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Abstract: A simple method to prepare porphyrin “wheels” on a micrometer scale is described. It is possible to
arrange several types of porphyrin derivatives, including Protoporphyrin IX and Chloraphglthe form of rings

using this method. A mechanism for the formation of these types of assemblies is proposed that is based on the
generation of “2D-gas bubbles” which induces aggregation of the porphyrin molecules.

Introduction Chart 1

The construction of molecular assemblies having well-defined
shapes, dimensions (molecular objects), and pattern formation
by self-assembly of molecules is a topic of great current
interestl2 Applications of these supramolecular structures can
be foreseen in fields such as electronics, information storage, CisHss0
light energy conversion, and catalysis. Porphyrins are attractive
building blocks to form such molecular materials since they
are (photo)catalytically active and have interesting electronic
properties* _ CgHas 1 OCetas
As part of our program aimed at the development of energy
and electron storing and transporting systems from phthalocya-
nine and porphyrin moleculé$, we describe here a simple

R
method to prepare porphyrin “wheels” on a micrometer scale. 2: R= OOC1GH33
It is possible to arrange several types of porphyrin derivatives,
including Protoporphyrin IX and Chlorophydl-in the form of R R CaHa(01CO
rings, by this method. The diameter of these rings can be altered s 1ef(0)
R
7

by varying the temperature. Ring-shaped assemblies of por- R= '@
phyrins are known to occur in naturgz. in the bacterial light- Ct6Ha3(0)CO
harvesting complex LH2 which is responsible for the absorp-
tion of light and the storage and transportation of light energy
to the reaction center, where it is converted into chemical energy.
In the LH2 complex the porphyrin molecules are arranged as
in the wheels of a turbine.

Results and Discussion

We discovered the formation of ring-shaped objects from
porphyrins while studying the properties of compoun@hart

1). Adroplet of a 1x 1074 M solution of1 in chloroform was 0o 070
placed on a carbon-coated copper grid and the solution was 4
allowed to evaporate for 10 s at 2@ and then drained with a 5
@ Abstract published irdvance ACS Abstract#ugust 15, 1996. filter paper. Transmission electron micrographs of these grids,
13§12) (a(lz))\NVUﬁﬁSIdgs, GGMM nghlas, f( IE.; get&, ?ﬁ-ﬁenfeéggé 2t54,C T taken without staining, revealed the presence of rings (Figure
. Itesides, G. M.; simanek, e. E.; Matnias, J. P.; Seto, C. |.] hili
Chin. D. N.: Mammen, M.: Gordon. D. MAcc Chem Res 1995 28, 37. 1a)._ The possibility of globular struc’gures, such as droplets or
(2) Lehn, J.-M.Angew Chem, Int. Ed. Engl. 199Q 29, 1304. vesicles, was ruled out because the inner compartments of the

(3) (@) Guengerich, F. R. Biol. Chem 1991 266, 10019. (b) Zuber, rings were colorless. The staining in the present case originates
H- Drunsholz, ?gg?-_%fgogg%hg?"'s Scheer, H., Ed.; CRC Press: Boca  from the strong electron scattering by the palladium metal
4) Jones, R.. Tre&gold, R. H.. Hoorfar, A.; Hodge TRin Solid Films centers in the molecules af Sg:annlng electron m|crographs
1984 113 115. of the samples showed that dimkiforms large wheels with

(5) (a) Kroon, J. M.; Sudfiter, E. J. R.; Schenning, A. P. H. J.; Nolte,  diameters varying between 1 andibn (Figure 1b). Electron

R. J. M.Langmuir1995 11, 214. (b) Schenning, A. P. H. J.; Feiters, M. . . - P :
C.: Nolte, R. J. MTetrahedron Lett1993 34, 7077. diffraction studies indicate that the wheels had an amorphic

