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Abstract: The helical structure of the chiral nematic phases induced by chiral dopants in nematic solvents
provides a macroscopic image of the molecular chirality of the dopant promoted by the orientational order.
Chiral biphenyls are challenging systems because their twisting ability shows a strong dependence on the
molecular structure, which does not conform to empirical correlation rules. This points out the need for adequate
interpretative tools, able to establish a link between molecular properties and macroscopic response. In this
paper the twisting ability of chiral biphenyls is reviewed, by reporting examples taken from the literature
together with some new experimental results. The microscopic origin of the observed behavior is explained in
terms of chirality and anisotropy of short-range and electrostatiuction interactions. These are described,
respectively, by a shape model and a reaction field method, having the common characteristics of a realistic
representation of the structure and properties of the chiral dopants in terms of molecular surface, atom charges,

and distributed polarizabilities.

Introduction

For a long time it has been known that doping nematic phases

with chiral, nonracemic compounds transforms them into chiral
nematic nematic phasésgharacterized by a helical spatial
arrangement of the director. Typical values of the helical pitch

p are of the order of some micrometers, much larger than the
molecular dimensions. For a given dopant concentration, the

magnitude and sign of the pitch are strictly related to the

chemical structure and, to a lesser extent, to the properties of .

the nematic solvent, chiral nematics of opposite handednes
being induced by enantiomers. Study of the chiral nematic
induction has required the definition of the concept of “helical
twisting power”, i.e., the ability of the dopant to torque a nematic
phasé*® This quantity is numerically expressed as

p=(pcn"

wherep is the helix pitchc the dopant molar fraction, arrdts
enantiomeric excess (the sign pfis taken as positive for a
right-handedP-induced chiral nematics).

S

mental research. One reason for the interest resides in the
possibility of using chiral nematic induction to assess the
absolute configuration of chiral solutes, as an alternative to the
classical chiroptical techniques, which would be particularly
useful for compounds with low optical rotation or when CD
spectra are unable to discriminate enantiom&i®n the other
hand, a better knowledge of the molecular mechanism would
be valuable for the exploitation of the outstanding optical
behavior of chiral nematics, e.g., in the fields of displays or
pigments®” More generally, the investigation of the extreme
sensitivity of chiral induction to the molecular structure offers
the possibility of getting insight into the chiral interactions and
the role of intermolecular forces in condensed phases, which
are also at the basis of chiral recognitfon.

The handedness and pitch of induced chiral nematic phases
are determined by the coupling between chirality and orienta-
tional behavior of the dopants; therefore, the relation between
the configuration of the dopant and the sense of the phase is
neither simple nor obvious. Some empirical rules have been
derived from experimental observatichshowever, their ap-
plicability is limited to restricted classes of compounds. A

Investigation of the correlation between molecular and phase general view would require the understanding of the molecular

chirality is motivated by purposes of applicative and funda-

mechanism at the origin of chiral induction. This can only be
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dependence can be explained in terms of steric effects, which
@ et ' change the shape of the dopéatthough polarizability has also
- e P been consideret.In the case of biphenyls, a systematic analysis
O ~~~~~~ — was undertaken, and a relation with both polarizability and the
""""" electron-withdrawing or -donating character of the substituents
0<0<90° was suggestet.Here we shall review experimental data for a
Figure 1. P-helicy of the biphenyl core of the compounds investigated. Number of dopants with the same (or similar) biphenyl core
and various substituents, different in shape and electrostatic
achieved by using appropriate theoretical tools that are able toProperties. Most cases are taken from the literature, while others
establish a link between molecular properties and macroscopicare reported for the first time.
behavior. Approaches of fairly different levels are generally  The ability of biphenyl derivatives with similar structure and
adopted to address this sort of problem. On one hand, single-the same absolute configuration to induce chiral nematic phases
molecule properties can be described in detail by advancedof opposite helicities will be explained here by using a mean
guantum mechanical methods; however, this information cannot field model which takes into account the anisotropy and helicity
be directly conveyed into condensed phase properties. On theof the dopant surfac&it will be shown that the different shape
other hand, the statistical mechanics and computer simulationanisotropy (disk vs rod) and the consequent orientational
techniques used to describe the behavior of many-body systemgproperties are the main factors in determining the handedness
are limited to simple idealized objects, thereby neglecting the of the chiral nematic phases induced by molecules with similar
chemical nature of the systerfsDespite the efforts from both ~ shape chirality. The theoretical approach is based on the
the theoretical and the computational points of view, much still assumption that the orientational distribution of molecules in
has to be done to fill this gap. In this framework falls some liquid crystal phases can be related to the amount of molecular
recent activity of the Padova group, directed at setting up surface that is aligned parallel to the mesophase diréeitie
theoretical methods that are able to account for the behavior of probability of a given orientation increases with the degree of
liquid crystals by using a realistic picture of the chemical alignment of the surface; this is consistent with the observation
constituents, in terms of molecular geometry, charge distribution, that rods and disks tend to orient their symmetry axis parallel
and polarizabilty. In this paper such methods will be used to and perpendicular, respectively, to the director in calamitic
explain the chemical structure dependence of the helical twisting nematics. This model has a phenomenological nature; however,
power of chiral biphenyls, which appear to be good probes to it can be considered as a simple way to account for the short-

investigate the relation between molecular and phase chirality range interactions whose anisotropy is essentially determined
for the reasons explained below. by the molecular shape. As a matter of fact, this model, despite

1,1-Binaphthyls were the subject of much work because of 1S Simplicity, has been proven to be able to explain the
their importance in enantioselective catalysisnd in the molecular structure dependence of the orientational &téer

molecular recognition process. Chiral nematic induction was and, m(s)zrle genelzally,hof thf mesomorphm behaylor of Eema;[]lc
applied to get information on the structure of the dopant, and it systems;” as well as that of macroscopic properties such as the

