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Abstract: The aliphatic anthracene
compound 1 and the oligomeric anthra-
cene 2 were synthesized. Thin films of
1 and 2 mixed with the sensitizers tet-
raphenylporphyrin (TPP) and methyl-
ene blue (MB) were irradiated with
visible light in air. Upon formation of
singlet oxygen, the anthracene units
were converted quantitatively to the

ly depend on the microenvironment of
the anthracene groups in the two com-
pounds. The photooxidation of thin
films of 1 is accompanied by interesting
changes in the morphology of the film
and allows the first application of 1 as
a nondestructive negative-tone photo-
resist for lithography and as an oxidiz-
ing ink. The morphology of 2 remained

unchanged after photooxidation as a
result of the stabilizing oligomer back-
bone. This stabilizing effect significant-
ly improves the photochromic perform-
ance of 2. The reversibility of the pho-
tooxidation is very high (>90%) for
oligomeric films of 2 after several
cycles of irradiation and heating. De-
composition of the anthracene and a

corresponding endoperoxides. Heating
of the irradiated samples afforded the
parent anthracenes with high yields.
Here, we demonstrate that the kinetics

e . . gen - thin films
and reversibility of this reaction strong-

Introduction

Organic materials that undergo a reversible change in their
optical characteristics upon irradiation have drawn increas-
ing attention in the contest to develop advanced photonic
devices.'l The most profitable areas of application are opti-
cal switches and data storage. Though the first erasable opti-
cal memory media were manufactured from inorganic mate-
rials,? the organic counterparts are anticipated nowadays as
promising candidates for future generations.”) More general-
ly speaking, the term photochromics (molecules that change
color upon irradiation) includes any compound that can re-
versibly switch between two states by using light."! The
changes of molecular properties may include, for example,
their absorption spectra, dipole moment, or refractive
index.>®! A vast contribution to research on photochromic
materials deals with the families of diarylethenes and ful-
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loss of the activity of the sensitizer di-
minish slightly the performance of the

lithogra- : .
monomeric species.

gides, characterized by photochemically allowed cyclization
and ring-opening processes.”*! They exhibit both a striking
resistance to fatigue and a thermal irreversibility.”) In these
systems, the wavelength of light that triggers the isomeriza-
tion corresponds to the absorbance spectra of the initial spe-
cies; reconversion, accordingly, requires the absorbance
wavelength of the product. For some applications the use of
the wavelength for writing and reading is inconvenient. Sen-
sitized photoreactions, in which the energy of light is first
transferred to a dye, become another alternative.'”? In addi-
tion, the scope of suitable photonic materials that may not
depend on the fixed wavelength of the laser source becomes
broader.

Singlet oxygen ('0,) is generated by dye-sensitization
with high efficiency. It is used in organic chemistry as a pow-
erful oxidant in regio- and stereoselective synthesis."!! Sur-
prisingly, there are only a few examples dealing with 'O, in
photochemical surface chemistry."? During our studies on
photooxidations of olefins with singlet oxygen (‘O,)™! we
developed a photochromic system composed of a fluores-
cent anthracene and a sensitizing dye (Scheme 1).!*) Upon
irradiation with visible light in the presence of air, 'O, is
formed and reacts with the polyacene by a [4+42] cycloaddi-
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Scheme 1. Photochromic system composed of a sensitizing dye and a
polyacene. Singlet oxygen is formed exclusively at the light-exposed
region and oxidizes the polyacene. The pattern, obtained by irradiation
through a photomask, can be removed by heating.

tion forming a nonfluorescent endoperoxide.'”) Because the
cycloaddition with 'O, is thermally reversible, heating af-
forded the fluorescent starting material with almost 100 %
yield. Due to the short travel distance of singlet oxygen in
solid matrices, the photoexcited form of oxygen exists and
reacts only within the regions exposed to light, allowing a
site-selective introduction of oxygen into the film."

Although we succeeded to write, erase, and rewrite pat-
terns into the film, we noticed a significant drop in the opti-
cal quality and the writing performance during the extension
to multiple cycles of irradiation and thermal treatment.

Furthermore, we were keen to learn whether the changes
in chemical and physical properties of the exposed areas of
the film could be exploited for successive applications, for
example, lithography. To this end, we endeavored to im-
prove the performance of the photoconversion and film sta-
bility of two different anthracene derivatives and investigat-
ed physical and chemical changes in their films. Our results
demonstrate a significant improvement in this new class of
photochromics.

