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Abstract: A disk-shaped molecule, N-(5-sorbyl-pentyl)-N',N''-di(n-octyl)benzene-1,3,5-tricarboxamide (1),
has been synthesized and assembled into a columnar stack in cyclohexane. Using a photoinitiated process,
we polymerized monomer 1 in its self-assembled state and analyzed the resulting poly-1. On cooling a
boiling cyclohexane solution of 1, the molecules aggregate via amide hydrogen bonds, as supported by
the position of the N—H stretching band in FT-IR spectroscopy. Evidence of helical columnar stacking of
1in the aggregate is provided by an induced CD effect upon blending 1 with a chiral side-chain homologue
3 in a so-called “sergeants and soldiers” experiment. The columnar assembly in cyclohexane was
polymerized by UV light (365 nm) irradiation in the presence of 2,2-dimethoxy-2-phenylacetophenone as
radical photoinitiator. The polymerization occurs selectively to give 1,4-polymer with isolated trans C=C
bonds, as shown by FT-IR, and *H and '3C NMR spectroscopy. Lack of polymerization of methyl sorbate
(4) under identical conditions, and low incorporation of 4 in copolymerizations with 1 in cyclohexane, suggests
that the polymerization preferentially occurs within the columnar assembly. Size exclusion chromatography
shows that the degree of polymerization (X;) based on number average molecular weight is approximately
65. Incorporation of small amounts of nonpolymerizable derivatives 2 and 3 into the columns has no effect
on X, and conversion. Molecular models show that the polymerizable sidearm of 1 is long enough to span
the distance between the monomers in the chiral stack. Under the atomic force microscope (AFM), purified
samples of polymerized 1 displayed nanometer-sized fibrous morphologies with a high-axial-ratio (>150),
uniform width (60 nm), and a thickness (1.0 nm) which corresponds to the width of the benzene
tricarboxamide core of 1, whereas aggregates of nonpolymerized 1 yield a featureless image due to their
instability.

chiral components to columnar assemblies of achiral 1,3,5-
benzenetricarboxamides was shown to bias their helfaitya
supramolecular form of the “sergeants and soldiers” principle.
Covalent fixation of self-assembled objects is an important
issue in supramolecular chemis#§and polymerization of a
chiral or helical arrangement of molecules in liquid crystalline
phases has important technological applicatiri2olymeriza-
tion of columnar aggregates fixes and stabilizes objects with a
well-defined structure and enables further processing such as
modification and positioning. So far, many attempts have been

Introduction

Self-assembled columnar structures of stacked aromatic
compounds are attractive building blocks for supramolecular
electronics,—® because they possess the necessary one-
dimensional nanometer-sized architecture to function in charge
or energy transport. 1,3,5-Benzenetricarboxamides are syntheti-
cally easy to access and self-assemble in the crystathe
liquid crystalline staté,and in both organic and aqueous media
to form columnar structures via triple amide hydrogen bonéing.
In previous work, we have studied derivatives with chiral side
chains, which express supramolecular helicity within the column
due to helical strands of amide hydrogen bonds. Addition of
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reported concerning polymerization of self-assemblies in organic elastomerd? and for the polymerization of bilayEr and
and aqueous media, but relatively few successful attempts havemonolayet®©1® membranes and hexagonal mesoph#&X¥ag.

been reported for polymerization of columnar structésor
other one-dimensional assemblies such as nanoscale'fibers
giant wormlike micelled3 Major issues that complicate the
covalent fixation of columnar aggregates by means of poly-
merization are the possibility of cross-linking between columns
and incompatibility of the repeat distance of the polymer chain
with the stacking distance of the monomers in the column.

