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Abstract: The axially chiral dopants (R)-5,5'-, 5,6'-, and 6,6'-diheptyloxy-2,2'-spirobiindan-1,1'-dione ((R)-
2, -3, and -4) were synthesized in optically pure form, and their absolute configurations were assigned by
the exciton chirality method using circular dichroism spectroscopy. These new compounds were doped in
four achiral liquid crystal hosts to give chiral smectic C* (SmC*) phases with spontaneous polarizations
(Ps) that vary with the core structure of the host. The spontaneous polarization induced by the 5,5'-dialkoxy
derivative (R)-2 is uniformly positive, whereas that induced by the 6,6'-dialkoxy derivative (R)-4 is uniformly
negative and shows a different trend in host dependence. Polarization power (d,) values range from +21
nC/cm? for (R)-2 in 2',3'-difluoro-4-heptyl-4""-nonyl-p-terphenyl (DFT) to —1037 nC/cm? for (R)-4 in 4-(4'-
heptyl[1,1'-biphen]-4-yl)-1-hexylcyclohexanecarbonitrile (NCB76). The unsymmetrical dopant (R)-3 behaves
like a hybrid of the two symmetrical isomers, with lower absolute values of d, on average, and varying
signs of Ps. 2H NMR spectra of the doped mixtures using racemic mixtures of 2—4 with —OCD,Cg¢H13
side-chains, in combination with phase diagrams, show that relatively minor changes in the dopant structure,
that is, moving the alkoxy side-chains from the 5,5' to the 6,6' positions of the spirobiindandione core,
have profound effects on dopant—host compatibility, and on the propensity of the dopant to exert chiral
perturbations in the host environment. The variations in sign and magnitude of 6, as a function of alkoxy
group positions are rationalized based on an analysis of zigzag conformations that conform to the binding
site of the SmC host according to the Boulder model.

Introduction The performance characteristics of FLC devices, including
Liquid crystals are ordered fluids in which intermolecular electrooptical_ sw?tching time, second-order NLO susceptibi_lity,
interactions, including molecular recognition interactions be- @nd photoswitching threshold, often depend on the magnitude

tween a mesogenic host and nonmesogenic additive (dopant)©f Ps induced by a chiral dopant. Hence, a key aspect of FLC
play an important role in defining the physical properties of materials research is to understand the relationship between the
the liquid crystal phase. Recent studies have shown that themolecular structure of a chiral dopant and the magnitude of the
. y i ) : _ P 1
induction of macroscopic chiral properties such as the helical SPontaneous polarization it induces* This structure-
structure of a chiral nematic or smectic C (SmC*) phase, the @ @ L p— T — ot Liaud Crostal

.. . . . a) Lagerwall, S. erroelectric an ntirerroelectric Liqui rystals
electroclinic tilt of a chiral smectic A (SmA”) phase, and the Wiley VCH- Weinheim. 1999. (o) Lagerwall. S. T andbgok of I_){qyid
spontaneous electric polarizatioRs] of a SmC* phase in a CEJ(rjysta{ﬁlDen\W/ucsi_,| DWG_O?]dby. Jig;/gé ?/raly,zg- \EV-), \?Vplﬁ)ss.g.kgg_ Vill, V.,

- . S.; liey- . elinheim, , Vol . (C alba, D. lence

surface-stabilized ferroelectric state (SSFLC) can be understood 1995 279 %50, (d) Clark, N. A.; Lagerwall, S. T. IRerroelectric Liquid
in terms of molecular recognition between a chiral dopant and gfysét%fli ilrlrflplfaséemgfrgesTang SAiggyCﬁIO/gﬁogii?g, é X/-,gelllmai
an achiral liquid crystal host:® The design of chiral dopants T, Yoshi’no,.K.;'ZeKs, B., E‘ds.._; éordon and Bre.éch: I?’hiléde.l’phia, 1991;
based on principles of molecular recognition is of particular pp 409-452. (e) Dijon, J. InLiquid Crystals: Applications and Usps

. . . .. K Bahadur, B., Ed.; World Scientific: Singapore, 1990; Vol. 1, Chapter 13.
interest in the case of ferroelectric SmC* liquid crystals, which  (5) (a) walba, D. M.: Xiao, L.; Keller, P.; Shao, R.; Link, D.; Clark, N. A.

i i ivh_ i i H H Pure Appl. Chem1999 71, 2117. (b) Walba, D. M.; Dyer, D. J.; Sierra,
are used in co_mmermal hlg_h r_esolutu_)n reflective mlcrodlsp‘lays, o Cobben P L Shao. R_F. Clark, N. & Am. Chem. Sod99¢ 118
and hold significant potential in nonlinear opfiesd photonics 1211. (c) Walba, D. M.; Ros, M. B.; Clark, N. A.; Shao, R. F.; Robinson,
i i —8 M. G.; Liu, J. Y.; Johnson, K. M.; Doroski, DI. Am. Chem. S0d.99],
applications’ 113 6471
T ; . . (6) Crossland, W. A.; Wilkinson, T. D. Inlandbook of Liquid Crystajemus,
Queen s University. D., Goodby, J. W., Gray, G. W., Spiess, H.-W., Vill, V., Eds.; Wiley-
* Displaytech, Inc. VCH: Weinheim, 1998; Vol. 1, p 763.
(1) (a) Proni, G.; Spada, G. Enantiomer2001, 6, 171. (b) di Matteo, A,; (7) Ikeda, T.; Kanazawa, A. INolecular SwitchesFeringa, B. L., Ed.; Wiley-
Todd, S. M.; Gottarelli, G.; Solladjes.; Williams, V. E.; Lemieux, R. P.; VCH: Weinheim, 2001; p 363.
Ferrarini, A.; Spada, G. Rl. Am. Chem. So2001, 123 7842. (8) Lemieux, R. PChem. Rec2004 3, 288.
(2) Lemieux, R. PAcc. Chem. Re001, 34, 845. (9) Walba, D. M. InAdvances in the Synthesis and Reaityi of Solids
(3) Hegmann, T.; Meadows, M. R.; Wand, M. D.; Lemieux, RJPMater. Mallouck, T. E., Ed.; JAI Press Ltd.: Greenwich, CT, 1991; Vol. 1, p
Chem.2004 14, 185. 173.

