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ABSTRACT: The rigid-rod-like left-handed helical polyisocyanides (poly-3) with a different molecular
weight and a narrow molecular weight distribution were prepared by the living polymerization of an
enantiomerically pure phenyl isocyanide bearing an L-alanine pendant with an n-hexyl chain (3) using the
u-ethynediyl Pt—Pd catalyst. The left-handed helical poly-3s maintain their living feature and further
copolymerized an analogous L-alanine-bound phenyl isocyanide with a long n-tetradecyl chain (4) to produce
rod—rod diblock polyisocyanides with a controlled helical sense and a narrow molecular weight distribution.
The rigid rod—rod helical diblock copolyisocyanides were composed of the same L-alanine pendants, but with
alkyl chains of different lengths self-assembled to form the nanometer-scaled bilayer smectic-like ordering on
a substrate and in a liquid crystalline state as evidenced by the direct atomic force microscopic and polarized

optical micrograph observations, respectively.

Introduction

Recently, supramolecular structures formed by macromole-
cular self-assembling building blocks such as rod—coil block
copolymers have been studied extenswely The rod segments are
designed to possess a well-defined size and shape, so that the
rod—coil block copolymers self-assemble to form unique three-
dimensional (3D) archltectures which mclude superlattices, '
superhelices,'® mlcelles nanoribbons,'® and smectic liquid
crystal (LC) phases.' The morphology of these structures can
be controlled by variation of the amphiphilicity, molecular
weight, and the composition of the two components and solvents
used as well. These findings have provided very useful knowledge
and many prospects on the horizon leading to the discovery of
novel self-assembling materials and the control of the dimension-
ality and shape of their structures through molecular design.
These unique and specific properties may not be anticipated for
most synthetic flexible polymers because of lack of the rigidity to
retain unique 3D structures due to their totally random coil
conformations.

Despite all these efforts, synthesis and self-assembling beha-
viors of rod—rod block copolymers have rarely been reported 2
notwithstanding the many prospective applications in nano-
technology and scaffolds for the optoelectronic materials. Kros,
Cornelissen, and co-workers designed a novel rod—rod amphi-
phile hybrid copolymers derived from helical poly(isocyano-
peptide)s and poly(y-benzyl L—glutamate) (PBLG) and found
that they self-assembled into vesicles, “polymersome” in water.’
The poly(isocyanopeptide)s have an enhanced rigidity of their
helical backbones, resulting from a hydrogen-bonding network
formed between the stacking amide groups of the peptide side
chains,'“* as observed in the a-helix of PBLG.’ Similar amphi-
philic rod—rod building blocks were also reported to form single-
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layer superstructures like Vesmles tubes, and sheets depending on
their compositional periodicity.®

Previously, we reported that an enantiomerically pure phenyl
isocyanide bearing an L-alanine pendant with a long n-decyl chain
(1) was polymerized with the u-ethynediyl Pt—Pd catalyst (2)” to
produce both right (P)- and left (M)-handed helical, rigid-rod
polyisocyanides at once with a different molecular weight (MW)
and a narrow molecular weight distribution (MWD), which
could be sepdrdted into each helix by facile fractionation with
acetone.®” The fractionated single-handed helical polyisocya-
nides maintained their living characteristics and can be used as
an initiator (macroinitiator) for further block copolymerizations
of the isocyanide enantiomers in a highly enantiomer-selective
fashion along with an almost perfect helix-sense selectivity while
retaining a narrow MWD (Figure 1A).'° In addition, the rodlike
macroinitiators and resulting block copolymers self-assembled to
form a well-defined two-dimensional (2D) smectic ordering on the
nanometer scale on a substrate; their molecular lengths and helical
structures including the helical pitch, helical sense, and handedness
excess could be directly determined by high-resolution atomic
force microscopy (AFM) on a substate.™'”

Herein we show the synthesis and self-assembly behaviors of
the rod—rod block helical polyisocyanides with a narrow MWD
composed of enantiomerically pure phenyl isocyanide blocks
bearing the same L-alanine residues with different alkyl chains,
n-hexyl (3) and n-tetradecyl groups (4), as the pendants
(Figure 1B). We anticipated that such rigid rod—rod helical
block polyisocyanides consisting of anisotropically different
cylindrical building blocks, resulting from short and long alkyl
chains as the pendants instead of amphiphilicity, might dictate
the self-assembly process and generate unique supramolecular
architectures in order to minimize the steric hindrance between
the neighboring building blocks. In addition, attractive van der
Waals interactions between the pendant alkyl chains may also
play a role for the self-assembly.
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Figure 1. (A) Schematic illustration of the helix-sense-selective living polymerization of 1 with the u-ethynediyl Pt—Pd catalyst (2), yielding a mixture
of diastereomeric, right- and left-handed helical poly-1s with different MWs and a narrow MWD, which can be further separated into the right- and left-
handed helical poly-1s. Each single-handed helical poly-1 can be used as the deI’OlmtldtOf for further block copolymerizations. The macroinitiators

and resulting block copolymers self-assembled to form 2D smectic ordering on substrate.®

10(B) Synthesis and structures of poly(3-b-4)s w1th different

block compositions. Possible helical structures of left-handed helical poly-3 and poly-4 on the basis of X-ray structural analyses of poly-1° followed by
molecular mechanics calculation are also shown (left). Each structure is represented by space-filling models (50-mer). Four sets of helical arrays (n and
n + 4) of the pendants are shown in different colors for clarity (red, yellow, green, and blue). (C) Schematic representation of 2D smectic head-to-head
bilayer molecular ordering of poly(3-b-4) on a substrate. Red and blue colors represent poly-3 and poly-4 helical blocks, respectively.

