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Abstract: Nonracemic helicen#& forms high-quality LangmuirBlodgett (LB) films, in which the molecules

are organized in parallel columns with their edges exposed to the surface. Evidence for the edge-on exposure
is the molecular area of a monolayer on water and, as determined by X-ray diffraction, the similarity of the
interlayer spacings of multilayers to the diameters of the molecular columns that constitute nonaaemic

bulk. Evidence of the organization into parallel columns includes the linear dichroism of the films and the
180 periodicity with which rotating the films varies the amounts by which plane polarized light is rotated, the
intensities of the second harmonics generated, and the films’ degree of anisotropy. The circular dichroisms of
a 10-layer LB film could be resolved from the effects of linear dichroism and linear birefringence. The CD
and UV—vis absorption spectra of the films are similar to those of solutions in which the molecules are
aggregated, not isolated. The measurement of a CD spectrum for a monolayer, carried out easily for nonracemic
1, is unprecedented.

Introduction solutior? and in pure materiatsare also thoughtto account
for why the molecules organize themselves into Langmuir
Blodgett (LB) films comprised of aligned columns of disks
Ooriented with their edges on the substr&atd. This orientation

Like planar aromatic molecules surrounded by aliphatic side
chains, the helical aromatic moleculén nonracemic form self-
aggregates into what is believed to be a long corkscrew-shape
assembly, both in alkane solutidrend as the pure material. (3) (@) Schutte, W. J.; Sluyters-Rehbach, M.; Sluyters, JJ.HPhys

In solution, the aggregation enhances circular dichroisms and Chem 1993 97, 6069. (b) Sheu, E. Y.; Liang, K. S.; Chiang, L. ¥.Phys
the rotation of plane polarized light. It shifts the UVis (Paris) 1989 50, 1279. (c) Gabriel, J.-C.; Larsen, N. B.; Larsen, M.; Harrit,
p p ght. N.; Pedersen, J. S.; Schaumburg, K.; Bechgaard,aagmuir 1996 12,

absorption spectrum and the fluorescence emission spectrumi690. (d) Baunsgaard, D.; Larsen, M.; Harrit, N.; Frederiksen, J.; Wilbrandt,
In the pure material, it leads to the formation of liquid crystalline R.; Stapelfeldt, HJ. Chem Soc, Faraday Trans1997 93, 1893. (e) Saeva,

: ; ; F. D.; Reynolds, G. AMol. Cryst Liq. Cryst 1986 132 29. (f) Braitbart,
fibers comprised of hexagonally arrayed columns of helicenes 0.; Sasson, R.. Weinreb, AMol. Cryst Lig. Cryst 1988 159, 233.

with aligned helix axesZ, the side chains have been deleted (4) (a) Chandrasekhar, S.: Ranganath, GR& Prog. Phys 199 53,

for clarity, and the first helicenes are arbitarily shown to be in 57 rz;md referenceT therein. (b) IIDﬁstrade, CI Foucher, P.; Gasparoux, H.;
i Tinh, N. H.; Levelut, A. M.; Malthete, JMol. Cryst Lig. Cryst 1984

the same rotational phase). 106 121. (c)Metallomesogensserrano, J. L., Ed.; VCH: New York, 1996.

(d) Simon, J.; Bassoul, P. PPhthalocyaninesProperties and Applications

Leznoff, C. C., Lever, A. B. P., Eds.; VCH: New York, 1989; Vol. 2,

Chapter 6. (e) Serrette, A. G.; Lai, C. K.; Swager, T. Ghem Mater.

1994 6, 2252.

(5) (@) van Nostrum, C. F.; Nolte, R. J. M.; Devillers, M. A. C.;
Qostergetel, G. T.; Teerenstra, M. N.; Schouten, Macromoleculed993
26, 3306. (b) Reiche, J.; Dietel, R.; Janietz, D.; Lemmetyinen, H.; Brehmer,
L. Thin Solid Films1992 226, 265.

(6) Reviews: (a) Tsukruk, V. WProg. Polym Sci 1997, 22, 247, Section
5.5. (b) Cook, M. JJ. Mater. Chem 1996 6, 677.

