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ABSTRACT: Understanding the mechanism of linear acene
decomposition and its reactivity is a prerequisite for

12.6 kcal/mol
// 7.8 kealimol \
controlling the stability of acenes and their future applications. W /,’,// v
Previously, we suggested that long acenes may undergo /v—"// ‘\‘ \\\
polymerization since the polymerization product is thermody- / \ \
namically more stable than the dimerization product. / inetics vs. thermodynamics \
However, due to kinetic considerations, the most thermody- /

/
namically stable product, the polymer, might not necessarily be ==
formed. To elucidate the situation, we investigated the
mechanisms of acene polymerization computationally, using
pentacene, hexacene, and heptacene as representative exam-
ples. Similarly to dimerization, acene polymerization follows a
stepwise biradical pathway. Structural and steric hindrance of
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the polymer backbone forces acene polymerization to proceed via the less reactive noncentral benzene rings. Consequently,

dimerization is always kinetically more favorable than polymerization, irrespective of acene length. Although, for long acenes
starting from hexacene, both polymerization and dimerization are barrierless pathways relative to the reactants, polymerization is
thermodynamically preferred for hexacene and heptacene and even more so for longer acenes (since polymerization forms four

new C—C bonds while dimerization forms only two). Indeed, reinvestigation of available experimental data suggests that acene-
based polymers were probably obtained experimentally previously.

B INTRODUCTION

and photochemical pathways.'> Under ambient laboratory

Acenes (1), which consist of linearly fused benzene rings, are lightening, .formatlon ofa synllmetru‘:al dimer (2) was observed.
X . - . . However, in the absence of light, dimer (3) was observed as a

of great interest to the broad materials science and engineering e ) ;
communities.> The good semiconducting properties of thermal dimerization product. The change in the regiochem-
pentacene have led to considerable research into its application 1s;ryhof dlm?rl zation was €Xp la1Eed 1r11£erms of thedlo,nentatlolr;
in field-effect transistors (FETs) and have stimulated interest in of the starting monomer in the solid state. Wudl’s group
the synthesis of longer acenes.> ™ These efforts have born fruit discovered that 2,3,9,10-tetrachloropentacene could produce
during the past decade, with the synthesis of hexacenes, poly(iptycene) via a Diels—Alder self-coupling reaction.
octacenes, and nonacenes.’”” Acenes are also of fundamental

interest as a general model for long conjugated systems. Thus, thermal dimerization of acenes, . which can be wewed as a
basic understanding of acene reactivity is very important for the formally thermally symmetry-forbidden [4 + 4] reaction. We
development of organic electronic devices comprising these

explored the mechanism of dimerization for benzene,
molecules and for understanding the reactivity of long 7- naphthalene, anthracene, pentacene, and heptacene. Benzene
conjugated systems.*”

and naphthalene dimerize only via a concerted asynchronous
pathway; however, anthracene and pentacene prefer a multistep

biradical mechanism. In heptacene, the complex formed by two

heptacene molecules collapses in a multistep dimerization

iy process to form the product.'* The activation barriers for
thermal dimerization decrease rapidly with increasing acene

chain length and are calculated (at M06-2X/6-31G(d)+ZPVE)
The photoreactivity,w including photodimerization, of to be 77.9, 57.1, 33.3, —0.3, and —12.1 kcal/mol vs two isolated
acenes is widely known, but their thermal reactions are less
understood.'" Anthony’s group has reported that hexacene with
bulky substituents can undergo dimerizations via both thermal
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Recently, we have reported a computational study of the
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acene molecules for benzene, naphthalene, anthracene,
pentacene, and heptacene, respectively.'* We also suggested
the formation of an acene-based polymer as an alternative
favorable route for the dimerization of longer acenes (hexacene
onward); however, we only studied the thermodynamics of the
formation of the acene-based polymers in ref 14. In the absence
of information on the kinetics of acene polymerization and
without knowing the structures of the preferably formed
polymers, it is not possible to assess the feasibility of acene
polymerization based on our previous work."*