Results and Discussion

A series of the block polyisocyanides (poly(3-b-4)s) with dif-
ferent 3 and 4 segment lengths were prepared according to the
previously reported method®'® using the two-step living block
polymerization of the isocyanide monomers (3 and 4) with the
Pt—Pd catalyst (2) as outlined in Figure 1B. Poly-3s with different
molecular weights (number-average molecular weight (M,) =
(2.95-6.09) x 10* and narrow MWDs (< 1.06) were first prepared
by the polymerization of 3 with 2 as the initiator in tetrahydro-
furan (THF) at 55 °C for 20 h. The obtained poly-3s contained
minor right-handed helical poly-3s,*!® which could be separated
off by size exclusion chromatography (SEC), thus producing the
major almost complete left-handed helical poly-3s, as supported
by their circular dichroism (CD) spectra (Figure 2) and SEC
measurements (Figure 3). The obtained left-handed helical poly-
3s'! were used as macroinitiators for further block copolymeriza-
tions of 4 in THF at 55 °C to produce poly(3-h-4)s while main-
taining a narrow MWD (Figure 3; see also Schemes 1 and 2).

The CD spectral patterns and intensities of the block copolyiso-
cyanides (Figure 2 and Table 1) in the imino chromophore
regions of the polymer backbones (280—480 nm) as well as in
the pendant aromatic regions (240—280 nm) are almost identical
to those of the corresponding macroinitiators, clearly demon-
strating that the present living block copolymerizations proceed
in an almost perfect helix-sense-selective manner (Figure 2B)."
The absolute M, and degree of polymerization (DP) (see the
suffixes of poly-3s and poly(3-b-4)s) of the macroinitiators and
block copolymers were determined by SEC coupled with multi-
angle light scattering (MALS) detector (SEC-MALS) measure-
ments. The polymerization results are summarized in Table 1.
As expected from the rigid-rod-like features of the block copoly-
mers with narrow MWDs, they exhibited smectic LC phases as
evidenced by their clear fan-shaped textures in concentrated chloro-
form solutions under a polarized optical micrograph (Figure 4).'
Previously, we reported that the rodlike helical L-alanine-bound
polyisocyanides with an n-decyl alkyl chain (poly-1 in Figure 1A)
as the pendant hierarchically self-assembled into smectic-like 2D
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helix bundles (Figure 5A) on highly oriented pyrolytic graphite
(HOPG? upon exposure to organic solvent vapors, ~ as revealed by
AFM 31" We then applied this procedure to visualize the 2D
smectic structures of poly(3-b-4)s by measuring their AFM
images.'>!® Unlike rodlike helical polyisocyanide homopolymers,
the rodlike helical copolymers, poly(3-b-4)s were composed of two
different blocks with different cylindrical sizes while maintaining a
narrow MWD and were anticipated to form a variety of 2D helix
bundles with different geometries with respect to the molecular
packing, head-to-head (H—H) or head-to-tail (H-T), parallel or
antiparallel, and interdigitated or bilayer on a substrate. Such
possible 2D helix-bundle structures are shown in Figure SB—E.

Figure 6A shows the AFM images of poly(3;¢7-b-49>) deposi-
ted on HOPG from a dilute THF solution after THF vapor
exposure at an ambient temperature for 12 h. The number-
average molecular length (L,,) of the copolymer chains estimated
by the AFM images was 17.0 nm (Figure 6C); this value is almost
identical to that calculated by the SEC-MALS measurement
results based on the absolute molecular weight and the unit helght
(0.087 nm) of a repeatmg unit of the analogous polyisocyanide®
and nearly doubled in length compared to that of the macro-
initiator poly-3;97(—) (9.3 nm) (Table 1). Interestingly, a clear 2D
smectic-like banded texture with periodicity was observed in the
AFM image derived from the height variations of the segments
composed of self-assembled block copolymer chains on HOPG.
The brighter strata are higher than the darker strata by 0.2—0.3 nm
in height, and the observed banding repeat distance estimated
by the 2D fast Fourier transforms was ca. 37 nm (Figure 6B); the
value is nearly twice as large as the length of poly(3;¢7-b-49,). The
geometrical requirement can only be satisfied on the basis of the
smectic H—H bilayer phase where a pair of smectic layers packs
in a H—H fashion as illustrated in Figures 5B and 6D.
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Figure 2. CD and absorption spectra of the macroinitiators and the result-
ing block copolymers measured in chloroform at 25 °C (0.2 mg/mL).
(A) Macroinitiators: poly-3¢7(—) (a), poly-3197(—) (b), and poly-3,x(—)
(c). (B) Block copolymers: poly(397-b-4-5¢) (d), poly(3,97-b-495) (€), and
poly(3202-b-414) (D).
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In order to identify the high and low height strata of the
banded textures to each block segment of the poly(3;¢7-b-49,), the
AFM images of the corresponding 2D self-assembled homo-
polymers (poly-3 and poly-4; DP = ca. 100) were measured
(Figures 7 and 8, respectively). The average heights of each
homopolymer were almost identical (ca. 1.7 nm), but a remark-
able difference was observed in the chain-to-chain spacings of the
self-assembled homopolymers on HOPG: ca. 2.0 nm for poly-3
(Figure 7) and ca. 2.5 nm for poly-4 (Figure 8). As described
below, in-depth observations of the magnified AFM images of
poly(3197-b-49,) (Figure 9C) revealed that the chain-to-chain
spacings were found to be larger (ca. 2.5—2.8 nm) for the dark
segments than the bright ones (ca. 2.0 nm). On the basis of these
observations, the segments in the poly(3,97-b-49,) with a higher
height may be assigned to poly-3 blocks and lower segments poly-
4 blocks, although the reason why the corresponding self-
assembled homopolymers on HOPG had an almost identical
height is not clear at the present.'”'®

