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ABSTRACT

We have investigated in detail the self-assembly of a chiral porphyrin trimer in different solvents and correlated this behavior to the aggregation

of the molecule at a solid -liquid interface. In  n-hexane and cyclohexane, CD spectroscopy and dynamic and static light scattering studies
showed that the porphyrin trimer self-assembles already at micromolar concentrations into long, chiral supramolecular polymers, which precipita te
as fibers when the solution is drop-cast onto a mica surface. In contrast, in chloroform, the compound is molecularly dissolved up to
concentrations of 0.2 mM and when micromolar solutions are drop-cast onto mica, no precipitation of large assemblies occurs. Instead, at the

moment that the chloroform film becomes subject to spinodal dewetting and the porphyrin trimers within this film start to self-assemble,

extended patterns of equidistant lines of single molecule thick columnar stacks are formed.

The construction of predetermined patterns on surfaces ispropensity of the molecules dfa to form columnar stacks
one of the major challenges in developing new technological in the separate process of spinodal dewetting, which causes
applications:™2 To date, however, only a few examples of an undulating pattern in a thin evaporating film.

complex patterned surfaces that do not require a lithography Intuitively, it is expected that the presence of large aggre-
step are known, and these patterned surfaces are often ofjates in solution will result in the generation of large surface
small spatial exterft:1° Recently, we have shown that it is architectures at a solieliquid interface, whereas monomers
possible to construct highly ordered patterned surfaces simplyor smaller aggregates will lead to smaller surface architec-
by placing a chloroform solution containing porphyrin trimer tures*! In the present study we have investigated in detail
la (Figure 1A) on a mica surface and allowing the the aggregation behavior of porphyrin trimers in solution and
chloroform to evaporat&The patterns consist of equidistant have studied the crucial role of the solvent. In addition, the
single molecular stacks dfa and it was demonstrated that aggregation behavior of these molecules in solution will be
their size can be extended to several square millimeters. Thecorrelated to their behavior at a sotiiquid interface.
patterns are formed as a result of a delicate balance between Circular dichroism (CD) has been proven to be a powerful
physical dewetting processes and highly directional supramo-tool to obtain information about the precise self-assembly
lecular interactions. As a result of this so-called “coffee- process of a chiral compound into an aggregated struttfe.
stain mechanism”, a local increase in the concentration of To study the self-assembly of the porphyrin trimers in more
la occurs near the contact-line of the evaporating droplet. detail, we have replaced thealkyl tails of 1a with chiral
Further evaporation leads to unpinning and retraction of the ones to give compoundb (Figure 1A). Because of its
contact line and the deposition b& onto the mica surface.  resemblance witlia, it can be expected that aldd will

The obtained highly uniform periodicity is attributed to the self-assemble in solution into helical columnar stacks as a
result of hydrogen bonding ang—s interactions (Figure

:Co&rgspccj)nding author. E-mail: J.Elemans@science.ru.nl. 1B,C). In the case ofLb, however, the chirality of the
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Figure 1. (A) Chemical structures ofa and 1b. (B) Schematic representation df (C) Schematic representation of a self-assembled
columnar stack ofl.

Using S(—)citronellol as the source of chirality, the elucidate whether the stacking of the porphyrin moieties of
synthesis oflb is straightforward (see Supporting Informa- 1b is intra- or intermolecular, although from studies on
tion). To study the aggregation behavior 4dj in solution, similar molecules, the former is highly improbalilgvhen
it was decided to use chloroformshexane and cyclohexane, the absorbance of the bands at 403 and 423 nm was plotted
because these solvents do not significantly interfere with as a function of concentration, in both cases LambBger
hydrogen bonding and—zx stacking interactions between behavior was observed (Figure 2C,D), indicating either
the molecules. It is furthermore known that the use of these intramolecular porphyrin stacking or the presence of very
solvents can give rise to significant differences in aggregation stable aggregates over the measured concentration range.
behavior, because it has been shown that nonpolar alkane®ecause molecular modeling calculations showed that in-
poorly solvate the extended aromatic cores of self-assemblingtramolecular stacking between the porphyrin moieties within
disklike moleculeg®1¢ one molecule oflb is impossible, it is proposed that in

