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Abstract

A series of 3,4,9,10-tetra-(n-alkoxy-carbonyl)-perylene (PTAC, n =4, 6, 8, 10, 12) derivatives with various alkyl chains were synthesized via
a simple and efficient phase-transfer catalysis method. It was found that the length of the alkyl chains attached to the perylene skeleton greatly
influenced aggregation behaviour. The finding that it was easier for PTAC derivatives with shorter alkyl chains to form crystal films was
interpreted in terms of molecular volume and steric repulsion. The photoconductivity of the materials was investigated by xerographic
photoinduced discharge technique and the results showed that photosensitivity increased with the decreasing length of the alkyl chain attached
to perylene core. This result was consistent with the changing trend of aggregate structure observed for the PTAC derivatives used in this study:
the shorter the substituted alkyl chain, the more ordered the film was and, thus, the greater was the photosensitivity.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Electronic and opto-electronic devices based on organic
semiconductors (which are usually organic dyes and pigments)
offer an attractive alternative to conventional inorganic devices
due to their potentially low costs, simple packaging and
compatibility with flexible substrate. Thermal evaporation of
organic semiconductors under vacuum typically yields thin
films of the highest possible quality in terms of purity, grain
size, and crystallinity. These evaporated films are useful for
investigation of intrinsic transport and luminescence properties
and in establishing upper performance thresholds. However, to
fully realize the cost advantages associated with organic
semiconductors, one would prefer to work with solution-based
deposition process such as spin-coating and inkjet printing.
Among the organic semiconductors that have been evaluated
for practical applications, perylene derivatives are of great
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interest. Various perylene derivatives are promising materials
for organic solar cells (OPVCs) [1—4], organic field-effect
transistors (OFETs) [5,6], organic light emitting diodes
(OLEDs) [7,8], etc. 3,4,9,10-Tetra-(n-alkoxy-carbonyl)-pery-
lene (PTAC) compounds possess not only fluorescence charac-
teristics similar to the parent compound perylene-3,4,9,
10-tetracarboxylic dianhydride (PTCDA), but also display
good solubility and the ability to form a liquid crystalline
phase (LC) [9]. Due to the latter characteristic, they can
form highly ordered films and may show super semiconductive
performances. Unfortunately, the traditional esterification
method of synthesizing PTAC is complicated and time-con-
suming (3—6 days) [10].

A considerable advantage of PTAC is its ability to form
columnar liquid crystals, which are easy to expel defects in
an annealing process [11]. This paper concerns an attempt to
prepare PTAC derivatives of high purity and high yield via
a simple phase-transfer catalysis (PTC) method [12]. A series
of PTAC compounds with different substituents (i.e. alkyls
having 4, 6, 8, 10 and 12 carbon atoms, respectively) were
synthesized, and their molecular and electronic structures
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were characterized by FTIR, element analysis, NMR, and
UV—vis absorption. Some of their interesting aggregation
behaviour and photoconductive properties resulting from the
different length of the alkyl chain attached to perylene are
also reported.

2. Experimental
2.1. Materials and equipments

Perylene-3.,4,9,10-tetracarboxylic acid dianhydride (PTC
DA), tetra-n-octylammonium bromide (TOAB), and alkyl
halide (RBr) were purchased from Meryer Chemical Co.
Polycarbonate (PC), and N,N'-diethyl-4-aminobenzaldehyde-
1-phenyl-1’-o-naphthyl-hydrazone (BAH) were commercially
available and used without further purification. All solvents
used were of analytical grade and were distilled before use.

'"H NMR spectra were obtained on a Bruker Avance
DMX500 nuclear resonance spectroscope. Elemental analyses
data were determined on a Perkin—Elmer 240C elemental
analyzer. The emission spectra were recorded on a Hitachi
4500 fluorescence spectrophotometer. UV—vis absorption
spectra were taken on a Varian Cary 100 Bio spectrometer.
The morphologies of the films were observed on a Skeio
SPI3800N atomic force microscope (AFM). X-ray diffraction
(XRD) measurements were performed at a Rigaku D/max-RA
diffractometer with Cu Ko radiation. Optical texture pictures
were taken on a Nikon Eclipse E600 microscope.

The films were prepared by casting solutions (0.01 M) of
the PATC compounds in CHCI; onto either glass or quartz
substrates and baking at 80 °C for 30 min to evaporate the
solvent completely.

