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Abstract: Around 100 porphyrin units have been selectively linked at C(6)�O to a
cellulose (Avicel¾). The properties of the metal-free and zincated porphyrin-
celluloses 2 and Zn-2 have been determined by optical and electrochemical methods.
Circular dichroism indicates a helical arrangement of the porphyrin units and reveals
intra-chain coupling reminiscent, in the broadest sense, of strands of nucleic acids.
Cyclic voltammetry and spectroelectrochemistry have been used to characterize the
radical ions and dianions. The electrochromism of the oxidation of cellulose 2 to
porphyrin radical cations of 2 has been employed for both molecular switching and
the transduction of an electrochemical input into chiroptical signal expression.
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Introduction

Dye-functionalized cellulose[1] represents an interesting target
system for expressing the optical, electronic, and photophys-
ical properties of multichromophore assemblies organized
along a strictly regular chain of �(1 ± 4)-linked �-anhydroglu-
copyranose units (AGU).[2±7] When, for example, the poly-
meric chain comprises around 200 AGUs, the length of a
single strand would be about 100 nm,[8] and if every other
AGU were functionalized, a total of about 100 dye units per
molecule would be bound. Here, we focus on porphyrin-
modified cellulose and make use of the porphyrin chromo-
phore as a photo- and electrosensitive unit.[9±11]

Porphyrin chemistry[12] is important in various areas of
research, such as analytical chemistry,[13] synthetic chemis-
try,[14±16] medical applications,[17±20] biochemistry and biomi-
metics,[21±23] materials science[24] including molecular electron-
ics,[25, 26] and molecular information storage.[27] Porphyrins are
involved in diverse functions, such as energy transfer, electron
transfer, oxygen transport, and catalysis.[28] Porphyrins are
present in the antenna system of photosynthesis,[29] as func-

tional entities in redox enzymes (such as cytochrome P450
monooxygenase),[30] as well as in devices or supramolecular
units,[31±36] including light-emitting systems, molecular recep-
tors, and sensors.[37±43] Electronic coupling between porphyrins
is a fundamental requirement for vectorial communication
and signal transduction. Studies on dimeric,[44±49] trimeric,[50±52]

and oligomeric[53±56] porphyrins and their intramolecular ��-
interactions are well established.

Porphyrins per se are achiral, but they become chiral upon
stepwise symmetry breaking,[57, 58] which may either be due to
a ™chiral∫ environment or to chiral substituents.[59±61] As a
result, porphyrinoid systems become chiral if they are
threaded in either a clockwise or a counterclockwise twist.
This is, of course, reminiscent of DNA, in which the bases are
also ordered in a ™spiral-staircase-type∫ fashion; this leads to
a chiral strand that self-assembles to double-stranded DNA. Is
there any evidence that helical arrays of porphyrins can be
assembled along a cellulose scaffold?

Natural cellulose adopts a nanoarchitecture of great com-
plexity and can be classified as cellulose I, II, III, or IV.[3, 6, 8]

Hydrogen bonding substantially reduces its solubility. With
the discovery of nonderivatizable solvent mixtures, such as
dimethyl acetamide/lithium chloride,[62, 63] soluble cellulose
became accessible, and thereafter cellulose derivatives with
good solubility could easily be obtained.[1, 5, 8, 64, 65]

Cellulose possesses chiral carbon centers and helical
chirality; furthermore, the helical strands are bundled in the
solid state as a result of a hydrogen-bonded molecular
architecture. The pitch of these helices amounts to about
10 ä, which is equivalent to two glucose residues (2/1 helix).
Recently, work on azulene-modified cellulose[1] led us to
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postulate helically distorted azulene dimers. We now extend
these investigations to porphyrin-containing cellulose, since it
is well established that porphyrins are versatile reporter
groups for the stereochemistry of � ±� interactions and thus
for chirality. Porphyrinic acid derivatives derived from 1 a [5-
(4-carboxyphenyl)-10,15,20-triphenylporphyrin] were select-
ed as molecular probes, since they give rise to an intense
(�max� 400000) Soret band at about 420 nm; this enables the
study of exciton coupling[66, 67] that results from the effective
transition momentBx� (Scheme 1).[43, 68±74] It is well established
that interchromophoric interactions up to about 50 ä can be
observed.

