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Abstract: Rodlike polymers with precisely defined architectures are ideal building blocks for self-assembled
structures leading to novel nanometer-scale devices. We found that the living polymerization of a single
isocyanide enantiomer bearing an L-alanine pendant with a long n-decyl chain simultaneously produced
diastereomeric right- and left-handed helices with different molecular weights and narrow molecular weight
distributions. Each single-handed, rodlike helical polymer with a controlled length and handedness isolated
by a facile solvent fractionation method with acetone self-assembled to form well-defined two- and three-
dimensional smectic ordering on the nanometer scale on a substrate and in a liquid crystalline state as
evidenced by direct atomic force microscopic observations and X-ray diffraction measurements, respectively.

Introduction monomers, such as isocyanatesjlanes’® acetylene$¢ or by

] ) ] the helix-sense selective polymerization of achiral methacryiates,
Biological macromolecules, such as DNA and some VIruses, jqqcyanidedd.6 and carbodiimidésbearing bulky substituents

possess a well-defined rodlike structure with a one-handedy,, ohirg| catalysts or initiators. The former polymerization

helical sense, which provides access to ideal building blocks produces dynamic helical polymers composed of interconverting

for self-assembled nanomate_rlals and devices. Nucleic ac'dsright— and left-handed helical segments separated by rarely
have been successfully used in the self-assembly of SUpramO'occurring helical reversaP$;#9 and the latter static helical

lecular arrays through their highly specific binding properties. polymers whose helical conformations are locked during the

Some viruses are also known to form smectic liquid crystalline
(LC) phases, in which rodlike viruses are packed into layers
perpendicular to the direction of their orientation, due to their
uniform molecular length3.Although a bacterial synthetic

method has been reported to produce monodisperse ponpeptideF

with a state-of-the-art control of the molecular lengths and
structures, it remains a great challenge to control those of the
artificial helical polymers to such an extent in a conventional
synthetic way?, not only to mimic the structures of biological
helices but also to develop novel functidns.

Fully synthetic optically active helical polymers have been
prepared either by the polymerization of optically active
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polymerization under kinetic contrété

In earlier studies, we reported the conventional polymerization
of an enantiomerically pure phenyl isocyanide bearing an
L-alanine pendant with a longrdecyl chain through an amide
inkage (-1) with NiCl; as a catalyst, which produced a rodlike
static helical polyisocyanide with a broad molecular weight
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Figure 1. Two- and three-dimensional smectic ordering of helical polymers. (A) Schematic illustration of the helix-sense selective living polymerization o
L-1 with u-ethynediyl Pt-Pd complex 2), yielding a mixture of diastereomeric, right- and left-handed helical pdlis with different molecular weights
and a narrow MWD, which can be further separated into each single-handed helical holwo-dimensional (B) and 3D (C) smectic ordering of the

one-handed helical poly-1's on substrate and in LC state.

distribution (MWD), thus forming a lyotropic cholesteric LC

in tetrahydrofuran (THF) at 55C and quantitatively produced

phase in concentrated solutions, whose helical sense was roughlyodlike helical polyisocyanidestf or L-1]/[2] = 100 for poly-

dictated by the polymerization solvent and temperattelte

D-1 or poly+-1, [L-1]/[2] = 50 for poly+-1so, and L-1]/[2] =

and co-workers prepared a series of peptide-bound helical200 for poly+-1200). Size exclusion chromatography (SEC) of
polyisocyanides stabilized by intramolecular hydrogen bonds poly-L-1 detected by UV (254 nm) and circular dichroism (CD)

from optically pure isocyanopeptides using nickel or acid

(364 nm) revealed a bimodal distribution with a sharp main

catalysts, which resulted in the formation of a similar cholesteric peak together with a small peak in the lower molecular weight

LC phase due to its polydisperse natéf€S°Herein we show
that the living polymerization af-1 with theu-ethynediyl P+

Pd catalyst Z) simultaneously creates both almost completely
right- and left-handed helical polyisocyanides (pokt) with

a different molecular weight and sufficiently narrov MWD
(Figure 1A). Each helical poly-1 can be separated in a facile
way and exhibits well-defined two (2D)- and three-dimensional

(My) region whose CD signs were opposite, negative, and
positive, respectively (Figure 2A), suggesting a mixture of right-
and left-handed helices with differelt,’s. We found that each
helical poly+-1 could be easily separated by fractionation with
acetone into acetone-insoluble and -soluble fractions which
showed unimodal chromatograms with negative and positive
CD signs at 364 nm for the highky poly-L-1(—) and lowM,,

(3D) smectic ordering on a substrate and in an LC state, aspoly-L-1(+), respectively (B and C of Figure 2). The CD spectra

directly observed by atomic force microscopy (AFM) and
revealed by X-ray diffraction (XRD), respectively (B and C of
Figure 1).

