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Simple relationships between the absolute proton affinities APAs and second order

hyperpolarizabilities g is found for a class of condensed aromatic molecules with the conjugated

p-electron network. Results are presented for ‘‘open’’ acenes and zethrenes in comparison with

‘‘closed’’ systems (coronene and kekulene). They indicate a strong dependence of the APA–g
relation on the molecular shape. Since g is intimately related to a nonlinear response of the

system, it follows that APA could serve as a useful probe for testing the nonlinear polarizability

at the molecular level, thus selecting possible candidates for materials with nonlinear optical

(NLO) properties. It also appears that zethrenes represent very useful building blocks for NLO

materials. An interesting byproduct of this study is that zethrenes could be strongly basic

compounds, if appended by a judicious selection of the electron releasing substituents placed at

the strategic positions on the molecular perimeter.

Introduction

The proton affinity (PA) is of great importance in proton

transfer reactions in chemical and biological systems, in

defining Brønsted basicity and acidity of molecules, in cata-

lysis, solvation and in determining susceptibility towards the

electrophilic substitution reactivity of aromatics.1–8 On the

other hand, the proton affinity is a quantity interesting per se,

since the proton provides a very useful probe of the electronic

structure of molecules. Gas-phase experimental or single

molecule theoretical proton affinities are most appropriate

for that purpose, because they reflect intrinsic molecular

features free of the solvent effect ‘‘contamination’’. Unlike

experimental data,9 theoretical affinities do not depend on a

predetermined gauge value of an anchor base. Since they refer

to the absolute proton affinities, they will be abbreviated as

APA.

There has been a lot of research interest in this field focused

particularly on the strong organic bases.10–14 Continuing our

work on the proton affinity,15 we felt it worthwhile to explore

APAs of linear aromatic catacondensed polyacenes and peri-

condensed zethrenes, the latter exhibiting the z-like shape.

They form a subset of a large family of polycyclic aromatic

compounds (PAHs), which have been at the focus of research

interest for a long time in view of their role as ubiquitous air

pollutants, carcinogens and as systems occuring in many

celestial objects like planetary nebulae, reflection nebulae

and active galaxies.16 It is plausible to assume that they will

possess high basicity in view of the appreciable resonance

effect incited by protonation. More importantly, we would like

to examine the second order hyperpolarizability mean value

hgi of these systems, which in our perception should provide

good candidates for constituents of new materials exhibiting

favourable nonlinear optical properties.17–21 This is of con-

siderable interest since the nonlinear effects are important in

optical processing and information transfer technology.22,23

To be more specific, tetracene and pentacene have been used as

the active layer of high-performance organic field-effect tran-

sistors.24,25 Acenes proved useful in organic light-emitting

diodes (OLEDs), where their high fluorescence efficiency

makes them optimal emitters. For instance, it has been shown

that antracene yielded blue OLEDs,26 whereas substituted

pentacene derivatives acted as a guest dye in Alq3-based

devices to give red electroluminescence.27 Consequently, a

relation between APAs and hgi will be studied, since it is

intuitively clear that these two entities should be closely

related. It is, namely, a common knowledge that the p-electron
excitations are an important determinant of the NLO re-

sponse. On the other hand, the APAs are larger if HOMO

energies are higher. Thus it is not surprising that hgis and

APAs are in fact linearly related on a logarithmic scale. Hence,

if APAs of the extended conjugated systems are determined to

a good accuracy, then hgis could be easily deduced by using

our relationship. The present work complements an earlier

study of the APAs of ‘‘long’’ polyacenes by Notario and

Abboud.16

Methodology

The most accurate APAs are obtained by the G2 method or its

G2(MP2) simplified form.28 These theoretical schemes, how-

ever, are not feasible in large molecules. We found that a much

simpler model denoted as MP2(fc)/6-31G**//HF/6-31G* þ
ZPVE(HF/6-31G*) reproduces rather well APAs of a large

number of substituted benzenes and naphthalenes.15 Unfortu-

nately, all these models are still impractical, if the properties
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and APAs of the highly extended aromatic compounds are

desired. It is gratifying that there is a fairly good correlation

between the MP2 absolute proton affinities and differences in

enthalpies of formation of bases and their conjugate acids

DDHf
0(AM1)29a calculated by the semiempirical AM1 sche-

me:29b

APA(Ba) = 1.2055 [DHf
0(B) � DHf

0(BaH
1)]

