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Response Equation Based Thermochemical Analysis of Singlet Bipolaron
Structures in Oligo(3-Methyl-Thiophenes)
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Abstract: A thermochemical investigation of singlet dication (bipolaron) structures in a set of 3-methyl-thiophene oligo-
mers (up to the length of 24-mers) was carried out. Equlibrium structures and heats of formation were calculated with the
semiempirical quantum chemical method RHF/PM3 for the doubly oxidized forms. All-cisoid planar structural variants of
the form Ap1Qn2An3 were considered, where A and Q are thiophene monomer units in aromatic and quinoidal chain
segments, respectively. The types of segments were determined from their bond-length pattern. At this level of theory, di-
verse structures combining both types of segments were found stable.

The so-called “response equation based quantitative structure-property relationship” (REQ-QSPR) method, recently pro-
posed by Fishtik et al. was used to perform and interpret regression data analysis. The REQ-based approach rationalizes
mathematical treatment of stoichiometric equations. It provides a simple concept for breaking down a dataset for heat of
formation into linear combination of terms that are easy to interpret in the framework of chemical groups. REQ-QSPR in-
cludes arbitrary structural descriptors rather than being restricted to using only the number of chemical constituents. Ap-
plied to our system, it is demonstrated that modelling nonlinear effects becomes possible as well. Supra-linear dependence
of the energy with respect to the bipolaron localization length is indicated by REQ-QSPR, and detailed analysis suggests

specific further calculations to carry out for improving the model.
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1. INTRODUCTION

Electronically conducting polymers are a remarkable
class of advanced materials, since under certain conditions
they have a small electric resistance like metals, while can be
transformed into an insulating state as well [1-8]. The chan-
ges in the electrical conductivity and in the coupled physical
properties upon the redox transformation of the conjugated
polymers have been generally interpreted on the basis of the
polaron/bipolaron model [6, 9-25]. Despite the tremendous
research done on the electronic properties of these molecu-
les, however, less attention has been paid to the relative
thermodynamic stability of their various possible structures
[26, 27].

Polythiophenes, especially their 3-alkyl substituted deri-
vatives (P3ATs) form a practically important family of these
materials [28-32], because they can be synthesized and pro-
cessed easily, and their doped states are stable in air [1, 4, 6,
31, 33-41].

We investigated a set of 3-methyl-thiophene oligomer
dications (up to the length of 24-mers) (O3MT) as simple
P3AT models. Their general molecular structure is a quinoi-
dal region sandwiched between flanking aromatic parts on
either side; Scheme 1 outlines the bonding pattern with a
simple Kekule-like diagram. One should keep in mind that in
reality the bond orders are both intermediate (between single
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and double), and variable depending on the degree of aroma-
tic/quinoidal nature. The specific choice for structures to be
considered is motivated by our goal of uncovering stability
trends related to quinoidal distortion upon bipolaron forma-
tion [26, 42, 43].
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Scheme 1. Generic structure of Ana1QnoAna2 bipolaronic species
considered.

Semiempirical quantum chemical PM3 calculations [44-
46] were applied for this theoretical thermochemical analy-
sis. The relatively low-level method [46-48] was chosen so
that a large number of long-chain structures can be included
in this exploratory study and its planned follow-ups; using
the long-established PM3 Hamiltonian also facilitates com-
parison with earlier studies [1, 10, 47]. Our current report
serves as a proof-of-concept for the response equation based
quantitative structure-property relationship (REQ-QSPR)
protocol presented, justifying the use of higher-level quan-
tum chemical methods in refining this simple model develo-
ped. Besides this principal goal, the results also demonstrate
that — at least at the RHF/PM3 level of theory - relatively
short P3ATs already allow, by spontaneous change of their

2009 Bentham Open



REQ-QSPR on Bipolaronic Oligothiophenes

bond-length alteration pattern, to develop aromatic-quinoidal
transitions along the chain [17-19]. Therefore, these oligo-
mers are capable of supporting diverse stable structures with
both aromatic and quinoidal sections.

