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Abstract: We report two crystal struc-
tures of a synthetic porphyrin molecule
which was programmed for self-assem-
bly. The same groups which ensure that
bacteriochlorophylls ¢, d, and e can
self-assemble into the chlorosomal
nanorods, the photosynthetic antenna
system of some green bacteria, have
been engineered into desired positions
of the tetrapyrrolic macrocycle. In the
case of the 5,15-meso-substituted an-
choring groups, depending upon the
concentration, by using the same crys-
tallization solvents, either a tetragonal

or a layered structure of porphyrin
stacks were encountered. Surprinsingly,
n-7 interactions combined with exten-
sive dispersive interactions, which also
encompass cyclohexane, one of the
crystallization solvents, win over puta-
tive hydrogen bonding. We are aware
that our compounds differ considerably
from the natural bacteriochlorophylls,
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but based upon our findings, we now
question the hydrogen-bonding net-
work, previously proposed to organize
stacks of bacteriochlorophylls. Trans-
mission electron microscopy (TEM),
atomic force microscopy (AFM), and
small-angle X-ray scattering (SAXS)
on various isomeric compounds sup-
port our challenge of current models
for the chlorosomal antenna as these
show structures, astonishingly similar
to those of chlorosomes.

Introduction

Developments in artificial light-harvesting are currently
hampered by a lack of knowledge of the true structural
identity of the chlorosome, the unique organelle evolved by
green photosynthetic bacteria, which can efficiently capture

sunlight, even underwater at depths of over 50 m.l'l The

Fenna-Matthews-Olson bacteriochlorophyll a (BChl a) pro-
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tein complex, in which radiant energy collected in the chlor-
osome is trapped, has been crystallized” and structurally
characterized by X-ray crystallography,”! but less is known
of the chlorosome. Early electron microscopy studies of
freeze-fractured chlorosomal samples show a collection of
cylindrical rods of 4-5nm diameter and lengths up to
100 nm or more, enclosed by a monolayer lipid membrane.!
These nanorods are known to be composed of densely
packed chromophores, such as BChls ¢, d, or e and carote-
noids. Although initially subject to considerable debate, it is
now generally accepted that the BChls self-assemble into
large suprastructures, which exhibit excitation energy trans-
fer without significant self-quenching, even in the absence of
interactions with a proteinaceous scaffold. Pigment protein
complexes are generally encountered in the antenna systems
of purple bacteria,”! cyanobacteria,’” or plants.”! Spectro-
scopic and microscopic studies have been performed on the
chlorosomes and several models for BChl self-assembly
have been proposed, based on the interactions between its
functional groups.® Recently, compelling evidence for the
self-assembly of BChls in chlorosomes has been produced
by sequencing the entire genome of a green sulfur bacteri-
um,”) combined with selective gene inactivation studies.'”)
In an attempt to mimic the self-assembly ability of BChls c,
d, or e, to implement the chlorosomal architectural principle
for antenna systems of manmade solar devices, we have syn-

Abstract in French: Nous présentons ici deux structures cris-
tallographiques d’une porphyrine de synthése, préprogram-
mée pour s’auto-assembler. Pour cela, le macrocycle tétrapyr-
rolique a été doté, sur les positions appropriées, des mémes
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thesized various zinc porphyrins containing the functional
groups of the natural system and investigated the supramo-
lecules they tend to form.'"! Here we report two single-crys-
tal X-ray structure analyses of one of the complexes that in-
dicate how the self-assembly in the natural systems may op-
erate. TEM, AFM, confocal fluorescence, and optical micro-
scopy studies on assemblies of isomeric compounds reveal
rodlike nanostructures, astonishingly similar to those of the
natural case, and the local ordering is documented by SAXS
spectra and TEM.

