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ABSTRACT: The kinetics of p-quinodimethane formation in the sulfinyl precursor route for the poly-
(p-phenylenevinylene) (PPV) polymerization was studied using stop-flow UV —vis spectroscopy and theoretical
first principle calculations. Different sulfinyl monomers were studied by means of quantitative kinetic
experiments regarding the p-quinodimethane formation in 2-butanol. The influence of the solvent, the nature
of the aromatic moiety, and the substituents on the phenyl core was analyzed by means of qualitative
experiments. Quantitative measurements, using pseudo-first-order reaction conditions, were performed in
order to assess the effect of the polarizer and the leaving group on the reaction rates. To obtain additional
fundamental insight into the pathway leading to p-quinodimethane formation, density functional theory
calculations were performed and subsequent reaction rate coefficients were determined from a theoretical
point of view, enabling a profound comparison with experiment. From all these data, an E, mechanism is
proposed for the p-quinodimethane formation in the sulfinyl precursor route.

Introduction

The synthesis and characterization of conjugated polymers has
been a topic of broad interest in the past few decades.! Among
these conjugated materials, poly(p-phenylenevinylene) (PPV)
gained a lot of interest due to its luminescent behavior as
discovered by Burroughes and co-workers.> PPV and its deriva-
tives can be synthesized using several approaches, but usually a
precursor route toward PPV is used yielding a soluble precursor
polymer that can then be converted to the conjugated structure
through an additional (thermal) conversion step. Generally, five
precursor routes are well described: the Wessling,” the Gilch,* the
sulfinyl,’ the xanthate,® and the dithiocarbamate’ route. These
routes all have in common the formation of the precursor
polymer, which is achieved through polymerization of a p-
quinodimethane system that is produced through a base-induced
treatment of a p-xylene derivative. For the Wessling precursor
route, Cho and co-workers intensively studied the S?-quinodi-
methane formation and polymerization behavior.® For the
p-quinodimethane formation, a reversible E;., mechanism was
suggested, where deprotonation to yield a carbanion is a rever-
sible step and the expulsion of the leaving group is the rate-
determining step in the elimination reaction.

In our view, kinetic data on p-quinodimethane formation can
be of major interest to predict the outcome of copolymerization
reactions involving two different p-quinodimethane systems. For
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this purpose, we performed a set of qualitative kinetic measure-
ments using in situ UV—vis spectroscopy on several sulfinyl-
derived monomers (Scheme 1, monomers 1—8) in 2-butanol. This
solvent seems to be excellent to obtain high molecular weight PPV
precursor polymers in high yield as discovered by some of the
authors a few years ago.” For comparative purposes, additional
quantitative kinetic experiments were performed on monomers
1-3 (Scheme 1) which differ in the leaving or/and polarizer
groups. These kinetic data provided insight into mechanistic
details, which were further validated by computational methods.
Theoretical calculations based on first principles form an ideal
tool to obtain more fundamental insight into reaction mechan-
isms; they allow the calculation of intermediates, which are short-
lived and not isolated in experiments. Base-induced reaction rate
coefficients of monomers 1—3 leading to the p-quinodimethane
intermediates were predicted by use of the transition state theory,
and results were compared with experimental data from the
quantitative measurements. The effect of solvent on the reaction
rate coefficient was also discussed in detail. On the basis of
theoretical calculations, a reaction mechanism is proposed for the
p-quinodimethane formation in the sulfinyl precursor route for
PPV polymerization.

Experimental Section

All chemicals were purchased from Aldrich or Acros and used
without further purification unless stated otherwise. The required
monomers 1—8 are synthesized according to the procedure
developed in our research group and are described elsewhere. '*!!
However, a general scheme is depicted in Scheme 1.

© 2010 American Chemical Society
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Scheme 1. Synthesis of the Required Monomers*
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“Reaction conditions: (a) Na-tBuO, n-octanethiol, MeOH; (b) n-octane; (¢) HO,/TeO,, HCI, MeOH; (d) LiBr (10 equiv), 3-pentanone, reflux;

(e) m-CPBA, CH,Cly; (f) N-chlorosuccinimide, CH,Cl,, pyridine.

In situ UV—vis measurements were performed on a Cary 500
UV—vis—NIR spectrophotometer equipped with a stop-flow
module supplied by Hi-Tech Limited, containing a sample cell
witha 10 mm path length (detail of the experimental set-up for the
UV-vis stop flow accessory is provided in Supporting Informa-
tion). “Scanning kinetics” and “Kinetics” software supplied by
Varian is used to investigate the regions or wavelengths of interest.
Monomer solutions were prepared b}/ dissolving an amount of
monomer in 2-butanol to obtain a 10~ " M solution. Base solutions
were prepared from a 1072 M sodium zert-butoxide stock solution
in 2-butanol. Both monomer and base solution were degassed with
nitrogen prior to the kinetic run, and the reaction temperature was
maintained at 298 K. For the quantitative measurements compu-
tational nonlinear least-squares fitting was performed using the
program Kaleidagraph.

Computational Details

Computational calculations based on first principles are an
ideal tool for the prediction of properties that are not accessible
experimentally, as is the case for the highly unstable carbanion
intermediate involved in the reaction under study.

