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Introduction

Supramolecular multiporphyrin assemblies with unique
structural and functional properties provide attractive model
systems in the study of various biological and chemical proc-
esses and in the design of new materials and devices.[1]

Owing both to their planarity and high polarizability, por-
phyrins often show a strong tendency to self-aggregate and
to form highly complex nanostructures.[2] Per-
ACHTUNGTRENNUNG(poly)fluorocarbons and per ACHTUNGTRENNUNG(poly)fluoroalkylated materials
have attracted interest due to their technological relevance,
and to special physical and chemical properties.[3] They also
show a strong propensity to self-assemble into a variety of
stable colloidal and supramolecular systems because of their
extreme hydrophobicity (as well as lipophobicity).[4] Fluo-

roalkylporphyrins, composed of both fluoroalkyl and por-
phyrin units, have demonstrated many applications in cata-
lytic and medical areas.[5] However, the self-assembly of
fluo ACHTUNGTRENNUNGroalkylporphyrins, which might have the most promising
self-association properties, has not yet been reported. Since
our recent report of a series of new methods to synthesize
various fluoroalkylporphyrins, we have been able to study
their assembly and applications.[6] Herein, we describe our
preliminary results of the supramolecular assembly of easily
available fluoroalkylporphyrins in solution. Furthermore,
the X-ray analysis revealed self-assembly of the fluoroalkyl-
porphyrins in the solid state, and atomic force microscopy
(AFM) revealed the formation of regular two-dimensional
arrays on the substrate. The fluoroalkylporphyrins are a new
class of liquid-crystal materials, as confirmed by a combina-
tion of differential scanning calorimetry (DSC) and polariz-
ing optical microscopy (POM) techniques.

Results and Discussion

Synthesis : All the porphyrins used in the self-assembly are
shown in Scheme 1.

As illustrated in Scheme 2, zincated 5-fluoroalkylated por-
phyrins (Zn2a–c)[6b] can be easily synthesized from 5,15-di-
phenylporphinatozinc(II) (Zn1)[7] and fluoroalkyl iodides
(RFI). For example, the treatment of Zn1 with 1.1 equiva-
lents of RFI in the presence of 1.1 equivalents of Na2S2O4 in
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a solvent mixture of THF/DMSO/H2O (10:10:1, v/v) at
35 8C for about 1 h, followed by demetalation with concen-
trated HCl (for easy separation of monofluoroalkylated
product from starting porphyrin and minor bis(fluoroalkyl)-
porphyrins) yielded free-base 2, although this was contami-
nated with minor b-fluoroalkylated porphyrin. However,
after they were metalated again with ZnACHTUNGTRENNUNG(OAc)2, followed by
purification using dry powder column chromatography
(300–400 mesh, SiO2), the pure Zn2 was obtained. Further-
more, the zincated product can be converted into corre-
sponding free-base 2 quantitatively with concentrated HCl.
5-Butyl-10,20-diphenylporphyrin 3 was obtained by the reac-
tion of free-base 5,15-diphenylporphyrin 1[7] and nBuLi ac-
cording to SengeKs procedure.[8] After metalation with Zn-
ACHTUNGTRENNUNG(OAc)2, 5-butyl-10,20-diphenylporphinatozinc(II) Zn3 was

obtained quantitatively. The compound 5-(4-trifluoromethyl-
phenyl)-10,20-diphenylporphyrin 5a was prepared by the re-
action of 5-iodoporphyrin 4[9] with 4-(trifluoromethyl)phe-
nylboronic acid in the presence of 10 mol% [Pd ACHTUNGTRENNUNG(PPh3)4] and
K2CO3 in toluene at 100 8C for 2 h, in 90% yield under
Suzuki reaction conditions.[6d] 5-Iodoporphyrin 4 was readily
available from the reaction of free-base 1 and I2 and phenyl-
iodide bistrifluoroacetate (PIFA) by using DolphinKs
method.[9] Similarly, 5-(4-methylphenyl)-10,20-diphenylpor-
phyrin 5b was also synthesized by the reaction of 4 and p-
tolylboronic acid, in 90% yield. The corresponding zincated
complexes Zn5a and Zn5b were easily obtained by treating
5a and 5b, respectively, with ZnACHTUNGTRENNUNG(OAc)2.