Results and Discussion

Reasoning that self-assembled pigments may have an ad-
vantage over other forms of functional antennae,!'” since
they can be easily synthesized and follow an organization
principle thought to be closest to that of the chlorosome pig-
ments,®) we have attached the same functional groups that
are present in the BChls to selected positions of fully syn-
thetic porphyrins (Figure 1).''*®! The starting point was the

Co0

: R = 5-CH(OH)-CHg; R' = 15-COCHj
: R = 3-CH(OH)-CHj; R' = 13-COCHj
: R = 5-CH,0H; R' = 13-COCHj

: R = 3-CH(OH)-CHg; R’ = 15-CHO

: R = 5-CH,0H; R’ = 15-CHO

: R = 3-CH{OH)-CHj; R' = 17-COCHs

groupes fonctionnels que ceux rencontrés dans les chloroso-
mes, antennes photosynthétiques de certaines bactéries vertes,
: , L. .R7=R20 =
et qui assurent I'auto-assemblage des bactériochlorophylles c, :g:: Z'_ ; - EH _ R(,:z'gif_ "
. . : = 3 =
d et € en nanotubes. Lorsque ces groupes fonctionnels substi- pop) 0. R7 = CHO: R29= CHj

DAL WN =

tuent les positions méso-5, 15 du macrocycle, et bien que les
mémes solvants de recristallisation aient été utilisés, deux
structures distinctes ont été résolues: les assemblées de por-
phyrines ont, soit une structure en couche, soit une structure
tétragonale en fonction de la concentration. Etonnement, les
interactions 1 combinées a des interactions dispersives éten-
dues qui incluent également des molécules de cyclohexane,
un des solvants de cristallisation, I'emportent sur des liaisons
hydrogene présumées. Nous sommes conscients que nos com-
posés different énormément des bactériochlorophylles natu-
relles, mais nos résultats semblent cependant remettre en
question le réseau de liaisons hydrogene supposé jusqu’a lors
comme linstigateur de 'assemblage des bactériochlorophyl-
les. Des études par microscopie d transmission électronique
(TEM), microscopie a force atomique (AFM) et diffusion a
rayons X petit angle (SAXS) réalisées sur nos différents iso-
meéres montrent des structures étonnement similaires a ceux
rencontrés dans les chlorosomes naturelles, ce qui nous en-
courage a mettre en débat les modeéles courants pour I’'empil-
age de bactériochlorophylles dans les antennes chlorosomales.
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Figure 1. Formulae for the natural BChls (left) and synthetic mimics
(right) discussed in this work. R® can be a methyl, ethyl, n-propyl, or an
isobutyl residue. R'? can be either a methyl or an ethyl substituent. The
fatty alcohol esterifying the 17-propionic acid residue on the left is farne-
sol; however, stearol, cetol, oleanol, geranyl-geraniol, and phytol are also
encountered. For the synthetic mimics an analogy to the (bacterio)chlor-
ophyll numbering is preserved here, so that the hydroxy(m)ethyl substitu-
ent (R) is in the northern half (positions 3 or 5) and the carbonyl group
in the R’ substituent is in the southern half of the molecule (positions 13,
15, or 17).

synthesis of porphyrins 1-6 containing two lipophilic solubil-
ity inducing groups (3,5-di-tert-butylphenyl) in opposite
10,20-meso-positions and two functional groups from BChl.
One is a hydroxy(m)ethyl group and the other a carbonyl
group (either as formyl, acetyl or longer (C,~C) acyl
chains).!¥ Subsequent zinc metalation of the macrocycles
gives molecules that form large self-assembled structures in
nonpolar solvents. We chose zinc rather than magnesium,
because zinc BChl a has been found to be fully functional in
a photosynthetic bacterium.!"¥ Furthermore, these molecules
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Figure 2. Crystal structure of 1: zinc green, carbon black, nitrogen blue,
and oxygen red. a) Stack of Zn-porphyrins encountered in both crystal
modifications, shown here in an upward orientation. Due to statistical
disorder, both upward and downward stacks are encountered in the lat-
tice. Long-range carbonyl-zinc interactions are shown with dotted lines.
b) Tetragonal packing of the stacks in crystal modification 1A, which has
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are more robust than their natural counterparts and are
easily accessible.

