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Abstract: The formation of the helical morphology in monolayers and bilayers of chiral amphiphilic assemblies is
believed to be driven at least partly by the interactions at the chiral centers of the amphiphiles. However, a detailed
microscopic understanding of these interactions and their relation with the helix formation is still not clear. In this
article a study of the molecular origin of the chirality-driven helix formation is presented by calculating, for the first
time, the effective pair potential between a pair of chiral molecules. This effective potential depends on the relative
sizes of the groups attached to the two chiral centers, on the orientation of the amphiphile molecules, and also on the
distance between them. We find that for the mirror-image isomers (in the racemic modification) the minimum
energy conformation is a nearly parallel alignment of the molecules. On the other hand, the same for a pair of
molecules of one kind of enantiomer favors a tilt angle between them, thus leading to the formation of a helical
morphology of the aggregate. The tilt angle is determined by the size of the groups attached to the chiral centers of
the pair of molecules considered and in many cases predicted it to be close tdHé& present study, therefore,
provides a molecular origin of the intrinsic bending force, suggested by Helfficbhem Phys 1986 85, 1085

1087), to be responsible for the formation of helical structure. This effective potential may explain many of the
existing experimental results, such as the size and the concentration dependence of the formation of helical morphology.
It is further found that the elastic forces can significantly modify the pitch predicted by the chiral interactions alone
and that the modified real pitch is close to the experimentally observed value. The present study is expected to
provide a starting point for future microscopic studies.

I. Introduction confirmed the above phenomendri! As the helix is itself a
chiral structure, it seems that the molecular chirality is reflected
in the chirality of the aggregate. The objective of the present
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and of Lubensky and Prd8tapparently disagreed with several molecules. This effective pair potential can then be used to
experimental results. More recent theories start with the find out the relative arrangement of a pair of molecules. The
assumption that an intrinsic bending force exists due to the minimal energy conformation of the aggregate can be studied
chirality.21-26 The tendency of the chiral amphiphilic molecules by changing the orientation of the groups and by reducing the
to aggregate in the form of helical fibers has also been attempteddistance between the chiral centers. It is to be noted that, in
to explain in terms of the positive effect of the chirality on the the helical morphologies, the amphiphilic molecules have an
lifetime of the aggregaté. The dispersion and the induction erect conformatioh and approximately have an area per
interaction terms, which discriminate the interaction between molecule close to the cross-sectional area of a @idup of an
the b—b pair and that between the—L pair, have also been alkyl chain?® The molecules are, therefore, in a closed packed
studied?” structure with a small separation between them. Thus, one
However, one lacunae of all these treatments is a large gapexpects short-range, both repulsive and attractive, interactions
between the macroscopic picture and the molecularity, as alreadyto play an important role in these systems. Note that the
discussed eloquently by SchrfarFor example, even the elegant  situation in amphiphiles, like lipids and fatty acids, is strikingly
treatment by HelfricF? leaves the microscopic origin of the different from that in polypeptides and in DNA, in the latter
intrinsic bending force, especially the relation of the latter with cases, it is thentramolecularinteraction that determines the
the molecular dissymmetry unclear. The same applies for the helicity of the molecules. For lipids, on the other hand, it is
other more abstract theories also. On the other hand, it isthe intermolecularinteraction in the assembly that seems to
reasonable to draw the inference that the subtle stereogenicitydetermine the morphology of the aggregate.
at the chiral center of a chiral molecule is responsible for driving  In this work we shall calculate the effective interaction
the aggregate shape to a particular morphology. Thus, it might potential between the two adjacent chiral molecules by assuming
be possible to predict and understand the structure formationthat the molecular pair potential between the individual groups,
from aneffectve intermolecular pair potential between the chiral that comprise the chiral centers, has the Lennard-Jorebk2)6
centers of the monomers of the aggregate. Such a potentiaform. Fortunately, the Lennard-Jones interaction parameters for
will necessarily be a reduced one, derived after summing over the alkyl or other groups have recently been provided by Ben-
many other detailed interactions between the groups attachedAmotz and Herschbacll. The relative arrangements of the
to the chiral centers of a pair of chiral molecules. Minimally, groups attached to the chiral centers of a pa-6b andp—L
this potential should depend only on the distance and the molecules are different. If this difference in the interaction is
orientation between the two participating chiral amphiphilic controlling the relative arrangement of the-p andp—L pairs,
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the chiral center (we shall designate them by a and b,
respectively, the a group having smaller size than the b group),
then one finds that the relative arrangements of the a and the b
groups of a pair of chiral molecules are not identical for the
p—D andp—L pairs (see Figure 1, parts a and b, respectively).
When we attempt to closely pack a pair of the same kind of
enantiomers (botlp or bothL), the a group of one molecule
comes in contact with the a group of the other molecule, while
the same happens for the b groups. But, when we attempt to
pack a pair of mirror-image isomers, then a group of one
molecule is in contact with the b group of the second molecule.
It is thus obvious that the interactions at the sites of a and b
groups are not alike for the molecules of one kind of enantiomer
(say, b—p) and racemic modificationp—L pair). If this
difference in the interaction is controlling the relative arrange-
ment of theb—b andp—L pairs, then very useful information
about the aggregate structure can be obtained by studying the
minimal energy conformation of the molecules.