Self-assembly behavior of 5-fluoroalkylporphyrins : Due to
their excellent solubility,[10] , the self-aggregation behavior of
the zincated fluoroalkylporphyrins Zn2a–c and Zn5a was
investigated quantitatively by monitoring the concentration
dependence of the 1H NMR chemical shifts in CDCl3. For
example, as the concentration changed from 130 to 4 mm,
the chemical shifts of the m-, a-, b-position protons of Zn2a
shift to downfield by 1.52, 0.9, and 0.66 ppm, respectively,
suggesting stacking in the solution (Figure 1). Additionally,
these results were compared to those of non-fluorine-con-
taining porphyrins Zn3 and Zn5b. Table 1 lists the chemical-
shift changes of the corresponding protons of all the por-

Scheme 1.

Scheme 2. Synthesis of 5-substituted porphyrins used in the self-assembly.
a) Yield: 30–40%; i) RFI, Na2S2O4, DMSO/TFH/H2O, 1 h, RT, then aque-
ous HCl (37%), 10 min, chromatography; ii) Zn ACHTUNGTRENNUNG(OAc)2, CH2Cl2/MeOH,
RT, 1 h, chromatography. b) Yield: quantitative; aqueous HCl (37%),
CH2Cl2, 10 min. c) Yield: 50%; i) nBuLi, �78 8C, THF, 10 min, then di-
chlorodicyanobenzoquinone (DDQ), RT, 30 min; ii) Zn ACHTUNGTRENNUNG(OAc)2, RT,
CH2Cl2, 30 min. d) Yield: 60%; I2, phenyl ACHTUNGTRENNUNGiodide bistrifluoroacetate
(PIFA), CH2Cl2, 1 h. e) Yield: 90%; i) ArB(OH)2, [Pd ACHTUNGTRENNUNG(PPh3)4], K2CO3,
toluene, 100 8C, 4 h; ii) ZnACHTUNGTRENNUNG(OAc)2, CH2Cl2/MeOH, RT, 1 h.

Figure 1. Aromatic region of the 300 MHz 1H NMR spectrum of Zn2a in
CDCl3; the residual CHCl3 peak is at d=7.26 ppm; the assignment of the
protons is based on NOESY spectra.

Table 1. 1H NMR chemical-shift changes (300 MHz, ppm) of all the por-
phyrins in CDCl3 at 25 8C as the concentration changed from 130 to
4 mm.

Entry Compound Dd m-H[a] Dd a-H Dd b-H Dd c-H Dd d-H

1 Zn2a 1.52 0.9 0.66 <0.01 <0.01
2 Zn2b 1.37 0.85 0.58 0.06 <0.01
3 Zn2c[b] 0.34 0.23 0.12 <0.01 <0.01
4 Zn3 0.53 0.36 0.16 0.13 0.3
5 Zn5a 0.8 0.5 0.3 <0.01 <0.01
6 Zn5b ~0.1 ~0.07 <0.01 <0.01 <0.01
7 2b[c] 0.12 0.08 <0.01 <0.01 <0.01

[a] Dd=d4mm
�d130mm

, the upfield shifts due to shielding effect. [b] The
concentration changed from 16 to 1.6 mm due to its low solubility. [c] The
concentration changed from 75 to 7 mm.
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phyrins. Compounds Zn2a–c and Zn5a revealed strong con-
centration dependence in the 1H NMR spectra, occurring at
much higher values than in the cases of Zn3 and Zn5b,
which indicates more aggregation in Zn2a–c and Zn5a.