Results and Discussion

Synthesis of photochromic materials: Compound 1 was syn-
thesized from 9-bromo-10-phenylanthracene (3) by Suzuki
coupling with 4-formylphenylboronic acid (4), followed by
reductive acetalization with 12-hydroxydodecanoic acid
ester (6) and saponification (Scheme 2).

Suzuki coupling of the bromoanthracene 3 with 4-vinyl-
phenylboronic acid afforded the vinylanthracene 7 that was
homopolymerized to the oligomeric anthracene 2
(Scheme 3).

Thin films on glass were formed by either drop or spin
coating from solutions of 1 and 2. The long chain of 1
turned out to be a crucial entity for forming stable films.
Glassy films were also obtained from homologues of 1 bear-
ing a shorter chain. The formation of uniform and amor-
phous films failed if the pendant chain was omitted, for ex-
ample, by using 9,10-diphenylanthracene, with a stronger
tendency towards crystallization. Oligomers 2 (M,,~3100)
provided smooth and glassy films of comparable quality.
Compound 1 has a glass-transition temperature of 5°C and
melts at 126°C, whereas the oligomer 2 exhibits no transi-
tion below 270°C. Thus, the conditions for thermal treat-
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Scheme 3. Synthesis of the oligomeric anthracene 2.

ment (see below) are slightly restricted for the monomeric
anthracene 1 to avoid melting. Analysis of the film morphol-
ogies are provided below.

Kinetic studies on photooxidation: The anthracene moiety
in 1 and 2 reacts with 'O, to give the endoperoxides 1-O,
and 2-O, (Scheme 4). This reaction can be reversed either at

sensitizer, hv
—

D+ o =
g

1or2

1-0, or 2-0,

Scheme 4. Reaction of the anthracenes 1 and 2 to give the endoperoxides
1-O, and 2-0,.

elevated temperatures or upon irradiation with UV light.
Thermolysis of 9,10-diphenylanthracene in dioxane, for ex-
ample, affords almost 100 % of the parent anthracene and
35% of the oxygen in the excited singlet state.['”)

The transformation of photosensitive thin films composed
of anthracene 1 and sensitizing dyes on glass was investigat-
ed by UV-visible spectroscopy. Drop coating from solutions
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in dichloromethane gave reproducible samples with film
thicknesses ranging between 0.5 and 1 pum, as determined
from ellipsometric measurements. Irradiation with a halogen
lamp caused a disappearance of the absorption bands of the
anthracene chromophore (Figure 1).

absorbance / a.u.

350 370 390 410 430 450
wavelength / nm

Figure 1. Spectral changes of a thin film of anthracene 1 doped with
0.12 mol % TPP upon exposure to visible light. Exposure times are indi-
cated in seconds.

During our initial studies,'" we encountered an irreversi-
ble decomposition of the deposited material that accumulat-
ed upon excessive duration of irradiation. NMR spectra of
the dissolved material indicated the formation of unidentifi-
able products resulting from rearrangements or radical reac-
tions (see below). Therefore, it is important to enhance the
rate of the desired photoconversion to permit very short
times of irradiation. This rate is dependent on the quantum
efficiency of the sensitizer to produce singlet oxygen, the
diffusion of oxygen in the film, and the reactivity of the sub-
strate.

Two different sensitizers were employed, namely, tetra-
phenylporphyrin (TPP) and methylene blue (MB). The
quantum yields for singlet-oxygen formation and the absorb-
ance maxima of these two sensitizers are summarized in
Table 1.'"

Table 1. Physical data of the two sensitizers.

Sensitizer ("0, Amax [nm] (&)
TPP 0.62 (benzene) 419 (4.8x 10°), 514 (19000),

549 (7700), 591 (5400), 647 (3400)
MB 0.23 (ethanol) 665 (89000)

[a] Values taken from ref. [18]. [b] Measured in solution (benzene, etha-
nol).

Excitation of the films within the absorbance region of
the anthracene chromophore (350-400 nm) afforded unde-
sired side products that are known to result from photoin-
duced rearrangement of endoperoxides or radical reactions
(Type I photooxidations).l’l These side reactions were mini-
mized further by using a filter that cut off all wavelengths
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below 515 nm (see Experimental Section). As expected, the
rate of conversion of anthracenes increased as the amount
of the sensitizers increased (Figure 2). Based on the molecu-

80]

reacted anthracene after 2 min/ %

0 0.001 0.002 0.003 0.004
sensitizer.anthracene

Figure 2. Conversion of anthracenes after 2 min at various concentrations
of two sensitizers on glass. m=2, TPP; ¢ =1, TPP; @ =2, MB; oA=1, MB.

