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/Abstract: Acenes, consisting of linearly fused benzene rings,
are an important fundamental class of organic compounds
with various applications. Hexacene is the largest acene that
was synthesized and isolated in the 20th century. The next
largest member of the acene family, heptacene, was ob-
served in 2007 and since then significant progress in prepar-
ing acenes has been reported. Significantly larger acenes, up
to undecacene, could be studied by means of low-tempera-
ture matrix isolation spectroscopy with in situ photolytic

-

generation, and up to dodecacene by means of on-surface
synthesis employing innovative precursors and highly de-
fined crystalline metal surfaces under ultrahigh vacuum con-
ditions. The review summarizes recent experimental and the-
oretical advances in the area of acenes that give a signifi-
cantly deeper insight into the fundamental properties and
nature of the electronic structure of this fascinating class of
organic compounds.

/

1. Introduction

Acenes are polycyclic aromatic hydrocarbons (PAHs) that con-
sist of linearly fused benzene rings and have the general for-
mula Cuy_oHoyi e A unique feature of acenes, which follows
from this topology of ring fusion, is that they share only a
single Clar sextet among all six-membered rings present
(Figure 1).2-

This has dramatic consequences: acenes have the smallest
energy gaps between the highest occupied and lowest unoc-
cupied molecular orbitals (HOMO-LUMO gap) among PAHs of
comparable size.®'” A small HOMO-LUMO gap implies that
the standard description of the electronic structure, involving
only doubly occupied and fully vacant molecular orbitals
(MOs), the picture that is deeply entrenched in the thinking of
organic chemistry, cannot well represent acenes of a certain
length. This was already realized in the 1980s"""'? and is today
summarized as the radicaloid (or sometimes open-shell) char-
acter of acenes, which increases with length from diradicaloid
to polyradicaloid."*"® A hallmark of organic diradicals is the
small singlet-triplet energy gap, AEs: To put the abstract word-
ing of “diradicaloid character” of acenes into context, a com-
parison of pentacene, the largest acene for which AEg was de-
termined experimentally, with a typical organic diradical, m-
benzyne, is instructive: both have an energy gap, AEg of
roughly 20 kcalmol™" (Figure 2).'”""® The small HOMO-LUMO
energy differences of acenes cause small optical gaps, energet-
ically low-lying triplet states, low ionization potentials (IPs),
and high electron affinities (EAs).'""

These special properties make some members of the acene
family, in particular, tetracene and pentacene, of high impor-
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tance for applications.”>* Pentacene is a superb hole trans-
porting (i.e., p-channel) semiconductor, and hence, the com-
pound is of high relevance in organic field-effect transistor
(OFET) research. lts excited-state ordering E(S,;) > 2E(T,) turned
it into a test subject in singlet fission research.”’=*

The flipside of the coin is that the electronic structural fea-
tures outlined above also cause high reactivity. Indeed, be-
cause acenes only have one Clar sextet, they are the most re-
active among PAHs of a similar size. The kinetic stability of
acenes decreases with an increasing number of rings because
they tend to dimerize (or possibly polymerize)®**" and react
readily with oxygen, especially in solution.®**¥ Consequently,
the largest acene that could be synthesized in the 20th centu-
ry through conventional organic chemistry techniques was
hexacene (6ac).***” Although this could be structurally charac-
terized by using single-crystal X-ray diffraction,“**"" as well as
by a number of spectroscopy techniques,?*3-44243 solytion-
phase NMR spectroscopy was not reported for 6ac. This is due
to an additional problem of acene chemistry: due to high CH-
7t intermolecular interaction energies of adjacent molecules in
the herringbone crystal structure, solubility is very low for the
larger members.

These problems could successfully be alleviated, to a certain
extent, by the introduction of trialkylsilylethynyl (R;SiC,—) sub-
stituents that increase stability and solubility at the same time.
Following pioneering work on 6,13-di(triisopropylsilylethynyl)-
pentacene,*** it was possible to synthesize stabilized hexa-
cenes,"**"! heptacenes,“**>% and even nonacenes.”"*? The
substituted heptacenes could be characterized spectroscopical-
ly and structurally, and it was shown that they had significant
persistence in solution.***=% The nonacene derivatives could
be characterized by means of optical spectroscopy and single-
crystal X-ray analysis, but solution-phase NMR spectroscopy
was precluded.” The authors found that the quality of the
'H NMR spectra improved with the deterioration of the nona-
cene derivatives, and it is possible that this is due to the pres-
ence of nonacene high-spin species, such as radical ions gener-
ated by photoredox processes or thermally populated triplet
nonacenes, as a consequence of the energetically close-lying
triplet state. Larger kinetically stabilized acenes have not been
reported, to date.

The ground-breaking 2006 paper of Neckers etal., which
first provided convincing evidence for the existence of hepta-
cene (7ac) by means of polymer matrix isolation at room tem-

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Clar resonance structures of pentacene.
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Figure 2. Singlet-triplet energy gaps measured for pentacene!” and m-ben-
18]
zyne.

perature,®¥ was quickly backed by more detailed cryogenic

matrix isolation investigations,®*** and thus, significant advan-
ces were achieved in the preparation of unsubstituted long
acenes. The key to success of all new studies is the generation
of the acene under investigation from suitable precursors
within the vacuum system of the experimental setup. In this
way, octacene (8ac) and nonacene (9ac) could be observed
spectroscopically in 2010 under cryogenic matrix isolation con-
ditions.”® Nonetheless, it took several years until larger sys-
tems were successfully studied.

Today, undecacene (11ac; Figure 3) is the largest acene that
has been studied experimentally by our research group under
matrix isolation conditions,”” and by Echavarren etal. by
means of on-surface synthesis.*® The on-surface generation of
acenes, combined with state-of-the art microscopy techniques,
has seen a significant boost over the last few years, and the
field quickly achieved the investigation of acenes up to dodec-
acene (12ac; Figure 3), which is the longest acene observed so
far®¥ Herein, we summarize recent developments of research
into (parent) acenes larger than pentacene.

LD e
O e

Figure 3. Structures of undecacene (11ac) and dodecacene (12ac), which are
the longest acenes observed, so far.

2. Hexacene and Heptacene in Bulk Phases

Although the first synthesis of hexacene (6ac) was already re-
ported in 1939,5% its high reactivity has limited detailed inves-
tigations and applications, as reviewed by us in 2014.%%¢" The
decarbonylation route to 6ac (Scheme 1a) introduced by the
group of Chow™ employs a precursor strategy that allows the
generation of 6ac in a convenient manner.*” Single crystals of
this material were employed in field-effect transistors and re-
sulted in averaged mobilities of 0.88 Vcm™2s™', whereas the
best hole mobility observed was 4.28 cm?V~'s™'. Watanabe

Chem. Eur. J. 2021, 27,3193 -3212

www.chemeurj.org 3195

et al. subjected 6ac to a Diels—Alder reaction with diethyl mal-
onate under microwave conditions, and from the cycloaddition
adduct, 6ac could be generated after annealing in a nitrogen
atmosphere at 240°C (Scheme 1b).¥ In this way, it was possi-
ble to obtain films of 6ac by means of spin coating and to
fabricate OFET devices that showed low hole mobility, which
was suggested to result from the low quality of the films."
The best results obtained after optimization were 3.5x
102cm?V's ' The same group also used 6ac obtained by
the decarbonylation route for the fabrication of OFETs by
means of vacuum deposition and obtained a hole mobility of
7.6x102cm?V s % Interestingly, 2-bromohexacene, which
was obtained from an analogous thermal precursor, formed
smoother films and showed an eightfold higher hole mobility
of 0.83 cm?V ' 1.16%

Han et al. also investigated the semiconductor performance
of 6ac in OFET devices.”™ They synthesized 6ac through dehy-
drogenation of 6,15-dihydrohexacene (4) with copper powder
during sublimation.® This was the same method that Clar
used in the first synthesis of 6ac back in 1939,%Y although he
obtained 4 in a different way. For OFET fabrication, compound
6ac was deposited by means of vacuum sublimation onto sur-
face-modified SiO, (polymers and self-assembled monolayers)
gate electrodes.” The best results were obtained for the poly-
styrene (PS) dielectric layer with £ =0.123 cm?V~'s "** A pho-
tograph of solid 6ac given by Han et al. (Figure S1a of ref. [65])
showed a turquoise color, whereas Watanabe et al. obtained a
dark-blue solid (Figure 2a of ref. [40]). The sample of 6ac that
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Scheme 1. Recent syntheses of hexacene (6ac).

we obtain after sublimation (see below) has an appearance
similar to that of the sample of Watanabe et al.,"*” while re-
maining turquoise-colored residual materials are discarded.
This suggests that the purity of the samples of Han et al.®”
could be further improved, which, in turn, could result in
better performing devices being obtained.