Encouragingly, broad absorption spectra are encountered
and fluorescence is not quenched when these molecules self-
assemble,'*®! a fact which is quite untypical for aggregated
dyes. This suggests that the porphyrin molecules are ar-
ranged in a very orderly manner, and that concentration
quenching is not operating. Similarly broad absorption spec-
tra have also been observed by Tamiaki and co-workers,
who by using multistep elegant syntheses could induce chlor-
osomal-type self-assembly in an octaalkylporphyrin.'” An-
hydrous conditions are essential for the self-assembly algo-
rithm to proceed. Methanol competes for zinc ligation and
leads to complete disassembly, which can be easily followed
by absorption spectra. The broad, red-shifted, aggregate
maxima disappear upon addition of stoichiometric excess of
methanol due to the formation of the monomeric species.

Crystals of 1 suitable for X-ray diffraction were grown in
the absence of other hydroxylic species from a solution of
the racemic 10,20-bis(3,5-di-tert-butylphenyl)-15-acetyl-5-(1-
hydroxyethyl)porphinato zinc in chloroform by slow diffu-
sion of cyclohexane. Depending on the crystallization condi-
tions two different needlelike crystal modifications were en-
countered. With low chloroform concentrations and very
slow cyclohexane diffusion rates tetragonal needles were ob-
tained (modification 1A), whereas at higher concentrations,
smaller and thinner needles formed rapidly which tended to
agglomerate (modification 1B, shown as an inset in
Figure 2).

The self-assembled zinc porphyrin complexes have the
same extended stack structure in both modifications 1A and
1B in spite of significantly different crystal environments,
suggesting that ligation of zinc atoms within the porphyrin
macrocycle by the oxygen atom of the 1-hydroxyethyl group
and extensive m—x stacking of the macrocycles are the domi-
nant interactions (Figure 2). The formation of extended
stacks is in accordance with the chlorosomal model pro-
posed by Holzwarth and Schaffner™ and indicated on the
basis of solid-state MAS C NMR data.*¥ Very recently,
similar stacks have been postulated in a study of a micro-
crystalline Cd-BChld analogue by using MAS NMR data
together with molecular modelling; based upon intermolecu-
lar correlations in the *C-"*C solid-state correlated spectra,

seven cyclohexane solvent molecules per molecule of 1, space group
P4,. The view is perpendicular to the stacks, along the short ¢ crystallo-
graphic axis. Inset optical microscopy picture of these crystals. Note that
the larger channel between the four stacks is filled with disordered cyclo-
hexane molecules, which are thus are contained within a parallelepiped.
Between various parallelepipeds, a smaller channel is filled with a strand
of single cyclohexane molecules. For a space filling version of this image
see Supporting Information. c) Packing of the stacks in crystal modifica-
tion 1B, which has three cyclohexane solvent molecules per molecule 1,
space group P1. The stacks are cemented together by partially disordered
cyclohexane molecules (grey). The view is perpendicular to the stacks,
along the short a crystallographic axis. Inset optical microscopy picture of
these crystals.
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cooperative multiple hydrogen bonding between these
stacks was proposed.!

In both 1A and 1B the porphyrin rings are parallel with
interplanar distances of 3.46 and 3.59 A, respectively. Within
the stacks, the porphyrin rings are inclined such that the re-
spective normals of the mean planes subtend angles of 54.3
and 52.3° to the stack axes. The red-shifted absorption
maxima are consistent with the off-set but parallel geometry
of the transition dipole moments, as observed in J-aggre-
gates.“ﬁ] In both structures, the zinc atoms are disordered
above and below the plane of the porphyrin ring, by +0.258
and —0.278 A (1A) and +0.668 A (1B). Within each stack
it is assumed that the zinc atoms are displaced on the same
side of the ring plane, but that this intrastack directionality
is independent of that in adjacent stacks. Both orientations
are present in both modifications in the form of disorder, in-
dicating that the interstack interactions in the crystal have
no directional preference. In both structures the acetyl and
hydroxyethyl groups are disordered. However, in each case
the zinc atoms are displaced towards a disordered oxygen
atom (which we assume to be from the hydroxyl group)
from the next molecule in the stack, with Zn—O distances
Zn1A—02A"=2204 A, Zn1B—O1B'=2248 A in 1A, and
Zn1-01A’'=237 A in 1B.