13656 = J. AM. CHEM. SOC. 2005, 127, 13656—13665 10.1021/ja054322k CCC: $30.25 © 2005 American Chemical Society



Ferroelectric Liquid Crystals Induced by Dopants ARTICLES

property relationship can be expressed in terms of the polariza-
tion powerd, according to eq 12 wherexy is the mole fraction

of chiral dopant andP, is the polarization normalized for
variations in tilt angled according to eq 23

Less conventional dopants with chiral cores induce spontane-
ous polarizations that tend to vary significantly with the structure
of the SmC host.!415 This host effect may be viewed as a
manifestation of molecular recognition via cefreore interac-
tions with the host molecules that cannot be achieved with

dP,(xy) conventional dopants due to the higher degree of conformational

5p = dxg (1) disorder among side-chains in the diffuse layer structure of the
X0 SmC phasé®l7 In other words, the assumption of a shape
P, = Pgsing ) invariance for the binding site in the original Boulder model

appears to break down in the case of dopants with chiral cores.
For example, we have shown that dopants suclRag éxhibit
remarkably high polarization powers, up to 1738 nCicin
achiral SmC hosts with a complementary phenylpyrimidine core
structure in which the atropisomeric core can propagate its
chirality through core-core interactions with surrounding host
molecules'® The resulting chiral perturbations are thought to
cause a chiral distortion of the binding site topography that
enhances the polar order of the dopant as a feedback effect

The spontaneous polarization is a chiral bulk property; it is
either left-handed (negative) or right-handed (positive) depend-
ing on the absolute configuration of the chiral dopaat the
microscopic level, the origins ¢¥s can be understood in terms
of asymmetric conformational energy profiles for polar func-
tional groups sterically coupled to a stereogenic center, which
results in the net orientation of transverse molecular dipoles in

one direction along the polarpCaxis of the SmC* phase. (chirality transfer feedback, CTR)We recently measured the
Empirical and semiempirical structur@roperty relationships  gfect of chiral perturbations exerted fyon the polarization
based on conformational analyses of such stereopolar units ar‘?)ower of a chiral probe molecul®PW950, vide infra)® The

well established for dopants with chiral side-chains, Wh'dl results showed that the polarization power of the probe decreases
represer_lt the vast majority of chiral (_jopgnts found in SmC by a factor of 0.18 in the presence &){1 and increases by a
formulanons_g.fl In _gener_al, the polarization power of these factor of 1.4 in the presence db)¢1, which is consistent with
compounds is invariant with respect to the structure of the SmC long-range chiral perturbations influencing the conformational

liquid crystal host, which is consistent with the Boulder model
for the molecular origins oPs. According to this model, the

SmC phase is considered to be a supramolecular host, and th

conformational and orientational ordering of a chiral dopant is
modeled by a mean field potential which qualitatively behaves
like a binding site analogous to that described in hastest
chemistry?1°The binding site i<, symmetric and has a zigzag

shape that is assumed to be invariant with respect to the hos
structure. To a first approximation, the Boulder model assumes

that a chiral dopant plays the role of a “passive” guest, which
adopts a conformation that best fits the achiral binding site of
the SmC host.

(0]
a2t
O,N 0

NO,

(R)1
O
R4
e
C7H150 0 RZ
(R)-2: Ry = OC;Hs, Ry = H
(R)-3: Ry = H, Ry = OC;Hs
O
CHys0
PR e
OC7H1s
O
(R)-4

(10) (a) Glaser, M. A,; Clark, N. A.; Walba, D. M.; Keyes, M. P.; Radcliffe,
M. D.; Snustad, D. CLig. Cryst.2002 29, 1073. (b) Glaser, M. A. In
Advances in the Computer Simulations of Liquid Crystalannoni, C.,
Pasini, P., Eds.; Kluwer: Dordrecht, 1999; p 263.

(11) Goodby, J. W. IrFerroelectric Liquid Crystals: Principles, Properties
and Applications Goodby, J. W., Blinc, R., Clark, N. A., Lagerwall, S.
T., Osipov, M. A, Pikin, S. A., Sakurai, T., Yoshino, K., Zeks, B., Eds.;
Gordon & Breach: Philadelphia, 1991; p 99.

distribution of the probe.
Despite the orientational and conformational ordering imposed

%y the binding site of the SmC host, molecular modeling

suggests that the biphenyl core B){1 can rotate almost freely
with respect to the ester side-chains (Figure 1) and that the
intrinsic conformational bias (i.e., neglecting all intermolecular
interactions with host molecules) favoring one orientation of

tthe core dipole moment along the polar axis)(is very small,

on the order of 1 kcal/mdt Hence, we postulated that it may
be possible to achieve even higher polarization powers by
designing dopants with polar chiral cores with high aspect ratio
that are conformationally more restricted when confined to the
zigzag binding site of the SmC host. In this paper, we report
our first implementation of this approach with a series of dopants
with an axially chiral 2,2spirobiindan-1,tdione core, R)-2—

4.22 As expected, the polarization power varies with the structure
of the SmC host, and it also varies with the relative positions
of the alkoxy side-chains. These results are rationalized in terms
of an equilibrium between conformations of opposite polarities
which are energetically equivalent in the gas phase, but should

(12) Siemensmeyer, K.; Stegemeyer,Ghem. Phys. Lett1988 148 409.