The photophysics of films and crystals of 6ac was also inves-
tigated.”” Hexacene was obtained through the decarbonyla-
tion route (Scheme 1a), and from ultrafast dynamics, it was
concluded that, due to the dominant singlet fission relaxation
pathway (S,—2xT, + photons), 6ac was suboptimal for photo-
voltaics because some of the energy was dissipated as heat.*
Another unexpected observation was that singlet fission of
6ac was very efficient, but slower than that in pentacene. A
somewhat simplified explanation is associated with an energy
gap law: the larger energy gap between S, and 2xT, in 6ac,
compared with that of pentacene, reduces the singlet fission
rate.*

Films of 6éac on Au(110) were prepared, and the thin-film
properties and electronic structure of 6ac were investigated by
using X-ray photoelectron spectroscopy (XPS) and X-ray ab-
sorption spectroscopy (XAS) by Griininger et al.®® The required
6ac was obtained through Meerwein-Ponndorf-Verley (MPV)
reduction of 6,15-hexacenequinone followed by sublimation
for purification (Scheme 1d). The advantage of this route is
that 6,15-hexacenequinone is readily available on a multigram
scale and that MPV reduction is straightforward. This out-
weighs, in our view, the low yield of high-purity 6ac after gra-
dient sublimation (1% initially, but about 10% after improve-
ments).*? The compound was subsequently employed in or-
ganic vapor-phase deposition, as performed routinely with
other organic semiconductors. It was concluded that the mole-
cules of 6ac adopted an almost flat-lying arrangement at the
6ac-Au(110) interface.® In addition, the thickness dependence
of the X-ray absorption spectra suggests that there is strong
coupling of molecular states with the states of the Au(110)
substrate.’®

The electronic interface properties and molecular orientation
of 6ac on oxygen-terminated copper, Cu(110)-(2x1)O, was

Chem. Eur. J. 2021, 27, 3193 -3212 www.chemeurj.org
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=150°C
6ac

also investigated by using XAS and XPS, respectively.®” The
molecules align with their long axis parallel to the oxygen row,
while the short axis is tilted with respect to the substrate
(Figure 4).°7 This shows that the Cu(110)-(2x 1)O surface can
be used as a template for film growth of 6ac up to a thickness
of at least 16 nm."”

The first attempts at the synthesis of heptacene (7ac) date
back to 1942.°®' However, the first convincing evidence for its
existence was provided by the group of Neckers in 2006 (see
above) by means of polymer matrix isolation.*® The question
of whether 7ac could only exist in matrices was addressed by
our research group in 2017.%” MPV reduction of 7,16-heptace-
nequinone (6) does not result in 7ac, but rather in two isomers
of diheptacene (7a and 7b) that could not be separated
(Scheme 2).

Attempted sublimation of the 7 under high-vacuum condi-
tions resulted in sublimation of monomeric 7ac, as shown by
means of cryogenic argon matrix isolation. Deposition of vapor

Figure 4. The orientation of 6ac on a Cu(110)-(2x 1)O surface. Reproduced
with permission.”” Copyright 2018, American Chemical Society.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Tac

Scheme 2. MPV reduction of 6 produces 7a and 7 b that undergo thermally

induced cycloreversion to 7ac upon heating.®”

of 7ac in the absence of argon allowed growth of films of 7ac,
as evidenced by optical spectroscopy. Although partial decom-
position cannot be ruled out, the persistence of these films at
room temperature and under high vacuum clearly demon-
strate that 7ac can exist in the bulk phase for some time. The

T T T T
250 200 150 100 50 0 ppm

c)
* *
T T T T T T T |
250 200 150 100 50 0 ppm

most convincing evidence comes from solid-state cross polari-
zation magic angle spinning (CPMAS) *C NMR spectroscopy
(Figure 5). Heating of sample 7 in a rotor commonly used for
solid-state NMR spectroscopy to 300°C for 10 min shows that
the C signals associated with tetrahedral bridgehead carbon
atoms at 0 =54.7 ppm essentially disappear, whereas the spec-
trum in the range of the aromatic carbon atoms changes (sig-
nals at d=138.3, 130.3, 126.2, 122.7 ppm decrease) and adopts
the shape expected for 7ac (0=129.4, 126.6 ppm, with a
shoulder at & 124 ppm). The thermal cleavage of dimers ap-
pears to be reversible because some of the initial signals due
to the bridgehead carbon atoms of 7 grow over some time.
Another heating cycle, however, regenerates 7ac.

The decarbonylation route was also extended to 7ac
(Scheme 3), as well as to isomeric dibenzopentacenes.”” The
synthesis employed ketone-protected bis-diene 8, which was
used in Diels-Alder reactions with 2,3-didehydronaphthalene,
aromatized, deprotected, and finally decarbonylated. The de-
carbonylation reaction sets in at 205 °C, according to thermog-
ravimetric analysis and 7ac is found to be stable up to
420°C.

X 2006066

* J *
T T T T T T
250 200 150 100 50 0 ppm
* *
r T T T T T T 1
250 200 150 100 50 0 ppm

Figure 5. Solid-state CP-MAS *C NMR spectra. a) Product mixture obtained after MPV reduction of 6. b) Heptacene (7ac) obtained after heating to 300 °C for
12 min. ¢) Sample from b) after one month at room temperature under an ambient atmosphere. d) Same sample after heating again (300°C/12 min). (Aster-
isks mark rotational side bands.) Reproduced with permission.*® Copyright 2017, American Chemical Society.
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Scheme 3. Decarbonylation route to 7ac. DDQ = 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone, OTf = triflate, TMS = trimethylsilyl, DCM = dichlorome-
thane.””

The sample of 7ac was characterized by means of IR and
solid-state CP-MAS ">C NMR spectroscopy and high-resolution
ESI-MS."® The authors stressed the prospects of using this
technique for solid-state synthesis of larger acenes,”” which, in
view of the work of Fang on 8ac and 9ac,”" seems to be plau-
sible.

3. Preparation of Large Acenes under Matrix
Isolation Conditions

As mentioned above, the first convincing evidence for the exis-
tence of heptacene (7ac) was provided by the group of Neck-
ers in 2006, using matrix isolation techniques.”® Employing a
poly(methyl methacrylate) (PMMA) matrix at room tempera-
ture, photolysis of o-diketone 11 with a light-emitting diode
(LED) resulted in photodecarbonylation (Strating-Zwanen-
burg”?”® reaction) and formation of 7ac (Scheme 4). Photo-
transformation in PMMA at room temperature was monitored
by means of UV/Vis spectroscopy,”® and subsequently also in
noble-gas cryogenic matrixes by means of IR and UV/Vis spec-
troscopy,®**? and showed the clean formation of 7ac.

At 10 K, noble-gas matrix isolated 7ac is not EPR active (see
the discussion on diradical character below) and does not ther-
mally react with dioxygen upon annealing up to 35 K.P** At
room temperature and under an ambient atmosphere, the
PMMA-embedded sample of 7ac was stable for up to 4 h, but
degraded due to reaction with atmospheric oxygen, which
could diffuse into the polymer. Indeed, the oxygen-induced
bleaching of 7ac was used to measure the oxygen permeabili-
ty of polymers.” A comparison of these results with the be-
havior of solid 7ac, which appears to be stable for weeks,® "
shows that solid-state aggregation enhances the stability dra-
matically. Similar differences in stability were reported for 6ac,
which could not be synthesized by photogeneration from its
a-diketone precursor in solution due to photolability under
the conditions of its generation,®® and only had a short life-

o
ST st COCCCCO

Scheme 4. Synthesis of 7ac through photodecarbonylation (Strating-Zwa-
nenburg reaction).
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63 but was stable for months

time of about 5 min in solution,
in the solid state.””!

The experimental strategy to produce the target acene from
the a-diketone precursor through photoirradiation by the
Strating-Zwanenburg reaction was earlier applied for the syn-
thesis of pentacene in toluene by Yamada et al.,”””® and since
has been employed successfully for the photogeneration of
acenes.”” This strategy was also adopted for studying 6ac and
7ac, but, due to their instability towards oxidation and dimeri-
zation in solution during irradiation, photolysis was performed
in both polymer matrices and noble-gas matrices.’***>% The
method turned out to be more broadly applicable and has
been successfully applied to acenes as large as 8ac,*® 9ac,*®
and 11ac.”” To obtain 8ac and 9ac, it was necessary to include
a second a-diketone bridge in the precursor molecules. Other-
wise the precursors were deemed to be too unstable because
they would contain tetracene units themselves. With these pre-
cursors in hand, 8ac and 9ac could be observed in an argon
matrix,®® as reviewed by us previously.®®¢"

The next step was the preparation of 11ac.”” The synthesis
of the precursor followed the strategy established previously,*®
which was based on repeated Diels—Alder reactions between
in situ generated arynes and core building block 13 with two
diene moieties, and provided access to the undecacene scaf-
fold 15 (Scheme 5). After aromatization, dihydroxylation by
0s0O, and oxidation by using TEMPO/NaOC| tetraketone 17
was obtained.