lar weight of the monomers, identical ratios of anthracene/
sensitizer were employed. With both sensitizers, the anthra-
cene units in the oligomeric film of 2 reacted faster than the
monomeric film of 1. The stronger sensitizer TPP, with the
higher 'O, quantum vyield (Table 1), is clearly mitigated, as
its most intensive absorption bands are not effective within
the operating-wavelength region. The effect on the sensi-
tized 'O, production, the solute diffusion, and its chemical
quenching in polymeric matrices has been studied intensive-
1y."! Although singlet-oxygen lifetimes are almost equal to
those of their liquid analogues (7~20 ps in polystyrene and
7~30 ps in toluene), oxygen diffusion is strongly restricted
in polymers below their glass-transition temperature. For ex-
ample, the diffusion coefficient (D) drops from 4.38x
10 cm*s™" in toluene (293 K) to ~3x10~7 cm?s™" in poly-
styrene (PS).”" Interestingly, the reactivity of a strong
quencher (k,>10°M"'s™") in a solid matrix is more affected
than the reactivity of a weaker quencher (k,<10'm's™").
For very weak quenchers, the rates observed are increased
in polymers relative to the rate in liquids. This is explained
by the increased number of collisions in the more rigid sol-
vent cage of the oligomer. Within this relation, the moiety
9,10-diphenylanthracene (k,=1x10°m"'s™")?" has to be
considered as a reactant, adopting only a moderate deceler-
ation or acceleration in quenching in the solid environment.
The matrix effects on the rate should have a weaker magni-
tude in the more fluid film of 1, for which 7, is below room
temperature. The slower conversion of the anthracene
moiety in 1, however, accounts for rather different proper-
ties in the intrinsic structural nature of the two films. The
monomeric compound carries a long alkyl chain with a car-
boxylic acid group. The portion of the slower vibrational de-
activation channel becomes more significant. Comparing the
two sensitizers within the same film, a saturation limit at
low conversion is reached in MB with a ratio of about one
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molecule of sensitizer per 1600 and 1200 molecules of an-
thracenes 1 and 2, respectively. Beyond these concentration
limits the efficiency of singlet-oxygen formation and subse-
quent oxygenation of anthracenes could not be increased
further and the efficiency even decreased in the case of the
doped films of oligomer 2. This effect can be explained by
sensitizer self-quenching and aggregation effects of MB at
higher concentrations.”” On the other hand, no limits ap-
peared with TPP as sensitizer in thin films of 1 at low con-
version (<50%) and only at very high conversion (>65%)
in the oligomeric film of 2. Because the two sensitizers
cause different conversions at their optimum ratios, we can
conclude that the quantum yields of photoconversion in the
thin films of the two sensitizers are different and, under
identical experimental conditions, TPP appeared to be more
effective than MB.

During the initial stages, the photosensitized conversion
of the anthracenes in the films investigated obey first-order
kinetics with linear semilogarithmic slopes that can be ra-
tionalized by a steady-state concentration of 'O,. Interest-
ingly, as the reaction progresses the kinetics of the oligomer-
ic anthracene 2 differ from those of the monomeric com-
pound 1. The latter exhibits a downward slope, whereas that
of the oligomer is bent slightly upwards (Figure 3). This be-
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Figure 3. Conversion curves of anthracenes 1 and 2 versus time during ir-
radiation in the presence of TPP at an anthracene/TPP ratio of 1:5x 1072,
plotted from the absorbance at 378 nm. m=1; A=2; @ =1/PMMA. Inset:
semilogarithmic plot of the absorbance of anthracenes. Molar ratio of 1/
PMMA =1:4.

havior was observed at various ratios between sensitizer and
anthracene. If 1 was incorporated into a thin film of poly-
(methyl methacrylate) (PMMA), a clear first-order behavior
was adopted if low concentrations of 1 were employed. The
deviation from first-order kinetics and the acceleration of
photoconversion of 1 as a neat film could arise from the
phase changes of the film during irradiation, as such changes
are prevented in a unreactive matrix, such as PMMA. This
also conforms to a macroscopic alteration of the oxygenated
film, which will be discussed in the next section. During the
transition, oxygen diffusion may vary and the accessibility to
reactive anthracene rings may be better facilitated. In con-
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trast, the local environment within the oligomer maintains
the anthracene units in the same relative orientation, due to
the rigid oligomer chain. Motional freedom of the anthra-
cene units is restricted and unreacted sites are shielded from
the attacking 'O, by the nearby oligomer backbone or side-
chain segments. No aggregation effects in oligomer 2 were
observed by fluorescence spectroscopy of the film, as only a
slight red shift distinguished it from a solution spectrum of
9,10-diphenylanthracene.™ The two benzene rings may in-
hibit monomers from excimer formation, which would have
been proved by a larger wavelength shift in the spectra.
However, the close proximity of two reactive anthracene
units is a definite consequence of the polyethylene chain.