(a) Scheme of Calculation of the Effective Pair Potential.
Our aim is to calculate the effective pair potential between the
adjacent groups of a pair of chiral molecules (as shown in the
Figure 1, parts a and b, respectively) and then to minimize it.
It is, however, nontrivial to derive an expression for the pair
potential of a pair of three-dimensional objects like chiral
molecules. However, if we remember that a twist between a
pair of molecules is a combination of two tilt angles in the two
perpendicular planes passing through their chiral centers, then
the present problem of describing three-dimensional objects can
be reduced to two dimensions. In Figure 1c, we have considered
two perpendicular planes through the €hiral carbon atom.
We designate the planes afghandijkl, respectively. The a
and b groups of the chiral center are in the efgh plane and
___________________ the t and b are in theijkl plane, respectively. It will be
conceived soon that such a consideration will considerably
simplify our calculation of the effective pair potential.

In the next step, we put another chiral molecule (haviag C
chiral center) in such a way that,@s lying on the line of
intersection of thefghandijkl planes, a and b groups attached
———————— to C; lie onefghplane, and t and'lgroups lie on thékl plane.
This is shown in the Figure 1d. We shall divide the total
interaction between the pair of chiral molecules into two parts.
T T T T T T T T T T T T f One is the interaction between a pair of adjacent t ahd b

(d) molecules in thedjkl plane, and the other is the interaction
Figure 1. Three-dimensional model for (a) a pair of the same kind of between adjacent a and b molecules in &igh plane. By
enantiomersi{—p) and (b) a pair of mirror-image isomers<L). In starting from this configuration of a pair of chiral molecules as

both the figures, _t is the group which include_s_ the largest part of the ghown in the Figure 1d, where the adjacent groups are parallel
hydrocarbon chain and includes the hydrophilic head group. aand 4 gach ther, we shall search the whole configurational space
b are the two other groups attached to the chiral center, and their relativeto find the r;1inimum energy configuration of the pair of

arrangement is different in tree—p (Figure a) and—L pairs (Figure . . >,

b). The b group is larger than the a group. Note that t may be either m°|eC_L'|es U”O_'ef consideration. Th'_s is to be done bof[h '?y
larger or smaller than'b (c) Depiction of the two planes, containing ~ changing the distance between the chiral centers and by orienting
the a, b and the t, 'bgroups of a chiral molecule. (d) Initial  the adjacent groups. We, therefore, separate the net twist of a
configuration of a pair of chiral molecules, from which the search of molecule as a combination of two simultanednplane tilts

minimal energy configuration has started. in the efghandijkl planes. The net twist of a molecule is the

chiral center of the amphiphile (see Figure 1a,b). We label the resultant of the tilt angles in these two almost perpendicular
groups which form the backbone of the amphiphile as t dnd b planes Such a separation is possible because it can be easily
respectively. The t group is the group which includes the largest shown that the interaction between the t group attached to the
part of the hydrophobic tail. In the case of double-chain Ci carbon and the a or the b groups attached tc@tributes
amphiphiles, it is the chain with the largest hydrophobic chain. only insignificantly to the effective pair potential. It is only
The B group includes the head group. In an amphiphilic the interaction between the nearest neighbors, which contributes
molecule, the t and'lgroups lie in a plane and their average €ffectively to the pair potential. Similarly, the interaction
orientation represents the orientation of thelecular director between the 'bgroup attached to and the a or the b groups
Thus, in the molecular assembly, the t group of one amphiphile attached to @does not contribute significantly to the effective
molecule is next to the t group of another molecule. The b pair potential.

groups are also arranged in an analogous way. Now, if one Strictly speaking, the choice of the initial configuration as
looks at the arrangement of the other two groups attached toshown in the Figure 1d is only to comprehend easily the search
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for the minimal energy configuration of a pair of molecules.
Such a choice of initial configuration of the pair of molecules
never restricts the generality of the present calculation. We can
start with any other configuration. It is also completely
unnecessary to restrict the position of thg dbiral center on

the intersecting line of thefghandijkl planes. We can also
start the search for the minimal energy configuration from a
position, where the £ center is away from the line of
intersection. Results of such calculations have been provided
in the Supporting Information, where the line joining the C
and G are oriented through an angle with the line of intersection
of theefghandijkl planes. The results of the calculation remain
the same as those from the calculation where theh@al center

is on the line of intersection of thefghandijkl planes. Again
note that the division of the total interaction as a sum of
interactions in theefgh and ijkl planes is also completely
arbitrary. We could have divided the total interaction as a sum
of interactions into the plane containing t and a groups and the
plane containing b and' lgroups.