Acene-based polymers were reported in an outstanding PhD
thesis'® (supervised by Chapman). More recently, the Neckers
and Bettinger groups reported the formation and decom-
position of unsubstituted heptacene.>® Examination of the UV—
vis spectrum® they obtained after annealing photogenerated
heptacene in an Ar matrix reveals the formation of a product
comprising naphthalene units and not anthracene units. This
may suggest'* the formation of acene-based polymers, such as
poly-7P-3,3" or other similar polymers, rather than the
formation of the heptacene dimer 7P-4,4’, which has
anthracene units (Figure 1). Thus, it should be considered
that acenes might not only dimerize but also undergo other
self-reactions, such as polymerization. Unfortunately, it is very
difficult to distinguish between the products of dimerization vs
polymerization of long acenes using experimental tools as both
should be practically insoluble and produce similar solid-state

Poly-7P-3,3"

Figure 1. (Left) heptacene dimerization product 7P-4,4. (Right)
heptacene polymerization product poly-7P-3,3".

3C NMR spectra. Thus, computational techniques are the only
practical means available for studying acene self-reactivity and
understanding acene polymerization.

In the present computational study, we explored the
mechanism (kinetics) of acene polymerization for pentacene,
hexacene, and heptacene. For acenes of any length,
dimerization is always kinetically more favorable than polymer-
ization, as dimerization proceeds through the more reactive
central rings. However, for hexacene and higher acenes,
polymerization to produce an acene-based polymer is
significantly favored thermodynamically over the usual
dimerization. In some cases, the formation of thermodynami-
cally preferred polymers is highly unlikely because of the steric
requirements of the polymerization process. Nevertheless, on
the basis of our computational results, the formation of acene
based polymers is one of the possible reactions or
decomposition pathways of long acenes.

B COMPUTATIONAL METHODS

The Gaussian 09" series of programs was used for all computations.
The molecules were fully optimized using density functional theory'”
at the M06-2X level,'® and since the studied systems are quite large,
the economical basis set 6-31G(d) was used (denoted as M06-2X/6-
31G(d)). In our previous paper,14 we showed that the M06-2X
functional is very suitable for studying the kinetics and thermody-
namics of acene dimerization. At the M06-2X/6-31G(d) level, the
hexacene molecule does not show biradical character and the restricted
wave function is stable, while heptacene and longer acenes exhibit
biradical character and the restricted wave function is unstable. When
the restricted wave function was unstable, calculations were performed
using the broken-symmetry unrestricted DFT (UDFT) method, and
the species were optimized at the UM06-2X/6-31G(d) level of theory.
Spin contamination (<8*>) values reported in this paper are without
spin annihilation. Frequency calculations were performed at the M06-
2X/6-31G(d) level for all stationary points of finite size molecules.
Intrinsic reaction coordinate (IRC)" calculations were performed for
several representative cases. Unscaled zero point vibrational energies
(ZPVE) at the M06-2X/6-31G(d) level were added to the calculated
relative energies. Gibbs free energies (AG) were calculated at 298 K
and 1 atm at the MO06-2X/6-31G(d) level. The calculations for
polymers were performed using the periodic boundary conditions
(PBC) approximation as implemented in Gaussian 09.°° Since
frequency calculations cannot be performed within a PBC
approximation, ZPVE were not calculated for polymers and were
not added to their reactive energies.

The polymerization mechanism was calculated by modeling a single
propagation polymerization step and by considering only one acene
unit in the backbone. The terminal unit of the polymer was
constructed by adding two hydrogen atoms onto the reacting acenes
engaged in backbone formation (Figure 2).2! The mechanism of
addition of the next acene molecule to such an acene unit was
calculated.