þ 404.3 kcal mol�1 (1)

where B and BH1 denote the base and its conjugate acid,

respectively, and a stands for the site of proton attack on the

aromatic ring. In deriving eqn (1) the experimental

DHf
0(H1) value for the proton of 367.2 kcal mol�1 was

employed.30 The correlation (1) puts the AM1 results in line

with the MP2 absolute proton affinities of linear polyacenes

with a relatively small loss in accuracy (4–5 kcal mol�1).29a

The correlation coefficient R2 = 0.96 and the average

absolute deviation (AAD) is 2.4 kcal mol�1. It is percentage-

wise a very small error compared to large APA values.

This is the price to be paid for the economical AM1 semi-

empirical scheme, which is feasible in very large systems being

practical in calculating the hgi values too (see below).

However, if the error is systematic, then we would have a

useful vehicle for examining very large condensed hydrocar-

bons and their derivatives. This seems to be the case as we shall

see later. The heart of the scaled AM1sc approximate

approach is an observation that a change in ZPVEs

upon protonation of the carbon atom belonging to the aro-

matic ring is fairly constant, being 6.4 kcal mol�1 on

average with an absolute average deviation of only

0.3 kcal mol�1.29a Hence, it is absorbed in the additive con-

stant in approximate eqn (1). Another important feature is

that the difference in two very large numbers yielding APAs is

rather well reproduced by the highly parametrized semiempi-

rical method like AM1.

Finally, the second order molecular hyperpolarizability gijkl
is defind as the third term of the induced dipole moment

developed in a series:

mi � mi
0 = aijEj þ (1/2)aijkEjEk þ (1/6)gijklEjEkEl þ. . . (2)

where mi
0 is the ith component of the permanent dipole

moment, whereas aij, aijk and gijkl are tensor elements of the

linear polarizability, first and second order hyperpolarizabil-

ity, respectively, describing a response to the external pertur-

bation produced by the electric field E.31,32 Summation upon

repeated indices is assumed. It should be recalled that g is the
first nonvanishing nonlinear coefficient in systems possessing

central symmetry. The quantity of experimental interest is the

mean value:

hgi= (1/5){gxxxxþ gyyyyþgzzzzþ 2[gxxyyþ gxxzzþ gyyzz]} (3)

Its theoretical treatment within the AM1 method is described

by Stewart et al.33 This semiempirical procedure employs the

finite field algorithm, where a field strength of 0.001 a.u. was

adopted in order to avoid numerical instabilities and reduce

final errors. This is the second reason why the semiempirical

AM1 method was selected as the method of choice being

highly efficient and practical in calculating hgi. The high level

ab initio calculation of the hgi would be too demanding. All

computations were executed by using the MOPAC program

package.34

Results and discussion

The absolute proton affinity

Polyacenes. We shall begin the discussion with polyacenes

1–8 (Fig. 1). It should be pointed out that numbering of the

carbon atoms does not correspond to the standard numbering

used in describing substituted derivatives of these species. It is

well known that their reactivity increases along the series.