The synthesis is very challenging and only small amounts of
undecacene precursor 17 were obtained. The synthesis of the
missing decacene (10ac) by an analogous reaction sequence
would be even more demanding because systems with an
even number of rings require an additional Diels-Alder step.
However, synthetic availability is not the only problem that
hampers the study of larger polyacenes. It turned out that un-
decacene precursor 17 could not be sublimed without decom-
position, so isolation in an inert-gas matrix was not successful.
Instead, it was prepared in a polymer matrix on top of an opti-
cal window. In contrast to smaller acenes, up to 7ac, which
could be studied in polymers at room temperature, photolysis

rmﬁr
MeLi
B" E@i e OO‘(@

(47% loluene 0 Ctor!

OO e
1 chloranil, K,CO3, reflux

2. 0s04, NMO, acetone, H,0, 96 h
(51% over two steps)

TEMPO, KBr, NaOCI, NaHCO3
OOO .OOO‘ OOO
8% )
P
() 17 [¢]

Scheme 5. Synthesis of photoprecursor 17 used for the preparation of 11ac.
NMO = N-methylmorpholine N-oxide, TEMPO = (2,2,6,6-tetramethylpiperidin-
1-yl)oxyl.

nBulLi, toluene
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was performed at 8 K under high vacuum, and the reaction

tion conditions that generally preclude more conventional or-

38 g 88 ]
progress was studied by means of UV/Vis spectroscopy. o TT | T CT,
Because acenes possess very characteristic electronic absorp- A [ — -
tion spectra,® UV/Vis spectroscopy is a highly suitable 40 -/," \¢ o T}S g
method for their characterization, especially under matrix isola- ‘ }¥ " / A
30 {'\‘,', \ <}
[

ganic chemistry analytical tools. The optical spectra of the
smaller acenes are textbook examples.®” Their spectra general-
ly show three band systems, called {3, @, and p bands, accord-
ing to Clar (or 'By, 'L, and 'L,, according to Platt). The § band
is of high intensity, whereas the o band is very weak. The p
band has an intermediate intensity. It often shows a character-
istic vibrational fine structure and is associated with the HOMO
to LUMO transition, and thus, the optical gap. Both the 3 and
p bands are shifted bathochromically with increasing size of
the acene system. A detailed analysis of the optical spectra of
acenes up to 6ac”® was provided by Nijegorodov et al.?"

The gradual evolution of the optical spectra with increasing
acene length, up to 9ac, strongly suggests that this compound
still has a singlet electronic ground state, in contrast to the ex-

A

Figure 6. Spectrum obtained after successive irradiation of 17 in PS at 8 K
with light of wavelengths 2>395 nm and then 450 >4 >350 nm (arrows
pointing upward or downward indicate the increase or decrease of the
bands after irradiation; * marks a PS absorption). Reproduced with permis-
sion.” Copyright 2018, Wiley-VCH.

Y
-

28000 —

pectation based on extrapolation from data available up to — .
6ac.” The singlet nature of the acene series is supported by 20l
the available computational quantum chemistry results (see g
below). The optical spectra become more complicated with in- g ean >
creasing acene size as new strong bands appear, which, ac- £ 200004 /
cording to DFT/multireference configuration interaction (MRCI) 2 180004
calculations,®" arise from two-electron transitions that become Q16000 ./
increasingly important for the larger systems. One of these § 14000 - ./
transitions, called D2,%" gains significantly in intensity and falls 12000 ./0/
faster in energy than the {3 band. o660 4 o
The formation of 11ac proceeds in a stepwise manner,*” as A o My
also observed for the formation of 8ac and 9ac from their re- ' ‘ ' ‘ ' ‘ '
spective photoprecursors.”® Cleavage of the first o-diketone Agens; TN
bridge (1>395 nm) results in the formation of 18 (Scheme 6), B) 28000 ]
with a heptacene subunit, showing a strong absorption at 26000 '\
354 nm and a band system of low intensity with maxima at ~ 24000 \
707, 783, and 805 nm (p band; see Figure 6, bands with arrows ‘e
o . . . G 22000 .
pointing downward). The second a-diketone bridge is cleaved =
by prolonged irradiation with shorter wavelength in the range g 207 \
350-450 nm,*” and two new absorptions are observed, a % 18000 e
strong band with a maximum at =543 nm that is assigned to o 16000 \
the D2 state and a very weak band at A=1007 nm, corre- g 14000 | \\
sponding to 1.23 eV. This band is assigned as the p band.*” 12000 - S
Taking into account the bathochromic shift due to the 10000 4 e
matrix material (bands are shifted bathochromically in PS com- 3 y : . 10 5]
pared with those in argon), a limiting optical gap of 1.2 eV for Acene N

an infinite chain length is obtained by exponential extrapola-
tion (Figure 7).

Figure 7. a) Plot of the energy maximum of the p band (HOMO—LUMO)
transition in the acene series; N=number of condensed benzene rings.

b) Exponential fit (y=9923 cm~' 453873 cm™' x e 2%%) of the transition en-
ergies; R*=0.9998. Reproduced with permission.®” Copyright 2018, Wiley-

VCH.

O

®]
w2z (7T YOI e
18

Scheme 6. Photolysis of 17 in a PS matrix at 8 K.
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4. On-Surface Studies

Highly reactive molecules can be prepared on inert surfaces
under ultrahigh vacuum (UHV) conditions at cryogenic temper-
atures from suitable precursors. The great advantage of these
techniques is that sophisticated detection methods allow the
imaging of individual molecules and the investigation of elec-
tronic properties and molecular orientations.

The scanning probe techniques of scanning tunneling mi-
croscopy and spectroscopy (STM/STS) and noncontact (nc)
AFM provide complementary information about the molecular
properties.®>®! During recent decades, significant progress has
been made in the development of these techniques. A break-
through was the development of controlled tip functionaliza-
tion.®*®! For the study of organic molecules, CO termination
turned out to be highly useful in yielding images of high reso-
lution, as shown for the first time in 2009 in the study of pen-
tacene on Cu(111), which revealed the atomic structure and
bonding situation of a single molecule adsorbed on the sur-
face by means of nc-AFM.B® Whereas AFM gives an insight
into the atomic structure of a molecule, such as the atomic
connectivity and bonding situation, STM allows information
about the electronic properties to be obtained. In STM meth-
ods, depending on the bias voltage, electrons can tunnel from
the tip to the LUMO of the organic molecule or from the
HOMO of the molecule to the tip. Differential conductance, d//
dV, is related to the local density of states (LDOS), which, in
distinct organic molecules, can be described in terms of molec-
ular orbitals. Plotting differential conductance, di/dV, versus
bias voltage, V.., allows the determination of the STM trans-
port gap, AVsmy, which is not exactly equal to the optical gap
or the HOMO-LUMO gap, since the tunneling process results
in temporarily charging the molecule (adding or removing an
electron). Spatially resolved d//dV maps at a given bias voltage
produce images of electron density that can be related to fron-

tier orbitals if tunneling is dominated by a single channel as
LDOS are related to the square of the electronic wavefunction.

For the synthesis of oligoacenes on surfaces, three different
reactions were employed: 1) dehydrogenation of hydroacenes,
2) deoxygenation of epoxyacenes, and 3) decarbonylation of a-
diketones. On-surface generation research has been conducted
during the last three years and today all acenes up to 12ac
can be characterized on surfaces. The majority of studies used
gold or silver single crystals as substrates. The influence of the
substrate nature (e.g., Au, Ag, or Cu) and symmetry (e.g.,
Au(111) or Au(110)) on the chemical processes was reviewed.®”
The interaction of organic materials with Au is generally
weaker than that with Ag or Cu, and the hexagonal (111)-ori-
ented surfaces are the densest and most inert, whereas the
rectangular (110)-oriented surfaces are least dense and most

reactive.®”!