Investigation of physical changes during photooxidation: In
addition to the disappearance of fluorescence and the
changes in optical absorption, the photooxidation of the thin
films is accompanied by some remarkable changes in physi-
cal properties. This should allow an imprint of visible two-
dimensional structures into the material. Water contact
angles increased from 95-97° at the unreacted surface to 97—
100° after irradiation. Though the introduction of peroxo
groups contributes to more polarity, the effect of a molecu-
lar reorientation prevails, in which changes in morphology
cause a reduction in the wettability. These changes are com-
patible with the observed averaged increase in the thickness
of spin-coating films by 5%, as measured by ellipsometry.
The photooxygenated compound 1-O, exhibited no glass
transition below the onset of oxygen release at about 60°C.
If thin films of monomeric anthracene 1 and TPP were irra-
diated through photomasks, the boundary between the irra-
diated and nonirradiated region became visible, exactly con-
gruent with the fluorescence image (Figure 4). During irra-
diation, the kinetic energy of the molecules increases and
the exposed part of the film of 1 adopts a fluid state, in
which molecular motions over a longer range occur. After
complete conversion, the endoperoxides establish a more
glassy film and movements of molecules during irradiation

.B) . % .
2N
2

Y

Figure 4. Photoimaging on thin films of anthracenes and TPP. Fluores-
cence images and optical images are compared and indicate boundaries
for the monomeric species 1 and no boundaries for the oligomeric com-
pound 2. A) Fluorescence image of a thin film of 1; B) optical image of
the same region. C) Fluorescence image of a thin film of 2; D) optical
image of the same region.
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will eventually cease. This results in the formation of two
distinguishable phases at the surface with different refractive
index values.

Interestingly, no boundary was visible if the imaging was
carried out on a thin film of 2 mixed with TPP (Figure 4D).
Only the fluorescence image was detectable. In this case, the
rigid oligomer backbone impedes molecular motion and no
phase separation is permitted.

This difference observed in morphology between irradiat-
ed and nonirradiated areas in the thin films of 1 is very im-
portant for lithographic applications. Therefore, we investi-
gated the treatment of the samples with various solvents
after the imaging step. Indeed, adhesion of the endoperox-
ide to the substrate was slightly stronger and the nonex-
posed regions exhibited selective flaking in hexane as the
most suitable solvent for several minutes. The three steps of
imaging, developing, and regeneration of the parent anthra-
cene are demonstrated in Figure 5. After irradiation and de-

Figure 5. A) Fluorescence image of the irradiated thin film of 1; B) op-
tical image after dipping the sample into hexane for 1 min; C) fluores-
cence image after heating at 120°C for 2 hr.

veloping in hexane, the sample was heated at 120°C for two
hours. The fluorescent anthracene returned to the exposed
areas, thereby providing a positive image of the initial pho-
toimage (Figure SA and C).

The patterns obtained from irradiation and subsequent
developing were also studied by scanning force microscopy
at micrometer resolution. The height of the remaining ex-
posed region after dissolution of 1 was ~200 nm, with a
mean roughness of 37 nm (Figure 6).

Thus, anthracene 1 acts as a negative-tone photoresist
that is finally unchanged after the developing process. In
contrast to common techniques in photolithography that uti-
lize solubility changes by cross-linking of the reactive mate-
rial and are destructive, the photochromic compound 1 facil-
itates lithography with conservation of the material. Further-
more, this provides clear evidence for the reversibility of the
[442] cycloaddition with singlet oxygen and the existence of
endoperoxides as the sole photoproduct. Recurring fluores-
cence at the dark regions can arise only from endoperoxides
that were reconverted to parent anthracenes by heating.