All ab initio computations were performed with the Gaussian
03 software package.'> Some of the initial geometries were
generated bg an in-house developed software, the program
Zeobuilder."” Density functional theory (DFT) methods have
been shown to be more efficient than wave function based
procedures such as highly correlated post-Hartree—Fock methods
due to their excellent cost to performance ratio. The B3LYP/
6-314G(d,p) level of theory was used for geometry optimiza-
tions. This functional is known for its ability to produce good
geometries.'*!® The 6-31+G(d,p) double-¢ basis set comprises
polarization functions on all atoms for a good description of the
hydrogen bonds.'® Harmonic vibrational frequencies were com-
puted at the same level of theory as the geometry optimization
and used to provide zero-point vibrational energy (ZPVE) and to
confirm the nature of the stationary points. In a second step, the
MPWI1K'” functional was employed with the same basis set to
refine energies. This functional is especially developed for kinetics
and is expected to give reliable results. Our main objective in this
study is the prediction of qualitative trends that might contribute
to a better understanding of the experimental results, and there-
fore the proposed functional is well suited. Nevertheless, the
influence of the level of theory on rate constants is also investi-
gated by comparison to experimental data. The following meth-
ods are used: MPWBIK, "> MPW1B95,” PBE0,”' BMK,>

and MP2,® combined with these basis sets: 6-31++G(d.p),
6-311+G(3df2p), and cc-pV(T+d)Z+.>* Energies were cor-
rected by adding the corresponding ZPVE scaled by a factor of
0.9806.%> Caution is needed in interpreting the quantitative values
for the barriers resulting from DFT calculations, as the absolute
values for the energies might vary largely depending on the
specific functional that is used.”

The base-induced reaction rate cofficients of monomers 1—3
leading to the p-quinodimethane intermediates were predicted on
the basis of transition state theory (TST),?’ using expression 1,
which is complemented in the in-house developed software code

— kl}l(cﬂ)l*mﬂ
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where kg is Boltzmann’s constant, T is the temperature, / is
Planck’s constant, ¢ is the standard unit of concentration, 1 is the
molecularity of the reaction, ¢gr and ¢rg relate to the molecular
partition functions of the reactants and transition state, respec-
tively, and AE, is the ZPVE-corrected energy difference between
the TS and the reactants (i.e., the reaction barrier) at 0 K.

The effect of the solvent is explicitly taken into account by
surrounding the reactive centers with explicit alcohol molecules.
In recent years, several approaches have become popular for
studying reactions in solution, including the use of implicit/
explicit solvation.® > In these mixed models, solvation is
simulated by the addition of one or more explicit solvent
molecules, followed by embedding the structure in a polarizable
medium characterized by a fixed dielectric constant to take into
account the electrostatic effect of the solvent dielectricum. How-
ever, recent publications show that explicit solvation alone can
give rise to reliable results provided that the number and position
of the solvent molecules are correctly selected.*> Bearing this in
mind, a detailed analysis was performed to obtain the optimum
number of coordinating solvent molecules. Geometry optimiza-
tions, prediction of the rate constants, etc., were carried out on
the “solvated system”.

k(T)

Results and Discussion

Experimental Results. It is generally known that p-quino-
dimethane systems show a typical absorption band around
320 nm in the UV—vis spectrum. The exact maximum
wavelength depends on the substituents on the aromatic
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moiety. Hence, this technique is an excellent tool in provid-
ing kinetic data through continuous monitoring of this
specific signal. Upon addition of an excess of a base solution
(Na—tBuO) to a 10* M solution of a sulfinyl monomer in
2-butanol, a typical plot is observed using stop-flow UV —vis
spectroscopy. An example of such a plot is depicted in Figure 1.
Three important signals become clear. At 226 nm the
monomer signal is constantly decreasing during the kinetic
run. At 313 nm the p-quinodimethane signal shows a fast
increase followed by a somewhat slower decrease. At 260 nm
a third signal becomes clear which is assigned to the solvent
substituted product as was proven using mass spectroscopy.
At 290 nm a clean isosbestic point shows that solvent
substitution occurs at the p-quinodimethane stage of the
reaction. No indications for polymer formation during the
kinetic runs were found probably due to the very low
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Figure 1. UV—vis spectra for p-quinodimethane formation and sub-
sequent solvent substitution for a few selected times.
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Figure 2. Absorption at 226, 260, and 313 nm versus time.
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concentrations of the p-quinodimethane system, which pre-
cludes initiation of polymerization, since the initiating spe-
cies is believed to be formed through dimerization of two
p-quinodimethane systems. A plot of the three signals as a
function of time is depicted in Figure 2.

The general reaction scheme for p-quinodimethane for-
mation and subsequent consumption is depicted in Scheme 2.
Basic treatment of monomers 1—8 yields a p-quinodi-
methane system that is consumed to give the solvent sub-
stituted product. 2-Butanol was used as the solvent for the
kinetic measurements because this solvent has proven to be
very suitable to yield different precursor polymers in a high
yield and with high molecular weights. In Figure 3, normal-
ized p-quinodimethane absorption of monomer 1 versus the
reaction time is depicted as a function of increasing base
concentrations.