The most remarkable feature of the structures, however,
is the close approach of the carbonyl group of the acetyl
moiety of one porphyrin ring to the Zn atom of its neighbor.
In both 1A and 1B the C=0 group occupies a position on
the opposite side of the porphyrin to the hydroxyl group,
with Zn-O distances ZnlA—-OlA”=3.528 A, ZnlB—
02B"=3.464 A in 1A, and Zn1-O1B"=3.70 A in 1B. The
presumably weak attractive interaction to the carbonyl
group to the formally five-coordinate Zn atom is sufficient
to cause the acetyl group to twist out of the plane of the
porphyrin ring with loss of conjugation with the porphyrin
macrocycle, consistent with the purple color of the com-
pound and the v stretching frequency at around
1685 cm™'. Interestingly, when a formyl group is in the
meso-position, it is fully conjugated and leads to a deep
green color, even for free-base porphyrins.!'!?

Importantly, there is an absence of any hydrogen bonding
between the hydroxyl groups and carbonyl groups, in contra-
diction to all the current models for the structure of bacter-
iochlorophylls.®! Such O—H-+-O=C hydrogen bonding is not
only absent in the crystals 1A and 1B, it also does not occur
in solutions of 1 in nonpolar solvents. The shift to lower fre-
quencies of the v-_y band in the FT-IR spectra of BChl self-
assemblies is usually attributed to intermolecular O—H--
O=C hydrogen bonding. This hydrogen bonding mode has
been proposed to act cooperatively between stacks of BChl
molecules®™ ! or both between parallel or antiparallel di-
meric BChl assemblies,*™" and is the mostly disputed fea-
ture of the self-assembly mechanism.!"! Based on the crystal
structures described here, it seems likely that the shift of the
Vc_o band to lower frequencies is not due to hydrogen bond-
ing, but rather to weak carbonyl-metal ligation. Being at-
tached to the metal atom, the carbonyl group is no longer

Chem. Eur. J. 2005, 11, 2267 -2275 www.chemeurj.org
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available to act as a hydrogen-bond acceptor. Similarly, the
metal-OH ligation provides an explanation for the observed
broad and low frequency 0o bands, also previously
thought to be an indication of O—H:-O=C hydrogen bond-
ing. We have recently shown that the hydrogen bonding of a
2-aminopyrimidin-5-yl group attached to a similar porphyrin
group can be inhibited due to encapsulation,'” although it
should be noted that the 2-aminopyrimidin-5-yl group does
undergo hydrogen bonding in an unrestricted environment.

Interestingly, in both 1A and 1B we see no evidence of
hydrogen bonding between stacks, although molecular mod-
eling predicts considerable stabilization in the absence of
solvent and no severe steric hindrance, in spite of the pres-
ence of the two bulky meso-3,5-di-tert-butylphenyl groups.
Clearly, the interstack hydrogen bonding is prevented by
either the interaction of the CO group with the zinc atom or
cohesive forces between the porphyrin and the surrounding
cyclohexane solute, or a combination of both. Presumably,
the lipophilic tert-butyl groups on the porphyrin ring facili-
tate interaction with the solute. The weak forces involved
and the large number of solute molecules present account
for the extreme fragility of the crystals. We are aware that
our model systems lack the annulated cyclopentanonic ring
that is present in all (B)Chl’s and which might prevent, in
the case of the natural self-assemblies, the weak metal liga-
tion that must be associated with a twisting of the carbonyl
group out of the tetrapyrrolic plane. This five-membered
ring is also responsible for the high extinction coefficients of
the visible bands in (B)Chl’s.!''!