The *H NMR spectrum oflb in CDCl; ([1b] = 2.3 x n-hexanelb forms aggregates already below micromolar
103 M, Figure 2A) showed very broad signals, which concentrations. The large difference in UV-absorbance
indicates a strong aggregation of the compound in this observed between two similar solvents, cyclohexane and
solvent. The!H NMR spectrum became sharp after the n-hexane, highlights the important role of the solvent shell
addition of DMSOds, which breaks up the hydrogen-bonding in defining the helical stacking. This first shell can be
network and dissolves the aggregateg¢lmfDisassembly of ~ considered to be more like a “solvertielix complex”.
the compound could also be achieved by diluting the sample.  To investigate whethelb aggregates into helical columnar
Because the'H NMR spectrum oflb sharpened up at stacks, the chirality of the compound was used as probing
concentrations below0.2 mM (Figure 2A), this concentra-  tool. In chloroform, a solvent in whictib is molecularly
tion can be roughly considered as the critical aggregation dissolved at low concentrationsl{f] = 8.3 x 107 M), no

concentration in this solvent. In contrast, in hexahethe CD effect was observed. In-hexane, the CD spectrum
'H-spectra remained broad even at very low concentrationsclearly indicated the presence of chiral assemblies (Figure
([1b] = 1 x 1075 M). 3A). The complicated spectrum is the result of a mixture of
UV —vis measurements dfb in chloroform showed the three Cotton effects centered at 402, 426, and 438 nm,
presence of a relatively sharp Soret band at 423 il ¢ respectively (see Supporting Information), which can be

8.3 x 10°¢ M, Figure 2B), indicating that this compound correlated to the above-mentioned absorption bands in the
was molecularly dissolved. In contrast, the YWis spectrum UV —vis spectrum. These Cotton effects turned out to be
of 1bin n-hexane showed a broadened Soret band exhibitingtemperature dependent (Figure 3B): upon an increase in the
absorption maxima at 403 and 422 nm and a shoulder attemperature from 30 to 42C, several changes, which were
439 nm, which is caused by excitonic coupling between reversible upon cooling, were observed in the CD spectrum.
neighboring porphyrin units. According to the exciton theory, Upon heating, the Cotton effect located at 403 nm slightly
a blue shift of the Soret band implies that the porphyrins decreased and the Cotton effects at 426 and 438 nm changed
are oriented face-to-facdé!® The UV—vis spectrum oflb sign; the latter increased in magnitude at the expense of the
in cyclohexane also showed a broadening and shifting of Cotton effect at 403 nm. The reversible changes in the spectra
the Soret band. In this case two bands with maxima at 402 resulted in three isodichroic points located at 399, 425, and
and 426 nm and an additional red-shifted band at 441 nm438 nm, indicating a transition between two well-defined
were observed, which suggests that in this solvent the species. Upon an increase in temperature, the—U¥
porphyrins are oriented in both head-to-tail and face-to-face spectrum showed an increase in the absorbance at 438 nm
orientations. From the U¥vis data it is impossible to  and a decrease in the absorbance at 403 and 422 nm, with
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Figure 2. (A) 'H NMR spectra in CDGlof the aromatic region and the region of the pyrrole NH protorikbais a function of concentration.
(B) UV —vis spectra ofLb in various solvents {[b] = 8.3 x 106 M). (C) UV—vis spectra ofLb in n-hexane as a function of concentration.
(D) Plots of the absorbance @b in n-hexane at 403 and 423 nm as a function of concentration.