To visualize the exact ordering of poly(3;7-b-49,) molecules on
HOPG, high-resolution AFM observations were performed.
We could obtain well-defined smectic-like assemblies when the
samples were prepared from a chloroform solution (Figure 9). In
some areas, the smectic H—H bilayer molecular arrangements
with junctures between the layers which appear to fit the mole-
cular dimension of poly(3;97-b-49,) were clearly shown (see the
zoomed images 1 and 2 in Figure 9C and schematic representa-
tions of a possible molecular ordering). In addition, there were
also another types of ordering consisting of T—T interdigitated
arrangements (for example, see the zoomed image 3 in Figure 9C)
along with the major H—H bilayer arrangements. There were also
the areas indicated by the circle in which the block copolymers did
not form regular structures.

To further investigate the effect of the cylindrical segment
lengths of poly(3-b-4)s on the formation of bilayer assemblies on
HOPG, the AFM images of poly(397-h-4,56) and poly(3,92-H-4;34)
with different lengths of poly-3 and poly-4 blocks (Table 1) were
measured (Figures 10 and 11, respectively). Poly(397-b-4,56)
composed of shorter poly-3 (8.5 nm) and longer poly-4 blocks
(ca. 22 nm) as schematically shown in Figure 10A also formed
similar 2D helix bundles (Figure 10B), but in contrast to poly-
(3107-b-495), clear bilayer smectic-like banded textures derived
from different height segments were hardly observed. This
may be because the poly-3 segments are too short compared to
the poly-4 ones to form a large domain to detect the difference
in height by AFM. However, the magnified AFM image
(Figure 10C) revealed that some segments could be assigned to
the poly-3 blocks because of a relatively shorter chain-to-chain
spacing (2.0 nm) of the polymer ends, and the poly(397-b-4>5¢)
molecules seemed to pack in a complicated manner involving
H—H bilayer, T—T interdigitated, and H—T arrangements as
shown in Figure 10C.
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Figure 3. SEC chromatograms of the macroinitiators and block copolymers: poly-397(—) (A), poly(397-b-4,56) (B), poly-3,97(—) (C), poly(3,97-H-49;)
(D), poly-3505(—) (E), and poly(3,0:-b-4;54) (F) using UV (254 nm, red lines) and CD (364 nm, blue lines) detectors. The M|, and its distribution
(M, M) of each polymer as determined by SEC-MALS measurements are also shown.
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Scheme 1. Synthesis of Poly-3¢7(—), Poly-3197(—), and Poly-3,p>(—)
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We tried to prepare a poly(3-h-4) copolymer consisting of
longer poly-3 and shorter poly-4 blocks; however, only 55% of
the macroinitiator (poly-3,02(—)) was found to react with 4
during the block copolymerization. As a result, the obtained
copolymer poly(3,9,-b-4134) consisted of almost the same block
length of poly-3 and poly-4 (Figure 11A), and the sample
contained a small amount of the unreacted macroinitiator even
after SEC fractionation because of the difficulty in separating it
completely.'?

The AFM images of poly(3,,-h-4;34) also showed 2D smectic-
like bilayer structures with different height segments as observed
in the banded textures of the poly(3,7-b-49;) (Figure 11B).
Again, the domains marked in red in the AFM image (right)
can be assigned to the poly-3 segments because of a relatively
higher height and a shorter chain-to-chain spacing (2.0 nm). The
observed periodic banding width of the poly-3 was ca. 16 nm; this
value is not twice as large as the block length of the poly-3 in
poly(3,02-b-454) unlike the case of poly(397-b-49>). A possible
explanation for thisis the formation of a T—T interdigitated layer
structure rather than the smectic H—H bilayer structure, as
schematically depicted in Figure 5C, where the poly-3 blocks
are most likely interdigitated to each other to form such a bilayer
structure. However, the high-resolution AFM image (Figure 11C)
showed that the domain most likely consisted of ca. 20 poly-4
blocks (blue lines) and 30 poly-3 blocks (red lines), suggesting that
the poly(3,02-b-4134) may not form such a T—T interdigitated
structure or the remaining poly-3,0,(—) homopolymers may
participate to form such a layer structure.