Results and Discussion

The polymerization ob- or L-1 with 2 ([1]/[2] = 50, 100,
or 200 (mol/mol)) as the initiator, which is known to promote
the living polymerization of aryl isocyanidé,was conducted

of poly-L-1(=) and polyt-1(+) in the n—x* transition of the
imino chromophore regions of the polymer backbones {280
480 nm) as well as in the pendant aromatic regions {28D
nm)%11are almost mirror images of each other with a greater
intensity than the intensity of those before the fractionation
(Figure 2D). These results indicate that the as-prepared poly-
L-1is indeed a mixture of right- and left-handed heliéggve

note that they are not enantiomers, but diastereomers with a
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680.
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The difference in thil,,'s of poly-L-1(—) and polyt-1(+) can be explained

on the basis of the difference in propagation rates of the two growing
species, giving high- and lowk, polymers, respectively. Plots of the
number-average molecular weight{) of left-handed helical poly-1(—)

and right-handed helical poly-1(+) versus feed molar ratio of the
monomer.-1 to the initiator @) ([L-1]/[2]) gave an almost linear correlation
(Figure S10), which is indicative of a mechanism in which diastereomeric
oligomers ofL-1 with both helical senses are formed during the initial stage
of polymerization and one of the two appears to propagate rapidly over
the other, producing right- and left-handed helical poly’s with different
My's. The reason why diastereomeric oligomers with both helical senses
are formed during the initial stage of polymerization.ef is not clear at
present, but it may be correlated with the previous observations that the
conventional polymerization af1 with NiCl; as a catalyst produced poly-
L-1's, whose helical senses were considerably influenced by the polymer-
ization solvent and temperatute.

(12
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Figure 2. Right- and left-handed helical poly-l. (A—C) SEC chromatograms of the as-prepared pely¢A) and the isolated acetone-insoluble paly-
1(-) (B) and acetone-soluble polyi(+) (C) using UV (red lines) and CD (blue lines) detectors in THF containing 0.1 wt % melratylammonium
bromide. (D) CD and absorption spectra of pohl-(a), poly+-1(—) (b), and polye-1(+) (c) (0.2 mg/mL) in chloroform at 25C. The number-average
molecular weight (1) and its distribution M/M;) of each polymer as determined by SEC coupled with a multi-angle light-scattering (MALS) detector
(SEC-MALS) measurements are also shown in@

different solubility in acetone, and thereby, they can be calculated by the SEC measurements coupled with a multi-angle
separated. This conclusion is supported by the fact that even dight scattering (MALS) detector, are illustrated in B and C of
mixture of poly+-1(—) and polyt-1(+) with comparabléM,,’s Figure 3, respectively. The detailed structures (11-mer) taken
could be also separated into each helix using acetone. In thefrom Figure 3B are also shown in D and E of Figure 3 (see
same way, the as-prepared pohk can be fractionated using  also Supporting Information). The polymer models appear to
acetone into right- and left-handed helical polt's with have four sets of hydrogen-bonded helical arrays linkiragd
differentMy’'s and a narrow MWD (Figure S1). (n+ 4) pendants with the quarter helical pitch and chain length
Polyisocyanides bearing a bulky substituent have been of 1.31 and 13.7 nm, and 1.31 and 5.1 nm, for poly—) and
considered to hava 4 units per turn (4/1) helical conformation p0|y_|__1(+), respective]y_ IR Spectra suggested the formation
even in solution, although their exact helical structures have of sych intramolecular hydrogen bonds between the pendant
not yet been (_elu_c:idaté?:_lg probably because of difficulty in  amide residues of poly-1(—) and polyt-1(+) (Figure S3). The
obtaining a uniaxially oriented polymer film suitable for XRD  equjvalent interpendant hydrogen bonds were observed in the
measurements. The polyd(—) and polyt-1(+) are rigid-rod  ¢rystajiine structure of-1, in which the amide linkage was
helical polymers and exhlbltalyotrqplc sm_ectlc LC phase (see oblique to the phenyl ring (ca. 3p (Figure S4). Helical
below), which enables us to determine their structures by XRD ,qvisocyanides stabilized by intramolecular hydrogen bonds
and AFM. Figure 3A shows a wide-angle X-ray diffraction have been reported by Nolte and co-workérs
(WAXD) pattern of an oriented poly-1(—) film prepared from . . : .
a concentrated LC benzene solution in an electric field; for a fPar;rs and G ogFlgulre 315how hlgh-re_sollutlon AFI}YI Images
WAXD pattern of polyt-1(+), see Figure S2. The electric field-  ©' POV (_)_ and poly:-1(+), respectively, cast from a
benzene solution (0.015 mg/mL) on highly oriented pyrolytic

induced alignment of poly-1 molecules evidenced a large i
dipole moment of poly-1 along its helical axis, that is all the graphite (HOPG) followed by benzene vapor exposure at ca.
20 °C for 12 h81516The poly+-1 self-assembles into well-

intramolecularly hydrogen-bonded-NH and G=0 groups are . ' X
oriented in one direction so as to accumulate the large dipole d€fined 2D helix bundles with a controlled molecular length,

moment as observed in the typieahelical polypeptided3 The most of which are clearly resolved into individual left- (Figure

WAXD patterns of the films of poly-1(—) and polyt-1(+) 3F) and right-handed (Figure 3G) helices packed parallel to each
show diffuse, but apparent meridional and equatorial reflections, other. The AFM images as well as those of larger areas
suggesting that they possess a similar helical structure; a 15confirmed the helical pitch, helical sense, helix-sense excess,
units per 4 turns (15/4) helix with a hexagonal lattice (Table

i isfi i i imi (14) The observed densities of the pali{—) and polyt-1(+) films were