Scheme 1. Structures of the porphyrins.

Results and Discussion

The syntheses of the porphyrin-cellulose 2 and the corre-
sponding zinc(��) complex Zn-2 were accomplished in a
multistep sequence starting from Avicel¾PH101 (molecular
weight around 40 kDa, 230 AGU, average particle size�
50 �m). Spectroscopic and electrochemical methods were
employed in order to specify structure and function, especially
with respect to porphyrin ± porphyrin �-� interactions.

The syntheses of celluloses 2 and Zn-2 were carried out
according to the methodology that we used previously
(Scheme 2). 2,3-Di-O-methylcellulose 3 was prepared from
Avicel¾ according to a known protocol.[68, 75±77] Zn-1 a was

Scheme 2. Syntheses of porphyrin-celluloses 2 and Zn-2. i) EDC, DMAP,
THF, CHCl3, pentafluorophenol, 1a or Zn-1 a.

prepared by heating 1 a in methanol/chloroform with
Zn(OAc)2.[9] Several esterification methods were tested.
Using a cocktail of EDC, DMAP, and pentafluorophenol in
THF/chloroform turned out to give the best results, furnishing
porphyrin-cellulose 2 and Zn-2 with a degree of substitution
(DSporphyrin) of 0.4.[78±80] Diverse experiments aimed at increas-
ing the DS value were unsuccessful; this indicates that steric
hindrance is likely to impede a higher degree of substitution.
Since, as outlined below, degradation of the cellulose is
negligible, around 100 porphyrin units are bound to one string
of cellulose. Celluloses 2 and Zn-2 were both found to be well
soluble in THF and chloroform.

Size-exclusion chromatography : Celluloses 2 and Zn-2 were
characterized by size-exclusion chromatography on an Ultra-
Styragel HR4 column (Waters) with THF as the eluent
(Figure 1).

The chromatograms clearly show that both 2 and Zn-2 are
polydisperse materials. In comparison with azulene-cellulose

Figure 1. Gel-permeation chromatograms of porphyrin-cellulose 2 and
Zn-2 ; chromatogram 2* is from a fraction of 2 subjected to column
chromatography (SiO2, THF) beforehand; the polystyrene standards
correspond to molecular weights (Mw), from left to right, of 23000, 9600,
5520, 3700, and 2340.

Abstract in German: Die regioselektive Synthese (Ausgangs-
material: Avicel¾) liefert farbstoffmodifizierte Cellulose, deri-
vatisiert mit etwa hundert Porphyrineinheiten pro Cellulose-
strang. Die Porphyrin-Cellulose und Zink-Porphyrin-Cellulo-
se Konjugate werden mit optischen, elektrochemischen und
spektroelektrochemischen Methoden untersucht. Der Circular-
dichroismus belegt intramolekulares πExciton Coupling™. Eine
linksg‰ngige helikale Anordnung der Chromogene wird aus
dem Vorzeichen abgeleitet. Durch in-situ-Circulardichroismus-
Spektroelektrochemie wird gezeigt, dass Porphyrin-Cellulose 2
geeignet ist, elektrochemische Signaleingabe in chiroptische
Signalausgabe zu wandeln.
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4 (DSazulene� 0.6),[1] the half-width of the elution peak is
smaller; this indicates a lower degree of aggregation[81±83] of
celluloses 2 and Zn-2.

It is interesting to note that, compared with azulene-
cellulose 4, the porphyrin-cellulose 2 is more mobile upon
chromatography on silica gel (THF as eluent); this indicates a
stronger shielding of the cellulose backbone by the lipophilic
porphyrin subunits. Trace 2* in Figure 1 shows that chroma-
tography of 2 on silica gel leads to fractionation, as indicated
by the reduced fronting of the chromatogram due to the
removal of that fraction of porphyrin-cellulose 2 that has a
larger hydrodynamic volume. Assuming that porphyrin-cellu-
lose 2 has a DSporphyrin of 0.4 and a DSmethoxy (at C(2)�O/
C(3)�O) of 1.93,[76, 84] an average molecular weight of
approximately 100 kDa seems to be reasonable.