To eliminate the possibility that the macroinitiator could
influence the formation of such a layer structure observed here,
the high molecular weight part of the poly(3,0,-b-4134) Was col-
lected by further SEC fractionation to remove the macroinitiator
completely, and then the AFM observations were performed again.
The number-average molecular length of poly(3,0,-b-41g4) after
the SEC fractionation estimated by AFM images was 38.1 nm.
The exact arrangements of the copolymers on HOPG could then
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be directly observed by high-resolution AFM, in which the poly-3
and poly-4 molecular segments were identified and marked in red
and blue lines, respectively, on the basis of the differences in their
heights and lateral spacings (Figure 12, right). The block copoly-
mers packed in both H—H and H—T manners, and interdigitated
overlapping of the poly-3 segments also existed. There are uni-
dentifiable segments and defects, and therefore, the full assign-
ments of each copolymer chain including the two polymer ends
and one juncture could not be perfectly attained. The difference in
the molecular ordering of poly(3197-b-49>) and poly(3,0>-b-4134),
consisting of almost the same ratio of poly-3 and poly-4 blocks,
may be due to the difference in their molecular length. The smectic
H—H ordering is not favored for such rodlike block copolymers
with a long molecular length, since an effective packing becomes
difficult in the 2D smectic H—H assemblies when the rods become
longer.

In summary, we synthesized three different left-handed helical
rod—rod diblock polyisocyanides with narrow MWDs composed
of r-alanine-bound phenyl isocyanides bearing short n-hexyl
and long n-tetradecyl chains as the pendants and provided the
molecular arrangements of the diblock polyisocyanides in the 2D
helix bundles on HOPG where each block segment was packed in
the smectic-like arrangements, although the molecular arrange-
ments were not perfectly controlled as revealed by the high-
resolution AFM observations. The present AFM results at a
molecular level clearly demonstrate that a small difference in the
alkyl chain length at the pendant groups can be a major driving
force for the constructing phase-separated nanomaterials on the
substrates and will contribute to predict the 3D molecular
ordering of rodlike helical polymers in liquid crystalline phases
and in the solid state. We believe that the present methodology
will be also useful for developing novel smectic liquid crystalline,
rigid-rod block polyisocyanides composed of the desired mono-
mer units with a controlled helicity through the living block
copolymerization which may also provide unique chiral materials.

Experimental Section

Instruments. The NMR spectra were measured using a Varian
AS500 spectrometer (Varian, Palo Alto, CA) operating at 500 MHz
for "H and 125 MHz for *C using TMS as the internal standard.
The IR spectra were recorded on a JASCO FT/IR-680 spectro-
meter (JASCO, Tokyo, Japan). The absorption and CD spectra
were obtained in a 0.1 cm quartz cell at ambient temperature
(20—25°C) using a JASCO V570 spectrophotometer and a JASCO
J820 spectropolarimeter, respectively. The polymer concentration
was calculated on the basis of the monomer units and was 0.2 mg/
mL. The optical rotations were measured in a 2 cm quartz cell on a
JASCO P-1030 polarimeter. The SEC-MALS measurements were
performed using an HLC-8220 GPC system (Tosoh, Tokyo, Japan)
equipped with a differential refractometer coupled to a DAWN-
EOS MALS device equipped with a semiconductor laser (1 =
690 nm) (Wyatt Technology, Santa Barbara, CA) operated at 25 °C
using two TSKgel Multipore Hx;-M columns (Tosoh) in series,
and THF containing 0.1 wt % tetra-n-butylammonium bromide
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Table 1. Block Copolymerization Results of 4 Initiated by Poly-3 in THF at 55 °C

molecular weight?

molecular length (nm)

run polyisocyanide time (h) yield (%) M, (x107%) MM, Ly(calc)’ L,(obs)* Ly/Ly¢ Agses’ M 'em ™)
1 poly-39,(—) 20 92 (70)° 2.95 1.01 8.5 - — —20.0
2 poly-310:(—) 20 94 (56)° 3.23 1.06 9.3 ~ ~ -21.0
3 poly-3205(—) 20 99 (76)° 6.09 1.01 17.5 20.3 1.06 -21.0
4 poly(397-b-das¢) 30 78 (70)° 13.6 1.05 30.7 31.0 1.27 -21.0
5 poly(3107-b-dg>) 30 100 (80)° 7.02 1.07 17.3 17.0 1.10 -21.0
6 poly(3a02-b-4154) 30 55(75)° 13.7 1.07 33.5 34.0 1.22 —-20.0

“Determined by SEC-MALS measurements with THF containing TBAB (0.1 wt %) as the eluent.  Calculated by the M, values based on the
molecular weights of the monomers (302.4 for 3 and 414.6 for 4) and the unit height (0.087 nm) of a repeating unit of polyisocyanides determined by
X-ray diffraction (XRD) analysis of an analogous L-alanine-bound helical polyisocyanide (poly-1).® “ Estimated by AFM measurements based on an
evaluation of ca. 500 molecules. “ Measured in chloroform at 25 °C. ¢ The yield after SEC fractionation is shown in the parentheses.” Not determined.
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Figure 4. Polarized optical micrographs of poly(3,97-b-495) (A) and
poly(397-b-4,56) (B) in chloroform solution taken at ambient tempera-
ture. Clear fan-shaped textures typical of smectic phases were observed.
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Figure 5. Schematic representation of the 2D smectic ordering of homo-
polymer (A) and typical 2D helix-bundle structures of diblock copoly-
mers with different geometries with respect to the molecular packing
(B—E); head-to-head bilayer (B), tail-to-tail interdigitated (C), head-
to-tail parallel (D), and head-to-tail antiparallel (E).