Table 1. Crystal data and structure refinement summary.
1A 1B

formula Co,H,,,N,0,Zn C,yHouN,O,Zn
M, 1425.49 1088.86
crystal system tetragonal triclinic
space group P4, Pl

a[A] 37.636(3) 5.8521(15)
b [A] 13.772(4)
c[A] 5.9561(4) 19.775(5)
a ] 90 103.65(2)
B1I°] 90 92.57(2)

v [°] 90 98.35(2)
vV [AY] 8436.5(11) 1527.1(7)
Z 4 1

T [K] 180 150

1 [A] 0.71073 1.0360
F(000) 3120 588

Peated [Mgm 3] 1.122 1.184

u [mm™] 0.340 1.963

data measured 23863 1673
unique data 13858 1216

Ry, 0.1181 0.0694
observed data [/>20([)] 2786 701

20,max [°] (resolution [A]) 49.9 (0.83) 482 (1.26)
WR, (all data) 0.1017 0.3212

S (all data) 0.729 1119

R1 [1>20(1)] 0.0605 0.1244
parameters/restraints 872/17 192/12
largest diff. peak/hole [e A~ +0.15/-0.16 +0.54/-0.25
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Figure 3. a) TEM bright-field micrograph showing an overview of a rod-like assembly of rac-1. The inset in the right hand upper corner displays the cor-
responding diffraction pattern (FFT). Note the diffraction spots which indicate a periodical structure of d=2.18 nm. The propensity of nanotubes is by a
factor 100 larger in the racemate samples than with the separated enantiomers. The second inset in the lower right part shows the very faint periodical
structure of the assembly (the bar is 20 nm). It is worth noting that these structures disappeared after a few seconds exposure owing to the high dose of
electrons (acceleration voltage 200 kV; beam current of about 20 nA). b) STEM micrograph showing an assembly of nanotubes of rac-2. Note that the
rac-2 forms large tubular structures with diameters of about 25 nm and of about 1 um in length. The inset in the left hand upper corner displays the cor-
responding diffraction pattern. Note the diffraction spots which indicate a periodical structure of d=1.63 nm. The second inset is a bright-field micro-
graph showing details and a periodical pattern along the tubular axis of the assemblies (the bar is 40 nm). ¢) STEM micrograph showing an assembly of
nanotubes of rac-6 as an overview. The inset in the right hand upper corner displays the corresponding diffraction pattern. Note the diffraction spots
which indicate a periodical structure of d=1.68 nm. d) Bright-field micrograph of rac-6 from dichloromethane/n-heptane. Inset: a portion the bright-field
micrograph at high magnification. ¢) AFM overview image of rac-2. Scan area: 10x 10 um, z range: 300 nm. The sample was prepared on a clean silicon
chip by putting one drop of a filtered, solution of rac-2 in dry dichloromethane on the chip and allowing the solvent to evaporate under air. f) AFM
image of the achiral 3. Scan area: 1.5x 1.5 um, z range: 100 nm, scale bar: 300 nm. Sample preparation as above. Note the spherical rather than tubular
aspect of the self-assemblies. g) Detail from the image in €), but in topographic representation. Scan size: 1.5x 1.5 ym, z range: 700 nm. h) Same AFM
image of the achiral 3 as in f), but in a topographic representation. Scan area: 1.5x 1.5 um, z range: 100 nm. i) Topographic AFM image of another por-
tion of 3. Scan area: 2.5x2.5 um, z range: 300 nm.