(7) Substituted triphenylenes: (a) Josefowicz, J. Y.; Maliszewskyj, N.
C.; ldziak, S. H. J.; Heiney, P. A.; McCauley, J. P., Jr.; Smith, A. B., llI
Sciencel993 260, 323. (b) Vandevyver, M.; Albouy, P.-A.; Mingotaud,

. . C.; Perez, J.; Barraud, A.; Karthaus, O.; RingsdorfLEngmuir1993 9,

The intermolecular forces presumed to be the basis for the 1561. (c) Karthaus, O.; Ringsdorf, H.: Tsukruk, V. V.; Wendorff, J. H.
organization of the planar discotic analogues into columns in Langmuir1992 8, 2279. (d) Tsukruk, V. V.; Reneker, D. H.; Bengs, H.;
Ringsdorf, H.Langmuir 1993 9, 2141. (e) Tsukruk, V. V.; Bengs, H.;
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# Columbia University. Ringsdorf, H.Langmuir1996 12, 754. (f) Henderson, P.; Beyer, D.; Jonas,

§K. U. Leuven. U.; Karthaus, O.; Ringsdorf, H.; Heiney, P. A.; Maliszewskyj, N. C.; Ghosh,

* Universitd Kaiserslautern. S. S.; Mindyuk, O. Y.; Josefowicz, J. Y. Am Chem Soc 1997, 119,

T Bell Laboratories. 4740.

(1) Nuckolls, C.; Katz, T. J.; Castellanos, L. Am Chem Soc 1996 (8) Substituted truxenes and benzenes: (a) Maliszewskyj, N. C.; Heiney,
118 3767. P. A, Blasie, J. K.; McCauley, J. P., Jr.; Smith, A. B.,JIIPhys Il 1992

(2) Lovinger, A. J.; Nuckolls, C.; Katz, T. J. Am Chem Soc 1998 2, 75. (b) Albrecht, O.; Cumming, W.; Kreuder, W.; Laschewsky, A.;
120 264. Ringsdorf, H.Colloid Polym Sci 1986 264, 659. (c) Reference 5b.

S0002-7863(98)01757-0 CCC: $15.00 © 1998 American Chemical Society
Published on Web 08/15/1998



Langmuir-Blodgett Films of an Aggregating Helicene

is adopted even when the molecules are not amphiphilic and
even when hydrophobic side chains in the Langmuir films would
have to be submerged in watér.We consider below whether
the analogies between planar discotics and helical molecule
would extend to stable LB films being formed byand whether
such thin films would be highly optically active. We show that
the films do form, and we analyze their absorption spectra,
circular dichroism spectra, and optical activities. Although some

points are made about the nonlinear optical properties, a separate&m
paper considers these properties in depth and also analyzes, byg

means of atomic force microscopy, how the films are orga-
nized*!

Experimental Section

The LB films were prepared in a KSV minitrough from-)-1 that
was >98% optically puré. The subphase was Millipore ultrapure
water. The monolayers df were transferred by the horizontal lifting
method to optical quality glass or quartz plates that were silanized with
octadecyltrichlorosilane to make them hydrophobic. The transfer ratio

was 1.09 to glass and 1.05 to quartz, showing that the layers transferred

were single and transferred completely. The high quality of the films

is also attested to by the intensities of the second harmonics increasing

in proportion to the square of the number of lay€rs.

UV —vis absorption spectra were recorded on a Perkin-Elmer Lambda
19 UV—vis spectrometer, polarized UWis spectra on a Varian Cary
2200 spectrometer, circular dichroism spectra on a JASCO 720
spectrometer and a Jobin Yvon Mark IV dichrograph, and optical
rotations on a JASCO Dip 1000 polarimeter. A plate holder allowed
the samples to be rotated through 3@ 30 increments. The light
transmitted by samples irradiated with plane polarized light and rotated
in 7.5° steps about an axis parallel to the propagation direction was
analyzed by de Smrmont’'s methott'4to determine its ellipticity and
the amount by which its azimuth was rotated.

X-ray diffractograms of Ni-filtered Cu K radiation were recorded
in the reflection geometry at 0.28.° 20/min.