We use the following nomenclature in this paper. 7-2H-2 and 7-2H-
3 indicate heptacene dihydrogens (Figure 2) in which the additional
hydrogens are on the second and third rings, respectively. In
complexes between a polymer and an additional acene molecule, -2,
indicates that two hydrogens were placed on the second benzene ring
of the polymer and that the additional acene molecule is positioned in
front of the third benzene ring of the polymer. In the intermediates
such as 6M;,-42 and 6M,,, the subscript indicates an “in” type
minimum for the polymerization of hexacene, and -42 indicates the
involvement of the fourth benzene ring of the acene unit in the
forming polymer and the second benzene ring of the additional
hexacene molecule. Similar nomenclature is used for all transition
states, minima, and products.
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The Journal of Organic Chemistry

7-2H-2

Figure 2. Modeling of the polymer terminal unit by placing two
additional hydrogen atoms on the second benzene ring of the
heptacene molecule 7-2H-2 or on the third benzene ring of the
heptacene molecule 7-2H-3.

B RESULTS AND DISCUSSION

At the MO06-2X/6-31G(d) level of theory, pentacene
dimerization to form the most stable dipentacene (5P-3,3/,
Table 1 and Figure 3) is 2.1 kcal/mol more favorable than the

Table 1. Calculated Energies of Acene Dimers and Polymers
Shown in Figures 3 and 4 (Relative to the Two Molecules of
the Respective Ground-State Acenes, in kcal/mol, at M06-
2X/6-31G(d) without Inclusion of ZPVE)“

AE  AAEY AE  AAE*
5P-3,3'° -39.1 6P s’ —46.5
poly-5P-22'¢  —-37.0 2.1 poly-6P-2,3"9* —-53.7 -72
poly-5P-3,1’ 109 50.1  poly-6P-2,2' —55.6 -9.1
7P-4,4' —542 poly-6P-2,3'-alt- —54.7 -82

2,2
poly-7P- ~710  —168 8P’ —55.0
3,374

poly-7P-2,3°  —726 —184 poly-8P-3,3'° -865  —3L5

“For heptacene and octacene, the energies of the reactants were
calculated at UM06-2X/6-31G(d). PAAE = AE (polymer) — AE
(dimer). Two polymer unit cells were used for the energy calculations.
“From ref 14. “Formation of this polymer is unlikely from a kinetic
point of view because of the steric requirements of the polymerization
process.

formation of the most stable pentacene-based polymer (poly-
SP-2,2', Table 1 and Figure 4)14 and 50.1 kcal/mol more
favorable than the formation of poly-SP-3,1’. However, some
of the acene-based polymers obtained from hexacene onward
are more stable than the corresponding dimers (Table 1),
which shows that the formation of acene-based polymers from
long oligoacenes is thermodynamically preferred over dimeriza-
tion. Consequently, competition between the formation of
dimers and acene-based polymers shifts toward the formation

of polymers as acene chain length increases."* However, as we
will discuss below, in some cases the formation of the most
thermodynamically preferred polymers is highly unlikely
because of steric effects along the reaction pathway. Thus, in
order to understand and predict the formation of acene-based
polymers vs formation of acene dimers, a more detailed
investigation was performed.

In this work, we performed a comprehensive study of the
polymerization of pentacene, hexacene, and heptacene.
Hexacene polymers poly-6P-2,2°, poly-6P-2,3"-alt-2,2’, and
poly-6P-2,3" are 9.1, 8.2, and 7.2 kcal/mol, respectively, more
stable than the corresponding dimer 6P,,, (Table 1 and
Figures 3 and 4). Thus, the formation of hexacene based
polymers is thermodynamically preferred over dimerization.
Poly-7P-3,3’ and poly-7P-2,3" are 71.0 and 72.6 kcal/mol,
respectively, more stable than two heptacene molecules and are
16.8 and 18.4 kcal/mol, respectively, more stable than the most
stable dimer 7P-4,4’. Importantly, the formation of poly-7P-
2,3’ should be significantly preferred over that of poly-7P-3,3’
in view of the reaction kinetics (see below). The formation of
the octacene based polymer poly-8P-3,3" is favored over the
formation of the dimer 8P, by as much as 31.5 kcal/mol.
Thus, from a thermodynamic point of view, the formation of
acene-based polymers for long acenes is much more preferable
than dimerization.