4.1. Dehydrogenation of tetrahydroacenes

In 2017, Zuzak et al. reported the generation of 9ac from tetra-
hydrononacene and in 2018 they described the preparation of
the entire series from 7ac to 11ac.”®*®® The key steps in the
synthesis of the tetrahydroacene precursors, shown in
Scheme 7 for the undecacene system, are Sonogashira cou-
pling reactions between alkynes, such as 19 and 1,4-diiodo-
benzene (20).°%% The obtained dienynes undergo a double
gold(l)-catalyzed cyclization that leads to a mixture of the de-
sired linear and angular precursors 22 and 23. For the smaller
precursors with seven, eight, or nine annulated rings, the cor-
responding two acene and phene isomers can be separated
due to their differing solubility. In case of the formation of
10ac and 11ac, these mixtures were used directly, exploiting
the advantage of surface imaging techniques that allow study-
ing individual molecules.”®

PACIy(PPh)s, Cul
COCC™. () B s
+ B —

X
OMe
19 20

HH HH
H H H H
2

(11% over
two steps)

Scheme 7. Synthesis of hydrogenated precursors 22 and 23 used for the preparation of 11ac and undecaphene.®®
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The acenes can be generated on Au(111) either by tip-in-
duced, stepwise hydrogen abstraction or by annealing, as
shown by Zuzak et al. in their detailed study of 9ac.® In the
tip-induced method, the tip is placed successively above the
methylene bridges and a bias voltage higher than that of the
value corresponding to the LUMO is applied. The process can
be followed by means of both high-resolution, constant-height
nc-AFM and filled- and empty-state STM topographies of 25a
and 9ac can be observed. Annealing allows the preparation of
larger amounts of 9ac and the outcome depends on tempera-
ture. Whereas at 210°C complete dehydrogenation yielding
9ac is observed, at lower temperatures of about 150 °C partial
dehydrogenation takes places, which is accompanied by hy-
drogen migration, and thus, leads to a mixture of dihydrono-
nacenes, with 8,19-dihydrononacene (25b) as the main isomer
(Scheme 8).

The electronic properties were studied by means of STS, as
shown in Figure 8.%8 Differential conductance spectra for the
filled-state regime (hole tunneling) show resonances at —0.34,
—1.0, and —1.65V, corresponding to HOMO, HOMO—1, and
HOMO-2, respectively. In the empty-state measurement (elec-
tron tunneling), the two detected peaks at +0.85 and +1.7 V
are attributed to LUMO and LUMO+1, respectively. In this
way, a HOMO-LUMO gap of 1.19 eV is obtained for the mole-
cule of 9ac, as illustrated in Figure 8a. Peak assignment was
corroborated by d//dV mapping at voltages corresponding to
the resonances. They coincide with calculated maps and show
the characteristic features of the corresponding orbitals.

Zuzak et al. also describe the formation of all acenes from
7ac to 11ac on Au(111).°¥ In one of the experiments, they de-
posited the hydrogenated precursors of 7ac, 8ac, 10ac, and
decaphene as a mixture onto the Au(111) surface and prepared
the acenes efficiently through annealing. Different acenes can
be detected separately at different spots on the surface and
again nc-AFM with a CO-modified tip is used to obtain submo-
lecularly resolved images. The authors mention the weak bind-
ing of planar acenes to the substrate through van der Waals
type interactions, which lead to high mobility and the possibili-
ty of an easy displacement of molecules at moderate bias volt-
age and low tunneling currents. Immobilization seems to
become more difficult with increased length of the acene, so

J +1.7V e
I; I i i LUMO+1 (‘w
-1.65V 4 /
HOMO-2 ca 1.19eV s i
1< > /
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L \ i i /
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Figure 8. a) Single-point STS data recorded over a molecule of 9ac. Insets
show the lateral tip position during the acquisition of filled- (left panel,

100 pA) and empty-state (right panel, 50 pA) spectroscopy data. b)-e) Exper-
imental di/dV spatial maps recorded at energies corresponding to resonan-
ces shown in a) complemented by theoretically calculated maps; cross sec-
tions along experimental maps are displayed to guide the eye in symmetry
analysis; tunneling current: 100 (b,c) and 50 pA (d,e). Reproduced with per-
mission.®™ Copyright 2017, American Chemical Society.
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Scheme 8. a) On-surface synthesis of nonacene (9ac) and b) partially dehydrogenated intermediates: 25a is observed in both thermal or tip-induced process-

es, and 25b (main isomer) and 25 c are observed during annealing.®®
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that the imaging of 10ac is very challenging and succeeds for
a molecule that is immobilized in the vicinity of a surface step.
It was suggested that the increased length hindered “location
between the elevated surface reconstruction rows.">®

The longest acene prepared on an Au(111) surface in the
study by Zuzak et al. was 11ac.®® The mixture of linear and an-
gular precursors 22 and 23 (Scheme 7) for 11ac and undeca-
phene was used for deposition on the surface, and the image
revealed smaller fragments, which were probably produced
during the deposition process because the stability of the pre-
cursor decreased with an increasing number of annulated
rings. This again emphasizes the difficulties and challenges in
preparing large acenes. As for the smaller acene members,
11ac can be prepared from the hydrogenated precursor by
means of either tip-induced dehydrogenation or annealing
(520 K). Figure 9 shows on-surface-generated 11ac and its
kinked isomer obtained after annealing, as observed by means
of empty-state STM and nc-AFM. The AFM image reveals the
structure with 11 linearly fused benzene rings in 11ac. From
STS measurements, the filled- and empty-state values of 11ac

5.0nm
L L

Figure 9. On-surface generation of 11ac. Empty-state STM images of the
Au(111) surface a) with the mixture of undecacene precursors 22 and 23 and
b) subsequently thermally generated parent 11ac and undecaphene isomer.
Tunneling current: 30 (a,b) and 150 pA (c); bias voltage: +2.0 V. ¢) High-res-
olution filled-state STM image of 11ac with 11 lobes visible along the mole-
cule; tunneling current: 30 pA; bias voltage: —1.0 V. Present Laplace filtered
constant height, frequency-shift nc-AFM images of 11ac (d) and its kinked
isomer (e); scale bar: 5 A. Reproduced with permission from Zuzak et al.*®
Copyright 2018, Wiley-VCH.

_ =

Ag(001)

H H Br H H
H H Br HH

26

H H Hi H
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are determined to be —0.24 and 0.85 V, respectively, yielding a
gap of 1.09 eV.

The dehydrogenation method was also used for the prepa-
ration of 7ac on Ag(001) from brominated tetrahydrohepta-
cene 26, as well as from 5,9,14,18-tetrahydroheptacene.’
From both precursors, compound 7ac is obtained through
thermal dehydrogenation and the structural and electronic
properties are similar. The reaction processes finally leading to
7ac are different for the two precursors. The brominated com-
pound is dehalogenated (at RT) and subsequent dehydrogena-
tion is facilitated and a higher degree of aromatization is ob-
served at 180°C. In the partially dehydrogenated intermedi-
ates, a rearrangement of the methylene hydrogen atoms
across the molecular skeleton can be observed, as shown for
27 in Scheme 9, and from different possible isomers, the one
with a hydrogenated central ring, 27c¢, is preferred because
larger aromatic subunits destabilize the molecule. Both pro-
cesses, aromatization and hydrogen migration across the mole-
cule, are favored in the case of the brominated precursor, and
this is ascribed to the initial presence of radicals after debromi-
nation. Heptacene shows a strong interaction with the Ag(001)
surface, resulting in charging of the molecule.

4.2, Deoxygenation of epoxyacenes

At about the same time as Zuzak et al. presented their studies
on larger acenes,®™ Kriiger etal. were the first to produce
10ac,”*? following earlier on-surface generation of 6ac on
Au(111)® and tetracene on Cu(111).*¥ As exemplified for the
on-surface synthesis of 10ac (Scheme 10), their precursors for
acene production were epoxy derivatives that were prepared
through repeated Diels-Alder reactions of arynes with isoben-
zofurans as an isomeric mixture of at least four of nine possible
isomers of 33.

The isomers of 33 can be sublimed under UHV onto an
Au(111) surface, whereby partial deoxygenation takes place, so
that mainly diepoxy precursors of 10ac are present on the sub-
strate. Complete deoxygenation can be achieved through an-
nealing (220°C) or a tip-induced procedure in a similar manner
to that described above for the hydrogenated acene precur-
sors. The planar structure of the 10ac molecule is observed in
constant-height STM measurements by using a CO-modified
tip with very high resolution, revealing the structure of 10 line-
arly fused benzene rings. Constant-current STM measurements

Tac

H H

27c

Scheme 9. Formation of 7ac on Ag(001) and observed dihydroheptacene intermediates.*”
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Scheme 10. Synthetic strategy for the 10ac precursor 33.°" Py = pyridyl.

after tip-assisted formation also show the planar structure of
the molecules.