A set of qualitative measurements on substituted or
heteroaromatic derivatives 1—8 was performed in 2-butanol.
The relative rate of the p-quinodimethane formation was
determined from the time when the maximum absorbance of
the p-quinodimethane signal was reached (#,,,x). The same
base concentration was used for all measurements. From the
listed 7,,.x values (Table 1) some general conclusions can be
drawn. Altering the leaving group from chlorine to bromine
does not affect the reaction rate significantly. However,
when the sulfinyl polarizer is replaced by a sulfonyl function,
Imax decreases from 77 to 5.5 s, indicating that the acidity of
the methylene protons next to the polarizer has a major
impact on the reaction rate. Electron-withdrawing substitu-
ents on the phenyl moiety of monomer 4 increase the reaction
rate drastically since the maximum absorbance is already
reached after only 1.5 s (Figure 4). Also, the rate of the
pyridine-derived monomer 5 (f,.x = 8 s) was much higher
than the normal PPV monomer 2. Besides the decrease in the
pK, of the benzylic protons due to the electron-withdrawing
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Figure 3. Normalized absorption at 313 nm versus time for monomer 1
as a function of increasing base concentration (increasing base concen-
tration from cyan to black).

Scheme 2. General Reaction Scheme of p-Quinodimethane Formation and Solvent Substitution in the Sulfinyl Precursor Route
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Table 1. Values of t,,,, for Monomers 1—8
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Figure 4. Absorption at 313 nm versus time for monomers 1—4.

Table 2. Overview of the Observed Pseudo-First-Order Rate
Coefficient ks for Monomers 1—3 as a Function of the
tert-Butoxide Base Concentration at 298 K

kl()bs (1072 Sil)
[base] (10~% M) monomer 1 monomer 2 monomer 3
2.02 0.571+0.027 0.961+£0.018 11.039 +0.706
5.04 1.107 £ 0.041 1.588 4+ 0.058 22.162 +2.655
10.08 1.8154+0.024 2.340£0.124 41.949 +3.301
20.17 3.258 £0.296 4.343+£0.314 75.661 +4.669

nitrogen atom, the rate increase of monomer 5 can also be
attributed to the somewhat lower resonance energy of the
pyridine unit compared to the phenyl moiety. Furthermore,
the reaction rate decreases significantly when electron-do-
nating substituents like methyl (6) or alkoxy (7) groups are
implanted on the phenyl core. The maximum absorbance of
both p-quinodimethane systems is only reached after more
than 200 s. The implementation of a chlorine atom on the
benzylic carbon next to the sulfinyl function in monomer 8
also strongly increases the acidity of the geminate proton,
which is reflected in a low value of 7,,,x, comparable to that of
monomer 4.

To obtain more detailed information on the p-quinodi-
methane formation, some additional quantitative experi-
ments were performed. When using a large excess of base
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Figure 5. Plot of the observed pseudo-first-order rate coefficient &ygps
at 298 K versus the rert-butoxide base concentration.

versus monomer, pseudo-first-order reaction conditions are
created, and the kinetic data obtained from the UV—vis
measurements can be fitted using a kinetic model for a
consecutive first-order reaction according to eq 2.** In this
way, some quantitative data were obtained. For this part of
the study, we analyzed the influence of the leaving group and
the polarizer on the reaction rate coefficient by performing
several experiments on monomers 1—3.

Absyy = a ek — ¢~ kamt) 4 2)

In the fit equation, Abssz3 is the absorption at 313 nm, « and
b are constant values, kjops and koops are the observed
pseudo-first-order rate coefficients for p-quinodimethane
formation and solvent substitution, respectively, and ¢ is
the reaction time.

Excellent correlation coefficients (>0.999) are obtained,
and each measurement is repeated three times to ensure good
reproducibility. In Table 2, the observed pseudo-first-order
rate constants kiops are summarized for monomers 1—3.
Plotting these values versus the applied base concentrations
yields a straight line with good correlation coefficients in
every case (Figure 5). The slope of the straight lines corre-
sponds to the absolute rate constant k; of the p-quinodi-
methane formation. The values of k; are summarized in
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Table 3. k; Values for Monomers 1—3 at 298 K

ki (Lmol™'s™h R
monomer 1 14.62+0.36 0.9994
monomer 2 18.44£0.68 0.9986
monomer 3 356.08 £ 9.37 0.9993

“ R represents the correlation coefficient.

Table 3. As shown in that table, the rate coefficient of
p-quinodimethane formation increases significantly when
the sulfinyl polarizer group (monomer 1) is replaced by a
sulfonyl group (monomer 3). Apparently, the pK, value of
the benzylic proton largely influences the reaction rate. A
lower pK, value, indicating higher acidity, correlates well
with a higher rate constant. On the other hand, the reaction
rate is not affected significantly upon changing the leaving
group from chlorine to bromine. This indicates that the
expulsion of the leaving group is a fast process. However,
it is not clear whether proton abstraction and halide expul-
sion are coupled and whether the reaction occurs in a
concerted fashion or through a stepwise mechanism invol-
ving a carbanion intermediate. This point will be further
discussed in the Computational section. Nonetheless, experi-
mental findings show that all factors stabilizing the forma-
tion of a carbanion, such as electron-withdrawing groups on
the phenyl core or on the benzylic carbon as well as an
electron-poor heteroaromatic core, will increase p-quinodi-
methane formation rate. On the contrary, electron-donating
groups on the phenyl core or electron-rich monomers in
general will have a negative effect on the reaction rate. How-
ever, it is not possible to state with certainty that the mechan-
ism by which p-quinodimethane formation takes place from a
sulfinyl monomer follows an irreversible E;, or a concerted E,
mechanism. The nature of the elimination reaction will have a
major influence on the outcome of copolymerization reactions.
If the rates of p-quinodimethane formation of different mono-
mers are not of the same order of magnitude, mixtures of
homopolymers will be obtained instead of random copoly-
mers.