In the structures of both 1A and 1B there is statistical presence of a racemic mixture of stereoisomers at the C-5'
disorder of the methyl carbon atom of the 5-(1-hydroxyeth- carbon atom in the stack. On the basis of the crystal struc-
yl) group over two positions (50:50) consistent with the ture it is not possible to establish whether the disorder is a
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result of random racemic variations within individual stacks
or superposition of enantiomorphic stacks, though the fact
that the crystals were grown from the racemate strongly sug-
gests the former. In support of this, the stacks are straight
and we would expect an enantiomorphically pure stack to
be helical due to the asymmetry induced by the methyl
group. Though this is not the case in 1, it is worth noting
that we have recently shown that in the crystal structures of
chlorophyll protein complexes, the diastereoselective coordi-
nation of the central magnesium atom has a structural
role.' In five-coordinate nonsymmetrically substituted tet-
rapyrroles the central metal atom must therefore be consid-
ered as an additional stereocenter. Since the hydroxyl group
and the metal atom lie in a bridge that is approximately per-
pendicular to the plane of the porphyrin ring, the methyl
group and the metal atom are each disordered over two po-
sitions. Details of the crystallographic analyses are given Ex-
perimental Section and in Table 1.

It appears that the formation of extended ordered struc-
tures is favored by the presence of both enantiomers. Al-
though (rac)-1 can be conveniently resolved by HPLC on
chiral columns,**<! we have as yet not been able to obtain
diffraction quality crystals from separated enantiomers, or
from 2-6. In addition, rodlike images are obtained by AFM
for the racemates of the hydroxylethyl derivatives. Statistical
analysis of the images reveals that the propensity to form
rods is diminished by two orders of magnitude for the sepa-
rated enantiomers and that the orderly arrangement evi-
denced by TEM is entirely absent. Energy dispersive X-ray
(EDX) analysis indicates that zinc is present (Supporting In-

2.05 nm
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Figure 4. Small angle X-ray scattering (SAXS) spectra. Traces are from
samples of the rac-1 (red), rac-2 (blue), and rac-6 (green).

formation). Clear regular sheets with 1.6-2.5 nm striations
were imaged in several places, depending on the orientation
of the rods. Fourier transformation of the diffraction pattern
allows a precise estimation of the periodicities (insets in
Figure 3 and Supporting Information). The periodicities dis-
appeared after a few seconds exposure due to the high flux
of electrons within the TEM beam. These periodic striations
appear to arise from parallel stacks of zinc—porphyrin units.
Small-angle X-ray scattering (SAXS) data appear to confirm

Chem. Eur. J. 2005, 11, 2267 -2275 www.chemeurj.org
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this for compounds 1 and 2, for which the presence of super-
structure peaks indicate periodicities in the two structures
with a length scale of 2.10+0.05 and 2.05+0.05 nm, respec-
tively (Figure 4). However, for compound 6 additional peaks
are clearly observed. As with samples of 1 and 2, a strong
reflection corresponding to a lattice spacing of 2.1 nm is
present, but also an additional peak corresponding to a
planar spacing of 1.31 nm is observed, suggesting a different
symmetry of this organized phase with respect to those of
samples of 1 and 2. It should be noted, however, that this
value is comparable to the b lattice constant in 1B, which is
1.373 nm. Due to the fact that all the SAXS data were col-
lected on powdered samples after prolonged standing under
high vacuum, these were solvent free and thus the ordering
is expected to be different from the crystal structures which
encompass a large amount of cyclohexane, the crystalliza-
tion solvent that acts like “cement”. This might also explain
the observed discrepancy between the TEM derived inter-
stack distances (~1.6 nm for compounds 2 and 6) relative to
those obtained from the SAXS profiles (2.05+0.05 nm).