J. Am. Chem. Soc., Vol. 118, No. 45, 19241
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Figure 2. Graphical representation of the relative arrangement of the

Now, we calculate the effective pair potential between a pair two pairs of groups attached to the two chiral centeys@ G. m

of adjacent a and b groups, which belong to the two chiral
centers, attached to the; @nd G chiral centers in thesfgh
plane. Similarly, we calculate the effective pair potential
between a pair of adjacent t antddroups attached to the;C
and G chiral centers in thgkl plane. These two calculations
have been done for both for both the-p andp—L pairs. We

and n are attached to thg,@nd o and p are attached to the C; is

situated at the center of the arbitrary frame of referex\ée X' andY'

are parallel to theX and, respectively.r is the line joining G and
C,, anda is the orientation of. ¢, and¢, give the orientations of m
and o groups, respectively. ;Bandpo, are the angles between m and
n and that between o and p, respectively. For details see the text.

have already indicated that the arrangements of the adjacent nq hydrophilic head group, respectively, have large sizes, and

and b groups are different for thee-p and thep—L pairs and
that the expression for the pair potential in #ighplane should

any tilt in their plane is expected to be unfavored compared to

the tilt between the a and b groups. We will discuss this point

be different for the two cases. On the other hand, the fyrher in section IV. It may be easily noted that it is completely

arrangement of the t and broups are the same for tie-p
andp—L pairs and the same expression is valid for both of the
D—D andp—L pairs in theijkl plane. We shall discuss this point
further in the following subsections.

(b) Definition of the Angles Describing the Twist. For a
pair of mirror-image isomers (racemic modification), the align-
ments of the molecules are parallel. It is thus expected that, if
we calculate the effective pair potentials in tefghand the
ijkl planes, at the minimum of the pair potential, the molecules
prefer to have a parallel alignment without any twist. Conse-
quently, the minimum of the pair potential is expected to be
obtained at a Orelative orientation between the neighboring
groups in both the planes (just the same as the initial config-
uration as shown in the Figure 1d).

However, for a pair of the same kind of enantiomers, the
adjacent molecules have a twist between them. We have
indicated earlier that this twist is a combination of two tilts in
two perpendicular planes. At the minimum energy conforma-
tion, the adjacent a and b groups do not remain parallel as in

unnecessary to develop the expression for the effective interac-
tion for Oy and ¢y, separately. It is sufficient to develop a
general expression for the effective interaction potential for a
pair of groups lying in a plane. This functional is then used to
study the minimum energy configuration in tleégh and ijkl
planes, using the explicit values of the parameters of the relevant
groups under consideration.

(c) Choice of Coordinates and Other Parameters.Our
problem is now to calculate the effective pair potential of a pair
of groups attached to two chiral centers which lie on a plane
and then to minimize it to get the tilt angle related to that plane.
This plane may be of either tlegghor ijkl plane. The tilt angle
obtained by minimizing should be eithéf, or ¢y according
to the plane under consideration. As shown in the Figure 1d,
in the initial configuration, this plane contains four groups, two
from each chiral center. The relative arrangements of these four
groups depend on whether the molecules belong tothe or
D—L pair. We designate the pair of groups as m, n, o, and p,
respectively (see Figure 2). Itis repeated that these groups may

the Figure 1d and these groups have to orient through an anglebe either the representatives of a pair of a and b groups in the

in the efghplane. We designate this angle ¢s. The exact
value of thegy will depend on the sizes and depth of the
potential well of the adjacent a and b groups. Similarly, in the
minimum energy configuration, the adjacent t and thgrbups
are not parallel and they tilt through an angle in ijké plane
(designated byy). The twist of the second chiral molecule is
a combination of these two tilts, designated by the angles
and Oy.

The main chiral interaction is expressed through the angle
¢m (in the plane of a and b groups). The reason is that the
forces responsible for aggregation of the amphiphile act along
the hydrophobic chain and the tilts of the t arldgboups are

efghplane or the representatives of t aridgboups in thejkl
plane. The m and n groups are attached with theci@ral
center, and o and p groups are attached with theh@al center,
respectively. Now we designate a frame of reference on the
plane under consideration. We assume that thea@bon atom

is situated at the center of an arbitrary frame of reference
(designated by a set of axesandY). « is the orientation of
the line joining the two chiral centers, amdis the distance
between them.X' andY' are the set of axes situated at &hd

are parallel to theX and Y, respectively. ¢; and ¢, are the
orientations of m and o groups with respect to ¥and X,
respectively. Smn andSqp are the angles between m and n and

unfavored. The splay of these larger groups is expected to bethat between o and p groups, respectively.

much small. Our calculation of th, also supports this. These
groups, being the major components of the hydrophobic tail

We represent the effective sizes of the groups attached to
the chiral centers by, on, 0o, andoy, respectively. These
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Table 1. Effective Diameters of the Groups (A) attached to the respectively, then the total interaction potential between the two

Chiral Center of the Amphiphiles (AE)'® Forming a Helical chiral centers is given by

Morphology*

amphiphile t b O a b ¢u u_Yu U 3)

AP 8.19 6.51 11 1.4 7.81 45 kBT kBT kBT
CB:Z ;-g% g-gg (15 1-2 g-gg gi Here,U; gives the interaction between the groups m and o and
De 818 8.00 0.1 14 729 a4 the U, gives the interaction between the groups n and p,
Ef 553 735 14 14 192 15 respectively. These interactions themselves are given by the