The STS dI/dV spectra around the Fermi level reveal six elec-
tronic resonances (called R—2, R—1, RO, R1, R2, and R3), which
are ascribed to contributions from HOMO-2, HOMO-1,
HOMO, LUMO, LUMO + 1, and LUMO + 2 levels, respectively, of
the 10ac molecule.”"*? The constant-current map of differen-
tial conductance (d//dV) of RO shows 10 lobes and nodal plane
characteristics of the HOMO.”"*? Associated conductance
peaks measured with a metal-terminated tip are observed at
—0.32 (HOMO) and +0.85V (LUMO), resulting in a gap of
1.17 eV. This compares well with the value of 1.12 eV deter-
mined later by Zuzak et al. for 10ac on Au(111) produced from
the hydrogenated precursor.*®

In 2020, Eisenhut et al. succeeded in preparing the related
precursor 34 with five epoxy bridges in a sequence similar to
that shown for 33 in Scheme 10.* This allowed the synthesis
of dodecane, the longest acene prepared so far, on an Au(111)
surface (Scheme 11). During sublimation, partial deoxygenation
occurs, resulting in deposition of diepoxy derivative 35 on the
surface. Annealing (220°C) causes complete deoxygenation
and produces 12ac. In addition, deoxygenation can also be

I I I e ) ———
34
OOOO@OOO@OOOAWW

12ac

Scheme 11. Preparation of 12ac from its pentaepoxy precursor on
Au(111).5

OTf 29, CsF
O"OO 34%)

= OTf,R,= OTMS 31a
) = OTMS, R, = OTf 31b

achieved through on-surface reduction of the diepoxy precur-
sor, and it can be monitored by STM imaging, as shown in
Figure 10.

Through STS, five tunneling resonances can be observed:
three for negative bias voltage (R—2 to R0) and two in the pos-
itive region (R1 and R2). RO is observed at —320 mV and R1 at
1070 mV, resulting in an energy gap of E;= 1.4 eV. This value is
larger than that determined for 11ac or 10ac and comparable
in size to the value found for 8ac (1.41 eV).®® This is unexpect-
ed because the STS energy gap continuously decreases in the
series from pentacene to 11ac, and the stabilization of the gap
to a finite value was derived,®” in agreement with the analysis
of the optical gap.*®*”! The authors analyzed the energy gap
more deeply and concluded that the value for RO, which is

a V b c n
Figure 10. STM images of 12ac on Au(111). a) STM image of 12ac with two
remaining epoxy groups. Image parameters: V,;,,=2V, /=13 pA, image si-
ze =2 nmx4.5 nm. b) Superposition of the STM image of a) with the struc-
ture of the partially deoxygenated precursor identifying the position of the
two epoxy groups. ¢) STM image of a fully deoxygenated 12ac. Image pa-
rameters: Vy,,=—1V, /=10 pA, image size=2 nmx4.5 nm. d) Constant-
height STM image obtained by using a CO-functionalized tip, recorded at
Viias = 10 mV. Twelve bright lobes, representing the 12 benzene rings, are

well distinguishable. Image size: 1 nmx4 nm. Reproduced with permission
from Eisenhut et al.*® Copyright 2020, American Chemical Society.
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connected to the HOMO of the molecule, remained almost
constant for larger acenes, whereas the energy of the R1 elec-
tronic tunneling resonance increased in the case of 12ac.””
The authors considered oscillating behavior of the energy gap,
as proposed by Korytar et al.®*°? based on DFT computations
(see Section 5) or charge transfer to the Au surface a less likely
explanation than the increase of the R1 electronic tunneling
resonance energy (“destabilization”) by contributions from
higher energy empty molecular orbitals.”” In the picture pro-
posed by the authors, the R1 resonance of 12ac could no
longer be solely attributed to the virtual occupation of the
LUMO (i.e., during the few femtoseconds of the electron-trans-
fer event), but “involves a combination of electron transfer
paths through the virtual (and instantaneous) quantum occu-
pations of LUMO + 1, LUMO + 2, etc.”®”

Whereas all of the surface studies of larger acenes presented
so far used gold and silver surfaces, Eisenhut et al. were able
to prepare 6ac from a triepoxy precursor on a nonmetallic hy-
drogen-passivated silicon surface, at which a hydrogen layer
electronically decouples the molecules of 6ac from the sub-
strate.”” They could show that the epoxy precursors preferen-
tially adsorbed at dangling-bond defects on the surface. An-
nealing to 250°C did not lead to complete deoxygenation. In-
stead, partially deoxygenated molecules, in which the central
epoxy group was removed, could be observed. Annealing to
300°C led to the formation of 6ac, but it was accompanied by
desorption of the molecules. In contrast to the epoxy precur-
sors studied on Au(111), voltage pulses did not lead to the
generation of 6ac on Si(001)-(2x 1):H. The hydrogen layer spa-
tially separated the acene by about 5 A from the silicon sur-
face, resulting in a small adsorption and diffusion barrier and a
high mobility of the molecules on the surface, as long as they
were not blocked by edges or defects. The molecules of 6ac
observed were mainly anchored to dangling-bond defects and
the preferred anchoring site was on the last ring of the skele-
ton of 6ac. This was visible as an apparently lower height at
this site. Differential conductance spectra showed two reso-
nances at —2.0 and —3.1V, which were ascribed to HOMO and
HOMO—1 resonances, respectively. Differential conductance
measured at the position of the dangling bond site was not
significantly different from that at other positions, showing
that there was no strong interaction with the silicon surface.
No resonances at positive bias corresponding to LUMO transi-
tions could be observed because they were in an energy range
that corresponded to the surface electronic band gap.

4.3. Decarbonylation of a-diketones

The a-diketones, which were employed in matrix isolation
studies, also are precursors for the on-surface synthesis of
acenes. The on-surface formation of 7ac was investigated by
Zugermeier et al. on Ag(111) by using STM, XPS, and near-edge
X-ray absorption fine structure (NEXAFS) spectroscopy com-
bined with DFT computations."*”

Decarbonylation was initiated by heating the deposited o-
diketone precursor on Ag(111) (Scheme 12a) to about 460 K,
and the reaction progress was monitored by means of XPS.
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Scheme 12. On-surface generation of 7ac and 9ac from a-diketone precur-
sors. %8101

Based on NEXAFS data, it was concluded that molecules of 7ac
were lying with their  system on the Ag(111) surface. The
STM image, however, showed that the interaction was not lat-
erally uniform. The dumbbell shape of the molecule suggests
that the interaction appears to be strongest at the central part.
Such an interpretation is supported by DFT modeling of the
7ac/Ag(111) system. The central carbon atoms C, and C,¢ are
closest to the Ag(111) surface (2.67 A), whereas the terminal
carbon atoms are further away (>2.93 &), thus resulting in a
kinked structure with an angle of 3.5°. The observation was ra-
tionalized with the contribution of a diradical resonance form
that featured two Clar sextets rather than one (Figure 11). A
similar picture was also presented by Trinquier et al. on theo-
retical grounds (see below)."*"

Acenes could also be obtained by photodecarbonylation of
bis-a-diketone precursors by using visible light on metal surfa-
ces (Scheme 12b), as shown in a recent investigation that com-
bined STM/STS/nc-AFM for studying the formation of 7ac and
9ac on Au(111).”® In contrast to the observations on
Ag(111),% there was no indication of any deformation of 7ac
on Au(111). The computed molecule-Au(111) distance of 3.1 A
was interpreted as evidence for weak physisorption. Photogen-
eration or thermal generation of 9ac on Au(111), in contrast,
resulted in pronounced lateral protrusions close to each mole-
cule of 9ac. This was interpreted, with support from DFT com-
putations, as resulting from interactions of 9ac with two Au
atoms that were “extracted”/pulled away from the surface.
Again, the diradicaloid resonance form with two Clar sextets
was invoked to explain the stronger interaction of central
carbon atoms with the Au(111) surface. Most interestingly, the
two Au adatoms can be removed by briefly applying a tunnel-
ing voltage of about 2.5 V. Pristine molecules of 9ac result, as
demonstrated by means of high-resolution STM and nc-AFM.
The experimental HOMO-LUMO gaps obtained from STS ex-
periments (see Table 1) are in good agreement with data re-
ported by Zuzak et al.”*%¥ The good agreement between ex-

13 16 1
10 7 4
Figure 11. Diradicaloid non-Kekulé structure of 7ac.
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Table 1. A comparison of the HOMO-LUMO gaps for the acenes from
pentacene to 12ac obtained from dI/dV measurements and the optical
gaps obtained from electronic spectra.

Acene STS transport gap Optical gap [eV]

[eV] (Amax [NM], matrix host)
pentacene 2.20¥7 2.21 (562, Ar)*
hexacene 1.856% 1.89 (655, An)E*
heptacene 1.6158/1,551%2/1,501%8) 1.70 (728, An®?
octacene 14168 1.53 (806, An)t®
nonacene 1.2368/1.191881/7 2518 1.43 (865, An)t®
decacene 1.1288/1,17¢0
undecacene 1.0968 1.23 (1007, PS)E”
dodecacene 1.45%

perimental d//dV maps and LDOS computed for an individual
molecule was considered as evidence for only weak physisorp-
tion of pristine nonacene molecules on Au(111).