However, the strict steric requirements for the 1,4-polymeriza-
tion of diacetylenes limit the use of this functional group in
less ordered phases. Therefore, we have chosen the sorbate
moiety as a polymerizable unit in trialkyl-benzenecarboxamide
derivative 1. In this Article, the synthesis of the monom&r

its self-assembly properties, the polymerization within the
assemblies, the studies of the stereochemistry, and the morphol-

ogy of the polymers obtained are disclosed.
Molecular Design

To polymerize columnar self-assemblies basedCgisym-
metrical benzene-tricarboxamides with minimal distortion of the
well-defined architecture, we focused on two additional require-
ments for the molecular design of the polymerizable group: (1)

avoiding cross-linking and (2) compatibility of the repeat N o] o]
distance. Two completely different strategies to prevent inter- o N/\/\/\OW
columnar reaction can be envisaged. In one strategy, either a H
step polymerization or a chain polymerization of molecules with H

N0

multiple reactive groups is used, and placing the reactive groups
away from the periphery prevents intercolumnar reactiéi
strategy using multiple reactive groups has been shown to work
slow. In solution, where the dynamics are much faster, an
alternative strategy to prevent cross-linking is proposed by using
a chain polymerization and a single polymerizable group per Ryt o
molecule. When a chain polymerization is used to connect con- R 2R= oo
secutive layers of columnar aggregates of benzene-tricarbox- ° E

H 3R= /\)\A/K

NS0

repeating units that is equal to, but not shorter than, the stacking R
distance of the columnar assemblies, which is 0.36*tinthe o
distance is less, the length of the polymer chain does not match MeoJ\/\/\
the columnar length, the polymerization will terminate early, 4
or the columnar architecture may even be lost. Furthermore,

well in self-assembled polymer aggregatgor in condensed

phases, where the dynamics of the self-assembly processes are 1
amides, the polymerizable group attached to the self-assembly

unit is required to give a polymer chain with a distance between

the angle between consecutive monomers (cairéthe crystal

structure of a benzene-1,3,5-tricarboxamide derivitieguires

additional length. This requirement precludes the use of efficient
1,2-polymerization processes such as the radical polymerization
of (meth)acrylates, which give a repeating distance of around
0.25 nm. 1,4-Chain polymerizations, on the other hand, give a

repeating unit distance around 0.48 Hhgiving some freedom
in the offset of groups from disk to disk. Polymerizations of

diacetylenes and dienes have been used extensively in topo

chemical reactions in the crystalline stdtdn thermoplastic

(11) (a) Percec, V.; Ahn, C.-H.; Ungar, G.; Yeardley, D. J. P:listo M.;
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Results

Synthesis.Monomerl was synthesized by the hydrolysis of
one of the methyl ester groups of benzene-1,2,3-tricarboxylic
acid trimethylester using 1 equiv of sodium hydroxide in 69%
yield, followed by amidation of the two remaining ester groups
with n-octylamine in 91% yield and the condensation of the
carboxylic acid group with 6-aminopentyl sorbate in 90% yield
(Scheme 1). Monomet was fully characterized biH and*3C

NMR, FT-IR spectroscopy, and elemental analysis. The stereo-
chemistry of the sorbyl group ith was confirmed to be more
than 98% of theE,E-configuration based ofH NMR spec-
troscopy. The synthesis of the nonpolymerizable derivatives,
achiral 2 and chiral3, has been reported previoush#

Neat monometl forms an enantiotropic columnar mesophase
at elevated temperature (melting temperatdrg & 158-161
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5197. (d) Hammond, P. T.; Rubner, M.Aacromolecule4995 28, 795—
805.
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28, 1786-1794.
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Scheme 1
OMe O OMe O Ryt o
O OMe NaOH, MeOH O OH  Octylamine, THF o OH
69% 91% H
MeO™ O MeO” SO NTTo
5 R
BR= ">~
o}
C,W
Boc,0, Dioxane B 8 ,pyridine, DCM
HN">">""0H N 0H
95% H 86%
7
1. TFA, DCM
% 2.6, PyBOP, DIPEA, DCM, THF
BOC\N/\/\/\OW 1
‘ 0
H 0 90%
°C, clearing temperaturd{) = 171°C) as concluded from the g
flowerlike texture observed for a sample under polarized optical (a)o < g
microscopy and the miscibility with the known columnar 2 )
mesophase d, indicating that the monomers stack on top of _
. . . >
each other. Compourithas a higher melting point but a lower © ‘
clearing temperature than the saturated chain chiral anabgue § < ’
(Tm = 102°C, T, = 204°C) and achiral analogu&(T, = 119 < () & 5
°C, T. = 236°C). 8 M ©8
Self-Assembly in CyclohexaneCyclohexane was chosen as 8
solvent for the self-assembly and the polymerizatiorl dér ‘“c'>> (c) g
its low polarity, its compatibility with amide hydrogen bond £
formation, and its low reactivity toward growing radicals. _V_J_/\_
Monomerl is soluble in boiling cyclohexane (approximately 1
x 1072 mol/L), and solutions become slightly viscous on (d) g
cooling, indicating self-assembly formation similar to other "J\d
1,2,3-benzenetricarboxamide derivatié@8At concentrations
below 1 x 1071 M, gel formation is not observed, probably — T T/ T——T—— 11
due to the absence of physical cross-links between columns, 3500 3400 3300 3200 1750 1700 1650 1600
whereas longer chain homologues do form gels at similar Wavenumber (cm™)