- - - following expressions:
a2The groups are designated as't,& and b, respectivefy.The tilt

angles (deg) in the plane of t anti(bepresented bg\) and that in the U, 4fe)[9:\72 [9,\78

plane of a and b (represented dy) in the minimal energy configu- Pt |1 - = (4)
ration are also showrt. Amphiphile “A” is the double-chain ammonium kg ke[| \o1, 0y,

amphiphile cited in the ref 7c with = 12 andm = 2, wheren — 1

andm — 1 are the number of the methylene groups attached to the U e g,\ 12 g,\ ¢

carboxylic group in the hydrophobic tails and thé &tom of the head 2 _ 4 %2||(32 22 (5)
group, respectively. The molecular projection formula is shown in the keT  T\kg/[\o, O,

Figure 6a.¢ Amphiphile “B” is the double-chain ammonium amphiphile . . . .

cited in the ref 7¢c witm = 12 andm = 11, wheren — 1 andm — 1 whereg; is the median distance between m and o ginig the

are the number of the methylene groups attached to the carboxylic groupmedian distance between n and p groups, respectivalyand
in the hydrophobic tails and the'Ntom of the head group, respectively. 0, are given by

The molecular projection formula is shown in the Figure 6Am-

phiphile “C” is the single-chain ammonium amphiphile cited in the ref o, t+ o,

7a. The molecular projection formula is shown in the Figure 6c. 0,=—F7— (6)
¢ Amphiphile “D” is the double-chain phospholipid with a nucleotide 2
head group as cited in the ref 3a. The molecular projection formula is

shown in the Figure 6d.Amphiphile “E” is 12-hydroxystearic acid, 0= On+ % (7)
cited in ref 4a. The molecular projection formula is shown in the Figure 2 2

Ge. ande; ande; are given by the Berthelot rife

values correspond to the effective diameters of the corresponding €, = +/(e.)(€,) (8)
groups added with the effective radius of the chiral carbon atom. ! mee

It is well-known that the effective sizes of the alkyl groups e, = J(e)(e,) (9)
increase linearly with an increase in the length of the corre- ) . ,2 P ) )

sponding carbon cha#¥:3° We have calculated the effective From the Figure 2 it is clear that the orientations of the groups

diameters of the groups using the empirical correlations provided attached to one chiral center (say) lative to those attached

by Ben-Amotz and Herschba®hand the group increments O the other chiral center gEand also the separation between
tabulated by Bondi® The empirical relations are as follow&: the two chiral centerg) influence the median distance between
the groups. Consequently, the effective pair potential depends

Vs = 1.086{/, — 9.94) (1) on the orientation and the separation of the groups. In order to
o= 1.244Y, S)1/3 @) calculate the effective intgraction pqtential bgtween the chiral
) by centers, we need to consider explicitly the orientation and the
whereVsis the “space-filling” volume, which can be computed distance between the chiral centers in the cases—af and
by summing the increments for the various atoms and the p—L pairs. In the following two subsections, we describe the
functional groups tabulated by Bondi. These values are explicit expressions of the pair potential of the b andp—L
expected to be remarkably accurate, as indicated in the pairs, using eqs 4 and 5 for both teéghandijkl planes.
literature?® Also, these values are insensitive to substantial ~ (d) Interaction Potential in the Plane of a and b Groups
deviation of the shape of the group from sphericity. In order inthe efghPlane. In the present subsections we shall develop
to facilitate connection with a real experimental situation, we the explicit expression for the pair potential in tefghplane
have given the sizes of the groups attached to the chiral centerdsee Figure 1d). It is again to be pointed out that the
of common apmphiphiles (forming helical morphologies) in arrangements of the a and b groups are not identical for the
Table 1. D—L andp—b pairs (see Figure 1, parts a and b, respectively).
The Lennard-Jones energy parameters of the groups, m, nConsequently, the expressions for the pair potentials for these
0, and p, are represented &y, n, €0, andep, respectively. From two cases are different. In the following we derive the explicit
the values of thes ; of several classes of compounds like expressions for the respective cases.
alkanes, alcohols, haloalkanes, etc., tabulated by Ben-Amotz (d.1.) Interaction Potential for the Racemic Modification
and Herschbact a linear dependence of tlkeg; on the sizes (p-L Pair) in the efgh Plane. The median distance between
of the groups is observed. Fa 1 Aincrement in the effective  the groups can be easily obtained from the median of the tallest
diameter of a group, the_ykg value of the grouplg is the isosceles trapezoid that can be drawn between theabd Go
Boltzmann constant) increases %00 K. Inthe present study and that between thei@ and Gp (Figure 2), respectively. It
we have taken the ; values of the groups as proportional to must be mentioned that, when we are considering the interaction
their effective diameters. between the two chiral centers ofba-L pair, in the plane of
As already discussed, the interaction between the chiral the a and the b groups, then m is equivalent to a, o is equivalent
centers has been calculated by assuming a Lennard-Jones (6 to a b group, n is equivalend ta b group, and p is equivalent
12) form of the potentid! between the adjacent groups. If we to an a group, respectivelySmn and Sop are equal. Both of
assume that the adjacent groups belonging to the neighboringthem are represented W The other parameters have been

chiral centers interact through pair potentidls and Uy, explained earlier. The explicit expression for the distance- and
(29) Ben-Amotz, D.; Herschbach, D. R.Phys Chem 199Q 94, 1038- (31) Maitland, G. C.; Rigby, M. E.; Smith, B.; Wakeham, W. A.
1047. Intermolecular forces: Their origin and determinatio€larendon Press:

(30) Bondi, A.J. Phys Chem 1964 68, 441—-451. Oxford, U.K., 1981.
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orientation-dependent effective pair potential is then given by

U _ 4 Eaeb[ 2 Y4 sin@, — o) x
kT \T kBkBl o,+o, o,+0, 2

Ua -12
T o cos@p, — ) -

cot(p, — o) + p

a

2% Ging, — o) cotlp; — o) +
o,+o, o,+0, 2 1

O, -6 n
. cosgp, — )
4 EaeblI Oa

(T) kBkBl(aa-i- Oy B o, 1 o,

070

cosf3 — ¢, + o) + Figure 3. Calculated (from eq 10) effective pair potential profile for

10 a pair of mirror-image isomers. Here, the pair potential is plotted

a - _ _ i against the difference in orientatiops — ¢1, as well as the separation
ga+ o Sm(ﬁ ¢1 T OL) COt(ﬂ ¢2) between the chiral centers. The a and b groups have diameters of 1.4
and 8.24 A, respectivelyedks = 140 K, andepks = 824 K. § =
2r _ O’a COS@ _ ¢ + (X) + 110°, anda = 0°.
o,+o, o,+0, !

identically given by

6
p Jr%sm(ﬁ ¢, + a) cot(@ — ¢2)) ](10)

6t Et + 1 0, —
The parameters used in the equation have been explained |rkB-|- 2 cos@, — o) — —sm( —0) x
the Figure 2. We shall gepy for a pair of b—L molecules

from the minima of the above pair potential. cot(t91 ) ( +1 Cos@2 o) — Sln(02 o) X
(d.2) Interaction Potential between the Same Kind of

Enantiomers (0—b or L—L Pair) in the efgh Plane. It is again —6 A Jewenl( r

to be noted that, when we are considering the interaction in the cot(0, — OL)) ] (T) @ (a_ ~5 cosp — 60, +a) +

plane of a and b groups of the two chiral centers of-a pair b

(or aL—L pair), m is equivalent to a, o is equivalent to an a 1 sin@ — 6, + a) cot(3 — 92))12 _

group, n is equivaleniota b group, and p is equivalentto a b 2
group, respectively. The explicit expression for the effective r 1 1.
pair potential in this case is then given by oy 2 cosf — 0, + o) +3sinB — 0, + a) x
—6
€a 1 1 cot(s — 02)) ] (12)
kBT [ —+Z 5 Cosfp, — o) — > sin(p, — o) x
Parameters have the same meaning as explained in Figure 2,
cot(¢1 ) ( + = 1 cosg, — o) — 1 sin(p, — o) x but the respective parameters for the plane of t dngrdups
o, 2 2 need to be considered here. The minimum of the above pair
g A [eveol(r potential gives the value d@fy. It may be reiterated again that
cot(p, — a)) ] + (—) — ( > cosﬁ ¢, t o)+ the above expression is valid for bath-o andp—L pair cases,
T/'V keke[\0% as explained earlier. Values 6y, for five amphiphiles forming

lsin(ﬂ ~ b, + a) cot(B — ¢2)) 12 (L 1 CoSB — ¢, + a helical morphology are shown in Table 1. These values of

2 6w arises from bare chirality only.

a) + % sin( — ¢, + o) cot( — ¢2))6] (11) . Numerical Results

The pair potential profiles of the racemic modificatian—{

The symbols have the same meaning as in eq 10. We shall gepair) and the pureL{-L or b—b) enantiomers are depicted in
¢wm for a pair ofb—b molecules from the minima of the above Figures 3 and 4, respectively. We have presented here the plots
pair potential. Values fogpu for five amphiphiles forming for the pair potential in the plane of a and b grougfgtiplane).
helical morphology are shown in Table 1. We indicated earlier that the main chiral interaction is expressed

(e) Interaction Potential in the Plane of t and B Groups by the tilt (designated byy) in this plane. However, the plots
for Both b—p and b—L Pairs. The arrangements of the t and of the pair potential in the plane of t anddroups {jkl plane)
b' groups in bottb—b andb—L pairs are such that the t group have the same features, except the magnitude#oftdy <
of the G is adjacent to the t group of the;@nd the bgroup ¢m). Here we present the plots with= 0° only (plots witha
of the G is adjacent to the'lgroup of the G (see Figure 1a,b). = 20° have been provided in the Supporting Information.
Consequently, the same expression is valid for mtip and As we increase the angle{ — ¢1), the o group (equivalent
D—L pairs. In this case, the same groups are adjacent to eacho the a group attached to @ the efghplane) is tilted toward
other. Here, m is equivalent to the t group, o is equivalent to the m group (equivalent to the a group attached {fpadd the
the t group, n is equivalent to thé group, and p is equivalent  p group (equivalent to the b group attached ) @bes away
to the B group, respectively. We have already developed an from the n group (equivalent to the b group attached fp C
expression for the pair potential for such kind as in the section (see Figure 2). As discussed in the Introduction, the molecules
d.2 for the interaction in the plane of a and b groups fora being in a compressed or gel state, should try to pack as
pair. The explicit expression for the pair potential is, thus, efficiently as possible. This can be achieved by minimizing
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Figure 4. Calculated (from eq 11) effective pair potential profile for ()

a pair of the same kind of enantiomers—p pair). Here, the pair

potential is plotted against the difference in orientatign- ¢, as well

as the separation between the chiral centers from eq 11. The aand b

groups have diameters 1.4 and 8.24 A, respectiveljks = 140 K, T -
andey/ks = 824 K, f = 110°, ando. = 0°. T Blo==