The interaction with Au atoms was also observed during at-
tempts to obtain 7ac polymers from the dibromodiketone pre-
cursor in anti-orientation 38 (Scheme 13)."%? Thermal anneal-
ing to 435 K resulted in debromination and the Au-atom-medi-
ated interaction (C—Au (2.340.2) A) of bis-diketones based on
the interpretation of STM images and DFT simulations. A
second annealing (Ta535K) results in decarbonylation and
formation of Au-linked oligomers of 7ac. Based on the inspec-
tion of about 900 molecules, 76 % of these have lengths of 2—
4 units.

[ |
G20
Au(111)

[ Au |

Scheme 13. On-surface synthesis of 7ac-Au complexes."*?

5. Theoretical Studies

There is very rich literature on theoretical studies of acenes
and polyacenes that has been reviewed."” ' Various proper-
ties of acenes that can, in principle, be compared with experi-
mental data have been investigated computationally, for exam-
ple, the geometric structure, IPs, EAs, singlet-triplet energy
gaps, and excited-state energies. In addition, the electronic
structure of the acene ground state was investigated by theory
and it was tested to provide an understanding of the nature of
the acene ground state.

We here start with a discussion of the singlet-triplet energy
gap because its size relates to the (poly)radical character of the
electronic ground state, and this property is well studied and
understood for more conventional organic diradicals.'** % The
singlet-triplet energy difference is experimentally available for
acenes up to pentacene (see Section 1).'”7 No EPR signal for
6ac was detected up to 200°C and the UV/Vis spectrum at
300°C showed no indication of population of the triplet state,

Chem. Eur. J. 2021, 27, 3193 -3212 www.chemeurj.org

3205

providing a lower limit for the singlet-triplet gap of 6.5 kcal
mol 2% Correlations between the singlet-triplet gap, IPs, S,
energies, and computed properties gave AEs=(12.4+1.2) kcal
mol~' as an extrapolated value for 6ac.”” This value is some-
times referred to as “experimental” value in the computational
literature.

Based on this extrapolation, a triplet ground state was pre-
dicted for 9ac.”” The UV/Vis spectra of 8ac, 9ac, and 11ac ob-
tained experimentally under cryogenic matrix isolation condi-
tions showed a close relationship with the smaller members of
the series and no indication of population of the triplet state,
and hence, the singlet state is the ground state of these larger
acenes.®®*” The triplet ground-state nature of 9ac appeared to
be in accordance with early DFT computations that employed
the spin-restricted formalism for the singlet state."® However,
a lower energy solution could be obtained in 2004 by Bendi-
kov et al.,"® and subsequently by other groups,"®” for the sin-
glet state after the spin-symmetry broken (or spin-polarized)
ansatz was employed, supporting the singlet nature for 9ac
and larger acenes. The spin-unrestricted DFT solution does not
fulfill certain criteria of the exact wavefunction (it is not the ei-
genvalue of the <S$?> operator, resulting in spin contamina-
tion, i.e., it is not a pure spin state, but a mixture, including
higher spin states)!'®" and gives a nonphysical increase of AE;
for larger acenes."™ The existence of a spin-contaminated,
spin-unrestricted solution of the Hartree-Fock (HF)™'? or
Kohn-Sham (KS) equations™ for acenes suggests that strong
nondynamic (also called static) correlation effects are present
and that a single determinant description (as provided by HF
and KS-DFT) of the ground state is qualitatively insufficient.
Nonetheless, the singlet ground-state nature of larger acenes
finds general support from studies that employ a wide variety
of computational methods, including multiconfiguration treat-
ments that are deemed more appropriate for systems with
strong static correlation.!"*%-'24

One problem of using multiconfiguration methods for the
acene series is that the active space grows quickly with the
size of the system, and this makes conventional complete
active space self-consistent field (CASSCF) or MRCI computa-
tions prohibitively expensive. Density matrix renormalization
group (DMRG) and variational two-electron reduced density
matrix (v2ZRDM) are methods that avoid the exponential scaling
of the active space size, and thus, have been used with various
quantum chemical Hamiltonians to study larger acene mole-
cules and to extrapolate properties, such as AEg; values, to the
polymer limit, that is, to polyacene. DMRG-based MRCI compu-
tations with the Pariser—Parr-Pople (PPP) Hamiltonian estimat-
ed a singlet-triplet energy difference of 0.53 eV (12.2 kcal
mol™") at the limit of polyacene."® A similar value, 0.45eV
(10.1 kcalmol™), was obtained in a DMRG-based valence-bond
(VB) theory study."® Using the DMRG method for complete
active space configuration interaction (CASCI) computations
with the STO-3G and cc-pVDZ basis sets, Hachmann et al. ex-
trapolated AE; values of (8.69+0.95) and (3.33+0.39) kcal
mol ™, respectively, for the polymer."” The CASCI method is re-
lated to the more used CASSCF method, but lacks the orbital
relaxation step of the latter. As expected, a similar singlet-trip-
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let gap was obtained by v2RDM-CASSCF, which led to a value
of 7.8 kcalmol """

Modifications of DFT were developed that are expected to
provide more robust results for systems with strong static cor-
relation than that of conventional KS-DFT. Chai etal. intro-
duced thermally assisted occupation (TAO) DFT, which did not
suffer from spin contamination, and employed it in con-
junction with local density approximation (LDA), generalized
gradient approximation (GGA), and hybrid functionals for
very large acenes, up to N=100, in a series of papers
(Figure 12)."1# 113123124 The estimated AEq value of polyacene
is essentially zero at the TAO-LDA/6-31G level,"" and 0.4 (TAO-
PBE, TAO-BLYP, TAO-BLYP-D) or 0.5 kcalmol™' (TAO-LDA) for
100-acene (all with the 6-31G* basis set).""™ Very similar results
were obtained by using the particle-particle random-phase ap-
proximation (pp-RPA) with the B3LYP functional and cc-pVDZ
basis set."'® The value estimated for AE; in the limit of infin-
itely long polyacene is between 0.0 and 0.1eV (2.3 kcal
mol ™). Multiconfiguration pair density functional theory
(PDFT) based on v2RDM-CASSCF arrives at AE¢; values of 4.8-
4.9 kcalmol™ with on-top PDFT versions (“translated”) of the
PBE and BLYP functionals extrapolated from data up to
12ac '

The gold standard of quantum chemistry, coupled cluster
theory with single, double, and a perturbative estimate of
triple excitations, CCSD(T), was employed for longer acenes.
The use of focal point analyses allowed the estimation of
CCSD(T) data in the limit of infinitely large basis sets, cc-
pVooZ.Mo™ The CCSD(T)/cc-pVooZ computations, up to 7ac
and subsequently extended to 11ac, led to the conclusion that
the singlet-triplet energy gap vanished in the polymer limit
with an uncertainty of 1.5 kcalmol """ One problem of the
CCSD(T) method is that it is based on a single HF determinant
and, in cases of strong nondynamic correlation, the per-
formance of the CCSD(T) may be poorer than usual. There are
diagnostics available to allow the appropriateness of the single
HF determinant to be determined. The T, diagnostic for acenes
up to 11ac (0.0117) is much smaller than the critical value of

Experiment {3
DMRG/cc-pVDZ —— E
DMRG/STO-3G -w--

CCSD(T)/CBS 3
KS-B3LYP —O—
KS-B3LYP-D3 —4—
KS-PBEO 4
KS-BHHLYP O
TAO-B3LYP - -@- - E
TAO-B3LYP-D3 -4

TAO-PBEQ -~ E

TAO-BHHLYP — - 4

Singlet-Triplet Energy Gap (kcal/mol)

n-acene

Figure 12. Singlet-triplet energy gaps as a function of the acene length, cal-
culated using various hybrid functionals in spin-unrestricted KS-DFT and
TAO-DFT according to Chai et al."® Copyright 2017, AIP Publishing.
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0.02. Plasser et al., however, pointed out that the D, diagnostic
associated with double excitations of the sort relevant for
acenes was larger than that of the recommended threshold."
In addition, Lee etal. showed that the RCCSD methods be-
haved unreliably, even for smaller acenes.'™ This suggests
that the CCSD(T) data should be considered with more caution
than usual.

The spin-flip (SF) approach allows treating static correlation,
and in combination with methods that take into account dy-
namic correlation (e.g., DFT, MP2, CCSD), both types of correla-
tion can, in principle, be described in a balanced manner. From
data computed at the SF-CCSD/6-31G* level for acenes up to
6ac, a AEg; value in the limit of an infinitely long polyacene of
5.4 kcalmol™ was extrapolated."” This value is reduced to
5.1 kcalmol™" after applying method and basis set correc-
tions."”