2.2. Synthesis

The synthetic route for the PTAC derivatives used in this
work is shown in Scheme 1. Herewith a typical synthesis
procedure for 3,4,9,10-tetra-(n-alkoxy-carbonyl)-perylene
(n=4, Perd): PTCDA (490 mg, 1.25 mmol) was converted
to the tetrapotassium salt of the tetracarboxylic acid via
stirring in aqueous potassium hydroxide solution (0.1 mol/L)
at 70 °C. After filtration, the filtrate was acidified with aqueous
hydrochloric acid solution (ca. 1 mol/L) until the pH was 8—9.
To the ensuing dark red-green solution were added tetraoctyl
ammonium bromide (TOAB) (0.2 g) and 1-bromobutane
(10 mmol), and the mixture was refluxed under vigorous
stirring. After 1—2 h, the solution became clear and color-
less on top of which was a brown colored layer of oil.
CHCl; was added to the mixture, and the CHCl; solution layer
was collected and washed with 15% sodium chloride aqueous
solution and deionized water. The resulting CHCl; solution
was concentrated and precipitated by ethanol. The collected
solid was washed with 100 mL ethanol three times and the
product was dried under vacuum at 80 °C to give 0.75 g (yield
92%) of the product Per4 as a golden yellow solid. "H NMR
(500 MHz, CDCl3), 6 (ppm vs. TMS) = 1.01 (t, 12H), 1.51 (m,

8H), 1.80 (m, 8H), 4.33 (t, 8H), 7.93 (d, 4H), 8.08 (d, 4H).
FTIR (KBr), v=2959.6, 2871.9, 1724.5, 1589.1, 1277.4,
1171.8, 1135.0, 748.2cm~'. Anal. Calcd. for Perd
(C4oH440g): C, 73.60; H, 6.79%. Found: C, 73.30; H, 6.63%.

The remaining four PTAC derivatives (Per6, Per8, Per10
and Per12) were prepared in a similar way. Their characteriza-
tion is summarized below:

Per6: Yield 92%. '"H NMR (500 MHz, CDCl5), 6 (ppm Vvs.
TMS) =0.91 (t, 12H), 1.81—1.35 (m, 32H), 4.33 (t, 8H), 7.92
(d, 4H), 8.08 (d, 4H). FTIR (KBr) v = 2956.9, 2929.1, 2861.2,
1725.8, 1719.6, 1698.2, 1587.7, 1469.8, 1276.0, 1167.6,
750.6 cm ™', Anal. Calcd. for Per6 (C4gHgpOg): C, 75.36; H,
7.91%. Found: C, 75.10; H, 7.91%.

Per8: Yield 93%. '"H NMR (500 MHz, CDCl5), 6 (ppm Vvs.
TMS) =0.89 (t, 12H), 1.29—1.84 (m, 48H), 4.33 (t, 8H), 7.93
(d, 4H), 8.08 (d, 4H). FTIR (KBr) v =2954.1, 2926.3, 2852.8,
1731.8, 1713.5, 1274.5, 1165.0 cm™'. Anal. Calcd. for Per8
(Cs6H7603): C, 76.68; H, 8.73%. Found: C, 76.47; H, 8.72%.

Per10: Yield 94%. "H NMR (500 MHz, CDCls), 6 (ppm vs.
TMS) =0.91 (t, 12H), 1.81—1.35 (m, 64H), 4.33 (t, 8H), 7.92
(d, 4H), 8.08 (d, 4H). FTIR (KBr) v = 2956.3, 2921.1, 2850.8,
1727.2, 1715.6, 1589.1, 1471.3, 1281.4, 11709, 1017.7,
747.1 cm™"'. Anal. Calcd. for Perl0 (CgsHo,Og): C, 77.69;
H, 9.17%. Found: C, 77.53; H, 9.40%.

Per12: Yield 93%. 'H NMR (500 MHz, CDCl3), 6 (ppm Vs.
TMS) =0.87 (t, 12H), 1.26—1.82 (m, 80H), 4.33 (t, 8H), 7.96
(d, 4H), 8.14 (d, 4H). FTIR (KBr) v = 2953.3, 2918.4, 2872.8,
2849.7, 1731.7, 1719.6, 1591.1, 1471.4, 1278.6, 1172.2,
1025.4, 747.1 cm™'. Anal. Calcd. for Per12 (C7,H;0305): C,
78.50; H, 9.88%. Found: C, 78.32; H, 10.30%.

2.3. Fabrication of photoreceptor and photoconductivity
measurement

The photoconductivity of PTAC was studied in dual-layer
photoreceptors that comprised a charge generation layer
(CGL) and a charge transportation layer (CTL) on an
aluminum substrate. The ~ 1 pm thick CGL was formed by
casting the CHCl; solution containing 0.01 mol/L PTAC
derivatives; the CTL consisted of 50 mass% BAH in PC
matrix, of thickness 25 um [13].