Thus heptacene 7 was prepared as a derivative possessing

some stabilizing substituents, but all reported syntheses es-

caped verification.35 On the other hand octacene, nonacene

and other higher polyacenes successfully avoided their synth-

eses so far. In fact, Clar claimed that they were incapable of

existence.36 It is well known that anthracene undergoes Diels–

Alder reactions and addition of bromine,37 while tetracene and

pentacene are susceptible to 1,4-cycloadditions.38,39 In order

to prevent 1,4-cycloadditions at the central rings Anthony

et al. developed synthetic routes to block central positions with

large alkyne substituents in pentacene, hexacene and hepta-

cene.40,41 It is intuitively clear that larger systems should

possess higher APAs because they can accommodate more

efficiently the positive charge created by the protonation. This

is also compatible with the increased number of the resonance

structures in the protonated forms (vide infra). Perusal of data

presented in Table 1 supports this contention. The APA values

do increase with the number of benzene rings, although this

increase is not linear, but attenuates instead. Hence, the

differences D(APA(n þ 1) � APA(n)) are 13.7, 7.1, 8.6, 9.1,

5.4 and 3.9 (in kcal mol�1) for n running from 1 to 7,

respectively, reflecting an apparent lessened increase, but not

in a regular manner. The striking feature is that highly reactive

heptacene 7 and elusive octacene 8 exhibit strong basicity as

evidenced by APA values of ca. 242 and 246 kcal mol�1,

respectively.

Fig. 1 Schematic representation and atom numbering in acenes.
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It should be recalled that acenes are alternate systems

implying that the p-electron density is uniformly distributed

over all carbon atoms. In spite of that, different carbon atoms

do exhibit different affinities toward protons, which calls for a

simple interpretation. According to Clar’s rule36 the linear

acenes cannot have an aromatic sextet in all rings at the same

time. In spite of that we shall use notation based on the

aromatic sextet circles in the nearest rings when necessary,

since it gives the simplest and most compact way of counting

and book keeping of the resonance structures. In fact, only

one (initial) ring can realize aromatic coupling, which can then

‘‘travel’’ along the 1D chain of the benzene rings resulting in

some additional resonance stabilization. The latter is not given

by a sum of aromaticities of free benzene rings. Instead,

according to some theoretical considerations, the aromatic

stabilization per electron slightly decreases in condensed ben-

zenoid systems.42,43 Wiberg has shown that the aromatic

stabilization of benzene (1), naphthalene (2), anthracene (3),

naphthacene (4) and pentacene (5) increases as 36, 60, 80, 99

and 117 (in kcal mol�1), respectively, implying that the

stabilization energy per p-electron slowly decreases like 6.0,

6.0, 5.7, 5.5 and 5.3 kcal mol�1 in the same order.44 In any

case, it appears naphthalene is less stabilized than two free

benzenes etc. This helps in rationalizing the variation of

proton affinities within the same molecule or within the series

of acenes. Let us consider two characteristic examples. The

most basic site in naphthalene 2 is position 1, which is easily

understood by the number of resonance structures (Scheme 1).

Protonation of position 2 retains only one resonance struc-

ture, which contains the aromatic sextet within a six-mem-

bered ring, as opposed to two such resonance structures

occurring upon protonation at position 1. Analogously, the

difference in APAs in anthracene 3 is consistent with the

number of resonance structures involving the aromatic frag-

ments (Scheme 2). The control site C1 is most susceptible to

the proton attack, since the corresponding resonance struc-

tures include 8 benzene moieties (Scheme 2(a)). Protonation at

C2 position is described by the two resonance structures

involving naphthalene fragments and one possessing benzene

6p-electron sextet as evident from Scheme 2(b). Since the

aromatic stabilization of naphthalene is somewhat smaller

than aromaticities of two free benzenes, it appears that the

total stabilization of the protonated form 3(C2)1 is r5EAr(1),

where EAr(1) denotes the aromatic stabilization of benzene.

This is smaller than 8EAr(1), which is an approximate, but

good estimate of the stability of the form protonated at C1.