1H NMR spectroscopy: The 1H NMR spectrum of 2 shows
significant line broadening, as expected for a polymer (Fig-
ure 2). Based on a comparison of porphyrin-cellulose 2 and
bis(porphyrin) 5 with porphyrin esters 1 b, we interpret the
1H NMR spectrum of 2 in terms of a porphyrin ± porphyrin
stacking structure. The phenyl proton signals of bis(porphyr-
in) 5 and porphyrin derivative 2 show a greater range of shifts
than those of 1 b and the 1H NMR spectra of 2 and
bis(porphyrin) 5 are rather similar. Thus, as the porphyrins

Figure 2. 1H NMR spectra of methyl ester 1 b, cyclohexanediol derivative
5, and porphyrin-cellulose 2 (250 MHz, CDCl3, 24 �C). For further assign-
ment of the signals, see Experimental Section.

in 5 are known to adopt also a staggered conformation, this
may also be the case for porphyrin-cellulose 2, as depicted in
Scheme 3.

Scheme 3. Schematic representation of porphyrin-cellulose conjugate 2,
assuming functionalization at alternate AGU units.

The 1H NMR spectra of the zinc(��)-porphyrin Zn-1 b, the
porphyrin-celluloses 2 and Zn-2, and Zn-2/[D6]pyridine are
shown in Figure 3. Line broadening is most pronounced in the

Figure 3. 1H NMR spectra of (from top to bottom): methyl ester Zn-1 b,
zinc porphyrin Zn-2, Zn-2/[D6]pyridine, and porphyrin-cellulose 2
(250 MHz, CDCl3, room temperature).

spectrum of Zn-2 ; this indicates inter- or intramolecular
association, which is further corroborated by the fact that the
line broadening in the 1H NMR spectrum of Zn-2 is reduced
on adding pyridine (third spectrum from top). It is also
noteworthy that the porphyrin protons in 2 and Zn-2/
[D6]pyridine are shifted to higher field compared with those
of ester Zn-1 b ; this is again consistent with neighboring
porphyrin units being staggered.
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Electronic spectra: UV/Vis and circular dichroism (CD):
Electronic spectra obtained by using unpolarized or circularly
polarized light are found to be a critical tool for monitoring
the interaction of adjacent porphyrins. The UV/Vis spectrum
of 2 (Figure 4) consists of an intense absorption band at
approximately 420 nm, known as the Soret band, and five
satellite bands located in the visible region between 490 and
700 nm. Figure 5 depicts the CD and absorption spectra of 2
and Zn-2.

Figure 4. UV/Vis spectra of porphyrin-cellulose 2 (solid line) and por-
phyrin methyl ester 1b (dashed line) (CHCl3, � values are calculated per
chromophore). Inset: magnification of part of the spectrum.

Figure 5. CD (top) and UV/Vis (bottom) spectra of porphyrin-celluloses 2
and Zn-2 (in THF, �� is quoted per chromophoric unit) both recorded with
the CD spectrometer.

The UV/Vis spectra lead to the conclusion that the
porphyrin moieties in 2 interact such as to result in a slightly
larger half-band width of the Soret band and a reduced
extinction coefficient.[46] The half-band widths in chloroform
and THF are given in Table 1. In principle, three conforma-

tions of the neighboring porphyrin units are conceivable
(Figure 6): a) an H-aggregate type (left), b) a tilted arrange-
ment C (middle), or c) a J-aggregate type (right). Conforma-
tion C is in best agreement with the line shapes of the UV/Vis

Figure 6. Types of mutual arrangement of two interacting transition
moments.

and CD spectra. According to Equation 1, which describes
exciton splitting (�E)[85] of two chromophores, and assuming
�� 90� and ��zero, the resulting �E gives rise to line
broadening.

�E� 2� ���2
r3

(cos�� cos2�)� 2V (1)

However, since �E is inversely proportional to r3, only a
small splitting is observed.

Intermolecular aggregation is evident from the UV/Vis
spectra of the zinc porphyrin-cellulose Zn-2 and the porphyr-
in-ester Zn-1 b (Figure 7). Addition of methanol to Zn-2 in
CHCl3 renders the solution turbid and leads to a significant
decrease in the absorbance of the Soret band whilst, in
contrast to Zn-1 b, a new absorption appears at about 440 nm.
Similar spectral changes are observed upon addition of
methanol to porphyrin-cellulose 2 dissolved in CHCl3 or THF.