Photoconductivity measurements were carried out on
a GDT-II model photoconductivity-measuring device by the
standard photoinduced xerographic discharge technique [14].
The intensity of the exposure light (/) was 1.1 mJ 'cm?
during measurement using an incandescent lamp (5 W, 24 V)
as light source. During measurement, the surface of the
dual-layer photoreceptor was negatively charged in the dark.
The photoinduced discharge curve was outputted by a com-
puter, from which the residual potential (V) and time from
original surface potential to half under illumination (#,,)
were obtained. Photosensitivity was characterized by the half
decay exposure energy (E;,,), which is defined as the product
of half decaying time (¢;,) and the intensity of exposure light
(), ie., Eyp=1It;. A desired photoreceptor should have
a large V and a small V|, and #,,,. The smaller the E,,, the
higher the photosensitivity of the photoreceptor[15].
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Scheme 1. Synthetic route and chemical structures of PTAC derivatives used in this work.

3. Results and discussion
3.1. Synthesis

The synthetic route and the chemical structures of the five
PTAC derivatives (Per4, Per6, Per8, Per10, and Per12) that
were prepared using the PTC method are shown in Scheme 1;
TOAB was used as the phase-transfer catalyst. The tetrapotas-
sium salt of PTCDA was dissolved in the aqueous phase whose
anions can then form cation—anion pairs by combination with
the quaternary ammonium cations that are dissociated from
TOAB. The hydrophobic cation—anion pairs tend to transfer
to the organic phase of 1-bromoalkane, where the nuclear dis-
placement reaction between perylene-3,4,9,10-tetracarboxylic
anions and 1-bromoalkane (organic phase) takes place, giving
the desired product, which precipitates in the aqueous phase
during the reaction. The synthetic process is in agreement
with the Starkes PTC model [16]. In this way, a small amount
of organic soluble phase-transfer agent of TOAB can markedly
increase the reaction rate and enable high yields (>90%)
of satisfactory purity without further chromatographical
purification.

Each of the five PTAC derivatives were readily soluble in
common organic solvents and were carefully characterized
by FTIR, '"H NMR and elemental analysis; the results are
consistent with the predicted chemical structures, demonstrat-
ing that the PTC method is indeed a simple and effective way
to prepare PTAC derivatives.

3.2. Absorption and emission spectra

Solutions of all compounds in chloroform showed bright
green-yellow fluorescence, even under daylight. No obvious
difference was observed for the spectral properties in solution
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among these PTAC compounds indicating that the length of
the alkyl chain does not affect their spectral properties in
solution. Fig. 1(1) shows the typical absorption and fluores-
cence spectra of the PTAC derivatives (Per8) in diluted
CHCI; solution. Both the absorption and fluorescence bands
show a fine structure with two peaks and one shoulder. The
absorption spectrum has a vibronic structure with two peaks
at 444 and 472 nm and one shoulder at 417 nm, while the
fluorescence peaks appear at 492 and 521 nm. Almost mirror
symmetry between the absorption and the emission spectra
is observed, although the relative intensity of the fluorescence
peaks differs slightly from that of the absorption peaks. The
absorption and fluorescence bands are reminiscent of those
of pure perylene and correspond to Sy—S; transitions, the
dipole moment of which is directed parallel to the long axis
of the molecules [17,18]. Although the spectra of the PTAC
derivatives are similar to that of the parent perylene compound
(407, 436 nm), the observed red-shift (by 36 nm) in the band
positions can be attributed to the four alkoxycarbonyl chains
attached to perylene core.

No obvious distinction was found for their absorption in
cast films (see Fig. 1(2)). The same three clearly resolved
absorption bands as observed in solution remain for the
PTAC compounds in the films although they become broader
and red-shifted. With increasing alkyl chain length, the fine
structure of the three absorption bands of the PTAC derivatives
does not disappear, implying that no 7—7t interactions exist
between adjacent PTAC molecules [19].