Results and Discussion

Formation and Structure of Langmuir —Blodgett Films.
Dextrorotatoryl,! almost surely of thé® configuration!® as a
2 x 10* M solution in chloroform was spread onto a water
surface at 20C, and after the chloroform had evaporated, the
surface was compressed at a rate of 0.0Z2/muolecule min.
Figure 1 shows that the surface pressure rises sharply when th
area is decreased below ca. 0.9fmolecule, and that the area
collapses when the pressure increases to 42 mN/m. The wel

(9) Substituted phthalocyanines and porphyrins: (a) Valerio, P.; Albouy,
P.-A. Thin Solid Films1996 287, 237 and references therein. (b) Albouy,
P. A.J. Phys Chem 1994 98, 8543. (c) Ogawa, K.; Yonehara, H.; Pac, C.
Langmuir1994 10, 2068. (d) Sartori, E.; Fontana, M. P.; Dalcanale, E.;
Costa, M.Mol. Cryst Lig. Cryst 1996 290, 31. (e) Fujiki, M.; Tabei, H.;
Kurihara, T.Langmuir1988 4, 1123. (f) van Nostrum, C. F.; Bosman, A.
W.; Gelinck, G. H.; Schouten, P. G.; Warman, J. M.; Kentgens, A. P. M.;
Devillers, M. A. C.; Meijerink, A.; Picken, S. J.; Sohling, U.; Schouten,
A.-J.; Nolte, R. J. MChem Eur. J. 1995 1, 171. (g) Reference 5a.

(10) Reference 6a and references therein.

(11) Verbiest, T.; Van Elshocht, S.; Kauranen, M.; Hellemans, L.;
Snauwaert, J.; Nuckolls, C.; Katz, T. J.: Persoons,S&iencel998
submitted for publication.

(12) The variation in the maximum second harmonic signal intensity,
measured as in ref 11, fits, wiR= 99.9%, the equation, second harmonic
intensity = 0.513% + 0.471. (Verbiest, T.; Van Elshocht, S.; Kauranen,
M.; Persoons, A. Unpublished results.)

(13) Briegleb, G.; Kuball, H.-GZ. Phys Chem N. F. 1965 45, 339.

(14) Kiesewalter, S. Ph.D. Dissertation, University of Kaiserslautern,
1998.

(15) The CD spectrum of a dilute solution in dodecane (see Figure 4)
resembles that of a relateB)¢(+)-[6]helicenebisquinone of known absolute
configuration (Katz, T. J.; Liu, L.; Willmore, N. D.; Fox, J. M.; Rheingold,
A. L.; Shi, S.; Nuckolls, C.; Rickman, B. H. Am Chem Soc 1997, 119,
10054).
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Figure 1. Surface pressure as a function of molecular area for films
of nonracemicl on water at 20°C.
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Figure 2. The amount by which a 10-layer LB film of{)-1 on quartz
rotates the plane of polarization of an 8 mm light beam at the Na
D-wavelength (589 nm) as a function of the angle through which the
sample is rotated about the normal to the film’s plane.

defined collapse implies that a monolayer is formed, and the
area per molecule implies that in the monolayer the molecules
are oriented with their edges, rather than their faces, on the
surface. Thus, the area found above (0.9)ni® consistent
with the 1.33 nm area calculated for the molecule assuming

§hat the side chains are extended and the view is from an edge.
|-

(Calculated areas are usually somewhat larger than those found
by compressing Langmuir films, presumably because side chains
fold and interdigitaté®82.9dand cores tiltf) If the view were
from a face, the area calculated (assuming the side-chains to
be extended) would be ca. 12 A#f That the molecules aof
orient themselves edge-on to the surface agrees with numerous
analyses cited above of discotic molecules that in bulk organize
themselves in columns and in Langmuir and Langmuir
Blodgett films orient themselves perpendicular to the substrate.
Moreover, the way planar discotic molecules arrange themselves
perpendicular to the surface is in parallel columns, which makes
their films anisotropid? %18 and if the molecules ofl
organized themselves similarly, their films would be anisotropic
too.

Evidence that the films are indeed anisotropic is presented
in Figures 2 and 3. Figure 2 shows how rotating a 10-layer

(16) J«li, A.; Mdller, M.; Krierke, D.; Heppke, GLig. Cryst 1998
24, 467 and references therein.