(13) Kuczynski, W.; Stegemeyer, i&hem. Phys. Lettl98Q 70, 123.

(14) Osipov, M. A.; Stegemeyer, H.; Sprick, Rhys. Re. E 1996 54, 6387.

(15) Stegemeyer, H.; Meister, R.; Hoffmann, U.; Sprick, A.; Becker].Mater.
Chem.1995 5, 2183.

(16) Tschierske, CJ. Mater. Chem1998 8, 1485.

(17) For a related example of molecular recognition via e@@re interactions
in SmC* liquid crystals, see: (a) Yoshizawa, A.; Nishiyamavibl. Cryst.

Lig. Cryst.1995 260, 403. (b) Nishiyama, I.; Ishizika, H.; Yoshizawa, A.
Ferroelectrics1993 147, 193.

(18) Vizitiu, D.; Lazar, C.; Halden, B. J.; Lemieux, R. . Am. Chem. Soc.
1999 121, 8229.

(19) Hartley, C. S.; Lazar, C.; Wand, M. D.; Lemieux, RJPAm. Chem. Soc.
2002 124, 13513.

(20) According to the physics convention, the spontaneous polarization points
from the negative to the positive end of a dipole, which is opposite to that
used in chemistry. A positives corresponds to the cross product of the
director and the layer normat, x z, respectively.

(21) Vizitiu, D.; Lazar, C.; Radke, J. P.; Hartley, C. S.; Glaser, M. A.; Lemieux,
R. P.Chem. Mater2001, 13, 1692.

(22) For a preliminary communication, see: Boulton, C. J.; Sutherland, J. J.;
Lemieux, R. PJ. Mater. Chem2003 13, 644.
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Scheme 1 @
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Me 9:R=H

R, I:[COZB
Ri CH,Br

o 6:R; = OMe, Ry = H
MeO a 11: R, = H, R, = OMe b RO
S Ouo s

10
14: R = Me, R1:0Me, R,=H
|;15:R=Me,R1=H,R2=OMe
[
12:Ry=0OMe, Ry =H 16:R=H, Ry =OH, Ry =H
13: Ry = H, Ry = OMe 17:R=H, Ry =H, R, = OH

aReagents and conditions: (a) NaH, DMF, 8D; (b) 70% aqueous 504, 90 °C; (c) AICI3, toluene, reflux; (d) 1-bromoheptane ®Os;, acetone,
reflux; (e) semiprep HPLC resolution, Daicel Chiralpak AS column, 2% EtOH/hexanes, 3 mL/min.

2-(bromomethyl)benzoatés or 11 gave the substitution
products 7, 12, and 13 in 81-99% yields. Acid-cata-
lyzed hydrolysis was followed by decarboxylation and cycliza-
tion in situ to give the racemic dimethoxyspirobiindan-
diones8, 14, and 16 in 54—82% vyields. Demethylation with
AICl 3 and alkylation of the resulting diols with 1-bromoheptane
gave the racemic dopari?s-4 in 46—84% yields. The enantio-
mers of2—4 were resolved by semiprep chiral stationary phase
HPLC using a Daicel Chiralcel AS column and 2% ethanol/
hexanes as the mobile phase. The resolved compounds were
recrystallized from hexanes prior to doping in the liquid crystal
hosts.

In each case, the absolute configuration of the first HPLC
eluant was assigned &) (by the exciton chirality method using
circular dichroism (CD) spectroscopy.Previous work by
Schigl has shown that the absolute configurations of-2,2
spirobiindan-1,tdione and 5,5disubstituted 2,2spirobiindan
; , derivatives can be assigned with a reasonable degree of certainty
i_ - | | according to the sign of split Cotton effects corresponding to

~—1 1L, and Ly, exciton coupletd>26 As shown in Figure 2, the
) ) . ) CD spectra of the first eluants of dopar&s4 feature strong
Figure 1. Rotation of the biphenyl core about the two ester@single L . .
bonds of dopantR)-1 confined to the binding site of the Boulder model in positive split Cotton effects at wavelengths corresponding to
an idealized zigzag conformation. The chiral SmC* phase is represented in UV absorption bands afimax = 219, 221, and 222 nm,
a surface-stabilized ferroelectric state (SSFLC); the layer nazraat the respectively. Weaker positive split Cotton effects are also
director n are in the plane of the page and form a tilt angle The observed at longer wavelengths in the spectrd ahd4. The
spontaneous polarizatidh is coincident with the gsymmetry axis of the  glectronic transitions of the model compounds 5- and 6-meth-
istf]:c'hwz;gz ':0:32:3&? the plane of the page. The sighsafonforms oxyindan-1-one were calculated using the semiempirical ZINDO
phy ' method (Figure 337 In each case, the calculations predict a
air of m—a* transitions with excitation wavelengths in the
10-220 nm range, with one of the two transition dipole

have different steric demands in the condensed phase whe
confined to the binding site of the SmC host.

Results (24) (a) Berova, N.; Nakanishi, K. I&xciton Chirality Methods: Principles
and ApplicationsBerova, N., Nakanishi, K., Woody, R. W., Eds.; Wiley-
Synthesis. The three chiral dopants were synthesized as VCH: New York, 2000. (b) Harada, N.; Nakanishi, Kircular Dichroic
. . K . Spectroscopy: Exciton Coupling in Organlc Photochem)sltmlversny
racemic mixtures using a strategy reported by Nieman and Science Books: New York, 1983.