(TBAB) was used as the eluent at the flow rate of 0.5 mL/min. The
scattered light intensities were measured by 18 light scattering
detectors at different angles. The differential refractive index incre-
ment, dn/dc, of the polymer with respect to the mobile phase
at 25 °C was also measured by an Optilab rEX interferometric
refractometer (Wyatt Technology). SEC fractionation of the poly-
mers (poly-397, poly-3197, poly-3202, poly(397-b-456), poly(3197-b-
495), and poly(3,0,-b-4134)) Was carried out using a JASCO PU-
2080 Plus liquid chromatograph equipped with UV—vis (JASCO
UV-2070Plus) and RI (RI-2031Plus) detectors with two G4000HHR
columns (Tosoh) connected in series. THF containing 0.1 wt %
TBAB was used as the eluent at the flow rate of 5.0 mL/min. The
AFM measurements were performed using a Nanoscope Illa or
Nanoscope IV microscope (Veeco Instruments, Santa Barbara,
CA) in air at ambient temperature (ca. 25 °C) with standard silicon
cantilevers (NCH, NanoWorld, Neuchatel, Switzerland) in the
tapping mode. The polarizing optical microscopic observations
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Figure 6. (A) AFM height (left) and phase (right) images of 2D self-
assembled poly(31g7-b-49,) on HOPG. The samples were prepared by
depositing a dilute THF solution (0.02 mg/mL), followed by exposure
to THF vapor for 12 h at ambient temperature (ca. 25 °C). The 2D fast
Fourier transform of the phase image indicating the periodicity of ca.
37 nm is also shown in (B). (C) Histogram of the length distribution of
poly(3197-b-49>) obtained from high-resolution AFM images. The
number-average length (L,), the weight-average length (L), and the
length distribution (L/L,,) were estimated on the basis of the evalua-
tion of more than 100 molecules. (D) Schematic representation of the
2D smectic H—H bilayer molecular ordering of poly(3;97-b-49,) on
HOPG. Poly-3 and poly-4 blocks are indicated by red and blue colors,
respectively.

were carried out with an E600POL polarizing optical microscope
(Nikon, Tokyo, Japan) equipped with a DS-5 M CCD camera
(Nikon) connected to a DS-L1 control unit (Nikon). The sample
solution was placed on a glass plate with a cover glass to develop the
planar structure before observation of the microscopic texture at
ambient temperature (20—25 °C).

Materials. Anhydrous THF and chloroform (water content
<50 ppm) were purchased from Wako (Osaka, Japan) and
stored under dry nitrogen. THF was further dried over sodium
benzophenone ketyl, distilled onto LiAlH4 under nitrogen, and
distilled under high vacuum just before use. The 4-isocyano-
benzoyl-L-alanine hexyl ester (3) and 4-isocyanobenzoyl-L-alanine
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Figure 7. (A) AFM phase image of 2D self-assembled poly-3 on HOPG
and (B) typical 2D fast Fourier transform of (A), indicating the chain-
to-chain distance of 2.0 nm. The cross-sectional profile denoted by the
white dashed line is also shown in (C).
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Figure 8. (A) AFM phase image of 2D self-assembled poly-4 on HOPG
and (B) typical 2D fast Fourier transform of (A), indicating the chain-
to-chain distance of 2.4—2.5 nm. The cross-sectional profile denoted by
the white dashed line is also shown in (C).

tetradecyl ester (4)°° were prepared as previously reported. The
u-ethynediyl Pt—Pd catalyst (2)” was a gift from Prof. Onitsuka
of Osaka University.

Polymerization. The polymerization of 3 was carried out in a
dry glass ampule under a dry nitrogen atmosphere using 2 as
the initiator in dry THF in a similar way to that previously
reported.® A typical experimental procedure is described below
(Scheme 1). Monomer 3 (100 mg, 0.33 mmol) was placed in a dry
ampule, which was then evacuated on a vacuum line and flushed
with dry nitrogen. After this evacuation—flush procedure had
been repeated three times, a three-way stopcock was attached
to the ampule, and dry THF (1.41 mL) was added by a syringe.
To this was added a solution of 2 in THF (13.8 mM, 0.24 mL)
at ambient temperature. The concentrations of 3 and 2 were
0.2 and 0.002 M, respectively ([3]/[2] = 100). The mixture was
then stirred under a dry nitrogen atmosphere and heated to
55°C. After 20 h, the resulting polymer (poly-3) was precipitated
in a large amount of methanol, collected by centrifugation, and
dried in vacuo at room temperature overnight (96.8 mg, 94%
yield).