Figure 7. UV/Vis spectra of Zn-2 and Zn-1 b (inset) in CHCl3 containing
increasing amounts of methanol (the absorbencies of all the spectra of Zn-2
are normalized with respect to theQ(0,0) absorbance of Zn-2 in CHCl3; the
spectra of Zn-1 b are not normalized).

The decrease in solubility on adding methanol and,
secondly, the changes that occur in the Soret band, give a
strong indication of intermolecular aggregation, which may be
described as an intermingling of cellulose strands comparable
to the interlocking of combs.

The CD spectrum supports the concept of intramolecularly
interacting porphyrins. The negative sign of the bisignate

Table 1. Half-band widths [cm�1] of the Soret bands of compounds 1b, 5, 2,
Zn-2, and Zn-1 b.

Solvent 1 b 5 2 Zn-2 Zn-1 b

CHCl3 740 850 910 950 760
THF 750 ± 1060 780 560
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Cotton effect is in agreement with a left-handed helical
conformation (M) and a spatial arrangement of the adjacent
porphyrins as depicted in Figure 8. This assignment is further
supported by the fact that the degree of substitution is found
to be about 0.4; which indicates that the chromophores of
neighboring cellobioses interact as shown in Scheme 3 and
Figure 8.

Figure 8. Schematic representation of a counterclockwise arrangement of
the chromophores and the relevant transition moments of the Soret bands
of porphyrins bound to alternate AGUs (composed of mutually perpen-
dicular Bx and By transitions, oriented through the N-atoms).

The CD spectra (Figure 9) are also indicative of the
intermolecular self-assembly of the porphyrin-cellulose 2. If
a solution of 2 in THF is added to methanol, the maximum of
the band with positive sign is blue-shifted while the other is
red-shifted. The structural reorganization clearly strengthens
the intramolecular interaction between the porphyrin units,
thus leading to an increase in the exciton splitting. Both
signals are broadened; the overall shape of the couplet,
however, remains unchanged. CD spectroscopy would appear
to be a sensitive tool for the study of both intramolecular
coupling and intermolecular aggregation.

Figure 9. CD spectra of 2 in THF and in methanol/THF (prepared by
dropwise addition of a solution of 2 in THF to methanol); the spectra are
normalized so as to have equal absorbencies at 419 nm.

Emission spectroscopy : Excitation of Zn-2 in THF at �ex�
400 nm leads to two emission maxima at 609 and 652 nm.
Under the same conditions, with �ex� 419 nm, the emission of
the zinc-free derivative 2 is red-shifted, appearing at 653 and
712 nm. The relative quantum yields of the cellulose deriva-
tives are given in Table 2; it can be seen that the quantum
yield of fluorescence of the zinc(��) complex Zn-2 is signifi-

cantly lower. Preliminary results from time-resolved measure-
ments on 2 (�ex� 347.15 nm) yielded relative fluorescence
quantum yields �F(H2TPP)/�F(2)� 1.2 and a lifetime of the
excited singlet state of 2 of �� 7.8 ns. On increasing the
intensity of the irradiation, the quantum yield of the
fluorescence and the lifetime � of the excited state were
found to decrease; this gives a strong indication of singlet-
singlet annihilation. The solvent dependency of �F(2) com-
pared with that of �F(1b) is also remarkable. The emission of 2
in THF is clearly weaker and depends on the excitation
wavelength; this can be attributed to an enhanced interaction/
aggregation between the chromophores.