Ab Initio Calculation Results.  Rate Coefficients. Geometry
optimizations of the transition states corresponding to the
reactions of monomers 1—3 were carried out at the B3LYP/
6-314+G(d,p) level of theory. Afterward, internal reaction
coordinate (IRC) calculations were performed in order to find
the reactants and products structures that are connected by
each transition state. All the optimizations were followed by a
normal-mode analysis to ensure that the calculated structures
are either a local minimum or a transition state (0 or 1
imaginary frequency, respectively). The B3LYP/6-31+G(d,
p) combination has been extensively proven to be suitable
for obtaining good geometries for stationary points but is
known to have a general tendency to underestimate reaction
barriers.*® MPWI1K, developed especially for kinetic applica-
tions, performs better, so a subsequent energy calculation with
MPWI1K/6-314+G(d,p) was carried out on the optimized
structures.

As a first approximation, calculations were performed in
vacuo, considering only the two reactants, that is, the mono-
mer and the fert-butoxide anion responsible for the depro-
tonation. An equilibrium between the fert-butoxide and the
2-butanol solvent is expected in the reaction medium, leading
to the formation of sec-butoxide anions, which could also act
as base. Thus, both possible bases, ferz-butoxide and sec-
butoxide, have been taken into consideration in the calcula-
tions. The optimized geometry is sensitive to the input
structure, since the conventional optimization method em-
ployed is based on the gradient in energy and can only locate
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local minima. Therefore, different initial positions of the
reactants were checked to ensure that the global minimum is
encountered. Optimized structures of reactants, transition
states, and products for the reactions corresponding to
monomers 1 and 3 with fert-butoxide as base are depicted
in Figure 6 (xyz coordinates provided in the Supporting
Information). The molecular structure of monomer 2 differs
from 1 only by the identity of the halogen atom in the leaving
group and is therefore not depicted. Additionally, no sig-
nificant differences in reactions rate coefficients were found
for the case of sec-butoxide as base. Crucial geometrical
parameters for all three monomers are listed in Table 4.
While monomers 1 and 2 have similar breaking and forming
bond lengths, monomer 3 presents moderately different
distances, which is consistent with the difference in rate
constants. Geometries of the resulting products illustrate
that the halide is still bonded to the benzylic carbon, which
seems to correspond to the carbanion intermediate that is
expected for a stepwise process. However, a closer look at the
product structures reveals that the halogen—carbon bonds
are elongated and the planarity at the deprotonated carbon is
not typical for a carbanion. These geometrical factors point
toward a concerted process rather than a stepwise one,
although gas-phase results are not conclusive enough to
differentiate unequivocally between them. The inclusion of
the solvent effect is necessary to correctly model this process
and to unravel the mechanism; this will be further discussed
in detail.

The values for the reaction rate coefficients were calcu-
lated according to eq 1 between 200 and 400 K (experimental
data determined at 298 K). Thereafter, kinetic parameters
were estimated by fitting the Arrhenius equation to these
data. The rate constants at 298 K obtained for the proton
abstraction reaction of monomers 1, 2, and 3 by the rert-
butoxide anion show the experimentally observed trend, as
can be confirmed from data given in Table 5, where all the
kinetic parameters are tabulated, i.e., preexponential factor
A, activation energy E,, and rate constants k; ; (k; ; is the k,
value for monomer 7). The kinetic parameters predicted by
the calculations with sec-butoxide as base are very similar to
those obtained with tert-butoxide, so the rest of the discus-
sion is centered on the latter. The theoretical ratios k »/k;
and kj3/ky; are 2.9 and 16.9, respectively, whereas the
corresponding experimental data are 1.3 and 24.4, respec-
tively (Table 3). Although the ratios are relatively well
reproduced, the quantitative absolute rate coefficients pre-
dicted by DFT calculations are several orders of magnitude
higher than the experimental ones. As previously explained,
our aim in this study is to obtain qualitative trends of the
reaction rate constants, but even in that case, it is necessary
to confirm that the computational method is suitable to
describe the system at hand. Thus, estimations of the rate
coefficients were repeated with a variety of more advanced
electronic structure methods, in order to compare their
performance to that of the one used so far, MPWIK/-
6-31+G(d,p). Single-point calculations were carried out
on optimized structures using the following methods:
MPWBIK, MPW1B95, PBEO, BMK, and MP2. MPWBIK
and MPW1B95 are hybrid meta DFT methods developed for
kinetics and thermochemistry, with good description of
hydrogen bonding, weak van der Waals interaction, and
partial bonding.?*® PBEO is a parameter free density func-
tional model that gives adequate structural, thermodynamic,
kinetic, and spectroscopic properties, which are not far from
those delivered by the most reliable functionals that include
heavy parametrization.”’ The BMK functional is chosen
because of its good performance for describing kinetics of
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Figure 6. Schematic representation of the reactants, transition states, and products for the deprotonation reactions of monomers 1 (left) and 3 (right)

by the tert-butoxide as base, optimized at B3LYP/6-314+G(d,p).