Finally, patterns that were introduced by photoimaging of
the anthracene film of 1 and subsequent developing in hex-
anes could also be copied to another support, for example, a
TLC slide. Thus, the glass slides that carried a pattern motif
were used as stamps, in which the endoperoxide acts as an
oxidizing ink. If the TLC slide was doped with iodide and
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Figure 6. Imaging of a thin film of 1 after imaging and developing. Top
left: microscope image; top right: tapping-mode AFM image of the area
shown in the inset; bottom left: height profile.

brought into contact with the stamp, the pattern became
visible on the TLC slide after gentle heating in response to
the oxidation of iodide to iodine (Figure 7). Therefore, the

=1cm —_— =1cm ——  =1cm

Figure 7. A) Fluorescence image of a thin film of 1 on a glass slide.
B) Optical image after developing in hexane. C) Image of a TLC slide
doped with KI after pressing against the glass slide and heating at 60°C.

oxidizing propensity of the endoperoxides is advantageous
for lithographic applications because a negative image of
the initial photoimage can be transferred directly to a perox-
ide-sensitive surface by means of an oxidizing ink. Such
stamp technologies are often used in lithography and offer
interesting perspectives for future applications."

In conclusion, our new anthracene films allow the genera-
tion of a positive image by simply washing and heating, and
a negative image through an iodide-developing process.

Investigation of thermoreversibility: Heating of irradiated
samples afforded the initial anthracene species 1 and 2 ac-
companied by the release of dissociated oxygen. As the
compounds studied have thermal transitions occurring in
different regions, heating was carried out at different tem-
peratures and, therefore, for different durations. The course
of the thermolysis was monitored by recording the UV-visi-
ble spectra until the absorption intensity of the anthracene
chromophore was same as that before irradiation and did

Chem. Eur. J. 2006, 12, 9276 -9283


www.chemeurj.org

Imaging by Sensitized Photoxygenation

not change upon further heating. The required time for a
complete reconversion of the parent anthracene was 10, 120,
and 600 min at 160, 120, and 100°C, respectively. As we
have reported previously,'l the recovery of thin films of 1
doped with a sensitizer was not quantitative, and progressive
decomposition of the photosensitive material was observed
after repetitive irradiation and heating. We attained im-
provements in the quantitative degree of reversibility if exci-
tation of the anthracene chromophore was strictly excluded
(Figure 1). Thus, photooxidations starting from the excited
state of anthracene and dimerizations by [4+4] photocy-
cloaddition were eliminated.”™ Surprisingly, the first cycle
afforded almost 99 % of 1 at 120°C. A loss of parent anthra-
cene, however, occurred in the second cycle, in which only
88% of 1 was recovered (Figure 8). The progressive de-
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Figure 8. Percentage of recovered anthracene of films of 1 () and 2 (m)
during several cycles of complete photooxidation and thermolysis. Inset:
time required for >95 % photooxygenation at each cycle.

crease was linear. If the cycles were carried out by using
compound 1 and TPP, the time for irradiation required for
almost (>95%) complete photooxidation increased nonli-
nearly. After four cycles the performance was unsatisfactory.
The reduction in performance for photoconversion is a
result of an abating production of singlet oxygen by the sen-
sitizer. Figure 9 depicts how the chromophore of TPP,
namely the discernable Soret band at 423 nm, shifts to
longer wavelengths and disappears during the cycles, subse-
quent to the heating process. The shift and disappearance of
the Soret band could originate from a physical aggregation
of the porphyrin dye.* Such aggregations are generally ac-
companied by a broadening and diminishing Soret band. Al-
ternatively, a chemical decomposition is possible.?”! Notably,
even trace amounts of oxygenation products could suffice to
decompose a small portion of the sensitizer.

The observation that heating caused a red shift of the
Soret band even with a nonirradiated film supports the first
explanation of an aggregation of the sensitizer molecules.
However, a complete disappearance occurred only if heating
directly followed irradiation. Thus, we cannot exclude an ad-
ditional chemical decomposition of the sensitizer. If oligo-
mer 2 was employed under the same conditions, the decom-
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Figure 9. Absorbance spectra of a thin film of 1 (A) and 2 (B) mixed
with TPP before irradiation (a), and directly after the first (b), second
(c), and third (d) photooxygenation.

position of the anthracene species was almost negligible and
the time required for a complete photooxygenation in-
creased only slightly (Figure 8).

The Soret band of the sensitizer remained unchanged
during the cycles of irradiation and heating (Figure 9).