Keay for the SyntheSIS of Zzplrobundan 1, 1dione23 (25) 5Fglk H.; Fistl, W.; Hofer, O.; Schigl, K. Monatsh. Chem1974 105,
As shown in Scheme 1, reactions of the enolate of either (26) Langer, E.; Lehner, H.; Neudeck, H.: Sailok. Monatsh. Chem197§
109, 987.
indanonecarboxylates or 10 with the appropriate ethyl (27) (a) Zerner, M. C. IrReview in Computational Chemistryipkowitz, K.
B., Boyd, D. B., Eds.; VCH: New York, 1991; pp 31366. (b) Ridley,
(23) Nieman, J. A.; Keay, B. ATetrahedron: Asymmetr§995 6, 1575. J. E.; Zerner, M. CTheor. Chim. Actdl973 32, 111.
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wavelength (nm) Figure 3. Transition dipole momentsaf-7*) with the corresponding
30 2 excitation wavelengths and oscillator strengths (in parentheses) of 5-meth-
) [ oxyindan-1-one (top) and 6-methoxyindan-1-one (bottom) calculated using
20 the semiempirical ZINDO method.
1S Scheme 2 @
10’: : g a OR
- A o (O, CIORC
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] \/\,\/\f/ r § 0 RO HR
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Figure 4. Circular dichroism {) and UV (- - -) absorption spectra of
compound19 (2.0 x 1075 M) in hexanes.

Figure 2. Circular dichroism {) and UV (- - -) absorption spectra of (a) . .
dopant R)-2 (1.7 x 1075 M), (b) dopant R)-3 (2.0 x 10-5 M), and (c) which showed two peaks for the methine protons at 4.94

dopant R)-4 (1.4 x 1075 M) in hexanes. and 5.51 ppm. In this configuration, the transition dipoles of
the twop-dimethylaminobenzoate groups form an angle of ca.
90°, which is optimum for chiral exciton couplirf§:2°As shown
moments having a large component normal to the helical axis in Figure 4, the CD spectrum df9 shows a strong negative
of the 2,2-spirobiindan-1,kdione chromophore, which is  split Cotton effect centered at 298 nm, which indicates that the
consistent with the strong split Cotton effects observed in that two benzoate groups describe a left-handgt) kelix corre-
spectral region. According to exciton chirality rules, a positive sponding to the § absolute configuration i. This result
split Cotton effect results from coupling of transition dipoles confirms the assignment of theR) configuration to the
that describe a right-hande®®)(helix, which corresponds to  firstHPLC eluant of4 and strongly supports the same assign-

the (R) absolute configuration i2—4. ments made fo and 3.

To confirm the stereochemical assignments, the second HPLC Dopant—Host Compatibility. The compoundsR)-2—4 were
eluant of4 was reduced stereoselectively to tigtrans-diol doped in the liquid crystal hosihP1, PhB, DFT, andNCB76,
18 in 74% vyield using LiAlH,2® and then converted to the which exhibit FN—A—C phase sequences. We observed
bisp-dimethylaminobenzoate derivativé9 in 58% yield significant differences in solubility between the three dopants

(Scheme 2). The unambiguous assignment of the cis/transin the SmC phases oPhP1, PhB, and DFT, which is
configuration in 18 was based on théH NMR spectrum,

(29) This approach was used to determine the absolute configuration of
unsubstituted 2,2spirobiindan-1,kdione: Harada, N.; Ai, T.; Uda, HI.
(28) Dynesen, EActa Chem. Scand., Ser.B®75 29, 77. Chem. Soc., Chem. Commui982 232.
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noteworthy in light of molecular modeling predictions that the
three dopants should have similar molecular shapes and con
formational distributions (vide infra). Solubility limits were

estimated by polarized microscopy based on the observation of

persistent biphasic SmC*/isotropic domains at 10 K below the
Curie point of a given mixturel(—T¢c = —10 K). The solubility
limits in PhP1, PhB, andDFT range from ca. 25 to 30 mol %
for the 5,5-dialkoxy derivative R)-2, 10 to 15 mol % for the
5,6-dialkoxy derivative R)-3, and only 3 to 5 mol % for the
6,6-dialkoxy derivative R)-4. The solubility limits are higher

in NCB76: in excess of 25 mol % for bothRj-2 and3, and 10

to measure the order parameters of deuterated mesgens
to characterize the local environment of nonmesogenic dopants
in liquid crystal host$!%? As shown in Figure 62H NMR
spectra of R9-2-d4 (10 mol %) in each of the four hosts at
T—Tc = —10 K feature only quadrupolar doublets witfvq
values on the order of 6670 kHz, which indicates that all of
the dopant molecules in these mixtures reside in a liquid
crystalline environment. Remarkably, tid NMR spectra of
(R9-3-d4 and R9-4-d4 in PhP1 (10 and 2.9 mol %, respec-
tively) feature an isotropic singlet together with a weak
guadrupolar doublet, which suggests that the dopant molecules
reside primarily in isotropic microdomains that cannot be
observed by polarized microscopy/No isotropic singlet was
observed with the other liquid crystal mixtures containiRg¢
3-d, or (R9-4-ds. These results suggest that all three dopants
form homogeneous mixtures witRhB, NCB76, and DFT
below the solubility limits established by polarized microscopy.
Most of the spectra feature pairs of quadrupolar doublets,
which are well resolved in the spectra &§-4-ds (AAvg =
24—30 kHz), but only partially resolved in the spectra BS-
2-ds (AAvg = 0—7 kHz). The spectra ofR9-3-d, are more
complex due to its unsymmetrical configuration, but appear to
combine the spectral features of the other two dopants. There
are two likely explanations for the presence of quadrupolar
doublet pairs: (i) a partitioning of the dopant between two
different mesophases, or (ii) a chiral perturbation of the local
environment of the dopant causing the methylene deuterons to