Polymerization Mechanism. a. General Considerations.
Polymerization of an acene requires the addition of an acene
molecule to the backbone, which contains sp® carbons formed
by previously added acene molecules. Compared to the pristine
acene, the terminal unit of the polymer consists of shorter and
less reactive acene fragments since part of its backbone is
interrupted by sp® carbons. The presence of sp* carbons causes
the terminal unit to curve and prevents polymerization via rings
adjacent to the sp® unit. Thus, acene polymerization involves
the approaching acene effectively reacting with a shorter acene,
rather than with one of equal length (as in dimerization). Steric
considerations also dictate that the addition of new acene
molecules during polymerization proceeds only in a syn-fashion
(with the acene molecules facing and maximally overlapping
each other). The addition of acene in an anti-fashion (in which
the approaching acene molecule is shifted relative to the second
acene molecule or terminal unit of the polymer backbone, so
that there is little overlap between the two molecules) would
require the approaching molecule to undergo a nearly 180°
rotation to form the product, which is not sterically possible
(see, for example, Figure S below). Therefore, following
formation of a complex, the reaction should proceed directly
to the product via a syn-transition state (T;,) followed by a syn-
minimum (M;,) and another transition state (Tg,n), similar to
the pathway calculated for the dimerization of pentacene by a
biradical stepwise mechanism."*

8Ptrans

Figure 3. Representative structures of dimerization products (P). The first digit refers to the number of fused benzene rings in the corresponding

acene monomer.
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Figure 4. Representative optimized structures (PBC/M06-2X/6-31G(d)) of the acene-based polymers. Main unit cell atoms are shown using a ball-
and-stick representation, and atoms in replicated unit cells are shown using a blunt representation. The red line shows the direction of the unit cell

vector.

During polymerization, each acene molecule forms four new
C—C bonds with the neighboring two molecules, whereas
during dimerization, only two such C—C bonds are formed for
each acene molecule. In the calculated polymerization
mechanism, the thermodynamics is calculated for the addition
of one molecule (one mole) of acene, but for dimerization, the
reaction energies are calculated per two acene molecules (two
moles). Consequently, the thermodynamics of acene polymer-
ization (given in Table 2 and Figures S—13) should be
compared with twice the dimerization energies (given in Table
1). For example, the energies of formation of polymers poly-
6P-2-2" (—55.6 kcal/mol, per two acene molecules) and poly-
7P-2-3" (—72.6 kecal/mol, per two acene molecules) are nearly
double the energy of formation of the corresponding product of
the propagation step 6P-53 (—30.5 kcal/mol) and 7P-63
(—31.2 keal/mol), respectively (Tables 1 and 2).

b. Polymerization of Pentacene. For the polymerization of
pentacene, we have considered a mechanism starting from $-

complex-2;, which will lead to the addition of pentacene via its
second ring to the second ring of the anthracene unit of the
polymeric backbone (Figure $).*' Polymerization proceeding
via this complex should lead to the most preferred polymer-
ization pathway for pentacene. The formation of 5-complex-2;
is exothermic by 14.3 kcal/mol, which is less exothermic than
the formation of a complex between two pentacene molecules
(=17.0 kcal/mol**). 5-Complex-2; can be compared with a
complex between an anthracene and a pentacene molecule in
which only three benzene rings overlap. Polymerization
proceeding via S-complex-2; will lead to the formation of
poly-5P-2,2’, which is 37.0 kcal/mol more stable than two
starting pentacene molecules (Table 1). From a mechanistic
point of view, from S-complex-2; the reaction proceeds via
5T;,-42, whose activation energy lies 11.0 kcal/mol higher than
the reactants, to form a new minimum, SM;,-42, at 9.2 kcal/
mol above the reactants. SM;,-42 leads to the propagation step
product SP-42 via the rate-determining step $Tg,.,-42 with

dx.doi.org/10.1021/jo4006415 | J. Org. Chem. 2013, 78, 10058—10068
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Figure 5. Reaction path for a propagation step in pentacene polymerization starting from the S-complex-2; at M06-2X/6-31G(d)+ZPVE. This
reaction should lead to formation of the polymer poly-5P-2,2" (Figure 4). Calculated energies (in kcal/mol, red), bond lengths (in A, black), and
dihedral angles (green) of newly forming C—C bonds (dashed lines between molecules) are shown. The Gibbs free energy (AG, in kcal/mol) values
are given in brackets.”"