Electrochemistry and spectroelectrochemistry : The electro-
chemical properties of compounds 1 b, Zn-1 b, 2, and Zn-2
were examined by cyclic voltammetry in dry dichloromethane
and THF solutions (Table 3). Figure 10 shows the cyclic
voltammograms of porphyrin-cellulose 2 (in THF) and of
porphyrin ester 1 b (in dichloromethane). A characteristic
feature of the two compounds is that two reduction and two
oxidation waves are observed in dichloromethane (Figure 10,
right side), whereas two reduction waves and only one
oxidation wave are seen in THF. By amperometry, it could
be ascertained that this one-wave oxidation in THF corre-
sponds to a two-electron process and is likely to be due to a
fast disproportionation of the radical cation formed in the first
step of the oxidation. The additional peak seen upon back-
scan reduction at �0.12 V (Figure 10, left side), as well as the
peak separations �Epc�Epa � , which amount to 120 mV and
140 mV, respectively, are indicative of the limited stability of
the dication. The two reduction waves of 2, both of which
correspond to one-electron processes, appear at E1/2��1.62
and �1.99 V versus Fc�/Fc. Thus, they appear at almost the
same potential as those of H2TPP (�1.67 V; �1.98 V vs. Fc�/
Fc in CH2Cl2).[86] The zinc complex Zn-2 shows reduction
waves at �1.85 V and �2.29 V versus Fc�/Fc and two one-
electron oxidation waves at 0.44 V and 0.74 V. Due to the
higher electron density of the porphyrin ligand, the reduction

Table 2. Relative fluorescence quantum yields �rel of porphyrin com-
pounds 1a, 1 b, 2, 5, Zn-1 b, and Zn-2 (N2-saturated solution, c�
10�7 molL�1).

�rel
[a] �rel

[b] �rel
[c] �rel

[d]

2 1.20 0.85 0.35 0.58
1b � 1.00 � 1.00 � 1.00 � 1.00
1a 0.97 ± ± ±
5 1.01 ± ± ±
Zn-1 b ± 0.48 0.46 0.41
Zn-2 ± 0.48 0.44 0.41

[a] �ex� 419 nm, CHCl3. [b] �ex� 422 nm, THF. [c] �ex� 400 nm, THF.
[d] �ex� 533 nm, THF.
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Figure 10. Cyclic voltammograms of 2 (THF) and 1 b (CH2Cl2, 0.1�
TBAHFP, scan speed 250 mVs�1).

of Zn-2 occurs at a more negative potential relative to that of
the zinc-free porphyrin 2. The formation of the dianion of Zn-
2 at �2.29 V appears to be accompanied by a secondary
reaction. The oxidation processes of the zinc derivatives Zn-
1 b and Zn-2 give rise to waves at less positive potentials as
compared to those of 1 b and 2. The zincated esters Zn-1 b and
Zn-2 are both reduced at slightly greater negative potentials
compared with ZnTPP (Table 3). The substituent effect of the
ester group on the reduction is clearly negligible, and the
electroreduction process is localized on the porphyrin site as a
result of the minimal �-overlap between the aryl ring and the
porphyrin due to the large aryl-porphyrin dihedral angle.

The electronic absorption spectra of the species generated
electrochemically from 1 b, Zn-1 b, 2, and Zn-2 were recorded
by in situ spectroelectrochemistry with an optically trans-
parent thin-layer electrochemical cell equipped with a gold
minigrid electrode as the working electrode. Spectral data
obtained from these measurements are listed in Table 4. The

oxidation of the zinc-free porphyrins 1 b and 2 in dichloro-
methane in the potential range 0.3 ± 0.65 V (vs. AgCl/Ag)
leads to absorption bands in agreement with those of
porphyrin radical cations (Table 4). Scanning the potential
range to 1.4 V (vs. AgCl/Ag) reveals new absorption bands,
which can be assigned to diprotonated porphyrin units
(H4TPP2�) obtained by protonating the neutral porphyrin
ligands by the electrochemically generated porphyrin dica-
tions; the latter are known to be strong acids.[87, 88]

Oxidation of zinc porphyrin-cellulose Zn-2 in the range
0.75 ± 1.0 V (vs. AgCl/Ag) produces the radical cation of Zn-2
(Figure 11), which has absorption bands at 405 and 860 nm
and isosbestic points at 409, 435, 539, and 565 nm.[89] The
formation of the radical cation is completely reversible.

Figure 11. UV/Vis/NIR spectroelectrochemistry of the oxidation of Zn-2
(THF, 0.1� TBAHFP, potential raised from 750 to 1000 mV vs. AgCl/Ag);
inset: subtraction spectra.

