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Abstract: In this work the lyotropic liquid crystal nematic state of paiy{exyl isocyanate) (PHIC) was
converted to the cholesteric state by doping with a variety of chiral small molecules and with optically active
polyisocyanates. Circular dichroism experiments in dilute isotropic PHIC solutions show that several of the
small molecules used as dopants in the liquid crystal work cause an excess of one helical sense in the otherwise
helically dynamically racemic PHIC. Both the helical sense and excess of this sense in dilute solution correlate
to the cholesteric sense and twisting power of the same dopants in the concentrated PHIC liquid crystal solutions.
The experimental results are consistent with a mechanism of cholesteric formation in which the chiral dopants
displace slightly the otherwise equal population of the dynamically interconvertable mirror helical senses of
the PHIC, which is then further amplified by the liquid crystal matrix. Direct evidence for the amplification

of the intrinsic helical sense excess of the polyisocyanate by the liquid crystal state could be demonstrated by
comparing the cholesteric properties of systems doped with polyisocyanates in which the ratio of the mirror
helical senses of the dopants in two compared experiments are identical but in one experiment the helical
senses could interconvert and in a separate experiment could not interconvert. The amplification mechanism
is driven by the reduction in population of the mobile kinked helical reversals which likely act as “bad neighbors”
to the local liquid crystal organization.

Introduction DNA,5 chiral micellar system$,and guanylic nucleotidés
although one notes the interesting exception of Tobacco Mosaic
Virus which forms a nematic lyotropic state. Early studies of
Robinso# on lyotropic solutions of poly(-benzylL-glutamate)
(PBLG) yielded the first careful studies of cholesteric pitch and
a precise correlation between experimental observations and
theories of the extraordinary optical properties of the cholesteric
state3 In PBLG the cholesteric lyotropic state arises from the
chirality of the polymer which is known to take a fully right-
handed heli¥. There have been few studies on the lyotropic
polymer liquid crystals to parallel the chiral doping experiments
in thermotropic liquid crystals simply because most lyotropic
polymer systems are intrinsically chiral and therefore form

The interplay between chirality and the liquid crystalline state
is a subject of great interest from both the theoretical and the
technological points of view. Display technology based on
thermotropic cholesteric and smectic C* liquid crystals is a well-
established demonstration of the importance of chirality in the
liquid crystal are&. From the first liquid crystal observed which
was incidentally chiral, this area of study has generated a huge
patent and journal literature, which has overwhelmingly focused
on thermotropic liquid crystals. In the lyotropic polymer liquid
crystal area we often encounter cholesteric states formed by
chiral polypeptides, polysaccharides and their derivatives,
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Table 1. Helical Twisting Power of Various Chiral Dopants
in toluene solution of PHIE in PCP in isotropic solution
dopant we ﬁM/,le_l ﬁM/ym‘l [9]257 nn{Cdoped

BN-1 0.30 —0.48+ 0.02 (-0.46+ 0.02) +85+ 4
BN-2 0.30 0.00 (0.00)
BN-3 0.30 (+0.69+ 0.03) +80+3
BN-4 0.32 +0.22+ 0.02 (-0.57+ 0.04) +79+4
cholesterol 0.30 +0.32£0.01 —56+£0.5
cholesteryl chloride 0.29 +0.28+ 0.02 —-35+04 —64
cholesteryl propionate 0.30 +0.20+ 0.01 —9.7+0.7 —62
cholesteryl nonanoate 0.23 +0.027+ 0.001 —9.6+0.6 not detectable
cholestane 0.27 —0.055+ 0.002 11
MPC 0.30 —0.26+0.01
camphor 0.28 +0.062+ 0.002 —24
HIC/NIC (85/15) 0.30 1.2£0.1

0.40 1.7+ 0.1

aMW 73 000 (MW 133 000)® 4-Cyano 4n-pentylbiphenyl.° PHIC weight fraction in toluene solutiod.Molar ellipticity of the PHIC monomer
unit per unit molar concentration of the dopant in the units of/clegVi.

There is one very well studied class of macromolecules, the
polyisocyanates, which consist of equal populations of dynami-
cally interconverting left- and right-handed helical forms which
yield a lyotropic nematic state in which both the local and
dimensional characteristics of the chain and the conditions for
forming the nematic liquid crystal phase are well understood
and where the nematic state is stable over a wide concentration
range in common solvents and is easily accessiblg. In this 320
polymer, as in the parallel work on PBLG, the cholesteric state A (nm)
has been carefully studied in the situation where the chain has,:igure 1. CD spectra (elipticity vsl) of 10 um planar samples of
been forced by intrinsically chiral units to take a single helical pHic doped with BN-1 (a), BN-3 (b), BN-4 (c), cholesterol (d),
sensé?® Here we have taken the unusual opportunity offered cholesteryl chloride (), cholesteryl propionate (f), and MPC (g). The
by poly(n-hexyl isocyanate) PHIC to obtain information on the optical rotations of these same samples are reported in Table 2.
use of chiral dopants, including bridged binaphthyls used for
doping of thermotropic liquid crystais!” and optically active
polyisocyanates with interconverting and noninterconverting By = LIPXD) (1)
helical sense block;1%to convert the lyotropic nematic state M

to its cholesteric counterpart. The results of this study support yyherep is the cholesteric pitchX is the mole fraction of the
the hypothesis that the dopants act to favor one helical sense Ofdopant in the mixture of the matrix PHIC and the dopant ((mole
the PHIC, which is further amplified by conformational changes s ihe dopant)/[(mole of the PHIC monomer unitsmole of

imposed by the liquid crystal field, and which is then responsible o dopant)]), and is the enantiomeric purity of the dopant.
for the formation of the cholesteric state. Parallel mechanisms e sign ofP and By is defined to be positive for the right-

are known in both thermotropic and micellar liquid crystals.  handed cholesteric helix, and vice versa.