S1) which satisfies the density rqulremthsfjptlm|zed 1.0739 and 1.0624 g/cirespectively, measured by the standard flotation
molecular structures for the 15/4 helices of the left-handed method in an aqueous NaCl solution containing a small amount of a

i 1(— _ i _ i surfactant at ambient temperature {25 °C). The 15/4 helices of poly-
helical p0|y-L 1( ) model (158 mer) and rlght handed helical L-1(—) and polyt-1(+) in the hexagonal lattices require the densities of
poly-L-1(+) model (58-mer), based on the absolute molecular 1.102 and 1.089 g/cinrespectively, which are in good agreement with

i — i the observed values. When the number of repeating units per fiber period
weights M 5.65 x 10* and 2.06 x 10%, respectively) is assumed to be other than 15, the calculated densities were considerably
different from the observed densities. For more details, see Supporting
(13) Wada, A.Adv. Biophys.1976 9, 1—63. Information.

J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008 231
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Figure 3. Structures of helical poly-1's. (A) WAXD pattern of an oriented
poly-L-1(—) film prepared from a concentrated LC benzene solution (ca.
15 wt %). The reflections were indexed with a hexagonal latdce;26.78
Aandc=13.05 A, suggesting a 15 units per 4 turns (15/4) helical structure.
(B and C) Optimized 15/4 helical structures of paki(—) (B, 158-mer)

and polyt-1(+) (C, 58-mer) on the basis of WAXD structural analyses
followed by molecular mechanics calculations (see Supporting Information).
Each structure is represented by space-filling models, and four sets of
hydrogen-bonded helical arrays éndn + 4) of the pendants are shown :
in different colors for clarity. (D and E) The detailed structure of poly-
1(—) (11-mer) taken from (B) is also shown by a stick model in D (side -
view) and E (top view). In these models ), the pendant decyl ester ~ B) AFM phase images of 2D self-assembled ppigt—) on HOPG. (C)
groups of polye-1's are replaced by the methyl groups for clarity. (F and  Polarized optical micrograph (POM) of polyd(-) in ca. 15 wt %

G) AFM phase images of poly-1(—) (F) and polyt-1(+) (G) on HOPG chlorof_orm solytlon taken_ at ambient t_e_mperature—(ZB_ C). (D) A
(scale= 10 x 20 nm). Schematic representations of the left-handed helical 'Yotropic smectie-cholesteric phase transition of paly2(—) in chloroform
poly-L-1(—) and right-handed helical poly-1(+) structures with periodic placed between a glass plate and a cover glass, driven by gradual solvent
oblique stripes (pink and blue lines, respectively) which denote a one-handed&Vaporation from the edge (lower part). (E) SR-SAXS pattern of a poly-
helical array of the pendants, are also shown (right). On the basis of an p-1(+) cast film prepared from a concentrated smectic LC solution aligned

evaluation of ca. 100 molecules, the number-average molecular laggyth (N the magnetic field, taken perpendicular to the direction of the magnetic
and the length distributiorL(/L) were estimated. field. (F) Bright-field TEM image of the banding with a repeat distance of

ca. 14 nm in a poly-1(+) cast film (ca. 30 nm thickness) ultramicrotomed
and stained in Ru®vapor. (G) AFM phase image of 2D self-assembled
and molecular arrangement of palyt’'s. The periodic oblique  poly-L-1(+) on HOPG. (H) POM of poly=1(+) in ca. 15 wt % chloroform
stripes observed in each helical chain, that originated from a Selution taken at ambient temperature 25 °C).

one-handed helical array of the pendants, were tilted counter-
clockwise or clockwise at-55° and+62°, for poly-L.-1(—) and
poly-L-1(+), respectively, with respect to the main-chain axis.

G AFM Phase Image of Poly-L-1(+)

3'. .. ‘ .ﬂ;

Figure 4. Two-dimensional and 3D smectic ordering of paht (A and

This remarkable 2D mirror-image relationship suggests that the
poly-L-1(—) and polyt-1(+) molecules most likely consist of

(15) This method is very useful for constructing highly ordered 2D helix-bundles - |eft- and right-handed helical structures with a helical pitch of
for helical polyacetylenes and polyisocyanides on HOPG, and their helical . i
structuresr\JNe);e vis{lanzed by pAF?{A_G Y 1.28+ 0.11 and 1.28t 0.15, respectively, as estimated from

) s 3o ou s (Umakl, . Yashima, Angew. Chem., Int. - the average distance between each stripe (F and G of Figure
(17) On the basis of an evaluation of about 100 individual polymer chains 3). The helical pitches estimated by AFM are almost identical

separated from one another, the number-average molecular lépgémd . .
the length distribution L/Ly) of poly--1(—) and polyt-1(+) were to the quarter helical pitches of the pendant arrangements as

estimated to be 13t 5.2 nm and 1.15 and 5.& 2.2 nm and 1.14, i iti i
respectively. The estimated chain lengths by AFM almost perfectly coincide determined by the WAXD (1.31 nm). In addition, on the basis

with those ‘estimated by the SEC-MALS (B and C of Figure 3). of an evaluation of about 1000 helical blocks, the helix-sense