On reduction of Zn-1 b and Zn-2 in the range �0.9 to
�1.2 V (vs. AgCl/Ag), the strong Soret absorption at 420 nm
is transformed into an intense band at 434 nm along with two
red-shifted Q-bands (Figure 12). On back-scanning to �0.9 V,
the original spectrum is not completely recovered. Complete
recovery can only be accomplished when the potential is
scanned up to 0.4 V. Absorption bands of the radical anions
(for example of Zn-1b .�), which were expected to be present
at 455, 705, 720, and 890 nm, could not be detected, even by
diode-array spectroelectrochemistry.[90±92] A comparison with

Table 3. Half-wave potentials E1/2 [V] and peak potential separations �Ep

[mV] (in brackets) determined by cyclic voltammetry (all potentials vs. Fc�/Fc,
potential sweep rate 250 mV¥ s�1, 0.1� TBAHFP).

Solvent Com-
pound

Oxidation Reduction
1st 2nd 1st 2nd 3rd

CH2Cl2 1b[a] 0.57 0.89 � 1.67 � 2.00 ±
(68) (67) (71) (83)

5[a] 0.54 0.85 � 1.68 � 2.00 � 2.22[h]

(64) (66) (64) (98)
2[a][e] 0.55 ± � 1.68 ± ±

(76) (50)
THF 1b[b] 0.70 ± � 1.65 � 1.98 � 2.56

(120)[c] (68) (62) (140)[c]

2[b] 0.73 ± � 1.62 � 1.99 ±
(140)[c] (73) (81)
� 0.12[d]

Zn-1 b[b] 0.42 0.74 � 1.86 � 2.26 ±
(65) (66) (54) (86)[c]

� 1.02[d]

Zn-2[b] 0.44 0.74 � 1.85 � 2.29 ±
(59) (65) (66) (200)[c]

� 1.06[d]

CH2Cl2 H2TPP[f] 0.52 0.82 � 1.67 � 1.98 ±
CH2Cl2 ZnTPP[g] � 0.3 ± � 1.75 ± ±
THF ± ± � 1.965 ± ±

[a] Working electrode: Pt; [b] Working electrode: glassy carbon; [c] Not totally
reversible; [d] Peak due to secondary product; [e] A more extensive oxidation
or reduction scan was prohibited by the potential window of the solvent; [f] See
ref. [86]; [g] See refs.[30,105]; [h] Irreversible process.

Table 4. Absorption maxima of the compounds formed during the first
reduction and oxidation processes as measured by in situ spectroelectro-
chemistry (0.1� TBAHFP, OTTLE).

Com-
pound

Solvent Absorption maxima of the species generated [nm]
reduction oxidation

1b THF 882, 763, 687 867, 652, 436[a]

446, 420
CH2Cl2 880, 762, 668, ±

447, 421
5 CH2Cl2 873, 782, 690, 826, 725, 436[a]

445, 415
Zn-2 THF 616, 573, 434 860, 595, 510, 448

(sh), 405, 365
Zn-1 b CH2Cl2 606, 564, 428 ±

DME 613, 570, 433 861, 673 (sh), 593,
443 (sh),405

[a] Not totally reversible.
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Figure 12. UV/Vis spectroelectrochemistry of the reduction of Zn-2 (THF,
0.1� TBAHFP, potential raised from �900 to �1175 mV vs. AgCl/Ag);
inset: subtraction spectra.

literature data leads to the conclusion that reduction on the
spectroelectrochemistry time-scale leads directly to Zn-1b2�

or the porphyrin dianions of Zn-2. Evidently, the intermediate
radical anions are thermodynamically unstable, and the
dianions and the neutral compounds are formed by dispro-
portionation. Under the experimental conditions used, the
neutral form is reduced immediately.

Chiroptical signal expression by using circular dichroism
spectroelectrochemistry : CD spectroelectrochemistry is an
efficient method for measuring the expression of chiroptical
effects resulting from electrochemical switching.[93±97] (for a
recent application, see also ref. [98]). Furthermore, CD
spectroelectrochemistry may be of importance in the realm
of information storage at the molecular level by virtue of its
distortionless read-out based on chiropticity, or in molecular
sensing.[99] Figure 13 depicts the redox switching monitored by
CD. As already indicated, compound 2 shows a strongly
negative CD peak in the neutral state (at Ew��0.2 V vs.
AgCl/Ag) at 424 nm, which vanishes completely on oxidation
to the radical cation. Reduction of the radical cation restores