Table 2. Calculated Energies (AE) and the Gibbs Free Energies (AG) of the Complexes, Transition States (T), Local Minima
(M), and Products (P) (Relative to the Respective Ground State Acene and Appropriate Dihydrogen—Acene, in kcal/mol) at
MO06-2X/6-31G(d)+ZPVE for the Propagation Step in the Polymerization of Pentacene, Hexacene, and Heptacene“’b

AE AG AE AG
pentacene polymerization hexacene dimerization
S-complex-2; —14.3 (—14.8) -15 6-complex —19.3 (-204) -S54
ST,,-42 11.0 (10.8) 26.1 6T;, -7.0 (=7.1) 6.7
SM,,-42 92 (8.1) 233 6M,, —15.8 (—17.8) -28
STorm-42 19.7 (19.1) 350 6Tiom —10.6 (-12.6) 5.0
SP-42 —15.6 (—19.6) —-0.8 6P, —41.8 (—46.5) —26.3
hexacene polymerization heptacene polymerizationb
6-complex-2, —17.2 (-18.3) -3.0 7-complex-2, —20.8 (—22.0) -2.6
6T,-42 36 (3.1) 19.7 7T,-53 —8.3 (—9.4) 83
6M,,-42 —0.1 (=0.9) 14.4 7M,,-53 —142 (-1638) 14
6T 42 7.8 (6.7) 24.8 7P-53 —38.6 (—44.4) -23.3
6P-42 —239 (—28.1) -96 7-complex-2, —173 (-17.1) -06
6T,-53 02 (=0.1) 15.1 7T,.-52 —17 (-13) 15.1
6M,,-53 —47 (~5.8) 103 7M,,-52 —-62 (-9.0) 0.0
6T 553 1.5 (03) 18.3 7T gorn-52 1.9 (—0.7) 17.8
6P-53 —30.5 (—34.9) -15.9 7P-52 —31.2 (—36.9) —-15.8
6-complex-2, —12.5 (—13.6) 0.5 7-complex-3, —18.0 (—18.4) -12
6T,-52 63 (64) 21.1 7T,,-63 —0.5 (=2.0) 152
6M,,-52 1.7 (03) 162 7M,,-63 —50 (~8.5) 10.1
6T gor-52 12.6 (11.7) 26.8 7T jorm-63 03 (—23) 17.3
6P-52 —242 (—284) -9.5 7P-63 —312 (—369) —15.7
6-complex-3, —14.2 (—14.8) -0.9
activation energies for dimerization'*
STiom —0.3 (=15) 16.1 7T, —12.1 (—14.6) 63

“Values in parentheses are without ZPVE (to enable comparison with the polymerization energies given in Table 1). The energies of the reactants
and complexes for heptacene polymerization, which have biradical character, were calculated at UM06-2X/6-31G(d).

activation energy of 19.7 kcal/mol relative to the starting of —0.3 kcal/mol relative to the starting materialsl4).Formation
materials (cf, an activation energy for pentacene dimerization of SP-42 is exothermic by 15.6 kcal/mol (19.6 kcal/mol

10062 dx.doi.org/10.1021/jo4006415 | J. Org. Chem. 2013, 78, 10058—10068
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Figure 7. Different starting complexes for modeling hexacene polymerization at M06-2X/6-31G(d)+ZPVE.

without including ZPVE), which should be roughly multiplied
by 2 to be compared with the formation of the polymer poly-
5P-2,2’ (which is 37.0 keal/mol without including ZPVE, Table
1). However, formation of pentacene dimer SP-3,3’ from two
pentacene molecules is even more exothermic at —39.1 kcal/
mol (without including of ZPVE, Table 1), so the formation of
acene-based polymers from pentacene is not expected from
both the kinetic and thermodynamic standpoints, since the
competing dimerization reaction should be preferable.