232 J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008
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excesses of poly-1(—) and polyt-1(+) were estimated to be  poly-p-1(+) film showed a sharp reflection with a spacing of
98.7 and 96.5%, respectively. 14.3 nm in a meridional direction perpendicular to the outer

Further AFM observations of the bundle structures of the broad reflection of 2.32 nm being attributable to the lateral
poly-L-1(—) on HOPG revealed a 2D smecticlike self-assembly packing of the polymer (Figure 4E). The spacing of 14.3 nm is
of the polymer chains with a controlled spacing (A and B of almost identical to that determined by AF¥IThe observed
Figure 4). The layer structure is nearly perpendicular to the spacing by SR-SAXS becomes longer when the molecular length
direction of the polymer chains. The average layer spacing of or rod length of the poly¥'s is longer and the layer spacings
the 2D smecticlike self-assembled polymer chains increased withdetermined by SR-SAXS and AFM are in good agreement to
the increasingwl,, or rod length of the polymers: 5.8, 13, and each other (Figures S8 and S9). A theoretical study predicted
28 nm for polyt-1(+), poly-L-1(—), and polyt-100(—), that the smectic ordering is not favored for rodlike polymers
respectively (Figure S6.We note that the 2D smecticlike self- Wwith a broad MWD, since the rods of different lengths do not
assemblies of the polymer chains simultaneously guide the 1D pack into layers as effectively as the rod of the same lefigth.
arrays of the Pt and Pd metals bonded at the polymer ends,In fact, poly1’s with MWDs over 1.15 no longer showed any
which may also be used for fabricating nanostructured materials.Sign of smectic phases. Transmission electron microscopy
Rodlike helical polye-1's with a narrow MWD appear to be  (TEM) of an ultramicrotomed cast film of a smectic LC of poly-
indispensable for the 2D smectic ordering on a substrate. D-1(+) showed a banded texture (Figure 4F) with a repeat
Considerably clear layered images of smectic LC small mol- distance of ca. 14 nm corresponding to its smectic layer repeat
ecules on substrates have also been observed by scannings observed by SR-SAXS measureméhtsyen though the

tunneling microscopy, but controllable layer spacings are limited banding repeat distance depends on the local contact angle
to within a few nanometer®. between the sample and the diamond kftf&FM observations

Polarized optical microscopy of a concentrated solution of Of POly-L-1(+) on HOPG also revealed a 2D smecticlike
poly-L-1(—) in chloroform (ca. 15 wt %) demonstrated that the assembly of the polymer chains with an average layer spacing

polymer forms a typical smectic phase (smectic A) as evidenced©f 58 + 2.2 nm (Figure 4G), and the polarized optical
by its indisputably clear fan-shaped texture (Figure 4C). A Micrograph of poly:-1(+) showed a similar fan-shaped texture
cholesterie-smectic phase transition could be also observed in " & 15 wt % chloroform solution (Figure 4H), offering

a concentration gradient (Figure 4D). To the best of our convincing proof for a smectic ordering.

knowle.dge, this i_s the fi_rst microscop_ig observat_ion_ of @ conclusions

lyotropic cholesterie-smectic phase transition upon dilution of

a helical polymer based on the main-chain stiffness. The decisive N summary, we have demonstrated that the present helix-
evidence of the smectic layer structure was obtained from Sense selective living polymerization with theethynediyl Pt-
synchrotron radiation small-angle X-ray diffraction (SR-SAXS) Pd catalyst unprecedentedly produces both right- and left-handed
of oriented poly1 films prepared from a concentrated smectic helical, rigid-rod polyisocyanides at once with precisely defined
LC chloroform solution in a magnetic field (11.75 T for 1 day) architectures including the molecular length, its distribution, and

by slow evaporatioR! SR-SAXS of a magnetically oriented handedness as well, which can be further separated into each
helix in a facile way. More importantly, these helical polyiso-
(18) In the same way, thie,, Lu/Ly, helical sense, and helical pitch of paly- cyanides are proven to be ideal building blocks for 2D and 3D
%]Zqoao(g;)setf;?gﬂ?éygél)@ can be estimated from the high-resolution AFM  smectic arrangements on a substrate, in solution and the solid
(19) We preliminarily measured high-resolution AFM images of the as-prepared

poly-L-1 (a mixture of high-molecular weight poly-1(—) and low- (21) Polyp-1(+) was treated with CuCl in piperidine to eliminate the terminal

molecular weight poly-1(+)) cast from a benzene solution on HOPG. Pd residues prior to the SR-SAXS measurements, since the smectic layer

We anticipated a spontaneous diastereomeric domain formation. However, reflections could not be observed for the magnetic-oriented polymers bearing

as shown in Figure S11, 2D smecticlike layered domains composed of either the terminal Pd residues prepared under identical conditions; the reason is

a right- or left-handed helical poly-1 could not be clearly observed. It not clear, but probably due to the high atomic scattering factor of the Pd

seems likely that the molecular length may play a dominant role in such a metals at the polymer ends (for more details, see Experimental Section

2D smecticlike layer formation. Apparently, a further thorough study is and Supporting Information).

necessary to explore a possible spontaneous domain formation. (22) Two-dimensional smecticlike assemblies of the polymer chains with a
(20) (a) Hara, M.; lwakabe, Y.; Toguchi, K.; Sasabe, H.; Garito, A. F.; Yamada, controlled spacing were also observed in AFM images of pelf-+) on

A. Nature199Q 344, 228-230. (b) Smith, D. P. E.; Hber, H.; Gerber, HOPG (Figure S7). The average layer spacing 14 nm is consistent with

Ch.; Binnig, G.Sciencel989 245 43—45. For reviews: (c) De Feyter, that determined by SR-SAXS and TEM.