an isosbestic point located at 425 nm (Figure 3C). At higher strong CD signals, even at elevated temperatures in both
temperatures no further changes were observed in the spectrayclohexane and-hexane supports the presence of very
The combined UV-vis and CD data suggest thatrifhexane stable aggregates @b in these solvents. These results can
the porphyrins in the stack db have both face-to-face and be interpreted by the tightening and loosening of the helix
head-to-tail arrangements at elevated temperatures, but aas a function of temperature. The dominating forces in the
ambient temperatures a face-to-face arrangement is morehelix are intermolecular hydrogen bonding antetr stack-
favored. ing. We tentatively propose that, upon warming, the helix
The CD spectrum ofb in cyclohexane deceptively seems loosens, because the-r interactions are more sensitive to
to resemble the CD spectrum of this compound-imexane temperature than the hydrogen bonding, which wants the
at elevated temperatures (Figure 3A). Deconvolution of the helix to possess a twist of 80The overall structure is a
signals in the former spectrum, however, indicated the compromise between the two competing forces.
presence of three Cotton effects, located at 401, 426, and To unambiguously demonstrate the aggregatiorliaf
443 nm, respectively (see Supporting Information), of which dynamic and static light scattering measurements were
the latter two are opposite of sign compared to the spectrumperformed. Consistent with the UWis and CD measure-
of 1bin n-hexane at elevated temperatures. All three Cotton ments, no aggregates were detected in chloroform. Dynamic
effects can be directly correlated with the absorption bandslight scattering demonstrated that in botkhexane and
in the UV—vis spectrum ofLb in cyclohexane and exhibit  cyclohexane comparable particles were present with a
no significant temperature dependence in the range 6.5 hydrodynamic radius of 2& 2 nm (Figure 4A,B).
70 °C. The static light scattering intensity profiles of the ag-
Most importantly, in a solution oflb in cyclohexane a  gregates in both solvents could be fitted by assuming a thin
signal at 190 nm was observed, originating from the amide rigid rod, with a length of ca. 300 nm (Figure 4C). In
functions, which can only be explained by a transfer of combination with the measured hydrodynamic radius, it is
chirality from the periphery of the porphyrin trimer to the now possible to roughly determine the diameter of the
core (Figure 3B). This observation strongly suggeststbat  columnar stack? which amounts to 5= 1 nm. This value
assembles into a helical columnar stack. The presence ofis in good agreement with the diameter of one molecule of
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Figure 3. (A) CD spectra oflb in n-hexane and cyclohexanellf] = 8.3 x 1076 M, T = 25 °C). Inset: CD signal originating from the
amide functions oflb in cyclohexane b] = 8.3 x 10°® M, T = 25 °C). The absorbance af-hexane in the amide region prevents a
reliable CD measurement in this region in this solvent. CD spectra (B) andvi$vspectra (C) im-hexane as a function of temperature

([1b] = 2.9 x 1075 M).
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Figure 4. (A) Plot of the decay ratel}) as a function of the scattering wavevector squar@t) (etermined by dynamic light scattering
measurements in-hexane (Ib] = 3 x 107® M). (B) Same as for (A) but in cyclohexane. The slopes of the plots yield the translational
diffusion coefficientD from which, via the StokesEinstein relation, the hydrodynamic radiug.f can be determined. (C) Static light
scattering intensity profiles in different solvents. In the case-beéxane and cyclohexane, the solid lines are fitted assuming a thin rigid

rod with a length of 30Gt 50 nm.

1b, viz. 4.5 nm, and implies thdtb self-assembles in solution Time-resolved fluorescence anisotropy measurements con-
into supramolecular polymers, consisting of stacks which firmed the presence of aggregateslds in n-hexane and
contain on average 500 moleculesldf and thus have an  cyclohexane (Figure 5). A strong polarization was found in
average mass of 1.8 million Dalton. bothn-hexane and cyclohexane, but only a slight polarization
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Figure 5. Time-resolved fluorescence measurementdloin chloroform (A), n-hexane (B), and cyclohexane (CLK] = 3 x 1075 M).

In all cases, the fluorescence decay exhibits a biexponential behavior. The inset of each figure reports the VV and VH components of the
fluorescence decay curve. (D) Overview of the fluorescence photophysical parameters (relative andg)jtliiééirhe (z;), and asymptotic
anisotropy (u.)), determined by fitting of the fluorescence decay plots (red solid curves).