¢. Dimerization of Hexacene. In order to discuss hexacene
polymerization, it is important to understand the mechanism
for hexacene dimerization. However, the dimerization of
hexacene was not studied previously, so we calculated the
reaction pathway for hexacene dimerization in the current work
(Table 2 and Figure 6).>> The mechanism of hexacene
dimerization is found to be similar to that of pentacene
dimerization and differs from the dimerization mechanism of
heptacene. The biradical mechanism for dimerization of
hexacene proceeds via syn or anti transition states and biradical
minima through stepwise biradical pathways, while dimerization
of heptacene proceeds via asynchronous ring closure of the
complex formed by two heptacene molecules.'* Hexacene
dimerization is calculated to have a negative activation energy
(—=7.0 kcal/mol) relative to two hexacene molecules at MO06-
2X/6-31G(d)+ZPVE. The unsubstituted hexacene is highly
reactivite in solution.” A dimerization reaction involving
hexacene with relatively bulky substituents was reported even
during storage in the solid state in the dark.'">** The formation

10063

of a complex of two hexacene molecules, 6-complex, is
exothermic by 19.3 kcal/mol (related values for pentacene and
heptacene complexes are —17.0 and —24.4 kcal/mol'*). The
formation of the 6-complex is followed by an open shell
transition state, 6T;, (<S*> = 0.31), which is 7.0 kcal/mol lower
in energy than the reactants and 12.3 kcal/mol higher than the
6-complex. The transition state 6T;, leads to the minimum
6M,, (<S*> = 1.00), which is 15.8 kcal/mol more stable than
the reactants. The pathway from 6M;, to 6P, via 6Tg.
(6Tgopm is 10.6 kcal/mol lower in energy than two hexacene
molecules and has <§*> = 0.64), requires an activation energy
of only 5.2 kcal/mol relative to 6M;, and the resulting dimer is
41.8 keal/mol more stable than the starting materials (Figure 6,
for comparison, the pentacene dimer is 34.3 kcal/mol and the
heptacene dimer is 49.1 kcal/mol more stable than the
corresponding starting materialsH).

d. Polymerization of Hexacene. For the polymerization of
hexacene, we considered all three energetically reasonable
pathways. These pathways proceed via one of three complexes
whose formation is exothermic by 17.2 (6-complex-2;), 12.5
(6-complex-2,), and 14.2 kcal/mol (6-complex-3,) (Figures
7—10 and Table 2). 6-Complex-2; can be compared with a
complex between a tetracene and a hexacene molecules, in
which overlap can be expected between only four benzene
rings. The extra stabilization can be attributed to herringbone-
type interactions between the bent segment of the polymer’s
terminal unit and the newly binding acene molecule. Polymer-
ization starting from 6-complex-2; (Figure 8) leads to poly-6P-

dx.doi.org/10.1021/jo4006415 | J. Org. Chem. 2013, 78, 10058—10068
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Calculated energies (in kcal/mol, red), bond lengths (in A, black) and dihedral angles (green) of newly forming C—C bonds (dash lines between
molecules) are shown. The Gibbs free energy (AG, in kcal/mol) values are given in brackets.

2,3’ (Figure 4), while polymerization starting from 6-complex-
2, (Figure 10) leads to the formation of poly-6P-2,2" (Figure
4). The reaction proceeding via 6-complex-3, is kinetically
unfavorable because the reaction is equivalent to one between
anthracene and the second ring of hexacene, and so it would
require a relatively high activation energy of about 20—30 kcal/
mol based on data available below in this paper and in ref 14.
Therefore, we did not further investigate the mechanistic
pathway originating from 6-complex-3,.