Table 4. Geometrical Parameters (Distances in ;\) of Reactants and
Transition States Corresponding to the Deprotonation of Monomers
1—3 with tert-Butoxide, Calculated at B3LYP/6-31+G(d,p) Level”

monomer d; d> ds dy ds ds
1 1.87 1.90 1.99 1.90 1.32 1.32
2 2.03 2.07 2.33 1.89 1.33 1.31
3 1.86 1.88 1.97 1.84 1.36 1.29

“See Figure 6 for definitions.

Table 5. Frequency Factors (4), Activation Energies (E,), and Rate
Coefficients (k) at 298 K, Corresponding to the Deprotonation of
Monomers 1—3 with fert-Butoxide, Calculated at the MPW1K/
6-31+G(d,p)//B3LYP/6-314+G(d,p) Level

monomer A (Lmol™'s™!) E, (kImol™") & ;(Lmol 's™ kyilkia

1 1.16 x 10'2 14.0 4.16 x 10° 1
2 2.07 x 10'? 12.7 1.21 x 10'° 2.9
3 2.44 x 102 8.8 7.02 x 10" 16.9

reactions in general.’’*? The effect of higher order correc-
tions is investigated with the MP2 second-order perturbation
method. All these methods were combined with different
basis sets, 6-31++G(d,p), cc-pV(T+d)Z+, and 6-311+
G(3df,2p), in order to analyze its influence on the rate
constants as well. The selection of the latter basis set was
motivated by previous results that outline the difficulties
associated with calculations on sulfur systems and conclude
that the addition of high-exponent d and f polarization
functions to the sulfur basis sets helps to reduce the error.***!
One of the basis sets that has shown to provide good

performance in sulfur-containing systems is the 6-311+G-
(3df,2p),*** so we used it for the calculation of the rate
coefficients in two ways: first, using it for all atoms and,
second, employing a combined basis set consisting of the
6-31++4+G(d,p) for all atoms except sulfur, for which the
larger 6-3114+G(3df,2p) was considered. Henceforth, we will
call this combined basis set 6-311+G(3df,2p)-S for simpli-
city. Another interesting basis set is the recently developed
cc-pV(T+d)Z+, with tight d functions, that has provided
barriers heights of many reactions very close to those of the
larger aug-cc-pVTZ basis set, but with a much smaller cost,
since the first has been designed by addition of only diffuse
functions of low angular momentum on heavy atoms while
the second one includes diffuse functions of both low and
high angular momentum on all atoms.** The MP2 method
was combined only with 6-31+4G(d,p) and 6-311+G-
(3df,2p)-S basis sets. Because of the high computational cost
of this methodology and on the basis of the results obtained
with the rest of methods (see below), other basis sets were not
used.

The values of the rate constants corresponding to the
deprotonation reaction of monomers 1—3 calculated at
different levels of theory are listed in Table 6. A general
assessment of the results shows that the absolute values are
several orders of magnitude higher than the experimental
data, regardless of the combination of method and basis set
employed. This is most likely due to the lack of a proper
molecular environment in gas-phase calculations, which is
expected to have an important influence, as will be explained
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Table 6. Rate Coefficients (L mol ' s~ ') at 298 K Corresponding to the Deprotonation of Monomers 1—3 with terr-Butoxide, Calculated at
Different Levels of Theory