(17) The area with edge on the surface was calculated as the packing
distance of a typical discotic liquid crystal (ca. 3.8 A) and the average (ca.
35 A) of the length (44 A) and width (27 A) of heliced& The area of the
face is the product of the length and width.
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Figure 3. UV —vis absorption spectra of a 10-layer LB film ofJ-1
on quartz fo a 3 mmx 5 mm light beam polarized parallet and o
perpendicular+-) to an axis in the sample rotated°3@om the short
axis of the substrate.

LB film on quartz varies the amount by which the film rotates
the plane of polarization of 589 nm (“D-line”) light. Similarly,

when a 7-layer LB film of nonracemit on glass is irradiated PRI BRI LY BT L el i B s 12
with 1064 nm light, rotation about the surface normal varies 200 300 400 500 600
the intensity of the generated second harmonic in the same Wavelength (nm)

way!! Figure 3, the polarized UVvis spectra of a 10-layer
LB film on quartz, shows that the film is linearly dichroic, the
op'gic f’iXiS be_ing o_riented S_Orom the short axis of the substrate_. and (b) as a 10-layer film (solid line) and as a Q.04 M solution

This linear d'Chro's_m was md_ependentl_y analyzed by measurng i godecane (dashed line). Intensities are scaled to match. The light
the amount by which dichroic absorption rotates the polarized peam is 8 mm in diameter.

light's azimuth, a method that is much more sensitive than

polarized (I)igh_t absorption spectroscoffy. The degree of  gpacing, implies that this ordering of the columns is imperfect.
anisotrop§° Ris 0.024 for the absorption at 250 nm and 0.026 \ye also noted thato crystallographic X-ray diffraction peaks
for the absorption at 306 nm. The experiments show that the ¢od be recorded from 5-layer LB films on glass of the racemic

films have 2-fold axes of symmetry, which suggests that the pejicenet, a material that does not form visible fibers and whose
molecules assemble into the parallel columns characteristic of B films on AFM analysis show only short unaligned col-

LB films of the related planar moleculés. umnsll
This organization is demonstrated by Atomic Force Micro-  cjrcular Dichroism and UV —Vis Absorption Spectra of
scopic image$: X-ray diffraction analysis also provides | ongmuyir —Blodgett Films and Solutions of Nonracemic 1
evidence. The diffraction from 5-layer and 10-layer LB films Compared. Figure 4 compares the circular dichroism (CD)
of the nonracemic helicene on glass shows layer spacings of;nq Uv—vis absorption spectra of{)-1 as a 10-layer LB film
ca. 4.6+ 0.2 nm, almost equal to the diameters of the co!umns on a quartz plate with the CD and UWis absorption spectra
(4.2 nm) that constitute the bulk materfalThe layer spacing  of (+)-1 dissolved in dodecane at a concentration of either 2.5
suggests that the columns of helicene molecules in the LB films 152 (Figure 4a) or 1.0x 10 M (Figure 4b). Note that
may be packed tetragonally or possibly skewed from parallelism o displayed CD spectrum of the film is the average of 12
in adjacent layers, vyhereas in the pure materigll, they are pa?ke‘%pectra measured by the CD spectrometer as the sample was
on a hexagonal lattic&:2® The absence of additional peaks, in  otated through succesive 3dcrements about an axis parallel
particular higher order reflections corresponding to the 4.6 N 4 the light beam. It should therefore be free of artifacts due to
(18) (a) Cook, M. J.: McMurdo, J.; Miles, D. A.; Poynter, R. H.; linear effects arising from the anisotropy of the fitha point
Simmons, J. M.; Haslam, S. D.; Richardson, R. M.; Welford,JKMater. that, as described further below, was double-checked and
ﬁgﬁ;“h alrzgi ‘_‘*Fﬁiggé (l'g 8ﬁgm205-?cﬁ'enﬁfgg% mslj;-ig\gg”iggr%"'-? confirmed. The significant observation is that the spectra in
Itoh, H.; Koyama, T.; Hanabusa, K.; Masuda, E.: Shirai, H.; Hayakawa, T. Figure 4a are similar while those in Figure 4b are different.