Table 1 summarizes the results gf; for all the small
molecule dopants studied in toluene solutions of pelyéxyl
isocyanate) (PHIC) at 30C2! The cholesteric pitch was
measured by polarizing microscopy of the cholesteric solutions
in a nonplanar texture where the classic fingerprint pattern
appears, and the sign giy was determined by circular
dichroism (CD) and optical rotation dispersion (ORD) of the
solutions in a planar texture following standard procedures in
this field?2-24 The CD and optical rotation data for some of
the investigated dopants are shown in Figure 1 and Table 2.

From the data in Table 1 we see the generally smaller HTP
values in the lyotropic liquid crystal formed from PHIC than

300
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terms of

Results and Discussion

Small Molecule Dopants. According to the convention of
doping experiments of thermotropic liquid cryst#2° we
express the helical twisting power (HTP) of a chiral dopant in
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20, 143.

(13) Lifson, S.; Andreola, C.; Peterson, N. C.; Green, MJVAmM. Chem.
Soc.1989 111, 8850.

(14) Conio, G.; Bianchi, E.; Ciferri, A.; Krigbaum, W. Rdacromol-
ecules1984 17, 856. Itou, T.; Teramoto, AMacromoleculesl988 21,
2225.
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molecules1993 26, 4551.
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Trans. 21975 997. For correlation of the literature with our results see
also: Kuczynski, W.; Lagerwall, S. T.; Matuszczyk, M.; Skarp, K.; Stebler,
B., Wahl, JMol. Cryst. Lig. Cryst1987 146, 173 and lines 510 on page
180.
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York, 1994; p 105.
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Table 2. Optical RotationsDd (rad/cm) of 10um Planar Samples 15
of PHIC Doped with BN-1 (a), BN-3 (b), BN-4 (c), Cholesterol (d),

Cholesteryl Chloride (e), Cholesteryl Propionate (f), and MPC (g) 1.0
Am) @ ) © @ ©® O © Bu v%/
589 26.8 —46.77 @m™ %] %

577 —27.3 48.7 372.2 209.0 27.0 26.2 —48.00 | — e
546 —243 569 4135 2207 295 315 —5952 0.0 e .,
435 —49.0 121.0 7713 2779 725 63.6 —95.82 : ;?

405 —61.7 133.0 941.7 300.9 80.1-198.97 -0.5

aThe CD spectra of these samples are reported in Figure 1. -1.0 —

30 31 32 33 34 35 36 37
1000/T (K™
Figure 2. Helical twisting powersf3u, vs 10007 for toluene solutions

Chart 1

Q0

0 of PHIC, MW 73 000 (30%), doped with BN-1 (open triangle up), BN-4
o~ CHin (filled square), cholesterol (open circle), cholesteryl chloride (filled
©© triangle up), cholesteryl propionate (filled hexagon), cholesteryl
nonanoate (open hexagon), cholestane (filled circle), MPC (open
square), and camphor (filled triangle down) and for toluene solutions
n= ; ; g:; X =OH § cholesterol of PHIC, MW 133 000 (30%), doped with BN-1 (filled diamond), BN-3
n= N X=Cl 6 cholesteryl chloride (open diamond), and BN-4 (open trangle down).
n=3 3 BN-3 X = C2H5CO0 7  cholesteryl propionate
n=4 4 BN4 X = CH3(CH2)7C00 8 cholesteryl nonanoate
4 b
. 2 r (c)
CcD ol
PO g, ey e
oy X Lo 2 ® 1,
H g -4 1 n 1
210 250 300 350
9 Cholestane 10 MPC 11 Camphor A {(nm)

Figure 3. CD spectra (elipticity vdl) of isotropic dilute solutions of
what is known for the same dopants in thermotropic liquid PHIC (2.5 mg/mL) dissolved in hexane containing 50 mg/mL camphor
crystals. Table 1 also shows that the HTP values of the bridged (&), 50 mg/mL cholesteryl chroride (b), and 150 mg/mL cholestane (c)
binaphthylsl—4 (Chart 1) are comparable to those of the other in @ 0.01 cm quartz cell.
small molecular chiral dopants in the lyotropic solvent. This o ) )
is in contrast with the strong HTP values of these dopants in impossible in the cholesteric state since the strong CD of the
the thermotropic nematogen 4-cyarierdpentylbiphenyl (PCB) mesogenic state precludes direct chiral optical probing of the
(cf. the fourth column in Table 1). Gottarelli et ¥ PHIC macromolecule. Second best, we can study dilute
interpreted the strong HTP values of the bridged binaphthyls Solutions of PHIC with the same chiral dopants as used in the
in the mesogen PCB by a mechanism in which the bridged liquid crystal experiments. This can only be done with a few
binaphthyls are involved in a steric interaction with the biphenyl Select dopants since among the chiral dopants in Table 1 only
groups of the mesogen, introducing a preference for one of the cholesteryl chloride, cholesteryl propionate, cholesteryl nanoate,
mirror twist states. The findings in Table 1 suggest another cholestane, and camphor are both transparent at the wavelength
mechanism is at work here which is supported by the finding Necessary to measure the circular dichroism signal associated
of an inversion of the cholesteric sense of the lyotropic liquid With the helical character of the PHIC, about 250 nm, and
crystal with a change in the number of methylene units in the Soluble in an appropriate UV transparent solvent, hexane, for
binaphthyl bridge and by the temperature dependence of thethis experiment.
cholesteric data (Figure 2). The data in Figure 2 are also in  Figure 3 shows examples of the CD spectra for isotropic dilute
conflict with the ide&® that the temperature dependence of the solutions of PHIC dissolved im-hexane containing three of
pitch data would correlate to the structures of the dopants andthe chiral dopants, camphor, cholesteryl chloride, and cholestane.
act thereby as a means to quantify the chirdityf these The signs of the CD bands near 257 nm, for all the dopants
materials. This approach would not have been possible with studied in this way, and their intensities expressed in molar
thermotropic liquid crystals because of the temperature depen-ellipticity are presented in Table 1. When this CD band is
dence of their phase bounddry. negative, predicted to correspond to an excess of the left-handed