Starting from 6-complex-2; (Figures 8 and 9), we considered
pathways via transition states 6T;-42 and 6T;,-53, respectively,
while starting from 6-complex-2, (Figure 10), we considered a
pathway via transition state 6T;;-52. The activation energies for
6T,,-42, 6T;,-53, and 6T;,-52 are 3.6, 0.2, and 6.3 kcal/mol,
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respectively, compared with the starting materials hexacene and
6-2H-2. The activation energies of T, starting from the
corresponding complexes are 20.8, 17.4, and 18.8 kcal/mol,
respectively. 6T ;-52 has a higher activation energy than the
other two transition states (relative to the starting materials).
Forming C—C bond lengths are 1.97, 2.02, and 2.00 A, and the
dihedral angles between the forming C—C bonds are 42.8, 43.1,
and 51.3° for 6T;,-42, 6T;,-53, and 6T;,-52, respectively. The
spin contamination values (<S*> = 0.35, 0.43, and 0.64 for
6T;,-42, 6T,;,-53, and 6T;,-52) indicate the biradical nature of
the 6T, transition states.

From transition states T}, the reactions proceed to minima
6M,,-42, 6M,,-53, and 6M,,-52 (Figures 8—10), which have
energies of —0.1, —4.7, and 1.7 kcal/mol, respectively,
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compared with the initial hexacene and 6-2H-2. These minima
6M,,-42, 6M;,-53, and 6M,,-52 (spin contamination of <S?> =
0.96, 0.96, and 1.05, respectively) are 3.7, 4.9, and 4.6 kcal/mol,
respectively, lower in energy than the corresponding T,
transition states. The reactions further proceed to form the
products via rate-determining transition states of the Tg,, type,
6T n-42, 6T, -53, and 6T, -52 having spin contamina-
tions of <§*> = 0.67, 0.75, and 0.77 and activation energies of
7.8, 1.5, and 12.6 kcal/mol, respectively, compared with the
starting hexacene and 6-2H-2. Overall, the activation energies
of Tgy, transition states are slightly lower than the values
expected on the basis of the number of aromatic rings because
of the presence of the additional herringbone-type interaction.
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The activation energy for the kinetically most preferred
propagation step of hexacene polymerization is 1.5 kcal/mol
(Figure 9), however, this propagation step might not lead to
the most preferred polymerization mechanism® and the
expected lowest activation energy for polymerization of
hexacene (based on the propagation step in Figure 8) is 7.8
kcal/mol. This activation energy for hexacene polymerization is
higher than the activation energy for hexacene dimerization
(—7.0 keal/mol, Table 2 and Figure 6).

e. Polymerization of Heptacene. Overall, the mechanism of
heptacene polymerization is very similar to those of hexacene
and pentacene polymerization. Possible pathways for the
propagation step in the polymerization of heptacene are
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shown in Figures 11—13, and the corresponding energies are
given in Table 2. The m-complex can be formed through the
terminal heptacene moiety in the forming polymer and the
approaching heptacene molecule, which we have modeled by
considering 7-complex-2;, 7-complex-2,, and 7-complex-3,
(Figures 11—13). Interestingly, considering steric factors, all
the energetically reasonable pathways for polymer formation
starting from these three complexes result in the formation of
the same polymer, poly-7P-2,3’ (Figure 4, the formed
polymers will differ only in terms of the identity of the first
heptacene moiety in the resulting polymer). The formations of
7-complex-2;, 7-complex-2,, and 7-complex-3, are exothermic
by 20.8, 17.3, and 18.0 kcal/mol, respectively. Originating from

these three complexes, we have considered three transition
states 7T;,-53, 7T;,-52, and 7T;-63. These transition states
have spin contaminations of <§*> = 0.52, 0.65, and 0.38,
respectively, and activation energies of —8.3, —1.7, and —0.5,
respectively, relative to the reactants (i.e., the heptacene and 7-
2H-2 or 7-2H-3 molecules; the activation energies are 12.5,
15.6, and 17.5 kcal/mol, respectively, relative to the
corresponding complexes). The reaction proceeds from the
T;, transition states to the intermediates, 7M;,-53, 7M;,-52,
and 7M,;;-63, which are lower in energy than the starting
materials by 14.2, 6.2, and 5.0 kcal/mol, respectively. From the
intermediates, the rate-determining transition states, 7Tg,.,-52
and 7T ¢ym-63 (Figures 12 and 13), lead to product formation
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and have activation energies of 1.9 and 0.3 kcal/mol relative to
the reactants (19.2 and 18.3 kcal/mol relative to the
corresponding complexes).”® Therefore, overall the expected
activation energy for polymerization of heptacene is somewhat
below zero kcal/mol (relative to the reactants).?® For
comparison, the activation energy for the corresponding
heptacene dimerization is —12.1 kcal/mol relative to two
heptacene molecules and is +12.3 kcal/mol relative to the
complex formed between two heptacene molecules.'*