This behavior is ascribed to the stabilizing effect of the
oligomer backbone on the sensitizer molecules. Thus, the
oligomeric compound 2 is superior to the monomer 1 for
imaging by sensitized photooxygenations. These observa-
tions indicate the coherence between the decomposition of
anthracene and the decreasing activity of the sensitizer
during the cycles. Photooxidations proceed through two dif-
ferent pathways: the formation of 'O, and the subsequent
[442] cycloaddition (Type II pathway), or through radical
reactions from excited molecules (Type I pathway).”®! The
first pathway produces endoperoxides and is reversible; the
latter is responsible for irreversible decomposition and is
usually slow and, thus, suppressed. We have discussed previ-
ously that the reduced lifetime of 'O, in a thin film is re-
sponsible for an increasing contribution from the undesired
Type 1 pathway."¥! A higher proportion of the sensitizer may
offset the physical quenching of 'O,. If the production of
'0, drops due to the decreasing activity of the sensitizer, the
conversion of the substrate will proceed along the second
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pathway, which also requires more irradiation time. Howev-
er, the increasing contribution of light that is required for
conversion is transferred to other channels of excitation in
the film, for example, to exciplexes that do not sensitize the
ground-state oxygen, but rather undergo chemical reactions.
Thus, suitability as a photochromic material depends on
properties that preserve the sensitizer, and this can be ac-
complished by using the oligomer 2. Physical aggregation is
clearly inhibited, but slight chemical decomposition of the
sensitizer is still observed. We are currently synthesizing
sensitizers with a higher stability to extend the lifetime of
the photochromic materials.

Conclusion

Two anthracene derivatives were synthesized; one has a
long alkyl chain, the other forms a side chain of an oligo-
mer. Thin films of mixtures of each compound and a dye
were applied as photochromic materials. Upon irradiation
the monomeric compound exhibits remarkable changes in
morphology. This behavior allowed the development of a
new photoresist that produces positive, as well as negative
patterns. Irradiation of thin films of the oligomer was ac-
companied by only reversible changes in the electronic
structure. During multiple cycles, the oligomeric compound
exceeds the photochromic performance of the monomeric
species. The oligomer remains stable, whereas the monomer-
ic anthracene and the sensitizer gradually decompose. Thus,
the oligomer provides a firm and stable component for pho-
tochromic materials. On the other hand, the monomer dis-
plays interesting capabilities to act as a nondestructive nega-
tive-tone photoresist and as an oxidizing ink.

Experimental Section

General: Reagents of the highest commercial quality were purchased and
were used without further purification. Flash chromatography was per-
formed by using Merck silica gel 60 (230-400 mesh). NMR spectra were
recorded by using a Bruker Avance 300 spectrometer. Molecular weights
were measured by conducting gel-permeation chromatography (GPC)
with THF as eluent and polystyrene as standard. Glass slides with a size
of 1.8x1.8cm were purchased from Roth, Germany. Before use, the
slides were dipped into a mixture of ammonia/water/H,O, (1:5:1) at
60°C for 10 min, then washed with triply distilled water, and dried at
120°C. Spin-coating films were prepared by using a SCI spin coater (Lot-
Oriel) at 2000 rpm. Ellipsometry was performed by using a Multiskop El-
lipsometer (Optrel) with a He:Ne laser at 70°C. The thickness was calcu-
lated by using a computer program and assuming a refractive index of
1.45 for the films. Static contact angles were measured by using a G10
(Kruss) contact-angle measurement instrument. UV/Vis and fluorescence
spectra were recorded by using a Unicam UV3 spectrometer. Fluores-
cence microscopy measurements were recorded by using a Zeiss Axiostar
(Zeiss, Germany) with an Hg-vapor lamp as light source. The excitations
and emissions were filtered at 365 nm and 420 nm, respectively. All other
fluorescence images were recorded by using a consumer digital camera
and a 364-nm Hg light source. Atomic force microscopy (AFM) was per-
formed by using a Nanoscope Illa instrument operating in tapping mode.
Commercial silicon nitride tips were used.
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Syntheses

9-Bromo-10-phenylanthracene (3): 9-Bromo-10-phenylanthracene, (3),
was synthesized according to a published procedure.?”)