The fact that only the pyrrolic protons remote from the
fluoroalkyl or trifluoromethylphenyl group in Zn2a–c and
Zn5a showed strong self-association in CDCl3 indicates that
the coordination of the zinc atom by the fluorine atom can
be ruled out. In fact, the presence of the zinc atom is not

mandatory for this stacking. The shifts toward higher field
as the concentration increased were also observed for the
same protons in the free-base 2b, although the effects are
much weaker (Table 1, entry 7). We thought that the strong
self-association ability of fluoroalkylporphyrin is mainly at-
tributed to the extremely strong hydrophobic interactions of
the fluoroalkyl tails between the neighboring fluoroalkylpor-
phyrins.

Figure 2. A) Crystal structure of (Zn2b)2; B) crystal-packing diagram of Zn2b (a=5, b=1, c=5); C) crystal structure of (Zn5a)2; D) crystal-packing dia-
gram of Zn5a (a=5, b=1, c=5); E) crystal structure of 2b ; F) crystal-packing diagram of 2b (a=5, b=1, c=3). Hydrogen atoms and disordered posi-
tions have been omitted for clarity.
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To gain deeper insight into the role of the fluoroalkyl
group in the self-association, the single-crystal structures of
Zn2b, Zn5a, and 2b were determined by X-ray diffraction.
Zn2b, Zn5a, and 2b all yielded triclinic crystals from
CH2Cl2/hexane. Interestingly, the X-ray structures of Zn2b
and Zn5a revealed rigorous stacking and p-complexation in
the solid state. As expected, the fluoroalkyl group in Zn2b
and Zn5a has a dramatic effect upon the stability of the re-
sulting p-complexation of these compounds in the solid
state. As seen from the crystal structures (Figure 2A, C, E
and Table 2), the minimal unit of Zn2b or Zn5a has two in-
dependent porphyrin units that account for the dimeric mo-
lecular ion peak determined by mass spectroscopy
(MALDI). Offset face-to-face p-stacking interactions are
observed in the crystal cell diagram, and these link the mini-
mal unit (dimer) into tetramers with an interplane separa-
tion of 3.34 N and centroid···centroid distance of 4.47 N be-
tween the close parallel porphyrin plane for Zn2b (the
shortest F···F distance between two neighboring fluoroalkyl
tails is 2.75 N, shorter than the sum of the corresponding
van der Waals radii 2.9 N)[11] and an interplane separation of
3.37 N and centroid···centroid distance of 4.44 N for Zn5a.
Interestingly, as seen from the b axis, a regular two-dimen-
sional-network array is formed for Zn2b and Zn5a (Fig-
ure 2B, D, respectively). Furthermore, two-dimensional-net-
work arrays of other functional porphyrins in the solid state
have been previously achieved through the interplanar hy-
drogen bond.[12] The fluoroalkyl group in 2b also plays a im-
portant role in the self-assembly. In contrast to that of Zn2b
and Zn5a, the endless one-dimensional chains of 2b were
formed through the c axis by the hydrophobic interactions

of fluoroalkyls (the shortest distance of F···F between two
neighboring fluoroalkyl tailors is 2.87 N, slightly shorter
than the sum of the corresponding van der Waals radii) and
p-stacking of the porphyrin plane with interplane separation
of 3.37 N and a centroid···centroid distance of 10.505 N (Fig-
ure 2F). The relatively large distance between the two
neighboring porphyrins might explain the weak self-assem-
bling effect found in solution.

Table 2. Crystal data and experimental parameters of the structural anal-
ysis.