Finally, protonation at C(3) position induces the resonance

effect described by two important resonance structures invol-

ving one naphthalene and one benzene moiety, respectively

(Scheme 2(c)). The resulting stabilization is r3EAr(1) yielding

the lowest APA value in 3. It is safe to conclude that the

variation in APAs within the same acene is determined by the

extent of the cationic resonance effect and that it is a conse-

quence of the properties of the final state (i.e. of the conjugate

acids). The difference in APAs between various acenes de-

pends also on the properties of initial bases. For example, it is

well known that HOMO increases as stability of aromatics is

enhanced. In the present case, the HOMO orbital energies

increase along the acene series 1–8 (Table 1) implying that the

price to be paid in forming a new bond upon protonation

decreases thus amplifying basicity. It appears that both initial

and final state effects contribute to the increase in basicity in

larger acenes compared to smaller ones, but the latter effect

prevails. Let us consider equivalent positions in 2 and 3. The

increase in APA for positions C1 and C2 are D(C1) =

APA(3)Cl � APA(2)Cl = 17.1 kcal mol�1 and D(C2) =

APA(3)C2 � APA(2)C2 = 11.4 kcal mol�1. These values are

Table 1 The absolute PA values of linear acenes as obtained by the
AM1sc model defined by eqn (1); the experimental data (in parenth-
eses) are taken from the NIST database48

Linearly
condensed
benzenes

Proton affinity/
kcal mol�1

HOMO/eV1 2 3 4 5

1 182.6 �9.65
(179.9)

2 196.3 192.0 �8.71
(191.9)

3 213.4 203.4 198.3 �8.12
(208.0)

4 222.0 207.9 202.9 –7.75
(216.5)

5 231.1 227.0 210.9 206.4 �7.50
(225.7)a

6 236.5 230.3 213.1 209.0 �7.30
7 241.9 239.9 232.6 214.6 211.0 �7.20
8 245.8 242.7 234.7 216.3 212.0 �7.10
a Ref. 16.

Scheme 1

Scheme 2
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compatible with HOMOs of 2 and 3 being �8.71 and �8.12
eV, respectively, and a large difference in the number of

resonance structures in the protonated forms 3H1 and 2H1

(viz. Schemes 1 and 2). It is important to realize that the

difference D(C1) � D(C2) = 5.7 kcal mol�1 is completely free

of the influence of initial states being a consequence of a

greater ease of larger acenes (here anthracene) to accommo-

date the excess positive change as intuitively expected and

evidenced by the larger number of the resonance structures in

more sizeable cations (viz. Schemes 1 and 2). The finding that

APA is the highest for the central C1 atom in 3 and that it is

lowered for more peripheral protonation positions holds in

general in other acenes. The increase in APA along the series

of acenes is evident by the data given in Table 1, but it exhibits

a saturation effect.

Finally, a comparison with available experimental APA

values is in place here. The latter are unfortunately scarce.

Considering available data it turns out that the estimated

APAs are 3–4 kcal mol�1 higher than the measured proton

affinities (Table 1). Taking into account this offset value one

can obtain fairly accurate estimates of the proton affinities in

other related systems. It is interesting to compare the present

results with those of Notario and Abboud.16 Following our

procedure expounded in ref. 29a they derived the scaled

AM1sc formula by utilizing the experimental APAs for linear

polyacenes up to pentacene. The resulting formula reads:

APA(exp.) = 1.15 APA(AM1) � 31.6 kcal mol�1 with

AAD = 0.3 kcal mol�1. Hence, it is more accurate than our

formula (1). However, it should be strongly pointed out that

our formula was developed for derivatives of benzene and

naphthalene containing a wide variety of multiply substituted

groups.29a

As a final remark, it is worth mentioning that LUMO

energies decrease in parallel with the increase in the HOMO

orbital energies, thus lowering the HOMO–LUMO gap. This

is in accordance with the reduction of the ionization energy45

and increased electron affinity.46

Nonlinear acenes and some condensed aromatics. Since the

experimental data for APAs of polyaromatic hydrocarbons

Fig. 2 Schematic representation and atom numbering in some bent or branched acenes and condensed polybenzenes.
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(PAHs) are not abundant, it is of some interest to provide the

AM1 results for a large number of bent or branched acenes

and some other condensed aromatics. The studied systems are

depicted in Fig. 2. This is important because susceptibility

towards the electrophilic attack is proportional to the APA

values.6,47 Therefore, a knowledge of the most basic sites of

PAHs provides useful information about their electrophilic

reactivity. The estimated APAs are presented in Table 2.