concentration§? In FT-IR spectra of cyclohexane solutions of  Figure 1. Solution IR spectra of. at 22°C. (a) 1.18x 10~ mol/L in
1 (Figure 1b-d), an amide N-H stretching band is observed = CHCI, (b) 8.92x 10°° moliL in cyclohexane, (c) 8.9% 104 mol/L in
around 3241 cmt at 22°C. The appearance of the NH stretch cyclohexane, and (d) 8.92 10" mol/L in cyclohexane.

regaon does not change upon dilution to a concentrationof 1 5| tion of chiral3, a negative Cotton effect was observed at
10™* M, and N-H bands attributable to molecularly dissolved ¢ hsorption maxima of the phenyl and sorbyl chromophores.
species, which are observed in CHGblution (Figure 1a), A gyrong sergeant and soldiers effestas observed. At a
remain absent. A non-H-bonded amide | bandlah CHCls wavelength of 222 nm, the Cotton effect reaches saturation at
appears at 16?5 cri In cyclohexane, this band appears at 1647 5o, of 3 (Figure 2, inset), indicating that a small amount3of
and 1630 cm!. These results |_nd|cat'e that the monomers are ,nirols the helicity of columns of in a highly cooperative
stacked on top of each other via amide hydrogen bonds as hagg|t a5sembly process. The CD spectra also show a significant
been observed for the columnar self-assemblieg, &, and Cotton effect at 250 nm, the absorption maximuimag) of the

their mixtures. The hydrogen-bonded stacks are in agreementy, | group, confirming that the moleculesiodre incorporated
with an X-ray structure of a model benzene 1,3,5-tricarboxy i, the helical assemblies and that the sidearm as well as the

o : ! _ _ :

amide L . . . _ benzene tricarboxamide core are in a well-defined chiral
The self-assembly in dilute solution was investigated using onvironment.

CD spectroscopy on mixtures bfand3 in cyclohexane (Figure Variable-temperature (VT) CD spectra of a solution of a

2). Obviously, a solsution of achiral monomgrat a concentra- - mixtre of 1 and3 containing 6.7598, at a total concentration
tion of 3.35 x 10> mol/L, does not show a Cotton effect. 4t g 7, 10-5 M, indicate that the ellipticity is gradually lost

However, upon mixing this solution with a small amount of a upon heating and reversibly disappears at@%Figure 3). The

(21) Odian, G.Principles of Polymerization3rd ed.; A Wiley-Interscience loss of elll.ptICIty upon heating in this e>_<p_er|ment is presumably
Publication: New York, 1991. the combined result of the loss of helicity of the columns and
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Figure 2. CD spectra of mixtures of and3 in cyclohexane at 22C at i . v : . . i i
a total concentration of 3.8 1075 mol/L. Inset: Ae value at 222 nm as a 3400 3200 1800 1600 1400 1200 1000
function of the mole fraction of chired.

Wavenumber (cm™)

0 ————7——7— Figure 4. FT-IR spectra oflL andpoly-1 as cast from cyclohexane.