2. METHODOLOGICAL AND COMPUTATIONAL
ASPECTS

2.1. Theory of Response Equations

The so-called response reactions (RERS) were introduced
by Fishtik et al. [49-52], forming the basis for an interpreta-
tive concept in thermochemistry. RERs were defined as uni-
quely determined chemical reactions based on the stoichio-
metric properties of systems with multiple equilibria. In
these systems there may occur processes that are difficult to
interpret without the aid of RERs [52-55]. They were also
found useful to rationalize extracting thermochemical data
from quantum chemical calculations [56-58].

Later on the RER concept has been extended to cover
generalized equations, i.e. those analogous to chemical reac-
tions but involving abstract species rather than actual chemi-
cal entities. Although the terminology of Fishtik [59, 60] has
retained the name RER for these, we prefer to avoid confu-
sion and will switch to the term “response equations” (REQ)
from now on (unless the equations are actually ordinary
chemical reactions in the non-generalized case). Full details
of REQ-based methodologies for treating simple group-
additivity problems [56-58, 60], as well as general quantita-
tive structure-properties relationships [59] have already been
published. Therefore only the principal ideas necessary to
follow our analysis are summarized here for easy reference.

The starting point is expressing conventional chemical
reactions in terms of linear algebra. They simply are those
linear combinations of the B; chemical species which pre-
serve mass-balance; that is, they conserve the type and num-
ber of components (which in the chemical practice are either
atoms or simple groups that constitute the species in ques-
tion). It is well-known that such stoichiometric equations can
only be unequivocal (i.e. not expressible as linear combina-
tions of simpler ones) if they contain no more than q + 1
species, in a system with g components. RERs by definition
are reactions with at most g + 1 species, and are mathemati-
cally the most elementary building blocks of a given stoi-
chiometric system [60, 61].

Fishtik has pointed out that handling a system of QSPR
equations can be carried out in complete analogy with the
stoichiometric systems [59]. Here, instead of dealing with g
components in the chemical sense, one has certain values for
a set of q descriptors assigned to each species. Introducing a
“descriptor-balance”, i.e. requiring that linear combinations
of the B; chemical species conserve the type and number of
descriptors, leads to the definition of isostructural equations
— natural generalization of the stoichiometric equations. With
these one can then speak of isostructural REQs (ISREQ):
those with at most g + 2 species; this number is higher than g
+ 1 by one, because typical QSPR regressions involve an
extra degree of freedom (the intercept), to which the unit
vector belongs as an extra “descriptor”, besides those coun-
ted by g. Except this formal difference (which is merely a
matter of marking the degrees of freedom with a different
label, (q - 1) vs. g), ISREQs for systems of QSPR equations
are perfect analogues of RERs for stoichiometric systems.
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Similarly to what had been demonstrated for the applica-
tion of RERSs, partitioning gross quantities into their elemen-
tary contributions provides deeper insight into the underlying
data when analyzing with ISREQs. Due to the mathematical
foundation of defining them, they provide a detailed picture
for the distribution of errors in QSPR fitting. This is a crucial
aid in detecting outliers, which is a non-trivial task conside-
ring that mere evaluation of the residuals is often not suffi-
cient for identifying them [58, 59].

2.2. Quantum Chemical Calculations

Semiempirical quantum mechanical calculations (PM3
[46]) were carried out with the PC-GAMESS program [44,
45]. Manipulation of the input and output data was facilitated
by custom made scripts, which we release to the public'.

The aim of this study was not to decide the multiplicity
(i.e. determine relative stability of singlet bipolaron vs. tri-
plet two-polaron structures), rather to analyze the thermo-
chemistry of possible singlet structures. Therefore the dou-
bly-charged molecular ions were forced to have singlet mul-
tiplicity, and spin-restricted Hartree-Fock calculations (RHF)
were done.

The starting point was a fully optimized regioregular
24-mer chain, with head-to-tail tacticity. An all-cisoid planar
conformation was enforced by fixing inter-ring linking dihe-
dral angles (CsC,C,Cg, see Scheme 1) at 180 degrees. In
some cases the location of the quinoidal segment was direc-
ted to select positions along the chain, by setting the length
of an appropriately located inter-ring bond, C,-C, to the
optimized value obtained for the purely aromatic-aromatic
intrachain linkage (144.06 pm).