M
the separation between the chiral centers. The latter can, of J,_\‘//’r /

course, be achieved without invoking the hindrance between
the groups of the adjacent chiral centers.

When we look into the molecular arrangement between the
D—L pair (racemic modification), we see that, as the a group

a]Etarc]: hed toh'ghel fxhiral Cinter ﬁrlents more 'Ejovk\)/ard the b grouhp different points of the helix on a circle. (b) Schematic diagram showing
of the G chiral center, the other two a an groups (on the the minimum separation between the adjacent chiral centgysa6d

other side of the X and Xaxes) move equally away from each  the tjit angle between the corresponding molecular directbengle).
other (see Figure 2). So, the orientation of the groups toward

each other does not lead the packing arrangement to a moreof b andL molecules do not prefer to have any twist relative to

favorable state, and parallel arrangement is thereby favored.each other in the closed packed state. It has been suggested

From Figure 3 it is seen that, as the valuedf { ¢,) increases, earlief that a favored twist from neighbor to neighbor may lead

the pair potential becomes increasingly unfavorable. the whole aggregate to a twisted form. In order to correlate
Itis clear from Figures 3 and 4 that the effective pair potential the preceeding observation with the molecular origin of the

profile of thep—pb pair (Figure 4) is strikingly different from helical morphology, it is necessary to calculate the characteristic

that of thep—L pair. Unlike the single minimum observed in parameters of the helix that would be predicted by the molecular

the case of the—L pair, there are two minima in the case of theory. If the adjacent chiral centers (pf-p or L—L pair)

the p—b pair. One minimum is atg, — ¢1) = 0° and at a follow a circular helical path due to the twist between each

small separation, while the other minimum is @b & ¢1) = molecule, then we can develop the exact geometric equation

45°. But the global minimum is the latter one in which the for the pitch as follows.

groups are oriented at a certain angle and the separation between Note that the helix is a curve traced out by a point when it

the chiral centers is much less than that in the former, thus moves around a cylindrical surface and at the same time

favoring a more closed packed state. advances in the direction of its axis. The distance the point
It has been pointed out earlier that the plane of the a and b moves in the direction of its axis per revolution is called the

groups and that of the t and groups are nearly perpendicular. pl_tch of the helix P). From the present molecular con5|der_at|on

Consequently, one chiral molecule experiences two tilts in the it is observed that the azimuthal angle of the molecular director

two perpendicular planes and undergoes a twist relative to the(éw) is =45°. Itis also confirmed from earlier studies that the

adjacent chiral molecule. This favored twist propagates from €dge line of the helical bilayer is parallel to the azimuthal

molecule to molecule in the closed packed state, and the chiraldirection of the molecular directd?**® Consequently, the

centers follow a twisted path. grad!ent angle of the hgllx is 45 Using this valug of 'ghe
Thus, the present molecular study explains the experimentalgradient angle of the helix, we can derive the following simple

observation that the relative arrangement between a pair of PUt general expression (see Figure 5a) for the pch

mirror-image isomerso—L pair) favors parallel alignment and =)

generates a flat surface, while a pair of molecules of one kind >t =tan(45) (13)

of enantiomerg—b or L—L) favors a twist between them, giving

rise to helicity of the aggregate. The twist of the molecules is gg

found to depend strongly on the relative sizes of the groups

and the concentration of the amphiphiles. We have also shown P = 2nr (14)

that the major chiral interaction is expressed through the tilt

angle¢m, which is close to~45° in many cases.

(b)
Figure 5. (a) Schematic diagram of a circular helix and a geometrical
description of the pitch. The dotted lines indicate the projections of

wherer is the radius of the helix. Now, the tilt angle between
the two adjacent directors is given I8y;. The radius of the
helix is thus related to the minimum separation between the
adjacent moleculesy;) by the following relation (see Figure
5b),

IV. Relation between the Molecular Chirality and the
Helical Morphology

It is clear from the above results that enantiomers of the same
kind prefer a non-zero twist angle between them, while a pair fm =T x by (15)
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Note that the above equation is valid beca@geas small. We out that all theU values are at the minimum of the chiral
shall show later that the value of the tilt angle should be even interaction energy (expressed by the tilt via #he= 45° angle).

smaller due to the elastic properties of the bilayer. Thus, the By minimizing the free energydUw/30 = 0) and designat-

pitch, P, is given by the following expression: ing the § value at the minimum a8gy, We get
271, 2
pP= 16 D
O (16) Orm = e 20M (19)