become nonequivalent. The first possibility was ruled out based
on observations of doublet pairs with smaller quadrupolar
splittings in the nematic phase of the 10% mixture<DIRT
(Figure 6), as well as in the nematic phas@ 8 mol % mixture

of (R9-4-d, in 4-cyano-4pentyloxybiphenyl, which forms only

a nematic phase (see Supporting Information). With respect to
the second possibility, Samulski showed that the enantiotopic
methylene deuterons of perdeuterated benzyl alcohol become
diastereotopic when dissolved in a chiral nematic liquid crystal
formed by a solution of poly~benzyli-glutamate (PBLG) in

mol % for (R)-4. The phase diagrams in Figure 5 show that CH,Cl,.33 This has proven to be a general effect for enantiotopic
addition of R)-2 causes a severe destabilization of the SmC CD: groups in molecules such as perdeuterated butanol, octanol,
phase formed byhP1, and a more moderate destabilization and 4-cyano-4pentylbiphenyl dissolved in PBLG, which was

of the SmC phase formed bghB and DFT. Interestingly, attributed to a difference in orientational order parameter of the
addition of R)-2 has virtually no effect on the SmAC phase ~ W0 C—D bonds due to a reduction in symmetry of the
transition temperature oNCB76, which suggests that the anisotropic solutesolvent interaction potentidf.In the case

binding site of this host provides a good fit for the chiral dopant. of (R$'2_4'd4’ the methylene Qe_utergns are_formally _dias_ter_—

A comparison of phase diagrams for mixturesRf-2, -3, and eotopic, but they should be undistinguishable in an achiral liquid
_4in NCBT76reveals a growth in biphasic regions an’d ir;creasing crystal host given their distance to the stereogenic center, if the
mesophase destabilization going from the'5(6 the 6,6 dopant molecules are passive. However, a chiral perturbation

dialk derivati hich . ith th di exerted by the dopant on the liquid crystal host via earere
lalkoxy derivative, which are consistent with the trend In e actions could create the local chiral environment necessary
solubility limit established by polarized microscopy.

(30) Dong, R. Y. InEncyclopedia of Nuclear Magnetic Resonan@eant, D.
M., Harris, R. K., Eds.; John Wiley & Sons: 1996; Vol. 4, pp 2752
2760.

(31) (a) Workentin, M. S.; Leigh, W. 2. Phys. Chem1992 96, 9666. (b)
Workentin, M. S.; Fahie, B. J.; Leigh, W.Qan. J. Chem1991, 69, 1435.
(c) Workentin, M. S.; Leigh, W. J.; Jeffrey, K. R. Am. Chem. So499Q
112 7329. (d) Fahie, B. J.; Mitchell, D. S.; Leigh, W.Qan. J. Chem.
1989 67, 148. (e) Fahie, B. J.; Mitchell, D. S.; Workentin, M. S.; Leigh,
W. J.J. Am. Chem. S0d.989 111, 2916.

Dopant-host compatibility was also assessedZiyNMR
spectroscopy using the racemic dopaRS{2-ds, 3-ds4, and4-d,
with dideuterated side-chains—QCD,CgH13), which were
mixed in the four liquid crystal hosts below the solubility limits
established by polarized microscopy. In an anisotropic liquid

: : 32) (a) Vlahakis, J. Z.; Lemieux, R. B. Mater. Chem2004 14, 1486. (b
crystal. phase, the |r}teract|on of. thg quadrl_JpoIar moment of a (32 ,Sm)alyv K. E. WU, G.; Lemieux, R. PLIq. Gryst. 2001, 28, 457. (®)
deuterium nucleus with the electric field gradient tensor produces (33) Czarniecka, K.; Samulski, E. Mol. Cryst. Lig. Cryst.1981, 63, 205.

. . . . (34) (a) Emsley, J. W.; Lesot, P.; Courtieu, J.; Merlet,Abys. Chem. Chem.
a quadrupolar doublet with a splittingvq that is directly Phys.2004 6, 5331. (b) Merlet, D.; Loewenstein, A.; Smadja, W.; Courtieu,
proportional to the orientational order parameter of theDC

J.; Lesot, PJ. Am. Chem. S0d998 120, 963. (c) Meddour, A.; Canet, |.;
K Loewenstein, A.; Pehing J. M.; Courtieu, JJ. Am. Chem. Sod994
bond. Hence?H NMR spectroscopy has been used extensively

116 9652.
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Figure 5. Partial phase diagrams for mixtures of (&) in PhP1, (b) (R)-2 in PhB, (c) (R)-2 in DFT, (d) (R)-2 in NCB76, () (R)-3in NCB76, and (f)
(R)-4 in NCB76. The phase transition temperatures were measured by polarized microscopy on ocqa$intge dopant mole fraction.
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Figure 6. ?H NMR spectra (92.13 MHz) of (a) 10 mol % mixtures &$-2-d, in the four liquid crystal hosts, (b) 10 mol % mixtures &3-3-d, in the
four liquid crystal hosts, and (c) mixtures d®$-4-d, in the four liquid crystal hosts at the following concentrations: 2.6 moP¥%R1), 3 mol % (PhB),