3.3. Aggregate structures

The crystallization behaviour of the PTAC derivatives films
was examined by XRD measurements. As shown in Fig. 2, for
the n=4, 6, 8 homologues, the solid lattice constant was
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Fig. 1. (1) Representative normalized UV—vis absorption and luminescent spectra in CHCl; (Per8). (2) Normalized UV—vis absorption spectra of PTAC

derivatives in casting films.
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Fig. 2. X-ray diffraction patterns of PTAC derivatives in casting films (film
thickness: about 500 nm): (a) Per4, (b) Per6, (c) Per8, (d) Per10, and (e)
Per12.

similar to the column spacing, indicating the existence of a co-
lumnar structure. For comparison, the diffraction angle 26 and
the interplanar space d are summarized in Table 1. It is evident
that the d value could be divided into two groups based on the
diffraction peaks: the first group corresponds to the spacing
between the columns and the second group corresponds to
the intermolecular distance. For example, it was observed
that in the first group, the ratios of all d values of Per4 to
15.27 A were exactly 1, 1/2, and 1/4, respectively; and in the
second group the ratio of 5.62 to 11.32 A was 1/2. The diffrac-
tion angle of 20 became smaller with increasing alkyl chain
length, indicating that the distance between the columns of
PTAC derivatives increased in the film [20], so that a compact
film could be obtained with a shorter alkyl chain. Meanwhile,
the intensity of the diffraction peaks weakened with increasing
length of the alkyl chains attached to perylene moiety. The
diffraction peak was feeble for Per10 (n = 10) and negligible
for Per12 with the longest alkyl chain (n = 12) in this study,
implying low crystallinity for Per10 and Per12 [21].

The surface morphologies of the PTAC derivatives in cast
films were observed using AFM (Fig. 3); large interconnected
grains were observed for Per4, forming a continuous sheet
film. Such kind of film is favorable in terms of charge
transport, because efficient charge carrier transport through
a semiconductor film requires that the film be continuous
[16]. The continuous sheet film of Per4 is thought to be related
to its weak intermolecular repulsion arising from its short
butyl chain. It can be seen that film morphology changed

with increasing length of the alkyl chain. When the substituted
alkyl chain is dodecyl, disconnected slices are observed in
Per10 film with some spherical particles in the slice. When
the length of alkyl chain was dodecyl, continuous amorphous
film (Per12) formed, as proven by XRD measurement. Such
evolution of the film morphology suggests that the aggregate
structure of the PTAC derivative films is affected significantly
by the length of alkyl chain attached to the perylene core.

The evolution of the aggregation behaviour of the PTAC
derivatives with increasing alkyl chain length was also studied
using differential scanning calorimetry (DSC — Fig. 4). The
PTAC derivatives investigated in this study have the typical
molecular structure of discotic liquid crystal, namely a rigid
aromatic core and several lateral flexible alkyl chains. As
can be seen from Fig. 4, Per4 exhibits a melting peak centered
at 164.3 °C and a mesophase to isotropic peak centered at
about 242.6 °C in the heating run of the DSC. Per6 shows
the melting transition at 85.7 °C and the isotropic phase tran-
sition at 187.3 °C in the heating run. The melting transition
and the isotropic phase transition for Per8 occurs at 63.8
and 137.1 °C, respectively. And, Per10 and Per12 with longer
alkyl chain only have the melting point at 69.8 and 81.2 °C,
respectively. The clear points decrease with increasing chain
length from 242.6 °C (n=4) to 137.1 °C (n = 8). The clear
point cannot be found in DSC curves of Perl0 and Perl2,
implying the longest homologue with n =10, 12 have no
liquid crystalline phase.

However, when Per10 film was slowly cooled down from
the temperature of its isotropic state, liquid crystal texture
was observed (see Fig. 5(d)). Fig. 5 shows the polarization
microscope images of Per4, Per6, Per8, and Per10 films which
had been cooled down slowly from their isotropic phases. It is
interesting that different textures are observed for these PTAC
derivatives when cooled down slowly from the isotropic state
to the mesomorphic temperature range, which is typical for co-
lumnar hexagonal liquid crystals [22]. All these observations
suggest that Perd4, Per6, Per8, and Per10 possess the liquid
crystalline phase with the exception of Per12, which does not
exhibit the typical liquid crystal texture.

The liquid crystal character of PTAC derivatives, due to the
aliphatic group attached to perylene core moiety, offers the
chance of producing an ordered film. In order to see whether
these ordered structures at liquid crystal phase could be kept
in films at lower temperature, rapid cooling tests were
carried out. As shown in Fig. 6, distinct differences were ob-
served for the PTAC derivatives. Per4 film was broken during
rapid cooling due to the molecular rigidity resulting from the
shorter alkyl chain. When the substituted alkyl was replaced

Table 1

The diffraction angle 26 and the interplanar space d for PTAC derivatives

Samples 26 and d

Perd 5.78°,15.27 A 11.66°, 7.58 A 23.66°, 3.76 A 7.80°, 11.32 A 15.74°, 5.62 A
Per6 5.42°,16.29 A 10.80°, 8.18 A - 6.51°, 13.56 A 13.04°, 6.78 A
Per8 5.36°, 16.47 A - - 6.52°, 13.54 A 13.00°, 6.80 A