In the same way, poly-3s with different molecular weights
([3]/[2] = 60 and 120) were prepared by the polymerization of 3
with 2 in THF at 55 °C for 20 h.

Preparation of Single-Handed Helical Poly(phenyl isocyanide)
Macroinitiators. The obtained poly-3s were found to contain a
small amount of right-handed helical poly-3s with a lower
molecular weight as reported previously,® as evidenced by a
bimodal SEC distribution with a sharp main peak together with
a small peak in the lower molecular weight region whose CD
signs were opposite, negative (left-handed) and positive (right-
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Figure 9. (A) Schematic structure of poly(3,97-b-49;) and (B) high-
resolution AFM height (left) and phase (right) images of 2D self-
assembled poly(3,97-b-492) on HOPG. The samples were prepared by
depositing a dilute chloroform solution (0.02 mg/mL), followed by
exposure to chloroform vapor for 12 h at ambient temperature (ca.
25°C). (C) Zoomed height (top) and phase (bottom) images of the areas
indicated in (B). Schematic representations of possible helix-bundle
arrangements are also shown in (top). Poly-3 and poly-4 segments are
indicated by red and blue lines, respectively.

A Poly(397-b-4256)
8.5 nm 22.3 nm

Figure 10. (A) Schematic structure of poly(397-b-4,56). (B) AFM height
image of 2D self-assembled poly(397-b-4,56) on HOPG prepared in the
same manner as in Figure 9. (C) Zoomed image of the area indicated in
(B). Schematic representations of possible helix-bundle arrangements
are also shown. Poly-3 and poly-4 segments are indicated by red and
blue lines, respectively.

handed), respectively (Figure S2).® We then purified and iso-
lated the major left-handed helical poly-3s by SEC fractionation
using THF containing 0.1 wt % TBAB as the eluent. A typical
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Figure 11. (A) Schematic structure of poly(3;02-b-4154). (B) AFM
height (left) and phase (right) images of 2D self-assembled poly(3,¢,-
b-4,34) on HOPG prepared in the same manner as in Figure 9. Poly-3
blocks are indicated by red (right). (C) Zoomed image of the area indi-
cated in (B). Schematic representations of possible helix-bundle
arrangements are also shown (right). Poly-3 and poly-4 segments are
indicated by red and blue lines, respectively.

experimental procedure is described below. The as-prepared
poly-3 ([3]/[2] = 100) (73.0 mg) dissolved in THF containing
0.1 wt % TBAB was SEC fractionated. After evaporation of the
solvent, the fractionated polymer was dissolved in a small
amount of THF, the solution was precipitated in a large amount
of methanol, and the precipitate was then collected by filtration
to remove TBAB. After this procedure was repeated three times,
the left-handed helical poly-3;97(—) was obtained (40.9 mg,
56%). In the same way, the left-handed helical poly-397(—)
and poly-3,0,(—) were obtained by SEC fractionation of the
as-prepared poly-3s ([3]/[2] = 60 and 120, respectively).

Spectroscopic data of poly-3197(—): IR (KBr, cm™'): 3280
(vn—n), 1743 (vc=o ester), 1633 (amide I), 1534 (amide II).
'"H NMR (CDCl;, 55 °C, 500 MHz): 6 0.83 (broad, CHs, 3H),
1.26 (broad, CH,, 6H), 1.53 (broad, CH; and CH,, SH), 4.11
(broad, CH,, 2H), 4.50 (broad, CH, 1H), 4.8—7.7 (broad,
aromatic, 4H), 7.9—8.9 (broad, NH, 1H). SEC-MALS: M, =
3.23 x 10*, M,/M,, = 1.06; [a]p> —2228 (c 0.1, chloroform).
Anal. Calcd (%) for (C17H22N203)1072 C, 6753, H, 733, N, 9.26.
Found: C, 67.77; H, 7.20; N, 9.15.

Spectroscopic data of poly-3¢7(—): IR (KBr, cm™!): 3277
(VN_n), 1742 (ve—o ester), 1634 (amide 1), 1536 (amide 1I). 'H
NMR (CDCl;, 55 °C, 500 MHz): 6 0.82 (broad, CH3, 3H), 1.25
(broad, CH,, 6H), 1.52 (broad, CHz and CH,, 5H), 4.11 (broad,
CH,, 2H), 4.49 (broad, CH, 1H), 4.8—7.7 (broad, aromatic,
4H), 7.9-8.9 (broad, NH, 1H). SEC-MALS: M, = 2.95 x 10,
My/M, = 1.01; [o]p> —2106 (¢ 0.1, chloroform). Anal. Caled
(%) for (C17H2N»03)97: C, 67.53; H, 7.33; N, 9.26. Found: C,
67.32; H, 7.09; N, 9.05.

Spectroscopic data of poly-3,0>(—): IR (KBr, cm™'): 3278
(vn—n), 1740 (ve—o ester), 1633 (amide I), 1537 (amide II). 'H
NMR (CDCl;, 55 °C, 500 MHz): 6 0.81 (broad, CH3, 3H), 1.25
(broad, CH,, 6H), 1.51 (broad, CH; and CH,», 5H), 4.11 (broad,

Macromolecules, Vol. 43, No. 16, 2010 6559

Phase image

30 nm 44, ; 30 nm

Figure 12. AFM phase images of poly(3,02-b-4134) obtained after
further SEC fractionation on HOPG. Poly-3 and poly-4 blocks are
indicated by red and blue lines, respectively (right).