4-(10-Phenylanthracen-9-yl)benzaldehyde (5): A two-phase solution of 9-
bromo-10-phenylanthracene 3 (1 g, 3.0 mmol),” 4-formylphenylboronic
acid (495 mg, 3.3 mmol), tetrakis(triphenylphosphine)palladium (240 mg,
0.02 mmol), and K,CO; (2.4 g) in a solvent mixture of benzene (40 mL),
water (16 mL), and ethanol (8 mL) was refluxed under argon for 24 h.
The organic phase was separated, washed with brine, and dried over
sodium sulfate. After evaporation of the solvent the crude product was
precipitated in hexanes and was used for the next step without further
purification. Yield: 945 mg (88%). 'HNMR (300 MHz, CDCl;, 25°C,
TMS): 6=10.23 (s, 1H), 8.16 (d, /=83 Hz, 2H), 7.77-7.68 (m, 4H),
7.67-7.55 (m, 5H), 7.50 (d, *J=8.0 Hz, 2H), 7.41-7.34 ppm (m, 4H);
BCNMR (75 MHz, CDCl,;, 25°C, TMS): 6=192.41 (d), 139.50 (d),
139.18 (d), 138.38 (d), 136.09 (d), 136.68 (d), 132.61 (d), 131.61 (d),
130.24 (s), 130.22 (s), 129.84 (s), 128.85 (s), 128.01 (s), 127.58 (s), 126.66
(s), 125.91 (s), 125.53 ppm (s).
9-[4-(10-Phenylanthracen-9-yl)benzyloxy]dodecanoic acid (1): Compound
5 (650 mg, 1.8 mmol) and 12-hydroxydodecanoic acid methyl ester
(405 mg, 1.8 mmol) were dissolved in dry CHCl; (20 mL). Under an
argon atmosphere, anhydrous BiCl; (140 mg, 0.4 mmol) and Et;SiH
(310 mg, 2.7 mmol) were added and the solution was stirred at RT for
12 h and quenched by addition of a saturated aqueous solution of NH,Cl
(10 mL). After the organic phase was separated and dried over sodium
sulfate, the solvent was evaporated off and the residue was subjected to
flash chromatography (hexane/EtOAc 10:1). Yield: 720 mg (70%) of a
yellow solid. R;=0.40 (hexane/EtOAc 10:1).

The methyl ester was saponified in a refluxing solution of MeOH
(10 mL) and water (2 mL) in the presence of NaOH (1 g) for 4 h. After
evaporation of the solvent and acidification to pH 2, the aqueous solution
was extracted three times with CH,Cl,. Drying and evaporation of the
combined organic layers afforded 390mg (98%) of 1. 'HNMR
(300 MHz, CDCl,;, 25°C, TMS): 6=7.71-7.68 (m, 4H), 7.65-7.55 (m,
5H), 7.53-7.46 (m, 4H), 7.37-7.31 (m, 4H), 4.71 (s, 2H), 3.66 (t, /=
6.6 Hz, 2H), 2.36 (t, *J=7.3 Hz, 2H), 1.80-1.60 (m, 4H), 1.55-1.24 ppm
(m, 14H); "C NMR (75 MHz, CDCl,;, 25°C, TMS): 0 =184.73 (s), 139.49
(s), 138.64 (s), 138.35 (s), 137.49 (s), 137.33 (s), 131.74 (s), 131.72 (s),
130.31 (d), 130.27 (d), 128.79 (d), 128.09 (d), 127.85 (d), 127.39 (d),
127.35 (d), 125.38 (d), 125.35 (d), 73.27 (t), 71.39 (t), 34.33 (t), 30.22 (1),
29.96 (t), 29.91 (t), 29.90 (t), 29.80 (t), 29.61 (t), 29.44 (t), 26.64 (t),
25.08 ppm (t); IR (KBr): #=3061, 2923, 2851, 1706, 1439, 1392, 1293,
1132, 1098, 1029, 942 cm™"; MS: m/z (%): 558 (100) [M*+1]; elemental
analysis caled (%) for C3H,,0; (558.3): C 83.87, H 7.52; found: C 83.58,
H7.17.

9-[4-(10-Phenylanthracen-9-yl)benzyloxy]hexanoic acid: This compound
was synthesized under identical conditions to those described above by
using 5 (1.7 g, 4.7 mmol), 6-hydroxyhexanoic acid ethyl ester (1.04 g,
4.7 mmol), BiCl; (346 mg, 1.0 mmol), and Et;SiH (565 mg, 7.0 mmol) in
CH,Cl, (20 mL). Yield after chromatography (hexane/EtOAc 10:1): 1.6 g
(68%).