. . . s )
was found that bridged derivatives (in which the twist angle helfical pitch of chiral nematic$?? and the flexoelectric

e :
between the two naphthyl units is constrained) induce consis- polar_lzgnon. R(_acently, a Monte Carlo technique for the
@redmtlon of helical twisting power has been presented, based

on an atomistic representation of the chiral dopants modeled as
Lennard-Jones patrticles in a nematic solvent composed of Gay
Berne particled* Results in agreement with experiment were
obtained, but at very high computational costs.

helicity along the bond connecting the aryl moietiBshglicity

— P-chiral nematics}2-1* Despite the structural similarity, the
situation for biphenyl compounds is less simple. In many cases
the same trend presented by binaphthyls is obseRdgb(icity

— P-chiral nematics$;1415but the opposite relatiorP¢helicity The fact that theoretical predictions in agreement with
report here (see Figure 1 for the definition®helicity of the using Lennard-Jones and Galgerne potentials can be seen as

biphenyl moiety). Such behavior, which eludes simple ratio- @ confirmation of the relevance of short-range interactions for
nalizations, is a challenge for theories aimed at a molecular the onset of orientational order in liquid cryst&t©n the other
interpretation of macroscopic properties. Actually, the opposite and, the contribution of interactions not simply related with
handedness of chiral nematics induced by similar dopants with the molecular shape, like the electrostatic and induction interac-
the same absolute configurations is only a striking manifestation iOnS, cannot be excluded, and it is interesting to explore how
of the general feature that, for a given dopant concentration, they can affect the twisting ability of chiral dopants. To
the helical pitch depends in a subtle way on the structure of the Investigate this point, we shall extend here our model for the
solute and even small changes in the chemical nature of (16) Superchi, S.. Donnoli, M. I.: Proni, G.: Spada, G. P.. Rosni.C
substituents can affect it. The main characteristics of such agg Chemai99og 64 4762. T T o
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Phys.1996 89, 1633-1649. Allen, M. P.Phys. Re. E 1993 47, 4611~ Ferrarini, A.; Moro, G. J.; Nordio, P. LPhys. Re. E 1996 53, 681.
4614. (19) Ferrarini, A.; Moro, G. J.; Nordio, P. L.; Luckhurst, G. Riol.

(11) Pu, L.Chem. Re. 1998 98, 2405. Phys.1992 77, 1.
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Chart 1. Chemical Structure of Biphenyl Dopants

NHO

4 5 6
X 9 X=H
10 X = NMe,
@ @ @ 11 X=OMe
SO, C 12 X =ClI
[ c ° ° 13 X=Br
© © @ 14 X =NO,
7 8 15 X=OCOC6H5(p’OC12H25)
X 15*X=OC11H23

helical twisting power by including the contribution to orien- properties of dopants and mesophase, and in some cases
tational order deriving from electrostatic and induction interac- dramatic changes are predicted.

tions. As far as we know, the present one is the first attempt to

model the effect of electrostatic and induction interactions on Results and Discussion

the twisting power. We have addressed the problem by using a

reaction field approximatioff, whereby electrostatic and induc- The common feature of the chiral biphenyls under investiga-
tion interactions of the dopant with the solvent molecules are tion, 1—15 (Chart 1), is the presence of the biphenyl core (or a
introduced in terms of the coupling between the charge tropolone-phenyl core in compoun?) with one (or two)
distribution of the former and the electrostatic potential associ- covalent bridge(s), which constrains all compounds to a
ated with the induced polarization in the surrounding continuum conformation withP-helicity along the biphenyl axis (Figure
dielectric. In particular, we have used a method which is based 1). Despite the common features, the twisting powers are fairly
on the reformulation of the problem, even in the case of different, spanning from a highly positive value fb(+58) to
anisotropic dielectrics, in terms of charge density on the arelatively high negative value fa# (—20.3), passing through
molecular surface and gives a detailed picture of the electrostaticalmost negligible values fd and9. The values reported in
and structural properties of the probe molectii&? Application Table 1 are measured at room temperature (in some ca3es at
of our reaction field method to solutes in nematic solvents = Tyi — 5 K) in the commercial nematic solvent K15 (4,4
showed that the contribution of electrostatic interactions is pentylcyanobipheny(Ty = 308 K) or at room temperature in
generally non-negligible, even in the case of nonpolar mol- E7 (a mixture of cyanobiphenyls and -terphenyllg, = 335
ecules: up to 30% shifts were predicted for the orientational K) and are in part taken from the literature: data oand7
order parameters after introduction of such interactions, with are taken from ref 14, data fdy 4, and5 from ref 15, data for
effects increasing with the dielectric anisotropy of the solvent 2 from ref 9, and data fog from ref 2; finally, values fo®, 10,

and the magnitude of the atomic charges and polarizability in 12—14 were published in refs 17 and 30.

the solute$®2°In the present paper it will be shown that, by Theoretical Background and Computational Methods.The
invoking the additional contribution of electrostatic and induc- helical twisting power of a given dopant in a nematic solvent

tion interactions, it is possible to understand the origin of with the twist elastic constart,, and molecular volume can
differences in the twisting ability of biphenyl dopants which pe calculated 48

arise from the chemical nature of the substituents and cannot
be explained by the shape model. The magnitude of the effects N, &

on the helical twisting power depends on the electrostatic p= Q)
2nK,v
(26_) Bdtcher, C. J. F.; Bordewijk, PTheory of Electric Polarization
EIS(%\;I;e Eaﬁg]eStgq?/ln;nﬁ?ngi' BJ. Math. Chem1998§ 23, 309 whereN, is the_Avogadro numbe, is aterr_lper_atur_e-depe_ndent_
(28) di Matteo, A.; Ferrarini, A.; Moro, G. 1. Phys. Chem. R00Q parameter giving the strength of the orienting interactions in
104, 7764.