J. Chem Soc, Dalton Trans 1989 1543. (d) Yan, W.; Zhou, Y.; Wang, Since in the more concentrated solution of Figure 4a the
X.; Chen, W.; Xi, SJ. Chem Soc, Chem Commun1992 873. (e) Osburn,

Figure 4. CD and UV~vis spectra of £)-1 (a) as a 10-layer film
(solid line) and as a 2.5 1072 M solution in dodecane (dashed line)

E. J.; Chau, L.-K.; Chen, S.-Y.; Collins, N.; O'Brien, D. F.; Armstrong, N. (22) Tetragonal packed columns of a discotic triphenylene (reference

R. Langmuir1996 12, 4784. 7c) and a discotic copper phthalocyanine (reference 9b) have previously
(19) Kuball, H.-G.; Euing, W.; Karstens, Ber. BunserGes Phys been analyzed. The columns of other triphenylenes have been found to be

Chem 197Q 74, 316. spaced more widely in their LB films than in the bulk materials (refs 7b
(20) Kuball, H.-G.; Friesenhan, H.; Sahiwofer, A. InPolarized Spec- and 7f).

troscopy of Ordered SysteniBroceedings of the NATO Adnced Study (23) The spacing analyzed by X-ray diffraction from the hexagonal lattice

Institute on New Deelopments in Polarized Spectroscopy of Ordered of the bulk material is 3.6 nrh.

SystemsRimini, Italy, October 11-23, 1987; Samori, B., Thulstrup, E. (24) (a) Kuball, H.-G.; Schihofer, A. InCircular Dichroism Principles

W., Eds.; Kluwer Academic Publishers: Dodrecht, 1988; p 391ff. and ApplicationsNakanishi, K., Berova, N., Woody, R., Eds.; VCH: New

(21) For the planar discotics, this assembly is consequent on the transferYork, 1994; Chapter 4. (b) S€¢hbofer, A.; Kuball, H.-GChem Phys 1987,
to the substrate, and it occurs even for the horizontal lifting method used 115 159. (c) Norde, B. Acta Chem Scand 1972 26, 1763. (d) Tunis-
here. (a) Reference 9e. (b) Schwiegk, S.; Vahlenkamp, T.; Xu, Y.; Wegner, Schneider, M. J. B.; Maestre, M. B.Mol. Biol. 1970 52, 521. (e) Cornell,
G. Macromoleculedl 992 25, 2513. D. G.J. Colloid Interface Sci1979 70, 167.
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Figure 6. CDs of a 10-layer LB film of ¢)-1: (—) average, as the
sample was rotated, of spectra measured with a commercial dichrograph
(the light beam was 5 mnx 10 mm); @) values measured by the
ellipticity of the transmitted light (diameter 5 mm).

While, as described above, the average of the spectra of the
LB films in different phases of rotation should be the true CD
spectra of the films, we double checked the point because the

UV-vis measured spectra did change, particularly at 303 and 242 nm,

) . when the samples were rotated. The implication is that the

o Lo Sederrth o ] e unaveraged spectra blend linear and circular effects. The
200 300 400 500 600 circular dichroisms of the films were therefore derived inde-
Wavelength (nm) pendently from the ellipticities of transmitted light at four

Figure 5. CD and UV-vis spectra of {)-1 (a) as a 1-layer film (solid select_ed wavelengths as _m(_easured by aeuBeont's methoéf_?vl“
line) and as a 2.5 102 M solution in dodecane (dashed line) and (b) S Figure 6 shows, within experimental error the circular
as a 1-layer film (solid line) and as a 10104 M solution in dodecane ~ dichroisms analyzed by the two methods are the same.
(dashed line). Intensities are scaled to match. The light beam is 8 mm  One other point about the CD spectra is notable. Jhelue