(6) van Nostrum, C. F.; Picken, S. J.; Schouten, A.-J.; Nolte, R. J.M.  Structure. The rings were also visible by confocal laser scanning
An} ghem Soc 1995 117, 9957. hormih microscopy in the fluorescence mode. The observed diameters
7) McDermott, G.; Prince, S. M.; Freer, A. A.; Hawthormthwaite- ;
Lawless, A. M.; Papiz, M. Z.; Cogdell, R. J.; Isaacs, N. Mature 1995 ""‘?re in the same range a$ those ob_served by the electron
374 517. microscopy. The average width and height of the bands of the

(8) Betzig, E.; Trautman, J. KSciencel992 257, 189. rings could be determined using near-field scanning optical
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Figure 1. (a) Transmission electron micrograph of ax110™* M
dispersion ofl in chloroform without staining. Draining was applied
after 10 s at 20C. The bar representsgm. (b) Scanning electron
micrograph of a 1x 10~* M dispersion ofl in chloroform drained
after 10 s at 20C. The bar representsdn. (c) Transmission electron
micrograph of a 1x 10~* M dispersion ofl in chloroform drained
after 10 s at-40°C. The bar represents 30 nm. (d) Scanning electron
micrograph of a 1x 1072 M dispersion ofl in chloroform drained
after 10 s at 20C. The bar representsdn. (e) Transmission electron
micrograph of a 1x 104 M dispersion ofl in methanol/chloroform
(1:9, v/v) without staining. The bar represents . (f) Transmission
electron micrograph of a ¥ 10~ M dispersion of chlorophylk (5)

in chloroform drained after 10 s at 2C. The bar represents Quin.
Sample shaded with Pt.

Figure 2. Schematic representation of the porphyrin wheels constructed
from porphyrinl. The arrows indicate the transition dipole moments
of the porphyrin molecules in the dimers. The two sets of dipole
moments in a dimer make an anglecwf= 7/4 with neighboring sets

of dipole moments, which results in a red shift of the porphyrin B-tfand.

microscopy (NSOM) and atomic force microscopy (AFM).
These two values were very similar and varied between 10 and
100 nm, depending on the size of the ring, which corresponds
to 1 to 10 molecules ofl. UV-—vis spectroscopy on the
porphyrin rings showed that the porphyrin B-band was red
shifted (22 nm) while the Q-bands were unaffected, suggesting,
according to exciton theory, that head-to-tail type aggregates
had been formeé#l. The B-band was narrow which illustrates
that the porphyrin molecules have a well-defined arrangement

in the supramolecular structure. Based on the data above, wey,

Schenning et al.

increased. Rings with an average diameter ofu®0 were
formed at a temperature of 6C. At a temperature 0f40°C

the ring structures were imperfect and small arrays of aggregated
porphyrin molecules were mainly visible (Figure 1c). This result
is of interest for the mechanism of the ring formation, which is
discussed below. When the concentration of porph¥nmas
increased to 1x 102 M, honeycomb-like structures were
generated (Figure 1d), while a ¢ 107 M solution gave
relatively small rings with a very narrow ring band correspond-
ing to the length of approximately one porphyrin molecule.
Blocks of porphyrin molecules were observed when the
chloroform solution was immediately drained and vulcano-like
structures were obtained when the solution was evaporated
completely.

Carbon tetrachloride was found to be the best solvent for the
formation of the porphyrin rings. On going from carbon
tetrachloride to chloroform and then to dichloromethane, the
structures became progressively less perfect. The boiling points
of these solvents also decrease in this order, which could indicate
that slow evaporation stimulates the formation of well-defined
rings (see also below). No rings were observed when THF or
toluene was employed. The addition of a small amount of
methanol to a chloroform solution dfcaused the structures to
change from rings into fibers (Figure 1e). BVis spectroscopy
revealed that the molecules bfare aggregated in this solvent
mixture. In general, it was found that no rings are formed when
the porphyrin is aggregated in a particular solventhis
suggests that it is important for them to be present as monomers
in solution otherwise the structure, after slow evaporation and
draining, is determined by the aggregate structure in solution.