2
Wchiral + Welastic

Note that the angléy here arises from the chiral interaction
only. Consequently, if we givéy as the input in eq 16, it  Note that thisfry is the reald angle, which we can use to
gives us the bare pitch. However, it should be pointed out that, estimate the real pitch using our geometrical expression for pitch
if we assume that the chiral interaction as the only driving force derived earlier. We have estimated thenia? from the
for a helical structure, the situation is entirely unrealistic as there dependence of the chiral interaction energy onélaamgle (see
is no elastic force to resist the twist of the monolayer or bilayer. section Il(e)) by Newton’s forward difference method. The
Neglect of this elastic force will certainly lead to a prediction estimated value Ofochiraf is ~3.83 x 10712 erg/rad. The
of the twist which will be much higher than what is expected g4 is on the order 0f-2.0 x 10712 erg/rad. For the double-
in a real situation. In fact, when the chirality is thely driving chain ammonium amphiphile we hadg = 1.0° (compound
force for helical morphology, the surface is elastically relaxed B in Table 1)7¢ This gives a value fofry = 0.0114 rad. Using
and the net curvature becomes equal to the spontaneoushe realfry angle in eq 16 and the value foy as 6.266 A, we
curvaturé?? In bilayers, due to the elastic properties of the get the value of pitch as3470 A. This value is near the value
system, the constituent molecules try to minimizeffeangle. of the experimental pitch 0f5000 Arc
The chiral interaction, on the other hand, helps the aggregate e ratio of the pitch and the diameter (d) of the helixes is
to shift the potential to a minimal state by developing a twist predicted from Helfrich’s theory a®/d = z. Our present

through the angley. In fact, de Gennes has pointed outlong  cqnsjgeration also gives the pitch to diameter ratiordeom
ago that thenatural twistor the microscopic twistis always eq 14

small and is on the molecular scéfe.

The angledy is in the plane containing the t and droups.
These groups constitute the major parts of the hydrophobic tai
and the head group. The sizes of the groups attached to th
chiral centers of common amphiphiles are given in Table 1.
The forces responsible for the aggregation of the amphiphile
act in this plane along the hydrophobic chain and do not favor
the tilts of the t and the'lbgroups. Thus, theplay of these
groups is expected to be very small. Note that the main chiral
interaction is expressed by the twist through the arglgin
the plane of the a and b groups).

The elasticity of the bilayer tries to prevent the splay of the
large t and bgroups. Thus, the angléy is expected to be
further reduced. The equation for pitch indicates that the
inclusion of this reduced value 6f, (which we shall designate

As indicated in the Introduction, the amphiphilic molecules
| have an erect conformation in the helical statend ap-
éoroximately have an area per molecule close to the cross-
sectional area of a GHgroup of an alkyl chaig® In such a
closed packed state, the preferred minimum is the one which is
at shorter separation and at a finite twist angle. However, in
the pair potential profile of the—b pair (Figure 4), a second
minimum is observed at nearly zero twist angle at a relatively
large intermolecular separation. At an elevated temperature,
the constituent molecules may thus be trapped into this second
minimum at nearly zero angle relative to each other. Conse-
qguently, the helicity would not be observed. Theoretical and
experimental studies indicate that at high temperatures, where
the ordered state of the lipid bilayer is unstable, the system
as the reab or frw) results in an increase of the pitch (a small cannot express the chirality even if it i_s present at the molecular
change irf can largely increase the pitch). Thus, the real pitch |€Vel’>*? The observed morphology is thus dependent on the
is expected to be larger than the bare pitch. We shall now temperature_and the concentration of the amph_lphlle. Experi-
attempt to calculate the real pitch by including the elastic free Mental studies on tubule formation also indicate that the
energy as well as the chiral free energy into the free energy @99regate morphology is indeed dependent on the lipid
functional of the bilayer. When the morphology of the helical concentratiort?
aggregate is driven by the elastic as well as the chiral From the present study, it is clear that the sense of helix
interactions, then we can write the total free energy of a helical should be predetermined by the effective pair potential. The

aggregate as follows: reason is that the potential and hence the relative tilt between
the two chiral molecules depend on the sizes of the groups

Uit Yehirat  Yelastic attached to the chiral center. Thus, it is expected that the

ke T - ke T ks T (17) complete knowledge about the absolute conformation of the

monomer, sizes and the effective intermolecular pair potential,

should enable one to predict the sense of the helical shaped

has already been shown that/at = 45° the chiral interaction aggregate formed from the chiral monomers in the closed packed
state. Indeed, it is indicated from the experimental studies that

energy is minimized. At this minimal value gf we can write L ) - X
the § dependence of the total free energy based on a harmonicth sense of the helix is unique for the enantioftand is

approximation (neglecting thg dependence of the elastic free  Strongly guided by the chirality of the monomers concerned.
energy term) as follows: We have attempted to predict the sense of the chiral amphiphilic

assemblies, on the basis of the effective pair potential description

) , 1 - as described here. The results indicate that the effective pair

O ehiral (0 — Oy)” + Ewelastice (18) potential description can successfully predict the senses in all
the case$?