Fixing one such bond at both sides of the segment made
it possible to model quinoidal regions [26, 42, 43] with va-
rious artificially shortened lengths. (We note that our preli-
minary results — not yet included in this report here - also
indicate to feasibility of modeling lengthened regions as
well, by fixing at appropriately spaced positions the delimi-
ting bonds with a value around 141 pm, corresponding to the
intermediate aromatic-quinoidal linkages). Calculations of
shorter chains proceeded from the geometry obtained with
truncating the 24-mer and reoptimizing.

The bulk of our calculations was carried out on detrended
data: A"H, = A H, — (M, Ngu, + b, ), Where mg and bg
are the slope and intercept of linear regression of A H, ver-

SUS Nchain (Calculated before the rest of the calculations for all
AH., not excluding those points dropped from the later

fits). The reason for this transformation is purely practical: it
was found to eliminate floating-point error accumulation
problems that were encountered in our scripts when working
on large datasets without the detrending.

2.3. Data Processing with REQ-QSPR

First the outputs for the optimized geometries were scan-
ned to extract their C,-C, inter-ring linking bond lengths.
See Fig. (1) for an illustrative example of the linkage length
variation along the chains. Also, at this stage we found it

T<http://www.staff.u-szeged.hu/~fekete/req-polythiophene/>, and also as Supplementa-
ry Material at the publisher.
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Fig. (1). Example of a-o’ linking bond length variation: AsQ;A;; species; quinoidal segment: heavy line with slanted crosses, aromatic seg-
ments: light line with straight crosses, intermediate linkage: dotted line (see text for details).

very useful to monitor the progress of calculations via quick
visual display of the optimized structures. For this purpose
our scripts produce PDB molecular coordinate files (released
as Supporting Material), which have embedded color-coding
to emphasize variation in these distances. The rings were
then classified as either aromatic or quinoidal (considering
141 pm to be the characteristic distance separating aromatic
and quinoidal segments).

Since the quinoidal segment is located in the middle of
the chain, this assignment provides 3 principal descriptors
for each structure investigated: Nng, Nashort @Nd Naiong, the
numbers of rings in the quinoidal, shorter and longer aroma-
tic segments respectively. The structural designations of the
30 species included in this study are shown in Table 1, along
with their total chain length (in units of thiophene rings) and
PM3 heats of formation data. A 2-D display of the distribu-
tion of ng and naghort Values is presented in Fig. (2).

Table 1. Bipolaronic Oligo(3-methyl-thiophene) Structures, their Calculated (PM3) Heats of Formation Data, and Descriptors to
be Used for REQ-QSPR
# Species kcjﬁl?nol Nehain ki%) | Nashort No NAlong Natta na M
1. AsQ3As 797.77 15 3.42 3 6 12 9 1
2. AsQsAs 796.01 15 1.66 4 6 11 16 2
3. A1QsAq 797.40 15 3.05 5 9 10 25 4
4. AQ:A, 792.69 15 -1.66 7 4 8 49 16
5. AQ:As 821.16 16 -1.59 7 5 9 49 16
6. AQ:As 849.66 17 -1.49 7 6 10 49 16
7. A3QsAg 879.81 18 0.26 6 9 12 36 8
8. AsQ:As 878.34 18 -1.21 7 6 11 49 16
9. AQ:A7 878.45 18 -1.10 7 7 11 49 16
10. A3Q:As 878.60 18 -0.95 7 8 11 49 16
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(Table 1). Contd.....
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# Species kcj%nol Nehain ki%) | Nashort No NAtong Nacotal na 2m?
11. AQeAs 878.20 18 135 4 8 6 10 64 32
12. AQ:A 906.72 19 122 4 7 8 12 49 16
13. AQ:A 935.27 20 -1.07 4 7 9 13 49 16
14. AQ:A 967.30 21 2.56 8 4 9 17 16 2
15. AQeAq 964.97 21 0.23 7 6 8 15 36 8
16. AQA, 964.18 21 -0.56 7 7 7 14 49 16
17| AQAL 963.81 21 -0.93 4 7 10 14 49 16
18.|  AQAL 992.36 22 077 4 7 11 15 49 16
19.|  AQeAL 1020.92 23 -0.61 4 8 11 15 64 32
20. | AuQiAw 1052.98 24 3.05 10 4 10 20 16 2
21| AQsAw 1051.60 24 1.67 9 5 10 19 25 4
22. AsQeAs 1050.65 24 0.72 9 6 9 18 36 8
23. AQ:A 1049.74 24 -0.19 8 7 9 17 49 16
20| AQiAL 1049.67 24 -0.26 7 7 10 17 49 16
25. | AQAL 1049.57 24 -0.36 6 7 11 17 49 16
26. |  AQAL 1049.51 24 -0.42 5 7 12 17 49 16
27,1 AQiAL 1049.53 24 -0.40 4 7 13 17 49 16
28. |  AQ/AL 1049.91 24 -0.02 3 7 14 17 49 16
29. AQeAg 1049.86 24 -0.07 8 8 8 16 64 32
30. | AQiAs 1049.64 24 -0.29 3 8 13 16 64 32