Per10 4.22°,2091 A -
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Fig. 3. AFM images of PTAC derivatives in casting films on mica substrates: (a) Per4, (b) Per10, and (c) Per12.
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Fig. 4. DSC curves of PTAC derivatives: (a) Per4, (b) Per6, (c) Per8, (d)
Per10, and (e) Per12. Scan rate is 10 °C/min.

by the longer hexyl or octyl groups, no obvious difference was
observed in film morphology during rapid cooling under cross-
polarizer microscope due to the better flexibility of these lon-
ger (hexyl and octyl) chains. Per10, however, could not hold
the ordered structure during rapid cooling due to its narrow
liquid crystal range.

3.4. Photoconductivity

In order to study the influences of molecular structures and
aggregate behaviors on the photoconductivity of PTAC
compounds, we fabricated dual-layered photoreceptors. The
change in the photosensitivity (S) and residual potential (V)
of PTAC with different alkyl chains is given in Table 2. We
can find that, under the same exposure conditions and with
the same CTL, the photoreceptor from Per12 shows a photo-
sensitivity of 2.02 mJ~' cm?® After decreasing the length of
alkyl chain slightly to decanyl (Per10), the photosensitivity in-
creases slightly to 2.93 mJ~' cm”. The photosensitivity further

Fig. 5. Optical textures of (a) Per4, (b) Per6, (c) Per8, and (d) Per10 films cooled down slowly from the isotropic phase (magnified 100x).
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Fig. 6. Optical textures of Per4 film under cross-polarizer at 214 °C (a) and being cooled down rapidly to 27 °C (b); Per6 film at 183 °C (c) and being cooled down
rapidly to 52 °C (d); Per8 film at 140 °C (e) and being cooled down rapidly to 25 °C (f); Per10 film at 68 °C (g) and being cooled down rapidly to 26 °C (h). The

cooling rate for all samples is 100 °C/min.

increases with decreasing length of the alkyl chain, and rea-
ches the highest of 90.91 mJ~' cm? for Per4, 45-fold higher
than that of Perl2. It is also found that residual potential
(V) of these photoreceptors decreases gradually with decreas-
ing alkyl chain length attached to perylene moiety, and reaches
the lowest for Per4, indicating that the photoconductivity

increases with decreasing length of attached alkyl chain for
PTAC derivatives as well. The significant change of photosen-
sitivity for PTAC derivatives used in this study is thought to be
related with their morphologies in film because they own the
same photoactive perylene core. As demonstrated from XRD
and AFM results earlier, the PTAC derivatives tend to form
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Table 2
Photosensitive parameters of PTAC derivatives
Ve (V) 112(5) S (mJ~' em?)?

Perd 46 0.01 90.91

Per6 112 0.08 11.36

Per8 171 0.19 478

Per10 213 0.31 2.93

Per12 281 0.45 2.02

* The photosensitivity § = E;;5 (mJ~' cm?), being exposed to white light of
1.1 mJ~" cm? Initial surface potential is about 850 V.

a crystal film by decreasing the length of the attached alkyl
chain. Per4 can form continuous and ordered crystal film while
Per12 forms amorphous film by solution-casting method. The
continuous and ordered crystal film endows better charge trans-
portation than the amorphous film does, leading to higher pho-
tosensitivity for Per4 when compared to Per12. XRD results
also suggest that the more ordered and crystalline film forms
with decreasing length of the alkyl chain, indicating that the
longer chain prevents molecules from packing tightly and or-
derly to form crystal form, leading to worse photosensitivity
for longer chains.

4. Conclusions

In summary, a series of PTAC derivatives of satisfactory
purity and high yield were obtained via a phase-transfer
catalysis method in a single-step by using readily available
starting materials under mild conditions, which provides a sim-
ple approach to synthesize soluble PTAC derivatives as well as
other complicated organic semiconductors. The length of the
alkyl chains attached to the perylene skeleton had a great
effect on aggregation in films, which was interpreted in terms
of different aggregate structures. Photosensitivity increased
with decreasing length of alkyl attached to perylene and
reached a maximum for Per4, this being some 45 times higher
than that of Per12 when exposed to white light. The more
ordered and crystalline film could be formed with decreasing
length of alkyl chain attached to perylene core, which is favor-
able for charge transport. The results offer help in the design
of high-performance photoconductive materials.
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