CH,, 2H), 4.49 (broad, CH, 1H), 4.8—7.7 (broad, aromatic,
4H), 7.9-8.9 (broad, NH, 1H). SEC-MALS: M,, = 6.09 x 10*,
My /M, = 1.01; [OL]D25 —2182 (¢ 0.1, chloroform). Anal. Calcd
(%) for (C17H22N203)202: C, 6753, H, 733, N, 9.26. Found: C,
67.65; H, 7.14; N, 9.12.

Block Copolymerization. The block copolymers were pre-
pared in a dry glass ampule under a dry nitrogen atmosphere
in dry THF. A typical experimental procedure is described
below (Scheme 2). Poly-3197(—) (9.85 mg) and monomer 4
(13.7 mg, 33.0 mmol) ([4]/[3] = 1) were placed in a dry ampule,
which was then evacuated on a vacuum line and flushed with dry
nitrogen. After this evacuation—flush procedure had been re-
peated three times, a three-way stopcock was attached to the
ampule, and dry THF (0.17 mL) was added by a syringe. The
mixture solution was then stirred under a dry nitrogen atmo-
sphere and heated to 55 °C. After 30 h, the resulting copolymer
(poly(3107-b-49,)) was precipitated in a large amount of metha-
nol, collected by centrifugation, and dried in vacuo at room
temperature overnight (23.6 mg, 100% yield). The obtained
copolymer was purified by SEC fractionation using THF con-
taining 0.1 wt % TBAB as the eluent. After purification by
reprecipitation from chloroform to methanol, the poly(3;¢7-b-495)
was obtained (18.8 mg, 80% yield).

Spectroscopic data of poly(3197-b-49>): IR (KBr, cm™1): 3273
(vn_n), 1747 (ve—o ester), 1633 (amide 1), 1537 (amide II). '"H
NMR (CDCl;, 55 °C, 500 MHz): 6 0.88 (broad, CH3), 1.28
(broad, CH,), 1.52 (broad, CH; and CH,), 4.08 (broad, CH,),
4.50 (broad, CH), 4.8—7.7 (broad, aromatic), 7.9—9.0 (broad,
NH). SEC-MALS: M, = 7.02 x 10*, My/M, = 1.07; [a]p>
—1946 (¢ 0.1, chloroform). Anal. Caled (%) for (C17H2,N503)07-
(Cy5H3gN,03)9,: C, 70.18; H, 8.36; N, 7.91. Found: C, 69.78; H,
8.27; N, 8.24.

In the same way, poly(397-b-4»56) ([4]/[3] =2) and poly(3,0,-b-
4,g4) ([4]/[3] = 1/2) were prepared by the copolymerization of 4
with poly-397(—) and poly-3,s¢(—) as the initiators in THF at
55 °C for 30 h, followed by SEC fractionation and reprecipita-
tion in 70 and 75% yield, respectively.

Spectroscopic data of poly(397-b-d»s6): IR (KBr, cm™'): 3277
(vn—n), 1747 (vc=0 ester), 1633 (amide I), 1537 (amide II). '"H
NMR (CDCl3, 55 °C, 500 MHz): 6 0.82 (broad, CH3), 1.28
(broad, CH,), 1.52 (broad, CH; and CH,), 4.08 (broad, CH,),
4.48 (broad, CH), 4.8—7.7 (broad, aromatic), 7.9—9.0 (broad,
NH). SEC-MALS: M, = 136 x 10°, My/M, = 1.05; [a]p>>
—1806 (¢ 0.1, chloroform). Anal. Caled (%) for (C;7H2,N»03)97-
(Cy5H3gN,03),56: C, 71.37; H, 8.83; N, 7.30. Found: C, 70.86; H,
8.78; N, 7.00.

Spectroscopic data of poly(3,02-b-4154): IR (KBr, cm ™ '): 3277
(Vn—n), 1746 (vo—o ester), 1634 (amide I), 1538 (amide IT). 'H
NMR (CDCls, 55 °C, 500 MHz): 6 0.87 (broad, CHj3), 1.27
(broad, CH»), 1.52 (broad, CH3; and CH,), 4.08 (broad, CH»),
4.46 (broad, CH), 4.8—7.7 (broad, aromatic), 7.9—8.9 (broad,
NH). SEC-MALS: M,=1.37 x 10°, My,/M,=1.07; [o]p>> —1887
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(¢ 0.1, chloroform). Anal. Calcd (%) for (C17H55N»03)502-
(C25H38N203)184I C, 7025, H, 839, N, 7.87. Found: C, 6973, H,
8.55; N, 8.15.