Two mechanisms may be envisaged for the formation of rings
from 1. The first possibility is that two-dimensional phase
separation takes place between a porphyrin-rich and a porphyrin-
poor solution. This process may occur at nucleation sites where
solid domains of porphyrins are formed. Domain formation is
a known process in, for exmaple, two-dimensional assemblies
of lipids or block copolymerd®1112 |n the latter case solid
domains can be formed during the compression of the molecules
at the airwater interface. The shape of the domains is
determined by competition between repulsive electrostatic forces
(favoring elongation of the domains) and interfacial line tension
(favoring the formation of circular domain&). In our case solid
circular domains of porphyrin could be formed initially during
the evaporation of the chloroform. These could then undergo
transition from a circular to a torus-shaped structure, when they
then increase in size. This phenomenon has been shown to be
concentration dependent and to occur in only a very narrow
concentration rang®. In the concentration range used by us
(1 x 1072to 1 x 10°% M) ring structures were always obtained
making this mechanism less likely.

The second possibility, and preferred mechanism, is that the
presence of gas bubbles in the solution causes the formation of
rings1* Bubble-induced aggregation is a well-documented
phenomenon and is the result of a complex process determined
by hydrodynamic and surface effedts!” In our case the

(10) (a) Weis, R. M.; McConnell, H. Ml. Phys Chem 1985 89, 4453.
Keller, D. J.; Korb, J. P.; McConnell, H. M. Phys Chem 1987, 91,

propose that the rings have a molecular architecture as illustrateds417. (c) Lee, K. Y. C.; Klingler, J. F.; McConnell, H. Maciencel 994

in Figure 2.
The diameter of the wheels can be tuned by varying the

263 655.
(11) Meszaros, M.; Eisenberg, A.; Bruce Lennox,Faraday Discuss

1994 98, 283.

temperature. When the temperature was increased during the (12) wang, J. H.; Tamm, L. K.; Bum, C.; Ramalingam, T. S.; Betzig,

evaporation of the chloroform, the diameter of the rings also

(9) McRae, E. G.; Kasha, Ml. Chem Phys 1958 28, 721.

E.; Edidin, M. Sciencel995 270, 610.
(13) McConnell, H. M.; Moy, V. T.J. Phys Chem 1988 92, 4520.
(14) Judd, R. L.; Lavdas, C. H. Heat Transferl98Q 102 461.
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The smaller the value d¥ is, the lower the nucleation barrier
2D gas bubble Liquid surface B will be, thereby facilitating gas bubble formation. Equations 4
and 5 have the following implications. First, the critical radius
of 2D gas bubbles fom ~ —1 will be much smaller than that
form~ 1 (in the latter case, the expressiorr$fis identical to
that for 3D spherical gas bubble formation). In other words,
Ry /C c 2D gas bubbles can be formed more easily if the substrate cannot
N Liquid layer be “wetted” by the liquid, and less readily when the substrate
is very well “wetted” by the liquid. SecondlyR decreases
Figure 3. Schematic representation of the formation of porphyrin with h suggesting that the thinner the liquid layer is, the more
wheels. Dashed arrows indicate the direction of the stream of easjly 2D bubbles will be formed. This explains the common
evaporating molecules. For further explanation see text. observation that 2D bubbles are always generated in a later stage
of the evaporation process.
In our case, the liquid will not wet the substrate particularly