method ki ki3 kiafky kyalki
MPW K /6-314+G(d,p) 4.16 x 10° 1.21 x 10'° 7.02 x 10'° 29 16.9
MPWI1K/6-314++G(d,p) 4.25x10° 9.75 x 10° 7.74 % 10 2.3 18.2
MPW 1K /6-311+G(3df,2p)-S* 3.62 % 10° 8.72 x 10° 8.60 x 10'° 2.4 23.7
MPW K /6-311+G(3df,2p) 1.74 x 10° 3.75 % 10° 4.54 x 10'° 22 26.1
MPW K Jcc-pV(T+d)Z+ 2.77 % 10" 6.09 x 10'° 8.15% 10" 22 29.5
B3LYP/6-31+G(d,p) 1.84 % 10° 6.81 % 10° 3.04 x 10'° 3.7 16.6
B3LYP/6-31++G(d,p) 1.87 x 10° 477 x10° 3.44 % 10'° 2.6 18.4
B3LYP/6-311+G(3df,2p)-S 1.72 % 10° 4.49 x 10° 3.61 x 10" 2.6 21.0
B3LYP/6-311-+G(3df,2p) 6.52 % 10° 2.28 x 10° 1.97 x 10 3.5 30.2
B3LYP/cc-pV(T+d)Z+ 8.93 x 10° 2.21 % 10" 3.33 x 10" 2.5 37.3
MPWBIK/6-314++G(d,p) 9.40 x 10° 2.45 % 10° 5.73 % 10'° 2.6 61.0
MPWBIK/6-311+G(3df2p)-S 8.61 x 10° 2.27 % 10° 6.77 x 10'° 2.6 78.6
MPWBIK/6-3114+G(3df,2p) 3.92 % 10 1.15 % 10° 3.24 % 10" 29 82.6
MPWBIK /cc-pV(T+d)Z+ 6.83 % 10° 1.67 x 10'° 6.23 % 10" 2.4 91.2
MPW1B95/6-314++G(d,p) 2.76 x 10° 7.15 % 10° 1.45 x 10" 2.6 52.6
MPW1B95/6-3114+G(3df,2p)-S 2.62 x 10° 6.85 % 10° 1.81 x 10" 2.6 69.3
MPW 1B95/6-311+G(3df,2p) 1.45 % 10° 4.92 % 10° 1.02x 10" 3.4 70.2
MPW 1B95/cc-pV(T-+d)Z+ 2.10 x 10'° 5.11 % 10" 1.70 x 10'? 2.4 81.0
PBEO0/6-314++G(d,p) 3.31 % 10" 7.58 x 10" 5.42x 10" 23 16.4
PBE0/6-311+G(3df,2p)-S 3.02x 10" 6.92 x 10" 6.49 x 10" 23 21.4
PBE0/6-311+G(3df,2p) 1.31 x 10" 3.74 x 10" 2.73 x 10! 3.0 20.8
PBEO/cc-pV(T+d)Z+ 1.96 x 10" 4.44 % 10" 5.90 x 10" 2.3 30.1
BMK /6-314++G(d,p) 9.31 x 10% 2.00 x 10° 1.99 x 10'° 2.1 21.4
BMK/6-311+G(3df,2p)-S 8.86 x 10° 1.89 x 10° 2.28 x 10'° 2.1 25.7
BMK/6-311+G(3df,2p) 5.51 x 108 1.60 x 10° 1.43 % 10'° 29 25.9
BMK /cc-pV(T+d)Z+ 5.96 x 10° 1.37 x 10'° 1.69 x 10! 23 28.4
MP2/6-314++G(d,p) 2.15 % 10° 6.69 % 10° 4.61 % 10" 3.1 21.4
MP2/6-311+G(3df,2p)-S 2.94 % 10° 8.92 x 10° 7.55 % 10" 3.0 25.7
experimental 14.62 18.44 356.08 1.3 24.4

“The 6-3114+G(3df,2p)-S basis set refers to the 6-314++G(d,p) with the extra 6-311+G(3df,2p) basis set in the sulfur atom.

extensively in the following section. Nevertheless, rather
than focusing solely on the quantitative agreement between
computed and experimental values, it is more important to
validate whether qualitative trends are reproduced, so we
focus our attention on the ratios k, »/k, ; and k, 3/k; ;. There
is a general consistency in the estimation of the first ratio for
all the combinations. Although always overestimated respect
to the reference experimental data (1.3), the calculated values
are within a relatively narrow range of 2.1—3.7. Larger
differences are observed in the second ratio, where the
selection of the method is crucial for obtaining good results.
MPWBIK and MPWI1B95 functionals with all four basis
sets overestimate the ratio to a large extent, so neither of
them should be used for this kind of calculations. Other
methods provide values closer to the reference, although
differences are observed depending on the choice of basis set.
The smallest basis set 6-314+G(d,p) (only tested with
MPWI1K and B3LYP methods) gives rise to low ratios in
both cases, modestly increased when the 6-31++G(d,p) basis
set is used, highlighting the importance of the diffusion
functions in the description of the sulfonyl group. The
addition of d and f'polarization functions to the sulfur atom
through the 6-311+G(3df,2p) basis set improves the results
significantly. However, the inclusion of these polarization
functions on all the atoms does not perform so well and the
values do not improve. The cc-pV(T+d)Z+ basis set
overestimates the ratio with respect to the 6-3114G-
(3df,2p)-S in the systems studied herein. The best result
corresponds to the combination of the MPWI1K functional
with the 6-31++G(d,p) basis set complemented with the
6-3114G(3df,2p) for sulfur atom, that is, the 6-311+
G(3df,2p)-S. The ratios obtained with this combination
(kip/kiy = 2.4 and ky3/k,; = 23.7) are in very good
agreement with the corresponding experimental values, 1.3
and 24.4, respectively. The MP2 method also provides good
results with this basis set, but the computational cost is not

Table 7. Deprotonation Energies for Monomers 1—8, Calculated at
the MPW1K/6-311+G(3df,2p)-S//B3LYP/6-31+G(d,p) Level

monomer AE (kJ/mol) monomer AE (kJ/mol)
1 1514 5 1482
2 1509 6 1528
3 1482 7 1530
4 1466 8 1483

comparable to that of the MPWI1K functional. As a conclu-
sion, the MPWI1K/6-3114+G(3df,2p)-S level is the most
adequate for the calculation of rate coefficients of sulfur-
containing systems, thanks to its high accuracy and relatively
low computational cost.