(29) di Matteo, A.; Ferrarini, AJ. Phys. Chem. B001, 105, 2837. (30) Williams, V. E. Ph.D. Thesis, Queen’s University, 1997.
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Table 1. Twist Angles, Principal Values of the Ordering Mati$and Correspondin@® Tensor Components, and Chirality Parameer
Calculated for the Biphenyl Dopafits

compd 0/deg Six Sy behavioP x axis directiofi Qux Qw Q/A3 Blum=t
+65.8 +0.034 —-0.212 disc abplane +4.8 +22.9 +7.8 +58
2 +59.7 —0.064 —0.308 rod abplane +11.4 +7.2 +8 +42¢
3 +18.8 +0.104 —0.332 disc abplane -14.1 +16.6 +6.2 +24°
4 +64.8 +0.070 —0.224 disc b +63.4 +5.9 +6.2 +21d
5 +62.3 +0.080 —0.268 disc b +40.6 +5.6 +5.6 +20¢
6 +57.9 +0.074 —0.230 disc a —59.1 +23.4 +3.4 +159
7 +46.2 +0.040 —0.246 disc abplane —41.0 +24.1 +3.4 +5f
8 +55.4 +0.016 —0.220 disc a —59.4 +38.8 +4.1 -1.5
9 +54.8 +0.012 —0.220 disc a —58.6 +30.6 +1.2 +0.3
10 +53.8 —0.188 -0.334 rod a —135.4 +105.7 —-4.6 —4.2
11 +52.8 —0.154 —0.308 rod a —74.7 +45.5 —8.8 —-11.4
12 +54.8 —0.126 —0.284 rod a -70.0 +42.0 -6.8 -17.2
13 +52.1 —0.146 —0.290 rod a —69.4 +41.5 —-8.3 —19.3
14 +55.4 —0.130 —0.306 rod a —-112.7 +84.8 -0.6 -20.3
15 —45
15a* +51.8 —0.412 —0.438 rod a —2225 +169.6 —50.8
15b*(x2) +51.9 —0.426 —0.440 rod a —174.9 +185.3 +13.1
15c* +52.0 —0.418 —0.440 rod a —220.4 +171.6 —47.8
15%(av) —27.5

a Calculations have been performed with,; = Us. The twisting powers measured in the cyanobiphenyl-type nematics E7 or K15 are also
reported.” Molecules are classified as rods or disks according to the definition given inthe text; italics is used for molecules close to the boundary
between rods and disksSee Figure 2 for the definition of tregb,cdirections. For all moleculeg|c. ¢ In E7, from ref 15.2In E7, from ref 9In
E7, from ref 14.91n K15, from ref 2."In E7, this work." In K15, from refs 17 and 30.

the nematic phasg,andQ is thechirality parametey which is function
related to the average value of short-range chiral interactions
in the nematic phase and is conveniently written as expl— U (w)/kgT]

flw) = :
J exp[~U,(0)/ksT] do

Umi(w) being the mean-field-orienting potential experienced by
the molecule in the orientatiom in the liquid crystal phase.
In this equation, X,y,z)are the principal axes of the ordering The S;’s sum to zeroy; Si = 0, and each of them can range
tensorS and theQ;’s are the corresponding components of the between—1/2 and 1. A highly positive or negativg value
surface chiralitytensor, a rank two pseudotensor accounting corresponds to a strong tendency of ttieaxis to be aligned
for the chirality of the molecular surface. Its elements are defined parallel to the director or to lie perpendicular to it, respectively.
as integrals over the molecular surface: We shall label the principal axes 8fin such a way tha§,(<
0) < S < SA> 0); i.e., a molecule tends to align tkeaxis
3 o o a parallel to the local director, while theaxis preferentially lies
Q= \/%fs[ﬁ(s x T)+ (8 x T)s]dr 3) perpendicular to the director. For the limiting cases of a rod
and a disk, the Saupe matrix componéhtare respectively
(Sx= —al2, S/y: —a/2,S,=a) and S« = a/2, S’y: —-a, S,
= al2), with a > 0. Therefore, in general we shall speak of
rodlike or disklike molecules according to whether the sign of
the major components &is positive or negative. In the former
case the axis has a strong propensity to align to the director,
and thex andy axes have comparable tendencies to stay
perpendicular to it. In the latter theandz axes have comparable

®)
Q = \/%(QXXS(X + ny%/y + QZZSU) (2)

whereT is a vector giving the position of a point on the
molecular surface ar&lthe outward-pointing normal in the same
point. The diagonal elemeng, which obey the relatioy; Qj
= 0, provide a measure of the helicity of the molecular surface
as viewed along the corresponding axes, with positive and
negative values corresponding respectively to right- and left-

handed helicity. propensities to align with the local director, while thieaxis

”T:; i?u]f)fh orr:elrlngl r:1a)t(r|)SWciI§]s::rlbes ttthethdergree ?]f preferentially lies perpendicular to it. At the boundary between
aignment of the molecular axes espectiothen esozp 35€he two classes of molecules, the principal components of the
director (laboratoryZ axis), and its elements are defined?as

Saupe matrix ar§y = 0, §y = —a, S, = a, corresponding to
the maximum biaxiality of order.
S = ;f[3RZi(w)RZj(w) — 5ij]f(w) dw (4) It follows from the property of vanishing trace &andQ

2 that only two of their principal components are independent; if

) ) we chose thec andy components, eq 2 can be rewritten as
whereRz(w) is the cosine of the angle between the laboratory

Z axis and the molecular axis are the spherical polar angles 1
defining the orientation of the mesophase director in the Q== 4/5l(Qy = Qu(Sy = Sw) +
molecular frame, and(w) is the orientational distribution
) 3Qy + Qu)(S, + Sl (6)

(31) The parametet is related to the parameterused in some of the
quoted references and in particular in ref 18 according to keTe. From the relations given above between the components of the

(32) Nordio, P. L.; Segre, U. lithe Molecular Physics of Liquid Crystals o : oL -
Luckhurst, G. R., Gray, G. W., Eds.; Academic Press: London, 1979; Saupe matrix it follows that, in the limiting case of a disk, the

Chapter 16. chirality parameter can be expressed@s= — v3/2Q,,Sy,
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i.e., the phase helicity reflects that of the molecular plane, while algorithm35 as implemented by Olson and co-worké&Such

in the case of a rod the for® = — x/é(Qxx + Quw)Sy is

a surface is defined as the contour drawn by a sphere of radius

obtained, expressing the proportionality between the helicity of R rolling over a set of van der Waals beads centered at the
the induced chiral nematic phase and the average moleculamuclear position, and constructed as an assembly of triangles.