Survey of the results indicates that PAHs are moderately basic

compounds. If only the largest APAs are taken into account

for each molecule, then the average absolute proton affinity is

213.2 kcal mol�1. This is by 33 kcal mol�1 higher than APA of

the elementary building block benzene. It appears that APAs

of PAHs depend both on the size (i.e. the number of benzene

fragments) and molecular topology (size). The linear acenes

have the highest APAs, whereas the lowest are found in bulky

cyclic molecules (coronene, kekulene depicted in Scheme 3).

Theoretical APAs are in a reasonably good accordance with

the sparse measured data (Table 2), which lends support to the

computed numbers.

Zethrenes. Zethrenes are a somewhat forgotten family of

pericondensed compounds, which should receive due atten-

tion. The first two zethrenes 32 and 33 (Fig. 3) were synthe-

sized a long time ago.36 Let us discuss the proton affinities of

32 and 33 (Table 3). It is obvious that protonation at C2 and

C5 positions of zethrene 32 will give the lowest APA values.

The reason behind is that the positive charge has to be ‘‘fixed’’

at the carbon atoms C3 and C4, respectively, since only in this

case the resonance structure including one benzene and one

naphthalene moiety could take place. In contrast, the proton

attack at C1 will provide two such resonance structures, which

in addition describe the cationic resonance effect over the allyl

cation fragment C9–C10–C11. It is, therefore, not surprising

that APA(C1)32 is 220.4 kcal mol�1 being larger than

APA(C2)32 = 195.8 and APA(C5)32 = 195.6 kcal mol�1 by

24 kcal mol�1. The most basic site is C4 with APA(C4)32 =

228.0 kcal mol�1 since the corresponding conjugate acid has

four resonance structures involving one benzene and one

naphthalene p-electron fragment, which describe the propaga-

tion of the unit positive charge along the C5–C6–C12–C7–C8–

C10–C9 carbon atoms. The second most basic site is given by

C6 carbon atom, since the corresponding 3 resonance struc-

tures that encompass naphthalene and benzene substructures

and the cationic resonance effect spread over the C12–C7–C8–

Table 2 Absolute proton affinities for different PAHs calculated by the scaled AM1 method; the experimental data (in parentheses) are taken
from ref. 49 and the highest APAs are given in bold

Molecule

Proton affinity/kcal mol�1

1 2 3 4 5 6 7 8 9 10 11 12 13 14

9 198.8 198.7 195.0 197.0 197.1
(201.1)

10 197.7 198.8

(199.7)
11 198.8 198.9 198.6 201.3 204.9 200.3
12 199.4 205.4 201.1 197.0 198.7 200.3

(203.3)
13 193.9 210.3 200.9

(208.5)
14 203.2 211.7 198.2 200.1 197.5 200.7 202.5 202.5 213.0 204.1 199.1 200.1
15 205.5 200.8 200.1 198.1 202.1 206.4 201.7

(205.8)
16 201.4 209.7 195.9 209.6 198.8 198.4
17 211.6 199.6 200.8 198.4 201.8 205.4 202.6
18 200.1 203.6 211.8 199.5 199.6 199.5 200.1
19 214.9 193.7 212.3

(213.0)
20 206.0

(207.0)
21 208.6 213.2 197.1 212.4 200.1 200.0 200.2 199.6 218.5 207.7 198.0 205.8 201.8 201.0
22 207.3 201.5 208.7 198.2 210.2 222.0 206.4
23 200.7 212.4 199.4 211.9 204.7 205.6 222.6 210.3 199.9 207.7 201.0 201.7 200.1
24 220.9 223.7 205.6 205.3 219.7 196.5
25 204.1 209.9 199.3 212.2 226.2 214.2
26 201.6 204.5 212.2

27 225.4 213.1 205.8 210.5
28 225.4 219.6 211.4 198.8 212.5 203.2
29 221.5 213.4 227.7 196.7 228.5

30 202.5 212.4

31 221.3 212.6 207.6 207.5 212.7

Scheme 3
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C10–C9 fragment. Finally, protonation at C7 induces the

cationic resonance along the C8–C10–C9 allylic structural

building block giving rise to two resonance structures posses-

sing two naphthalene subunits. Thus, it leads to the third

largest APA(C7) of 224.6 kcal mol�1.

