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New electron-transport (ET) organic materials that can readily
be processed from solution are required for organic electronics and
optoelectronics. The 5,6,11,12,17,18-hexaazatrinaphthylene (HAT-
NA) ring has recently been identified as a potential component of
ET materials, due to its ease of reduction and its ability, when
suitably substituted, to self-assemble into columnar structures with
large bandwidths.1,2 Recently, mobilities as high as 0.9 cm2 V-1

s-1 have been measured using the pulse-radiolysis time-resolved
microwave conductivity technique in the crystalline phases of hexa-
(alkylsulfanyl) derivatives.3 Here we report on a new tris(pen-
tafluorobenzyl ester) derivative,3 (Figure 1); both morphology and
the effective charge-carrier mobility of thin films depend on whether
pure3b or a 3a/b isomer mixture is used, but we have measured
effective mobilities as high as 0.07 cm2 V-1 s-1.

Bock and co-workers have previously reported the condensation
of hexaketocyclohexane with 3,4-diaminobenzoic acid and esteri-
fication of the resulting tri(carboxylic acid) (Figure 1, Z) CO2H)
with a range of alcohols.1 They report that these ester species are
formed solely as the less symmetrical (Cs) 2,8,15- (b) isomer (Figure
1). In contrast, we obtain3 (and, therefore, presumably also the
poorly soluble triacid precursor) as an approximately statistical (1:
3) mixture of thea (C3h) and b isomers; these isomers can be
distinguished by HPLC (two fractions with indistinguishable UV-
vis spectra) and can be isolated in large quantities using recrystal-
lization from CH2Cl2 (3a, isomer purity >92%) or column
chromatography (3b, >90%). The NMR chemical shifts and line
widths and, therefore, the apparent numbers and multiplicities of
peaks are strongly dependent on concentration, presumably due to
aggregation effects. However, the isomers can clearly be distin-
guished by high-field1H or 19F NMR studies at moderate
concentrations (ca. 10-3 M; see Supporting Information).

We have determined the ionization potential (IP) of a film of
the parent HATNA,14 (vapor deposited on Au), to be 6.6( 0.1
eV using photoelectron spectroscopy (PES) and the electron affinity
(EA) to be-2.8( 0.4 eV using inverse photoelectron spectroscopy
(IPES). One can, therefore, anticipate that the electron-withdrawing
ester groups of2 and3 will lead to EAs< -2.8 eV and IPs> 6.6
eV, if one assumes that solid-state aggregation has similar effects
on EA and IP for each compound. Indeed, DFT calculations show
gas-phase adiabatic EAs of-1.40,-1.89, and-2.09 eV for1, 2
(R ) Me), and3, respectively, and IPs of 7.56, 7.72, and 7.78 eV.

The calculations also indicate that the small difference in the EAs
of 2 and3 is due to inductive effects; in both cases, the LUMO is
restricted to the core and, to a lesser extent, the ester substituents,
with negligible coefficients on the R groups. Electrochemical
measurements are potentially also complicated by the affects of
aggregation; however, we observed reversible reductions for1, 2
(R ) Et), and3 at -1.44,-1.17, and-1.12 V, respectively (vs
FeCp2+/0, ca. 10-4 M in CH2Cl2/0.1 M [nBu4N]+[PF6]-), consistent
with the DFT EA trends for isolated molecules and suggesting a
solid-state EA of ca.-3.1 eV for3.5

According to DFT calculations, the reorganization energy for
the electron-exchange reaction between3 and3- (0.20 eV) is larger
than that for the parent1/1- system (0.10 eV); however, it is still
lower than the value estimated in the same way for Alq3/Alq3

-

(0.28 eV6) or for TPD+/TPD (0.29 eV7), suggesting a low barrier
for ET in 3.