SEC-MALS Measurements. The SEC-MALS measurements
were carried out with THF containing 0.1 wt % TBAB used as the
eluent at the flow rate of 0.5 mL/min. A standard polystyrene
(M =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. The macroinitiator polymers and block copoly-
mers were completely dissolved in the eluent at the concentration of
0.1—0.2% (w/v) under gentle stirring for 1—2 h before injection.
The evaluations of the molecular weights were accomplished using
ASTRA V software (version 5.1.3.0). The refractive index increment
(dn/dc) values of poly(3-b-4)s in the eluent used for the evaluations
were calculated based on the corresponding dr/dc values of the
homopolymers (0.1560 mL/g for poly-3 and 0.1287 mL/g for poly-
4), on the assumption that the dn/dc values were independent of the
molecular weight and can be calculated using the equation (dn/dc=
wi(dn/de), + wy(dn/de),)," where wy and w- are the weight fraction
of the poly-3 and poly-4 blocks and (dn/dc), and (dn/dc), are the
refractive index increment of poly-3 and poly-4 in the eluent,
respectively.

AFM Measurements. Stock solutions of poly(397-b-45s6),
poly(3197-b-49>), and poly(3,9,-b-4134) in dry THF or chloro-
form (0.02 or 0.005 mg/mL) were prepared. Samples for the
AFM measurements were prepared by casting 40 uL aliquots of
the stock solutions of the block copolymers. The casting was
done at room temperature on freshly cleaved HOPG under THF
or chloroform vapor atmospheres. After the polymers had been
deposited on the HOPG, the HOPG substrates were further
exposed to THF or chloroform vapors for 12 h, and then the
substrates were dried under vacuum for 12 h according to the
reported procedure.® The organic solvent vapors were prepared
by putting 1 mL of THF or chloroform 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
1.0—1.5V;setpoint 0.9—1.4 V; scan rate 2.5 Hz. The Nanoscope
image processing software was used for the image analysis.

Molecular Modeling and Calculations. The molecular model-
ing and molecular mechanics (MM) calculations were con-
ducted with the Compass force field, 9 as contained in the MS
Modeling software (version 4.4, Accelrys, San Diego, CA)
operated using a PC running under Windows XP. The polymer
models (50 repeating monomer units) of poly-3 and poly-4 were
constructed using the Polymer Builder module in the MS
Modeling software with the suitable side-chain conformations.
The starting main-chain geometrical parameters, such as the
bond lengths, the bond angles, and the internal rotation angles,
were defined as a 15 unit/4 turn (15/4) helix on the basis of the
left-handed helical structure of the poly(phenyl isocyanide)
bearing L-alanine pendants with an n-decyl chain determined
by X-ray analysis.® The geometric parameters of the main chain
were fixed during the following force-field optimization. The
dielectric constant was set to 1.0. The geometry optimizations
were carried out without any cutoff by the smart minimizer in
three steps. First, the starting conformations were subject to the
steepest decent optimization to eliminate the worse steric con-
flicts. Second, subsequent optimization until the convergence
using a conjugate gradient algorithm was performed. The fully
optimized polymer models were obtained by the further energy
minimization using the Newton method with the 0.1 kcal/
mol/A convergence criterion; the bond lengths, the bond angles,
and the internal rotation angles of the main chains were —67.1°,
106.8°, and 1.46 A, respectively (Figure 1B).
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K.; Suzuki, A.; Tokita, M.; Fujiki, M.; Watanabe, J. Macromolecules
2009, 42, 3443-3447.

For phase-separated lamellar structures composed of conjugated
rod—rod or rod—coil—rod block copolymers observed by AFM
and TEM, see ref 2 and (a) Hayakawa, T.; Goseki, R.; Kamimoto,
M.; Tokita, M.; Watanabe, J.; Liao, Y.; Horiuchi, S. Org. Lett.
2006, 8, 5453-5456. (b) Zhang, Y.; Tajima, K.; Hirota, K.; Hashimoto,
K. J. Am. Chem. Soc. 2008, 130, 7812-7813. (¢) Kim, J.-H.; Rahman,
M. S.; Lee, J.-S.; Park, J.-W. Macromolecules 2008, 41, 3181-3189.
(d) Wu, P.-T;; Ren, G.; Li, C.; Mezzenga, R.; Jenekhe, S. A. Macro-
molecules 2009, 42, 2317-2320.

An equimolar mixture of the homopolymers of poly-3 and poly-4
also self-assembled on the HOPG into small domains composed of
2D helix bundles with different chain-to-chain spacings of 1.8 and
2.6 nm and an almost identical average height of 1.7 nm, although
no banded texture could be formed as expected. Quite interestingly,
the AFM image of the same sample after 7 days clearly showed
domains with different heights similar to those observed for poly-
(3107-b-495), which also supports the assignments of the block
segments of poly(3;97-b-49;) on HOPG (Figure S1).

Possible helical structures of the left-handed helical poly-3 and
poly-4 (Figure 1B) were calculated on the basis of a 15/4 helical
structure of poly-1 determined by the XRD analyses followed by
molecular mechanics calculations (see Experimental Section). The
diameters of the cylindrical polyisocyanides slightly increased with
an increase in the alkyl chains. However, the average heights of
each of the homopolymers (ca. 1.7 nm) estimated by AFM were
significantly shorter than the computer-generated molecular dia-
meters of poly-3 (2.8 nm) and poly-4 (3.2 nm). The strong interac-
tion of the pendant long alkyl chains with the HOPG surface and a
tip-induced deformation of the samples should be taken into
consideration for the reduced heights on HOPG.
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