f. General Discussion of the Polymerization Mechanism.
The activation energy for the formation of acene-based
polymers is higher than for the formation of acene dimers,
since cycloaddition in the polymerization reactions does not
occur at the central acene ring. However, polymerization of
heptacene (and, clearly, of longer acenes) is barrierless relative
to the reactants. During acene polymerization, the preferred
disposition of the approaching acene molecule over the
terminal acene unit of the forming polymer is limited to an
overlap of, at most, two-thirds of the length of each acene
(because of the presence, roughly one-third of the way along
the terminal acene, of sp’-hybridized carbon atoms from
previous propagation steps). Consequently, polymerization
proceeds via reaction with only a segment of the terminal
acene unit, with the reactivity of this segment being equivalent
to that of an acene two-thirds its initial length. In the
hypothetical case of a gas-phase reaction, for acenes of any
length, dimerization will always be kinetically more favorable
than polymerization (see Table 2), while in solution, for long
acenes, both polymerization and dimerization will be very fast
processes. Also, for long acenes, acene based polymers are
thermodynamically controlled products, since four new C—C
bonds are formed on each acene molecule during polymer-
ization. Based on the results in Table 1, from a thermodynamic
point of view, polymerization rather than dimerization can be
expected in the case of hexacene and heptacene. Although
hexacene dimerization is thermodynamically less favorable by
9.1 kcal/mol than the formation of the most stable hexacene-
based polymer, from a kinetic point of view, formation of
hexacene-based polymers might not occur because of the higher
activation energy for polymerization vs dimerization. For
heptacene, the formation of a heptacene-based polymer is
more likely.

The dimerization reactions discussed here should have a
second-order reaction kinetics. Polymerization should have first
order reaction kinetics considering that the formed polymer
backbone is completely insoluble in organic solvents and forms
a solid precipitate. Therefore, the tendency to form a dimer or a
polymer may depend on the concentration of the reacting
acene. For example, as we discussed above, although hexacene
dimerization is preferred kinetically by about 8.5 kcal/mol, this
preference will vanish if the concentration of the monomer is
107% M (bearing in mind that the solubility of long acenes is
very low™).

B CONCLUSIONS

In this paper, we have explored the structure, mechanism
(kinetics), and thermodynamics of acene-based polymer
formation using computational methods. Experimentally,
dimerization and polymerization products of long acenes are
very difficult to characterize, although this study suggests that
acene based polymers or their fragments were possibly obtained
by the Neckers and Bettinger groups.”® For hexacene and
heptacene, we have considered the formation of various

possible acene-based polymers, which were calculated to be
thermodynamically preferred over the dimerization products
and have low activation energies for polymer formation. Thus,
polymerization can be expected to compete with dimerization
in the case of hexacene and heptacene (and especially for
longer acenes). Similarly to dimerization, the polymerization of
acenes follows a stepwise biradical pathway. For steric reasons,
the polymerization of acenes cannot proceed through an anti-
type transition state because the rotation after an anti-transition
state is rendered impossible by the bent nature of the
participating acene unit of the forming polymer. More
importantly, polymerization of acenes proceeds via reaction
of only a segment of the terminal acene unit, with this segment
being shorter, and therefore less reactive, than the pristine
acene molecule, so for acenes of any length, dimerization will
always be kinetically more favorable than polymerization.
However, polymerization of long acenes (starting from
heptacene) should be barrierless (relative to the reactants)
and both polymerization and dimerization should be very fast
processes for long acenes. Since dimerization is a second-order
reaction, while polymerization is a first-order reaction,
competition between polymerization and dimerization should
be concentration dependent, and at low acene concentrations,
polymerization will be preferred.
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