So how do the dopants affect the transformation of the helix sense of the PHI the cholesteric sense, when using
lyotropic nematic phase of PHIC to the cholesteric? Itis known these dopants, is positive or right-handed and vice versa for
that the helical sense ratio of the dynamically racemic PHIC the dopant with the positive CD band. In addition, the intensities
can be displaced from unity by chiral solvation, a phenomenon of the CD bands in the dilute solution experiments (Table 1)
which has been used as a new way to measure preferentiafre approximately correlated with the HTP values; that is higher
solvation?” To test if the chiral dopants are acting directly molar ellipticity valued dopants in dilute isotropic solution
on the PHIC as the source of the cholesteric twisting is virtually correspond to higher HTP values in the liquid crystal state

(25) Gottarelli, G.; Spada, G. P.; Varech, D.; Jacqudsig).Cryst.1986 (27) Khatri, C. A.; Pavlova, Y.; Green, M. M.; Morawetz, . Am.
1, 29. Chem. Soc1997, 119, 6991. Green, M. M.; Khatri, C. A.; Peterson, N. C.,
(26) Buda, A. B.; Auf der Heyde, T.; Mislow, KAngew. Chem., Int. Ibid. 1993 115 4941. Khatri, C. A. Doctoral Thesis, Polytechnic University,

Ed. Engl.1992 31, 989. 1995, Chapter 1.
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0.15 o therefore the mesogenic PHIC and the chiral dopant copolymer
i ’ described above was fixed to 0.3@, (the weight fraction in
| ggfg ] toluene) and the ratio of the weights of the dopant to the PHIC,
Ll 064 | Wy, was fixed at 0.02. The, value of the doped PHIC solutions

- increases (more tightly wound cholesteric) with increasig (
% 1 NIC compositionx in the dopant copolymer as is expected.
1 If we take into account only the chirality coming from the
chiral monomer units in the dopant copolymers, tein eq 1

0.05 B ] would be equated to the moles of the chiral monomer units in
i MM . the copolyisocyanate divided by the moles of the total HIC

01 F —a— 991
—o-— 99.5/0.5

q. /ym_l

monomer units in PHIC and in the copolyisocyanate. Under
W,=002, w=030 ] this assumption the plot af; vs X constructed from the data
L] shown in Figure 4 is nonlinear and from the initial slope yields

0 an inappropriately high value of the helical twisting power. This
28 3 3.2 3.4 3.6 result comes from the fact that the HTP in fact arises not only
1000/T from the chiral NIC units in the chain but also from the fact
Figure 4. Absolute values of cholesteric wavenumbey,vs 10007 that these chiral units are cooperatively influencing large

for toluene solutions of PHIC doped with 2% of the specified with  domains of the helical backbone, and therefore the achiral units,
= HIC andx = NIC. to take an excess of one helical sense. In such a case, we must
choose the mole fraction of all monomer units on the optically
Chart 2 . . ) .
active copolyisocyanate chain dg(mole of the monomer units
0 j in the optically active copolyisocyanate)/[(mole of the monomer
“N—C- “-N—C>- units in PHIC)+ (mole of the monomer units in the optically
active copolyisocyanate)]), and the excess of one helical sense
of the chiral dopant copolyisocyanate byn eq 1. The latter
can be related to the mole optical rotation] [per the monomer
unit) of the chiral copolymer in dilute solution by

HIC (R)NIC r=[my/[m], )

) . . where | is the molar optical rotation of the polyisocyanate
including the case of cholesteryl nonanoate where the HTP is it 4 single-handed helical conformation. As we will see

very small and the CD band is undetectable. _ below though this equation can be shown not to hold under
The liquid crystal experiment is conducted in toluene while certain circumstances.
that in dilute solution takes place in hexane, and the concentra- |n the situation wherex, the proportion of the chiral

tion of the PHIC in the liquid crystal is far higher than that of comonomer, is about15%, the chiral influence is adequate to
the chiral dopant while in the isotropic CD experiment the force the entire chain to take a single helical sense while when
opposite is the case. The latter is necessary in order to deteck is smaller than this value any single chain will consist of
any CD signal which, as it is, corresponds to only a tiny excess domains of left- and right-handed regions as discussed &b&ve.