£ Coadp gy — = =
Detrended data: Al Hi = Ain _(mdtnChan + but)' my=28.397, by=368.40.

Next the descriptors used for the regression model were
selected. So far we have investigated combinations of the

5 2°
Nashort + Natong, @Nd Nenain = Ng + Natoral, DU arbitrary others can
be included if so desired. Once the variables are selected and
the corresponding stoichiometric matrix is set up as input,

our RER software® (an earlier version of which has already
been published) generates a listing of all the ISREQs [59].

following variables: ng, Nashort; Nalong: N » Natotal =

*<http:// www.staff.u-szeged.hu/~fekete/req-polythiophene/>, and also as Supplemen-
tary Material at the publisher.

The output obtained is processed further by our scripts
implementing the REQ-QSPR equations [59] as follows.
Formulas are presented below for a general dependent varia-
ble y;, keeping in mind that in the present case y, = A.H, ,

the heats of formation data for species indexed by i. The re-
siduals are, by definition: g = y—, y,, where y are the
fitted values from the QSPR model. It should be emphasized,
however, that the main result of the REQ-QSPR treatment is
that given by Eq. 2: the residuals are calculated directly, wi-
thout actually calculating the fitted values y, ! Rather they
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Fig. (2). Two-dimensional display of values for descriptor variables ng Vvs. Nashor; datapoints eliminated in model reduction are marked with
large open circles (first stage), and small filled ones (second stage); see text for details.

are derived from the formal solution given in Eq. 36 of Ref.
[59], from which follow the Egs. 1-5 shown below.

For a model with n species and g descriptors (plus the
constant term) the number of degrees of freedomism=n - g
- 1. Each ISREQ (indexed by k) has a change of property
denoted by Sy(k) as:

8y = XV, (0, (1)

From these quantities and the stoichiometric coefficients
in the ISREQs the residuals are calculated according to
Egs.2-4.

g= %zvi KSyK); i=1,...n )

F= 29K )
m=

gk) = ZV? (k) (4)

Moreover, an expression given in Eq.5 for individual
ISREQ error s(k) is evaluated:

=Y (v K8y’ ®)

mF?

Pk =

In our experience this statistics has proven useful not
only for characterizing individual ISREQs, but more impor-
tantly for suggesting possible outliers from among the data
points. The following procedure was used: the list of
ISREQs is first pruned to contain only those with s(k) above
some threshold value (chosen typically 2-3 orders of magni-
tude below the maximum); then from this list we collect the
following partial error sum for each species index i:

Mi= ) sk (6)
v (K)%0

That is, large values of M indicate those species whose
overall contributions to the errors of ISREQs are large.