The most favourable sites of the proton attack of zethrene

33 can be rationalized along the same line. The most basic

position is C7, since the propagation of the positive charge

over the quinoid moiety C10� � �C14 yields one resonance

structure containing two naphthalenes and one benzene

p-electron network and three resonance structures possessing

two naphthalene moieties. Hence, a high APA(C7)33 = 240.4

kcal mol�1 is not surprising. For the same reason the most

basic position in zethrenes 34, 35 and 36 is C7, because the

protonation induces inter alia aromatization of the quinoid

substructure. Hence, the APAs of 34, 35 and 36 are 250.7,

258.1 and 263.8 kcal mol�1, respectively, implying that they

represent neutral organic superbases.

It is interesting to note that the APAs of linear acenes and

zethrenes form the upper limit curves, whereas benzene,

coronene and kekulene provide the lower limit curve (against

the number of benzene rings) for all other absolute proton

affinities of condensed polybenzenoids considered here (Fig.

4). The APA values for coronene is 206.0 kcal mol�1, whereas

for kekulene at the C1 and C2 protonation sites assume 207.8

and 214.1 kcal mol�1, respectively. Here C2 atom is the central

outward carbon of the anthracene fragment.

It is important to point out that judicious choice of sub-

stituents and their strategic distribution on the right position

over the molecular perimeter could considerably enhance the

basicity of zethrenes. For this purpose the electron donor

groups like NH2 or NMe2 would be helpful. It is intuitively

clear that their substitution at positions C(9) and C(10) in 32

and 33, respectively, would substantially increase the cationic

resonance effect. In 32 this would encompass C7–C8–C10–C9

butadiene moiety, whereas in 33 protonation would form an

additional benzene fragment within C14–C8–C9–C11–C12–

C13. Our pilot calculations show that substitution of NH2 at

these positions would lead to APA(C7)32 = 243.1 and

APA(C7)33 = 260.1 kcal mol�1. In other words, the proton

affinity is increased by 15 kcal mol�1 and 20 kcal mol�1

relative to unsubstituted zethrenes, respectively. It follows that

higher zethrenes are candidates for strong superbases, which

Fig. 3 Schematic representation and atom numbering in zethrenes.

Fig. 4 Absolute proton affinities of PAHs against the number of the

six-membered rings.

Table 3 The absolute proton affinities of zethrenes as obtained by the scaled AM1 semiempirical model (in kcal mol�1)

System

Position of the proton attack

1 2 3 4 5 6 7 8 9 10 11

32 220.4 195.8 222.4 228.0 195.6 226.4 224.6 — — — —
33 227.0 197.3 228.3 237.7 197.2 236.8 240.4 225.6 — — —
34 232.7 198.7 233.3 245.1 198.6 244.6 250.7 241.7 227.6 — —
35 237.4 199.7 237.6 251.0 199.7 250.6 258.1 251.7 242.9 228.6 —
36 241.5 200.4 241.4 255.9 200.5 255.6 263.8 258.8 252.6 243.6 229.3
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should be better explored both experimentally and theoreti-

cally in the future by introducing stronger electron-releasing

substituents like e.g. NMe2.