Conclusion

The annulated five-membered ring in the natural (B)Chl’s is
a structural feature that has been carefully optimized by
evolution. It accounts for the increased extinction coeffi-
cients of chlorins in the visible region!!'’ and forces the 13!
carbonyl group to be coplanar with the tetrapyrrolic macro-
cycle. This is not the case with our model compounds in
which the carbonyl group in the southern half of the por-
phyrins is considerably twisted out of conjugation and
allows it to approach the zinc atom of the neighboring por-
phyrin in a stack. Whether this actually happens in the case
of the natural magnesium-containing BChls is worth future
studies. Presently, we can only state that the mesoscopic be-
havior, which is due to self-assembly and does not involve
hydrogen bonding to this carbonyl group, of several of our
model compounds leads to astonishingly similar tubular
structures as encountered in the chlorosomal antenna
system. After this work was finished and our initial submis-
sion of the manuscript, an important study by SAXS and
HR-TEM on the natural chlorosomes has been published by
Pscencik et al.,'”) who found a ~2.0 nm spacing very similar
to that encountered in several of our compounds (Figures 3
and 4). This fact encourages us to state that our biomimetic
approach has been successful and that maybe the current
models of the chlorosomal antennas need revision.

One of the long-standing unsolved problems regarding
the nature of the chlorosome structure is the question as to
why chlorosomes are made up of both stereoisomers of the
3-hydroxylethyl group, whereas nature generally prefers to
utilize enantiomerically pure components? Based on these
results it is tempting to conclude that a racemic mixture of
monomer units leads to linear stacks, which pack more fa-
vorably. When the achiral hydroxymethyl substitutent is
placed in the porphyrin ring, as in 3 or 5, spherical assem-
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blies with diameters in the 100-500 nm range rather than
rods are observed (Figure 3 and Supporting Information),
though self-assembly still occurs readily as evidenced by
red-shifted absorption (data not shown). Confocal fluores-
cence and optical microscopy images (data not shown) also
allow visualization of the self-assembled species, albeit with
much lower resolution. The aggregates are fluorescent, like
the chlorosomes, and are thus of potential use as light-har-
vesting constructs for hybrid solar cells.'"® Controlling the
nature of the self-assembly and interfacing the species with
conducting glass electrodes for application as large area
solar devices in transparent windows are future challenges.
This study provides unprecedented insight into how the self-
assembly process of the BChls might operate and opens the
way to perfecting artificial antennas for light-harvesting.'!

Experimental Section

General: The synthesis and characterization of compounds 1-6 are given
in the Supporting Information of reference [11a] (available on the Inter-
net) and in reference [11c].