Thin films of a 3a/b isomer mixture (ca. 1:3) and of pure3b
were obtained on cooling from above the isotropic melting point
290 and 295°C, respectively (as measured by DSC) between two
ITO-coated glass slides with calibrated glass spacers. X-ray
diffraction data were obtained on samples prepared in a similar
way without the top slide. The absence of diffraction peaks in the
X-ray pattern, together with the absence of a texture under polarized
optical microscopy (POM), suggests that mixed-isomer films are
amorphous; these films show no evidence of crystallization after
storage at room temperature for 18 months. Films obtained by
rapidly cooling (100°C/min)3b show a distinct texture under POM
and show weak X-ray diffraction patterns (Figure 2). In more slowly
cooled (<15 °C/min) samples of3b, spherulite textures with
dimensions of several millimeters are observed using POM.

The effective charge-carrier mobility in films of3 was studied
by the steady-state space-charge limited current (SCLC) technique.8

Figure 3 shows the current-density/voltage (J-V) characteristics
of a sample with structure ITO/3b (5 µm)/ITO under ambient
conditions. We extracted effective mobility values,µeff, by fitting
the nearly quadratic region of theJ-V curve according to the
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Figure 1. Structure of HATNAs. For compound1, Z ) H; for 2, Z )
CO2R [R ) alkyl]; for 3, Z ) CO2CH2C6F5.
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equation9

whereε0 is the permittivity of free space,εr is the relative dielectric
constant of the active material estimated from capacitance measure-
ments,d is the film thickness,µ0 is the zero-field mobility, andγ
is the field activation coefficient. Equation 1 is a modified version
of the Mott-Gurney10 equation that takes into account the fact that
the mobility in organics typically varies with electric field,E,
according to

Values ofµeff at given electric fields were calculated according to
eq 2 using values ofµ0 andγ obtained through the fitting procedure
of the J-V characteristic in the quadratic (SCLC) region with eq
1. For the mixed-isomer film, we obtained a maximum effective
mobility of 0.02 cm2 V-1 s-1. The effective mobility is one of the
highest reported for an amorphous material.11 In devices based on
rapidly cooled pure3b (poorly crystalline), an even higher mobility
of ca. 0.07 cm2 V-1 s-1 was measured (Figure 3), but a value of
only 0.001 cm2 V-1 s-1 was obtained for a more slowly cooled

sample (exhibiting a spherulite texture on the millimeter length scale
under POM), emphasizing the important influence of morphology
on mobility. We have been unable to acquire mobility data for films
of pure3a due to the strong tendency of these films to crystallize
and to delaminate from the electrodes. Although, due to the different
techniques employed, the mobilities for3 cannot be directly
compared to the high mobilities reported for HATNAs in ref 3, it
is interesting to note that in both cases the highest mobilities were
achieved in materials showing at least some crystallinity.

The estimated EA and IP values for3 suggest that the barrier to
electron injection into3 from ITO (EFermi ≈ 4.5 eV) is considerably
lower than that for hole injection and, hence, that the majority of
charge carriers in3 are likely to be electrons, and therefore, our
µeff values are likely to representelectronmobilities.

In conclusion, we have found that tris(ester) derivatives of
HATNA are obtained as a statistical mixture of the two possible
isomers, in contrast to a previous report that the pure 2,8,14-isomer
is obtained. The presence of two isomers can have important
implications for film morphology and effective mobility. In3, the
statistical isomer mixture forms amorphous films with excellent
temporal stability, which show an effective mobility that is the
highest yet reported for an amorphous material. In contrast, films
of the pure isomers,3a and3b, show tendencies to crystallize;3b
films can exhibit widely differing morphologies and carrier mobili-
ties depending critically on the processing conditions. These results
suggest that these materials may be promising active components
of electronic and optoelectronic devices, due to the potential to
control morphologies and mobilities by changing the isomer ratio.
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Figure 2. (a) X-ray diffraction at room temperature from rapidly cooled
(100 °C/min) films of 3a/b (ca. 1:3) on glass (background due to glass
subtracted and data smoothed). Panels (b) and (c) are cross-polarized optical
microscopy images of the same samples.

Figure 3. Typical current density,J, versus voltage,V, of an ITO/3b (5
µm)/ITO device in the dark and ambient conditions. The solid lines represent
the predictions from a SCLC model including the field-dependent mobility
of eq 1. The dashed line represents Ohm’s law.
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