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Langmuir—Blodgett films of helical rigid-rod

poly(quinoxaline-2,3-diyl)s

Yoshihiko Ito"*, Toshiyuki Miyake!, Michinori Suginome!, Rie Katakura?, Masaya Mitsuishi?

and Tokuji Miyashita?

Optically pure, helical poly(quinoxaline-2,3-diyl)s (degree of polymerization, n=10-100), prepared by asymmetric living
polymerization of 1,2-diisocyano-3,6-dimethyl-4,5-di(propoxymethyl)benzene with an optically pure organopalladium initiator,
formed stable monolayers on a water surface. As the polymerization degree increased, more closely packed monolayers were
formed, as indicated by surface pressure-area (n-A) isotherms. Up to 54 monolayers were deposited onto the solid support using
the Langmuir-Blodgett (LB) technique. Polarized ultraviolet spectra of LB films showed that the helical axis was orientated
parallel to the dipping direction. This optical property indicates that polymer molecules are organized anisotropically in LB films.
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INTRODUCTION

Well-ordered assemblies of molecules are highly important for the
ultimate design of functional materials. Even if a molecule possessing
potentially intriguing properties is synthesized on the basis of appro-
priate design, the bulk materials prepared from the molecule often fail
to exhibit desired functions because of a lack of appropriate assem-
bling. The Langmuir-Blodgett (LB) technique is one of the most
efficient methods for assembling organic molecules two dimensionally
within a monolayer.!> By virtue of the monolayer-to-monolayer
deposition processes, film materials with desired thickness are easily
prepared, keeping the two-dimensional regularity of the molecular
orientation.

Unlike traditional LB films that are formed from low-molecular-
weight compounds, it is known that long hydrophobic alkyl chains are
not necessary for the formation of stable polymer LB films.*? Instead,
attractive interactions between polymer backbones through a two-
dimensional hydrogen bonding network, as well as through van der
Waals forces, are proposed to be highly important for proper LB
assembly, in which polymer molecules are tightly packed in a well-
ordered manner. This suggests that perfectly linear-shaped polymer
backbones, for example, rigid-rod-like polymers and extended forms
of flexible polymers, are highly suitable for the formation of stable LB
films, as such linear-shaped polymers can be packed effectively in the
two-dimensional water surface.®!! In fact, one of us found that
poly(N-alkylacrylamide)s adopted a perfectly extended, zigzag

conformation in stable LB films, in spite of the fact that the polymer
was conformationally flexible in solution.*'?

We have developed a new chemistry of poly(quinoxaline-2,3-diyl)s
that are prepared by the living polymerization of 1,2-diisocyanoben-
zenes.!>"20 Poly(quinoxaline-2,3-diyl)s are a unique class of helical
polymers prepared by the living polymerization of o-diisocyanoben-
zenes.!? They feature an exceptionally robust helical structure that
shows no change even at 80°C in solution for several days.?! The
structural analyses of the polymers indicated that they adopted highly
homogeneous helical structures without any defects, such as random
conformation or helix inversion at any part of the polymer chain. This
proposed helical structure was supported by our experiments, in
which the stereoselective synthesis of optically pure poly(quinoxa-
line-2,3-diyl)s was achieved by polymerization with chiral binaphthyl-
palladium initiators.2!~2*> The most striking feature of these polymers
is the high screw-sense excess, which relies on the chiral terminal
group derived from the chiral initiator for asymmetric living
polymerization.”? With these unique characteristics, we have studied
the application of a polyquinoxaline scaffold to new chiral polymer
catalysts.?*

The homogeneity of the helical structure of poly(quinoxaline-2,3-
diyl)s was strongly indicated by the fact that the optically active
binaphthyl group, which stays at the polymer end opposite to the
living palladium termini during polymerization, can successfully
control the helical sense of the long polymer chain. This perfect
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helical structure also suggests that whole polymer molecules may be
regarded as perfect rigid-rod shapes without any turns. This structural
feature prompted us to start an investigation into the LB assembly of
poly(quinoxaline-2,3-diyl)s. Herein, we describe the first successful
formation and the properties of the hierarchical LB film of helical
poly(quinoxaline-2,3-diyl)s.

EXPERIMENTAL PROCEDURE

A series of optically pure poly(quinoxaline-2,3-diyl)s, designated as 1a—e, were
prepared by the reaction of (S)-bis(dimethylphenylphosphine)iodo[3-(7’-
methoxy[1,1’-binaphthalene]-2-yl)-5,8-bis(4-methylphenyl)-2-quinoxalinyl] pal-
ladium with 10 (for 1a), 20 (for 1b), 30 (for 1c), 40 (for 1d) and 100 (for 1e)
equivalents of 1,2-diisocyano-3,6-dimethyl-4,5-di(propoxymethyl)benzene,
according to the reported procedure (Scheme 1).2! The use of the 7'-
methoxy-1,1"-binaphthyl group as initiator allows us to perform a highly
screw-sensitive and molecular-weight-controlled polymerization of 1,2-diiso-
cyanobenzenes at room temperature;?! 1d and le, for example, have number-
averaged molecular weights (M,) of 8.8x10° (M,/M,=1.21) and 2.4x10*
(M,,/M,=1.15), respectively.