Figure 13. Probing stepwise oxidation/reduction cycling of porphyrin-
cellulose 2 with square-wave voltage treatment (lower trace) and the CD
band (top) or visible absorbance (middle) at 424 nm for monitoring;
switching occurs between radical cation 2 .� and the neutral form 2 (CH2Cl2,
0.1� TBAHFP; potential scan between �1000 mVand �200 mV vs. AgCl/
Ag).

the original CD signal. The important finding is that, in
contrast to absorption spectroscopy, the CD signal disappears
completely on oxidation. In other words, circular dichroism
clearly represents a highly sensitive tool for probing redox
switching (Figure 13).

Conclusion

In summary, we have prepared functionalized cellulose with
multiple-porphyrin attachment at C(6)�O. Unlike most
synthetic polymers, cellulose is chiral and has a stiff backbone
with a strictly defined regiochemistry. 1H NMR, UV/Vis,
emission, and circular dichroism spectroscopy have been used
to study the properties and the intramolecular interactions of
the approximately 100 porphyrins per cellulose molecule. UV/
Vis and CD spectra are clearly indicative of electronic
coupling between adjacent chromophores (exciton-coupling).
The Soret band absorption is broadened and yields a bisignate
CD signal (CD couplet) of negative sign; this is in agreement
with an (M)-helical arrangement of the cellulose-bound
porphyrins. In methanol, intramolecular aggregation of the
polymer strands of porphyrin-cellulose 2 is evident from the
CD spectrum, which shows energetically shifted and broader
absorption bands. The fluorescence quantum yield of 2 (in
CHCl3) is slightly higher than that of porphyrin ester 1 b.
Increasing the intensity of irradiation leads to a decrease in
the emission, which may be explained in terms of singlet-
singlet annihilation. In dichloromethane, the celluloses 2 and
Zn-2 are reversibly reduced and reversibly oxidized with the
formation of radical anions and radical cations, respectively.
The spectra of the radical cations can be obtained from
spectroelectrochemistry. Spectroelectrochemistry of the re-
duction of Zn-1b and Zn-2 is consistent with the generation of
the dianions expected to be formed by disproportionation.

We have also shown that polymer 2 permits electrochrom-
ism-based switching, which can be probed by absorption and
circular dichroism spectroscopy. The CD couplet of 2 vanishes
during the one-electron oxidation and is restored upon re-
reduction. Polymer 2, therefore, represents a chiral polymer
that allows chiroptical read-out of an electrochemically
induced information input.

Matching typical dye properties and typical natural poly-
mer-based materials furnishes precursor systems for nano-
scale materials with optoelectronic potential. In the present
work, a functional polymer approximately 0.1 �m in size and
containing about 100 porphyrin chromophores has been
investigated. Cellulose per se has a typical carbohydrate-type
dipole moment, which, enforced by the regular polymeric
structure, gives rise to an internal electrical field of substantial
strength, having the positive pole at the C(4)-terminal end and
the negative pole at the C(1)-terminal end. This property can
be expected to give a basis for inducing anisotropy effects,
which may then be utilized in molecular assemblies and in a
vectorial information (signal) flux. The helical architecture of
the arrangement is expected to improve selectivity in the
intermolecular interactions and in the expression of physical
effects related to circularly polarized phenomena.
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Experimental Section