Second order hyperpolarizabilities of acenes and zethrenes

Over the past two decades the study of nonlinear optical

(NLO) processes in organic and polymer systems has enjoyed

a wide interest and rapid growth.17–19 This is not surprising,

because organic nonlinear optical materials exhibit a number

of favourable features including mechanical, chemical, ther-

mal and optical stability. NLO response in organic materials

originates primarily from p-electron excitation usually taking

place in individual molecular units, which can be incorporated

in thin films and/or fibers. Each unit is essentially an indepen-

dent source of nonlinear optical response and the collective

global effect is obtained by averaging individual contribu-

tions.20 Computational methods can aid in pinpointing mole-

cular systems, which could serve as building blocks of organic

materials possessing NLO properties. Lee et al.21 have shown

by MNDO calculations that the mean value of the second

order polarizability hgi of linear polyacenes increases, whereas
the HOMO–LUMO gap decreases along the series. This is in

harmony with a common knowledge that the p-electron
excitations are important in describing the NLO effects.

Since the APA values are larger if the HOMO energies are

higher, it is plausible to assume that there is a relation between

hgi and proton affinities. The present AM1 calculations con-

firm that this conjecture is correct. It turns out that hgi
exponentially increases as the number of six-membered rings

is larger both in linear polyacenes and zethrenes. The expo-

nential dependence is particularly steep for the latter family of

compounds (Fig. 5). The similar conclusion holds for the

proton affinities ultimately leading to linear relationships on

the logarithmic scale:

ln(hgi) = �18.4 þ 0.100 � APA linear polyacenes (4)

and

ln(hgi) = �16.0 þ 0.093 � APA zethrenes (5)

(g is in 10�36 esu, APA in kcal mol�1). The good quality of

correlations is evidenced by R2 coefficients, which assume

0.997 for linear acenes and 0.999 for zethrenes. The average

absolute error is 0.1 � 10�36 esu in both cases. These relations

are pictorially illustrated by Fig. 6. It appears that hgi is really
larger for higher APAs as a rule. However, it came as a

surprize that kekulene exhibits much higher second order

hyperpolarizability than 3 despite a similar APA value

(214.1 vs. 213.4 kcal mol�1, respectively (Fig. 6). The results

lead to three important conclusions:

(1) The relatively inexpensive calculations of APAs enable

fairly good estimates of the average second order hyperpolar-

izability.

(2) Zethrenes are very good candidates for NLO organic

materials particularly if they are substituted by the electron

releasing donors and electron withdrawing acceptors placed at

the strategic positions.

(3) ‘‘Circular’’ compounds like coronene and kekulene seem

to be better PAHs for NLO systems compared to small linear

acenes 2, 3, 4 and 5 (Fig. 6).

Conclusions

Results of the present investigations can be summarized as

follows:

(1) Absolute proton affinities of linear polyacenes are af-

fected both by the initial state and final state effects related to

Fig. 5 Second order hyperpolarizabilities of linear acenes and

zethrenes vs. the number of six-membered rings.
Fig. 6 Linear relationship between g and PA for linear acenes,

zethrenes and cyclic polyacenes.
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neutral bases and their conjugate acids, respectively. The

initial state effect is reflected in the increase in HOMO energies

along the series, which implies that the energy cost in activat-

ing the outer valence electron during formation of a new C–H

bond is lower. This contributes to the amplified basicity. The

overwhelming effect, however, is given by the appreciable

cationic resonance interaction in the final conjugate acids,

which is more pronounced in larger polyacenes. The lowest

APAs are found in ‘‘circular’’ condensed PAHs. All other

values are placed in between the boundary curves given by

APAs of acenes (with zethrenes) and ‘‘circular’’ benzoaro-

matics benzene, coronene and kekulene plotted against the

number of benzene fragments.

(2) Zethrenes are excellent candidates for neutral organic

superbases possessing APAs between 228 and 264 kcal mol�1.

Their basicity can be additionally amplified by appropriate

substituent groups exhibiting strong electron releasing proper-

ties such as e.g. NH2 and NMe2.

(3) Very good albeit separate linear relations are found

between the average second order hyperpolarizabilities and

APAs in polyacenes and zethrenes. Zethrenes offer very good

spacers in designing new materials exhibiting nonlinear optical

response properties, particularly if substituted with carefully

selected donor–acceptor groups placed at the right positions.
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14 Z. B. Maksić and B. Kovačević, J. Org. Chem., 2000, 65, 3303.
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