S.; De Schryver, F. CChem. Soc. Re 2003 32, 139-150. (d) Peez- (23) Bates, M. A.; Frenkel, D. J. Chem. Phys1998 109, 6193-6199.

Garca, L.; Amabilino, D. B.Chem. Soc. Re 2002 31, 342-356. (e) (24) He, S.-J,; Lee, C,; Gido, S. P.; Yu, S. M.; Tirrell, D. Macromolecules

Giancarlo, L. C.; Flynn, G. WAcc. Chem. Ref00Q 33, 491-501. 1998 31, 9387-9389.
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state, assisted by four sets of intramolecular hydrogen-bondingform showing an LC phase on a poly(tetrafluoroethylene) (PTFE) petri
helical arrays of the pendants. In addition, the helical structures dish. After gradual evaporation of the solvent, the cast film was annealed
of the polyisocyanides including the helical pitch and handed- at 170°C for 2 days. The obtained cast film was embedded in epoxy
ness were for the first time determined by high-resolution AFM resin (ThreeBond 2082C) and ultramicrotomed perpendicular to the
observations combined with X-ray diffraction measurements cast film surface. The thin film (ca. 30 nm thick) was then stained by
We anticipate that the helical polyisocyanides bearing Pt and RuG, "a_p"r for 7:min before the TEM observations,

Pd at the ends may also be used as a novel template to organize Materials. Anhydrous chioroform and toluene (water contes#o
one-dimensional arrays of inorganic materials on the nanoscaleppm) were purchased from Aldrich and stored under dry nitrogen. THF

. . . was dried over sodium benzophenone ketyl, distilled onto LiAlktder
by modification of the catalyst, which may be applicable to the nitrogen, and distilled under high vacuum just before use. The

next-generation optical, electric, and magnetic devices. 4-isocyanobenzoyl- andp-alanine decyl esters{1 andp-1) and the
u-ethynediyl PtPd complex 2)!° were prepared as previously reported.

Polymerization. The polymerization of-1 was carried out in a dry
Instruments. The NMR spectra were measured using a Varian glass ampule under a dry nitrogen atmosphere ugiag the catalyst
AS500 spectrometer (Varian, Palo Alto, CA) operating at 500 MHz in dry THF. A typical experimental procedure is described below.
for H and 125 MHz for'3C, using TMS as the internal standard. The MonomerL-1 (300 mg, 0.84 mmol) was placed in a dry ampule, which
IR spectra were recorded using a JASCO FT/IR-680 spectrometer was then evacuated on a vacuum line and flushed with dry nitrogen.
(JASCO, Tokyo, Japan). The absorption and CD spectra were obtainedAfter this evacuatiorflush procedure had been repeated three times,
in a 1.0-mm quartz cell using a JASCO V570 spectrophotometer and a three-way stopcock was attached to the ampule, and dry THF (3.4

a JASCO J820 spectropolarimeter, respectively. The polymer concen-mL) was added by a syringe. To this was added a soluti¢hiofTHF
tration was calculated on the basis of the monomer units and was 0.2(10 uM, 0.81 mL) at ambient temperature. The concentrations-bf
mg/mL. The optical rotations were measured in a 2-cm quartz cell on and2were 0.2 and 0.002 M, respectivel][2] = 100). The mixture

a JASCO P-1030 polarimeter. SEC was performed using a JASCO PU-was then stirred under a dry nitrogen atmosphere and heated®®. 55
2080 liquid chromatograph equipped with YVisible (JASCO UV- After 20 h, the resulting polymer (poly-1) was precipitated in a large
2070) and CD (JASCO CD-2095) detectors. Two Tosoh TSKgel amount of methanol, collected by centrifugation, and dried in vacuo at
MultiporeHy -M SEC columns (Tosoh, Tokyo, Japan) were connected room temperature overnight (286 mg, 96% yield).

in series, and THF containing 0.1 wt % tetrdsutylammonium bromide Spectroscopic data of poly:-1: IR (KBr, cm): 3277 ¢n—), 1750

was used as the eluent at the flow rate of 1.0 mL/min. The molecular (vc—o ester), 1635 (amide 1), 1535 (amide IB4 NMR (CDCls,
weight calibration curve was obtained with standard polystyrenes 55°C): § 0.87 (broad, Ckj 3H), 1.26 (broad, CH 14H), 1.53 (broad,
(Tosoh). The WAXD measurements were carried out using a Rigaku CH; and CH, 5H), 4.09 (broad, CH 2H), 4.51 (broad, CH, 1H),
RINT RAPID-R X-ray diffractometer (Rigaku, Tokyo, Japan) with a  4.8-7.7 (broad, aromatic, 4H), 7-®.0 (broad, NH, 1H);{]%, —995°
rotating-anode generator and graphite monochromated aCuK (c 0.1, chloroform); Anal. Calcd (%) for (&H3oN2Os)n: C, 70.36; H,
radiation (0.15418 nm) focused through a 0.3 mm pinhole collimator, 8.44; N, 7.81. Found: C, 70.23; H, 8.56; N, 7.68.