of one helical sense of the PHFZ. Although these facts make  This allows us to construct an experiment to explore the
it surprising that the experiments in the isotropic phase could possibility that the helical sense ratio of the polyisocyanates in
be connected to the observations in the liquid crystal, the sign djlute solution may not reflect the helical sense ratio in the liquid
and intensity correlation shown in Table 1 strongly indicate a crystal state and therefore to ask if there is a further amplification
role for the effect of the dopant on the helical sense population of the chiral influence on the chain in the liquid crystal over
in the PHIC mesogen. s it possible that the effect of the chiral that in the isotropic state. To carry this out, we first synthesized
dopants on the ratio of the left- and right-handed helical sensesthe HIC/(S)-NIC copolymer withx equals 15%. This copoly-

of the PHIC mesogen in the isotropic solutions (as shown by jsocyanate will take a fully one-handed helical sense opposite
the sign and intensity of the CD bands for the helical backbone tg that of the HIC/R)-NIC copolyisocyanate discussed above.
chromophore (Table 1)) may be further magnified in the liquid e then mixed these enantiomeric copolyisocyanates in various
crystal state? The experiments to be discussed below bear orproportions to yield various dilute solution optical activities

this point. representing varying ratios of the left- and right-handed helical
Optical Active Polyisocyanate Dopants. Figure 4 shows chains. In these mixtures the ratios of the helical senses are
the plot of the cholesteric wavenumbmgr(equal to Zr divided invariant since they arise from mixtures of chains which are

by the pitch) vs 10007 for toluene solutions of PHIC doped fully one or the other handed. Alternatively, the dilute solution
with random copolymers constructed of hexyl isocyanate units optical activities of the copolyisocyanates HIR}{NIC with

and varying proportions of the chiral nonracemic ui-2,6- variable values ok below 4% correspond to single chains with
dimethylheptyl isocyanate RJ-NIC) (Chart 2). In these dynamically interconvertable left- and right-handed helical sense
sergeants-and-soldiers copolymers the helical sense ratio withindomains within each chain.

each chain, from studies in isotropic dilute solution, is known  In Figure 5, we show the results of using the polyisocyanates
to vary in a highly nonlinear manner with the proportion of the discussed above as dopants to transform the nematic to
chiral comonomer within the chai®° In the copolymers, HIC/ cholesteric phase of the lyotropic PHIC liquid crystal. The
(R)-NIC(y/x), HIC corresponds to hexyl isocyanate arg)-( ordinateq. is the cholesteric wavenumber while the abscissa,
NIC to (R)-2,6-dimethylheptyl isocyanate with an HIC com- Xr, is the product of the mole fraction of the dopant and the
position (mol %) ofy and an R)-NIC composition ofx = 100 ratio of the helical senses as determined by the dilute solution
—vy. In Figure 4, the total polymer concentration including optical activity (eq 2). Here the enantiomer mixtures of the
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015 e A the liquid crystal formed from the PHIC than for the dopants
F ow=10.30 i in which the helices are fixed within a single chain. In addition,
r ] this factor is stronger with increasing concentration of the

04 : °© IRk lyotropic phase. Since a smaller pitch must be related to a

Lo 1 higher ratio of one helical sense over the other in the dopant
copolyisocyanate, as in fact the data for the filled circles in
Figure 5 demonstrate, the results point to an increase in this
o helical sense ratio in the liquid crystal phase over that measured
C ] for the dopant in dilute solutioff.
e 1 It must follow from the results above that in the dopant
. polyisocyanates where the left- and right-handed regions are
U YR e interconvertable within single chains (open circles in Figure 5)
0 0.005 0.01 0.015 . : P
xr the population of helical reversai$3°which limit the cooper-
ativity, must be reduced in the liquid crystal state compared to
0.2 v S that in the isotropic solution. In a possibly interesting parallel,
[ w=040 1 a reduction in the population of the helical reversal state
o compared to that in isotropic solution in the polyisocyanates
0.15 1 e, ] has also been observed in the formation of thermally reversible
o 1 gels from these polymers. The kinked helical reveéfsaias
o .7’ 1 hypothesized to interfere with the known close parallel packing
,0 . 1 of the aggregate leading to the géand this factor may be at
, 1 work as well in the liquid crystals studied here. This general
/ 4 guestion of the effect of liquid crystals on conformational states
] which are “bad neighbors” to the liquid crystal arrangement in
1 polymer liquid crystals is of longstanding and still current
0 o T 0‘0‘0‘5‘ E—— 0'01 S ‘0‘015 interest$233 Along different lines, an interesting “ferrochirality”
: Xr : ’ proposal has been made for the exclusion of helical reversals
Figure 5. qc vs Xr for the chirat-achiral random copolyisocyanates: inh_th? pr(])lyisoif‘ygna_ltes un(_:ier Certaifn conditions vt\:here hﬁ_m?'
e cres. s o HICKY\C (G915 and HGB I G (%, Lo 1o Terecions e fred e neterodie,

15); unfilled circles, copolymers HIGR}-NIC (y/x) with x equal to or . L . -
less than 0.04t, calculated from eq 2 withnfl, = —706 (the value of the cholesteric twisting in the lyotropic PHIC doped with

for HIC/NIC (85/15) at—20°C at 589 nm). (a) and (b) show the results  the optically active polyisocyanates may bear on this latter
for total polymer concentrations of 30% and 4086+ 0.30 and 0.40, possibility.
respectively. From the chiral optical measurements of the planar texture
of the liquid crystal>=24 the cholesteric sense was determined

random copolymers, HIGR)-NIC (85/15) and HIC/H)-NIC (85/ to be right-handed for PHIC lyotropic solutions doped with HIC/
15), that is where each chain is fully of one helical sense, are (R)-NIC of x = 1, 2.3, 15, as well as 100 (i.e., PNIC
designated by the filled circles. The total polymer concentration homopolymer). The CD spectra are displayed in Figure 6, and
w is fixed to 0.30 and 0.40 as designated, and the total dopantthe corresponding optical rotations are reported in Table 3. All
fraction Wy is 0.02. The filled circles show a beautiful the polyisocyanates dopants noted above &)ePNIC itself
correlation with eq 1 in following an excellent straight line, have been studied in dilute isotropic solution and uniformly
which importantly passes through zero. From the slope of this exhibit a negative CD band at near to 257 nm for the highest
straight line, the HTP for this dopant was estimated to be 1.2 wavelength chromophore of the helical chromopH8reThe
um~tfor w=0.30 and 1.7%m™* for w = 0.40. The former  absolute sense of the helix in these macromolecules has been
value is larger than théy of the small molecular chiral dopants  assigned to be left-handed on the basis of forced field calcula-
for w~ 0.3 listed in Table 1. This is in accordance with the tions?8 In the current work we have extended the measurements
rule obtained in the thermotropic liquid crystal area that twisting made on the planar textures formed from the lyotropic phases
powers are higher when the chiral molecule dopant has aof PHIC doped with the polyisocyanates to remeasure the
structure similar to the nematic mesogenic ph4se. , : :