helicity perpendicular to the mesophase director {helane
according to our notation).
Calculation of the orientational distribution functif@), and

In our calculations, standard van der Waals radji=€ 1.85 A,
ry = 1.0 A and 1.2 A respectively for aromatic and aliphatic
hydrogensiy =1.5A,r0=15Arc;=1.8 A, rg; =1.95 A)

then of the order parameters, requires the definition of the Were used! together with a rolling sphere radil® = 3 A,

orientational mean field potentilni(w). This is written as the
sum of two terms:Us(w), a shape contribution accounting for
short-range interactions modeled according to theface
interactionmethod!® andU+(w), a reaction field term describing
electrostatie-induction interactiong®
Umf(a)) = Us(w) + Urf(w) (7)
The two terms can be calculated on the basis of specific
properties of each dopant: the shape part depends on th
molecular surface, while the reaction field requires a distribution
of point charges and polarizabilities within the surface which
defines the molecular cavity. In addition, solvent properties as
the orienting strengtht (for the evaluation of the shape
contribution) or average dielectric permittivigyand dielectric
anisotropyAe = ¢, — ¢q (for the reaction field calculation) are
required.

It has to be pointed out that according to the present approach

the electrostatieinduction interactions contribute to the twisting
power through their effect on the orientational ordering. This
means that only their contribution to the anisotropy of the mean
field, which is proportional to the dielectric anisotropy, is
considered, while their contribution to the chirality of the mean
field, which should depend on the inhomogeneity of the electric

permittivity in chiral nematics, is neglected. From the weakness

of such inhomogeneity, and in view of the dominant role played
by the short-range interactions described by the shape r#fodel,
we can infer that this contribution should be rather small.
Anyway, the magnitude of the chiral electrostatinduction

contribution needs to be assessed; this is a challenging task from
the methodological point of view, because the generalization
of the reaction field method to nonhomogeneous systems

requires the development of new theoretical tools, and will be
the subject of future investigation.
Calculation are performed according to the following scheme.
(1) The equilibrium molecular structure is obtained. In the
present case full geometry optimization at the HF/6-31G* level
was performed, as implemented in the Gaussian 98 package.
(2) Given the equilibrium geometry, the molecular surface,
required for the calculation of the chirality teng@rand of the
short-range contribution to the orienting potentiff{w), and
for the definition of the molecular cavity in the reaction field
term Uy(w), is calculated according to the rolling sphere

(33) Vertogen, G.; de Jeu, W. Hlhe Physics of Liquid Crystals,
FundamentalsSpringer-Verlag: Berlin, 1988.

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo C.; Clifford, S;
Ochterschi, J.; Cui, Q.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A,
Cheeseman, J. R.; Keith, T.; Petersson, Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; G. A.,; Montgomery, J. A.; Raghavachari, K.; Al-Laham,
M. A.; Zakrewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.;
Stefanov, B. B.; Nanayakkara, A.; Liu, J.; Liashenklo, A.; Piskorz, P.;
Komaromi, I.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

Fox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J.; Stewart, J. P.; Head-

Gordon, M.; Gonzalez, C.; Pople. J. Aaussian 98 (Rasion A.6)
Gaussian Inc.: Pittsburgh, PA, 1998.

which is appropriate to mimic the effects of a generic sol¢ént.
Calculations have been performed giving the orienting strength
parameteré in eq 1 the value 0.035T A-2 suitable for
cyanobiphenyl nematics at reduced temperatlifég ~ 0.928

A number of trianglesNr ~ 3000 was required to get

convergence in the evaluation of the mean field potential.
(3) The reaction field contributiob),;(w)is calculated from

the interaction energy between the electrostatic potential gener-

ated by the point charges embedded in the molecular cavity
and a charge density on the molecular surface accounting for

She solvent polarization. This charge density is obtained by
solving a linear system of algebraic equations which correspond
to the discretization of the integral equation formulation of the

electrostatic problem on thBly triangles approximating the
molecular surface. In anisotropic dielectrics, the charge density
and then the reaction field energy depend on the molecular
orientationw. The angular dependence of the reaction field
contribution is recovered by appropriately sampling the space
of molecular orientations. The permanent charge distribution
is described in terms of atomic charges; these are calculated,
according to the MerzKollman—Singh schemé? by fitting

the electrostatic potential (in our case calculated at the HF/6-
31G* level) on the molecular surfaééThe polarizability is
introduced through a set of interacting atomic dip&fesjth

the following parametrizationoic = 1.508 A, oy = 0.519 A,

an = 1.126 B, ap = 0.947 B, ac = 2.387 B, ag, = 3.360

A3 os = 2.926 49 1n our calculations we have assumed an
average dielectric constaat= 10.2 and a dielectric anisotropy
Ae = ¢ — eg = 13.7, values appropriate for cyanobiphenyl-
like nematics as K15 and E7.

(4) The orientational order parameters, eq 4, and then the
chirality order parameter, eq 2, are calculated.

It has to be pointed out that no free parameters enter the
calculations. For some quantities (e.g., van der Waals radii and
atomic polarizabilities) standard values reported in the literature
have been assumed, while for others (orienting stre§gthd
dielectric permittivitye) we have used values appropriate for
the nematic solvents in which the twisting power of the biphenyl
derivatives were measured. Some more ambiguity can exist
about the radius of the rolling sphere; as discussed in ref 20,
values of the order of a few angstroms seem to be the most
reasonable to define the molecular surface experienced by
common nematic solvents. The choice of the radius may be
critical for the prediction of twisting power in the case of solutes
with cavities of dimensions comparable with those of the rolling
sphere, but this is not the case for the compounds under
investigation. As a matter of fact, test calculations performed
for some of our derivatives using radii ranging from 2 to 5 A
have shown changes less than 10% in the chirality parameter.

(35) Richards, F. MAnnu. Re. Biophys. Bioengl977, 151, 6. Connolly,
M. L. J. Appl. Crystallogr.1983 16, 548.