in diameter. (Ael€), ca. 7.5x 1073 for the CD at ca. 240 nm, which appears

when the molecules aggregate, is similar to that of inherently
molecules ofl are aggregated, whereas in the more dilute chiral chromophore’in accord with the proposition that the
solution of Figure 4b they are ndthe implication is that the CD spectrum at this wavelength results from an exciton coupling
molecules in the LB film are aggregated much as they are in between transition moments parallel and perpendicular to the
the more concentrated solution. This observation agrees with helix axis.
and even magnifies similar ones made for a number of It is significant that the CD spectrum of nonracenties a
phthalocyanines, whose LB films display WWis absorption monolayer (Figure 5) is observed at all. Thus, while there is a
spectra resembling those of solutions of aggregated moleculesprevious example in which CD spectra of LB monolayers are
but which unlike the LB films of nonracemit also display ~ recorded-of helical peptides, and this may be the only
recognizable peaks characteristic of the monorfetaiede2s  examplé—those CD spectra were analyzed by using six plates
It also agrees with the observation that the sheared films of a stacked in series. The CD spectra of LB films of other helical
propeller-shaped polycyclic aromatic molecule display UV Peptides were measured using stacks-626 bilayers, but for

absorption spectra resembling those of solutions of its ag- @ Single monolayer, they were too weak to anaffz&he CD
gregates, not monome#%. spectrum of an annealed 40-layer LB film of a chiral phthalo-

Unprecedented, however, are the similarities displayed in fg:?g;io'i trﬁs(gts(i’ glcjttrSrzto?ftr?etmggglraﬂz.t:‘foSEJnTeitig
Figure 5. This compares the CD and BVis absorption spectra P y

; X is that the molecules are assembled into columns, in which the
of (+)-1in dodecane as aggregates (Figure 5a) and as MONOME¥ s are enhanced. This assembly also enhances the specific
(Figure 5b) with those of{)-1 as amonolayeron quartz. .

. o rotation. Thus the average rotation in Figure 2-8.007, and
(Again the CD spectrum of the film is the average of 12 since the thickness of the 10-layer film determined by AFM is
measured as the sample was rotated through successive 3Oca. 45 nm (which agrees with the 04.6 nm according to the

increments.) The conclusion again is that the spectra of the film X-ray diffraction analysis above), the specific rotation of the
resemble those of the aggregates in solution, not of the g is 146 deg/mm ord]o +18000 deg c#10 g. This rotation
monomers in solution. The implication is that since the s much larger than theop of 678 deg cr¥10 g of a 2.1x
molecules comprising the LB monolayer are organized in sheets1 -5 \ solution in dodecane (in which the moleculeslofre
that are only one molecule thick, an account for the spectra in ynaggregated) and similar to the 15500 ded/géthg measured
solution would require the aggregates to be clustered in at mostfor the gel formed when this solution is concentrated te 1
two dimensions, and probably only one. That is, like the 10-1\ (in which they are aggregate#.

columnar structures formed by triphenylenes in hexade&she,
the aggregates of nonraceniiin dodecane solution are likely

(27) Eliel, E. L.; Wilen, S. H.; Mander, L. NStereochemistry of Organic
CompoundsWiley: New York, 1994; p 1014.

to be comprised of columns of helicene molecules. (28) Fuijita, K., Kimura, S.; Imanishi, Y.; Okamura, E.; Umemura, J.
Langmuir1995 11, 1675.
(25) Kalina, D. W.; Crane, S. Wrhin Solid Films1985 134, 109. (29) Cooper, T. M.; Campbell, A. L.; Crane, R. Langmuir1995 11,

(26) Palmans, A. R. A.; Vekemans, J. A. J. M.; Havinga, E. E.; Meijer, 2713.
E. W. Angew Chem, Int. Ed. Engl. 1997, 36, 2648. (30) Nuckolls, C.; Katz, T. J. Unpublished results.
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Conclusions. Like molecules that aggregate into columnar corkscrew shaped assemblies are so large they can be measured
mesophases, nonracendidorms anisotropic LB films whose  easily for a monolayer, which is unprecedented.
CD and UV~vis absorption spectra resemble those of solutions ~ Acknowledgment. C.N. and T.J.K. thank the Kanagawa
of aggregates, not of monomers. The implication is that both Academy of Science and Technology and the National Science
in the films and in dodecane solutions, as in the bulk material, Foundation (CHE 9802316 and 9512349) for support.
the molecules assemble into long columns. The CDs of theseJa981757H