which was supplied at a 45 kV voltage and a 60 mA current, equipped  Eractionation. The obtained poly-1 (70.8 mg) was suspended in
with a curved imaging plate having a specimen-to-plate distance of 30 mi_ of acetone, and the mixture was stirred at ambient temperature
120.0 mm. The X-ray photographs were taken at ambient temperaturefoy 3 . After filtration, the filtrate was evaporated to dryness under
(20—25 °C) from the edge-view position with a beam parallel to the gqyced pressure, giving polyd(+) (10.0 mg, 14%). The acetone-
film surface. The SEC-MALS measurements were performed using an jnsoluble polymer was dissolved in a small amount of chloroform, the
HLC-8220 GPC system (Tosoh) equipped with a differential refrac- sojution was precipitated in a large amount of acetone, and the
tometer coupled to a DAWN-EOS MALS device equipped with a  precipitate was then collected by filtration. After this procedure was
semiconductor lasef (= 6_90 nm) (Wyatt Techpology, Santa Barbara, epeated again, the polyd(—) was obtained (44.5 mg, 63%).

E e AL LTS 1, SPECUOSCOc s fpOb- 1) I (G 5270 1)
light-scattering détectors at different angles. The differential refractive 1750 oo ester), 1635 (amide 1), 1535 (amide i} NMR (CDCk,

. . . ) ) 55°C): 6 0.90 (broad, CHl 3H), 1.29 (broad, Ck 14H), 1.62 (broad,
index increment, a/dc, of the polymer with respect to the mobile phase CHs and CH, 5H), 4.11 (broad, Chj 2H), 4.51 (broad, CH, 1H), 4.9

atf 25t C \f[vas stottmTt_easr:Jreld by inh O%!iﬂb rex mterferct)metrlc 7.7 (broad, aromatic, 4H), 8:3.0 (broad, NH, 1H);¢]%*>> +1530C (c
refractometer (Wyatt Technology). The measurements were 0.05, chloroform). Anal. Calcd (%) for @@H3soN20s)n: C, 70.36; H,

performed using a Nanoscope llla or Na_noscope !V microscope (Veec08_44; N, 7.81. Found: C, 70.18: H, 8.44: N, 7.78.

Instruments, Santa Barbara, CA) in air at ambient temperature (ca. ) ] i

25°C) with standard silicon cantilevers (NCH, NanoWorld, NeGfeha Spectroscopic data of poly:-1(=): IR (KBr, cm} .)' 3282 ),
Switzerland) in the tapping mode. The polarizing optical microscopic 1720 @c-o ester), 1635 (amide I), 1535 (amide 4 NMR (CDCl,

observations were carried out with an E600POL polarizing optical 22 C): 0 0.87 (broad, Chl 3H), 1.25 (broad, Ckl 14H), 1.53 (broad,
microscope (Nikon, Tokyo, Japan) equipped with a DS-5M CCD CHs and Ch, 5H)"_1'09 (broad, Cbi 2H), 4.51 (broad,zg:H, 1H), 4:8
camera (Nikon) connected to a DS-L1 control unit (Nikon). The sample /-7 (broad, aromatic, 4H), 7-8.9 (broad, NH, 1H);¢]*» —1615 (c
solution was placed on a glass plate with a cover glass to develop the9-1: chloroform). Anal. Caled (%) for (@HzNzOg)n: C, 70.36; H, 8.44;
planar structure before observation of the microscopic texture at ambientN: 781 Found: C, 70.35; H, 8.36; N, 7.64.

temperature (2625°C). The SR-SAXS measurements were performed ~ Poly-D-1 was also prepared by the polymerizationmef with 2

at the Institute of Materials Structure Science, Tsukuba, Japan (Photon([1l/[2] = 100) in the same way as described above, and the acetone-
Factory), with small-angle X-ray equipment installed on a beam line, insoluble part (polys-1(+)) was obtained by fractionation with acetone.
BL15A, with the approval of the Photon Factory Program Advisory Spectroscopic data of polys-1: IR (KBr, cm™): 3276 ¢n-n), 1751
Committee (No. 2006G293). The wavelength of the incident X-ray (vc—o ester), 1635 (amide 1), 1535 (amide I3 NMR (CDCl;,
beam was 0.1508 nm. X-ray photographs were taken using a flat 55°C): 6 0.87 (broad, Chl 3H), 1.26 (broad, Ck 14H), 1.54 (broad,
imaging plate placed 2400 mm from the sample position at ambient CH; and CH, 5H), 4.10 (broad, CH 2H), 4.52 (broad, CH, 1H), 4:9
temperature (2625 °C). The TEM observations were performed using 7.7 (broad, aromatic, 4H), 8:®.1 (broad, NH, 1H);{]%» +1062 (c

a Hitachi H-800 instrument operated at 100 kV. The sample was 0.05, chloroform). Anal. Calcd (%) for @H3oN2Os).: C, 70.36; H,
prepared by casting a concentrated solution of pely-+) in chloro- 8.44; N, 7.81. Found: C, 70.36; H, 8.32; N, 7.64.