(36) Sanner, M. F.; Spenher, J.-C.; Olson, ABibpolymers1996 38,
305.

(37) Bondi, A.J. Phys. Cheml964 68, 441.

(38) Besler, B. H.; Merz, K. M.; Kollman, P. Al. Comput. Chen199Q
11, 431. Singh, U. C.; Kollman, P. Al. Comput. Cheml984 5, 129.

(39) Thole, B. T.Chem. Phys1981, 59, 341.

(40) van Duijnen, P. Th.; Swart, M?hys. Chem. A998 102, 2399.
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Q>0 axis; this means that the orientations with the director on the
“mean molecular plane” are favored. In contrastthe axis
preferentially aligned parallel to the local director, can cor-

Qua < 0 respond to the or b axis, depending on the molecular structure.

In Table 1 we have also indicated the directions of xthexis

for the various molecules. Only the two independent order

parametersS,, and S,y are reported in the tables,, can be

A obtained from the latter &,, = —Sx — §. We can see that,
according to the definition given above, the compo@nand
Qe >0 the derivatives10—15, which bear substituents in the 4,4
Figure 2. Labeling of molecular axes and corresponding helicities for position, have a rodlike behavior. In contrast, Compouhdsd
the bipheny! dopants. 3—9 can be classified as disklike. Such labels are used in Table
1. This classification will be useful to rationalize the different

In conclusion, it can be safely stated that, although the predictedyyisting ability of the molecules; however, it should be kept in

twisting powers depend on the values used for the various ming that this is an oversimplification of the real behavior, which

parameters entering the model, for values contained in physicallyjn || cases is characterized by a significant biaxiality of
reasonable ranges effects at most of the order ef2IB% are ordering. This holds in particular for the derivativés2, and
expected, comparable in sign and magnitude for all the 7_g \yhich lie very close to the boundary between rods and

de_?;]’atié%% J di it or th ) . disks, with no net features in one direction or the other.
€ emand is very different for the various parts o According to our model, the chirality of the soluteolvent

the calculations. Evaluation of shape contribution, orientational interactions is quantified by the helicity tens@yeq 3. In Table

order parameters, and chirality parameters, points 2 and 4, can o have reported the eleme@s, Qu,, measuring the helicity

be performed in a few minutes on a PC. The time required by of the molecular surface along tkendy principal axes of the
geometry optimization, point 1, depends on the method ChoSenordering matrixS, which appear in the expression of the chirality

and can reach some days in the case ab initio methods. Fma”y'parameteQ, eq 6. The elemer,, is not reported, but it can

evaluation of the reaction field contribution for a given . _ .

molecular orientation, point 3, can be performed in times of 2€ oPtained afz;; = —Qy — Qq. The off-diagonal elements,
the order of 5 min on a 500 MHz PC; then, the time required which do no'g enter eq 3, are not showr) in the tablle, however,
for the full sampling of the orientation space is proportional to we can mention that f_or most of these b|ph9nyl derivatives they
the sampling density. are close to zero, which means that the pnnupal axes othe

The reader is referred to refs 18, 28, and 29 for an exhaustive!®NSOr are close to the principal axes ofﬁmatrl_x. It appears
presentation of theory and numerical procedure. from Table 1 tha.tQW‘ _the helicity perp_endmule_lr to the
“molecular plane”, is positive for all derivatives, whi{@x can

The Surface Short-Range Interaction.Calculations with b i i ding to the directi i
the surface interaction potentibl(w) have been carried out € negalive or positive according to the direction o IS
(Q«x s positive or negative whexis parallel to theb or a axis,

for all the moleculed—15which possess a homochiral biphenyl . . -

unit, and the results are reported in Table 1. In the second respectlvely). hal b.e seen that the sign of the helicity along

column of the table, the twist angles between the phenyl groups,a given molecular axis corresponds to .What can be expected
from the molecular geometry (opposite values would be

obtained from the ab initio geometry optimizations, are shown. . - .
It can be seen that the angles are contained in the range fronpredlcted for thevl enantiomers). For example, a positive value

46° to 66, with the larger values in correspondence to the 'S Predicted for the helicity along the 1;axis, in agreement
derivativesl, 4, and5, with longer bridges connecting the phenyl with Fhe rule_ adopted to assign thelabel to the enantiomers
rings. The only exception is represented by compoBntbr considered in the present work.

which a much smaller angle of 18.8s predicted. In the The correlation between orientational behavior and sign of
optimized structures, the nitrogen, oxygen, and carbon atomsthe helical twisting power clearly appears from Table 1: positive
of substituents-NO, in 14, —N(CHz) in 10, and—OCHs in and negative twisting powers correspond to disklike and rodlike

11 are found to lie in the plane of the attached aromatic ring. molecules, respectively. Thus, we can infer that the different
Three conformers, corresponding to the three different in-plane shape behavior (disk vs rod) and the consequent orientational
arrangements of the methoxy groups, have been taken forproperties &) must be the main factors in determining the sign
derivativell; since very similar results have been obtained for of the chirality parameter (and hence off’s) for these
all these conformers, only one of them is considered in the table. molecules with roughly similar shape chiralityQ). The
In the case of moleculd5, a simplified structure with the  different orientational behavior corresponds to a different
substituents-O(CH,)10CHs has been considered in the calcula- averaging of the similar chiral interactions of the biphenyl
tions; this is the compound denotedi&s in Table 1. Also for systems, owing to the differences in the anisotropy of the
this compound three conformers have been considered, correinteractions. The limiting cases of rods and disks considered
sponding to the different structures with the alkoxy chains, taken above help us understand the mechanism of chiral induction
in the all-trans conformation, on the plane of the attached for biphenyl dopants. The structures with a more disklike shape
aromatic ring. have a pronounced tendency to align the “mean molecular plane”
Let us consider now the prediction of the shape model for (ab plane in Figure 2) perpendicular to the helix axis, so
the orienting behavior of the molecules, described by the producing helical superstructures with the same helicity of this
ordering matrix S. In general, for molecules lacking any plane. Since in our case such a helicity is positive, right-handed
symmetry, the direction of the principal axey,zis unknown chiral nematics are produced. In contrast, for biphenyls with
and can be found only by diagonalization of the ordering matrix more elongated structures, the two axes perpendicular to the
S. We have found that for most of the molecules under long molecular axis (thec and a axes in Figure 2) have
investigation, such axes are approximately parallel to the three comparable propensity to align with the axis of the macroscopic
axesa, b, andc in Figure 2. In all caseg corresponds to the helix, so that the molecular helicities along these axes will affect