To summarize, almost all computational methods (an excep-
tion is fractional-spin DFTU"?®) applied to acenes agreed that
the singlet remains the ground state and the singlet-triplet
energy gap approached a small value for an infinitely long pol-
yacene. The methods agree that, for the currently largest ex-
perimentally accessible acenes, 11ac and 12ac, the singlet-trip-
let energy splitting is 3-5 kcalmol™' (Table 2). Compared with
more traditional organic diradicals, such a gap is similar to that
of p-benzyne ((3.840.4) kcalmol™),"® a highly reactive 1,4-dir-
adical.'¥1%®

An important aspect of any sophisticated quantum chemical
treatment is the geometrical structure that is employed. Many
of the methods mentioned in this section do not allow geome-
try optimization because their first derivatives of the wavefunc-
tion, with respect to coordinates, have not been implemented
or are computationally too demanding if performed by numer-
ical differentiation. Thus, it is common practice to resort to
some density functional for geometry optimization and limit
the sophisticated correlation treatment to subsequent energy
refinement. However, apart from these technical aspects, the
geometry of acenes are of fundamental interest, as well. Be-
cause it was predicted that, with increasing size of the system,
polyacene in its high-symmetry configuration (i.e., without
bond-length alternation (BLA)) might become an organic semi-
metallic conductor with a vanishing band gap, the quasi-one-

Table 2. Computed adiabatic singlet-triplet energy splittings (in kcal
mol~") of experimentally accessible acenes.

N  pp-RPA-B3LYP/ TAO-PBE/ TAO-B3LYP/ CCSD(T)/ Exptl
cc_pVDZmGJ 6—31G*[”5] 6*316*“23} CC*DVOOZ["”

5 226 17.6 18.7 23.9 19.8+£0.7"""
6 164 11.8 133 16.5 124+£1.29
7 N8 n.a.b 9.9 123 n.a.l

8 8.5 6.4 7.7 8.2 n.a.l

9 6.5 n.a.b 6.3 6.1 n.a.l

10 5. 4.7 53 37 n.a.l

11 42 n.a.b 46 26 n.a.l

12 37 3.8 4.0 na. na.l

[a] Estimated value; see Angliker et al. for details.”” [b] n.a.=not avail-

able.
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dimensional system could gain energy by undergoing a geo-
metrical distortion and thereby create a band gap.®”'%'3%
Early studies focused on the possibility of a Peierls— or Jahn-
Teller distortion of the polyacene structural framework and
found that there was no “intrinsic instability in the symmetrical
equilibrium configuration,”™ because, due to symmetry consid-
erations of the relevant crystal orbitals, no driving force for the
geometrical distortion exists. Although other views have
been expressed, as reviewed earlier,"® recent TAO-LDA com-
putations concur with this conclusion and give a symmetrical
structure for 46-acene.™ The 20 inner rings have equal bond
lengths of 1.399 A. The two terminal rings have BLA of 0.046 A,
which successively decreases upon approaching the inner
rings."" The lengths of the ring bonds increase from 1.42 A in
the terminal ring (C2—C3 bond) to 1.45 in the inside of the
molecule. These computations show that, even for very
large acenes, the symmetric configuration without BLA is fa-
vored.

Another related property of interest is the optical gap of the
acenes, that is, the energy difference between the electronic
ground state and the first electronically excited singlet state,
to which the transition is electric dipole allowed within the
Franck-Condon approximation. For acenes up to 11ac, the op-
tical spectra were recorded by using matrix isolation spectros-
copy (see above), and the transition energy to the first excited
state that was electric dipole allowed within the Franck-
Condon approximation could be obtained. This state is very
strongly dominated by an excitation of a single electron from
HOMO to LUMO, that is, H—L (1'B,,).E” For acenes up to 11ac,
sophisticated DFT/MRCI computations were also performed
that concurred with the nature of this excitation.®” Notably,
however, according to these computations, there are weakly
absorbing excited states that are lower in energy than that of
the bright H—L excited state and that are related to excitation
of two electrons, that is, H-1,H—LL and HH—LL+1 (1'B,,).®"
These states have not been observed in the experiments, pre-
sumably due to their very low oscillator strengths.”®*” The
energy gap involving the H—L (1'B,,) electronic transition was
estimated to converge to 1.23 eV based on available experi-
mental data.***” The energy of the 'B,, state was also investi-
gated by using pp-RPA-B3LYP/cc-pVDZ up to 12ac.® It ap-
pears that the method underestimates the energies of this
state by about 0.2 eV, by comparison with experiment and
DFT/MRCI. An extrapolation of the pp-RPA-B3LYP data to the
polyacene limit arrives at an optical gap of 0.85 eV.""® A larger
optical gap of 1.21 eV for polyacene was obtained by extrapo-
lation for values up to 10ac computed with the excited-spectra
two-electron reduced density matrix (ES-RDM) method.™*"

In addition to the singlet-triplet energy gap and singlet-sin-
glet optical gap, the fundamental gap, that is, the difference
between the IP and EA, E;=IP—EA, were evaluated computa-
tionally for the acene series. The gas-phase experimental EAs
are available up to pentacene (Table 3),"® whereas IPs have
been determined experimentally up to 6ac (Table 4)."*? The
most sophisticated computational evaluation of the IP and EA
values was performed by using focal-point analysis and provid-
ed data at the CCSD(T)/cc-pVooZ level up to 6ac.** ¥ |n addi-
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Table 3. A comparison of computed vertical and adiabatic EAs (vEA and
aEA, respectively) with experimental data (in eV).

N VEA aEA VEA VEA Expt]*?
ccspm™4 ccspm™?  TAO-PBE™™  TAO-B3LYP!™>

3 028 052 0.16 0.04 057

4 082 1.02 077 0.64 1.0440.04

5 121 1.39 1.20 1.07 1354004

6 147 1.63 1.52 1.38 na.

Table 4. A comparison of computed vertical and adiabatic IPs (vIP and
alP, respectively) with experimental data (in eV).

N vIP alP vIP vIP Exptl"?
CCSDM™  CcCSDM™®  TAO-PBE™™  TAO-B3LYP!>?

3 7.47(3) 7.41(9) 6.79 6.74 7.41

4 6.94(8) 6.91(4) 6.25 6.20 6.97

5 6.57(3) 6.55(6) 5.87 5.82 6.61

6 6.43 6.42 5.59 5.55 6.36

tion, vertical EA and IP values were also obtained at the TAO-
DFT level for acenes up to 100 rings."™ ' It is seen by com-
parison with experimental values that the TAO-DFT methods
underestimate the IP significantly (Table 4). The fundamental
gap obtained for 100-acene with TAO-PBE (and other function-
als) is around 0.55 eV, suggesting that a nonzero fundamen-
tal gap is expected for very large acenes. The fundamental gap
was found to decrease monotonically by using the TAO-B3LYP/
6-31G* method up to N=30, which was the largest acene that
was investigated."? Its fundamental gap is 1.36 eV at this level
of theory."

Closely related to the fundamental gap, E,=IP—EA, is the
HOMO-LUMO energy gap, which was derived from single ref-
erence computations employing, for example, the Hubbard
model or KS-DFT®** |t was concluded that the orbital
energy gap of the oligoacenes did not decrease monotonously
with increasing length, but oscillated and could become zero
or nearly zero at so-called Dirac points of the band struc-
ture.®*>* The oscillations are called incommensurate oscilla-
tions (I0s) because the oscillation period is not dictated by the
lattice symmetry and the period can be 10 times the length of
a unit cell. The reason for this is the change of the symmetry
of HOMO and LUMO close to 10ac. The computations did not
take into account static correlation, which is undoubtedly of
high importance in this length regime. Indeed, eigenvalue-self-
consistent GW (evGW) computations of the HOMO-LUMO gap
only give a gap increase if an (inappropriate) spin-restricted
(“closed-shell”) DFT (PBEO and tuned CAM-B3LYP functionals)
description is employed and restore the monotonic decrease if
spin-symmetry broken (“open-shell”’) DFT is used.'* Moresco
et al. have shown that inclusion of doubly excited Slater deter-
minants (HH—L,L) in a simple Hickel-Hubbard model elimi-
nates the band gap oscillation,®? in agreement with measure-
ments of the experimental tunneling electronic gap between
the frontier resonances up to 10ac®® and 11ac®™ on Au(111).
These authors have thus concluded that the gap increase that
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they have observed for 12ac on Au(111) is not associated with
the band gap oscillation, but rather with the polyradical char-
acter of the singlet ground state (see Section 4.2).5%