X-ray diffraction studies: Data were measured on Stoe IPDS II area de-
tector diffractometers, with graphite-monochromated Mok, radiation
(4=0.71073 A; 1A) or Si-monochromated radiation (1=1.0360 A) on
the ANKA-PX beamline for large molecular crystallography of the
ANKA synchrotron source at the Forschungszentrum Karlsruhe (1B).
The beamline optics essentially are composed of a vertically focusing X-
ray mirror and a horizontally focusing Si-{111} double-crystal X-ray mon-
ochromator (DCM). The Rh-coated silicon X-ray mirror simultaneously
acted as a low-pass filter, supressing higher harmonics from the DCM
that otherwise would alter the diffraction patterns. For our diffraction
studies the DCM was set to a fixed wavelength of 0.1 nm. The actual
wavelength and sample—detector distance were calibrated before data
collection by recording Debye—Scherrer patterns from a certified X-ray
diffraction line position standard (NIST 640c by the National Institute of
Standards). Diffraction datasets of the porphyrin crystals were collected
on a STOE IPDS II image plate diffraction station and on a Bruker AXS
D8 diffractometer equipped with a SMART APEX CCD detector. The
sample temperature was kept at 100 K during data collection by means
of an Oxford Cryosystems Cryostream cooler. Because of the small size
and poor quality of crystals of 1B, data could only be measured to a reso-
lution of approximately 1.26 A, but it is still clear from the final structure
that the porphyrin stacking is very similar to that in 1A. Crystal data and
refinement details are summarized in Table 1. The structures were solved
and refined (full-matrix least-squares against F°, all data) by using the
SHELXTL software suite.” In both 1A and 1B, the Zn atom was found
to be disordered on either side of the plane of the porphyrin ring, with
concomitant disorder of the acetyl and hydroxyethyl groups. The cyclo-
hexane molecules were heavily disordered, and were refined using partial
carbon atoms. In 1A, the positions of the Zn atom, the porphyrin ring,
and the cyclohexane groups correspond rather closely to the centrosym-
metric space group P4,/n. This pseudosymmetry results in a degree of
correlation and hence higher-than-expected esds on the structural param-
eters, preventing unambiguous assignment of the disordered O atoms to
the acetyl and hydroxyethyl groups. The structure of 1B could be refined
to a significantly lower wR, (0.237 compared to 0.321), in the acentric
space group P1, but the data/parameter ratio became much too low, and
we prefer to accept a higher residual and an adequate ratio in PI.
CCDC-252496 (for 1A) and CCDC-252497 (for 1B) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Small-angle X-ray scattering (SAXS): The small-angle X-ray scattering
(SAXS) measurements were performed on a commercial Bruker Nano-
star SAXS system using Cug, radiation. The system incorporated a gas-
filled 2D area detector and a collimation system with pin-hole geometry
that produced a low-divergence X-ray beam on the order of 300 microns
in diameter. The SAXS samples were prepared by simply allowing a
number of drops of solutions of the complexes in dry dichloromethane to
evaporate on a thin glass slide (100 pm). Typical measurement times
were on the order of 1 h. All measurements were performed in transmis-
sion geometry, at room temperature and under a background air pressure
of 107 mbar. The final scattering curves were corrected for background
scattering from the sample holder, residual air-scattering and for the de-
tector “dark” current. Measurements were made with a sample—detector
distance of 23 cm, providing access to a scattering vector g in the range
of 0.65<¢g <10 nm™!, which would, in principle, allow for the determina-
tion of structure sizes D on the order of 0.6 <D <10 nm.

TEM measurements: TEM specimens were prepared by dropping a sus-
pension of the self-assemblies from either dry dichloromethane or di-
chloromethane diluted into an excess of dry n-heptane onto carbon
coated copper grids. Thin films consisting of the remaining solvent and
the organic molecules were generated within the Cu grids by this
method. The TEM investigations were performed on a Philips Tecnai
F20 ST microscope operated at 200 kV with an extraction voltage for the
field emission gun of 3.9 keV. The point resolution of this microscope
was about 0.235 nm at Scherzer focus and an information limit of about
0.14 nm was obtained. The TEM was equipped with an EDAX energy-
dispersive X-ray SiLi detector with a S-UTW (super-ultra-thin window).
EDX analyses were carried out in the STEM mode in order to perform
nanometre-sized probes (1 nm spot size for the presented EDX measure-
ments). For this purpose an extraction voltage of 4.5 keV was used. Use
of a double tilt holder (Gatan) was made. High-resolution micrographs
were taken with a 1IKx 1K CCD camera and analysed with the software
package Digital Micrographs (Version 3.5.2, Gatan Company) in order to
perform fast Fourier Transformations (FFT).

AFM measurements: For the AFM investigations 10x 10 mm pieces of a
silicon wafer (Si-100, polished, Wacker, Germany) were treated with Pi-
ranha solution (H,SO, (conc.)/H,0, (30%) 4:1) for 10 min, rinsed with
water and dried under nitrogen. Then a drop of the porphyrin dissolved
in dry dichloromethane was put on the silicon substrate and dried in air.

All AFM investigations were carried out with a Multimode AFM system
combined with a Nanoscope IIla controller (Digital Instruments, USA),
which was operated in the intermittent contact mode. Bar-shaped Si;N,
cantilevers (Silicon-MDT, Russia) with a typical spring constant of
7.5Nm™" were used for 3, while bar-shaped Si cantilevers (spring con-
stant: 0.6 Nm ') were used for rac-2.
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