Experimental Section
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Spectroscopic data of polys-1(+): IR (KBr, cm™): 3277 ¢n-n),
1751 fc—o ester), 1635 (amide 1), 1535 (amide I§ NMR (CDCls,
55°C): 6 0.86 (broad, Chl 3H), 1.26 (broad, Ck 14H), 1.53 (broad,
CHz and CH, 5H), 4.10 (broad, CH 2H), 4.52 (broad, CH, 1H), 4-9
7.8 (broad, aromatic, 4H), 7-8.9 (broad, NH, 1H);{]?% +1487 (c
0.1, chloroform). Anal. Calcd (%) for (&H30N2O3)n: C, 70.36; H, 8.44;

N, 7.81. Found: C, 70.00; H, 8.62; N, 7.42.

In the same way, poly-1so ([1]/[2] = 50) and polye-1200 ([1]/[2]
= 200) were prepared by the polymerizationLef with 2 in THF at
55°C for 20 h, and poly—-1s¢(—) and polyt-1,0(—) were obtained as
the acetone-insoluble part from the pahts, and polyt-1,00 respec-
tively.

Spectroscopic data of poly:-1sq: IR (KBr, cm™): 3281 n-_1),
1748 (c—o ester), 1636 (amide 1), 1536 (amide 4 NMR (CDCls,
55°C): 6 0.89 (broad, Chl 3H), 1.26 (broad, Ck 14H), 1.56 (broad,
CHs and CH, 5H), 4.12 (broad, CH 2H), 4.53 (broad, CH, 1H), 47
7.7 (broad, aromatic, 4H), 7-9.1 (broad, NH, 1H); ¢]*>> —876 (c
0.1, chloroform). Anal. Calcd (%) for (&H3oN2Os)n: C, 70.36; H, 8.44;

N, 7.81. Found: C, 70.13; H, 8.28; N, 7.99.

Spectroscopic data of poly:-1so(—): IR (KBr, cm™): 3279 @'n—n),
1750 c—o ester), 1634 (amide 1), 1535 (amide i NMR (CDCls,
55°C): ¢ 0.88 (broad, Chl 3H), 1.26 (broad, Ck 14H), 1.54 (broad,
CHz and CH, 5H), 4.11 (broad, CH 2H), 4.52 (broad, CH, 1H), 4-9
7.7 (broad, aromatic, 4H), 7-9.0 (broad, NH, 1H);{]?% —1659 (c
0.1, chloroform). Anal. Calcd (%) for (&H3oN2O3)n: C, 70.36; H, 8.44;

N, 7.81. Found: C, 70.38; H, 8.50; N, 7.72.

Spectroscopic data of poly=-1,00 IR (KBr, cm™): 3276 (¢n-n),
1751 (c—o ester), 1635 (amide 1), 1535 (amide 4 NMR (CDCls,
55°C): 6 0.86 (broad, Chl 3H), 1.24 (broad, Ck 14H), 1.53 (broad,
CHs and CH, 5H), 4.07 (broad, CH 2H), 4.47 (broad, CH, 1H), 48
7.7 (broad, aromatic, 4H), 7-9.0 (broad, NH, 1H);{]%% —1083 (c
0.1, chloroform). Anal. Calcd (%) for (&H3oN2Os)n: C, 70.36; H, 8.44;

N, 7.81. Found: C, 70.09; H, 8.32; N, 7.63.

Spectroscopic data of poly=-120o—): IR (KBr, cm™): 3277 f'n-n),
1740 pc—o ester), 1635 (amide 1), 1533 (amide #}§ NMR (CDCls,
55°C): 6 0.87 (broad, Chl 3H), 1.24 (broad, Ck 14H), 1.53 (broad,
CHz and CH, 5H), 4.08 (broad, CH 2H), 4.51 (broad, CH, 1H), 4-8
7.7 (broad, aromatic, 4H), 7=9.0 (broad, NH, 1H);§]*% —1714 (c
0.1, chloroform). Anal. Calcd (%) for (&H3oN2Os)n: C, 70.36; H, 8.44;

N, 7.81. Found: C, 70.34; H, 8.36; N, 7.70.

WAXD Measurements. The oriented helical poly-1(—) and poly-
L-1(+) films (ca. 20um thickness) for the X-ray analyses were prepared
from concentrated LC benzene solutions in an electric field of 6000
Vicm. The WAXD patterns of the oriented polyd(—) and poly-
1(+) films with different ranges of sensitivities to show both the strong
and weak reflections (Figure S2), where the main layer lines have been
indicated and the indices of the reflections are labeled, exhibit diffuse
equatorial reflections, and several meridional and off-meridional
reflections on the layer lines, although the only broad reflections were
observed in the diffraction pattern of palyi(+) probably due to its
relatively low molecular weight. The reflections in the diffraction
patterns of poly--1(—) and polyt-1(+) can be properly indexed with
hexagonal latticess = 26.78 A,c = 13.05 A, anda = 26.45 A,c =
13.20 A, respectively. The spacings and mirror indices of the reflections
are listed in Table S1. Although we could not observe a meridional
reflection on the 15th layer line (0.87 A) even when the X-ray
measurements were performed using a cylindrical camera with the
samples tilted ca. 82normal to the beam, the most probable structure
of the helical polye-1(—) and polyt-1(+) can be proposed to be a
15/4 helix by considering the layer line intensities observed in the
diffraction patterns and the density measureffeand calculation
results.