7848 J. Am. Chem. Soc., Vol. 123, No. 32, 2001 di Matteo et al.

the pitch in similar ways. In particular, since the two molecular the orientational behavior and the chirality: as a consequence
helicities are opposite in sign, with the former positive and of the definitely elongated shape, the orientational behavior of
smaller in magnitude than the latter, left-handed chiral nematics an almost perfect rod is predicted for the three conformers, with
are induced. It is worth reminding that the structure of bridged- very high order parameters and large helicities. Similar and
1,7-binaphthyls corresponds (usually) to a disklike behavior; extremely high negative twisting powers are predicted for the
this is the reason the corresponderi®éelicity — P-chiral two conformers having both substituents on the same side with
nematics is (usually) observed for such systems. respect to the 1}dbond (L5a* and15c*, C; symmetric), while

We have seen that, on the basis of the theoretical results, it& POSiiveQ value, lower in magnitude, is calculated for the
is possible to give a simple and clear explanation for the conformers with the two substituents on opposite sidés7).
apparently contradictory behavior of biphenyl dopants. We can 1NiS €xample demonstrates the importance of a careful confor-
now look in more detail at the numerical predictions. For such mational analysis to obtain reliable predictions for systems with

a comparison between theory and experiment, we should massive flexibility. By _averagling over all conform_ers, qfairly
calculate the twisting powef which, according to eq 1, is large negative value is obtained. When comparing with the
related toQ by a factor which depends on the nematic solvent experimental result, it should be considered that calculations
and the temperature. The reported data are taken from differenthave beer; tperfolrmegog ? stlrugture mh'Ch doez not tex_a:;tly
experimental determinations at room (in general not constant) c?rtr\zsp?n 0 mt? ?_fu t u Ot?]y 4ears 't'e sanMwe charac ?rz's Ic
temperature and in solvents which, although similar in nature, or two long substituents in the -position. oreover, the
are not exactly the same and have different nemasiatropic erX|b|I|ty of the allkyl chains has been ngglectgd |n'the
transition temperatures; therefore, the proportionality factor is gzlifigatlg)enssyi?englltrlﬁslezdségearglO;err:esgqne]ﬁ?mtr?ftﬁse t;\')lsi?g
expected to be slightly different from case to case. For these ; P a9 9 P

. o . s mental behavior can be observed; from a comparison with the
reasons, in considering the theoretical predictions, we shall refer . S ; : :
. other biphenyl derivatives, and in particular with the homologous
only to the Q values, recalling that for the solvents under

investigation the proportionality factor should be of the order moleculell, a remarkable enhancement of the twisting ability

. . . : appears as a consequence of the introduction of the longer
of unity (see eq 1). Another important point which should be sStF:stituents d g
kept in mind when comparing theoretical and experimental ' . . .
results is that the values are determined by the molecular The Role of the Electrostatic-Induction Interactions. For
geometry; therefore, the quality of the predictions depends on moleculess—14, Wh'Ch are fairly similar in struc’Fure., we have.
how the available structures are close to the real ones in theperformed calculations with the more general orienting potential

rematec salverts.For ot of h syt under vesiaton % 05485, 1 24on o i e conbonen e
this should not be a big problem, because the geometries of the . 9 o ;
nteractions. In the framework of the reaction field approxima-

bridged biphenyl cores are expected to be essentially determined. . o ;

. : I ion, the anisotropy of electrostatic interactions, and thus the
by intramolecular constraints. The only derivatives to be taken - ; . . .
with more care are those characterized by some flexibility, for effects of these Interactions on orientational ordering, depend
which only one, or at most a few conformers have been ta,ken on the charge distribution and shape of the probe molecule,

3&. t’ th tential LT F 'while the electrostatic properties of the solvent molecules do
$ortr):espl>on ing to et[;o tetn I elnergy mllnlm?r:nava"cugm.throm not enter in a direct way, but only through the dielectric
able 1 we can see that tigevalues scale rather well wi e anisotropyAe of the medium.

measured twisting powers, with a scale factor of about.3 The ability of lecule t tablish st lectrostati
The only significant discrepancies from this general trend are . € ability of -a molecule 1o establish strong €lectrostatic
observed for derivativeB—9 in addition to10. 11 and14. The interactions with the surroundings is related to the magnitude

former set of compounds lie somehow at the border betweenOf the local charges and the extent to which they are exposed

the two classes of disks and rods and have very small tW|st|ngto the splvent. Thg atomic charges obtained f“’”.‘ the qb |r.1|t|o.
o . calculations are different for the molecules under investigation;
abilities; the calculate® values result from the compensation ;
o . . however, a common pattern can be found, characterized by
of comparable contributions of opposite signs and can be -
) relatively large charges on carbons, and smaller ones on
strongly affected by small changes in the order parameters. . N i
Therefore, even relatively small inaccuracies in the calculated hydrogens, which however can have significant effects since
' vely . oo these atoms are smaller and more exposed to the solvent, and
order parameters, which can derive from uncertainties in the