\

2D gas bubble

>
N
4

development of rings can be interpreted in principle within the

framework of what we would like to term “2D gas bubble” o) hecause of the poor interaction between the liquid and the
formation and the nucleation and growth of a porphyrin substrate, and henae must be approaching1. The liquid

amorphous phase around the gas bubbles. We have observeflyer applied to the substrate will become increasingly thinner

that although the possibility of formation of 3D chloroform gas e to the rapid evaporation of the chloroform, making it more
bubbles in the bulk liquid belo_w the boiling point of the solution likely that 2D gas bubbles will be formed gradually. At a site
can be excluded, the formation of 2D gas bubbles at the freep '\ here foreign particles or bubbles occur at the free surface
surface of a rapidly evaporating sc_)lutlon is very possible, since ¢ the liquid (Figure 3a), the local vapor pressiravill be
the vapor pressure of chloroform in the air is much lower than o iy larly high if the radii of these particles is much smaller
the saturation pressure of chloroform itself. Referring to Figure a1 that of the flat liquid layer. The driving force for the
3, the nucleation free energy ba}rrier fqr the saturation Pressur€tormation of 2D bubbles is much higher, therefore, at this site
formation of 2D gas bubbles with radiisis given by than in the surrounding solution (cf. eq 5). Foreign particles
=2 will also lower the free energy barrier for 2D bubble formatién.
aRh 2D gas bubbles will therefore be formed preferentially around
AG=- TA’M + 2Ry g + Rzﬂ(m g (@) the ?Ioating foreign particles providing thg liquid Iaye); is not
too thick resulting in a shape as shown in Figure 3b. Once a
with 2D gas bubble is formed, the upper corner of the circumference
C will maintain a very high evaporation rate (indicated by the
M= COSQ = (Yge— 7Yy (-1=m=1) 2) dashed arrows in Figure 3c)_due to the very large radius of
curvature, and the bubbles will continue to grow.

The concentration of porphyrin molecules at the circumfer-
ence of the bubbles will be built up rapidly due to the rapid
liquid and the substrate, ands yis, andyq the surface free eyaporation, and this I'o_ca_l concentration can easily reach avalue
energy between gas and substrate, between liquid and substratdigner than the equilibrium concentration of the porphyrin
and between gas and liquid, respectivelyyu denotes the amorphous phase. _Nucleat|ons and grovyth of the porphyrin
difference in chemical potential between the liquid and the gas amorphous phase wil the_n oceur at the cwcumference OT t_he
phase. According to the basic principles of thermodynamics, gas bubbles. The porphyrin rings are then obtained by draining

Au can be expressed as the rest of the soluti_on. _

In the case of highly concentrated solutions, amorphous

_ . particles of porphyrins can be formed easily at a very early stage.

Au = KTIn(prp) 3) These particles are transported by convection into the liquid

bulk where, at that moment, the concentration of porphyrins is
already higher than the equilibrium concentration of the
porphyrin amorphous phase. These particles are distributed
homogeneously in the solution and will serve as nucleation
centers for the formation of the next generation of 2D gas

with h being the thickness of the liquid laye®, the molecular
volume per structural unite. the wetting angle between the

wherep is the equilibrium vapor pressure of the liquid phase
andp' the actual vapor pressure in the surrounding gas phase.
Setting the first derivative oAG to zero, one obtains for the
critical size &°) of the gas nuclei the follwing expression:

0 bubbles, which lead subsequently to the observed honeycomb-
R = ] (4) like structures (Figure 1d).
Au— %(m — 1)Vg| The scope of the method was tested with other porphyrin

derivatives 2—5). The so-called picket-fence porphyBrgave
no rings in chloroform, while compour@iformed rings. Itis
or known that picket-fence porphyrins hardly stack due to the ortho
i i i 20b
(15) For the construction of hemoglobin microspheres, see: Suslick, K. substituents on their phenyl rmé%' It can be concluded,

S.; Grinstaff, M. W.; Kolbeck, K. J.; Wong, MUltrasonics Sonochem therefore, thatr—s stacking interactions between the molecules
1994 1, S65.

