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Oligoacenes in general and pentacene in particular (see structure
in Figure 1) are currently the object of much interest following a
number of recent important discoveries by Batlogg and co-
workers.1-3 In this communication, our focus is on elucidating the
origins of the large intrinsic carrier mobilities found in pentacene
single crystals.1

In π-conjugated systems, a strong coupling exists between the
geometric and electronic structures which control transport proper-
ties.4 Charge injection or electronic excitation processes lead to
geometry relaxations, which in turn modify the electronic structure.5

In a transport regime corresponding to hopping, such as that often
operational around room temperature inπ-conjugated systems,6 this
coupling leads to a localization of the charge carriers on individual
molecules for a sufficient time so that the nuclei can relax to the
optimal geometry of the charged state.7 At the microscopic level,
the charge transport mechanism can then be described as involving
a self-exchange electron transfer from a charged oligomer to an
adjacent neutral oligomer.

In the context of semiclassical electron transfer theory and
extensions thereof,8 there are two major parameters that determine
self-exchange electron-transfer rates and ultimately charge mobil-
ity: (i) the electronic coupling (transfer integral) between adjacent
molecules, which needs to be maximized (we have recently shown
the electronic couplings to be large for pentacene, leading to electron
and hole bandwidths on the order of 0.5 eV9) and (ii) the
reorganization energyλ, which needs to be small for efficient
transport. The reorganization energy for self-exchange essentially
corresponds to the sum of geometry relaxation energies upon going
from the neutral-state geometry to the charged-state geometry and
vice versa. These two portions ofλ are typically nearly identical
to one another.10 We note that there have been recent attempts to
design functionalized pentacenes to influence the solid-state order
and electronic coupling.11,12

Here, we discuss the reorganization energy in pentacene on the
basis of a joint experimental and theoretical study of pentacene
ionization. We have carried out high-resolution gas-phase photo-
electron spectroscopy (PES) measurements,13 semiempirical INDO
(intermediate neglect of differential overlap) calculations, and first-
principles correlated quantum-mechanical calculations14,15at MP2
and density functional theory levels.

The vibrational (or inner-sphere) reorganization energyλv of a
singlemolecule (with self-exchangeλ ≈ 2λv) can be determined
by analysis of its gas-phase photoelectron spectrum.16 Vibrational
structure present in an ionization band can be analyzed to provide
values of a distortion parameter (the Huang-Rhys factor,S) that

is related toλv by:16

whereh is Planck’s constant andνk is the vibrational frequency
of the kth vibrational mode. The results of this type of analysis
have recently been reported for other organic molecules17 and for
the ionization from a very localized metal-hydride σ bond.18 λv

can also be derived from other types of spectroscopy,19-21

particularly resonance Raman,22,23or from the temperature depen-
dence of electron-transfer rate constants.24,25 Compared to these
methods, PES has the benefit that separatingλv from solvent
reorganization energy is not necessary.

The gas-phase photoelectron spectrum of pentacene is shown in
Figure 1 with the INDO simulated spectrum; the agreement between
theory and experiment is remarkable; it provides for a detailed
interpretation of the experimental peaks and lends support for our
previous use of INDO to study oligoacenes.9

The first ionization corresponds to removal of an electron from
the highest occupied (3b2g) orbital. It is found to have a vertical
and adiabatic ionization energy of 6.589( 0.001 eV and is well
separated from the other ionizations of the molecule. The first
ionization energy of pentacene has previously been reported as
6.6426 and 6.74 eV.27 Several ionizations contain partially resolved
vibrational fine structure. A close-up of the first ionization that
shows this structure in more detail is shown in Figure 2.

The data of Figure 2 has been deconvoluted using a series of
asymmetric Gaussians28 to allow quantitative analysis of this
structure. The first ionization band clearly exhibits a high-frequency
progression (ν2) of 1347( 33 cm-1. The frequency ofν2 is in the
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Figure 1. Gas-phase photoelectron spectrum of pentacene (top); INDO
energy levels and corresponding simulated spectrum (bottom); the vertical
bars refer to the calculated energies of the molecular orbitals.
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region of the C-C stretching modes observed in the Raman
spectrum of neutral pentacene.29 The intensities of this progression
resembles a Poisson distribution:

whereIn is the intensity of thenth vibrational band. The best fit
yields S2 ) 0.251. There is also contribution from one or more
lower-frequency vibrations that accounts for about 30% of the
integral intensity. This contribution can be modeled to fit the
experimental data with a frequency progression (ν1) of 483 ( 61
cm-1. All the Gaussian peaks shown with light dotted lines in Figure
2 that are at lower ionization energy than the vertical ionization
follow a Boltzmann distribution of intensities; they are attributed
to hot bands resulting from the population of excited vibrational
levels in the ground state of the molecule at the temperatures at
which the data were collected (505( 5 K). The best fit to the
harmonic model (eq 2) yieldsS1 for ν1 of 0.279, but the agreement
is not as good as for the high-frequency progression. This value is
most likely an upper limit estimate, since nonadiabatic contributions
are also possible. The structure of the ionization manifold at higher
energy than the vertical ionization is somewhat complicated by the
fact that the vibrational progressions and hot bands of neighboring
components partially overlap.

Analysis using eq 1 and the frequencies andSvalues listed above
gives a contribution toλv from ν2 of 0.042( 0.002 eV, and the
structure modeled withν1 contributes 0.017( 0.002 eV. The total
experimentally derivedλv value for pentacene is then 0.059( 0.002
eV. For comparison,λv for other organic molecules measured in
the same way17 ranges from 0.158( 0.004 eV for dibenzo[a,c]-
anthracene (which also contains five fused rings similar to penta-
cene) to 0.180( 0.005 eV for 1,10-phenanthroline (which contains
three fused rings). The higher symmetry and resultant more
delocalized nature of the orbital from which an electron is being
removed from pentacene will lead to a lowerλv.

The quantum-mechanical geometry optimizations at the B3LYP,
BHandHLYP, and MP2 level (with 6-31G** or equivalent basis
sets) provide consistent results. They indicate that the bond-length
modifications on going from neutral to positively charged pentacene
are on the order of 0.01 Å with maximum changes of at most 0.02
Å. The three methods provideλv energies of 0.049, 0.089, and 0.023
eV (both for relaxation of the cation state and for relaxation of the
neutral state); these results bracket the experimental value, with
the closest match obtained at the B3LYP level. We can compare
the B3LYP reorganization energy calculated for pentacene to that
calculated for an extensively exploited hole-transport material,
TPD.10 The pentacene result,λ ) (2 × 0.049)) 0.098 eV, is three
times as small as that for TPD, 0.29 eV.10 Interestingly, the B3LYP

λ values for the substituted pentacenes of refs 11-12 are about
50% higher than in pentacene itself.

Thus, the reorganization energy upon positive ionization of
pentacene is determined both experimentally and theoretically to
be remarkably low. This is an important element that, together with
the large electronic couplings, allows one to rationalize the
extremely high hole mobilities recently measured in pentacene.
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Figure 2. High-resolution close-up of the first ionization of pentacene.
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