was observed in chloroform (Figure 5D). The lower asymp- of 1-10 uM were domains with such a periodic pattern
totic anisotropy value and the longer average fluorescenceobserved. At higher concentrations, AFM images typical for
lifetime in chloroform are in agreement with the presence gels were obtained, whereas at lower concentrations small
of single molecules otb. In contrast, the average fluores- droplets composed of randomly deposited material were
cence lifetime im-hexane and cyclohexane is much smaller observed. One of the key features that governs pattern
as a result of the assembly db into columnar stacks. All  formation is the self-assembly properties of the molecule.
the experimental evidence highlights tHdi has a strong  The strict concentration dependence suggests that the periodic
preference to form columnar assemblies and that the observegbatterns are only formed if the concentrationlbfin a thin
behavior is a result of intermolecular stacking. film, which is subject to spinodal dewetting at a thickness
In a recent paper we have reported thaspontaneously ~ of 10—100 nm, is such that the molecules start to self-
forms extended domains of periodic patterns upon drop- assemble (viz~ 0.2 mM, vide supra).
casting a solution of this compound in chloroform onto a  Like thin chloroform films, thinn-hexane films on flat
mica surfacé.These patterns consisted of equidistant parallel substrates are subject to spinodal dewettingut their
lines, built up from extremely long columnar stacks that are dewetting properties are expected to be quite different. In
one single molecule thick. Besides the propensity of the addition, inn-hexane already at micromolar concentrations
molecules to self-assemble in 1D aggregates, the patternaggregates oflb are present. When a solution @b in
formation process and periodicity of the lines were found to n-hexane (Ib] = 5.7 x 10°¢ M) was drop-casted onto mica
be governed by physical dewetting processes, i.e., theand the solvent allowed to evaporate, AFM revealed the
“coffee-stain mechanisrf*® and spinodal dewetting. 23 presence of very long self-assembled fibers (Figure 6B), with
When a droplet of a solution dfb in chloroform ([Lb] = lengths up to several microns and a height of8.6.5 nm
5.7 x 1078 M, droplet size= 3 uL) was drop-casted onto a  (see Supporting Information), which indicates that they still
mica surface under an argon atmosphere at a temperature oéxist of single molecule thick columnar stackdt is of
22+ 0.5°C and the solvent was allowed to evaporate, similar interest to note that the height of these fibers is somewhat
domains of highly ordered line patterns were observed, which smaller than the height of the lines observed after drop-
are oriented parallel to the contact line (Figure 6A). Each casting a chloroform solution dfb. This difference might
line has a height of 4.3- 0.4 nm (see Supporting Informa-  be a result of a slightly different packing of the molecules
tion), indicating that it consists of a single molecule thick of 1b in the fibers compared to those in the lines, which is
columnar stack otb. Like in the case ola, the periodicity expressed in a different diameter of the resulting stack.
of the patterns formed bb was found to be monodisperse Alternatively, the larger diameter of the lines deposited from
within one domain (e.g., 50& 70 nm, see Supporting chloroform might be attributed to a swelling effect, which
Information), but between domains the periodicity varied. has also been observed before in AFM studies on rodlike
The domain sizes, as well as the lengths of a single linear polyisocyanides with peptide side chains that were deposited
assembly oflb were reduced compared to the patterns from the same solver®. In contrast to the defined line
formed byla patterns deposited from chloroform, the fibers deposited from
The pattern formation was found to be highly dependent n-hexane are oriented randomly all over the sample and no
on the concentration dfb: only in the concentration range relation between the orientation of the fibers and the local
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Figure 6. (A,B) AFM images of patterns formed after drop-casting a solutiodtoin chloroform (A, scale bar= 1 um) andn-hexane

(B, scale bar= 2 um). The dashed circles highlight the crossing points of the fibers. The height of a crossover point measures twice the
thickness of a fiber, indicating that these fibers are on top of each other (inset). (C) Artist impression of the aggregation betaiior of
solution and at the solidliquid interface with chloroform and-hexane as a solvent.

solvent front was observed. The fact that many of the fibers in solution and deposited as such onto the mica surface
overlapped each other strongly suggests that they are formedFigure 6C). The apparent alignment is probably the result
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of a flow of the solvent that occurs during the evaporation
of the droplet. The fact that the fibers are distributed
randomly demonstrates that in the case-bexane spinodal

dewetting does not significantly influence the deposition of
the aggregates, which is likely the result of the limited
mobility of the large aggregated species in the thin film; i.e.,
it behaves as a (supramolecular) polyefThe size

distribution of the fibers is rather large (Figure 6B). Because

of the presence of several very long aggregates, the calculated

average length of the fibers is 535450 nm. The majority
of them, however, have a length in the range 1825 nm
(see Supporting Information).

The aggregation behavior dfb in n-hexane strongly

suggests that the periodic patterns formed upon evaporation @)

of a chloroform solution are not composed of preformed

columnar stacks of this compound. Instead, they are formed

by a highly directional self-assembly process, which is

on the AFM measurements at the chloroform/mica and at
the n-hexane/mica interface. In addition, the supporting
material contains a description of all the experimental details.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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