(16) Vinogradova, O. IColloids Surfaces A: PhysicocheBEng Aspects (18) Liu, X. Y.; Tsukamoto, K.; Bennema, P. To be submitted for
1994 82, 247. publication.
(17) Esteez, L. A.; Pino, L. Z.; Cavicchioli, I. A.; Sez, E.Chem Eng (19) Nolte, R. J. M.; Razenberg, J. A. S. J.; Schuurmad, Rm Chem

Commun 1991, 105 231. Soc 1986 108 2751.
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are important in generating the circular solid domains. It was pyridyl)-10,15,20-tris(4-hexdecycloxyphenyl)porphyrin (50 mg, 37
also possible to construct rings from protoporphyrin #X énd mmol) in 50 mL of dichloromethane. Afte2 h the solvent was
chlorophyll-a (5) (Figure 1f) using the procedure described. This evapoyated, and the resulting solid was adsorbed on silica. Compound
may open a route to construct synthetic wheels of bacteriochlo- 1 Was isolated by column chromatography (eluent G¥#@$OH, 95/5
rophyll. viv). Yield: 34 mg (64%). TLC (SI!lpa, MeOH/_CH(;}I (5/95, viv))
. . Ri = 0.95. Mp: 225°C (decomposition to starting materialsjH-
In summary, we have developed a facile technique for the \ur (200 MHz, CDCY): & 9.58 (d, 4H, pyridyl,J = 6.4 Hz), 8.99

construction of ring-shaped assemblies of porphyrins on the (4 41 g-pyrrole, J = 4.9 Hz), 8.89 (d, 8Hp-pyrrole, J = 4.6 Hz),
micrometer scale. Futher studies are in progress to determineg g2 (d, 4H 3-pyrrole,J = 4.9 Hz), 8.37 (d, 8H, pyridyl = 6.6 Hz),

whether the rings can function as molecular synchrotrons andg.18 (d, 12H, phenyl) = 8.4 Hz), 7.45 (d, 12H, phenyl,= 8.4 Hz),

store energy or electrons. 4.40 (t, 12H, OCH, J = 2.6 Hz), 2.6-1.3 (b, 168H, CH), 1.00 (t,
18H, CH;), —2.75 (b, 4H, NH). FD MS: Found for fgsH250N100sPd
Experimental Section m/z = 2776.86576, Calcd 2776.86156. YVis (CHCk) A/nm

. . . i (log(e/M~-cm)): 426 (5.9), 521, (4.6), 558 (4.5), 592 (4.2), 651 (4.2).

Transmission and scanning electron microscopy experiments Were - caled for GeHouN16OPdCh: C, 76.72: H, 8.77: N, 4.92.
respectively. Atomic force microscopy was performed on a Nanoscope ¢y, Evz= —1.67 V (5 FolFet), AE, = 69 mV, Exr, = —1.98 V, Iy/ly
A MMAFM instrument. Near-field scanning optical microscopy — — 1
(NSOM) was performed on a TopoMetrix Aurora instrument by Dr.
M. Rucker in the group of Prof. F. de Schrijver (Katholieke Universiteit ~ Acknowledgment. We thank Dr. A. E. Rowan, Dr. M. C.
Leuven, Belgium). The setup for these measurements is describedFeiters, and Prof. P. Bennema for stimulating discussions. This
elsewheré. UV —vis spectra were obtained with a thermostatted Perkin- work was supported by the Dutch Foundation for Chemical
Elmer Lambda 5 spectrophotometer. Protoporphyrin IX and Chloro- Research (SON) with financial aid from the Dutch Organization
phyll-awere commercial products (Aldrich) and were used as received. tor Scientific Research (NWO).
21H,23H-5-(4-Pyridyl)-10,15,20-tris(4-hexadecyloxyphenyl)porphy-
rin and compound® and 3 were prepared according to literature JA961234E
procedured® The synthesis of compouridis given below. (20) (a) van Esch, J. H. Feiters, M. C.; Peters, A. M.; Nolte, R. JJM.

Compound 1. trans-Bis(benzonitrile)palladium(ll) dichloride (7.2 Phys Chem 1994 98, 5541. (b) Schenning, A. P. H. J.; Hubert, D. H.
mg, 18 mmol) was added with stirring to a solution oH223H-5-(4- W.; Feiters, M. C.; Nolte, R. J. M_angmuir1996 12, 1572.