-5 1 poly-1 was characterized by FT-IRH NMR, and3C NMR
spectroscopy®c18b22 The FT-IR spectrum ofl displays a

104 conjugated &C wagging mode of the sorbyl group at 1000

454 cm~L. The intensity of this band decreases upon irradiation
(Figure 4a and b). Simultaneously, a new band appears at 972

g 204 cm~1 which is attributed to an isolated trans=C bond,

indicating 1,4-polymerization ol.16¢ In addition, the FT-IR

254 spectrum of the product shows a band for a nonconjugated ester
carbonyl group at 1732 cmd. The hydrogen-bonded \H

-30 stretching band is observed at the same frequency (3243)cm
before and after irradiation, indicating that polymerization of

-35 — 1 T 1 T T the sorbyl ester groups does not significantly disturb the

20 30 40 50 60 70 80

columnar structure of the self-assembled aggregates.
Temperature (°C) ggreg

IH NMR spectra ofL and the purifiecpoly-1 (Figure 5a and
b) indicate that irradiation results in 1,4-polymerization. The
) vinyl proton peaks (7.21, 6.33.66, and 5.75 ppm) of the
a decreasing average column length. The latter decreases botQ,hate monomer have disappeared, and a new single broad peak
the cooperativity and the strength of the sergeant and soldiers(5.36 ppm), assigned to isolated trans double bonds of 1,4-
effect. To polymerize the aggregates in the helical state, polymer, appears for polymerizetl (Figure 5a and b). The

polymerizgtions were perf_orm_ed at room temperature. formation of 3,4-polymer is excluded because no vinyl proton
Polymerization. Polymerization of self-assemblédn cyclo- signals around 6:97.0 and 5.7-5.8 ppm are observe@23The

hexane was performed using I.rgacure 6.5}.(2,2-d|methoxy-2- spectral regions around 0.9 and 1.6 ppm contain the methyl
plhenyllag(se;ophert]one) as ? ra(;ijl_call phs)_tomtltlar;[otr an?_ Ut\_/'“ghft signals of 1,4-polymerization produd in Figure 5b) and 1,2-
(1$va;(u;h hasnbﬂénosﬂgcviri)lee :g\?vsaegLf:s gf SO(I);rg;\r/i?éggno polymerizgtion product, respectively. Although these s_ignals
and mainly dimerizatiod? was prevented by filtering the light overlap with the methyl group of the octyl chain) (gnd with
hrough glass (cutoff wavelength 325 nm). Upon UV-irradiation a number (.)f methylene protong, (, andl), respec_tl_vely, the
fat 25°C, the cyclohexane solution afbecame slightly turbid integral ratio of these areas shows that 1,4-addition accounts
’ . . o for more than 95% of the polymerization.
and more viscous. Progression of the polymerization was ) -
monitored by FT-IR spectroscopy, using the changes in intensity 1€ ~*C NMR spectrum ofpoly-1 provides more specific
of the monomer band at 1000 cfand the polymer band at |nformat|on on the stereochem|st_ry of the doubh_—:‘ bond. The
972 cnr! (see below). After 5 h, the ratio of these bands did chemical shifts of two sets of tertiary carbons adjacent to the
not change significantly, and irradiation was stopped. This time double bond (carbon atorh in the structure of Figure Sb
corresponds to approximately 4 times the half-life (70 min) of resonating at 39.6 ppm, and carbon atein the structure of
the photoinitiator under the prevailing reaction conditions. Figure 5b resonating at 56.4 and 55.0 gfjmare in good
Poly-1 was isolated by removal of the solvent and subsequent 2greement with the report€dpeak positions of poly(methy!
washing with diethyl ether to remove unreacted monomer.
Finally, the polymer was purified by Soxhlet extraction with (22 Isuchida, £ Haseaowa, £ tmura, N Hatashita, M.; Makdno, C.
diethyl ether. (23) Naf, F.; Degen, PHely. Chim. Actal971, 54, 1939-1949.
Spectroscopic CharacterizationPolysorbates can be formed g‘s‘g See Supporting Information for spectra.

. X A . Hertler, W. R.; Ovenall, D. W.; Reddy, G. S.; Sogah, DJYAm. Chem.
via 1,2-, 1,4-, or 3,4-polymerization. The microstructure of Soc.1988 110, 5841-5853.

Figure 3. Temperature dependence of the Cotton effect at 222 nm of a
solution of 1 mixed with 6.75 mol % of3 in cyclohexane.
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ppm

Figure 5. H NMR spectra of monomet in CDCl; (a). Poly-1 in ds-
methanol/CDJ 9:1 viv (b).

sorbate) having the trans conformation, and no peaks attributable

to the cis conformation are observed (see Supporting Informa-
tion).