SAXS Measurements.The oriented helical poly-1(—), poly-d-
1(+), and polyt-1so(—) films for the SAXS measurements were
prepared by gradual solvent evaporation of a concentrated LC
chloroform solution of each polymer (initial concentration: ca. 20 wt

%) in a borosilicate glass capillary tube in a high magnetic field (11.75
T) using a Varian AS500 NMR instrument, after the polymers had
been treated with CuCl in piperidine to eliminate the Pd residues at
the polymer ends, followed by SEC fractionation. We noted that the
smectic layer reflections could not be observed for the magnetic-oriented
polymers bearing the terminal Pd residues prepared under the identical
conditions; the reason is not clear, but probably due to the high atomic
scattering factor of the Pd metals at the polymer ends.

A typical procedure for the elimination reaction is described below
(see Scheme 1). To a solution of paly—) (41 mg) in piperidine (4
mL) was added a solution of CuCl in piperidine (28.8 mM, /80 2
equiv to the polymer) at ambient temperature. The mixture was then
stirred at 120C under a dry argon atmosphere. After 9 h, the resulting
polymer was precipitated in a large amount of acetonitrile, collected
by filtration, and washed with acetonitrile. The polymer was then
dissolved in a small amount of chloroform and precipitated in
acetonitrile which was repeated a second time. The obtained polymer
had a broad polydispersityMk,/M, = 1.20), and the polymer was
fractionated by SEC using THF containing 0.1 wt % tetrautylam-
monium bromide as the eluent, yielding palyt(—) with a narrow
polydispersity (25 mg, 61% yieldyl, = 6.75 x 10%, My/M, = 1.04,
Aeses = —21.8) after being purified by reprecipitation and dried in
vacuo at ambient temperature for 10 h. In the same way, the
Pd-eliminated poly=1so(—) (Mn = 2.83 x 10%, My/M, = 1.03, A€zes
= —19.9) and polys-1(+) (My = 5.13 x 10%, Mu/M, = 1.03,A€ges =
+21.6) were prepared, and these samples were used for the SR-SAXS
measurements. The resulting Pd-eliminated polymers gave almost
identical CD, absorption, and NMR spectra to those of the original
polymers, although their molecular weights and MWDs were slightly
changed. These results suggest that the Pd elimination procedure did
not cause a substantial change of the helical structures of the original
polymers.

SEC-MALS Measurements The SEC-MALS measurements were
carried out with THF containing 0.1 wt % tetrabutylammonium
bromide used as the eluent at the flow rate of 0.5 mL/min. A standard
polystyrene A, = 30500 (Polymer Laboratories, Shropshire, U.K.))
was used to calculate the device constants, such as the interdetector
delay, interdetector band broadening, and light-scattering detector
normalization. Poly-1(—) and polyt-1(+) were completely
dissolved in the eluent at the concentration of-012% (wt/vol) under
gentle stirring for +2 h before injection. The evaluations of the
molecular weights were accomplished using ASTRA V software
(version 5.1.3.0). Therddc values of polyt-1(—) and polyt-1(+) in
the eluent used for the evaluations were 0.1369 and 0.1367 mL/g,
respectively.

AFM Measurements. Stock solutions of poly-1, poly-L-1(+),
poly-L-1(=), poly-D-1(+), and polyt-1,0o(—) in dry benzene or THF
(0.015 or 0.02 mg/mL) were prepared. Samples for the AFM measure-
ments were prepared by casting 20 aliquots of the stock solutions
of the polymers. The casting was done at room temperature on freshly
cleaved HOPG under benzene or THF vapor atmospheres. After the
polymers had been deposited on the HOPG, the HOPG substrates were
further exposed to benzene or THF vapors for 12 or 2 h, respectively,
and then the substrates were dried under vacuurf foaccording to
the reported procedufé® The organic solvent vapors were prepared
by putting 1 mL of benzene or THF into a 2-mL flask that was inside
a 50-mL flask, and the HOPG substrates were then placed in the 50-
mL flask. The typical settings of the AFM for the high-magnification
observations were as follows: amplitude 215 V, set point 0.9
1.4 V, scan rate 2.5 Hz. The Nanoscope image processing software
was used for the image analysis.
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Supporting Information Available: Molecular modeling and
calculations of helical structures of polyi(+) and polyt-
1(-), SEC chromatograms and CD and YVis spectra of as-
prepared poly-1, poly-p-1(+), and polyp-1(—), WAXD
patterns and lattice data of oriented paki{—) and polyt-
1(+) films, IR spectra of poly--1, poly--1(—), and polyt-
1(+) in chloroform, crystalline structure of-1, AFM
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images of 2D self-assembled, as-prepared pdlypoly-D-1(+),
poly-L-1(—)200, poly--1(—), and polyt-1(+) on HOPG, SR-
SAXS pattern of a magnetically oriented palyt(—)so. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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