Compound Zn2b Zn5a 2b

formula weight 1520.74 1399.96 697.02
crystal system triclinic triclinic triclinic
space group P1̄ P1̄ P1̄
T [K] 293 (2) 293 (2) 293 (2)
a [N] 13.8062(14) 14.0836(14) 6.6339(10)
b [N] 14.6219(15) 14.1606(15) 10.4240(15)
c [N] 17.8229(18) 17.6627(18) 22.688(3)
a [8] 113.056(2) 110.813(2) 96.857(3)
b [8] 92.479(2) 92.324(2) 92.791(3)
g [8] 107.107(2) 107.591(2) 100.305(3)
V [N3] 3112.3(5) 3095.1(5) 1528.6(4)
Z 4 4 2
m (MoKa) [mm�1] 0.958 0.847 0.209
1calcd [gcm

�3] 1.623 1.438 1.514
no. collected reflns 16591 18445 8110
no. unique reflns 11429 13126 5597
Rint 0.0936 0.097 0.1442
no. reflns with I>2s 11429 13126 5597
no. refined parameters 901 848 485
GOF [I>2s(I)] 0.883 0.743 1.036
R [I>2s] 0.0913 0.0646 0.1071
R [all data] 0.1863 0.2351 0.1414
Rw [I>2s] 0.2356 0.1253 0.2736
Rw [all data] 0.2866 0.2067 0.3049
jD1 jmax [eN

�3] 0.873 0.585 0.46

Figure 3. UV/Vis spectra of the self-assembled porphyrins. A) Zn2a in
the crystal state; inset: Zn2a in CH2Cl2; B) Zn2b in the crystal state;
inset: Zn2b in CH2Cl2; C) Zn5a in the crystal state; inset: Zn5a in
CH2Cl2; D) 2b in the crystal state; inset: 2b in CH2Cl2.

www.chemeurj.org G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 7935 – 79417938

Q.-Y. Chen, C.-C. Guo et al.

www.chemeurj.org


Attempts to obtain suitable crystals of compound Zn2a
for diffraction analysis failed, however the absorption spec-
tra of the resulting small crystals in the solid state could be
determined.[10a,13] As shown in Figure 3A, the self-assembly
of Zn2a in the solid state produces characteristic effects.
Indeed, a UV-visible spectrum of microcrystals between two
quartz plates shows strong excitonic interactions, with a
broadening of the Soret band, together with bathochromic
shifts in the Q bands. The absorption maxima for a Soret
band and two Q-bands appear at 422, 549, and 582 nm, re-
spectively, and the corresponding bands obtained in the ho-
mogeneous CH2Cl2 solution appear at 409, 540, and 574 nm.
The shapes of the absorption spectra for other crystals of
Zn2b, Zn5a, and 2b (Figure 3B–D, respectively) were simi-
lar to that for Zn2a.

After having gained information about the self-association
of fluoroalkylporphyrins in solution and in crystals, we in-
vestigated the self-association morphology of Zn2a and
Zn5a on the substrate by using the AFM technique. Thus,
the samples were first prepared by depositing them on the
mica from their CHCl3 solution at room temperature. Inter-
estingly, the regular nanopores for them were obtained (Fig-

ure 4A, B, D). On the other hand, Zn3 film from solution of
the same concentration was completely amorphous (Fig-
ure 4C).

Thermal behavior of fluoroalkylporphyrins : The strong self-
association ability of the fluoroalkylporphyrins prompted us
to check their mesomorphic behavior. The thermal behavior
of Zn2a, Zn2b, 2b, and Zn3 was characterized by DSC and
POM. The DSC thermograms showed that all samples,
except Zn2a, are thermally stable. Importantly, all the fluo-
roalkylporphyrins (Zn2a, Zn2b, 2b) exhibit an enantion-
tropic mesophase, however, decomposition of Zn2a occur-
red at around its melting point (~220 8C). The melting tran-
sition temperature of 135 8C for Zn2a was observed during
its first heating scan, however, in the second heating scan,
the porphyrin resulting from Zn2a could not be melted,
even at temperatures greater than 350 8C. The melting tran-
sition temperature of 149 8C for 2b is lower than that of
166 8C for Zn2b collected from the second heating scan
(Figure 5).