T a large negative charge, also well exposed to the solvent, on
molecular geometry or from the intrinsic limits of the method, 9 9 9 P

red t q fairly | in th dicted the bridge oxygen. In the case of the dinitro derivative
are expected 1o produce fairly farge errors in the predicted g4 qiiong strong charges are located on the atoms of the nitro
twisting powers. More surprising is the low quality of the

o= o . e groups. The electrostatic features of the various derivatives

predictions f'or derlvatlve$0,.11, and14, which have a S|m|Iqr cannot be discussed in detail; only the main differences will be
structure with net rod orientational behavior. A possible  strated here and in the following by referring to the
explanation is the quite different electrostatic character of the derivativesl0and14, taken as representative of behaviors which
substituents, which of course cgnnot be taken int_o account by ¢ at opposite ends. The two images on the left side of Figure
the shape model. There is no simple way to predict, even at a3 show the electrostatic potential generated by the atomic
qualitative level, how these interactions can influence the cparges on the molecular surface of these derivatives. Red and
orientational ordering and then the tW|st|n_g ability of chiral e correspond to negative and positive potentials, while
dopants; therefore, an appropriate theoretical methodology tohitish colors indicate vanishing values of the potential. Thus,
account for the electrostatic interactions has to be used. Th'sstrongly colored zones correspond to regions that are able to
point will be considered in the next section. establish strong electrostatic interactions. While for the diamino

Some further attention should be given to compoisd, derivativelOsuch regions are localized in the neighborhood of
for which the role of flexibility cannot be neglected, even at the bridge oxygen atom, in the case of the dinitro compound
the lowest level of approximation. We can see that the presencel4 significant effects appear also in correspondence with the
and the geometry of the two tails have strong effects on both nitro substituents.
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14

10

Figure 3. Difference in the electrostatic properties of derivatit®sand 14. Left: electrostatic potential generated by the permanent charges on
the molecular surface; red and blue represent negative and positive values of the electrostatic potential, respectively. The representaii@uwas ob
with WebLabViewerPro 3.7 (2000, by Molecular Simulation), using the ab initio charges. Right: atom dipoles induced by the reaction field; only
dipole moments larger than 0.2 D are shown, with arrows pointing from the negative to the positive charge.

Table 2. Molecular Polarizabilities (& Calculated for Molecules oxygen in the case df0, and extended to the nitro substituents
6—14°
for 14,
Ozz Oxx Oyy a As a consequence of the different electrostatic and induction
6 31.7 28.8 19.9 26.8 behavior, different orientations are stabilized when the dopants
7 33.0 30.1 19.8 27.6 are dissolved in a solvent with positive dielectric anisotropy.
g gig %g ig'z gg'g From a qualitative point of view, we can expect that such
10 503 351 26.4 373 interactions will be stronger for the orientations which allow
11 43.5 31.0 22.7 32.4 regions of the molecular surface with large gradients in the
12 418 28.8 21.6 30.7 electrostatic potential to lie in the direction of higher permittivity
13 46.4 30.1 23.0 33.2 ; ; ; ; ;
(i.e., parallel to the director in nematics withe > 0). The
14 40.8 29.9 21.7 30.8 o . L . .
biphenyl 20§ 20.9 129 20.8 specific effects for a given derivative depend on its particular
24.F 20.3 13.8 19.6 charge distribution; however, a general trend, also observed for

, , , planar aromatic solute8;?is that the reaction field interactions
aThe diagonal elements; (with the axes labeled as in Table 1, . N .
and approximately corresponding to the principal axis ofattensor) ~ decrease the tendency of the “molecular plane” to lie perpen-
and average valuel are reported. For the sake of comparison, dicular to the local director. This leads to a general decrease of
experimental values for bipheny! are also reporteReference 41.  the orientational order produced by short-range (surface)
Reference 42. interactions, as appears from the order param&ersported
in Table 3. The only striking exception is represented by the
dinitro derivativel4, for which the reaction field interactions
favor alignment of the 1;3axis (b axis) with the local director,

Our model also takes into account induction interactions,
derived from the fact that the charge distribution in a molecule
is modified py the electrosta}tlc fields determined by the prgsgncethereby enhancing the effect of the short-range surface interac-
of surrounding molecules (in our language, the charge distribu- tion
tion is modified by the reaction field itself). According to the ) o ) )
Thole model we have adopted, the distortion of the electronic ~ FOr the molecules under investigation, the reaction field
cloud of a molecule in the presence of an electric field is Ccontribution does not modify (or slightly modifies in the case
described in terms of induced mutually interacting dipoles Of derivative?) the principal axes of ordering; therefore, the
located at the atomic positions. Table 2 reports the molecular Qi values, being practically the same as those in Table 1, are
polarizabilities obtained in this way. When compared with the Notreported in Table 3. Itis interesting to see that, even though
experimental values of the polarizability tensor for biphenyls, the change in order parameters never exceeds 25%, dramatic
also reported in the table, and with the average polarizabilities effects on th& value can result: fot4itincreases by an order
derived from refractive indexes of substituted benZeniae of magnitude, and fol0 a 100% change is predicted. In all
theoretical results appear to provide an acceptable representatiofases it can be seen that the magnitude and sign of the changes
of the response of the electronic cloud to a uniform field for in Q due to the introduction of the reaction field contribution
the systems under investigation. More pertinent information in the orienting potential are such that agreement with the
about the response to the nonuniform field generated by the experimental behavior is improved. Namely, the trend ofQhe
surrounding molecules can be obtained from the analysis of thevalues reported in Table 3 is in close correspondence with that
dipoles induced by the reaction field at the different atomic of the measured twisting powers. The only derivatives for which
positions. These are shown in the two images on the right-handsignificant discrepancies still appear are molecidleads, and
side of Figure 3 for molecule$0 and 14. Again, significant the reasons have been mentioned in the previous section;
differences appear between the two molecules, with strong anyway, the small magnitude of the predict@dalues, which
induced dipoles limited to the neighborhood of the bridge tend to decrease by virtue of the electrostati@uction
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Table 3. Principal Values of the Ordering Matri® and Chirality dopants. We have seen that this contribution may have a
Paramete Calculated for the Biphenyl Dopa#sts significant effect on the presence of substituents with a strong
X axis electron-donating or -withdrawing character and significant
compd Sk Sy  behavioP directior? Q/A®2 Blum=tP polarizability. Analogous conclusions about the general rel-
6 +0.079 —0.225 disc a +3.8 +15 evance of short-range surface forces, together with a strong
(+0.074) (0.230) disc a (+3.4) dependence of the magnitude of electrostatic and induction
7 +0.056 -0246 disc abplane +31  +5 interactions on the chemical structure of the molecules, were
(+0.040) (-0.246) disc  abplane (+3.4) reached not only in the analysis of the molecular mechanism at
8 —0.014 -0.224 rqd a +2.4 -15 the oriain of liquid | ordering-2943.44, IS0 in th d
(+0.016) (0.220) disc a (+4.1) rigin of liquid crystal or ering® ut also in the study
9 -0.002 —0.204 rod a +0.2  +0.3 of chiral recognitior®
(+0.012) 0.220) disc a (+1.2) A clear and fairly simple picture emerges from the micro-
10 -0162 -0314 rod a —24 42 scopic analysis of chiral induction presented here, which allows
(-0.188) (0.334) rod a (=4.6) the rationalization of the apparently complex experimental
11  -0.104 —0292 rod a —57 -114 . . : ; ;
(-0.154) (0.308) rod a (-8.8) beha\{lor of chiral blph_enyls. It can be summanzed in the
12  —0.108 —-0270 rod a 55 —17.2 following way. The chirality of bridgedP-biphenyls with
(—0.126) 0.284) rod a (—6.8) different substituents, as measured by the chirality tensor eq 3,
13 -0124 -0274 rod a —-64 -193 is in general characterized by positive helicities perpendicular
(—0.146) €-0.290) rod  a (-8.3) to the approximate molecular plane and along thedxis, and
14 (:8:123) gg:ggé) :gg Z (:g:g) —203 a negative helicity along th€, (or quasiC, axis). In the