Size Exclusion Chromatography.SEC analysis using THF
or CHCE as eluent shows thably-1 has a large polydispersity
(PDI > 7) and high molecular weight-(10°) probably due to

Table 1. Polymerization Condition, Number Average Degree of
Polymerization (X)), Polydispersity (PDI), and Conversion of
Polymer 1

M] PDI conversion
run - monomer (mollL) additive M)/l (Mw/My) (%) Xa?
1 1 1.03x 102 50 1.52 37.2 65.5
2 1 1.06x 102 15 1.75 46.7 56.5
3 1 1.03x 102 2b 50 1.58 32.1 65.4
4 1 1.03x 1072 2 50 1.64 37.4 80
5 1 1.06x 102 3d 50 2.70 59.7 45.8
6 1/4¢ 3.63x 1072 5 1.90 29 7.5
7 1/42 3.63x 1072 50 1.80 5.9 8.0
8 4 1.00x 102 50 h trace 2-3
9 4 1.00x 101 50 h trace 23
10 4 1.00 50 1.12 6.4 3

a X, values were calculated after methanoly8ig2)/[1] = 0.5.¢[2)/[1]
= 0.1.9[3)/[1] = 0.05.¢[4]/[1] = 2.712 mol % of4 was incorporated.
925 mol % of4 was incorporated! Not determined.

Height fnm
Wy jy G

———————10
25 75 125
x/nm

04— , ,
25 75 125
x fnm

intermolecular aggregation. Therefore, the polymer was treated Figure 6. AFM image (730x 730 nm) of columnar structures &f(A)

with hydrochloric methanol to disconnect the benzene tricar-
boxamide unit by transesterification as reported for polysorbyl
esters by Tsuchiddand O’Brienl8b After transesterification,

a polymer was obtained that is soluble in CRQlhe'H NMR
spectrum of the treatepoly-1 shows that more than 95% of

and AFM image (950x 730 nm) of the purifiedpoly-1 (B). Line scan
corresponding to line I in B (C) and line Il in B (D).

reactivity of allylic growing radicals and to competing degra-
dative chain transfer to the methyl grogfdt also implies that
nonaggregated molecules diwill not polymerize readily and

the benzene tricarboxamide units have been _detached f_rom _thqhat polymerization ofl therefore takes place predominantly,
polymer backbone. Subsequent molecular weight analysis usingif not exclusively, within the columnar assembly. The strong

GPC reveals definitive evidence of polymerization. The degree
of polymerization X,) values based on number-average mo-
lecular weight, conversion, and polymerization conditions are
summarized in Table 1. The polymerizationlahows constant

Xn (around 56-66, runs 1 and 2 in Table 1) against the variation
of [M] to [I] ratio, while it is proportional to [I] for polymer-
ization within bilayer membranég?

Evidence of Polymerization within the Assemblies.To
investigate whether polymerization selectively occurs within the
columnar assemblies, copolymerization of self-assembleith
methyl sorbatel was studied, using a solution with a monomer
ratio [4]/[1] of 2. The copolymer obtained shows a polymer
incorporation ratio of 4]/[1] of 0.14 based on NMR integral
ratios, while theX,, decreases from approximately 60 for the
homopolymerization ofl to X, = 8 for the copolymer (Table
1, entries 6-7). Under the same conditions, attempts to
polymerize4 do not give polymer, but dimers and trimers are
obtained with low conversion even when the concentration was
increased to 1 M. The very low polymerizability of the
molecularly dispersed sorbyl estéiis attributable to the low

reduction ofX, upon addition of4 suggests that, when this
compound copolymerizes, it acts as a terminator for the
polymerization of the self-assemblies. This is further substanti-
ated by the MALDI-TOF mass spectrum of the copolymerization
product, which shows that the oligomeric products are pre-
dominantly terminated by methyl sorbate (see Supporting
Information).

The sensitivity of the polymerization within columns bfo
the presence of nonpolymerizable molecules was investigated
in mixtures of1 with 2 (entries 3-4 in Table 1). The addition
of 2 shows little or no effect oiX, and conversion. Therefore,
it is concluded that the pentyl linker unit of the polymerizable
arm in1is long enough to allow polymerization of molecules
of 1 across intervening molecules ®for that the unreactive
is dynamically exchanged within the column of the growing
polymer. No evidence is found that unreact®is incorporated
in the polymer by unexpected side reactions.