The chiral interaction is expressed by thg angle, and it

Utotal — 1.
keT 2

Here, thew terms are the corresponding force constants of the ™ (32)Nelson, P.; Powers, Phys Rev. Lett 1992 69, 3409-3412.
elastic and chiral interaction energies. It is again to be pointed  (33) Nandi, N.; Bagchi, BJ. Phys Chem, submitted.
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V. Conclusion authors are thankful to Prof. P. Balaram for pointing out some
important references and helpful discussions. Discussions with

We have formulated a scheme to calculate the effective pair Prof. Manjut Bdagsa:cl_ are _grlatefu_lht/ acknfowle?r?e% Th|ts Wo{k f
potential between the two chiral amphiphile molecules in order \évqs suppordeT );1 |nIanC|a| a:jsgs ance from the Department o
to understand the relative orientation among them. We find cience and lechnology, India.

that the relative arrangement between a pair of mirror-image ) . . ) . .
isomers 6—L pair) favors parallel alignment, while a pair of Supporting Information Available: Theoretical formulation

molecules of one kind of enantiomes—<p or L—L) favors a for the configuration when two larger groups (e.g., the b group
twist between them. The theory explains the experimentally in the plane of a and b groups) are approaching each other for
observed characteristics of the helical aggregate, such as thé pair ofo—b orL—L molecules; Figure 6. Molecular projection
pitch and the sense, which are found to depend on the sizes oformulae for amphiphiles AE; Figure 7. Effective pair

the groups attached to the chiral center and also upon thePotential profile for a pair of mirro image isomens—<L pair)
concentration of amphiphile molecules. The present study (from eq 10) with the variation i, — ¢1 as well as the
provides a molecular understanding of the origin of the intrinsic Separation between the chiral centers from eq 10. a and b groups

Let us first summarize the main results of the present study.

bending force in chiral monolayers and bilayers. have diameters 1.5 and 4.5 A, respectivebgks = 150 K,
It is instructive to compare the relevance of the present work andeyks =450 K. =110, anda. = 0°; Figure 8. Effective
with the more abstract continuum model theoffedn the latter, pair potential profile for a pair of mirror-image isomes—L

one includes only a chirality-induced driving force in the free pair) (from eq 10) with the variation i, — ¢1 as well as the
energy to obtain the helical morphology. No information separation between the chiral centers from eq 10. a and b groups
regarding the minimum in the interaction energy is necessary have diameters 1.5 and 4.5 A, respectivebykg = 150 K,
or even assumed. This scenario is different from that envisagedand en/Kg = 450 K. f = 110°, anda. = 20° plot a is with
by Helfrich21-22where a minimum at a given bending confor- transparent grids, and plot b is with block grids.; Figure 9.
mation has been assumed to be present to stabilize the helixEffective pair potential profile for a pair of the same kind of
The present work, although it justifies the Ginzbuigandau- enantiomers—b pair) (from eq 11) with the variation i,
type free energy functional based theories, is more close to the— ¢; as well as the separation between the chiral centers. a
work of Helfrich2122 Another important contribution of the  and b groups have diameters 1.5 and 4.5 A, respectivalit
present work is the explicit treatment of the racemic modification = 150 K, andepy/kg = 450 K. 8 = 11¢°, anda = 0°; Figure
for the first time. 10. Effective pair potential profile for a pair of the same kind

It has also been shown in the present study that in the helical of enantiomers{—b pair) (from eq 11) with the variation in
bilayers, due to the elastic properties of the system, the ¢, — ¢, as well as the separation between the chiral centers. a
constituent molecules try to minimize th&, angle. Our and b groups have diameters 1.5 and 4.5 A, respectivali
calculation is that the pitch increases rapidlyéas becomes = 150 K, andepykg = 450 K. g = 11¢°, ando. = 0°. This
smaller. It has been indicated that the elastic forces canplot is a transparent grid representation of Figure 9; Figure 11.
significantly enhance the pitch of the helix from the value Pair potential profile for a pair of the same kind of enantiomers
predicted by consideration of the chiral forces alone. The (p—p pair) with the variation iy, — ¢1 as well as the separation
predicted real pitches are in good agreement with the experi- hetween the chiral centers from eq 11. a and b groups have
mental results. To the best of our knowledge, this aspect of diameters 1.5 and 4.5 A, respectively/ks = 150 K, andey/
helical morphology has not been discussed in the past. ks =450 K. 8= 110°, anda. = 20°. Plot a is with transparent

It should also be mentioned that a full statistical thermody- grids7 and p|0t b is with block gnds’ Figure 12. Pair potentia|
namic treatment of the present problem is yet to be carried out. pofile for a pair of the same kind of enantiomers-p pair)
This and further microscopic studies of the morphological \ith the variation ing, — ¢; as well as the separation between
transitions in lipid bilayers can hopefully now be carried out the chiral centers when the larger groups are approaching each
with the effectve pair potential calculated here. These are qther (from eq 20). a and b groups have diameters 1.5 and 4.5
certainly worthwhile problems for future studies. A, respectively. e/ks = 150 K, andep/ks = 450 K. f = 110,
anda = 0° (13 pages total). See any current masthead page
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