thél and—OH
sense. In the following subsection we shall attempt to predict 9roups are just reversed. Then, following the steps outlined
the senses of some specific helical amphiphilic assemblies andearlier to determine the sense of thésomer, we can easily
compare the theoretical prediction with the experimentally find that the sense of the assembly should be just the reverse of
determined senses. that of theL-acid, i.e. right-handed. We have not presented

(b) Specific Examples. (i) Prediction of the Sense of12- the detailed schematic description of the assembly of the

Hydroxystearic Acid The first example considered is thel 2- _L'iso”.‘er because it can be easily followed from the correspond-
hydroxystearic acid. From the Fisher projection formula, the Ing D-Isomer. .

absolute configuration is drawn as shown schematically in (iz) Prediction of the Sense of 2reb-Glu-Cii-N* Am-
Figure 7a,b. In the figure, the dotted bonds point backward to Phiphile  The fourth and last example we have considered is
the plain of the paper and the filled-in bonds point toward the the b-isomer of the ammonium amphiphile. The molecular
top of the plane of the paper. The sizes of the different groups formula is given in Figure 9b. The sizes of the different groups

are given in Table 1. The decreasing order of the sizes of the € given in Table 1. Then, following the steps outlined earlier
four groups is as follows: to determine the sense of the correspondirigomer, we can

easily find that the sense of the assembly should be left-handed.

— > — > — > —
(CH,),,COCH (CH,),CH, OH H V. Conclusion
Thus, as shown in Figure 7c, when we place the chiral center Let us first summarize the main results of the present study.

of the second amphiphile (designated®@y behind the chiral We have formulated a microscopic scheme to predict the sense
center of the first amphiphile (designated by),Ghe second of a helical morphology formed by chiral amphiphiles based

molecule is tilted with respect to the first. The tilt anglg on a molecular approach. The theoretical scheme considers the
and ¢y are shown in Table 1. In the plane containing the minimal EPP between the two chiral amphiphile molecules. The
—(CH,)12COOH and—(CH,)4CHs groups, the adjacent(CHy)11- EPP is dependent on the sizes of the groups attached to the

COOH groups are farther away from each other compared to chiral centers, their relative orientations and the distance between
the corresponding-(CH)sCHs groups. Similarly, in the place  them. The predicted senses are compared with the experimen-
of the —H and—OH groups, the twe-OH groups attached to  tally determined senses for four systems. The results are given
C; and C; are farther away from each other compared to the in Table 2. Complete agreement between the theoretical
—H groups. The tilted pair of amphiphiles are shown in Figure prediction and the experimental result has been observed in all
7c. In constructing a helix from an array of amphiphiles, we the cases. This surprising success of the molecular approach
have to place molecules one behind the other in successionstrongly indicates that the chirality driven helix formation is
because the sense of the helix is observed as the turn of thegoverned by the subtle stereochemical interactions at the chiral
helix goes away from the eye. It is clearly seen from Figure centers, which in turn is controlled by the EPP between the
7c that in the plane drawn by dotted lines the tw@H groups groups attached to the chiral centers of the pair of amphiphiles.
are farther away and the tweH attached to theC; and C, However, it has been observed that the senses of the helicity
chiral centers are closer. If we construct an array of molecules, of thep- andL-12-hydroxystearic acids are just reverse of those
then it is easily seen from Figure 7c,d that the assembly shouldof the corresponding optical isomers of the lithium salts.
have a left-handed twist. Although the reason for this reversal of the sense is not
(ii) Prediction of the Sense of 2:€L-Glu-C;1-N+ Amphiphile understood, it seems that the influence of the ionic atmosphere
The second helical aggregate we have considered is the-2-C  in the head group zone generated by the ¢dunterions of the
L-Glu-C1-N* amphiphile. The Fisher projection formula and latter may be responsible for the reversal of the handedness. It
the absolute configuration are shown in Figure 8a,b. The sizeshas been indicated earliethat in the bilayers and the mem-

of the groups decrease as follows: branes the cation-regulated hydration forces have a profound
effect on the arrangement of the head groups. Consequently,
CH,(CH,),,COO(CH,),— > —COO(CH),),,CH, > — the morphology of the bilayer is expected to be influenced by

N the hydration of the counterions. It may also be noted that the
NHCO(CH,);)N"(CHg); > —H magnitudes of the electrical head group repulsion free energies
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range fron~2 to 3ksT, depending on their aggregation number,

TABLE 2: Theoretically Predicted Senses of the
Amphiphilic Aggregate Forming Helical Morphology
Calculated from the EPP

theoretically experimentally

amphiphile predicted senseobserved sense
p-12-hydroxy stearic acid left-handed left-hantled
L-12-hydroxy stearic acid right-handed right-hartled
p-glutamic ammonium amphiphile  left-handed left-harfded

L-glutamic ammonium amphiphile  right-handed right-hartded

aTachibana, T.; Kambara, Bull. Chem Soc Jpn 1969 42, 3422~
3424.5 Nakashima, N.; Asakuma, S. Kim, J. M.; Kunitake,Jhem
Lett 1984 1709-1712.

electrical head group repulsion interaction has magnitude
comparable to the energy of the effective chiral interaction term.
Consequently, a variation in the repulsive term may easily tune
the shape of the aggregate morphology. Surely, more molecular
studies should be initiated for a better understanding of this still
poorly understood problem.

An important limitation of the present work is that it is based
solely on an effective pair potential. This should be generalized
to include many-body effects, as done elegantly by Rice and
co-workers for Langmuir monolaye?s!! To begin with, one
may assume that the two-body interaction potential is given by
the effective pair potential derived here. We hope to address
this problem in a future study.

ionic charge, etc., for the spherical micelles formed from sodium  Acknowledgment. It is a pleasure to thank Prof. Santanu
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