The unfilled circles in Figure 5 represent the data for the HIC/ 41‘(1225.3) Lifson, S.; Felder, C. E.; Green, M. Wiacromolecules.992 25,
(R)-NIC copolymers withx equal to or less than 4%, that is (29) Similar nonlinear relations between dilute solution optical activities
where each chain has interconverting domains of left- and right- and gc have also been observed for PHIC liquid crystal solutions doped

; e ; ; with a series of copolymers composed of the HIC aRj{-deuteriop-
handed helical segments. Within the scatter, and including thehexyl isocyanate with the effect considerably largervatquals 0.40

points for the higheskr value for the filled circles (correspond-  compared tav equals 0.30. Doctoral thesis of Gu-Hong, Osaka University,
ing to a single helical sense using either of the enantiomers of Japan, 1997, pp 132.33. For discussion of the deuterated polyisocyanates
the HIC/NIC (85/15)), and foXr equals zero (corresponding and leading references see ref 19 above. Unpublished work on the

. . copolymers of R)-1-deuterion-hexyl isocyanate and-hexyl isocyanate
to a 50/50 mixture of the enantiomers of the HIC/NIC (85/15) may be found in the doctoral thesis of C. Andreola, Polytechnic University,

which must be nematic), the unfilled circles trace lines deviating 1991. _
upward from the straight lines formed by the filled circles, with (30) Okamoto, N.; Mukaida, F.; Gu, H.; Nakamura, Y.; Sato, T.;

. - . L Teramoto, A.; Green, M. M.; Andreola, C., Peterson, N. C.; Lifson, S.
this deviation strongly increasing in the more concentrated PHIC -~ i - ieq 996 29, 2878.

liquid crystal; that isw equals 0.40 over 0.30. (31) Guenet, J.-M.; Jeon, H. S.; Khatri, C. A.; Jha, S. K. Balsara, N. P.;
The results in Figure 5 demonstrate that the copolyisocyanateGreen, M. M.; Brulet, A.; Thierry, AMacromolecules997, 30, 4590.

dopants in which the left- and right-handed helices are inter- ggg éﬁ%‘g"z" o -RE';dfv:%esnosv' HADb R’/‘ﬁg;‘i@gggf%ﬁg 17, 2678.
convertable within a single chain are, for the same helical sense  (34) Baumgarten, J. IMacromol. Rapid Commuri994 15, 175 and

ratio in dilute solution, capable of enforcing a smaller pitch on subsequent papers by this author.
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Figure 6. CD spectra (elipticity vsl) of 10 um planar samples of
PHIC doped with copolymers HIGR}-NIC [99/1 (a), 97.7/2.3 (b), and
85/15 (c)], with pure R)-PNIC (d), and with HIC/§)-NIC (85/15) (e).
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depends only on the fact thaR¢PNIC and the HICR)-NIC
copolymers have the same helical sense, as demonstrated by
the dilute solution CD spectra, and that the cholesteric senses
formed by R)-PNIC and by PHIC doped with HIGR)-NIC

are the same. One of the prerequisites for “ferrochirality” in
the polyisocyanates appears to be Aet.

The experimental results discussed above demonstrate that
the dopant copolymer chains are chirally perturbed in the
cholesteric phases (Figure 5) and suggest that the helical
conformation of the matrix PHIC chain, racemic in dilute
solution, may be also affected by the cholesteric state to take
an excess of one helical sense. If the latter is coffeahe
has to consider interactions not only between the dopant and
the PHIC chains but also between matrix PHIC chains to attempt
to understand the HTP in PHIC lyotropic solutions. Although
there exists experimental evidence suggesting the importance

The optical rotations of these samples are reported in Table 3. The CDof chiral perturbations to nonracemic states of the mesogen

spectrum of an approximately planar sample of piReRNIC (f) is
also reported.

Table 3. Optical RotationsP (rad/cm) of 10um Planar Samples
of PHIC Doped with Copolymers HIGR)-NIC [99/1 (a), 97.7/2.3
(b), and 85/15 (c)], with PureR)-PNIC (d), and with HIC/§)-NIC
(85/15) (e}

A (nm) @ (b) © (@) (€)
589 70.0 75.2 66.0 6.6 —714
577 90.0 97.7 82.0 278  —85.8
546 3400 3695 2389 79.0 —270.6
435 360.0  518.6 2891 1220 —388.9

a2 The CD spectra of these samples are reported in Figure 6.

cholesteric sense of the liquid crystal formed froR)-PNIC
alone and found it also to be right-handed in toluene at room-

temperature based on the absorption CD band. This is in

contrast to prior worl® which had assigned the sense of the

cholesteric to be left-handed based on the ORD of the planar

texture3®

We know from the chiral optical measurements (Figure 6,
Table 3) of the planar textures of the cholesteric states forme
by using the polyisocyanate dopants HR/NIC on the
lyotropic phase of PHIC (Figures 4 and 5), that the cholesteric
sense is uniformly right-handed. We know similarly (see above)
that the sense of the cholesteric state formed entirely fiRym (

molecules in thermotropic liquid crystai%theoretical work
concerned with the cholesteric state in thermotropic liquid
crystals has not generally taken this into accads?.