3. RESULTS AND DISCUSSION

As mentioned in Section 2.3, there are 3 principal des-
criptors for each structure investigated: ng, Nashort aNd Naong:
In addition to these, we generated the following trial varia-

bles: Nagta, the overall number of aromatic rings; né, to
capture quadratic dependence on the length of quinoidal

. . . o3 .
segment; and the exponentially changing 2 , in order to
include a variable to cover a steeper variation with this leng-
th. REQ-QSPR models with several combinations from this
set of descriptors were tested. A summary of all runs from
the first stage is presented in Table 2, and an example of the
evaluated residuals lists is shown in Table 3 for the model
with ng.

It was noted that the consensus from the best fitting equa-
tions had indicated two species as most likely outliers:
AsQ:As and A;QsAqg. (This can be justified on structural
grounds: the former structure has an extremely short quinoi-
dal section, while the latter a singular aromatic ring termina-
tion; therefore their features could only be adequately cove-
red in a study with many more points.) The next round of
analysis was then performed with omitting these two data
points. Perusal of results from this stage (not shown) sug-
gests that further removal of species indexed 2, 20 and 29
(i.e. the structures AsQsAs, A10QsA1 and AgQgAg) may si-
gnificantly improve the fit, too. Therefore our final dataset is
reduced to 25 data points, with REQ-QSPR models characte-
rized by results listed in Table 4.
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Table2. Summary of all REQ-QSPR Runs Performed at the First Stage

Model label Sy max|ej| izmax|ei|
A A Q1 Q2 Q, 0.43 1.34 3
A Q1,Q2,Qx 0.46 1.70 3
AL A Q1 Q, 0.48 1.79 3
A, Q2 Qx 0.47 1.97 3
A Q1 Qx 0.51 217 3
AcAs Q1 Q2 0.53 1.92 3
A, Q1 Q2 0.55 2.28 3
As,Q1, Q2 Qx 0.56 1.32 3
Q1,Q2,Qx 0.56 1.16 3
ALAQ: 0.58 1.69 3
Q2,Qx 0.58 152 3
AL Qu 0.60 2.04 3
As,Qq, Qx 0.63 1.92 3
Q1 Qx 0.62 1.69 3
AA;Q, 0.66 1.65 3
AQ:Q; 0.67 2.04 3
AL Q, 0.67 1.95 3
Q1 Q. 0.67 1.76 3
A Q 0.70 1.83 3
Q 0.69 1.55 3
A Q; 0.76 1.78 3
Q. 0.76 1.57 29
AQ 1.04 241 3
Q« 1.05 1.83 29
A A, 1.35 3.97 3
As 1.34 3.98 3
A 1.36 3.60 1
A 1.44 3.48 1

Table3. Example of Evaluated Residuals for REQ-QSPR with Variable ng (Stage 1)

# Token 8 M is
1. AsQsAq 0.02 0.60
3. AQsAq 1.55 0.49
29. AgQsAs 1.38 0.49
2. AsQuAq -0.73 0.44
30. AsQsAq3 1.16 0.44
20. A10QsA 0.61 0.42
19. AsQsA11 0.85 0.37
14. AgQuAq 0.14 0.36
4. AQ7A, -1.11 0.31
5. AQ-As -1.04 0.29
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(Table 3). Contd.....

# Token & M is
6. AQ7Aq -0.94 0.27
11. AsQsAs 0.14 0.27
8. AsQ7Aq -0.66 0.21
12. AsQ-As -0.68 0.21
21. AgQsAqp 0.23 0.21
9. AQA; -0.56 0.19
13. AsQ7A, -0.53 0.19
28. AsQ:AL 0.48 0.19
10. AsQ-As -0.41 0.18
17. AsQ7A -0.40 0.17
23. AgQ7A, 0.32 0.17
16. AQ-A; -0.04 0.16
18. AsQ7ALL -0.25 0.16
24. A:Q-AL 0.25 0.16
25. AsQrALL 0.15 0.16
26. AsQ-AL, 0.10 0.16
27. AsQ7AL3 0.12 0.16
7. A3QsAg -0.19 0.14
15. A:Q6As -0.22 0.14
22. AgQsAg 0.25 0.14