What is the nature of the ground state of acenes? The find-
ing of the lower energy spin-symmetry-broken KS-DFT solution
by Bendikov et al. suggested an “open-shell singlet diradical
ground state” from 7ac on."¥ Notably, such a species would
not be EPR active because the overall spin multiplicity is sin-
glet. Indeed, compound 7ac is EPR silent.** The DMRG-based
CAS-CI study of Hachmann et al. analyzed the singlet ground
state of larger acenes by using natural orbitals and correlation
functions for its description.'"” Based on the natural orbital oc-
cupation numbers (NOONs), which more strongly deviate from
the values zero and two expected for closed-shell systems with
increasing acene length, these authors concluded that the
ground states of large acenes should eventually acquire “poly-
radical” character.™ In this picture, an antiferromagnetic
ground state of the acene molecules evolves."¥ Similar devia-
tions of NOONs were observed in a number of other studies
with related approaches (V2RDM-based CAS),l'?"1313% and dif-
ferent Hamiltonians, including MR-AQCC,"™ TAO-DFT,""*""*! and
pp-RPA-B3LYPM®

The amount of polyradical nature for a given acene length,
however, depends on the level of theory. Although Hachmann
etal., referring to their Figure 5, cautioned that the “values
should not be taken literally,”"™ Hajgat6 et al. argued, in their
focal-point analysis, at the coupled-cluster level that the
degree of (poly)radical nature was overestimated for smaller
acenes."” However, Lee et al. have shown that the NOONs of
RCCSD,"® presumed to describe a closed-shell ground
state,""®™ suggest a larger diradical character than that de-
rived from DMRG-CASCI. Hajgaté et al. forcefully opposed the
antiferromagnetically ordered ground states as arising from ar-
tifactual symmetry breaking due to methodological deficien-
cies and argued, based on weights of the CASSCF wavefunc-
tion, size of the coupled-cluster T, diagnostic, comparison of
MP2 and CASPT2 singlet-triplet gaps, and percentages of total
atomization energies at RHF and connected triples, that the
smaller acenes were closed-shell systems."® They have no par-
ticularly strong nondynamic correlation in their view, but are
dominated by dynamic correlation that should be recovered
by CCSD(T).""® However, the D, diagnostic is already above the
threshold (0.18) for naphthalene (0.203) and increases quickly
up to 8ac (0.253)," and that RCCSD behaves nonvariationally
for naphthalene.['*

Yang et al. looked at the multireference character by using
the dominant configuration contribution (DCC) as its measure
obtained from the pp-RPA-B3LYP computations."® They con-
cluded that acenes up to 10ac could be described as closed-
shell systems and, at a larger size, an open-shell treatment was
necessary as the polyradical character started to emerge."®
Analysis of the SF-CCSD wavefunctions suggested that anthra-
cene only had a small amount of diradical character, whereas
for 10ac a “significant” amount of di- and tetraradical character
emerged.""” The DFT/MRCI computations that included a full-
valence 1 space showed that the doubly excited configuration
H?—L? contributed to the wavefunction of heptacene with

|rr
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10%, but this weight increased to 16 % (8ac), 23 % (9ac), 25%
(10ac), and 29% (11ac).””®" The importance of double excita-
tion for the appearance of spin instability was discussed by
Trinquier et al."® As the weight of the double excitation in-
creases, the weight of the closed-shell reference decreases
from 74% to 29% from 8ac to 11ac, respectively.*”" Various
studies, for example, coupled-cluster VB singles and doubles
(CCVB-SD), ACI-DSRG-MRPT2, show that the m-space (poly)radi-
cal character is reduced upon inclusion of o-electron correla-
tion and increase of the basis set,'* 4% byt that short-range
antiferromagnetic order is preserved."

The crossover of closed- to open-shell singlet (CSS and OSS)
nature of the electronic ground state was also investigated by
using quantum Monte Carlo (QMC) and the Jastrow single and
double determinant (JSD and JDD, respectively), as well as the
Jastrow antisymmetric geminal power (JAGP) wavefunc-
tions.'™ JSD only includes dynamic correlation and is thus
deemed to represent CSS state similar to coupled-cluster
theory.™® It should be remembered that a large diradical char-
acter was shown for the RCCSD wavefunction based on the
NOON."#! JDD, on the other hand, explicitly includes HOMO-
LUMO excitations, whereas JAGP is the wavefunction represen-
tation of the resonating valence-bond (RVB) theory.""® The JSD
results closely reproduce the earlier CCSD(T) data,""®" but
JDD and, even more so, JAGP, absolute energies are lower."®
Based on the variational principle, the JAGP wavefunction rep-
resents the ground state best. Because its properties are more
similar to the JSD than the JDD results, the degree of OSS
nature of the systems predicted by JDD is considered an over-
estimation."™ A comparison of occupation numbers of highest
occupied and lowest unoccupied orbitals (HONO and LUNO,
respectively), spin—-spin correlation functions, geometries, and
aromaticity indices suggest that there is a “non-negligible anti-
ferromagnetic correlation,” and a “highly correlated multirefer-
ence GS, where however the diradical character is significantly
weakened, although always present in this class of systems for
large enough sizes” upon going from the JDD to JAGP descrip-
tion."® It was concluded that the diradical character up to 9ac
was weak and slowly increased with acene length."®

A qualitative pictorial description of the polyradical character
of acenes was developed by Trinquier et al. based on a spin-
symmetry-broken B3LYP analysis."*""*? Similar to the non-
Kekulé structure invoked by Zugermeier et al. for 7ac/Ag(111)
(see Figure 11),"° the authors increased the number of Clar
sextets and introduced two delocalized radicals along the two
chains of the acene that extended roughly over five rings for
7ac and corresponding tetraradicals and so on for larger
acenes (Figure 13).°" Even if the diradical character is weak-
ened, as suggested by the QMC-JAPG study,!""® the qualitative
picture of Trinquier et al. prevails."®""*? The onset of the diradi-
caloid structure is then shifted to longer acenes than that of
7ac.

Another qualitative picture based on Clar sextets was pro-
vided by Bhattacharya et al.” These authors stressed the simi-
larity of the Clar sextet with resonance theory because Clar’s
sextet can be considered to include two Kekulé and three
“Dewar” resonance structures, the latter with very little weight

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 13. Pictorial representation of the tetraradical character in pentadeca-
cene (N=15), according to Trinquier et al."®" Copyright 2018, American
Chemical Society.

(Figure 14a). Considering next-next-nearest neighbor sites
“outside” a Clar sextet, as introduced by configuration interac-
tion, gives rise to many “extended” Clar sextet structures. One
of these has an additional Clar sextet (see the boxed resonance
form in Figure 14b for anthracene). Its contribution is deemed
unimportant for anthracene, but the importance of double-
sextet structures increases quickly with acene size because
more and more of them can be generated. Neglecting the
nonvertical resonance forms that destroy Clar sextets, for tetra-
cene, four double-sextet structures are available.

Allowing multiple long bonds, with less weight, provides a
way to increase the number of Clar sextets further, for exam-
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ple, to triple sextet structures of pentacene and 6ac (Fig-
ure 14¢). Because a long bond is weak and easier to break and
replace by a triplet spin-pairing or an antiferromagnetic ar-
rangement without decreasing the number of Clar sextets, the
triplet or OSS state is stabilized and the electronic structure de-
velops towards (poly)radical character.”

6. Summary and Outlook

Research efforts in a number of laboratories, experimental and
computational alike, have led to a significant increase in the
understanding of acenes during the last decade. The optical
and tunneling electronic gap between the frontier resonances
were determined for systems as large as 11ac and 12ac, re-
spectively. Computational investigations provided deep insight
into the electronic structure of the ground state and some of
the electronically excited states.

However, many fundamental properties are still elusive for
systems larger than that of 6ac, such as the IPs and EAs, the
sizes of the singlet-triplet energy gaps, the further evolution
of the optical properties and gaps, or the stability and reactivi-
ty under “conventional” organic chemistry conditions. It is not
even clear if acenes larger than that of 7ac can exist outside
the special environment provided by matrix isolation or on-sur-

Figure 14. a) Resonance structures of benzene that are represented within the Clar sextet. b) Extended Clar sextet structures with no more than a single bond
for anthracene. c) Double long-bond structures admitting three Clar sextets for pentacene. d) Double long-bond structures admitting three Clar sextets for

6ac. Adapted from Bhattacharya et al.””
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face synthesis. Indeed, recent success by on-surface synthetic
and associated analytical methods is currently limited to sub-

monolayer coverage and important questions are unanswered:
what happens to the molecules beyond the monolayer? Can
molecular films, which are required for applications such as
OFETs or LEDs, be grown? Can long acenes be employed for
charge transport along the long molecular axis? Despite recent
progress, there is much more work to do to fully understand
this fascinating and unique class of organic i systems.
Note added in Proof: Very recently heptacene could be pho-
togenerated from its dicarbonyl precursor within a single crys-
tal inside the protective environment of its precursor.™!
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