If the key role in the conversion of the lyotropic phase of
PHIC to the cholesteric state arises from the properties of this
polymer in allowing the formation in the liquid crystal of the
nonracemic macromolecule with an excess of one helical sense
we could expect that a lyotropic nematic phase formed from a
polymer which does not allow the formation of nonracemic
conformations could not be doped to the cholesteric state. This
may be tested by forming the lyotropic nematic phase from a
racemic mixture of PBLG and PBDG since here the helical
senses of these polypeptides are fixed as right- and left-handed
respectively by the overwhelming chiral influence of the
enantiomeric amino acid units; that is, each chain is fully of a
single helical senst. We therefore examined three small
molecule dopants (cholesteryl chloride, bridged binaphthyl-4,
and menthylphenyl carbamate) added up to their solubility limits
to the PBLG/PBDG nematic phase in three different solvents

d(chloroform, dichloroethane, and dioxang@ichloromethane

mixture (1/4)) and failed to form a measurable cholesteric state
(the nematic microscopic pattern was maintained). This experi-
ment demonstrates that the chiral dipetpiadrapole dispersion

interaction between polymer and dopant molecules in the

PNIC is also right-handed. If the various polyisocyanate dopants G00ssens theory is not strong enough to induce cholesteric
act to cause an increase of one of the helical senses of the PHIcordering in this lyotropic system, as is reasonable from its
which forms the liquid crystal phase, as would be consistent distance dependence, and supports the mechanism proposed for
with what appears to be the mechanism in the small molecule the formation of the cholesteric state in PHIC.

dopants (see the discussion above and Table 1), that excess . . . . )
would have to be the same sense as that of the dopants (36) The question of homochiral vs heterochiral packing of the helical

themselves, left-handéé28 This follows from the fact that the
purely left-handedR)-PNIC forms a right-handed cholesteric

states of isotactic vinyl-based polymers, e.g., polypropylene, is of great
interest. For a leading reference see: Meille, S. V.; AllegraMacro-
molecules1995 28, 7764. This is also related to crystallization of

state, the same as for the doped systems. Therefore, if there i%nantiomeric mixtures: Jacques, J.; Collet, A.; Wilen, SERantiomers,

a transfer of chiral information from the polyisocyanate dopants
to the PHIC in the liquid crystal it must be driven by a lower
energy for homochiral over heterochiral helical interacti#hns.

This conclusion is independent of the absolute assignment of

helix sense to the optically active polyisocyanates or for that

acemates, Resolutignd/iley: New York, 1981.

(37) An experiment to test this was carried out without a conclusion.
The CD spectrum ofR)-PNIC was taken in dilute solution followed by
addition of as much PHIC as the UV extinction in the region of the 257
nm band would allow. The CD band intensity, within the limits of our
detection, did not change, therefore offering no evidence, under these
isotropic conditions, that thé=j-PNIC was affecting the helical sense ratio

matter of the absolute twist sense of the cholesteric states butof the added PHIC.

(35) In the current work the ORD spectrum of the planar texture was
found to be too weak to separate the intrinsic optical activity of fe (
PNIC, which is negative, from the cholesteric effect. This is the likely source

(38) There are some indications of the deracemization of thermotropic
nematogens in doped cholesteric phases. Gottarell'&padposed a chiral
twisted conformation of biphenyl-type nematogens resulting from the
interaction with binaphthyl dopants. This hypothesis was supported by

of the error in the earlier cholesteric sense assignment. There had been arptical rotation measurements in isotropic solutions. See: Gottarelli, G;
attempt to correlate the now known incorrect sense of the cholesteric phaseOsipov, M. A.; Spada, G. Rl. Phys. Chem1991 95, 3879.
of (R)-PNIC and its temperature dependence with the absolute sense of the (39) Hanson, H.; Dekker: A. J.; van der Woude JFChem. Physl975

polymer helical backbone using screw fitting arguments but without a certain
conclusiont?

62, 1941; Goossens, W. J. Aol. Cryst. Liq. Cryst.1971 12, 237;
Stegemeyer, H.; Finkelmann, i&hem. Phys. Lettl973 23, 227.
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Conclusions Table 4. Molecular Weight and Optical Rotation of Optically
Active Copolyisocyanates

The investigation of the cholesteric pitch properties of the molecular [a]®
lyotropic liquid crystal of poly(-hexyl isocyanate) (PHIC) by copolymers weight/10 in hexane
doping with optically active small molecules and chirakhiral HIC/NIC (63/37) 142 —527
random copolyisocyanates leads to a proposed mechanism in ::gm:g Eggﬁ?) lgg 5 :igi
which the chiral dopants d|§place slightly the othervylse equal  Hie/NIC (97.7/2.3) 145 —365
population of the mirror helical senses of palyiexyl isocy- HIC/NIC (99/1) —165
anate), leading to the formation of the cholesteric helical HIC/NIC (99.5/0.5) 110 —151
structure through chiral interactions between the matrix poly- HIC/NIC (99.9/0.1) —57

mixtures of HIC/R)-NIC (85/15)

|socy_anate chalns._ This mechanism flnds para_lllels inthe act_lon and HIC/S-NIC (85/15)
of chiral dopants in both thermotropic and miceller lyotropic 60/40 —~108
liquid crystals. In thermotropic liquid crystals experimental data 67/33 -162
suggest that high values of the HTP are often connected to the =~ 80/20 —328