The relative reactivity toward proton abstraction by a base
can be estimated by calculating the deprotonation energies at
the carbon position:

AE = E(anionic monomer) + E(H") — E(neutral monomer)
(3)

Geometry optimizations of monomers 1—8 and the corres-
ponding anions were carried out at the B3LYP/6-314+G(d,p)
level of theory, and energy calculations on the optimized
structures were subsequently computed with MPWI1K/-
6-311+G(3df,2p)-S, following the conclusions described in
the previous paragraph. The computed deprotonation en-
ergies are listed in Table 7. Despite the simplicity of the
model considered, in which all calculations have been carried
out in gas phase and without inclusion of the base or any
stabilizing effect of the solvent, there is a very good correla-
tion between the deprotonation energies predicted by the
theoretical calculation and the relative formation rate of
precursors (Z,.x) experimentally determined, as can be ob-
served clearly in Figure 7, indicating that the choice of
methodology is appropriate.
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Figure 7. 1., versus deprotonation energies for monomers 1—8.

Effect of Solvation on Mechanism and Kinetics. The high
absolute values of computed rate coefficients at all levels of
theory (Table 6) indicate that important effects of stabiliza-
tion have not been taken into account in the simple gas-phase
models described earlier. Interaction with the solvent,
2-butanol, is expected to provide stabilization to the global
anionic system through hydrogen bonds between the nega-
tively charged oxygen of the rerz-butoxide and the alcoholic
proton of surrounding solvent molecules.

In many theoretical studies, the solvent is either neglected or
simulated by means of continuum solvation models,**~*” in
which the solvent is represented as a continuous medium
characterized by a static dielectric constant. When explicit
solute-solvent interactions are not very significant, these
results give the correct reactive behavior. However, in many
cases, such interactions play an important role in the first
solvation shell and dielectric models are not adequate to
describe them. One alternative to tackle this problem is to
include explicit solvent interactions by placing discrete solvent
molecules around the chemically active species.”**™>> The
number of explicit solvent molecules to be incorporated is
generally determined by the value at which the coordination
solvation energy (CSE) converges.** ! Moreover, bulk solva-
tion effects can be taken into account by placing the super-
molecule in a continuum with a fixed dielectric constant (mixed
implicit/explicit solvent model).>’~*? However, a recent study
carried out by Warshel*? points out that mixed implicit/explicit
solvation models do not always give reliable results, and are
highly dependent on the number and orientation of explicit
solvent molecules.

In the present study, the effect of solvation was modeled by
explicitly including an optimum number of solvent mole-
cules. The objective is to see the effect of solvent stabilization
on reaction rate coefficients and to improve the correlation
between experimental and calculated absolute rate con-
stants. Because of the large size of the solvated system, only
one monomer (monomer 2) has been studied with the
solvated cluster approach. It is important to note that these
systems are inherently floppy due to the loose intermolecular
interactions between solvent and solute molecules, and
therefore, it is difficult to make a legitimate comparison
between solvated systems, since the difference in position
and alignment of solvent molecules may have a cumulative
influence on energetics. Thus, the aim in applying this
approach is to better reproduce experimental absolute rate
constants rather than reproducing the relative ratios among
monomers. Two simplifications have been made that are not
expected to significantly influence the qualitative results. The
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Figure 8. Coordination solvation energy (CSE) corresponding to the
coordination of the zert-butoxide anion by a different number of solvent
molecules.

first one is the reduction of the monomer side chain (octyl) to
an ethyl group, and the second one is the consideration of
methanol as solvent instead of 2-butanol.

The optimum coordination number was determined first
by coordinating an increasing number of solvent molecules
to the zert-butoxide anion and assessing the convergence in
coordination solvation energy (Figure 8). As expected, the
free energy of coordination converges faster than electronic
energy due to the entropic effect of solvation. Coordination
of the first two solvent molecules is highly exothermic (free
CSE amount to —65.1 and —96.8 kJ/mol, respectively). The
inclusion of a third molecule causes only a slight additional
stabilization (—105.1 versus —96.8 kJ/mol), and no coordi-
nation effectiveness is found when four coordinating
molecules are considered. As a conclusion, the adequate
coordination number for the fert-butoxide is three. Taking
into account that the anion has to abstract a hydrogen from
the reactant, it is necessary to leave one free channel; there-
fore, two solvent molecules were coordinated to the base. Itis
important to note that, as discussed earlier in the paper, the
abstraction of the proton is immediately (or simultaneously)
followed by the expulsion of the leaving group, chloride in
monomers 1 and 3, and bromide in monomer 2. Therefore,
solvation of the halogen ion is expected to play an important
role in this process. In order to treat the system more
consistently, solvation of the leaving group and the sulfinyl
group have been included. CSE convergence calculations, as
described earlier, have shown that the required number of
explicit solvent molecules for the halide and the sulfinyl
oxygen is three and two, respectively. The overall number
of methanol molecules included in the cluster calculations is
seven, considerably increasing computational cost.