Scheme 1 poly(quinoxaline-2,3-diyl)s, la-e.
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Measurements of surface pressure-area (n-A) isotherms and monolayer deposi-
tion were taken using an automatically controlled Langmuir trough (HBM-AP,
Kyowa Interface Science Co. Ltd, Tokyo, Japan) equipped with a Wilhelmy
balance. Optically pure poly(quinoxaline)s la—e were spread from their
chloroform solutions (1 mmoldm™) on a pure water (Milli-Q II, Nihon
Millipore K.K., Tokyo, Japan) surface for the measurement of n-A isotherms.
LB multilayers were deposited on quartz slides that were cleaned in
boiling HNO;, washed with pure water and made hydrophobic with
octadecyltrichlorosilane. LB films were deposited on solid substrates at a
surface pressure and temperature of 14mNm~! and 20°C, respectively.

X-ray diffraction spectra were obtained on an X-ray diffractometer
(M18XHF?2-SRA, MAC Science Co. Ltd, Tokyo, Japan) equipped with a
copper anode operating at 40kV and 200 mA as the X-ray source (wavelength
2=1.542 ;\). Ultraviolet (UV)-visible spectra were measured with a Hitachi
U-3000 UV-visible spectrophotometer (Hitachi Ltd., Tokyo, Japan). CD spectra
were measured with a Circular Dichroism J-720 spectrophotometer (JASCO
Co. Ltd, Tokyo, Japan).

RESULTS AND DISCUSSION

Monolayer behavior on water surface

Optically pure poly(5,8-dimethyl-6,7-di(propoxymethyl)-quinoxa-
line-2,3-diyl)s (P)-1d (n=40, Scheme 1) were spread from a chloro-
form solution onto a water surface to measure 7-A isotherm at 20 °C
(Figure 1, Table 1). The isotherm indicates that (P)-1d forms a stable
monolayer with a steep rise in surface pressure and a high collapse
pressure, regardless of the absence of long alkyl chains. The shape of
the 7-A isotherm of (P)-1d did not change with varying temperatures
(15, 20 and 24 °C) (Figure 1a). Poly(quinoxaline-2,3-diyl)s (P)-1 with
different polymerization degrees were also subjected to monolayer
formation at 20 °C, exhibiting a significantly different n-A isotherm

Table 1 Surface pressure and collapse pressure of the monolayers of
poly(quinoxaline-2,3-diyl)s 1a—e with different polymerization degree

Surface area Collapse pressure

Polymer (nmPper monomer unit) (mNm~1)
(P)-1a (n=10) 0.304 16.8
(P)-1b (n=20) 0.288 17.3
(P)-1c (n=30) 0.268 19.5
(P)-1d (n=40) 0.268 17.5
(P)-1e (n=100) 0.248 19.0
b Surface Area (nm’/monomer unit)
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Figure 1 (a) Surface pressure-area (n-A) isotherms for (P)-1d at different temperatures. (b) =n-A isotherms for poly(quinoxaline-2,3-diyl)s with different

polymerization degrees.
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Figure 2 Schematic illustration for poly(quinoxaline-2,3-diyl)s.

(Figure 1b). Polymer (P)-1c with almost the same polymerization
degree showed an essentially identical 7-A isotherm to that of (P)-1d.
It is noteworthy that poly(quinoxaline)s ((P)-1e) of higher polymer-
ization degrees (n=100) showed a smaller surface area with slightly
sharper increases in surface pressure. On the other hand, those with
smaller polymerization degrees ((P)-la (n=10) and (P)-1b (1=20))
showed larger surface areas with relatively gradual increases in surface
pressure. These findings indicate that a better packing of molecules in
the monolayer was achieved for higher molecular-weight poly
(quinoxaline)s than for those with low polymerization degrees.

By analogy, with the two-dimensional molecular orientation pro-
posed for the monolayer of poly(N-alkylacrylamide)s, we can presume
a similar side-on orientation of rod-like shaped poly(quinoxaline-2,3-
diyl)s (Figure 2). On the basis of the 7-A isotherm of (P)-1e (n=100),
which forms the most closely packed monolayer, we were able to
estimate the molecular packing of poly(quinoxaline-2,3-diyl)s. From
the X-ray crystal structure of oligoquinoxaline that we reported, the
axis length per monomer unit is assumed to be 0.215 nm. However,
the n-A isotherm of (P)-le shows a surface area of 0.248 nm? per
monomer unit (Table 1). From these values, the diameter of the helical
rod in the monolayer is calculated to be 1.15nm. The radius (0.58 nm)
approximately corresponds to the distance, by the CPK model,
between the center of the helical rod and the benzylic carbon atom
of the propoxymethyl side chain. This result indicates that the
poly(quinoxaline) molecules in the monolayer are packed closely
side by side, which could entangle the propoxymethyl side chains
on the quinoxalines.