Mesophase textures were identified by microscopy obser-
vations. After fast cooling of the isotropic-state samples

Figure 4. Tapping-mode AFM overview images of A) Zn2a : scan area: 5Q5 mm, scale bar: 3 nm. The average height is 1.48 nm. The sample was prepared
on a clean mica by putting one drop of a solution of Zn1a in dry chloroform on the chip and allowing the solvent to evaporate in air; B) Zn5a : scan
area: 5Q5 mm, scale bar: 8 nm. Sample preparation as above; C) Zn3 : scan area: 1Q1 mm, scale bar: 3 nm. Sample preparation as above. Tapping-mode
AFM height images of sample on mica substrate from a 0.7 mm solution. Note: amorphism rather than nanopore formation of the self-assemblies.
D) Detail from the image in (A) shown in 3D mode, but in topographic representation, scan area: 1Q1 mm.
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from 300 to 50 8C at the rate of 120 8Cmin�1, then slow heat-
ing of the annealed sample to 300 8C at the rate of
10 8Cmin�1, textures generally associated with columnar
ACHTUNGTRENNUNGmesophase were observed, starting at about 150 8C for 2b
and about 210 8C for Zn2b under POM (Figure 6A, B).
These textures did not transfer into the corresponding iso-
tropic state until they were heated to their melting point.
Again, consistent with the result from DSC mea ACHTUNGTRENNUNGsurement,
no birefringent mesophase was observed for Zn3 (not
shown in Figure 6).

Conclusion

The excellent self-assembly and thermal behavior character-
istics of fluoroalkylporphyrins have been demonstrated for
the first time. The strong aggregation of fluoroalkylporphy-
ACHTUNGTRENNUNGrins was found not only in solution, but also in crystals. Fur-
thermore, the AFM determination showed nanopore forma-
tion on the mica for these fluoroalkylporphyrins. Important-
ly, the fluoroalkylporphyrins are a new class of liquid-crystal
materials, as verified by a combination of differential scan-
ning calorimetry (DSC) and polarizing optical microscopy
(POM) techniques. This research may open a new vista in
materials and devices using fluoroalkylporphy ACHTUNGTRENNUNGrins.

Experimental Section

General : 1H NMR spectra were measured by using a Bruker 300 spec-
trometer operating at 300 MHz with TMS internal standard as a refer-
ence for chemical shifts. Thermal behavior was determined by using a
PYRIS 1 DSC system at a scanning rate of 5 8Cmin�1 under nitrogen.
Liquid-crystalline textures were observed under a LEICA-DMLP polar-
ized optical microscope (POM). The compounds of Zn2a–c,[6b] 2b,[6b]

Zn3,[8] Zn5a,[6d] and Zn5b[6d] were synthesized according to previous
methods.

X-ray diffraction studies : Crystallization of the compounds in small glass
tubes was induced by slow evaporation of a solution of CH2Cl2 (4 mL) in-
cluding ~10 mg porphyrins, covered with 2 mL hexane to yield translu-
cent purple needles (after about 2 weeks). The X-ray measurements
(Bruker AXS D8 diffractometer equipped with a SMART APEX CCD
detector) were carried out at 293 K, on crystals coated with a thin layer
of amorphous hydrocarbon oil to minimize deterioration, possible struc-
tural disorder, and related thermal-motion effects, and to optimize the
precision of the crystallographic results. The crystal and experimental
data for Zn2b, Zn5a, and 2b are summarized in Table 2. These structures
were solved and refined by full-matrix least-squares against F2

(SHELXL-97).[14] All non-hydrogen atoms were refined anisotropically.
In both Zn2b and 2b, some of fluorine atoms at the end of the fluoroal-
kyl group chain were disordered. CCDC 603431 (for Zn2b), 603433 (for
Zn5a), and 603432 (for 2b) contain the supplementary 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.

AFM measurements : A drop of the porphyrin dissolved in dry chloro-
form was put on the clean mica and dried in air. All AFM investigations
were performed by using a Multimode AFM system combined with a
Nanoscope IIIa controller (Digital Instruments, USA), which was operat-
ed in tapping mode, using a fluid cell, J scanner and 200-mm cantilevers
with Si3N4 tips.
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