; ; 90/10 —413
presence in the dopant of structural elements which are capable
of transferring chiral information to the mesogenic mol-  2Determined by light scattering.Determined by viscometry.Data

eculest®:25384L42|1n gqueous miceller nematics the mechanism taken from ref 48.
of cholesteric induction is likely connected to the chiral
distortion of the anisometric micelf€. Very hydrophilic

dopants display small twisting powers. Materials. Poly(n-hexylisocyanate) was prepared and polymerized

The proposed mechanism in the polyisocyanates is supporteo‘o the fairly narrow range of molecular weights necessary for this work

b I . tal It hich polvi ¢ using the very useful titanium-based method developed by Nbtvak.
y a convincing experimental result in which polyisocyanates 1, polymerized samples were divided into several molecular weight

with unequal proportions of interconverting left and right helical  5ctions by fractional precipitation with benzene as the solvent and as
senses within a single chain exhibit a nonlinear relationship the precipitant. Two of the fractionated samples were used to prepare
between their dilute solution optical activities and their cho- the liquid crystal solutions. The weight average molecular weights of

lesteric properties, and give rise to larger cholesteric wavenum-the two samples were determined to be 73 000 and 133 000 by gel
bers than polyisocyanates in which identical dilute solution ratios pPermeation chromatography with a calibration curve constructed using
of the left- and right-handed helices are fixed in separate chains.Standard PHIC samples of known molecular weights.

In the latter the dilute solution optical activities and cholesteric _ /!l the optically active copolyisocyanates used in this work were

i lated i i It Id theref b synthesized by M. P. Reidy as part of his doctoral thesis at the
properlies are reiated in a inear manner. 1t cou erelore be Polytechnic University® Some of these materials were divided into

predicted that helical polymers which form lyotropic nematic  iee fractions by fractional precipitation and the middle fractions were
phases in which the polymer structure does not allow changesysed as dopants; the molecular weights of the samples were determined
in the helical ratios would yield chirally doped cholesteric phases by light scattering or viscometry (cf. Table 4). The other materials
only with very high pitch. This is supported by our inability ~were doped as they stand.

to observe a cholesteric liquid crystal via chiral doping of  (+)-Menthylphenyl carbamat20 was prepared by the reaction of
lyotropic nematic solutions composed of a racemic mixture of (*)-menthol (purchased from Aldrich Chemical Co.) with phenyl
PBLG and PBDG although the cholesteric state is classically isocyanate as described in the literattreCholesteryl chlorides,

K for liquid tals f df ith f th ti cholesterol5, cholestaned, and camphorll were purchased from
now244or Iquid crystals tormed irom either of these enanti- o qrich Chemical Co. and used as received. Cholesteryl propiahate
omers.

and cholesteryl nonanoa8evere purchased from Sigma and also used
The results of the work presented here on the polyisocyanatesas received. The binaphthalene derivatides4 were synthesized

and the relationship of this work to the thermotropic and miceller following literature procedure¥.

systems is supported by theoretical wisniwhich though does Preparation of Liquid Crystal Solutions. In most doping experi-

not exclude the contribution of chiral dispersion interacti§if. ~ MeNts, the PHIC sample with molecular weight 73 000 was used, and

Such dispersion forces though and other close contact mecha:[he sample with molecular weight 133 000 was only used to obtain

. Lo : . data shown in Table 1 and Figure 2. In the text, the PHIC sample
nisms for transfer of chiral information where chiral confor- it the molecular weight of 73 000 is referred to simply as PHIC

mational perturbations of the mesogen molecules are notwithout specifying the molecular weight. All the solutions used in the
involved are likely to be more important in thermotropic systems doping experiments were made at 30% and 40% w/w (weight of total
where the interactions among the mesogenic molecules are shorpolymer/[(weight of total polymer} (weight of toluene)].
range?t Cholesteric solutions for all the small molecule doped systems were
prepared by first dissolving the PHIC in toluene so as to obtain about
(40) There is a report of the conversion of an aromatic polyamide of the 0.5 cn? of solution n a 2 mL glass stoppered test tube and stirring
Kevlar type which forms a lyotropic cholesteric phase in sulfuric acid on with a magnetic stirrer. This solution was left for 1 day and the small

chiral doping. Our conclusion would suggest that the dopant in this case molecule dope was then added as a solid, which dissolved within an
induces a chiral twisting, which is possible in the structure of this

Experimental Section

macromolecule. Panar, M.; Beste, L. Macromoleculesl977, 10, 1401. (46) Kuball, H.-G.; Bruning, H.; Muller, T.; Turk, O., Schonhofer, A.
(41) Gottarelli, G.; Spada, G. P.; Hansen, HM&l. Cryst. Lig. Cryst. Mater. Chem.1995 5, 2167. Kuball, H.-G.; Muller, Th.; Bruning, H.;
1985 123 377. Schonhoffer, A.Mol. Cryst. Lig. Cryst.1995 261, 205. Kuball, H.-G;
(42) Gottarelli, G.; Hansen, H. J.; Spada, G. P:; Weber, Riét.. Chim. Bruning, H., Chirality,1997 9, 407. Kuball, H.-G.; Weiss, B.; Beck, A.
Acta1987 70, 430. See also: Huck, N. P. M.; Jager, W. F.; de Lange, B.; K.; Seebach, DHelv. Chim. Actal997, 80, 2507.
Feringa, B. L.Sciencel996 273 1686. (47) Patten, T. E.; Novak, B. MMacromoleculesl993 26, 436 and
(43) Spada, G. P., Gottarelli, G., Samori, B., Bustamante, C. J.; Wells, references therein to earlier work.
K. S., Liquid Crystals1988 3, 101; Pape, M., Hiltrop, KMol. Cryst. Liq. (48) Synthesis of all the copolyisocyanates used is described in the
Cryst. 1997, 307, 155 and references therein. doctoral thesis of M. P. Reidy, Polytechnic University, 1991. See also ref
(44) Uematsu, Y.; Uematsu, Mesomorphic Order in Polymer&\CS 18 above.
Symposium Series, No. 74; American Chemical Society: Washington, DC,  (49) Simpson, J. E.; Daub, G. H.; Hayes, F.INOrg. Chem1973 38,
1978; p 136. 1771. van Es, J. J. G. S.; Biemans, H. A. M.; Meijer, E. Wétrahedron:

(45) See Sato et al. in ref 4 above. Asymmetryl 997 8, 1825.



Dopant-Mediated Chiral Information Transfer J. Am. Chem. Soc., Vol. 120, No. 38, 19395/

hour at most, and the solution stirred for one more day to obtain a 7500/100 computer. The measurements of the fingerprint spacing,

viscous, clear, and homogeneous solution. which is equal to half of the cholesteric pitch, were made with NIH
Cholesteric solutions for the copolymer doped systems were preparedimage 1.6 version software.
by first making a mixture of the polymer (PHIC) with 2% of the chiral Optical Rotation and CD Measurements. The optical rotation

HIC/NIC copolymer or in the case of Figure 5 with 2% of the mixture measurements for dilute PHIC solutions doped with small molecule
of copolymers (weight of copolymer/weight of PHIC) in benzene. After dopants were made on a JASCO DIP-370 or a PerEimer 141
the elimination of the benzene by freeze-drying, all the mixtures were polarimeter. The corresponding CD experiments were made on a
dissolved in toluene (30% and 40% w/w) and stirreda 2 mL JASCO J 710 dichrograph with a 0.01 cm quartz cell. The test solutions
stoppered glass test tube for 2 days. In a typical procedure, 4 mg of were prepared by dissolving PHIC in hexane (2.5 mg/mL) and adding
the copolymer and 200 mg of PHIC were weighed into two 20 mL a certain amount of the small dopant (50 mg/mL for compoi6el®
vials, and then 5:66.0 mL of benzene was added to each vial to and11, and 150 mg/mL for compoun8).
dissolve the polymers. After the polymers were completely dissolved, = The measurements for the planar texture cholesteric solutions were
accurately weighed benzene solutions were mixed to give a relative made with the JASCO J710 dichrograph for recording the CD spectra,
weight ratio of the copolymer to PHIC of exactly 2%. The mixture and with a JASCO DIP-370 polarimeter for measuring the optical
was stirred vigorously to dissolve completely the added PHIC polymer. rotation at different wavelengths. Sandwich quartz cells with a 0.001
The resulting solution was then subjected to freeze-drying for at least cm path length, sealed with wax, were used for both measurements.
3 days to obtain a mixture of copolymePHIC with 2% of copolymer. Observation through a polarizing microscope revealed almost no
The appropriate amount of the sample prepared by this method wasanisotropy; i.e., the object between crossed polars was dark for almost
weighed inb a 2 mLstoppered glass test tube, and an exact amount of the entire contents of the cell. We measured the optical activity of the
toluene was added to obtain a solution of a certain concentration (30% planar texture of dopants at different wavelengths and the CD spectra
or 40%). This glass test tube was fixed onto the plate of a magnetic continuously.
stirrer, and stirred for a couple of days until the polymer was entirely
dissolved; the resulting solution is clear and in a homogeneous state. Acknowledgment. The effort at the Polytechnic University
Optical rotation measurements on dilute solutions of the copolymers was supported by the National Science Foundation, Materials
and of the mixtures of the 85/15 copolymers (for Figure 5) were carried and Chemistry Divisions, and by the Office of Naval Research,
out in hexane at 20C. The values ofd]p obtained are shown in  to whom we are grateful. The work at Osaka University was
Table 4 below. , supported by Mitsubishi Chemical Co. (former Mitsubishi Yuka
Chplestenc Pitch Measurements_.Each of the prepared _solutlons Co.) and Osaka University. Financial support form MURST
m_ennongd above was transferred into a measuring cell with a 2.0 mL (Italy), National Project (“Liquid Crystals: Structures, Computer
microsyringe, and the neck of the cell was flame sealed. The measuring.. . . e N . .
cell was +2 mm in thickness with a neck to accept the sample as Simulations, Properties and Applications”), and the University
previously describe# The cells were kept at room temperature until of Bologna is gratefully acknoyvle(_jged. Also _flna_n_CIaI support
a good fingerprint pattern was obtained (usually 1 day). The 40% from the Netherlands Organization for Scientific Research
solutions with the mixture of 85/15 copolymers were heated &G0 (NOW-STW) for the effort in Groningen is gratefully acknowl-
for a few hours before the pitch was measured. edged. A portion of the work reported here was abstracted from
Fingerprint patterns showing the classic retardation lines for the the doctoral thesis of Gu Hong of Osaka University, Japan, 1997.
doped PHIC solutions in toluene were observed using a NIKON Part of the work carried out by Stefania Zanella and Anne-
OPTIPHOT2-POL pOlariZing miCrOSCOpe, at different temperatures Marie Schoevaars at the Po|ytechn|c was Supported by a gran’[
using a homemade copper jacket with circulating water as described {51 the North Atlantic Treaty Organization.
elsewheré® The microscopic images were saved by using a CCD color
video camera and a camera adapter connected to a Power MacintoslJA981393T