The X-ray diffraction measurements of monolayers showed a broad
but significant Bragg peak of ~260=5.656°. This corresponds to a layer
periodicity of 1.56nm, which was also nearly consistent with the
diameter of the helical rod polymer calculated by the CPK model.
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LB film formation

The monolayers of (P)-1d were successfully transferred onto a solid
support (quartz slide) by both downward and upward strokes at a
deposition pressure of 14mNm~!. At this deposition pressure, the
transfer ratios of the upward and downward strokes were 1.08 and
1.16, respectively. It was difficult to maintain the monolayer of (P)-1d
constant at pressures over 16 mN m~!, even if the monolayer could be
deposited onto the solid support. Moreover, the (P)-1d monolayer
could not be deposited at pressure less than 10 mN m~!.

The UV absorption spectra of (P)-1d LB films with various
numbers of deposited layers were measured (Figure 3). It is important
to note that absorbance increased in an almost linear manner as the
number of layers increased (Figure 3). The observed deviation from
linearity may be due to a gradual decrease in the transfer ratio of the
downward stroke as the number of deposited layers increased, in
contrast to the constant transfer ratio for the upward stroke. The
spectra also showed a slight red shift in the absorption of (P)-1d in LB
films in comparison with that of (P)-1d in solution. This may indicate
some interaction between chromophores due to the close polymer
packing in LB films, such as J-aggregates, which are often observed in
LB films.

It should be noted that the (P)-1d LB film exhibited a CD spectrum
significantly different from that observed in solution (Figure 4). The
CD spectrum of (P)-1d in solution (Figure 4a) showed negative and
positive Cotton effects at 270 and 320 nm, respectively. Figure 4b
shows CD spectra of the (P)-1d LB film measured at a certain angle
without any data correction. In the CD measurements of the (P)-1d
LB film, however, no Cotton effect was observed above 250 nm. As
Kuball pointed out, CD spectra of anisotropic films?>?’ include
unavoidable effects of both linear dichroism and linear birefringence.?®
Symmetrical CD spectra were observed for an LB film of (S)-1d, the
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Figure 3 UV absorption spectra for (P)-1d LB films as a function of the
number of deposited layers.
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Figure 4 CD spectra for (P)-1d and (S)-1d (a) in chloroform solution and (b)
LB films.

enantiomer of (P)-1d; the CD spectra show the same rotations as
those in solution with the opposite sign, which can be considered
identical to those in solution (Figure 4a). Although a more detailed
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Figure 5 Polarized UV absorption spectra as a function of the rotation angle
between polarized plane and dipping direction.

analysis is required to prove significant changes in CD spectra,
we believe that poly(quinoxaline-2,3-diyl) LB films retain helical
structures in the LB film and that any significant changes in the
interaction of chromophores result from well-organized arrangements
in LB films.

Anisotropic optical properties of LB films

Polarized UV spectra of the LB films of (P)-1d were measured for
varying angles between the plane of polarization and the dipping
direction for the LB film preparation. As shown in Figure 5, UV
spectra changed with each angle, exhibiting less-intensive absorptions
at 295nm (26% decrease) and 355nm (36% decrease) for angle 0°
than for 90°, whereas almost the same absorbance was observed at
214 nm for both spectra at 0° and 90°. The observed angle dependence
of the absorbance at 295nm for LB films with 8, 28 and 54 layers
suggested the anisotropic arrangement of polymer molecules in LB
films (Figure 6a). In particular, it may be noted that LB films
composed of 28 and 54 layers showed less-intense absorbance at
180° than that at 0°, whereas the eight-layer film showed the
same absorbance at 0 and 180°. These differences in absorbance for
28- and 54-layer films may be due to a less-ordered deposition of
polymer molecules onto films during downward stroke than during
upward stroke.

We also observed a dependence of 1, near 295 nm on the sample
orientation in the polarized UV measurement (Figure 6b). A, was
shifted to the longest wavelength (ca. 299 nm) at 90° and 270° and to
the shortest wavelength (ca. 289 nm) around 0° and 180°. As men-
tioned above, the red shift implies the J-aggregate-like formation in
the LB film. These observations of anisotropic optical properties
indicate a well-ordered assembly of poly(quinoxaline-2,3-diyl)s in
LB films.

CONCLUSIONS

We found that poly(quinoxaline-2,3-diyl)s form stable monolayers
on a water surface. The measurement on 7-A isotherms revealed
that the polymerization degree had a critical influence on the
surface area and that polymer molecules were well organized on
a water surface with side-on orientation and side-by-side packing.
The monolayer was successfully transferred onto solid supports as
Y-type LB films. LB films have a well-defined layer structure that
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Figure 6 Angle dependence of (a) absorbance at 295 nm and (b) Aa for 54-layer (P)-1d LB films.

is 1.5nm thick. Measurements of polarized UV spectra showed
anisotropic properties of LB films, indicating an ordered orientation
of polymer molecules in LB films. The optically active LB films will
be good candidates for chiral discrimination and chiral sensor
device application.
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