Table4. Summary of all REQ-QSPR Runs Performed at the Third Stage

Model label Sy max|e;j| izmax|ei|
A, Qz, Qx 0.18 0.47 7
Ay, Q1, Qx 0.19 0.54 7

A Q1,Q2,Qx 0.18 0.39 7

A A, Q, Qx 0.20 0.50 7

A A Q1 Q2 Q, 0.18 0.31 7
A, Q1 Q2 0.23 0.63 7
AL A Q1 Q; 0.23 0.59 7
A, Qu 0.33 0.68 30
AAQ: 0.33 0.64 30
A, Q. 0.38 0.77 14
AAQ, 0.39 0.76 14

A Q1 Q; Qx 0.45 0.95 28
As,Qq, Qx 0.46 0.94 28
A5, Q1 Q2 0.48 0.91 28

Q2. Qx 0.47 0.83 4
Q1,Q2,Qx 0.47 0.79 4
Q1 Qx 0.49 0.85 4
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(Table 4). Contd.....
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Model label Sy max|ei| izmax|ei|

A A 0.62 1.90 14

A 0.67 2.23 14

Q1 Q: 0.51 0.90 4

A Qi 0.55 1.26 30

Q: 0.58 121 30

A Q2 0.59 1.34 30

Q; 0.63 131 30

AQ 4 0.71 1.60 14

A, 0.74 1.93 14

A 0.90 2.87 14

Qx 0.80 1.82 14
a) 1054 by o0 T
1052 038 |
kS - 3 el

><\x
1048 | 934
c) 8T

824

822 -

820

AH; [kcal/mol]
X/

4

Fig. (3). Plot of AfH vs. ng; @): Nrowi=24, b): N1e@=20, C): Nrow=16.
One of the best models (s, = 0.23) available at this stage
is that with the set of 3 descriptors: nagta, No and N2 ; this

happens to have a ready chemical interpretation, namely the
first two terms correspond to linear group additivity values
for the aromatic and quinoidal rings, respectively, and the
quadratic coefficient is related to non-linearity. This fit, Eq.7
is our final result:

Ain
— T = (2855+0.02)-n,.,+(2522+0.49)-n
[k 1/ |] ( ) Atotal ( ) Q
+(0.199 + 0.040) - nZ + (378.0 £ 1.6) 7)

With a mere 0.2 kcal/mol standard error of fitting, this
expression describes well the trend of stability versus the
descriptors, in the range covered: 8 < Nagora <19, 4<ng <8
Fig. (2) depicts the distribution of all points considered). We
note that analyzing the quadratic form of Eq. 7 for any fixed
chain length, i.e. setting a constraint Nagotar + Ng = Notal, SUQ-
gests a minimum for the heat of formation occurring slightly
above ng = 8. Eq. 7 should not be used for extrapolating out-
side its interval of applicability, 4 < ng <8! The function of
A¢H vs. nq is plotted on Fig. (3), for three different values of
NTotal: 24, 20 and 16.

Naturally, we can improve the model by further calcula-
tions. First, considering the process of data point removal
(see the omitted points marked on Fig. 2), it is obvious that a
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better description would be obtained if more points are avai-
lable in areas insufficiently covered by this set of data. In
particular, filling in the lower left corner of the field shown
on Fig. (2) would give a firmer base for the regression; ex-
panding the field over the top right corner would provide
coverage for larger structures. Secondly, higher-level quan-
tum chemical values are needed for more accurate heats of
formation; careful selection of structures — which can be
aided by the protocol exemplified here - is important in this
respect for keeping the necessary computing resources under
control.

For reason of brevity only a condensed summary of the
evaluated results was presented above, more details of the
model fitting are provided as Supplementary Material.” .In
conclusion, it has been demonstrated that the REQ-QSPR
treatment is a valuable tool for interpreting regression analy-
sis. The model derived describes the enthalpies of formation
for polythiophene oligomers (15-24 rings total chain length,
and 4-8 rings quinoidal mid-section width) as simple func-
tional dependence on the number of aromatic and quinoidal
units.
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