(26) (a) Kamachi, M.; Umetani, H.; Kuwae, Y.; NozakuraP®lym. J. (Tokyo)
1983 15, 753-761. (b) Matsumoto, A.; Horie, A.; Otsu, TMakromol.
Chem., Rapid Commui99], 12, 681-685.
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Figure 7. CPK models illustrating the relative orientation of moleculeslafequired for polymerization of sorbyl groups. Stacking geometry of the
benzenetricarboxamides cores was taken from the crystal structhif'dfl” -tris(2-methoxyethyl)benzene-1,3,5-tricarboxanfi@mer with syn orientation

of the sorbyl containing side chains (a). Dimer with anti orientation of the sorbyl containing side chains (b). Pentameric stack with syn ooietiitation
sorbyl containing side chains (c). Terminal sorbyl methyl groups have been omitted for clarity.

Stability of the Aggregates.Covalent fixation of the columns  tive molecules in the columns are rotated by 66lative to
of 1 by polymerization is expected to stabilize the morphology each other. In columnar aggregateslpthis orientation leads
significantly. Therefore, the persistence of the columns afid to an arrangement of sorbyl groups, which is either syn (Figure
of poly-1 upon removal of solvent was investigated using atomic 7a) or anti (Figure 7b). Polymerization of consecutive molecules
force microscopy (AFM). Drop casting a cyclohexane solution can only occur in the syn orientation.

of 1 and poly-1 on silicon oxide wafers reveals noticeable  |n this respect, the successful polymerization requires an
differences in structure betweeh and poly-1 (Figure 6). explanation. The undiminished polymerizability of columns of
Monomerl appears as large irregular-shaped objects probably 1 containing 33% of indicates that the chain end is able to
due to collapse of the columnar structures at the interface during“skip” a layer in the column. The columns are dynamic
evaporation of cyclohexane (Figure 6a). On the other hand, structures, and skipped molecules may be expelled later. Finally,
purified poly-1 (monomer contents 0.001%), which is drop  the stability of the radical at the growing chain end is enhanced
cast after being redispersed in cyclohexane by solvent exchangepy conjugatiof®262and may provide sufficient lifetime to wait
appears as high-axial-ratie {50) fibers (Figure 6b). The fibers  for molecular rotation from anti to syn to occur. The AFM
have a uniform height of approximately 1.0 nm, while at the results show that the stability of the columns is greatly enhanced
intersection of the two fibers the height is measured at 2.0 nm py polymerization and allows the formation of stable mesoscopic
(Figure 6c). The widths of the ribbons are constant, ap- objects. Future work will be directed toward the introduction
proximately 60 nm, but require correction due to the broadening of benzenetricarboxamide derivatives with photophysical func-

effect of the finite radius of the tip (15 nmj.The apparent  tionality and the exploration of the supramolecular chirality
width of the fibers giVeS an upper limit for the width of 50 nm. inherent to these self-assembled structures.
At first glance, the AFM data suggepbly-1 has a very high
degree of polymerization; however, SEC shows that the length  Acknowledgment. We thank Dr. A. J. Wilson for useful
of the polymeric columns cannot be larger than approximately discussions and comments, Dr. X. Lou and Mr. R. A. A. Bovee
20 nm. Therefore, we propose that the fibers consist of for performing MALDI-TOF measurements and SEC molecular
polymeric columns, which form fibers upon drop casting by weight analysis, and Ms. J. J van Gorp for the synthesis of the
lateral as well as terminal aggregation. starting compounds and useful discussions.The research of Dr.
. . . M. Masuda has been made possible by funding of the Dutch
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The successful photoinitiated polymerizationlo€onfirms
the validity of our design and suggests the use of benzenetri- Supporting Information Available: Experimental procedures,
carboxamides with a single polymerizable sorbyl ester group *H and*3*C NMR spectra of compounds 6—9, and poly-1,
as a general method for the polymerization of columnar UV absorption spectra of glass filter, monomer, and polymer
assemblies. In the crystal structureNy\',N"'-tris(2-methoxy- ~ in cyclohexane, VT-CD spectra of monomer(PDF). This
ethyl)benzene-1,3,5-tricarboxamitithe side chains of consecu- Mmaterial is available free of charge via the Internet at
http://pubs.acs.org.
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