Saponification was carried out with 1 g of the ester under the same condi-
tions as for 1. Yield: 870 mg (95%). '"HNMR (300 MHz, CDCls, 25°C,
TMS): 0=7.69-7.78 (m, 4H), 7.57-7.64 (m, 5H), 7.46-7.52 (m, 4H),
7.31-7.37 (m, 4H), 4.69 (s, 2H), 3.66 (t, */=6.5Hz, 2H), 2.43 (1, ’J=
73Hz, 2H), 1.7-1.81 (m, 4H), 149-1.6ppm (m, 2H); "“CNMR
(75 MHz, CDCl;, 25°C, TMS): 6=179.4 (s), 139.4 (s), 138.6 (s), 138.2 (s),
137.5 (s), 137.2 (s), 131.7 (d), 131.7 (d), 130.3 (s), 130.2 (s), 128.7 (d),
128.0 (d), 127.8 (d), 127.3 (d), 127.3 (d), 125.3 (d), 125.3 (d), 73.3 (t), 70.9
(t), 34.2 (t), 29.8 (t), 26.1 (t), 24.9 ppm (t); elemental analysis calcd (%)
for C;sH;,0; (502.3): C 83.66, H 6.77; found: C 83.14, H 6.26.
9-Phenyl-10-(4-vinylphenyl)anthracene (7): A solution of 4-vinylphenyl-
boronic acid (1g, 6.75 mmol), 3 (1.8 g, 5.4 mmol),” tetrakis(triphenyl-
phosphine)palladium (240 mg, 0.02 mmol), and K,COs; (2.4 g) in a solvent
mixture of benzene (40 mL), water (16 mL), and ethanol (8 mL) was re-
fluxed under argon for 24 h. The organic phase was separated, washed
with brine, and dried over sodium sulfate. After evaporation of the sol-
vent the crude product was precipitated in hexanes and was used for the
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next step without further purification. The product was purified by flash
chromatography (hexane/EtOAc 10:1) to afford 1.27 g (66 %) of the an-
thracene 7. "H NMR (300 MHz, CDCls, 25°C, TMS): 0=7.56-7.78 (m,
9H), 7.44-7.52 (m, 4H), 7.32-7.39 (m, 4H), 6.92 (dd, *J,=10.8 Hz, *J,=
17.6 Hz, 1H), 5.95 (d, *J,=17.6 Hz, 1 H), 5.39 ppm (d, *J,=10.8 Hz, 1 H);
13C NMR (300 MHz, CDCl,, 25°C, TMS): 6=139.4 (s), 139 (s), 137.5 (s),
137.1 (s), 137.0 (d), 131.9 (d), 131.7 (d), 130.2 (s), 130.2 (s), 128.7 (d),
128.7 (d) 127.8 (s), 127.3 (d), 127.2 (d), 126.6 (d), 125.4 (d), 125.3 (d),
114.5 ppm (t); elemental analysis calcd (%) for CyH,, (356.0): C 94.38,
H 5.61; found: C 93.42, H 5.66.

Oligomerization from monomer 7 to compound 2: Monomer 7 (200 mg,
0.6 mmol) and azobisisobutyronitrile (AIBN) (5 mg) were dissolved in
anhydrous THF (10 mL) and refluxed under argon for 6 h. The precipi-
tate formed was filtered off and was dissolved in CH,Cl,. Yield of precip-
itate: 80 mg (40 %). Average molecular weight (M,,): 3120 gmol'; weight
dispersity: 2.53; '"H NMR (300 MHz, CDCl,, 25°C, TMS): 6 =6.8-7.8 (br,
17H), 1.8-2.5 (br, 1H), 1.0-1.5 ppm (br, 2H).

Sample preparation: For UV/Vis absorption measurements, 1 or 2
(40 umol, ~20 mg) were dissolved in CH,Cl, (4 mL). Solutions of 1.6x
107°M of the sensitizers methylene blue (MB) and meso-tetraphenylpor-
phyrin (TPP) were prepared in CH,Cl,. Aliquots of the sensitizer solu-
tions were added to the solutions of the anthracenes and a volume of
60 pL was dropped onto a glass slide. After evaporation of the solvent,
the samples were placed into a sample holder.

Imaging: Samples were prepared from either drop coating or spin coat-
ing.

Drop coating: The sensitizer solution (30 uL) was added to the anthra-
cene (20 mg) dissolved in CH,Cl, (4 mL). An amount (60 puL) of this sol-
ution was dropped onto the glass slide and the solvent was allowed to
evaporate.

Spin coating: Films were prepared from solutions of the anthracene
(20 mg) in CH,Cl, (1 mL) and the sensitizer solution (30 uL).

Samples were covered with a transparent film and irradiated with a 20 W
halogen lamp for 10 min at a distance of 10 cm, with a high-pass filter
with a 515 nm cut-off placed between the sample and the light source.
The sample for AFM measurement was obtained by irradiation through
a TEM grid of 50 um grid size, with a blank transparent film between the
grid and the sample.

Development: Immediately after irradiation, the samples were dipped
into hexanes for 2 min and dried in air. AFM was carried out in tapping
mode on a glass slide.

Thermolysis: Heating of the irradiated glass slides was carried out in a
protective glass vial in an oven at constant temperature.
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