The supermolecule was built by coordinating solvent
molecules onto the previously optimized gas-phase geome-
tries and performing a new optimization of the solvated
system. Afterward, internal reaction coordinate (IRC) cal-
culations were performed in order to find the reactants and
product structures that are connected by that transition
state. The MPWIK/6-3114G(3df,2p)-S//B3LYP/6-31+
G(d,p) electronic structure method was applied for calcula-
tions, following the conclusions described in the previous
sections.

The optimized geometry of the solvated transition state
corresponding to monomer 2 is depicted in Figure 9 (xyz
coordinates and low frequency modes provided in the
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TS

Product

Figure 9. The solvated transition state (top) and product (bottom)
corresponding to the reaction of monomer 2 with rert-butoxide,
optimized at B3LYP/6-314+-G(d,p). All distances in A.

Supporting Information). It is interesting to compare critical
distances with gas-phase results (Table 4). The length of the
forming bond between the oxygen and the proton is shorter
when solvent is included (1.26 versus 1.33 A) whereas the
breaking bond is longer (1.39 versus 1.31 A). The elongation of
the carbon—hydrogen bond and shortening of the new bond
indicate that the transition state of the solvated system has a
product-like structure; that is, it is a “late” transition state,
which is usually characterized by higher barrier heights than
“early” ones.

Kinetic parameters were calculated according to eq 1
similar to the gas phase section. The activation energy on
the solvated system at the MPW 1K /6-3114+G(3df,2p)-Slevel
of theory is 49.8 kJ/mol, around 4-fold the value predicted by
gas-phase calculations, and the reaction rate coefficient is
1.41 x 10° L mol ' s~ !, almost 5 orders of magnitude lower
than that obtained in the absence of solvent. The stabilizing
effect of solvation is very crucial, especially in the case of the
tert-butoxide anion, which is very instable in gas phase. This
effect is greater in the reactant than in the transition state
since in the latter the anion is partially stabilized by the
proton that it is abstracting. As a consequence, the barrier is
much higher when the solvent is included and the rate
constant decreases several orders of magnitude. Although
experimental rate coefficients are not yet matched by these
calculations even with the explicit inclusion of the solvent, its
effect on the kinetics of this reaction is clearly demonstrated.
The difference may be ascribed to the simplifications made in
the calculations, which were necessary due to large size of the
system, since the consideration of the octyl side chain on the
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monomer and 2-butanol as implicit solvent would make
calculations unaffordable.

The product obtained from IRC calculations and subse-
quent reoptimization with B3LYP/6-314+G(d,p) has shown
that an intermediate carbanion does not exist, but the final
product of the reaction is the p-quinodimethane derivative,
as can be seen in Figure 9. All attempts to locate the
carbanion, including explicit solvation of the carbanion
and MP2 optimizations on the solvent cluster, have failed,
always resulting in simultaneous proton abstraction and
expulsion of the leaving group. As clearly seen in Figure 9,
the deprotonated carbon becomes planar and the bromine
leaves. The driving force in the expulsion of the leaving group
is most likely the extended conjugation in the final product.
Asindicated earlier, this effect was also partially observed in
gas-phase calculations (Figure 6). In that case, although the
carbon—halogen length is elongated with respect to the
reactant (Table 4), the bare ion cannot completely leave
due to the lack of a proper molecular environment, which is
later provided in the solvated cluster calculations. This has
alread;/ been reported for the Gilch route by Rehahn et
al.,>*%" whose attempts to locate the carbanion failed, result-
ing in a spontaneous loss of the corresponding halide anion.
It is clear that the inclusion of solvation in the modeling of
this reaction is prominent to correctly reproduce this process
and to state unequivocally the type of mechanism at play.
Theoretical results clearly point toward a concerted E,
mechanism rather than a E,,.

Conclusions

From the experimental viewpoint, it is concluded that in situ
UV—vis spectroscopy is a powerful tool in providing kinetic
evidence for the formation of p-quinodimethane systems in the
sulfinyl precursor route for the polymerization of PPV being
highly relevant for mechanistic assumptions. Both a qualitative
and a quantitative study on eight different monomers with
different polarizer and leaving groups afforded kinetic data that
can be fitted using a nonlinear least-squares method.

Additionally, a theoretical modeling of the reaction has been
carried out in order to gain insight into the mechanism. Rate
coefficients have been estimated on the basis of the transition
state theory, in which a variety of electronic structure methods
were considered. The MPW 1K functional with the 6-31++G(d,
p) basis set complemented with the 6-3114+G(3df,2p) for the
sulfur atom has proved to be the most adequate level for the rate
constant calculations of sulfur-containing systems. The qualita-
tive trend of the rate coefficients was correctly reproduced by gas-
phase calculations; however, computed absolute values were
several orders of magnitude higher than the experimental ones.
The inclusion of explicit solvent was shown to be crucial, since the
solvent effect is of great importance in the stabilization of ionic
species and, thus, in the prediction of the reaction barriers. The
presence of the solvent has decreased rate constants around 5
orders of magnitude compared to gas-phase results, bringing
them closer to the experimental data. Theoretical results indicate
that a concerted E, mechanism is more likely for p-quinodi-
methane formation in the sulfinyl precursor route, which is also
consistent with experimental evidence. This conclusion is very
important for the further rationalization of the propagation
reaction in the PPV polymerization, which could occur either
through a radical or an anionic mechanism.
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