presence of substituents in the 'ep®sitions, the orientational
2 Calculations have been performed withy = Us + Uy. For the behavior of the dopants can be assimilated to that of disks, which
sake of comparison the twisting powers and the results obtained in thetend to keep the molecular plane on the mesophase director
absence of electrostatic and induction interactions, Ugy, = Us . . . , - ’
(between brackets), are also reporte8ee footnotes of Table 1. When substituents are introduced in the'4pdsitions, the
dopant shape becomes more elongated, and a rodlike behavior

interactions, corresponds to the experimental findings for these'S Predicted, characterized by the tendency to align the long
molecules at the border between rods and disks. molecular axis with the director. The different orientational

The electrostatieinduction calculations reported have been Pehavior corresponds to a different averaging of the chiral
carried out for nematics with high dielectric anisotropy, as are interactions felt by the solvent. The dopant helicity experienced

the solvents in which the twisting powers reported in Table 1 perpendicularly to the director, where the macroscopic helix
were measured. It could be shown that the electrostatic 9€Velops, is the one (positive) of the molecular plane in the
induction effects on the mean field potential eq 7 for a given former case, while in the latter situation it is the average of the
molecule are roughly proportional to the ratia/; this means molecular heI|C|_t|_es perpendicular to the elongatlon axis (o_ne
that the changes in order parameters are expected to besmalle.r and posmvg, the other larger anql negative). Thus, chlral
monotonic function of the dielectric anisotropy and to change Nematics of opposite handedness are induced. The theoretical
their sign with it. Thus, we expect that the twisting powers analysis provides a simple rule for the correlation between chem-

measured in solvents with lower values/fe should be closer @l structure and twisting power of biaryl dopants: the rule

; ; ; .-~ P-helicity — P-chiral nematics is expected to hold only for
to those predicted only on the basis of the surface interaction
model. P y disklike systems (binaphthyls and discoid biphenyls) and should

be substituted biP-helicity — M-chiral nematics in the case of
Conclusion derivatives elongated in the direction of the argiryl bond.
Electrostatic and induction interactions introduce an additional

In this paper we have presented an overview of the twisting ajignment mechanism, dependent upon the molecular shape and
ability of bridged biphenyl dopants, which constitute an interest- charge distribution, which modulates the effects of the short-
ing case because of their ability to induce chiral nematics with range interactions, according to the nature of the substituents.
different pitch and handedness as a consequence of relativelyrhe relevance of the reaction field contribution is expected to
small structural changes in the homochiral biphenyl unit. We gepend on the charge distribution and polarizability of the probe
have shown that the main features of the experimental behavior,molecule and on the dielectric permittivity of the solvent (with
and in particular the induction of chiral nematics with opposite g contribution for vanishing dielectric anisotropy). In the case
handedness by dopants with the same absolute configurationgf gromatic solutes in nematic solvents with: 10 andAe =
and only small structural differences, can be explained by a ¢, — ¢; ~ 10, typical values for cyanobiphenyl-like nematics,
shape model accounting for the chirality and the anisotropy of effects up to 30% on the order parameters were predicted. In
the short-range intermolecular interactions in terms of anisom- the case of the twisting power it appears that, although
etry and helicity of the molecular surface. The results reported g|ectrostatic and induction interactions only enter through
confirm the ability of such a theoretical approach to describe ordering, the final effect can be much more pronounced than
the coupling between chirality and orientational order, which that on the order parameters.
had already been proven for various classes of Ch?l’§| dob&%f]ts. We can conclude that in the present work the correlation
The method has the valuable feature of providing reliable petween molecular structure and twisting ability of biphenyl
predictions with a minimal computational demand. Therefore, qopants has been clarified. The theoretical method presented
it can be used also for complex chiral systems, of arbitrary pere, based on a realistic representation of the molecular
dimensi_on and with flexible groups, in which case p_redictions structure and properties, appears to be able to give valuable
of twisting power may require an accurate sampling of the insight into the nature of the chiral interaction and the role of
conformational space. o M F OpL Snectoscioss 20,361

We have herein presented an extension of the theoretical gj‘ég \L’g Fsé"e: . J?W_;pmrrt‘;]syy D SAuSt ) Cheml968 21, 1903,
method, by introducing the further contribution from electrostatic  (43) Lemieux, R. P.; Williams, V. El. Am. Chem. S04998 120, 11311.
and induction interactions to orientational order of the chiral  (44) Terzis, A. F.; Photinos, D. Mol. Phys.1994 83, 847.
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