5 mol % (NCB76), and 3 mol % DFT). Each spectrum was taken in the SmC* phast-afc = —10 K, except those in the fifth column, which were taken
in the N* phase.

to make the prdr and proS deuterons nonequivalent in2a from the SmC* to the N* phase, which is consistent with a
NMR spectrum. In such cases, the difference\ir, between weakening of chiral perturbations by the dopant due to a lack
two quadrupolar doublet?\(Avg) should reflect the degree of  of positional order (corecore correlation) in the nematic phase.
chiral perturbation exerted by the dopant on the liquid crystal According to this rationale, the combined results of#HeNMR

host. In the hosDFT, we observed a decreaseAm\vq going experiments suggest that the'éj&lkoxy derivative R)-4 exerts
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Figure 7. Absolute value of reduced polarizatit®,| versus dopant mole 50
fraction x4 for dopants R)-2 (O), (R)-3 (@), and R)-4 (O) in NCB76 at
T-Tc = —-10 K. Ea
§ o
Table 1. Polarization Powers d, of (R)-2, -3, and -4 in the Hosts >
PhP1, PhB, NCB76, and DFT at T—Tc = —10 K £ -
-oU ¢
3, (nClem?)2b a’
dopant PhP1 PhB NCB76 DFT 1004
(R-2 7494+35(+) 460+13(+) 363+ 30 (+) 21+ 3 (+)
(R-3 >11(+) 130+ 7(-) 144+ 7(-) 220+ 5(-) 150 ‘ °
(R-4 >160 (-) 79+9(—) 1037+100() 285+26(—) 0 005 01 015 02 025 03

aSign of polarization in parenthesésUncertainty is+ standard error
of least-squares fit.

stronger chiral perturbations in the SmC* phase than the 5,5
dialkoxy derivative R)-2.

Polarization Power MeasurementsHomogeneous mixtures
of (R)-2, -3, and 4 in the four liquid crystal hosts were aligned
as SSFLC films using commercial ITO glass cells with rubbed
polyimide surfaces and a cell gap of /m. Spontaneous
polarizations Ps) and tilt angles®) were measured in the SmC*
phase af—Tc = —10 K by the triangular wave methé8and
the correspondind®, values were calculated using eq 2. A
minimum of five different mixtures were prepared for each
dopant/host combination (except fdR)¢{4 in PhP1due to low
solubility), and the resulting, values were plotted as a function
of the dopant mole fractiory. The plots gave good least-squares
fits (RZ2 = 0.928-0.998) except fork)-3 in NCB76, which gave
a plot showing a positive deviation from linearity»at> 0.10
(Figure 7). The polarization power values were derived from
the P, versusxy plots using eq 1 and are listed in Tabled;
values for R)-3 and 4 in PhP1lare given as lower limits based
on the?H NMR findings that the dopants reside primarily in
isotropic microdomains. The sign &fs along the polar axis
was assigned from the relative configuration of the electric field
and the switching position of the SSFLC film according to the
established conventidhAs shown in Table 1, the polarization
power of R)-2 is uniformly positive and varies significantly
with the host structure. Conversely, the polarization power of
(R)-4 is uniformly negative and shows a different trend in host
dependence, with the highes}, value of —1037 nC/cm
obtained iNNCB76. The unsymmetrical dopan®)-3 seems to
behave as a hybrid of the two symmetrical isomé¥sq and
-4. Its polarization power is lower, on average, and the sign of
Ps is not the same in all four hosts, which is consistent with
competing conformational biases (vide infra).

(35) Miyasato, K.; Abe, S.; Takezoe, H.; Fukuda, A.; Kuze Jgn. J. Appl.
Phys.1983 22, L661.
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Figure 8. Reduced polarizatioR, versus mole fraction oMDW950 in

NCB76 atT—Tc = —10 K: (a) in the presence oR}-2 (®) and §)-2 (O)

at x = 0.05 and (b) in the presence dR){4 (®) and §-4 (O) at x4 =

0.05. The slope of the dashed lines214 nC/cmd) corresponds to the

polarization power oMDW?950 in the absence of the chiral dopant.

Probe Experiments. Previous work has shown that chiral
perturbations exerted by dopants with chiral cores can be
detected in the SmC* phase using the Displaytech dopant
MDW950 as probé?® These experiments are based on the
assumption that any long-range perturbation exerted by a chiral
dopant should affect the conformational equilibrium of the probe
and, consequently, its polarization powég:gnd. To determine
whether a perturbation is chiralipone is measured in the
presence of each enantiomer of the chiral dopant; if they exert
chiral perturbations, the two enantiomers should have different
effects ondprone Hence, to test the hypothesis th&)-4 may
exert stronger chiral perturbations in the SmC* phase tRan (

2, we performed a series of probe experiments WIBW950

in the hostNCB76, in which the largest difference inAvg
between R9-2-d; (0 kHz) and R9-4-d; (30 kHz) was
observed. The reduced polarization inducediyW950 was
measured as a function of its mole fractixygo in the presence

of the R) and ) enantiomers of each chiral dopant at a constant
mole fraction of 0.05 (5 mol %). As shown in Figure 8, the
resulting plots ofP, versusxgsp are shifted up and down the
y-axis by values equal td, induced by the R) and ©
enantiomers ofK)-2 and 4 in the absence of the probe. The
results show that the polarization power MDW950 (dgs50)
increases by the same amount, within error, in the presence of
either -2 or (9-4 (0950 = —355+ 37 and—386 + 19 nC/
cn¥, respectively). The plots obtained in the presenceRp(

and R)-4 also indicate an increase dgsg, but they both appear

to deviate from linearity. These results suggest that the two
dopants exert similar long-range perturbationsl®B76, which

are, at best, weakly chiral in comparison to the chiral perturba-
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Figure 9. Space-filling models showing conformational distributions of dop&2(as side-on views with the spirobiindandione core in planar and C
orientations. The heats of formatioAkls) and dipole moments along the polar axig)(were calculated for each minimized structure at the AM1 level. The
un vectors point from negative to positive according to the physics convefftitine chiral axis of the spirobiindandione core is congruent with the tilt plane
(plane of the page), and the polar axis is normal to the plane of the page.

tions exerted byR)-1 in PhP1 according to a similar probe
experiment (vide suprdy.