The cellulose used in this study was AVICEL¾ PH101 from Fluka. The
denoted DS values are average values determined by either 1H NMR
spectroscopy or elemental analysis.
UV/Vis/NIR : Perkin-Elmer Lambda 9 spectrophotometer. IR : BIO-RAD
FTS155. NMR : Bruker AC250 (24 �C) and ARX400 (21 �C) spectrometers
at 250/400 and 63/101 MHz for 1H and 13C, respectively. Chemical shifts �
(ppm) are quoted with respect to TMS (1H). Electrochemistry : An
undivided cell was used with a platinum disc as the working electrode, a
platinum counter electrode, and an AgCl/Ag pseudo reference electrode.
The electrochemical measurements were carried out by using a computer-
controlled electrochemical apparatus consisting of an Amel System 5000
(Amel, Milan, Italy).[94, 100±103] The reversible oxidation signal of ferroce-
nium/ferrocene (Fc�/Fc) or AgCl/Ag was used as an internal reference. The
solvents and the supporting electrolyte (0.1� TBAHFP) were purified
according to standard procedures.[104] All measurements were carried out
under a nitrogen atmosphere. Spectroelectrochemistry : Solutions from the
CV experiments were transferred by means of a syringe to the spectroelec-
trochemical cell.[94, 101, 103] The spectra were recorded by using a Perkin-
Elmer Lambda9 spectrophotometer. CD spectroscopy : Jasco J-710 spec-
tropolarimeter; cell length 1, 0.2, 0.1 cm. Fluorescence spectroscopy :
Hitachi F4500 fluorescence spectrophotometer. Size-exclusion chroma-
tography : Instrumental set-up: Waters 717 equipped with autosampler and
an Ultra-Styragel HR4 column, a Waters 2410 refractive-index detector,
and a Waters 486 tunable absorbance detector. THF was used as eluent.

Preparation of porphyrin-cellulose 2 and Zn-2 : General procedure: 2,3-di-
O-methylcellulose (200 mg, ca. 1.05 mmolAGU), 1.3 equivalents of acid (1a
or Zn-1 a[68]), and a fourfold excess of DMAP were suspended in anhydrous
THF (20 mL) under a nitrogen atmosphere, and an equimolar amount of
EDC was added at 0 �C. The suspension was stirred for five days.
Thereafter, a slight excess (with respect to acid 1 a or Zn-1 a) of
pentafluorophenol was added. The solution was diluted with an equivalent
volume of CHCl3 and heated under reflux for four days. After 48 h, a
further 1.5 molar excess of EDC and pentafluorophenol was added. The
solution was subsequently stirred at ambient temperature for a further
week. The crude product was precipitated by the dropwise addition of
methanol, collected by centrifugation, and redissolved in CHCl3. The
resulting solution was filtered, and the product was precipitated by the
addition of methanol. This procedure was repeated several times.

2 : Yield: 170 mg (0.33 mmol, 32%); fp: about 300 �C; 1H NMR (CDCl3,
250 MHz, TMS): ���2.79 (NH), 2.64 (2-HAGU), 3.04 (3-HAGU), 3.59
(OMeAGU, 4-HAGU, 5-HAGU), 4.55 (6-HAGU, 1-HAGU), 5.09 (6-HAGU), 7.69
(Hporphyrin), 8.16 (Hporphyrin), 8.33 (Hporphyrin), 8.79 (Hporphyrin); IR (KBr): �� �
3319, 3126, 3109, 3057, 3028, 2965, 2902, 2838, 1726, 1604, 1563, 1547, 1472,
1443, 1402, 1374, 1349, 1268, 1180, 1096, 1073, 967, 801, 753, 730, 704 cm�1;
elemental analysis found C 68.86, H 5.69, N 5.32; DS (calculated from the
1H NMR spectrum): 0.5, DS (calculated from elemental analysis): 0.43, M
(average molecular weight per AGU, calculated from DSEA): 466, M
(average molecular weight per chromophoric unit, calculated from DSEA):
1085.

Zn-2 : 70 mg (0.15 mmol, 28%); 1H NMR (CDCl3, 250 MHz, TMS, in the
presence of 20 equivalents of deuterated pyridine): �� 2.66 (2-HAGU), 2.95
(3-HAGU), 3.39, 3.56, 3.58, 3.92 (OMeAGU, 4-HAGU, 5-HAGU), 4.36, 4.52, 4.67
(6-HAGU, 1-HAGU), 5.04 (6-HAGU), 7.68 (Hporphyrin), 8.14 (Hporphyrin), 8.25
(Hporphyrin), 8.36 (Hporphyrin), 8.82 (Hporphyrin); IR (KBr): �� � 3451, 3125, 3104,
3058, 2966, 2929, 2833, 1723, 1656, 1602, 1524, 1485, 1457, 1443, 1404, 1378,
1339, 1263, 1203, 1094, 1029, 869, 802, 754, 700 cm�1; DS (calculated from
1H NMR spectrum): 0.4, M (average molecular weight per chromophoric
unit): 1179; M (average molecular weight per AGU): 471.
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