Conformational Analyses. To understand the molecular
origins of the polarization induced byR)-2—4 and the
dependence o, on the structure of the host, conformational
analyses of the three dopants are carried out at the AM1 level
within the framework of the Boulder model; that is, the chiral
dopants were considered to be passive guests that conform t

conformation with the core more tilted than the side-chains, that
the alkoxy side-chains are fully extended with the methylene
groups in anti conformations, and that the ether linking groups

that may be responsible for the induced polarizatfoim each
case, the analysis begins with the minimized conformation that
best “fits” the zigzag binding site. The core is then rotated by
90° increments about its chiral axis, and each structure is
minimized at the AM1 level after the side-chains are rotated to
give the closest fit to the zigzag binding site. As shown in Figure
9, two pairs of degenerafe conformations are obtaineB)/I’

and PII/ll ',37 with equal but opposite dipole moments along

the achiral binding site of the host in the SmC phase (see Figureqhe polar axis ). Although the difference in energy between

1). In this model, we assume that each dopant adopts a Zigzagmodel predicts tha®ll/Il *

P1/I" and PlI/Il " is insignificant in the gas phase, the Boulder
should be disfavored because its bent
shape does not conform to the zigzag binding site. Similarly,
the conformation€,l andC,lll have equal but opposite dipole

are coplanar with the aromatic rings. The calculations suggest(3s) These gas-phase conformational distributions are oversimplifications of

that the three dopants are in equilibrium between two conforma-
tions with different core orientations, as shown in Figure 9. In
one conformation), the plane of one indanone fragment is
congruent with the tilt plane defined byandz; in the other
conformation C,), the G axis of the core is coincident with
the polar axis. An analysis of conformational distributions for
the two core orientations oRj-2 reveals a conformational bias

complex conformational/orientational hypersurfaces and neglect depant
host intermolecular interactions, but they do provide a useful basis to
understand the molecular origins B£° More rigorous analyses based on
atomistic molecular dynamics simulations are currently under develop-
ment: Ghenea, R.; Cann, N. M., unpublished results. A related Monte Carlo
molecular simulation method that calculates helical twisting powers based
on fully atomistic structures of chiral dopants in a Gd&8erne nematic
liquid crystal solvent has recently been reported: Earl, D. J.; Wilson, M.
R. J. Chem. Phys2004 120, 9679.

(37) The two conformations in each degenerate pair can be interconverted by a
180 rotation about the polar axis.
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Figure 10. Space-filling models showing minimized zigzag conformations of dop&)t&,(-3, and 4 as end-on views with the spirobiindandione core in
planar and g@orientations. The heats of formationlls) and dipole moments along the polar axis)(were calculated for each minimized structure at the
AML1 level. The tilt plane is vertical and normal to the plane of the page, and the polar axis is horizontal and in the plane of the pagesctbrs point
from negative to positive according to the physics converifon.

moments along the polar axis, but the latter is disfavored becauseC,, and that a finer balance betwe#8 and P3 may be
of its linear shape. The other two degenerate conformations haveresponsible for the polarization inversi&h.

no dipole moment along the polar axis and may therefore be Results of the probe experiments NCB76 suggest that
neglected. Overall, the analysis suggests that the spontaneougeither R)-2 nor (R)-4 exert strong, long range chiral perturba-
polarization induced byR)-2 depends on the position of the  tions comparable to those exerted IR)-(L in PhP1under the

equilibrium between the zigzag conformatioRl’ and Cal, same experimental conditiof$However, theH NMR experi-

which have dipole moments in opposite directions along the ments strongly suggest that bofR){3 and 4 exert short range

polar axis. chiral perturbations that might still influence the conformational
Similar conformational analyses were carried out )-8 distribution of the dopant according to the CTF model. The

and 4; the correspondin@ and C; zigzag conformations are  positive deviation from linearity observed in tiiRg versusxy
shown in Figure 10 as end-on views along with thoseR}X{2. plot for (R)-3 in NCB76 at relatively high mole fractions¢{ >

The conformational distribution of the symmetrical dop&)t4 0.10) suggests a cooperative effect that is consistent with the
is essentially the same as that Bj{2, but predicts an induced  CTF model. Unfortunately, we were unable to measure polar-
polarization of opposite sign. The distribution of the unsym- izations in that higher mole fraction range witR){3 in the
metrical dopantR)-3 is more complex; the £core orientation other hosts, or withR)-4 in any host due to solubility limits.
has two degenerate zigzag conformations, and the planar coréOn the other hand, the linearity of th& versusxgy plots for
orientation has two nondegenerate zigzag conformations with (R)-2 at mole fractions as high as 0.25, together with the small
up of opposite signs. In each case, alkoxy and carbonyl groups AAvq values observed in the corresponddityNMR spectra,
contribute to the dipole moment along the polar axis, either suggest thatR)-2 exerts very weak, perhaps negligible, chiral
constructively or (partially) destructively, except in the case of perturbations in the four liquid crystal hosts.

conformationC,3, in which the transverse dipole moments of If one assumes that the CTF effect does not contribute to the

the two carbonyl groups cancel out. polarization induced byR)-2, the dependence af, on the
nature of the host may be understood in terms of a shift in the

Discussion P/C, conformational equilibrium that is controlled primarily by

a difference in conformational steric demand in the core region
of the binding site. If one simplifies the binding site of the
Boulder model to three cylindrical sections forming a zigzag
shape, steric demand in the core region may be approximated
by the distance between atomic coordinates where divergence
from the central cylindrical space begins. As shown in Figure
11, this approximation reveals that the core section ofRhe
conformation is ca. 1.5 A shorter than that of theconforma-

tion, which suggests that tHC, conformational equilibrium
should shift toward th® conformation (positivet) as the core

The results described herein paint a rather complex picture
of the dependence @, on the structure of the dopant and the
nature of the liquid crystal host, which includes significant
differences in dopanthost compatibility, and in the degree of
chiral perturbations exerted by the dopants on the achiral SmC
phase. Let us first consider the general trends in sign and
magnitude of induced polarization with respect to dopant
structure. The 5/5dialkoxy dopant R)-2 induces a positive
polarization in all four hosts, whereas the 'édélkoxy dopant
(R)-4 induces a negative polarization in all four hosts, which is
consistent with the results of the conformational analysis and

(38) The reasofP3would be favored oveP3 in three of the four hosts remains

suggests the® conformations are generally favored ow@rin unclear. In conformatioR3, the 6-heptyloxyindanone fragment is oriented
indi i “ id” _ perpendicular to the tilt plane, which may be less compatible with the SmC
Fhe Sm_c blndlr?g site. Thép data for the hybm_j dOp""_”ﬂ) 3 . binding site than the 5-heptyloxyindanone fragment in the same orientation.
is consistent with a more complex conformational distribution, Interestingly, the perpendicular orientation of the 6-heptyloxyindanone
; ; ; fragment is also present iR4, but it cannot be avoided, as iR)3, by
as pred'Cted by_ the POnformatlona! analySIS' Th_e dataF{))B( switching to another zigzag conformation. This would be consistent with
may also be rationalized by assuming a predominan&eower the remarkably low miscibility of ®)-4 relative to R)-3 and R)-2.
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Conclusions

The compoundsR)-2, -3, and 4 represent a new class of
dopants with axially chiral cores for the induction of ferroelectric
liquid crystals, with polarization powers that strongly depend
on the core structure of the liquid crystal host. We have shown
that relatively minor changes in the dopant structure, that is,
moving the alkoxy side-chains from the 5t6 the 6,6 positions
of the spirobiindandione core, have profound effects on the
induced spontaneous polarization (sign and magnitude), on
dopant-host compatibility, and on the propensity of the dopant
to exert chiral perturbations on the host environment. We have
also demonstrated the usefulnestdfNMR spectroscopy to
probe the local environment of dopant molecules and assess

Figure 11. Space-filling models of the conformatioRg(eft) andC (right) their miscibility in a liquid crystal host, as well as to detect
for (R)-2in relation to a simplified form of the zigzag binding site according  short-range chiral perturbations exerted by a dopant on the host
to the Boulder model. environment. The variations in sign and magnitude)pas a

) o ] . function of alkoxy group positions may be rationalized on the
sectlt_)n qf the host binding site becomes shorter_. The trend inya¢is of an analysis of zigzag conformations that conform to
polarization power versus host structure fj-¢, which shows  he pinding site of the SmC phase according to the Boulder
dp increasing from+21 nCl/cn? in the host with the longest  model. The analysis suggests thaf is a function of an
core OFT, 14.4 A) to+749 nC/cr in the host with the shortest equilibrium between two zigzag conformations with opposite
core PhP1, 9.7 A), is consistent with this model. dipole moments along the polar axis of the SmC* phase and

The trends in polarization power versus host structure are that the observed host dependence may be understood in terms
different in the cases oR)-3 and R)-4, which may be due to  of differences in steric demand between the two conformations
the added contribution of the CTF effect. Unfortunately, it is in the core region of the binding site, a new form of molecular
difficult to quantify the contribution of this effect, and how it ~ recognition in smectic phases. A closer examination of the two
might affect the conformational equilibrium of the chiral dopant, opposite conformations also reveals that it may be possible to
and the rotational distribution of its transverse dipole moment further bias the conformational equilibrium toward tfe
relative to the polar axis in a given liquid crystal h&3t:15To conformer, and therefore test our conformational distribution
rationalize the dependencedfon the alkoxy group positions, ~ Model, by introducing a substituent at the 6-position of one
the data inNCB76 are deemed to be most reliable given the indanone fragmentirR)-2, for example. The substituent would
relatively high compatibility of this host with all three chiral force one alkoxy group in amnti-periplanar conformation
dopants. The polarization power dR)¢4 is 2.8 times greater ~ 'elative to the carbonyl group, which is only present in the
than that of R)-2 in NCB76, which is consistent, to a first ~conformer (Figure 9). The study of such derivatives is in
approximation, with the difference in dipole moments progress and will be reported in due course.
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2-hydroxy-5,5-dialkylé-valerolactone: Sakashita, K.; lkemoto, T.; Na-
kaoka, Y.; Terada, F.; Sako, Y.; Kageyama, Y.; Mori,lKg. Cryst.1993
13, 71. JA054322K

J. AM. CHEM. SOC. = VOL. 127, NO. 39, 2005 13665



